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Public introduction 

 

Subsurface Evaluation of CCS and Unconventional Risks (SECURe) is gathering unbiased, 
impartial scientific evidence for risk mitigation and monitoring for environmental protection to 
underpin subsurface geoenergy development. The main outputs of SECURe comprise 
recommendations for good practice for unconventional hydrocarbon production and geological 
CO2 storage. The project is funded from June 2018–May 2021. 

The project is developing monitoring and mitigation strategies for the full geoenergy project 
lifecycle; by assessing plausible hazards and monitoring associated environmental risks. This is 
achieved through a program of experimental research and advanced technology development that 
includes demonstration at commercial and research facilities to formulate good practices. We will 
meet stakeholder needs; from the design of monitoring and mitigation strategies relevant to 
operators and regulators, to developing communication strategies to provide a greater level of 
understanding of the potential impacts. 

The SECURe partnership comprises major research and commercial organisations from countries 
that host shale gas and CCS industries at different stages of operation (from permitted to closed). 
We are forming a durable international partnership with non-European groups; providing 
international access to study sites, creating links between projects and increasing our collective 
capability through exchange of scientific staff. 

 

Executive report summary 

Part of the European Commission's ambition to accelerate reduction of net greenhouse gas to 
mitigate climate change is expected to be achieved by subsurface storage of CO2 [CCS] and a 
change from coal to gas as a transition fuel with a lower CO2 footprint. Risks associated with CCS 
and (unconventional) gas production [UGP] may hamper reduction of CO2 in the atmosphere. 
 
Therefore, in WP2 of the SECURe project these risks are studied with a focus on leakage and 
induced seismicity risks. Research performed focusses on three main domains: 

• Well integrity 
• Subsurface integrity and fluid or gas migration 
• Induced seismicity 

 
This report summarizes the findings of a wide spectrum of research relevant for leakage and 
induced seismicity risks, including field work, modelling, and laboratory experiments. It aims to 
briefly describe the main lessons learned and implications of research for different stakeholders 
in CCS and UGP that can be derived from the research. In addition, the relevance of the research 
for defining good practice guidelines for reducing risks associated with CO2 storage, shale gas 
production or, more general, unconventional hydrocarbon extraction [UHE] and other subsurface 
operations are indicated. The report is organized in three sections: (1) a summary of research, 
lessons learned, good practice guidelines and remaining knowledge gaps for research performed 
in the different (sub)tasks of SECURe’s WP2, (2)  a summary of the review of current standards, 
practices and field cases for CCS and UHE and synthesis with some overarching guidelines and 
recommendations for good practices that link the SECURe research to current standards and 
practices, and (3) an appendix with details on supporting information that forms the basis for the 
general findings and recommendations. Specific knowledge gaps, remaining challenges and 
suggestions for future research for individual research tasks are also indicated. Overall, it results 
in a synthesis of good or recommended practices for CCS and UHE that can serve as a knowledge 
base of key leakage and induced seismicity risks that help underpinning discussions of risks and 
risk management among different stakeholders as well as focussing and outlining risk mitigation 
measures for future CCS and UHE projects. 
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1 Introduction 

1.1 CONTEXT 

The European Commission's EU Climate Target Plan 2030 outlines the ambition to cut net greenhouse gas 
emissions by at least 55% by 20301. Decarbonization of the energy sector plays an important role in achieving 
this ambition. Focussing on the role of primary energy sources in the EU Member States’ energy system, three 
main transitions are expected to contribute to decarbonization: (1) a transition from fossil fuels to more 
sustainable energy sources such as wind, solar and geothermal energy, (2) a transition of the type of fossil 
fuel required during transformation of the energy system from coal to gas and the conversion of gas to clean 
hydrogen, (3) lowering CO2 emissions to air by an acceleration of subsurface storage of CO2 as part of wider 
industrial decarbonisation by CCS. The SECURe project mostly focusses on risks associated with 
unconventional gas production [UGP] and Carbon Capture and Storage [CCS]. CO2 emissions and 
concentrations in the atmosphere can be significantly reduced by the storage of CO2 in deep (typically > 1 km) 
subsurface rock formations, thereby directly aiding in mitigating greenhouse gas emissions and associated 
global climate change. The European commission’s Energy Roadmap 20502 indicates that (unconventional) 
gas can be a critical fuel for the transformation of the energy system by lowering CO2 emissions and supporting 
increased renewable energy.  

Regarding CCS, the oil and gas industry started to build experience in the 1980s in extracting, pipelining, 
injecting and producing CO2 (Imbus et al., 2013). Initially, CO2 was primarily used for enhanced oil recovery 
[CO2 EOR], but with increasing concerns of greenhouse gas emissions affecting climate change, permanent 
storage of CO2 came into focus. During the decades of experience, operators have been able to manage CO2-
induced well integrity alterations and leakages. However, more than a century of subsurface activities for 
production of oil & gas and other energy resources has demonstrated that subsurface activities are prone to 
uncertainties and operations rarely perform exactly as predicted. Therefore, management of uncertainties and 
risks has become an integral aspect of industrial activities involving subsurface operations. In particular, the 
unique physicochemical characteristics of CO2 affecting reactive fluid flow is a key issue for CCS risk 
management. 

Regarding UGP, operations initially built on the experience with conventional gas production. Operations 
required for UGP such as directional (horizontal) drilling and hydraulic fracturing (performed to increase access 
to hydrocarbons and stimulate flow in tight reservoirs such as shales) have been long applied in conventional 
hydrocarbon extraction but not to the same scale (in terms of intensity and dimensions) as required for current 
UGP projects. Several concerns are related to the environmental impact of UGP, mainly related to hydraulic 
fracturing operations, methane emissions and induced seismicity. Potential risks and concerns include, for 
example, fluid migrations of injected chemical compounds or drilling fluids out of the reservoir or towards the 
surface, and induced seismicity that could lead to loss of well or subsurface integrity (King, 2012; U.S. EPA, 
2016; Ter Heege et al. 2017a, b). Several studies indicate that improper well construction and plugging leads 
to potential leakage risks in UGP, and that well integrity is of key importance for gas production (Darrah et al., 
2014, Davies et al., 2014; Royal Society, 2012). 

Much can be learned by looking at crossovers between activities. Industry in North America has over a decade 
of experience with unconventional hydrocarbon extraction [UHE]3, and many thousands of wells have been 
drilled for UHE. Therefore important lessons can be learned for other subsurface activities, in particular in 
relation to efficiency (and thereby safety) of drilling and well operations and experience with (remediation of) 
well integrity. Some good practices4 from the oil and gas industry might, with modifications to account for 

                                                      

1 https://ec.europa.eu/commission/presscorner/detail/en/IP_20_1599 (accessed January 2021). 
2 https://ec.europa.eu/energy/sites/ener/files/documents/2012_energy_roadmap_2050_en_0.pdf (accessed 
January 2021). 
3 Note that UGP and UHE are distinguished in this report as hydrocarbons other than dry natural gas (such as 
condensates or oil) are increasingly produced by projects in North America, and risks associated with UHE 
covered in the SECURe project involve a wider range of operations (e.g. waste water disposal) than production 
alone.  
4 As good practices may vary between regions and projects, the term “best practices” is avoided in this report. 
Instead, “good practices” or “recommended practices” are used to indicate practices that may be more widely 
or generally applied to improve current practices.  
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differences in operations and fluid properties, be applicable to CO2 storage. Long term processes and 
containment after decommissioning and abandonment5 are particularly important for CCS projects, but large 
scale CCS has not yet reached the stage of permanent abandonment of storage sites. At least, not to the scale 
where these long term effects can be systematically evaluated. Therefore, lessons learned from 
decommissioning oil & gas infrastructure could be valuable for future stages in CCS projects. 

Research performed within WP2 of the SECURe project focusses on three main domains that are of prime 
importance for risks associated with CCS, UGP, UHE: 

 Well integrity 
 Subsurface integrity and fluid or gas migration 
 Induced seismicity 

Risk assessment for each domain requires a comprehensive analysis of hazards, their causes or threats and 
impacts or consequences, and mitigation measures for prevention, control and remediation. While part of the 
research focusses on such analysis, the majority deals with detailed analysis of causes and consequences of 
hazards focussing on providing forecasts that feed into a risk framework. 

 

1.2 BACKGROUND 

1.2.1 CO2 capture and storage (CCS) 

In their report on the global status of CCS, the Global CCS Institute (2020) indicates that there are currently 
65 commercial CCS facilities worldwide, of which 26 are operational, 3 are under construction, 13 are in 
advanced development and 21 are in early development. CCS facilities that are currently in operation can 
capture and permanently store around 40 Mt of CO2 every year. The USA is leading with 38 large-scale CCS 
facilities in operation and development with a total capture capacity of over 30 Mt/year. 13 commercial facilities 
are in operation or development in Europe, 10 in Asia pacific, and 3 in the Middle East (Figure 1-1). 

Industrial experience, and standards and guidelines currently used by the petroleum industry can form a basis 
for recommending good practices for CCS with minimum environmental impact (Watson & Bachu, 2009; 
Opedal et al., 2020). Examples of projects where much experience is gained are the Peterhead/Goldeneye, 
Sleipner, White Rose, Snøhvit, Ketzin, Kingsnorth, In Salah, Weyburn, and Illinois Basin – Decatur projects. 

                                                      

5 Terminology related to the decommissioning of wells after permanent suspension of operations can be 
confusing as it is common practice in the oil & gas industry to use the terms (1) “abandoned” for wells of 
unknown or unspecified status, and (2) “plugged & abandoned” for wells that are sealed by removing the 
wellhead, cutting the casing off below the ground surface, sealing portions of the well with one or more cement 
or mechanical plugs and thick clay (bentonite) or drilling mud between plugs and welding the top of the well 
with a steel plate (U.S. EPA 2016, but note that procedures may vary). Accordingly, “abandoned” wells are 
usually not simply left after production as the term may suggest. Instead, they generally are closed, plugged 
and sealed, and, in some cases, may be subject to some monitoring after decommissioning. Note that different 
regulations for properly decommissioning a well exist between countries, even within Europe. In this report, 
we therefore refer to “plugging, abandonment and decommissioning” to indicate any operations to seal and 
decommission wells without specifying exact procedures. However, it should be emphasized that practices for 
plugging, abandonment, decommissioning and monitoring of decommissioned wells can be improved in many 
cases (cf. section 3.2.2). 
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Figure 1-1. CCS hubs and clusters operating or in development (Global CCS institute, 2020). 

 

1.2.2 Unconventional hydrocarbon extraction (UHE) 

The potential contribution of unconventional hydrocarbons in the national energy mix has been explored by 
many countries worldwide. This global interest in unconventional hydrocarbons has been motivated by the 
rapid global increase in hydrocarbon production from unconventional resources over the last 20 years (U.S. 
EPA, 2020). However, the vast majority of production takes place in North America (Figure 1-2). 
Unconventional hydrocarbons can be produced in the form of gas, condensate or oil, depending on variations 
in maturity within plays. Currently, the largest gas producing play is the Marcellus Shale underlying portions of 
the states of Pennsylvania (PA), Ohio (OH), West Virginia (WV), and New York (NY). Other major gas plays 
in the USA are the Wolfcamp/Bone Spring (New Mexico and Texas), Haynesville/Bossier (Texas and 
Louisiana), Eagle Ford (Texas), Utica (Ohio) and Woodford (Oklahoma), Barnett (Texas), Bakken/Three Forks 
(Montana and North Dakota) and Fayetteville (Arkansas) (in order of gas production in 2018; EIA, 2019). Major 
oil or condensate plays are in the Permian region (Texas and New Mexico), Bakken (North Dakota) and Eagle 
Ford (Texas). Unconventional hydrocarbon development in other parts of the world remains tentative (Rahm 
& Riha, 2014). Development or exploration is ongoing in countries such as Canada, Argentina and China. 
Europe may have considerable resources (Figure 1-3). However, development of unconventional hydrocarbon 
resources is on hold or suspended in most Member States, due to (1) priorities on developing other energy 
resources (e.g. sustainable energy resources or conventional gas), (2) concerns with environmental impacts, 
(3) difficulties with obtaining economically viable production (e.g. in Poland) and (4) issues with induced 
seismicity (e.g. in England). 
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Figure 1-2. Overview of the main unconventional hydrocarbon (shale) plays in the USA (source: U.S. Energy Information 
Agency6). 

 

  

                                                      

6 https://www.eia.gov/maps/maps.htm (accessed January 2021). 



 

 5 Copyright © SECURe 2021 

 

Figure 1-3. Overview of basins in Europe reported to have potential unconventional hydrocarbon resources (study by the 
European Unconventional Oil and Gas Assessment (EUOGA) Project7 performed by National Geological Surveys in Europe). 

                                                      

7 https://ec.europa.eu/jrc/en/openecho/projects-deliverables (accessed January 2021). 
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1.3 REPORT OBJECTIVE & STRUCTURE 

This report summarizes the findings of a wide spectrum of research relevant to leakage and induced seismicity 
risks, including field work, modelling, and laboratory experiments. Detailed results and findings of the research 
have been mostly reported in SECURe project deliverable report D2.5 (Brunner et al., 2020). This report aims 
to briefly describe what main lessons learned and implications can be derived from the research for different 
stakeholders in CCS and UGP. In addition, the relevance of the research for defining good practice guidelines 
for reducing risks associated with CO2 storage, shale gas production or other subsurface operations are 
indicated. 

The report is organized in three main sections: (1) a summary of research, lessons learned, good practice 
guidelines and remaining knowledge gaps for research performed in the different (sub)tasks of SECURe’s 
WP2, (2)  a summary of the review of current standards, practices and field cases for CCS and UHE and 
synthesis with some overarching guidelines and recommendations for good practices that link the SECURe 
research to current standards and practices, and (3) an appendix with details on supporting information that 
forms the basis for the general findings and recommendations. 

Throughout the report distinctions between CCS and UHE/UGP, and the three main domains (well integrity, 
subsurface integrity and fluid or gas migration, and induced seismicity) are used interchangeably. While CCS 
and UHE are sometimes regarded as separated industries, focus is more on crossovers and common lessons 
learned than on emphasizing differences. Current practices, data and risks are mainly based on site-specific 
experience from projects worldwide (mainly North America and Europe). Major local differences can exist 
between states or even regions or local communities within countries. Country- or location-specific differences 
in surface environment, regulatory frameworks, geological settings and public or political attitudes towards 
subsurface activities play an important role in defining good practices for individual projects. Although noted, 
these differences are not analysed in detail. 
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2 Outline of research, lessons learned, good practice 
guidelines, and remaining knowledge gaps & 
challenges based on research within SECURe’s 
WP2 

2.1 ASSESSING IMPACTS OF SUBSURFACE GEOCHEMICAL REACTIONS (GEUS)  

The long-term effects of CO2 and CH4 leakage on groundwater resources were studied by sampling water and 
sediments at (test) injection sites and analysing chemical composition, in combination with reactive flow 
modelling to simulate long term spatial extent and effects of potential leakage (Rasmus Jakobsen, GEUS). 
The work is part of Task 2.1 (subtask 2.2.1) of the SECURe project and is reported in more detail in SECURe 
deliverable D2.4 report (Jakobsen, 2020). Here, the main findings, recommendations and remaining 
knowledge gaps of the research are outlined. 

 

2.1.1 Research question 

A public concern with regards to CO2 storage and unconventional production of CH4 are the possible effects 
on the groundwater resources. The immediate short-term effects have been addressed during the last ~10 
years through experiments injecting CO2 or CH4, but what are the possible long-term effects – and how long-
lasting will or can they be? To address this a CO2 injection site (Cahill et al., 2014) and a CH4 injection site  
(Cahill et al., 2017) have been revisited to see if there are still effects of the controlled leakages in the 
groundwater and or the sediment and based on the results attempt a modelling of long-term effects, assuming 
a larger leak. 

2.1.2 Methodology 

For the CO2 injection site at the Vrøgum plantation in Denmark, the injection took place ~7 years prior to the 
sampling. Water samples and sediment samples were acquired and analysed using the methods used when 
the injection experiments were carried out. The CO2 injection experiment took place in a shallow aquifer without 
any carbonate minerals, to see the extent of the effects of a leak, in what could be considered the most 
vulnerable in terms of producing acidification. The tested interval are the upper 10 meters of the sandy aquifer, 
where the top 4 m are aeolian sand, overlying meltwater sand. During injection 1600 kg of CO2 gas was 
injected during a period of 72 days at 4 and 10 mbs (meters below surface) into the lower marine sand and 
monitored in a network of downstream samplers. The new water and sediment samples were taken from two 
positions 1.5 m downstream of the injection from 2-8 mbs, through the zone where the largest effects of the 
CO2 were seen during the first monitoring period following the injection. 

The methane injection experiment was carried out in Borden, Ontario, Canada, in a carbonate-bearing 
Pleistocene beach sand aquifer. Details and results from the experiment until 245 days and 700 days after 
start of the injection are given in Cahill et al. (2017) and Forde et al. (2019), respectively. For the CH4 site ~4.5 
years had passed when it was resampled 

In the Borden CH4 experiment, 36.4 kg of CH4 (51 m3 at STP) was injected over 72 days at 0.17 (28 days), 1.0 
(40 days) and 4.3 m3/h (2 days) at 4 and 8 mbs and the plume was monitored in a network of downstream 
samplers. The new water and sediment samples were taken where previous sampling showed the latest and 
highest CH4 concentrations and the most significant effects on other parameters. Most of the new samples 
were taken 2 mbs where the data from 700 days after the injection showed the most pronounced effects on 
the water chemistry. Water samples and sediment samples were acquired and analysed using the methods 
used when the injection experiments were carried out. 

2.1.3 Results & conclusions 

At the CO2 injection site, new samples showed that 7 years after the injection experiment the water chemistry 
1.5 m downstream of the injection still had indications of ongoing cation exchange, which was the main effect 
seen in the experiment, triggered by the release of Al3+ from the dissolution of gibbsite (Al(OH)3) . This was 
confirmed by the composition of the cation exchanger which still showed signs of ongoing re-equilibration of 
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the cation exchanger. A 1D model set up in PHAST (Parkhurst et al., 2010) was fitted to the data up to 7 years, 
and used to assess the extent in time and space of a more severe 1-year leakage event at a pressure of 5 
atm, resulting in a higher PCO2 leading to more intense acidification, in a system without carbonates and with 
the simplified assumption that there would be no silicate weathering. The model indicated that pH values down 
to a pH of 3 could be expected, but over time (100 yr) pH would largely return to preinjection conditions. The 
extent of the plume, though with small effects, was ~5-10 km. The omission of silicate weathering implies that 
the modelled decrease in pH as well as the extent in time and space of the effects are exaggerated, but it also 
implies that the trace elements released from weathering silicate minerals are not included. This underlines 
that any modelling of a specific site should use site specific data for both the geochemistry and the 
hydrogeology.  

At the CH4 injection site the new samples showed that 4.5 years after the injection the water chemistry was 
very similar to the water chemistry before the injection, though there were still traces of methane and ethane 
from the injection. These results indicate that the gases can be trapped in bubbles in the sediment for a long 
period of time. Sediment extractions also indicated that apart from Mn that appeared slightly depleted the 
sediment chemistry looked very similar to the situation before the injection. Results indicated that reduction of 
Mn-oxides led to a short-term release of trace elements such as nickel. Due to the complexity of the distribution 
of both fluids and the gas phase after the injection, due to the independent migration of water and gas, a 
simplified batch model was used to calculate rates of methane oxidation, for the dissolved and gaseous 
methane, from pooled observations from a part of the plume where the data indicated that methane was 
steadily removed by oxidation. The derived rate was then used to set up a simplified 1-D reactive transport 
model to assess the extent of spreading downstream. This model was extended to a 100-day leak at the high 
rate of injection used in the experiment, resulting in a 300 m stretch of the aquifer with methane present in a 
gas phase. With the rates derived from the batch models, the 1-D reactive transport model indicated that the 
methane would only spread approximately 100 m downstream. However, this requires the possibility of oxygen 
being supplied from above. In a reduced methanogenic aquifer, the spreading would not be limited by methane 
oxidation and the methane would be transported with the groundwater until it encountered oxidized conditions 
or emanated into a surface water body. For both the CO2 and the CH4 experiments, data show that the 
reactions triggered by the injected CO2 and CH4 give rise to a low level of contamination of the groundwater 
with trace elements.  

Both model examples show that the effects of a leakage and the duration of the effects, not surprisingly, relate 
to the duration of the leakage, implying that early detection of leakage as well as rapid closure of the leakage 
will lower the impact of any leakage that might occur. The results also show that the effects caused by leakage 
may lead to a water quality that will need to be treated, however the effects seen at the two study sites are of 
a type and a magnitude that can be treated using existing relatively simple water treatment technologies 
already used at some water works. Depending on the situation it may also be possible to address the plume 
within the aquifer using techniques used in the environmental industry for other pollution plumes such as 
‘pump-’n’-treat’, or injection of reactants into the aquifer.  

2.1.4 Lessons learned & implications of research for industry, regulators & general public 

There may be situations where the geochemistry of the formation or the presence of an existing contamination 
leads to more severe effects of leakage on the water chemistry of the system. Therefore, it is important that 
not only the conditions in the deep subsurface where the storage or extraction takes place is known in detail, 
but also the chemistry in the overlying system that may affect water quality in groundwater and surface water 
must be known in detail in order to anticipate contamination issues. Though treatment is possible, the treatment 
will imply extra costs for building the treatment systems as well as increased running costs for the water 
production if drinking water resources are contaminated. The running costs will of course depend on the time 
frame for which remediation measures are needed, underlining the importance of early detection, enabling 
rapid closure. How early a leak can be detected is a function of the monitoring program, especially the extent 
and density of the monitoring in time and space, underlining the need for efficient and cost-effective monitoring 
technologies. How rapidly a leak can be closed, will depend on existing detailed knowledge of the geology, the 
pressure distribution, flows, etc. of the site, as well as updated knowledge on optimal methods for remediation.  

2.1.5 Suggested good practice guidelines for reducing risks associated with CO2 storage, shale gas 
production or other subsurface operations 

In general, leakage into an aquifer of CO2 or CH4 implies a risk caused by reaction products generated when 
the CO2 or CH4 reacts with the water and the minerals present in the aquifer. What minerals are dissolved 
depends on both their presence, amounts and reactivities and cannot be predicted without performing 
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simulations of reactions based on appropriate site data. It implies that it is necessary to do experiments with 
the actual aquifer material to assess the risk associated with a leak. Tests on the reactions with aquifer 
materials may be performed in the lab or in the aquifer itself, though both is preferable to cover a range of 
pressure conditions and leakage durations and aid in extrapolating to in-situ conditions. Based on tests, 
modelling of the tests and extrapolations from these, the elements and compounds released, their 
concentrations and relative transport velocities can be assessed. In addition to knowledge of the chemistry 
that may develop in case of leakage, it is also necessary to know the aquifer flow system that will transport the 
possible contamination towards streams and surface waters as well as water works. Putting this together in a 
reactive transport model and combining it with a range of leakage scenarios will allow an assessment of the 
risk associated with these different leakage scenarios and help in guiding decisions if there is an actual 
incident. Detailed knowledge of the system is also a prerequisite for leakage closure as well as the optimal 
remediation should this become necessary. A detailed, calibrated, working reactive transport model is a way 
of compiling the complexity of a site and a valuable tool for limiting the impact of a leak by supporting time 
critical decisions. 
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2.2 RISK ANALYSIS OF LONG TERM ACID GAS SEQUESTRATION OPERATION AT BORZĘCIN RISK 
ANALYSIS OF LONG TERM ACID GAS SEQUESTRATION OPERATION AT BORZĘCIN (INIG) 

The long term leakage risks associated with acid gas sequestration at the Borzęcin site in SW Poland were 
studied by analysing the chemical composition of soil gas and reservoir fluids in combination with geological, 
geomechanical, and dynamical flow simulation modelling (Wiesław Szott, Jan Lubaś, Miroslaw Wojnicki and 
Piotr Łetkowski, INIG). The work is part of Task 2.1 (subtask 2.1.2) of the SECURe project and is reported in 
more detail in deliverable D2.2 (Lubaś et al., 2020). Here, the main findings, recommendations and remaining 
knowledge gaps of the research are outlined. 

 

2.2.1 Research question 

Risk analysis of long-term acid gas sequestration operation at the Borzęcin structure addresses two main 
questions as follow: 

 What are the monitoring evidences of the sequestrated gas migration and leakage? 
 What are the results of the sequestration process simulations on the Borzęcin structure models with 

respect to the leakage risk? 

 

2.2.2 Methodology 

The methodology of the monitoring activities included both surface as well as downhole sampling campaigns. 
Chemical composition of the soil gas collected from the selected locations in the area of Borzęcin structure 
was analyzed (cf. Figure 2-5; Appendix 2). Furthermore, physicochemical properties of reservoir fluids 
represented by the produced water and gas along with bottomhole sampled water that underlies the gas cap 
and contains dissolved gas. The applied monitoring methodology was aimed at the tracking of the acid gas 
migration pathways through both gas and water zones inside the sequestration structure, and the screening 
for any potential leakage indicators at the surface. 

Methodology of the sequestration process simulations is based on the construction and calibration of the 
detailed geological, geomechanical, and dynamical simulation models of the Borzęcin structure. The 
geological model was generated from the structural maps of main stratigraphic horizons. The basic parametric 
(porosity, permeability, Net-to-Gross thickness ratio) model of the structure was constructed from well survey 
data including a large set of geophysical log profiles, core sample measurements, and well test results. that 
resulted in lithological, stratigraphic and geophysical detailed structures for all tested wells. The well data were 
analysed for their spatial correlations with geostatistical methods and used to generate parametric distributions 
across the geological model.  

The geological model was used as an input to construct the dynamic simulation model that included all the 
important mechanisms taking place during the sequestration process. To this aim the dynamic model was 
supplemented with: a thermodynamic model of the reservoir fluid (original gas, injected gas, their mixtures); 
reservoir brine characteristics; models of the gas solubility in the brine; original, hydrodynamically balanced 
fluid saturation distribution; well models; multiphase reservoir fluid transport properties; models of surrounding 
and underlying aquifers. 

For the purpose of determining additional structure characteristics, such as formation breakdown pressure and 
variation of geomechanical state caused by reservoir pressure changes and presence of boreholes, a 
geomechanical model of the structure was constructed by significant extension of the dynamical simulation 
model and including: the structure overburden; its sideburden, and underburden. Geological and 
geomechanical parameters of that model were obtained from all available sources and included basic 
geomechanical data, such as: Young modulus, Poisson's ratio, unconfined compressive strength, friction 
angle, Biot constant, tensile strength. 

The simulation models of the structure were calibrated by history matching of the model results with historical 
production data of bottom-hole pressures, reservoir fluid productions of individual wells, compositions of 
produced fluids. After necessary modification of the model the calibration process concluded with very precise 
match of the model results to the measured data implying high reliability of the models and simulation 
predictions obtained with them. 
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2.2.3 Results & conclusions 

The results of monitoring activities have provided valuable information on the direction and rate of the injected 
gas plume propagation. The soil gas analysis did not show elevated concentrations of components that could 
be evidence for injected gas migration through the caprock or well zone, therefore the possibility of ongoing 
surface leaks was definitely excluded. 

The measurements also revealed that high dynamics of individual system phases, caused by the periodic 
disturbances related to production and reinjection processes as well as the water inflow to the reservoir, implies 
temporal and spatial variability in the analysed isotope composition.  

Simulation results of the sequestration process obtained from the calibrated model of the Borzęcin structure 
were used to analyse key factors of the process. In particular, the distribution of reservoir fluid saturations and 
pore pressures determined consequences of the process with respect to the injected gas leakage factors. The 
former included gas and brine saturations together with the concentration of the injected gas in these fluids in 
order to characterize migration of their mobile components. This analysis provided direct data to assess the 
risk of the injected gas leakage beyond the structural trap. 

The reservoir pressure distribution allowed a determination of risks of two other leakage scenarios: 
through the reservoir caprock and via induced fractures. The pressure change across the caprock – 
reservoir rock boundary was determined based on the simulation results and compared with the threshold 
displacement pressure of the caprock as found by the measurements of the caprock samples and/or 
estimations obtained from the initial pressure vertical profile in the gas reservoir of the structure. 

For the assessment of the leakage possibility via the induced fractures, reservoir pressure distribution obtained 
from the simulation results was compared to the formation breakdown (fracturing) pressure as determined in 
the appropriate well tests and/or calculated using the geomechanical model of the structure. 

In the case of the Borzęcin project, results of its simulation modelling clearly showed no leakage risk – a 
conclusion consistent with the measurement results of the monitoring activities presented above. 

Analogous analysis of leakage risk was performed for an alternative scenario of the CO2 sequestration project 
that maximizes the sequestration capacity of the structure while maintaining a leakage free operation of the 
process. Capability of performing such an optimization procedure proves to be another significant advantage 
of the numerical modelling applied to the sequestration project assessment. 

 

2.2.4 Lessons learned & implications of research for industry, regulators & general public 

An extended monitoring system that involves variable measurements including both surface and downhole 
sampling activities is a critical tool for the control and safety assurance of the sequestration process. The 
monitoring activities should be scheduled with a strict arrangement with production and maintenance program 
when considering ongoing process on currently producing structure, to maximise the amount of data collected, 
avoid unnecessary technical problems and optimise monitoring costs.  

The procedure of leakage risk analysis based upon the sequestration project modelling proved to be a 
valuable and indispensable approach to the quantitative solution of the problem. In particular, the lack of 
measuring evidence for the leakage during the injection phase of the project is not a sufficient condition for 
leakage-free sequestration due to prolonged processes of the gas to migrate upwards all the way from the 
sequestration zone to the surface where it can be detected only after a long time from the completing of the 
injection process. Hence, the long-term simulation modelling of a sequestration project is a unique method 
to analyse leakage risk due to those migration processes. 

The above conclusion implies necessity of the usage of reliable simulation models of the sequestration site 
and its surrounding. Such models can be constructed only based upon the detailed characterization of the 
sequestration structure and the complete set of the monitoring measurements of the sequestration process as 
listed above. 

Thus, the procedure based upon the sequestration project modelling is recommended as a valuable and 
indispensable leakage risk analysis approach. 
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2.2.5 Suggested improvements for reducing risks associated with CO2 storage, shale gas production 
or other subsurface operations 

The vital improvement concerning monitoring activities, for the specific case of Borzecin reservoir, would be 
an extension of surface sampling grid (soil gas) in a more strategic form with particular focus on critical 
locations emerging from the reservoir structure and well placement. More complete monitoring results in faster 
detection of soil gas composition anomalies induced by possible leakage. Another possibility in reducing risk 
associated with acid gas reinjection is to provide additional observational wells for downhole sampling placed 
in critical locations e.g. structural trap boundaries. 

The factors to improve leakage risk assessment and, consequently, leakage risk control of the CO2 
sequestration projects:  

 Acquisition of extended data from dedicated monitoring wells and their subsequent usage to history 
match and validate the simulation model. 

 Independent means to estimate the key parameters (formation breakdown pressure, threshold 
displacement pressure) of the potential leakage pathways. 

 Detailed data of geomechanical rock properties of the structure and its surroundings to perform a 
complete calibration of the geomechanical model of the structure. 

 Inclusion of geochemical effects. 

2.2.6 Remaining main knowledge gaps, challenges & focus of future work 

The main knowledge gaps and challenges in analysing leakage risk factors include: 

 Neglect of the regional deep groundwater movement – potential of the redistribution of CO2 dissolved 
in brine. 

 Restricted reliability of the model of sequestration structure overburden – problems in long-term, large-
scale assessment of leakage dynamics in the caprock. 

 Reliable modelling of underlying brine convection mechanism due to the brine density dependence 
upon the CO2 solution – convection cell vs model resolution, underburden characteristics. 

 Effective coupled dynamics of flow, geomechanical, and geochemical effects of CO2 sequestration 
processes – determination of characteristic time scales, simultaneous modelling of various effects. 
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2.3 RISK FRAMEWORK AND BARRIER PERFORMANCE INDICATORS (RISKTEC) 

A semi-quantitative risk assessment tool has been developed based on bow-tie analysis of risks that addresses 
risks as the combination hazards, threats and consequences, and includes barriers that prevent threats and 
mitigate consequences (Figure 2-1; Matt Beeson and Michael Kupoluyi, Risktec). The work is part of Task 2.1 
(subtask 2.1.3) of the SECURe project and is reported in more detail in deliverable D2.5 (Brunner et al., 2020). 
Here, the main findings, recommendations and remaining knowledge gaps of the research are outlined. 

 

2.3.1 Research question 

The research sought to develop a semi-quantitative risk assessment tool in order to bring together the output 
from the SECURe project in a risk context. This tool was to be based on a risk framework for geological CO2 
storage and unconventional gas exploitation. The risk assessment framework was developed by integrating 
the research outcomes of the SECURe project into a comprehensive bow-tie analysis. These bowties identify 
possible leak pathways and the controls (e.g. geology, well integrity, monitoring) that may be expected to be 
in place and mitigation strategies that may be employed.  

The tool documents the factors that influence the likelihood of release paths, the reliability and effectiveness 
of control measures, and the estimated rates or volumes of releases. Sensitivity studies examined the 
importance of key variables in a semi-quantitative workshop, again involving representatives from across the 
SECURe project and the advisory board. The tool is accompanied by guidelines allowing location specific 
consideration of the most effective use of mitigating strategies, monitoring and verification, required 
performance standards and key performance indicators. 

 

2.3.2 Methodology 

A risk assessment framework for the SECURe Project has been developed using the bow-tie analysis 
technique. The risk assessment framework has been formally agreed by WP2, achieving Milestone 7 (M7) of 
the SECURe project (Risktec Solutions Limited, 2020b). The bow-ties consist of nine hazards and top event 
combinations within the scope of the SECURe project, related to (1) the release of gas, fracturing/formation 
fluids, or CO2 from wells, production zone or storage complex associated with production, fracturing or 
abandonment (7 hazards), or (2) induced or triggered seismicity related to hydraulic fracturing or 
CO2/wastewater injection (2 hazards). They document the key threats for the risks of leakage and seismicity, 
and the barriers that prevent these threats and mitigate consequences. These nine hazards are subordinate 
to two parent bow-ties, which contextualise the SECURe scope for geological CO2 storage and unconventional 
gas exploitation within an overall risk framework for Unconventionals and Carbon Capture and Storage (CCS). 

Bow-tie analysis has synthesised the output of the SECURe project into a generic risk assessment framework 
that has been further developed into a semi-quantitative risk assessment tool, which could be applied to any 
site / project proposing to exploit unconventional gas (shale gas) or develop geological storage of CO2. The 
bow-ties were developed from literature and reviewed in workshops, involving representatives from all other 
SECURe work packages to gain agreement of their structure, logic and completeness. 

The wording of the barriers is intended to be potentially applicable to any carbon storage or unconventional 
gas site, thus leaving it open to an eventual user to determine the extent to which the barrier is implemented 
(for a specific site), and assess the effectiveness of the implemented barrier (Risktec Solutions Limited, 2020a). 
These generic barriers are constructed around two key elements: 

 Variable parameters: barrier features that have the potential to vary from site to site or throughout 
the lifecycle of a project (e.g. Geological, Operational, Engineering); 

 Supporting Activities: activities that determine the degree of certainty regarding the successful in 
the implementation of barriers (e.g. site characterisation activities). 

For each barrier on the bow-tie risk framework, effectiveness and uncertainty descriptors have been 
developed. Effectiveness descriptors describe different levels of effectiveness for each barrier as may be 
applicable to a specific site; these correspond to three discrete levels: good, fair, or poor level of effectiveness. 
They are based around the parameters that underpin the bow-tie barrier.  

Uncertainty descriptors are based around the activities that underpin the bow-tie barriers; the extent to which 
they are implemented determines the level of uncertainty in the barrier effectiveness. Again there are three 
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discrete levels of uncertainty: low, medium, or high.  The guidelines presented in the descriptors are based on 
the research outputs of the SECURe project and will be aligned with good practice recommendations. 

 

2.3.3 Results & conclusions 

A semi-quantitative risk assessment tool has been developed based on the output of the bow-tie risk 
assessment framework (Risktec Solutions Limited, 2020a), developed in bow-tie workshops, a semi-
quantitative workshop, and the output of the other tasks in WP2. When using the semi-quantitative tool, the 
user will be expected to answer fact-based, non-subjective questions regarding the relevance of threats and 
receptors, the effectiveness of barriers, and the uncertainty surrounding the assessment of barrier 
effectiveness. This enables users to easily undertake an initial screening risk assessment and / or prioritise 
further work for different prospective sites, based on the good practice recommendations that are outputs of 
the SECURe project. The results of the semi-quantitative workshop itself are also presented in D2.5 (Brunner 
et al., 2020). 

 

2.3.4 Lessons learned & implications of research for industry, regulators & general public 

The risk assessment framework provides the interconnecting backbone to which the research undertaken, and 
good practice guidelines and tools produced as part of the SECURe project provide the substance for risk 
mitigation and monitoring for environmental protection. The process described in the D2.5 report (SECURe, 
2020) in terms of developing the bow-tie risk framework, undertaking of semi-quantitative risk ranking, and 
assessing the importance of individual risk factors has provided the basis for development of the semi-
quantitative tool by enabling prioritisation of further studies, surveys, and improvement measures when the 
tool is applied to a specific site.  

As part of guidelines it will be expected that the semi-quantitative tool is used to provide a framework with 
which to identify and determine the relevance of threats and consequences to receptors, the effectiveness of 
barriers, and the uncertainty surrounding the assessment. It is intended that the tool be used as a powerful 
and expedient means to evaluate different prospective sites during an early stage of selection and design. This 
will provide a ready indication of the risk priority and benefit associated with risk improvement measures 
(improving barrier effectiveness) and characterisation activities (decreasing barrier uncertainty) that can 
provide an input into cost benefit decision making. In this way, the tool hopes to distil the SECURe research 
into practical application of good practice to site selection. 

 

2.3.5 Suggested improvements for reducing risks associated with CO2 storage, shale gas production 
or other subsurface operations 

The results assist operators and risk assessors to carry out a semi-quantitative risk screening exercise for 
potential CO2 storage or unconventional gas sites. The semi-quantitative tool shows the relative risk between 
different sites; provides bow-tie diagrams that can be developed further in workshops to develop site specific 
analysis that are the basis for an ongoing risk management programme; and prioritise measures for reduction 
in risk or uncertainty, which can then be balanced against cost. This firm foundation for a risk management 
programme has a basis in the outputs of the SECURe project research. To the knowledge of the researchers 
there is no other tool that offers these attributes alongside a comparable breadth of scope assessment. 
Therefore, this risk management tool should be used as part of a wider toolkit of risk assessment and risk 
management of CO2 storage or unconventional gas sites. 

 

2.3.6 Remaining main knowledge gaps, challenges & focus of future work 

Developing an effective and efficient means of quantifying leakage risk in a meaningful way, beyond the semi-
quantitative approach developed for SECURe remains a challenge. Affordable and efficient quantitative risk 
assessment relies on the kinds of historical data which are not currently available for geological CO2 storage 
and to a lesser extent unconventional gas. The focus of future work should remain on qualitative and semi-
quantitative approaches for the foreseeable future. 
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There is a large potential to couple the SECURe semi-quantitative risk assessment tool with research outputs 
from the ACT funded DETECT and ALIGN projects. The former provides a semi-quantitative assessment tool 
at a lower, more detailed level (than the SECURe tool) for faults and fractures, whereas the second provides 
the system of Storage Readiness Levels (SRL) (Akhurst et al, 2020). The SRL concept is similar to the 
approach used to develop barrier uncertainty parameters in SECURe and DETECT, but focussing more 
towards commercial readiness. There is a large potential to combine these tools to enable to screening of sites 
not just for technical and environmental risk, but also for commercial risk. 

A programme of work to trial and further validate the application of the semi-quantitative tool to multiple sites 
is highly desirable. This will help to provide a database of risk assessment results that may be compared 
against detailed simulation of reservoirs and leakage in order to refine and develop the inputs, effectiveness 
and uncertainty descriptors, and risk ranking outputs. A risk calibration tool is also desirable to ensure that 
the risk tolerability criteria implicit within the tool may be simply and effectively calibrated for different risk 
perception, tolerability, and regulatory jurisdictions. 
 

 
Figure 2-1. Bow-tie logic that forms the basis for the risk framework in SECURe (reprinted from SECURe D2.5). See D2.5 report 
for more details. 
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2.4 EXPERIMENTAL ASSESSMENT OF WELL INTEGRITY THREATS (SINTEF) 

Controls on well integrity were studied by performing experiments on a down-scaled representation of a well 
to test cement integrity at different confining, pore and casing pressures, in combination with in situ high-
resolution CT imaging (Pierre Cerasi, Amir Ghaderi, Ali Taghipour, Mohammad Bhuiyan and Jelena Todorovic, 
SINTEF). The work is part of Task 2.2 (subtask 2.2.1) of the SECURe project and is reported in more detail in 
deliverable D2.5 (Brunner et al., 2020). Here, the main findings, recommendations and remaining knowledge 
gaps of the research are outlined. 

 

2.4.1 Research question 

The research questions addressed in the experimental work on well integrity assessment were: 

 What is the leakage risk from a well upon pressure cycles in the well itself? These cycles may arise 
from temperature fluctuations due to cyclic stoppage of injection or from operational errors and 
blockages in the well's connection to the storage site impairing injection. 

 What are the pressure limits for fracturing to occur? 
 What role play the in-situ stresses and formation pore pressure on fracture topology and network? 
 At what point do fractures propagate beyond the cement sheath? What increase in near-well 

permeability occurs upon fracturing? 
 How does the permeability increase related to a fracture network in realistic radial geometry compared 

with index tests done on isolated, single fractures? 
 Which targeted laboratory tests can provide reliable input parameters to computer simulations? 

 

2.4.2 Methodology 

The ECCSEL Wellbore Integrity cell was used as a down-scaled representation of a well (Figure 2-2). It 
captures the radial concentric geometry of a well, with a steel casing cemented to a hollow cylinder rock plug. 
The specimen is inserted in an aluminium cell with carbon fibre wrapping around it, lending the cell for high-
resolution CT imaging, while fracturing tests are ongoing. Cement was injected around the casing through 
dedicated ports where the curing pressure could be maintained. Independent control of casing internal 
pressure, pore pressure in the surrounding rock and confining pressure could make testing conditions as close 
as possible to field-relevant scenarios. After obtained fracturing, brine displacement allowed to calculate the 
obtained permeability as a function of confinement. Subsequent image treatment was used to identify and 
isolate the created fracture network. 

Separately, cement plugs were cured and used to assess intact permeability and mechanical parameters. 
Cement permeability was assessed using the transient pulse method. Indirect tensile (Brazilian) and UCS 
(uniaxial compression) strength tests were performed using standard methodology in load frames on plugs 
cored out of the same cement batch and repeated for increasing curing stress, up to typical in-situ conditions 
(20 MPa, corresponding to about 1 km depth). Tensile fracturing was also applied carefully on a cement plug 
to create a single fracture spanning the plug's axis. The plug was then again tested in the transient permeability 
rig to establish the change in permeability due to the fracture. 

 

2.4.3 Results & conclusions 

Results from the mini-wellbore simulator show that for no confinement and no pore pressure, few wide radial 
fractures appear (7 in our experiment) with a few narrower ones between them. The fractures are somewhat 
tortuous and from the image analysis seem to span the whole cell length (Figure 2-2). With confinement and 
pore pressure applied, a higher casing pressure is necessary to induce fracturing. When confinement and pore 
pressure are added to the surrounding rock, the fractures become narrower and more numerous (21 in our 
experiment), spanning more uniformly the circumference of the rock and appearing less tortuous. In both 
cases, the fractures spanned both cement sheath and rock, with some slight deflection in propagation beyond 
the cement without presence of confinement. 

Permeability testing showed that the fracture network in the test with confining and pore pressure applied 
(Figure 2-2d) apparently did not make for a connected network from top to bottom of the cell, as the measured 
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values at about 150 mD, which would be comparable to the intact rock used in the tests. It could be that either 
some debris accumulated near the flow ports or that the fractures did not extend continuously towards these 
ports. Confining pressure that was applied during permeability test also affected the measured permeability. 
However, the results are more relevant with application of the confining pressure. 

For the cement strength, results show somewhat surprisingly that curing stress does not have an effect on 
measured strength, although it does have an effect on bond strength (from previous studies). One reason for 
this could be the creation of microcracks during drilling of the plug samples, although not identified on CT 
scans. The UCS was around 55 MPa and tensile strength around 5 MPa. All samples were cured at 66 °C. 
Intact cement permeability was measured at 810 nD, fractured permeability increased 100 times to 89 µD. 

 

2.4.4 Lessons learned & implications of research for industry, regulators & general public 

Although most focus in well integrity studies is put on microannuli along the well, radial fracture emanating 
from the casing through the cement and into surrounding formation has here been shown to also be a risk to 
well integrity. These fractures are usually associated with hydraulic fracturing, although we here demonstrate 
that these could occur through intact casing and could be due just to pressure cycling, itself arising most often 
from thermal stresses due to temperature contrasts upon shut-in and re-start of CO2 injection. On the other 
hand, the fracture network does not necessarily lead to a continuous, high permeability path along the well's 
axis. However, further testing would be necessary to increase confidence on the permeability impact of such 
fracture networks.  

The implications of this research is that any individual fracture may dramatically increase the leakage risk, but 
fracture networks may not extend along the entire length of the cemented interval span continuous lengths 
along wells which would reduce the risk of leakage to different well annuli or shallower formations. 

Other implications are that the tools are now in place to make systematic studies of more realistic stress states 
and well materials in view of establishing operating limits for well pressure to avoid fracturing of the cement 
sheath. 

 

2.4.5 Suggested improvements for reducing risks associated with CO2 storage, shale gas production 
or other subsurface operations 

This research shows the importance of systematically instrumenting injection wells to be able to monitor 
pressure cycles and ascertain that the fracturing limits are never breached. This could also be translated to 
temperature sensors such that thermal stress risk can be monitored. The findings should eventually be 
translated into recommendations and guidelines on allowable pressure fluctuations in wells, as a function of 
in-situ stress and pore pressure in the formations of interest. 
 

2.4.6 Remaining main knowledge gaps, challenges & focus of future work 

Knowledge gaps remain with respect to how the fracturing described in our experiments would vary with 
different rock formations, principally shales and whether such fractures would propagate vertically across 
formation boundaries (if so, at what conditions and for which initiation point distance from the caprock). It 
remains to be seen what the fracture aperture would be at a given in-situ stress as a function of pressure 
reduction, to determine whether such measures could be useful as remediation strategy, or whether 
remediation fluid injection is the only available course. 
 
Use of the ECCSEL Wellbore Integrity cell enables testing of well conditions for specific field cases, as this 
setup is versatile with respect to the choice of rock, cement and casing, as well as confining pressure, pore 
pressure and casing pressure. This would enable us to provide operational recommendations for a specific 
field case.  
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Figure 2-2. Summary of results of experimental assessment of well integrity threats (reprinted from SECURe D2.5). Top: The 
ECCSEL Well Integrity mini-wellbore simulator at SINTEF. Left: axial cut showing core holder with end caps and placement of 
central casing; right: cross section showing concentric geometry with casing in the centre, surrounded by a cement sheath, 
rock core plug and confining rubber sleeve. Bottom: Volume reconstruction of the wellbore sample. Test without confining or 
pore pressure: (a) after the initial fracturing at casing pressure of 300 bar; (b) after pressure cycling between 100 and 300 bar; 
(c) after pressure cycling between 100 and 300 bar showing  only casing, fractures and void space, in another orientation. (d) 
Test at confining pressure of 100 bar, pore pressure of 50 bar and casing pressure of 450 bar: after fracturing induced by 
reducing confining pressure to 85 bar. Yellow – rock; boundaries between rock and cement and cement and casing are also 
shown. Red – fractures and void space in the cement sheath. Purple – fractures in the rock. See D2.5 report for more details. 
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2.5 FIELD SCALE NUMERICAL MODELS FOR WELL INTEGRITY THREAT ASSESSMENT (TNO) 

Well integrity of CO2 injection wells and hydraulically fractured shale gas wells by applying 2D finite element 
models of well cross sections at depth to two field cases, one offshore in the Netherlands and the other onshore 
in Poland, that are targeted for CO2 storage and shale gas production, respectively (Al Moghadam, Bogdan 
Orlic and Logan Brunner, TNO in collaboration with Adam Wójcicki and co-workers, PGI). The work is part of 
Task 2.2 (subtask 2.2.2) of the SECURe project and is reported in more detail in deliverable D2.5 (Brunner et 
al., 2020). Here, the main findings, recommendations and remaining knowledge gaps of the research are 
outlined. 

 

2.5.1 Research question 

Numerical models are effective tools to assess the integrity of annular well cement under various downhole 
and operational conditions. Numerical modelling provides valuable information on the stress state of cement, 
casing and the formation. This allows us to predict the type of cement failure and the conditions at which they 
occur. There are several types of cement failure that could occur in a wellbore, jeopardizing the cement 
integrity. The cement can debond from the casing or the formation, creating what is called a “microannulus” 
(Moghadam et al., 2020). Debonding is one of the major concerns regarding the cement integrity of CO2 
injection wells. Cement can also undergo shear failure, tensile cracks, and disking (Bois et al., 2011) depending 
on the downhole conditions and cement properties.  

The accuracy of the results of the modelling workflow depends on the quality of the input parameters. However, 
many of the input parameters for well integrity are uncertain. In this study, we implemented a probabilistic 
approach in analysing the cement integrity (Orlic et al., 2018). Therefore, the results portray the probability of 
cement failure (i.e. debonding, etc.) considering certain distributions for the input parameters. Two case studies 
are performed as part of this project. The first case study simulates the re-use of an offshore gas well for CO2 
injection in the Netherlands. The second case study investigates the well integrity risks for a shale gas well in 
Poland. The results of this work assist operators and regulators to understand the well integrity risks associated 
with various operations such as carbon sequestration and hydraulic fracturing. 

 

2.5.2 Methodology 

The nonlinear finite element simulator DIANA was used to carry out the simulations. DIANA is a general-
purpose finite element code, based on the Displacement Method (DIANA FEA, 2019). The model represented 
a 2D cross section of the wellbore at a certain depth. The cross-section depth was selected to be in the caprock 
as it acts as a barrier to fluid leakage. The model geometry included a casing (placed perfectly in the wellbore), 
annular cement, and the formation.  

Appropriate non-linear material models were used to identify and simulate different failure modes. Plastic 
deformation in the casing, cement, and the formation were monitored. In addition, debonding and the relative 
opening at the interfaces were recorded throughout the simulations. A Monte Carlo type procedure was utilized 
to account for the uncertainty of the input parameters. Python scripts were developed to select a series of input 
parameters based on a prescribed distribution. The selected parameters were imported into the DIANA model. 
The well integrity simulations were run using DIANA. The results were processed to obtain the failure modes 
in cement, and the resulting apertures of the microannuli, which were then integrated into a Bayesian belief 
network to interpret the sensitivities when varying multiple parameters. 

 

2.5.3 Results & conclusions 

The CO2 injection well selected for this case study is an idealized vertical well (“the P18 well”) located in the 
depleted P18-2 gas field near the coast of Rotterdam. The shale gas well selected for this case study was 
Lubocino-1/2H (L1 and L2H are a vertical and horizontal well closely located to each other) in northern Poland. 

The failure mechanism for the CO2 injection well was debonding of the annular cement at the casing-cement 
interface and the cement-formation interface. This was due to the temperature drop caused by the injection of 
cold CO2. For the shale gas well, shear failure of cement due to hydraulic fracturing was the main mechanism 
for failure. Shear failure was due to casing expansion during hydraulic fracturing, which exerts large amount 
of radial stress on cement.  
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For both cases, cement shrinkage was observed to be the most important parameter affecting the probability 
of failure (POF). Higher shrinkage can significantly increase the POF. Using softer cement, for example, with 
Young’s modulus close to 5 GPa, can reduce the POF considerably. Increasing the CO2 temperature can also 
reduce the risk. The fracturing pressure however only has a minimal impact on the POF for the shale gas well. 
Probabilistic well integrity analyses are recommended to account for the uncertainty of input parameters. 

 

2.5.4 Lessons learned & implications of research for industry, regulators & general public 

The results of this research quantify the probability of well failure for a range of scenarios that are applicable 
to well re-use and new well applications. Within the numerical geomechanical well leakage modelling work, 
relationships were drawn between several cement properties and the impact on 1) shear cracking for the shale 
gas well model and 2) the cement debonding (for both the formation-cement and casing-cement interfaces) 
and caprock leakage for the CO2 injection well model. This assists operators in reducing well failure risks by 
selecting appropriate cement properties and operating conditions. The results of this work indicate that under 
the right conditions, re-purposing wells for CO2 injection, and hydraulic fracturing can be done with minimal 
damage to the cement. Due to the high level of uncertainty in parameters, it is suggested that regulators and 
operators use a probabilistic approach in assessing well integrity, with the goal of minimizing the probability of 
failure. 

 

2.5.5 Suggested improvements for reducing risks associated with CO2 storage, shale gas production 
or other subsurface operations 

The following guidelines could reduce the well integrity risk for re-used and new wells in the context of CO2 
injection and hydraulic fracturing:  

- Cement shrinkage can significantly increase the probability of failure (POF) for both the CO2 injection 
and the shale gas well. When possible, operators should use cement formulations that lead to no 
shrinkage or the smallest shrinkage levels practically achievable. 

- Cement formulations that lead to a softer, more flexible cement are recommended. Designing the 
cement Young’s modulus in new injection wells close to 5 GPa can minimize the POF and 
accommodate cement shrinkage.  

- In the case of well re-use for CO2 injection, operators could have no control on cement properties, as 
it would already be in place. In that case, reducing the temperature shock of the cold CO2 is the most 
effective way to reduce risk. One way to achieve this is to place the packer at the base of the caprock. 
Doing this will minimize the length that the cold CO2 is in direct contact with the casing. Above the 
packer, the annulus between the tubing and casing is filled with completion fluid, which acts as a 
thermal barrier. This means that the casing segment above the packer experiences less of a thermal 
shock compared to the casing below the packer.  

Following the previous recommendation, using an oil-based completion fluid between the tubing and 
production casing can insulate the casing further from the cold CO2. 
 

2.5.6 Remaining main knowledge gaps, challenges & focus of future work 

There are several assumptions in well integrity models that should be improved to increase the accuracy. The 
initial state of stress in cement after curing is an important assumption in numerical models that could 
significantly impact the results. However, this initial stress development is still an open question. Laboratory 
tests and new models are required to address this unknown. In addition, CO2 injection wells often pause and 
resume injection several time per year, which leads to cyclical loads on the annular cement. The impact of 
cyclical loads on cement failure and debonding is not well understood. This could add new operational 
parameters that the industry needs to consider to ensure seal integrity. Laboratory experiments and enhanced 
constitutive models for cement are needed to address this problem. Finally, the present geomechanical models 
can predict various types of cement failure with reasonable accuracy. However, the relationship between 
cement failure and well leakage is not well-understood. Lab tests are needed to find the relationship between 
the mechanical and hydraulic aperture of the debonded cement interface. In addition, the relationship between 
cement damage in shear and permeability is not known. Regarding the integration with the Bayesian belief 
network, more geomechanical simulations varying the input parameter states would help to fill the solution 



 

 21 Copyright © SECURe 2021 

space and allow for better interpolation of results when the target well parameters fall between the simulated 
parameter values. 

 
Figure 2-3. Summary of results of field scale well integrity modelling (reprinted from SECURe D2.5). Top: Model geometry in 
DIANA for the well integrity simulations. Middle: Probability of failure (debonding at the casing-cement interface at 3100 meter 
depth) during injection of cold CO2 in an “idealized” CO2 injection well in the P18 field, offshore the Netherlands. Bottom: 
Probability of failure (shear failure cement at 2850 meter depth) for hydraulic fracturing operations in a vertical section of the 
Lubocino well, northern Poland. See D2.5 report for more details.  
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2.6 ASSESSMENT OF FAULT AND FRACTURE PERMEABILITY RELEVANT TO CO2 STORAGE AND 
UNCONVENTIONAL GAS OPERATIONS (HWU) 

Fault and fracture permeability was studied by mapping fracture networks in outcrops (Mont Terri Underground 
Laboratory, Switzerland) in combination with laboratory experiments on low permeability rock samples 
(Andreas Busch, Roberto Rizzo, Hossein Fazeli, Florian Doster, Nathaniel Forbes-Inski and Rafael Castaneda 
Neto of Heriot-Watt University). The work is part of Task 2.3 (subtasks 2.3.1 and 2.3.2) of the SECURe project 
and is reported in more detail in deliverable D2.5 (Brunner et al., 2020). Here, the main findings, 
recommendations and remaining knowledge gaps of the research are outlined. 

 

2.6.1 Research questions 

 Can we predict fault permeability in CO2 storage seals or low permeability unconventional reservoirs 
by using an upscaled approach? 

 What are expected order of magnitude fault flow rates and how does this compare with injected 
volumes of CO2/fracking fluids? 

2.6.2 Methodology 

We upscale fault permeability by mapping the fracture networks of naturally outcropping fault zones in low 
permeability formations. These networks are digitised and then analysed using a free MATLAB toolbox called 
FracPaQ (Healy et al., 2017) (see SECURe deliverable report D2.5 for details; Brunner et al., 2020). This 
software provides a series of outputs, such as fracture trace length, orientation, density and connectivity, useful 
to characterise the studied fracture network. To produce accurate upscaled permeability models, outcrop 
fracture data are combined with laboratory single-fracture permeability measurements. Ideally, naturally 
fractured samples should be used to test stress dependent permeabilities of gases and fluids in dedicated 
laboratory tests. Such naturally fractured samples are often difficult to obtain and induced fractures might be 
an alternative. The best conditions to derive upscaled permeability models would require the combination of 
several fracture networks in combination with various stress-permeability require the combination for 
representative rocks. Such ideal conditions are not always met, as suitable samples from the same formation 
as the outcrop fracture network data are difficult to obtain (and vice versa). The combination of both will provide 
an approximation of the range of fault permeabilities that are then modelled in a coupled hydro-mechanical 
simulator (in our case MATLAB Reservoir Simulation Toolbox MRST, see SECURe deliverable report D2.5). 
Any other coupled model which uses mapped fracture networks and stress-permeability for single fractures to 
compute upscaled permeabilities for the fracture networks under different stress conditions should be also 
applicable. 

2.6.3 Results & conclusions 

We have pulled together numerous fault models and stress-permeability relationships by either using literature 
data or by conducting new field and laboratory work. We find that: 

 2 groups of stress-permeability relationships exist for our study case (i.e., Opalinus Shale cut by the 
Main Fault Zone at the Mont Terri Underground Laboratory in Switzerland) of which one group has 
higher permeabilities (Figure 2-4), with values ranging between ~1E-13 and ~1E-16 m2. Values for the 
other group ranges between ~1E-17 and ~1E-20 m2. The former group is characterised by rather brittle 
rocks which are more representative of unconventional reservoirs comprising higher permeabilities 
and higher non-clay mineral contents than typical top seal formations. The latter group is more ductile, 
high in clay content and shows permeabilities which are close to matrix permeabilities. Many of these 
formations are or would be expected to be self-sealing in CO2 storage operations. 

 Faults in low-permeability rocks can be mapped and statistically analysed. This attempt is however 
biased because in highly weathered outcrops, mainly the large fracture networks are visible and micro-
fractures are typically censored, particularly when using rock outcrop images acquired using drone or 
photogrammetry techniques. Furthermore, it might be difficult to distinguish between fractures that 
occurred at larger subsurface depth and those that are the result of surface uplift and stress unloading. 
We performed one specific case study (reported in SECURe deliverable report D2.5), where we used 
the fracture network from the Main Fault Zone at the Mont Terri Underground Laboratory in 
Switzerland. We modelled fault flow with a mapped fracture network and fracture permeability data 
and were able to closely confirm fault permeabilities from a field test. This gives confidence in the 
method itself. 
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 Having the combination of fault zone fracture networks (seismic and sub-seismic) as well as laboratory 
data for fracture permeability will allow us to obtain a range of flow rate order of magnitudes that can 
then be applied to specific case studies of real CO2 storage projects or unconventional gas operations. 

The approach can be applied to seismic faults (i.e. faults that can be resolved using seismic reflection data) 
where information on displacement and damage zone width can be obtained. Any further information needs 
to be incorporated from appropriate analogue studies. Sub-seismic faults are however more difficult to assess 
because we do not precisely know their frequency and offsets/damage zone width. Again, a statistical 
approach seems applicable here which we think should be future work. 

 

2.6.4 Lessons learned & implications of research for industry, regulators & general public 

Assessing fault leakage rates is a multi-disciplinary approach which requires suitable field work, lab work and 
upscaled hydromechanical modelling. This is a challenging task and, also, a task that requires a significantly 
larger amount of work than outlined in SECURe in order to narrow down fault leakage rates for either CO2 
storage operations or unconventional gas reservoirs. 

There are two basic differences between CO2 storage and unconventional reservoirs with quite some impact: 

 The most prospective shale gas reservoirs are those that have high contents of so-called brittle 
minerals (e.g. quartz, feldspars, carbonates), making these rocks mechanically strong and brittle. This 
will likely result in high fracture roughness when fractured and as such in relatively high permeabilities. 
On the flip side, fault leakage from such reservoirs is associated with the hydraulic fracturing process 
by which a high-pressure pulse of fracturing fluid is injected that is then bleeding off rather rapidly. 
This means that when induced fractures would hit a fault, the likelihood of some of the fluids leaking 
along the fault is high, but total leaking volumes can be expected to be low. In addition, any hydro-
fracturing operation will not take place in the vicinity of seismic faults. Therefore, if a fault is hit by such 
a pressure pulse, it would hit a sub-seismic fault with low offsets and, also, narrow damage zones. 

 Top seals, limiting vertical CO2 migration in geological storage operations, are typically higher in clay 
content, more ductile, and lower in permeability than shale gas reservoirs. As such, the advantage is 
low expected flow rates. However, due to the large volumes of CO2 injected in carbon stores, leakage 
can be considered a long-lasting process, if it occurs. From our result we find however that many 
ductile caprocks can be considered self-sealing, especially under the changes in effective stresses 
considered in CO2 storage operations. 
 

2.6.5 Suggested improvements for reducing risks associated with CO2 storage, shale gas production 
or other subsurface operations 

Overall, our research indicates that the risk of leakage through fracture networks in the damage zone of faults 
is low if operations will not take place in the vicinity of seismic faults and/or if caprocks have a high clay content 
and are therefore self-sealing. Therefore, the risk can be improved by detailed seismic surveys and core 
analysis of the caprock, with respect to clay content.  

 

2.6.6 Remaining main knowledge gaps, challenges & focus of future work 

We can suggest a more thorough analysis of the seismic faults, their attributes and predicted internal structure. 
Well log data can provide basic information on mechanical properties of the low-permeability formation and 
analogue outcrop/ lab studies can then be used to narrow down parameter ranges for quantifying potential 
flow rates along faults in seals for carbon storage or shale gas reservoirs. To do so: 

 Further fracture network case studies and laboratory datasets need to be gathered for various low 
permeability formations to build up a robust data base that can then be used as analogue for 
commercial operations 

 The coupled mechanical-hydromechanical modelling of such formations still relies on substantial 
simplifications. Hence matching upscaled permeability calculations with other field tests than the Mont 
Terri study presented here as well as the development and implementation of stronger coupled 
schemes as well as accounting for non-linear mechanical effects such as ductile closure would provide 
more confidence in the actual approach 
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Key will be to identify (affordable) monitoring tools that can observe leakage along a top seal or a shale gas 
formation. As mentioned above, we expect long but slow leakage across top seals with small temperature, 
pressure or saturation changes to be expected. The effort and investment of establishing monitoring 
networks to observe leakages that are potentially below the detection limit remains an open question. 
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Figure 2-4. Summary of results of fault and fracture permeability study (reprinted from SECURe deliverable report D2.5). Top 
(previous page): Measured and literature fracture permeability data for various low permeability rocks. Middle (previous page): 
Plan view of the Mont Terri Rock Laboratory with locations of the two investigated outcrops, Gallery 08 and 98, modified after 
Jaeggi et al. (2018). Bottom: Summary of the data seen in all four analysed windows in the Mont Terri Rock Laboratory. A) 
Rose diagram showing fracture strikes in the 2 galleries: principal trends have been highlighted. B) Log-log plot of fracture 
height against cumulative frequency summarizing the distribution of fracture size in the four analysed windows: a general 
lognormal distribution appears to be the best fitting distribution law for the data acquired on the outcrops. C) Ternary plot of 
connectivity. (Manzocchi, 2002; Healy et al., 2017) showing the ratio of connectivity nodes in the 4 analysed windows. See 
D2.5 report for more details.  
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2.7 FLUID MIGRATION AND FAULT SEALING ANALYSIS FOR SELECTED FIELD SITES (PGI-NRI) 

Potential fluid migration and fault sealing was studied in four case studies in Poland (i.e. one saline aquifer 
targeted for CO2 storage, the Borzęcin depleted gas field targeted for acidic gas storage) by laboratory 
geochemical analysis of reservoir brine samples and fault sealing analysis based on geological modelling and 
well log interpretation (Kinga Bobek and Adam Wójcicki, PGI-NRI). The work is part of Task 2.3 (subtask 2.3.3) 
of the SECURe project and is reported in more detail in deliverable D2.5 (Brunner et al., 2020). Here, the main 
findings, recommendations and remaining knowledge gaps of the research are outlined. A more elaborate 
description of the fault sealing analysis is also given in Appendix 2. 

2.7.1 Research question 

Four sites in Poland have been selected to carry out fault zone analyses on possible existence of reservoir 
fluid migration paths and hence possible leaks. These were two shale gas sites, one structure in saline aquifers 
and one depleted gas field used as acidic gas storage. 

 

2.7.2 Methodology 

Two methods have been applied – the first one for all sites, the second to shale gas sites only.  

In the first, analyses on formation confinement are utilizing available results of laboratory geochemical 
measurements of brine samples collected in reservoirs. The methodology in this case is based on the 
assessment of degree of geochemical maturity of formation water and isolation of aquifers/reservoirs 
(Hounslow, 1995) measured by total dissolved solids [TDS], Na/Cl and Cl/Br ratios. Four types of groundwater 
(formation water) have been proposed, from freshwater to stagnant brines, combining and generalizing criteria 
for aquifers (Razowska-Jaworek, 2012) and hydrocarbon reservoirs (Bojarski, 1970). 

In the second, the methodology of fault modelling refers specifically to the use of T7 Badley Geoscience 
software and preparation of relevant datasets (seismic and wireline-logging datasets) as the input to the fault 
sealing modelling. Generally, a fault sealing analysis includes four steps: 

1. Building a 3D "layer-cake" model of the geological formations based on the seismic survey 
interpretation containing main horizons and faults surfaces and borehole data. For more precise 
calculations borehole datasets containing information about small-scale lithostratigraphic units are 
incorporated (Yielding et al., 1997a, b). Fault polygons generated automatically by software (e.g. 
Petrel) are checked using the analysis of the fault displacement pattern (Kim and Sanderson, 2005; 
Walsh and Watterson, 1988; Watterson, 1986). After validation of the created model, the parameters 
originating from boreholes are extrapolated by geostatistical methods within a mesh grid of sizes 
depending on the general sizes of the studied area, throw of faults and affordable computational cost. 

2. Calculation of at least one parameter - Vsh which stands for the volumetric shale/clay content in the 
host-rock. Ideally, the Vsh, porosity, and permeability logs should be included within the model to 
acquire more accurate results. The Vsh parameter can be acquired from gamma-ray logs according 
to the methods described in Asquith and Krygowski (2004), Steiber (1970) or Clavier et al. (1971), 
basing on gamma ray index calculated for different stratigraphic levels, calibrated to the laboratory 
measurements. 

3. Modelling of the juxtaposition plots and SGR parameter for all detected faults in the 3D approach 
(using modified Allan diagrams defining hanging wall and footwall displacement across the fault plane 
in 3D space) or construction of so-called "triangle diagrams" in the 1D approach. The SGR parameter 
(Shale Gouge Ratio) is calculated as the sum of products of the thickness of the particular zone and 
the clay volume fraction in the zone divided by the fault throw (Yielding et al., 1997a, b).  

4. Interpretation of received SGR values in terms of sealing potential, including the geological history of 
the area and evaluation of uncertainty level. 

 

2.7.3 Results & conclusions 

The geochemical analysis found that: 

 In two sites of shale wells and their surroundings (Lubocino and Wysin), the formation water samples 
collected from all of these formations can be characterized as stagnant, highly mineralized brines (relic 
brines), providing evidence against any migration paths of reservoir fluids. 
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 For the Wojszyce site, CO2 storage is recommended within deeper aquifers of Jurassic. 
 The reservoir formation of the depleted gas field Borzęcin is isolated and any migration of brine, natural 

gas or acidic gas) beyond the reservoir complex of Basal Limestone-Rotliegend is extremely unlikely. 

The fault modelling shed some light on fault sealing potential of the following geologies: 

 Looking at the received juxtaposition models, where the continuity of the sandstone layers may exist 
solely within a thin part of the Middle Cambrian, and contacts between permeable and impermeable 
rock types dominate, the juxtaposition seal likely occurs within almost the entire investigated profile. 

 In the 3D models of Opalino-Lubocino and Wysin sites, the SGR below 20% occurs within the 
Ordovician carbonate Kopalino formation and sandstones of the Middle Cambrian on most of the 
recognized fault planes. 

 In the case of Middle Cambrian, despite the low SGR value, we may suspect the fault still may behave 
as a seal, since this level is usually at a depth exceeding 3 km. 

 Since the Kopalino formation is built mostly from carbonate rocks (limestone and marls), the used 
software is not well suited to perform the SGR analysis. 

 Complete sealing is expected within the shale complex of the lowermost parts of the Silurian profile 
within the Pasłęk and Jantar formation. 

 

2.7.4 Lessons learned & implications of research for industry, regulators & general public 

In case of the geochemical analyses we learned that:  

 The presence (or high to moderate risk) of fluid exchange within aquifer/reservoir could be an indirect 
evidence of possible migration paths (faults, fractures) and hence possible leaks within the site 
currently, or in not too distant geological past. However, results of geochemical analyses should be 
utilized as supplementary to fault (and/or fracture) modelling and analyses. 

 In order to perform a reliable geochemical monitoring of the formation confinement, preferably data 
acquired during the whole lifecycle of the site in question, both from the formation and overburden, if 
possible, are necessary (including the baseline results before injection or production phase).  

In case of the fault modelling we learned that: 

 In order to obtain reliable results, datasets (seismic and wireline-logging datasets) of sufficient quality 
and quantity (depending on site-specific characteristics) are required as the input to the fault sealing 
modelling. 

 It is strongly recommended to calibrate the (fault) juxtaposition results by other data and methods, 
since results solely from juxtaposition plots may lead to misinterpretation. 

 Similarly, the SGR parameter can give us some clues about the fault sealing potential, but in order to 
obtain reliable outcome we have to calibrate the received results concerning available geological 
information and find the most accurate thresholds for SGR. The used software is suited to perform 
fault sealing modelling in sedimentary clastic rocks and results for other rock types can be unreliable. 

 

2.7.5 Suggested improvements for reducing risks associated with CO2 storage, shale gas production 
or other subsurface operations 

In case of geochemical analyses four sites have been considered: two shale wells, a depleted gas field – acidic 
gas storage and a CO2 storage site for cancelled CCS project. Only in case of the depleted gas field – acidic 
gas storage Borzęcin – both baseline data and data in production/operational phase were collected (though 
brine samples were not always collected from the same wells). In case of shale wells only baseline data were 
collected, but not during tests and stimulations – what could make a significant improvement for risk 
assessment there (actual gas production did not follow because of economic reasons).The CO2 storage site 
Wojszyce was not developed, because project stopped at the appraisal phase, but the analysis of previously 
collected baseline brine samples could be useful at the site characterization phase. 

Regarding the fault modelling of two shale gas sites (Lubocino and Wysin) there is an important conclusion 
we expect a complete sealing within the shale complex containing the prospective, gas (and condensate) 
bearing formations. The shale formations in our case are characterized by high clay content and faults within 
of high sealing potential. Such combination certainly impacts the efficiency of hydraulic fracturing and 



 

 28 Copyright © SECURe 2021 

consequently the results of production tests as well as significantly decreases risks of any leaks beyond the 
reservoir complex (the faults likely make barriers, not paths for fluid migration). Because for both sites only 
baseline 3-D seismic and well logging data have been acquired and available the fault modelling concerns 
only the baseline. Were seismic survey and wireline logging repeated during hydraulic fracking and 
production tests the obtained datasets would provide a valuable input to such modelling, very informative 
and useful for optimization of shale reservoir stimulation and assessment of geological risks in E&P phase. 
 

2.7.6 Remaining main knowledge gaps, challenges & focus of future work 

We have faced challenge in case of the fault modelling of Borzęcin site. We have obtained a geological model 
of the site from INiG-PIB (SECURe deliverable report D2.2) based on data of old 2-D seismic and a dozen old 
wells. The data quality, availability and the used software incompatibility partly prevented a reliable assessment 
of sealing potential within the storage complex and the overburden – the case is discussed in Appendix 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3-5 (caption on following page). 
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Figure 2-5. Top (previous page): The location of two shale wells Lubocino and Wysin in northern Poland (vertical and closely 
located horizontal or horizontal sections) within areas with new 3D seismic used in fault seal analysis. Middle: Saline aquifer 
structure Wojszyce, central Poland (with old and new seismic lines, one new well within the contour and several wells in the 
vicinity) used for geochemical analysis and fault seal analysis. Bottom: Borzęcin depleted gas field in SW Poland (with few old 
seismic lines and numerous old wells drilled in 1960s and 1970s). See SECURe deliverable report D2.5 for more details. 
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2.8 FAULT DYNAMICS AND INDUCED SEISMICITY MODELLING (TNO) 

Fault dynamics and induced seismicity by comparing fast semi-analytical and numerical models for fluid 
injection (Brecht Wassing and Peter Fokker, TNO). The work is part of Task 2.4 (subtasks 2.4.1) of the 
SECURe project and is reported in more detail in deliverable D2.5 (Brunner et al., 2020; a review of modelling 
approaches is also included in D2.3, Le Guenan et al., 2020). Here, the main findings, recommendations and 
remaining knowledge gaps of the research are outlined. 

 

2.8.1 Research question 

Pore pressure and temperature changes caused by the injection of CO2 or the re-injection of waste water 
associated with the production of shale gas may lead to fault reactivation and induced seismicity. In order to 
assess the potential of fault reactivation and seismicity, and enable risk mitigation, it is crucial to understand 
the interplay between geological and operational factors and the evolution of pressures, temperatures and 
associated changes in the stress fields near these faults. The evolution of pore pressure and temperature 
fields and associated stress changes on faults can be modelled analytically, semi-analytically or numerically. 
We used a fast analytical tool (SRIMA) and a computationally-expensive numerical model (FLAC3D-
TOUGHREACT) to analyse the stress and seismic response on a fault close to an injector well, with special 
focus on the seismic response for an injection site in a ‘low-stress’ environment, characterized by non-critical 
in-situ stresses and low tectonic stressing rates. We compared the evolution of seismicity in terms of frequency-
magnitude distribution of events associated to the injection of cold fluids in a reservoir, for a tectonically active 
area (with a large probability of triggered seismicity) and for a low-stress environment. 

 

2.8.2 Methodology 

The evolution of pressure, temperature and stress fields can be modelled analytically, semi-analytically or 
numerically. (Semi-) analytical solutions can be applied for simplified geometries, such as axisymmetric or 
horizontally layered (pancake-like) reservoir configurations. These ‘fast’ models can provide first-order 
estimates of fault stability based on few input data, and are efficient in terms of computational costs. These 
models can be used for uncertainty and sensitivity analysis. As they are generally based on stringent conditions 
regarding geometry of the model domain, they are less well suited when more complex setting or interactions 
are expected to be important. Examples include effects of spatially varying pressures and temperature fields, 
reservoir heterogeneity, and the effects of ‘stress arching’ caused by fault offset, reservoirs of limited extent 
and sealing faults. In these cases, numerical fault stability models can be used. We compared two methods to 
analyse the stress response on a fault close to an injector well: 

1. The analytical approach of SRIMA (Seal and Reservoir Integrity through Mechanical Analysis, Fokker 
et al., in prep.)  

2. A numerical coupled thermo-hydro-mechanical model in FLAC3D-TOUGH(REACT).  

We developed a workflow to assess the (spatio-temporal) evolution of seismicity associated to injection of cold 
fluids into a reservoir, which can take into account the effect of initial stress conditions and criticality. Rate-
and-state seismicity theory as described by Dieterich (1994) was used to assess seismicity rates from Coulomb 
stressing rates on a fault close to a single injector well. For both the assumption of a low-stress environment 
and a tectonically active area with initially critically stressed faults, frequency-magnitudes of seismic events 
were derived. In case of the low-stress environment, frequency-magnitude distributions are expected to be 
dependent on seismicity rates and the dimensions of the fault area perturbed by the induced stress changes 
(Figure 2-6). We demonstrated the workflow for a case of cold fluid injection into a single well, located at a 
distance of 300 m from a fault in a Rotliegend reservoir. 

 

2.8.3 Results & conclusions 

Model results show that cooling of the reservoir due to injection of cold fluids causes significant thermal 
stresses on the fault. Though steady state conditions for pore pressures are reached relatively quickly after 
the start of injection, evolution of seismicity during injection over the long-term is non-stationary, as we observe 
an increase of fault area that is critically stressed, as the cooling front propagates from the injection well into 
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the reservoir. Furthermore, a local and temporary high Coulomb stressing rate and increase of seismicity rates 
can be related to the ‘passage’ of the cooling front through the fault plane. 

Comparing results for the low-stress environment and tectonically active, high-stress environment, we observe 
that in case of the low-stress environment, the evolution of seismicity in terms of frequency-magnitudes, 
maximum magnitude, probability of exceedance of larger ‘felt’ earthquakes and hence seismic risk is  
significantly affected by the extend of the fault area perturbed by the thermal stresses. 

 

2.8.4 Lessons learned & implications of research for industry, regulators & general public 

The workflow has been demonstrated for a synthetic injection case in a Rotliegend reservoir. Computed 
evolution of seismicity depends on a large number of input parameters, most of which are poorly constrained 
before the start of the operations. These parameters need to be assessed based on information which 
becomes available from seismicity monitoring, such as details on the specifics of the network used for seismic 
monitoring, observed background seismicity, total fault area and seismicity recorded during the injection 
operations (relation operations and e.g. evolution of seismicity rates). The closed-loop of seismic monitoring, 
(near-)real-time data-assimilation and model updating is considered as crucial for a robust estimation and 
update of seismic risks during injection operations. 

 

2.8.5 Suggested improvements for reducing risks associated with CO2 storage, shale gas production 
or other subsurface operations 

At present, fault stability and seismicity potential is often assessed based on analysis of Coulomb stress 
changes and reactivated fault area. Here, we implemented rate-and-state seismicity theory to assess changes 
in seismicity rates based on Coulomb stressing rates. First results of the study indicate that even though 
thermal loading is generally considered to be a slow process, high stressing rates and seismicity rates may 
occur during the ‘passage’ of the thermal front through the fault plane (Figure 2-6). This effect of varying 
thermal loading rates in time and space on fault stability and seismic risk needs to be further understood, and 
can be used to evaluate the (temporal and long-term) seismic risk of injection operations. As input data for 
models are generally poorly constrained, models need to be calibrated and validated based on data from 
seismic monitoring networks. In addition to monitoring during operations, understanding changes in seismicity 
rates and seismicity potential of the faults, requires monitoring of background seismicity rates well in advance 
of the injection operations. 

 

2.8.6 Remaining main knowledge gaps, challenges & focus of future work 

Benchmarking of the results of the fast model of SRIMA against a 3D coupled thermo-hydro-mechanical 
numerical model has shown that a further extension of the analytical tools is needed for a reliable 
assessment of fault stress evolution. These fast models are considered as a crucial component for real-time 
assessment of the seismic response of the fault. More insight is needed in the effect of the dimensions of the 
perturbed fault sections on frequency-magnitude distributions and seismic risks. In a low stress environment, 
the dimensions of the fault segment that becomes critically stressed during operations is expected to be an 
important factor that determines the magnitude of seismic events. Currently our method presented is based 
on the assumption that the rupture area of the seismic events is circular. The workflow needs to be extended 
to include realistic seismic rupture areas with aspect ratio’s larger than 1. More research is needed to 
understand what fault rupture aspect ratios can realistically occur in elongated reservoirs that are potential 
targets for CO2 storage. 
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Figure 2-6. Summary of results of fault dynamics and induced seismicity modelling study (reprinted from SECURe deliverable 
report D2.5). Top: Workflow for assessment of seismic response of a fault in a ‘low stress’environment. Bottom: a) Fault 
criticality after 5, 10, 25 and 50 years of injection, fault at 300m from the injection well. The critically-stressed surface grows 
with propagation of the thermal front, b) spatio-temporal evolution of (relative) seismicity rates shows an increase of rates 
which can be related to the ‘passage’ of the thermal front through the fault plane. See D2.5 report for more details. 



 

 33 Copyright © SECURe 2021 

2.9 INDUCED SEISMICITY RISK MODELS (BRGM) 

Induced seismicity associated with a pilot CO2 storage site (Rousse, France) and sites used for injection of 
wastewater from unconventional hydrocarbon production (Oklahoma, USA) was studied by applying statistical 
ETAS (Epidemic-Type Aftershock Sequence) models to describe and forecast induced seismicity (Thomas Le 
Guenan and Hideo Aochi, BRGM). The work is part of Task 2.4 (subtask 2.4.2) of the SECURe project and is 
reported in more detail in SECURe deliverable reports D2.1 and D2.3 (Le Guenan et al., 2019; 2020). Here, 
the main findings, recommendations and remaining knowledge gaps of the research are outlined. 

 

2.9.1 Research question 

The deliverables looked at the topic of modelling and forecasting induced seismicity. There are different kinds 
of modelling which serve different purposes. Physics-based modelling aim at reproducing the underlying 
processes of stress accumulation and release. They are useful to understand the mechanics and the causality 
behind the induced seismicity (e.g. Aochi et al., 2017). However, they are difficult to use in short term forecasts 
because of their deterministic nature and heavy computational costs. For this reason, we instead looked at 
statistical models which does not represent the physical processes but are built to match the observable 
features of the seismicity (often rates of events as well as magnitudes in a given area). Recently, some authors 
have proposed a hybrid approach where statistical models are informed by simple physics-based models 
(Gischig and Wiemer, 2013).  

The main research question of this task is how applicable the statistical model is for existing induced seismicity 
at a site, and how they can be used to forecast induced seismicity (both on short term and long term) for 
assessing seismic risk. 

 

2.9.2 Methodology 

We used datasets from two sites with different settings: the first dataset come from the Rousse CO2 storage 
pilot, southwest France, operated by Total. It is a single CO2 injection well in a closed reservoir. By contrast, 
we also used a dataset from seismicity records in Oklahoma, USA, which is mostly due to wastewater injection 
in the context of unconventional gas production (Oklahoma Geological Survey; Yeck et al., 2017). The injection 
is performed through multiple wells over a large regional open aquifer. 

We adopted the ETAS (Epidemic-Type Aftershock Sequence) model (Ogata, 1988), or more precisely a 
modified version of the ETAS model which includes additional parameters related to the injection. We aimed 
to distinguish the non-stationary seismicity rate change from the observed seismicity rate. In the former model, 
we had to assume a stationarity in a limited time span and extract the temporal change of the seismicity 
posteriori (Aochi et al., 2020). On the other hand, the latter model principally allows to extract it directly, if the 
relation between injection and seismicity rate was known. This latter was applied particularly to the seismicity 
sequence of Rousse (Maury et al., 2019). We used regression techniques (iterative linearized inversion or 
global search) to fit the model parameters to the data in each case study 

 

2.9.3 Results & conclusions 

(1) 2010-2013 Rousse case: We tested different relations between injection (volume, rate) and seismicity rate. 
We realised that the relation may have changed according to different steps of injection. For the post-injection 
phase, we could reproduce well the attenuation of seismicity with a decay coefficient of about 20 days. (Maury 
et al., 2019) 

(2) 2010-2018 Oklahoma case: We successfully detected the spatio-temporal variation of seismicity rate, and 
then correlated with the normalized cumulative injection volume during the acceleration phase (briefly toward 
2015) and with the time passed for the deceleration phase (after 2015). This tells that seismicity rate can be 
followed with a simple statistical regression once it starts (Aochi et al., 2020). 

(3)  We developed a Python code for forward modelling of induced seismicity using the modified ETAS model. 
This allows to do Monte-Carlo calculations for quantitative risk assessment. 
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2.9.4 Lessons learned & implications of research for industry, regulators & general public 

The statistical model is simple to apply for the operations, and it is a great interest to show quantitatively the 
evolution of the seismicity in space and time to the stakeholders and large public. Our study shows that the 
regression is possible for the known seismicity, and this implies the possibility of application as a predictive 
tool. However, the correlation between injection and seismicity in complex settings such as Oklahoma is quite 
weak, and our work also shows that there are large uncertainties in forecasting induced seismicity. More 
specifically, to industry, this shows that a strategy for risk management can be improved by using a 
combination of long term and short term forecasts based on real-time monitoring. For regulators, and general 
public, it shows how current passive Traffic Light Systems (i.e. only relying on observations) can be improved 
by also incorporating modelling. However it also shows that uncertainties are still large and the cause-effect 
relationship is very complex.  

 

2.9.5 Suggested improvements for reducing risks associated with CO2 storage, shale gas production 
or other subsurface operations 

The statistical model can be implemented in the on-going and future projects, in order to improve the calibration 
of model parameters (understanding and quantification of the phenomena) as well as test as a prediction tool 
of the induced seismicity. This can be combined in a Traffic-Light-System for optimizing the operation and 
reducing the risk of induced seismicity. Due to the large uncertainties involved, we suggest that a quantitative 
view of the uncertainties is necessary. This could require an improved inference method such as Bayesian 
inference. With a better quantification of uncertainties it is then possible to use the tools of decision analysis 
under uncertainty in order to optimize the injection and risk management strategy. As we focused on modelling, 
our suggestion is mainly for the operational phase, however reduction of induced seismicity risk also requires 
a thorough characterization study accompanied by a quantitative risk assessment. 

 

2.9.6 Remaining main knowledge gaps, challenges & focus of future work 

The uncertainty in statistical models and involved parameters is still large and it is a question how well we can 
bring the regression results from the known sites to another unknown area. The main path worth exploring 
now is a better synergy between the physical, deterministic approach and the statistical approach. However, 
there will still be remaining uncertainties because of the complexities in the processes involved and in the 
partial knowledge we have in the characterization of the underground features. Consequently, better 
characterization of faults and in-situ stresses and their evolution is also necessary in order to reduce the 
uncertainties involved. Ultimately, there is a need for better communication of the uncertainties: this is a case 
where there is a residual risk but we can show that it is low. A discussion is then needed with regulators and 
the public around the concept of uncertainties and residual risk. 

 
Figure 2-7. Example of forward simulation of induced seismicity based on a modified ETAS model.   
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2.10 INDUCED SEISMICITY AND SURFACE DEFORMATION FROM PRESSURE CHANGES AT THE 
STENLILLE GAS STORAGE SITE (GEUS) 

2.10.1 Summary of induced seismicity research 

Monitored induced seismicity was studied at the Stenlille natural gas storage site in Denmark and in Oklahoma 
for wastewater injection (Trine Dahl-Jensen, Tine B. Larsen and Peter H. Voss, GEUS). The work is part of 
Task 2.4 (subtask 2.4.3) and Task 4.3 (subtask 4.3.2) of the SECURe project and is reported in more detail in 
deliverable D4.2 (Dahl-Jensen, 2020). Here, a summary of the research is given. 

 
Monitoring is fundamental to determine whether the injection of fluids in the subsurface is progressing as 
expected. Microseismic activity can reveal early signs of undesirable consequences of pumping.  
Induced and triggered seismicity are well-known side effects of subsurface activities across a wide range of 
fields such as hydrocarbon production, gas storage, waste disposal and geothermal energy production. 
Induced earthquakes are micro-events occurring in the vicinity of injection wells, whereas triggered 
earthquakes are typically larger events caused by stress changes on nearby faults (Ellsworth, 2013) 
On the other hand, microseismic events, which are typically too weak to be felt by the population, are extremely 
useful for monitoring and mitigation strategies. Microseismic activity near a production site can act as a state-
of-health indicator for the subsurface, where a rising level of microseismic activity can be a sign of stress 
perturbations or pore pressure changes  (Ellsworth, 2013). It is important to point out that seismic monitoring 
cannot serve as the sole monitoring technology. It should be part of a larger monitoring plan encompassing 
other geophysical, geological and geochemical technologies as outlined in (European_Communities, 2009).  

A post operational seismological baseline monitoring was in operation for two years at the natural gas storage 
facility Stenlille in Denmark, where approximately 500 x 106 Nm3 natural gas is pumped in during summer and 
extracted during winter. A network of 6 broadband seismic station was installed over and a few km outside the 
gas storage reservoir, supplemented by smaller sensors at distances of a few 10’s of km. The data were 
recorded and transmitted to GEUS. 

Data for the period 2018-10-01 to 2020-03-31 have been screened for events, using the CONDET code (see 
the SEISAN manual: http://seisan.info/). The screening triggers several hundred times on the data. The triggers 
are very unevenly spaced, depending on thunderstorms and noise. A manual screening of the triggered events 
results in 32 locatable events.  

None of the events found are within the Stenlille Gas Storage reservoir. Twenty events are previously known 
(both natural earthquakes and other sources of ground motions), events which are either fairly close to 
Stenlille, or large enough and with a frequency content within the range used to trigger the Stenlille stations 
alone. Twelve previously unknown and spurious events were found, seen only on the Stenlille network, and a 
number of similar events which could not be located. The found events are between Local Magnitude (ML) -
0.2 and ML 2.5 (and a distant event Mb6.7 and two regional events of ML 3.5 and ML 2.8); the new spurious 
events are all under ML 1.0. The detection level within the Stenlille gas storage area is estimated to be ML 0.0. 

The Stenlille monitoring network has not detected any seismic events within the Stenlille gas storage facility 
through 18 months of monitoring, equal to 1.5 storage pumping cycle. The detection level is estimated to be 
at or below ML 0.0, meaning that even very small events are detected. 

GEUS has monitored earthquakes in Denmark for many years, and no earthquake has ever been located at 
Stenlille. The detection level for the national monitoring network for onshore Denmark is around ML 2.0 (Dahl-
Jensen et al., 2013; Voss et al., 2015). The Gas storage facility has been in operation since 1989, pumping up 
to 500 x 106 Nm3 of gas in and out. To our knowledge there has never been a complaint about tremors. 

As no events larger than the detection level were detected at Stenlille, we cannot correlate with pumping 
activity. However, the fact that no events were detected is a sign that the pumping is not causing any dangerous 
stress buildup despite the large volume of gas pumping. We can only speculate on the reason. The Upper 
Triassic – Lower Jurassic Gassum Sandstone Formation located depths of 1500-1600m forms the reservoir 
where gas is stored by displacing formation water. The formation might not be capable of sustaining stresses 
large enough to create an earthquake above the detections level. Alternatively, it might be that regular pumping 
in and out of the reservoir since 1989 when the gas storage was established has released all stresses a long 
time ago. 

A well described example of induced and triggered earthquakes is Oklahoma, USA (Larsen, 2020).  Oklahoma 
experienced a 40-fold increase in seismicity during the period 2008-2013 (Keranen et al., 2013), most likely 
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caused by high-rate wastewater injection in connection with unconventional oil and gas production. Well-
located earthquakes and earthquake swarms can illuminate known faults and map out new ones as seen in 
Oklahoma. The triggered earthquakes are suggested to be caused by the propagating pressure front 
encountering critically stressed faults on its way. The resulting seismicity was traced up to 35 km from the 
wells (Keranen et al., 2013). The largest injection related earthquakes occurred in November 2011 in 
Oklahoma approximately 180 km from the nearest known active fault and measured M 5.0, M 5.7, and M 5.0. 
Analysis of the aftershocks illuminated the active faults and found that the tip of the initial rupture plane was 
within 200 m of an active injection well (Keranen et al., 2013). The study also suggests that the stress changes 
caused by the first earthquake in the sequence, triggered the following earthquakes, something that is 
collaborated by a later study by (Norbeck and Horne, 2016). In 2016 another earthquake sequence struck 
Fairview, Oklahoma 12-20 km from high-rate injection wells, with the largest event measuring M 5.1 (Yeck et 
al., 2016). 

A seismology Training software and dataset workshop was conducted at the Ohio Seismic Network (OhioSeis), 
Ohio Department of Natural Resources, Ohio, U.S.A. in November 2019 as part of Secure WP6.  Data was 
selected from areas with reported induced seismicity or areas with a dense sensor setup and local seismicity. 
Data from Ohio was among the datasets selected used (Voss, 2020).  

It is important to point out that the large earthquakes occurred in low porosity, hard rocks, very different from 
the geology under consideration in Denmark. Also, in Oklahoma, the likely cause of induced and triggered 
events is pumping wastewater into the subsurface, whereas gas is being pumped in the subsurface at Stenlille. 

 

2.10.2 Summary of surface deformation research 

Surface deformation was also studied at the Stenlille natural gas storage site in Denmark (Marie Keiding, 
GEUS). The work is part of Task 2.4 (subtask 2.4.3) of the SECURe project. Here, a summary of the research 
is given. 

 

Background 

Changes in reservoir pressure due to injection or extraction of gas may induce deformation in the overlying 
strata and lead to surface deformation. Measurements of potential surface deformation is required to monitor 
that the gas storage proceeds as planned, and to ensure that there are no damages to buildings or 
infrastructure.   

At the Stenlille Gas Storage site, ground deformation measurements have been carried out since the initiation 
of the gas storage in 1989. A network of fix points has been measured with precision levelling a number of 
times since then, latest in summer 2020. The deformation series document a small uplift above the gas 
reservoir of up to 4 mm during 2007-2020 (Vognsen and Andersen, 2020). During May-June 2020, seven 
corner reflectors for satellite-based radar measurements were installed in order to take advantage of freely 
available data for radar interferometry providing ground motion measurements with repeat times of a few days. 

 

The InSAR method 

Interferometric Synthetic Aperture Radar (InSAR) is a satellite-based technology capable of detecting mm-
scale surface deformation in the line-of-sight of the radar (e.g. Burgmann et al., 2000). The radar transmits 
electromagnetic pulses and receives the reflected signal. By interfering two images of the same area, it is 
possible to map any changes in the line-of-sight distance from the satellite to ground between the acquisitions. 
The SAR satellites travel in polar orbits with side-looking geometry, hence the data are divided into ascending 
(moving towards North) and descending (moving towards South) geometries. The method allows all-weather 
and day-and-night imaging. Where ground reflectivity is low or where accurate deformation data are required, 
corner reflectors can be installed to ensure high-quality measurements (Figure 2-8, top). Displacement time-
series of corner reflectors and other reflectors are obtained by processing multi-temporal SAR images using 
specialised processing techniques called Persistent Scatterer Interferometry (e.g. Ferretti et al., 2001). 

 

Two SAR satellites, Sentinel-1A and -1B, were launched in 2014-2015 by the EU Copernicus Earth 
Observation Program. The satellites provide SAR imagery with ground resolution cells of 5 m in east-west and 
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20 m in north-south direction and revisit times of 6 days over Europe. Most of Denmark is covered by two 
overlapping satellite tracks in both geometries, hence data are acquired every three days in both ascending 
and descending geometry. All Copernicus data are available for full and free download, making InSAR a cost-
effective tool for monitoring ground deformation for future CO2 storage facilities.  

 

Natural ground deformation in Denmark 

Denmark is located in a region with relatively little ground deformation, however, some processes are affecting 
the surface. A regional uplift is caused by glacio-isostatic rebound following the last deglaciation that started 
at 22 000 years before present, causing uplift of 0-2 cm/year in Denmark. Local ground motion is mostly seen 
as subsidence in coast-near cities built on reclaimed land. In addition, seasonal variations in the density of the 
troposphere globally causes a vertical signal, on the order of +/-1 cm in GNSS time series in Denmark (S. A. 
Khan, DTU, pers. comm., 2019). Broad-scale signals, such as the glacio-isostatic uplift and seasonal 
variations, cannot be monitored with InSAR, which can only provide the relative displacements between ground 
resolution cells. 

 

InSAR analysis of the Stenlille corner reflectors  

The installation of the corner reflectors caused a marked change in the reflectivity at the installation sites 
(Figure 2-8, bottom). All seven reflectors are clearly visible in the InSAR data. For the analysis herein, InSAR 
data from track 44 (ascending) and 66 (descending) during mid May – mid December 2020 were processed 
using the Persistent Scatterer technique and the SARPROZ software (Perissin et al., 2007). The resulting time 
series contain some noise, however, the five corner reflectors located closest to the centre of the gas reservoir 
show consistent negative trends on the order of 2-5 mm/yr during the seven months analysed (Figure 2-9, 
top). While the individual InSAR time series show displacement in line-of-sight direction from ground to radar, 
a negative trend in both ascending and descending geometries indicate that the ground is subsiding. The 
negative trend in the analysed InSAR time series is surprising given the very small total vertical deformation 
observed by precise levelling measurements during the operation time of the Stenlille Gas Storage. A possible 
explanation is that the InSAR data show part of a cyclic seasonal signal that evens out throughout the year, 
as indicated by a comparison to data form the national InSAR service described below. The corner reflector 
located furthest north-east of the reservoir show opposite trends in ascending and descending geometries, 
indicating that it may be affected by horizontal motion, but longer time series are required to resolve if this 
signal is reliable. The corner reflector south-west of the reservoir shows little motion (the processed descending 
data did not cover this corner reflector).  

 

Comparison to the national Danish InSAR service 

A national Danish InSAR service is available through the Agency for Data Supply and Efficiency (SDFE). It 
shows processed time series of natural ground reflectors during 2015-2019. The processed InSAR data at and 
around the Stenlille Gas Storage site show an overall trend of zero or close to zero displacement during 2015-
2019. Interestingly, some data points also show a seasonal signal, usually with few mm uplift during summers 
and few mm subsidence during winters (Figure 2-9, bottom). There are considerable local variations in the 
seasonal signal. In some places, the signal is shifted or almost opposite with uplift during late winter and 
subsidence during summer. The seasonal signal is mainly seen near or at the pumping stations, but some 
other data points also show seasonal signals. It is difficult to know whether these seasonal signals reflect 
actual ground motion or whether they are caused by expansion and contraction of the ground objects reflecting 
the radar signal. The corner reflectors will help resolve these seasonal signals as the time series become 
longer. 
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Figure 2-8. Surface deformation measurements at the Stenlille gas storage site. Top: A corner reflector installed at the site 
(photo: Gas Storage Denmark). Bottom: Changes in reflectivity due to the installation of two corner reflectors at the Stenlille 
site. (a-b) Optical images of the installation sites (reflectors PA-RRF01-00021 and PB-RRF01-00023). (c-d) Ground reflectivity 
measured prior to installation of corner reflectors. (e-f) Reflectivity after installation, where red dots indicate location of corner 
reflectors. White colours indicate high reflectivity. 
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Figure 2-9. Results from surface deformation analysis using InSAR. Top:  InSAR time series for the seven corner reflectors at 
Stenlille. The corner reflectors are marked with red dots, and the approximate extent of the gas reservoir is shown with the 
black ellipse. Blue time series are from ascending track 44, and red time series are from descending track 66. Due to the side-
looking geometry of the radar, the time series show displacement in tilted line-of-sight, i.e., not vertical, direction. When both 
the ascending and descending time series show a negative trend, the displacement can be assumed to be negative in the 
vertical direction. Slope uncertainties are given as one standard error. Bottom: InSAR time series during 2015-2019 for a 
reflector at a pumping station above the north-east part of the reservoir (where corner reflector PA-RRF01-00021 was installed 
in 2020). The time series shows a seasonal signal superimposed on a long-term zero trend. The processed data are from the 
national Danish InSAR service courtesy of SDFE.  
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3 Synthesis, conclusions & remaining knowledge gaps 
The synthesis outlined in this section aims to provide some overarching guidelines and recommendations for 
good practices that link the SECURe research to current standards and practices. It briefly discusses 
qualitative and quantitative risk assessment approaches and the specific contributions from SECURe WP2 
research (outlined in section 2) to risk assessment for leakage and induced seismicity in CO2 storage and 
unconventional gas production. 

 

3.1 QUALITATIVE VERSUS QUANTITATIVE VERSUS RISK ASSESSMENT 

Risk assessment approaches generally describe risks in terms of (1) hazards, events or incidents, (2) causes 
or threats of events, (3) impacts, effects or consequences of events, and (4) mitigation measures or barriers 
that can focus on prevention or on control or remediation (cf. section 2.3; Figure 2-1; Risktec Solutions Limited, 
2020a, b, c; Ter Heege et al., 2017a). It is important to define the impact area or receptor of risks, which in 
general can be human health, safety and environmental or more specifically, for example, surface aquifers (in 
case of leakage) or infrastructure (in case of induced seismicity) (Figure 3-1). The difference between hazards 
and risks should be emphasized (e.g. Okrent, 1980; Smith, 2013), i.e. risks are defined as the combination of 
the probability or likelihood of the occurrence of an incident (e.g. loss of zonal isolation) and the (severity of) 
impacts, effects or consequences that the incident has on the impact area or receptor. Accordingly, the relative 
importance of a risk is both dependent on the likelihood or frequency of occurrence of the incident and the 
effects of the incident. A risk assessment matrix can be used to visualize or rank the relative importance of 
risks. As both the probability of the occurrence of an incident as well as the effect of incidents are never really 
zero, risks can also not be zero (but they can be negligible if incidents are unlikely). This aspect plays an 
important role in communication or public perception of risks associated with industrial activities such as CO2 
storage or unconventional gas production as exclusion of risks is sometimes asked for as a condition to obtain 
a social license to operate. 

Within SECURe, a qualitative bow-tie approach coupled with a semi-quantitative risk assessment tool is 
developed that is based on expert opinion and user input on fact-based, non-subjective questions regarding 
the relevance of threats and receptors, the effectiveness of barriers, and the uncertainty surrounding the 
assessment of barrier effectiveness. Details on different aspects of the approach are given in section 2.3. 
Overly simplistic qualitative assessment of risks can be misleading, and should be avoided according to some 
researchers (see, for example, Hubbard, 2009). Hence the importance of the bow-tie approach, which can be 
used to develop a detailed, qualitative risk narrative with complexity proportionate to the risk being assessed. 

While qualitative or semi-quantitative risk assessment relies on a ranking of likelihood and impacts (usually 
based on expert opinion or user input) to determine the relative importance or risks, a fully quantitative 
approach uses model simulations for sources and effects of hazards to forecast or analyse their effects for 
different scenarios. Such quantitative risk assessment methodology can become quite complex as it requires 
a connected chain of different models to simulate all relevant sources and effects of incidents, while it needs 
to be capable of simulating a large number of simulations to address uncertainties and different scenarios. 
Here, the term “quantitative” refers to the fact that likelihoods of incidents and severity of impacts are 
calculated. Choice of model, input parameters and thresholds for distinguishing relative importance of risks 
are usually still based on expert opinion, and different choices may lead to different assessment of risks. 
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3.2 REVIEW OF EXISTING STANDARDS AND RECOMMENDED PRACTICES FOR CO2 STORAGE 
AND UNCONVENTIONAL HYDROCARBON EXTRACTION 

3.2.1 Context 

This section outlines a summary of the broader review on current standards, practices and field cases for 
carbon dioxide capture and storage (CCS) and unconventional hydrocarbon extraction (UHE)3 that has been 
performed by Marianne van Unen and Logan Brunner of TNO within the framework of the SECURe project 
(Appendix 1). Whereas the review addresses the broader domain and specific details of UHE and CCS 
standards and practices, this summary focusses on outlining concise, overarching recommendations that more 
directly link to the research performed in the different tasks of SECURe’s WP2. 

The review is based on a collection of literature on the current (good or recommended) practices for enabling 
safe and efficient unconventional gas production and CO2 storage in underground rock formations with 
minimum environmental impact. Consequently, the review can serve as a reference for risk assessment 
studies, which focus on mitigating and preventing risks for unconventional gas production and CO2 storage. 
The practices are based on (long-term) industrial experience that cover the entire lifecycle of production or 
storage projects. The focus of the review is on practices for well integrity, subsurface integrity, fluid or gas 
migration, and induced seismicity for both unconventional gas production and CO2 storage. 

The information for the review of existing standards and recommended practices for CO2 storage and 
unconventional hydrocarbon extraction is derived from the following literature sources as indicated in 
Appendix 1, unless otherwise indicated. Note that the review aims to include lessons learned from both UHE 
and CCS and crossovers between the two technologies, recommended practices are listed according to the 
three main domains addressed in WP2 of the SECURe project (i.e. well integrity, subsurface integrity, fluid or 
gas migration, and induced seismicity). Accordingly, overarching recommendations and technology-specific 
recommendations are not explicitly separated and some recommendation may be much more relevant for 
UHE than for CCS (e.g., hydraulic fracturing and wastewater issues) or vice versa (e.g., material degradation 
due to corrosive CO2 or phase transformations during injection). 
 

3.2.2 Summary of (improvements of) current practices for reducing well integrity risks 

Maintaining the integrity of wells through their entire lifespan (from initial construction, during operation, and 
including post-decommissioning) is of prime importance for mitigating leakage risks (Freifeld et al., 2016). Poor 
zonal isolation of wells is identified as one of the main hazards for subsurface operations that may cause 
problems with well operations and, ultimately, subsurface contamination. It is estimated that 3-6% of the wells 
in the USA experienced problems with well barriers or zonal isolation, with various severity of problems ranging 
from minor issues that do not require mitigation to rare loss of well integrity that requires well shut-in (Davies 
et al., 2014; U.S. EPA 2016; Ter Heege et al. 2017a). Well leakage can be associated with loss of well integrity, 
and lead to greenhouse gas (GHG) emissions, contamination of aquifers or soil and pollution that may result 
in concerns on environmental impact, expensive remediation costs, energy reliability concerns, and loss of a 
valuable commodity. Therefore, there is a continuous effort to improve well integrity by industry, regulators, 
and other stakeholders. 

Below a summary of recommended practices for maintain well integrity and managing well integrity risks is 
given that is based on the broader review given in Appendix 1. Considering the typical development process 
and lifetime of UHE or CCS projects, three main operational phases are distinguished: (1) Well planning, 
design and construction, (2) well operations and monitoring, (3)  well plugging, decommissioning and 
abandonment. For each phase, recommended practices are clustered in several overarching aspects. 

3.2.2.1 WELL PLANNING, DESIGN AND CONSTRUCTION: 

 Risk management: 
o Outline comprehensive risk management procedures prior to drilling. 
o Define the risk assessment scope and criteria: goals, objectives, responsibilities, specific 

inclusions/exclusions, time and location, future perspective and overall development, risk 
assessment methodologies, and what decisions have to be made. 

o Evaluate risks on the following categories (roughly in order of priority): human health and 
safety, environmental protection, legal and regulatory compliance, cost, project schedule, 
reputation, well integrity (functional) importance. 
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o Plan & perform a risk assessment. A qualitative risk analysis method may be most practical 
during storage site screening due to a general lack of quantitative information about the wells 
under investigation. The likelihood and consequence of risks can be based on engineering 
judgment and statistical evidence from testing and field experience. 

o Identify risk control measures separately for each well based on their criteria, applying the 
following order: avoid risk, remove risk source, reduce the likelihood, reduce the consequence, 
share the risk with another party, and retain the risk by informed decision. 

o Risk control measures for well integrity may include (1) re-designing the storage or production 
site and/or injection strategy to remove or reduce the risk source, (2) well intervention to 
remove the risk source by repairing, strengthening or replacing specific components in the 
well, (3) monitoring of well barriers to identify emerging risks. 

o Communicate results for decision support using a well screening report describing the overall 
risk picture for existing wells at each storage or production site under consideration. 

o Review procedures periodically based on gained experience. 
o Implement existing industry recommended practices. 
o Incorporate experience into current practices and applicable regulatory codes. 
o Include existing well design and current status of wells in risk management procedures in case 

of well re-use for CO2 injection. 
 

 Data collection: 
o Use complete and standardized management systems for recording, processing and 

accessing data. 
o Collect as much data as possible, e.g. well schematics, drilling reports, open hole log 

information, stratigraphic interpretations, cement evaluation logs, cement placement 
information, cement design, well completion logs including workovers, dates, description 
material and cement, results of mechanical integrity tests, annulus pressure/fluid sampling, 
visual inspection of the seal, records of leak tests prior to abandonment, list of operators, track 
record of relevant regulatory changes, geochemical history of the field, industrial history of the 
area, records of temperature and pressure and composition of formation fluids over time. 

o Ensure easy access to data. 
o Address gaps in data gathering gaps. 
o In case of well re-use for CO2 injection, analyse original well design, characteristics, history of 

usage and current state of the well (e.g. well trajectory, depth, side-tracks, material choices of 
casing, packer and cement, quality of primary cementing, cement bond logs, documented 
sustained casing pressure, known previous work overs). 
 

 Well planning & design: 
o Well trajectory and drilling procedures need to be optimized to prevent wellbore leakage. 
o Optimize mud properties to prevent borehole instabilities, mud losses, fluid influx, bit balling 

and hole pack-off. 
o Keep casing as centralized as possible during cementing as poor centralization of casing can 

lead to improper cementation. 
o For directionally drilled wells, a vertical well trajectory should be drilled over a significant 

proportion of the cap rock. 
o In case of horizontal gas wells, accumulation of water in tubulars due to condensation in low-

lying intervals of the wellbore can occur and can cause collision which may lead to failure. 
o Consideration of the relation of temperature as a function of depth, well angle, and dogleg 

severity will help to determine if condensation could be a problem. 
o Future casing corrosion can be minimized by using special coatings and materials, in 

particular in case of CO2 injection. 
o Consider three principal purposes of well cementation: 

 Restrict fluid movement between the formations. 
 Bond and support the casing. 
 Restrict fluid movement between casings and within the well. 

o Well materials, barriers and sealing elements: 
 Focus on design, performance and monitoring of well barriers. 
 Definition and design prior to operations. 
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 Design based on environment and duration of exposure (e.g. anticipated maximum 
differential pressure, formation fluid composition, temperature variations). 

 Possibility to be leak- and function-tested or verified. 
 Application of multiple well barriers with multiple levels of protection of zonal isolation. 
 Remediation options for failed or lost well barriers. 
 Possibilities to monitor their physical location and integrity status at all times. 
 Define acceptable leakage rates. 
 Elastomers are routinely used as sealing elements and can be found in surface and 

downhole valves, packers and downhole seals, but performance can be affected by 
CO2 or rapid (explosive) gas-decompression. Elastomer performance and properties 
change with time and they should be avoided as part of the primary abandonment 
barrier design. 

 Refrigerant properties of carbon dioxide can affect the toughness of metals and 
flexibility of elastomers (durometer). Material should be chosen in such way that 
properties are maintained for both normal and abnormal flow conditions. 

o In case of well re-use for CO2 injection, existing wells can be included in field development 
plans provided their status, integrity and suitability for injection operations can be adequately 
assessed. 
 

 Subsurface characterization, logging & monitoring: 
o Use subsurface characterization in well planning, design, construction and decommissioning. 
o Stratigraphic sequence, depth and dimensions of permeable formations, and information 

about their current and future production or storage potential. 
o Perform extended leak-off test at each casing point in order to quantify the fracture gradient 

and constrain geomechanical factors. 
o Monitoring, logging, and mechanical integrity testing must be top priorities for lowering risk to 

well integrity, as they provide hard data on well performance. 
o Record and analyse measurements of physical properties in wells by lowering equipment via 

wire line into the wellbore. 
o Record data on well configuration (e.g. depths, casing strings, cement status, side-tracks). 
o Record data from logs and information from the primary cementing operation(s) (e.g. quality 

of cement bonding and cement height in the annulus). 
o Continuously update information about rocks and natural fractures during drilling and well 

construction to mitigate losses into natural fractures during drilling and cementing (e.g. use 
image logs and other available information). 
 

 Modelling & simulation: 
o Industry and other stakeholders should review and evaluate wellbore simulation tools. 
o Use model simulation and forecasts to determine if critical conditions for loss of well integrity 

are reached during drilling, cementing or operating wells. 
o Modelling tools can be used to predict propagation of fractures in three dimensions, which are 

needed to optimize hydraulic fracturing in horizontal and deviated wells. 
 

3.2.2.2 OPERATIONS & MONITORING: 

 Well operations: 
o Ensure well control during operations, accounting for uncontrolled flow of formation fluids into 

wells and properties of well fluids under changing well conditions (e.g. blocking of flow due to 
freezing of liquids). 

o Prevent gas migration during cement setting in abnormally pressured formations. 
o Perform a pressure test by deliberate modification of pressure within the interior of the well 

and the measurement of subsequent pressure changes, for example in the annular space 
between the production tubing and the well’s intermediate casing, to determine the well’s 
ability to withstand expected operating pressures. 

o Account for kill procedure in procedures to maintain well control. Kill procedures to stop a well 
from flowing or having the ability to flow into the wellbore typically involve circulating reservoir 
fluids out of the wellbore or pumping higher density fluid into the wellbore (top kill) or both and 
are typically used during normal well maintenance operations or after a loss of well control. 
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o In the rare case of a blowout, a relief well can be drilled to intersect an oil or gas well that has 
experienced a blowout to circumvent gas flow and re-gain well control. 

o Blow-down of CO2 in liquid or super critical phase can lead to low temperatures and formation 
of dry ice which may accumulate locally and create hazards, or, in extreme cases, cause 
erosion of the vent pipework. Therefore, design of wireline and coiled tubing systems and 
operations should take blow-down of CO2 into consideration, for example by displacing the 
CO2 with nitrogen before depressurization. This operational need also exists with downhole 
safety valve testing and this may be the dimensioning case for surface pressure control 
equipment. 

o A packer or “mechanical seal” can be lowered into a well to produce a gas- and liquid-tight 
seal that hydrologically separates two or more sections of a well. 

o A production casing can be inserted to the deepest section of casing that is above the 
producing reservoir. It may penetrate into the reservoir or a liner may be hung off it to penetrate 
the reservoir. It isolates the gas formation from other subsurface formations. 

o A smaller diameter uncemented casing string (injection tubing) can be inserted inside the other 
casing strings and used to convey fluids between the surface and subsurface formations if 
fluids are corrosive to steel casing. An uncemented tubing can be more easily pulled and 
replaced than cemented casing strings. 

o Develop a timeline and procedure for fluid injection, i.e. planned or potential intervals of 
injection parameters such as total volume, pressures, flow rates. 

o Management of the annulus condition can be performed during the injection phase to detect 
well integrity problems early and prevent corrosion of casing and tubing. Condition monitoring 
of the annulus during the injection phase could include pressure monitoring, measurement of 
top-up volumes, sampling of annulus fluids, and pressure-volume measurements. 

o Analyse the properties of the CO2 to be injected (e.g. purity, temperatures and pressures).  
o Refrigerant properties of CO2 (i.e. phase change during pressure drops) will lower 

temperatures significantly can lead to low temperatures and freezing of annulus fluids that 
cause additional tubing contraction and unstable flow regime down the tubing in low pressure 
reservoirs. The temperature range could therefore be greater than normally experienced in a 
conventional oil and gas injection well and may cause additional loads on the well. 

o Account for corrosion of carbon steel pipe and degradation of cement in case of long-term 
exposure to CO2 or CO2 saturated formation fluids by assessing the probability of failure for 
(assumed) corrosion and degradation rates. 
 
 

 Logging & monitoring: 
o Frequently monitor well condition and performance during operations (e.g. scale build-up, 

casing wear, collapsed casing, well integrity), preferably using multiple methods such as 
pressure monitoring and distributed acoustic sensing. 

o Physically inspect casing and tubing strings to locate damage due to deformation, physical 
wear, or corrosion and the amount and severity of that damage (e.g. thickness of the casing, 
looking for changes that could be due to deformation, physical wear, or corrosion). 

o Use state-of-the-art logging systems that collect multiple logs with one pass of the tool and 
can measure properties of casing, cement, and subsurface rock and fluid, and can be 
performed in open hole or cased wells. 

o Use of fibre optics cables in distributed acoustic sensing systems (DAS) within seismic 
monitoring networks (in combination with low-cost sensors) can provide additional information 
on temperature (DTS) and strain (DSS) distribution along wells. 

o Temperature sensor or fibre optics cables for DTS can be lowered down the depth of the well 
to measure the temperature within the well at different depths (usually continuously or at high 
resolution intervals), either to monitor gas flow (elevated temperature anomaly) or detect 
Joule-Thompson cooling of the escaping gas monitoring if the casing is not intact (reduced 
temperature anomaly). 

o Highly sensitive acoustic sensors or fibre optics cables for DAS are capable of detecting the 
sound of gas flowing and can be lowered down the length of the well above the gas reservoir 
to monitor flow. 

o Identify, characterize and monitor potential pollutant sources and contaminants. Monitoring 
and inspection for leaks can include surface, near surface, atmospheric, and remote sensing 
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monitoring to detect leaks to the atmosphere or the shallow subsurface (e.g. using soil gas 
sensors, eddy flux towers, LIDAR, or gas flux monitors). 

 

3.2.2.3 WELL PLUGGING, DECOMMISSIONING AND ABANDONMENT 

 Plugging: 
o Use a proper procedure to close a well permanently (usually after it is deemed no longer cost-

effective to operate), following requirements for plugging operations imposed by local 
regulatory bodies. 
 

 Status of decommissioned wells: 
o Evaluation of the zonal isolation of wells after decommissioning and abandonment can be 

performed, but is not generally current practice. 
o As much information as possible on the integrity of old producing and abandoned wells is 

needed, in particular if operations are planned in an area of past activities. 
 

 Long-term perspective: 
o Consider long term (eternal) abandonment. Long term monitoring of integrity, migration or 

emissions is rare. 
o Account for risks of CO2 leakage from abandoned wells due to long term casing and cement 

degradation. The temporal variability and spatial distribution of leaks should be better 
assessed. 

 

3.2.3 Summary of (improvements of) current practices for reducing subsurface integrity and fluid or 
gas migration risks 

Proper risk management includes site selection and risk assessment that is specific to individual production or 
storage sites. It is important to determine the subsurface integrity of production or storage sites that include 
characterization of reservoir, caprock, bottom seal and other lateral (fault) seals. In addition, the dynamic 
response of geological features to subsurface operations needs to be assessed. An assessment of subsurface 
integrity for unconventional hydrocarbon extraction or CO2 storage should comprise full analysis of the dynamic 
response of formations either directly or indirectly affected by produced or injected substances (including the 
determination of properties of the reservoir and surrounding formations, and the effects of pore pressure, 
temperature and reactive flow). 

Monitoring of the subsurface response must be done as much as realistically possible in order to quickly detect 
unanticipated effects or irregularities and to timely implement mitigation measures. The detailed monitoring 
plan should be site-specific, tailored, and optimized considering required resolution and costs. It may be 
considered to initially perform short term high resolution monitoring, followed by long term monitoring with a 
low-cost network if feasible considering site-specific conditions. For example, 4D seismic surveys may be of 
great value to characterize the subsurface and to monitor the evolution of the CO2 plume (if performed multiple 
times; Furre et al., 2017). However, considering the costs involved it is probably not feasible (or necessary) to 
perform such detailed monitoring for all CCS projects. 

The migration of fluids or gases (e.g. brine, hydrocarbons, CO2 or injected fracturing fluids) out of the storage 
formation may result in a poor storage efficiency, operational and monitoring complications, interactions at 
critical geological features (e.g. spill points, poor seals, critically stressed faults), and larger environmental 
footprint. Fluid migration (or leak paths) of CO2 along wells could additionally lead to corrosion of casing, 
degradation of cement, and micro-annuli and channels in cement of the well, thereby leading to well integrity 
issues (Opedal et al., 2020). Reduced storage efficiency and increased expenses could threaten the viability 
of storage projects. 

Below a summary of recommended practices for maintain subsurface integrity and managing integrity and fluid 
or gas migration risks is given that is based on the broader review given in Appendix 1. Four main activities 
that help reducing or managing these risks for UHE or CCS projects are distinguished: (1) Project planning 
and risk management, (2) subsurface and surface characterization, (3) forecasts based on understanding of 
controlling processes, laboratory experiments and model simulations, and (4) monitoring of subsurface 
processes. 
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3.2.3.1 PROJECT PLANNING & RISK MANAGEMENT: 

 Minimizing the scale of operations (i.e. the number of wells and fracturing stages) generally decreases 
the risks of fluid migration due to the lower probability of introducing migration pathways. 

 New technological developments can further mitigate subsurface integrity risks, including (1) 
extending or integrating current mitigation approaches, (2) focusing on developing new sensors, better 
sensor networks or data processing techniques, (3) applying alternative drilling or well construction 
techniques, (4) optimizing injection operations, or (5) using alternative materials or chemicals for 
drilling, well construction and hydraulic fracturing. 

 Development of standardized quantitative risk assessment rather than qualitative methods to assess 
the risks of leakage to human health and the environment can improve risk management. 

 Evaluate if the project meets the specified performance targets, including the provisional performance 
targets for site closure. This can include modelling and monitoring of observed site performance to 
detect if: 

o The CO2 plume evolved beyond the limits of the storage volume. 
o Pressure was raised above approved operational limits. 
o The project breached permit conditions or impacted storage integrity. 

 Routine permit review and re-qualification can be performed throughout the operation stage as 
possible updates of the storage permit may be required. 

 Project planning, risk management and uncertainty analyses throughout the entire life cycle of CO2 
geological storage projects, from initial screening and storage site selection through to storage site 
closure and preparation for post-closure stewardship. 

 Special attention should be given to waste fluid management (in particular for UHE): 
o Understand chemical by-product formation.  
o Assess Impacts on environmental and human health of wastes. 
o Focus on waste re-use, for example re-use and recycling of waste fluids for hydraulic 

fracturing after treatment. 
o Waste fluid management should be an integral part of water management, in particular in arid 

regions. 
o Attention is needed for the fate and transport of radionuclides associated with waste streams. 

 Further research is needed on the link between geology and wastewater chemistry, and the treatment 
challenges that might arise in a particular region. This will require more monitoring, the sharing of data 
over space and time, and a willingness to adapt policy and recommended practices to region-specific 
issues. 

 What underlies variations in the relationship between shale gas development and groundwater quality 
is a major question that needs to be addressed on a local and regional basis and highlights the need 
for more geological data to complement hydrology and water quality studies, , and can underpin the 
development of appropriate monitoring strategies. 

 While treatment technologies exist for unconventional waste streams, there is a general challenge 
associated with the rapid pace and scale of development that can occur. 
 

3.2.3.2 SUBSURFACE & SURFACE CHARACTERIZATION: 

 Perform upfront characterization of the subsurface to obtain site-specific data for (1) environmental 
conditions or baselines for the composition of shallow aquifers, groundwater or drinking water, (2) 
designing operations, (3) determining properties of the reservoir, over- and underburden, and (4) 
modelling impacts and the response of the subsurface to operations. For example: 

o Geological modelling calibrated with observations. 
o Passive and active seismic measurements to characterize the subsurface. 
o Geochemical characterization of surface aquifers near well sites to establish baselines for 

surface leakage. 
o Geochemical characterization of the shale to forecast formation and waste fluid composition. 
o Formation water composition at strategic locations (for example at surface, from monitoring 

wells or from wells used for fracturing operations). 
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 Develop methods of improved formation characterization, particularly characterization and spatial 
distribution of faults and fractures, and other potential geological leakage pathways. 

 Site characterization and development plans should be the basis for permit applications and reviews. 

 

3.2.3.3 CONTROLLING PROCESSES, LABORATORY EXPERIMENTS & MODELLING FORECASTS: 

 Numerical flow modelling can provide quantitative and auditable predictions of: 
o Subsurface processes and movement. 
o Pressure build-up. 
o Evolution of temperature distribution in injection zone. 
o Effectiveness of secondary structural trapping and capillary and dissolution trapping. 
o Effectiveness of risk treatment options. 
o Parameter sensitivities (influence of parameter perturbations on predictions). 
o Detection thresholds for monitoring measurements to enable timely implementation of risk 

treatment and development of monitoring plans.. 
 Geomechanical modelling for pressure- or temperature-induced stress changes to impact the integrity 

of the primary seal and the significance of any potential geomechanical effects relative to long-term 
containment, ground surface deformation (e.g. heave) and potential for induced seismicity as a result 
of CO2 injection and storage operations. Areas that have been subject to previous subsurface 
developments (oil and gas production, natural gas storage, geothermal energy conversion, etc.) that 
may have induced stress effects on the storage complex, the geomechanical modelling must also 
address historical pressure- and temperature-induced stress changes as well as changes predicted 
for the CO2 injection operations. 

 Geochemical modelling of potential geochemical effects on injection zone (capacity and injectivity) 
and primary seal (containment). 

 Improved coupled hydrogeological-geochemical-geomechanical numerical models can help to better 
predict the long-term fate of injected CO2 in the subsurface and quantify potential leakage rates. 

 Determine under what critical conditions for proper functioning of seals and reservoir rocks, including 
operational (e.g. reservoir pressures and temperatures) and geological (e.g. porosities, permeabilities, 
and fault zones) conditions. 

 Kinetics of trapping mechanisms and their long-term impact on reservoir characteristics, particularly 
geochemical trapping need further investigation. 

 

3.2.3.4 MONITORING SUBSURFACE PROCESSES: 

 Monitoring is of key value for storage performance verification for CCS. The frequency and resolution 
of monitoring should be site- and project-specific, and optimized based on required detail and costs. 

 Monitoring technologies can detect the spatial and temporal evolution of the CO2 plume, for example: 
o Geophysical techniques for the quantification and resolution of the location of CO2 plumes in 

the subsurface (e.g. 2D/3D seismics, pulse testing). 
o Improved remote sensing and other cost-effective surface methods for temporally variable 

leak detection. 
o Methods for fault and fracture detection and characterisation of their leakage potential. 
o Development of cost-effective practical long-term monitoring strategies. 

 Monitoring is most relevant during hydraulic fracturing for UHE. 
 Monitoring technologies can detect the spatial and temporal evolution of the fracture disturbed zone. 

during hydraulic fracturing operations, for example: 
o Micro-seismic monitoring of fracture disturbed zone. 
o Monitoring of total (seismic and aseismic subsurface deformation using tilt meters or remote 

sensing (e.g. InSAR). 

 

3.2.4 Summary of (improvements of) current practices for reducing induced seismicity risks 

Both fluid injection and gas production may lead to induced seismicity (Davies et al., 2013; Ellsworth, 2013; 
Candela et al., 2018). Injection of fluids (e.g. CO2, hydraulic fracturing fluids, waste-water or natural gas) may 
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induce movement along natural discontinuities such as faults or bedding planes that can result in seismic 
events detectable by seismic sensors, felt at the surface, and, occasionally, that cause damage to surface 
infrastructure. The distinction between background tectonic (base) seismicity, triggered tectonic seismicity and 
seismicity induced by operations is an issue (Walsh and Zoback, 2015). Injection can lead an increase in pore 
pressure at faults and thereby to a reduction of normal (“clamping”) stress that induces or triggers seismic fault 
slip. Injection may also lead to induced seismicity due to pore pressure or temperature changes in formations 
surrounding faults that lead to expansion or contraction of rock volumes and associated poroelastic and 
thermoelastic stress changes at faults. Induced (micro-)seismicity is generally occurring during hydraulic 
fracturing operations and is generally only considered problematic if it exceeds a certain threshold seismic 
magnitude (Fisher and Warpinski, 2012; Davies et al., 2013). 

Most seismic events resulting from hydraulic fracturing or fluid disposal operations are of relatively low 
magnitude that do not lead to impacts at the surface. Typical magnitudes for the seismic events associated 
with the creation of hydraulic fractures range from Mw -4 to Mw 1 that are detected by downhole sensors and 
generally cannot be felt at surface (Davies et al., 2013). The number of felt events related to hydraulic fracturing 
is very small, in particular if the number of hydraulically fractured wells in North America are considered. Up 
until 2010, no seismicity with M > 2 was reported. However, since 2011 a number of large events with ML up 
to 4.8 have been reported in relation to hydraulic fracturing (Foulger et al., 2018). For North America, nearly 
all of the large events occurred in Canada (e.g. Atkinson et al., 2016). Smaller magnitude events in Lancashire 
(UK) have contributed to suspensions of shale gas development in the UK (Clarke  et al., 2014). 

Since 2009, a dramatic increase in seismicity rates has been observed in the central and eastern United States, 
generally related to the injection of large volumes of salty wastewater (co-produced from hydrocarbon 
production or a by-product from hydrofracking) into the subsurface (Ellsworth, 2013; Keranen et al., 2013; 
Walsh & Zoback, 2015). The waste water is either re-injected into the hydrocarbon producing formations or 
disposed of in saline sedimentary aquifers with high porosity and permeability. Multiple large magnitude and 
damaging earthquakes have been recorded, amongst others the M 5.7 earthquake near Prague in Oklahoma. 
Most seismicity related to wastewater injection does not occur in the sedimentary formation targeted for 
injection, but in the underlying crystalline basement rocks, at depths up to 10 km below the injection intervals. 
Seismicity associated to waste-water injection has been reported up to distances of 10 to 40 km from the 
nearest injection well (Keranen et al., 2013; Walsh and Zoback, 2015). In addition, it is worth noting that 
conventional production of natural gas may also lead to problematic induced seismicity, but by a different 
mechanism compared to injection-induced seismicity (i.e. differential compaction of reservoir compartments 
separated by faults; Van Thienen and Breunese, 2015). 

Induced seismicity affects (unconventional) hydrocarbon extraction projects much more extensively than CO2 
storage operations. Although induced seismicity has been observed associated with CCS projects, recorded 
seismic events generally exhibit much lower (microseismic) magnitudes that cannot be felt at surface (Verdon 
et al., 2013). Events were recorded at the Weyburn project where CO2 injection was used for enhanced oil 
recovery (-3.0 M < -1.0; Verdon et al., 2010), In Salah project in Algeria (-1.5 < M < 1.0; Goertz-Allmann et al., 
2014), Decatur CO2 sequestration demonstration site in Illinois, USA (-1.5 < M < 1.1; Kaven et al., 2014); Lacq-
Rousse demonstration CCS Pilot in France (-2.3 < M < -0.5; Payre et al., 2014). However, it is generally 
observed that injection operations may be accompanied by induced seismicity (Zoback and Gorelick, 2012). 
In particular, the combination of pressure and temperature changes is important in determining the likelihood 
of induced seismicity (Buijze et al., 2020). While injection pressures are generally higher for hydraulic fracturing 
than for CO2 injection, progressive cooling of the reservoir during long-term CO2 injection may lead to induced 
seismicity. 

Monitoring and analysis of micro-seismic events have been used to infer the nature of fracturing (e.g. pressure 
induced fracturing versus stress triggered shear failure) associated with injection for the In Salah project in 
Algeria (Verdon et al., 2013; Coueslan et al., 2014; Goertz-Allmann et al., 2014). By combining analysis of 
injection pressures and rates with micro-seismic monitoring, a method was developed to more accurately infer 
the reservoir fracture pressure, the maximum matrix injection rate and episodes of fracture flow in the reservoir 
unit. Micro-seismic monitoring data has proven very valuable for developing a broader evaluation of the relation 
between injection rates, pressure distribution within and beyond the reservoir, and the distribution and 
occurrence of micro-seismic activity in the Illinois Basin – Decatur project (IBDP). During the three months of 
injection data, 185 micro-seismic events were detected with 5 having a magnitude M > 0. The micro-seismic 
activity was observed to occur both during injection and during periods of non-injection. The micro-seismicity 
tends to occur in distinct clusters that are in the Mount Simon Sandstone (injection unit), the Argenta unit 
(below the Mount Simon), and the upper basement (Coueslan et al., 2014). 
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Below a summary of recommended practices for managing induced seismicity risks is given. Four main 
activities that help reducing or managing these risks for UHE or CCS projects are distinguished: (1) Project 
planning and risk management, (2) subsurface and surface characterization, (3) optimizing injection 
operations, and (4) monitoring of subsurface processes. 
 

3.2.4.1 PROJECT PLANNING & RISK MANAGEMENT: 

 Before operations: assessment of the induced seismicity potential of an injection site based on key 
geological and operational factors. 

 Planning of the injection activities at a safe distance from large pre-existing critically stressed, or 
seismically active, faults. 

 Implementation of a traffic light system for induced seismicity to modify or terminate operations when 
seismicity exceeds a certain pre-defined threshold in magnitude or ground motion (or both). 

 

3.2.4.2 SUBSURFACE & SURFACE CHARACTERIZATION: 

 Perform upfront characterization of the subsurface to obtain site-specific data for: 
o Determining properties of the reservoir, over- and underburden, in particular focussing on 

the presence of critical faults, modelling impacts and the response of the subsurface to 
operations, the spatial and temporal distribution of pressure and temperature and its effect 
on the stability of faults (see section 2.6 for technologies). 

o Site-specific analysis of the surface in terms of vulnerable constructions and infrastructure, 
population and building density, construction quality, and potential for ecological and 
environmental damage in case of a seismic event. 

 Assessing controls on the seismogenic potential to implement site-specific mitigation measures. 
 

3.2.4.3 OPTIMIZING INJECTION OPERATIONS: 

 Optimization of the hydraulic fracturing operations for efficient stimulation: 
o Minimizing injected fluid volume. 
o Minimizing the zone of induced stress changes, pore pressure diffusion and affected volume 

of rock (e.g. by application of flow back immediately after the injection phase). 
 Heating of injected fluids (in particular CO2) to temperatures close to the reservoir temperature if 

models show that temperature effects (and thermo-elastic stress changes) can lead to induced 
seismicity. 

 

3.2.4.4 MONITORING SUBSURFACE PROCESSES: 

 Monitoring of background seismicity, not only during operations. 

 (Micro)seismic monitoring with focus on changing rates, magnitudes, b-values, and events lining up 
in directions of critically stressed faults. Establish a traffic-light system before the start of the 
operations. 

 Seismic monitoring by integration of data, linking of (local, regional and international) monitoring 
networks and deploying temporary networks. 

 Account for uncertainty in analyses in an injection trial period, and compare observed and predicted 
response. 

 Demonstration of causal relations between operations and induced seismicity, and distinguish 
natural, induced and triggered seismicity (in combination with subsurface characterization). 
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3.3 CONTRIBUTIONS FROM SECURE WP2 RESEARCH TO RISK ASSESSMENT FOR LEAKAGE AND 
INDUCED SEISMICITY IN CO2 STORAGE AND UNCONVENTIONAL GAS PRODUCTION 

Most of the research within WP2 of the SECURe project links to one specific aspect in the risk assessment 
framework, rather than covering both the causes and impacts of incidents. Both quantitative and qualitative 
assessments of risk aspects are studied. 

 

 
Figure 3-1. Application domains (CO2 storage complex, shale gas reservoir and generic/other geo-energy operations), Topics 
or impact areas/risk receptor (R-Reservoir, T-Top seal, F-Faults, W-Wells, S-Surface), and Tools or methods (lab experiments, 
modelling, field cases- as indicated by symbols and text in figure) for research within WP2 of the SECURe project. 
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In light of a risk assessment framework as outlined in the previous section, the research can be distinguished 
in different ways (Figure 3-1): 

 By application domain: Research relevant to (a combination of) (1) a CO2 storage complex, (2) shale 
gas reservoir, or (3) other geo-energy operations (e.g. the acid gas storage operations at Borzęcin) 

 By impact area or risk receptor: Research that increases the understanding or quantifies processes 
that impact (1) wells, (2) subsurface reservoirs, top seals or faults, or (3) surface (e.g. aquifers or 
infrastructure) 

 By method: Research performed using (a combination of) (1) laboratory experiments, (2) model 
simulations, or (3) field observations. 

Specific contributions of individual research tasks to risk assessment for leakage and induced seismicity in 
CO2 storage and unconventional gas production are indicated in section 2. Here, a synthesis of some 
overarching lessons learned and general implications of research for industry, regulators & general public are 
given. 

 

3.3.1 Risk assessment 

Existing standards and recommended practices indicate that a proper risk assessment framework for 
managing risks should be used in planning and developing UHE and CCS projects (cf. section 3.2). SECURe 
WP2 task 2.1 contributed to risk management in UHE and CCS projects by developing a semi-quantitative risk 
assessment tool. Lessons learned: 

 On developing a semi-quantitative risk assessment tool (cf. section 2.3): 
o A risk assessment framework based on the bow-tie risk analysis technique, undertaking of 

semi-quantitative risk ranking, and assessing the importance of individual risk factors can be 
used to prioritise of further studies on risks, surveys, and improvement measures to mitigate 
risks.  

o Semi-quantitative risk assessment can be used to identify and determine the relevance of 
threats and consequences to receptors, the effectiveness of barriers, and the uncertainty 
surrounding the assessment. 

o A semi-quantitative risk assessment tool can provide the relative risk between different sites, 
bow-tie diagrams for further site-specific review, and prioritisation measures for reduction in 
risk or uncertainty, which can then be balanced against cost. 

 

3.3.2 Well integrity 

Existing standards and recommended practices indicate that model forecasts of well integrity should be based 
on proper understanding of controlling processes associated with UHE and CCS operations (cf. section 3.2). 
SECURe WP2 task 2.2 contributed to understanding processes affecting well integrity and better model 
forecasts of well integrity UHE and CCS projects by performing laboratory experiments and 
developing/applying models for numerical simulations of well leakage. Lessons learned: 

 

 On improving the understanding processes affecting well integrity by laboratory experiments (cf. 
section 2.4): 

o Although most focus in well integrity studies is put on microannuli along the well, radial fracture 
emanating from the casing through the cement and into surrounding formation also lead to 
well integrity risks. 

o Radial fractures are usually associated with hydraulic fracturing but can also occur through 
intact casing and could be due to thermal cycling. 

o Any individual fracture may dramatically increase the leakage risk, but fracture networks do 
not necessarily lead to a continuous, high permeability path along the wells which could mean 
leakage to shallower formations is not a high risk. 

o Laboratory experiments using scaled down representation of a well can test cement integrity 
for realistic stress states and well materials and assess fracturing of the cement sheath 
operating limits for well pressure. 
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 On well integrity modelling (cf. section 2.5): 
o Numerical geomechanical well leakage modelling can be used to quantify the probability of 

well failure for a range of scenarios that are applicable to well re-use and new well applications. 
o Relationships can be drawn between several cement properties and the impact on (1) shear 

cracking and (2) cement debonding (for both the formation-cement and casing-cement 
interfaces) and caprock leakage. 

o Using the modelling and relationships, appropriate cement properties and operating 
conditions can be selected to reduce well failure risks. Cement formulations that lead to a 
softer, more flexible (i.e. more ductile) cement are recommended. 

o Under the right conditions, re-purposing existing wells for CO2 injection, and hydraulic 
fracturing can be done with minimal damage to the cement provided the status of wells are 
known and properties of cement are well-characterized. 

o Due to the high level of uncertainty in parameters, it is suggested that regulators and operators 
use a probabilistic approach in assessing well integrity, with the goal of minimizing the 
probability of failure. 

o Cement shrinkage can significantly increase the probability of failure (POF) for both the CO2 
injection and the shale gas well. When possible, operators should use cement formulations 
that minimise shrinkage. 

o Reducing the temperature shock of the cold CO2 is the most effective way to reduce failure 
risks. 
 

3.3.3 Subsurface fault and top seal integrity 

Existing standards and recommended practices indicate that subsurface characterization should include 
assessment of leakage pathways associated with fault and fractures in formations that are targeted for UHE 
or CCS (cf. section 3.2). SECURe WP2 task 2.3 contributed to better methods to assess fault leakage rates in 
UHE and CCS projects by performing combined field work, laboratory experiments and hydromechanical 
modelling. Lessons learned: 

 

 On fluid or gas migration and leakage pathways associated with faults and fractures (cf. section 2.6): 
o Assessing fault leakage rates is a multi-disciplinary approach which requires suitable field 

work, lab work and upscaled hydromechanical modelling. 
o The most prospective shale gas reservoirs have high contents of so-called brittle minerals 

(e.g. quartz, feldspars, carbonates), making these rocks mechanically strong and brittle and 
likely resulting in high fracture roughness and relatively high permeabilities when fractured. 

o Fault leakage in prospective shale gas reservoirs is associated with the hydro-fracturing 
process by which a high-pressure pulse of fracturing fluid is injected that is then bleeding off 
rather rapidly so that total leaking volumes can be expected to be low. 

o Top seals, limiting vertical CO2 migration in geological storage operations, are typically higher 
in clay, more ductile and lower in permeability than shale gas reservoirs leading to lower 
expected flow rates. 

o Due to the large volumes of CO2 injected, and sustained high gas pressures in carbon stores, 
leakage can be considered a long-lasting process, if it occurs. 

o Many ductile caprocks can be considered self-sealing, especially under the changes in 
effective stresses considered in CO2 storage operations. 

 

3.3.4 Fluid migration and surface contamination 

Existing standards and recommended practices indicate that the long-term fate of injected CO2 in the 
subsurface, potential CH4 or CO2 leakage rates and effects of leakage on shallow aquifers should be assessed 
by subsurface and surface characterization including site measurements and subsurface modelling of 
formations that are targeted for UHE or CCS (cf. section 3.2). SECURe WP2 tasks 2.1 and 2.3 contributed to 
better methods to interpret measurement and model fault leakage potential in UHE and CCS projects by 
performing field measurements and hydromechanical and geological modelling. Lessons learned: 

 

 On impacts of CO2 and CH4 leakage on groundwater resources (cf. section 2.1): 
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o Long term effects of controlled injection of CO2 and CH4 in shallow aquifers could be detected. 
o Effects of a leakage relate to leakage duration, so early detection followed by rapid closure 

will lower the impact. 
o Water intended for consumption may need to be treated after leakage, but relatively simple 

water treatment technologies may be sufficient. 
o It may also be possible to treat contaminations of the aquifer using techniques used in the 

environmental industry (e.g. ‘pump-’n’-treat’ or injection of reactants). 
o It is important to know conditions in the deep subsurface as well as the chemistry of the surface 

environment that affect water quality in groundwater and surface water. 
o Remediation by water treatment will imply extra running costs, underlining the need for 

efficient and cost-effective monitoring technologies enabling rapid closure and preventing 
additional costs becoming a barrier to effective monitoring. 
 
 

 On long term leakage risks associated with subsurface gas or CO2 sequestration (cf. section 2.2): 

Factors to improve leakage risk assessment and leakage risk control of CO2 sequestration projects:  

o Acquisition of extended data from dedicated monitoring wells and their subsequent usage to 
history match and validate the simulation model. 

o Independent means to estimate the key parameters (formation breakdown pressure, threshold 
displacement pressure) of the potential leakage pathways. 

o Detailed data of geomechanical rock properties of the structure and its surroundings to 
perform a complete calibration of the geomechanical model of the structure. 

o Inclusion of geochemical effects. 
 

 On subsurface fluid and gas migration paths and leakage (cf. section 2.7): 
o Geochemical analyses should be utilized supplementary to fault (and/or fracture) modelling 

and analyses to indicate fluid exchange within aquifer/reservoir, migration paths (e.g. along 
faults and fractures), and possible current leaks within a storage site. 

o Reliable geochemical monitoring of the formation confinement should include data acquired 
during the whole lifecycle of a storage site (including the baseline results before injection or 
production phase), both from the formation and overburden.  

o Reliable datasets (e.g. seismic and wireline-logging datasets) of sufficient quality and quantity 
are required as the input to the fault sealing modelling. 

o It is strongly recommended to calibrate the (fault) juxtaposition results by other data and 
methods, since results solely from juxtaposition plots may lead to misinterpretation. 

o The Shale Gouge Ratio (SGR) can indicate fault sealing potential, but for reliable outcomes 
calibration of accurate thresholds using available geological information is needed and 
application to rock types other than sedimentary clastic rocks can be unreliable. 

 

3.3.5 Induced seismicity 

Existing standards and recommended practices indicate that optimizing injection operations by model 
forecasts in combination with detailed monitoring and analysis of seismicity can improve management of 
seismic risks in UHE and CCS project (cf. section 3.2). SECURe WP2 task 2.3 contributed to improving 
analysis and model forecasts of induced seismicity potential in UHE and CCS projects by analysing field data 
in combination with developing analytical, statistical and numerical modelling approaches. Lessons learned: 

 

 On modelling forecasts of injection-induced seismicity (cf. section 2.8): 
o Seismicity forecasts depend on a large number of input parameters, most of which are poorly 

constrained before the start of the operations (e.g. details on the specifics of the network used 
for seismic monitoring, observed background seismicity, total fault area and seismicity 
recorded during the injection operations). 

o A closed-loop of seismic monitoring, (near-)real-time data-assimilation and model updating is 
considered as crucial for a robust estimation and update of seismic risks during injection 
operations. 
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o Rapid semi-analytical modelling can help address uncertainties and be used in a closed-loop 
approach where computationally intensive models are difficult to use. 

o Rate-and-state seismicity theory to assess changes in seismicity rates based on Coulomb 
stressing rates rather than on Coulomb stress changes can be considered to forecast 
evolution of seismicity in terms of frequency-magnitude distribution of events associated with 
injection of fluids in a reservoir. 

o High stressing rates and seismicity rates may be associated with the ‘passage’ of the thermal 
front (e.g., due to injection of cold CO2) through the fault plane and will affect seismic risks. 
 

 On statistical modelling forecasts of injection-induced seismicity (cf. section 2.9): 
o Statistical models can be applied to show quantitatively the evolution of the seismicity in space 

and time for injection operations. 
o Statistical models allow application as a predictive tool, but the correlation between injection 

and seismicity in complex settings such as Oklahoma is weak and subject to large 
uncertainties. 

o Risk management strategies can be improved by using a combination of long term and short 
term forecasts based on real-time monitoring. 

o Traffic Light Systems relying on observations, but can be improved by also incorporating 
statistical modelling, but large uncertainties and complex causal relations need to be taken 
into account.  

 
 On monitored induced seismicity during storage of natural gas (cf. section 2.10): 

o Baseline seismicity monitoring for two years at the natural gas storage facility Stenlille in 
Denmark, where approximately 500 x 106 Nm3 natural gas is pumped in during summer and 
extracted during winter indicated twenty events of both natural earthquakes and other 
sources of ground motions but none of the events were within the reservoir. 

o An examples of induced and triggered earthquakes is Oklahoma (USA) showed a 40-fold 
increase in seismicity during the period 2008-2013 caused by the propagating pressure front 
associated with wastewater injection encountering critically stressed faults up to 35 km from 
the wells, suggesting that stress changes caused by the first earthquake in the sequence, 
triggered the following earthquakes. 

o Differences in induced seismicity may be expected for wastewater injection in reservoirs 
near low porosity, hard rocks that can trigger large earthquakes, and gas storage in porous 
reservoirs. 
 

3.4 REMAINING KNOWLEDGE GAPS AND FUTURE RESEARCH 

Specific knowledge gaps and suggestion for future research in individual research tasks are indicated in 
section 2. Here, a summary of knowledge gaps and potential avenues for future research is given: 

 Combining laboratory tests on the reactions with aquifer materials, tests in the aquifer itself, and 
modelling using a reactive transport model for a range of leakage scenarios will allow better 
assessment of leakage risks, support time critical decisions, and outline optimal remediation that limit 
the impact of a leak (cf. section 2.1.5). 

 Analysing leakage risk factors should include (1) regional deep groundwater movement that may 
potentially redistribute CO2 dissolved in brine, (2) long-term, large-scale assessment of leakage 
dynamics in the caprock that restrict reliability of the model forecasts, (3) understanding brine 
convection mechanisms due to the brine density dependence upon the CO2 solution, and (4) effective 
coupled dynamics of flow, geomechanical, and geochemical effects of CO2 sequestration processes 
(cf. section 2.2.6). 

 Further development of qualitative and semi-quantitative risk assessment approaches with an 
effective, affordable and efficient means of quantifying leakage risk, including, if available, historical 
data for geological CO2 storage and unconventional gas and evaluation of approaches by application 
to multiple sites (cf. section 2.3.6). 

 Further the understanding of the variation of cement fracturing with different rock formations 
(principally shales), fracture propagation across formation boundaries, fracture initiation conditions, 
and relations between fracture aperture and in-situ stress as a function of pressure reduction, i.e. to 
determine whether remediation by pressure variations can be performed (cf. section 2.4.6). 
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 Improvement of well integrity models by evaluating (1) model assumptions related to the initial state 
of stress in cement after curing, (2) cyclical loads on the annular cement and impact on failure and 
debonding due to pausing and resuming CO2 injection for several times per year, (3) relations between 
cement failure and well leakage based on relations between mechanical and hydraulic aperture of the 
debonded cement interfaces under different loading conditions (cf. section 2.5.6). 

 More thorough analysis of (1) seismic faults, their attributes and predicted internal structure using well 
log data on mechanical properties of the low-permeability formation, (2) analogue outcrop/lab studies, 
and (3) coupled mechanical-hydromechanical modelling to narrow down potential flow rates along 
faults in seals for carbon storage or shale gas reservoirs (cf. section 2.6.6). 

 Obtain better seismic and well data to improve fault modelling to make a more reliable assessment of 
the sealing potential within a storage complex and overburden (cf. section 2.7.6) 

 Further extension of the analytical modelling tools that is needed for a reliable assessment of fault 
stress evolution and usage as a component in real-time assessment of the seismic response of 
faults, and a better understanding what fault rupture aspect ratios can realistically occur in elongated 
reservoirs that are potential targets for CO2 storage as they critically affect frequency-magnitude 
distributions and seismic risks (cf. section 2.8.6). 

 Reducing the uncertainty in statistical models and involved parameters, and a better synergy 
between the physical, deterministic approach and the statistical approach that lead to better 
communication of uncertainties and residual risk, for example with regulators and the public (cf. 
section 2.9.6). 
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Glossary 
API  American Petroleum Institute 

BBN  Bayesian belief network 

CCPS  Center for Chemical Process Safety 

CCS  Carbon capture and storage 

CPT  Conditional probability table 

FEM  Finite element method 

GUI  Graphical user interface 

HSE  Health and Safety Executive (UK) 

IADC  International Association of Drilling Contractors 

ICI  Imperial Chemical Industries 

INiG-PIB Oil and Gas Institute – National Research Institute 

ITS  Indirect tensile strength 

MD  Measured depth 

MF  Main Fault 

MFC  Mass flow controller 

MRST MATLAB® Reservoir Simulation Toolbox 

MT(U)RL Mont Terri (Underground) Rock Laboratory 

OC  Opalinus Clay 

PHAST A Computer Program for Simulating Groundwater Flow, Solute Transport, and Multicomponent 
Geochemical Reactions (developed by USGS) 

POF  Probability of failure 

PSA  Petroleum Safety Authority (Norway) 

SGR  Shale gouge ratio 

SRIMA Seal and Reservoir Integrity through Mechanical Analysis 

SVG  Scalable vector graphics 

TDS  Total dissolved solids 

TESLA     The Evidence Support Logic Application 

TVD  Total vertical depth 

UCS  Unconfined compressive strength 

WP  Work package 
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Appendix 1 Review of current standards, practices 
and field cases for unconventional hydrocarbon 
extraction (UHE) and carbon dioxide capture and 
storage (CCS) 

A1.1 CONTEXT 

Marianne van Unen and Logan Brunner of TNO reviewed current standards, practices and field cases for 
unconventional hydrocarbon extraction (UHE) and carbon dioxide capture and storage (CCS). The review is 
based on a collection of literature addressing the current (good) practices for enabling safe and efficient CO2 
storage in subsurface reservoirs and unconventional hydrocarbon production that enable operations with a 
minimum environmental impact. It aims to provide a broad overview of standards, practices and field cases as 
a reference for the good practice guidelines, knowledge gaps & remaining challenges derived from the 
research within WP2 of the SECURe project. It should not be regarded as a comprehensive review that 
addresses all aspects concerning good practices and environmental impacts subsurface CO2 storage or 
unconventional hydrocarbon extraction operations. 

A1.2 INTRODUCTION 

The European Commission's EU Climate Target Plan 2030 outlines the ambition to cut net greenhouse gas 
emissions by at least 55% by 20308. Decarbonization of the energy sector plays an important role in achieving 
this ambition. Focussing on the role of energy sources in the EU Member States’ energy system, three main 
transitions are expected to contribute to decarbonization: (1) a transition from fossil fuels to more sustainable 
energy sources such as wind, solar and geothermal energy, (2) a transition of the type of fossil fuel required 
during transformation of the energy system from coal to gas, (3) lowering CO2 emissions to air by an 
acceleration of subsurface storage of CO2. The SECURe project mostly focusses on risks associated with 
unconventional gas extraction and CO2 storage. The European commission’s Energy Roadmap 20509 
indicates that (unconventional) gas can be a critical fuel for the transformation of the energy system in the 
direction of lower CO2 emissions and increased renewable energy. The aim of unconventional (shale) gas 
development [UGD] is to access natural gas resources that were previously considered technically 
inaccessible or uneconomic to produce by methods used for conventional gas production (IRGC, 2013). CO2 
emissions and concentrations in the atmosphere can be significantly reduced by the storage of CO2 in 
subsurface rock formations, i.e. Carbon Capture and Storage [CCS]. 

Regarding UGD, several concerns are related to unconventional gas production (and exploration), among 
which many can be associated with hydraulic fracturing operations (performed to stimulate gas flow in the 
shales). Potential risks and concerns include, for example, fluid migrations out of the reservoir or towards the 
surface of injected chemical compounds and drilling fluids, and induced seismicity that could lead to loss of 
well or subsurface integrity (e.g. King, 2012; Ter Heege et al.2017a, b). Several studies indicate that improper 
well construction and plugging leads to potential leakage risks in unconventional gas production [UGP], and 
that well integrity is of key importance for gas production (Darrah et al., 2014, Davies et al., 2014; RoyalSociety, 
2012). 

Regarding CCS, the oil and gas industry started to build experience in the 1980s in extracting, pipelining, 
injecting and producing CO2 for enhanced oil recovery [CO2 EOR], primarily in the United States and more 
recently in Canada and other countries (Imbus et al., 2013). During the decades of experience, the CO2 
operators have been able to manage CO2-induced well integrity alterations and leakages. However, a century 
of oil and gas activity has demonstrated that exploration and production rarely perform exactly as predicted 
and given the unique physicochemical characteristics of CO2 storage, fluid migration is a key issue. In 2005, 
the Intergovernmental Panel on Climate Change discussed the importance of risk management, risk 
assessment and remediation at geologic CO2 storage sites (IPCC, 2005; Pawar et al., 2015).   

                                                      

8 https://ec.europa.eu/commission/presscorner/detail/en/IP_20_1599 (accessed January 2021). 
9 https://ec.europa.eu/energy/sites/ener/files/documents/2012_energy_roadmap_2050_en_0.pdf (accessed 
January 2021). 
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This review is based on a collection of literature on the current (good) practices for enabling safe and efficient 
unconventional gas production and CO2 storage in underground rock formations with minimum environmental 
impact. Consequently, this report will serve as a reference for risk assessment studies, which focus on 
mitigating and preventing risks for unconventional gas production and CO2 storage. The practices are based 
on (long-term) industrial experience and are covered for the entire lifecycle (preparation, operation and 
abandonment) of production and storage. The focus of this review is on practices for the following topics on 
both unconventional gas production and CO2 storage: 

 Well integrity 
 Subsurface integrity and fluid or gas migration 
 Induced seismicity 

Well and subsurface integrity is considered in terms of mechanical integrity (i.e. stability) as well as seal 
integrity and containment (i.e. prevention of fluid migration). Topics mainly concern causes for loss of integrity 
or induced seismicity. Aspects related to monitoring or mitigation of risks are not within the scope of this review. 
Monitoring is briefly mentioned in terms of what types of monitoring could improve safe and efficient operations. 
In addition, this review focusses on practices related to boundary condition for containment, i.e. under what 
characteristics (e.g. geological constraints), conditions (e.g. reservoir pressure) and design (e.g. well design) 
storage and production can take place with minimum risk of leakage. Efficiency in terms of recovery of 
hydrocarbons or storage capacity of CO2 is not considered in detail. It must also be noted that the practices 
described in this report are general, and not necessarily applicable for each storage and/or production site. 
Site-specific studies that translate the general practices to local settings in terms of geological and surface 
conditions are always required for practical risk assessment of operations. 

For some case studies, industrial practices have been compared to the current standards and guidelines 
(mainly those from the International Standards Organization [ISO]) for unconventional gas production and CO2 
storage. Although it relies on available information in open literature and does not cover all details, such 
comparison is of interest to identify potential differences in practices and prioritize (knowledge) gaps. It aims 
to provide a reference for recommendations for practices on unconventional gas production and CO2 storage 
that are based on results from other work packages of the SECURe project. The overall objective is to outline 
recommendations that help improving current industrial practices. By outlining potential (additional) mitigation 
and/or prevention measures for risks related to well integrity, subsurface integrity and induced seismicity, the 
safety and efficiency of subsurface operations can be increased in terms of minimizing environmental impact. 

A1.3 STANDARDS AND GUIDELINES 

A1.3.1 International standards 

This section aims to provide some insights on available standards and regulations for some countries. It should 
be emphasized that only a (maybe biased) excerpt of available standards and regulations are given with focus 
on topics addressed in the SECURe project. A comprehensive review of available standards and regulations 
is beyond the scope of this review. Therefore, the review should be regarded as a reference for current and 
future analysis of current (good) practices, standards and regulations. 

INTRODUCTION AND STANDARDS ORGANIZATIONS 

Drilling contractors and operators often consider internationally recognized standards as outlined by standards 
organizations (e.g. ISO, DNV, NORSOK) or regulators (SODM, O&G UK) when developing their own policies 
and procedures. Consultancy of international standards is beneficial to the oil & gas industry or CCS operations 
for enhancing safety and efficiency of operations worldwide, for example by improving technical integrity, 
enabling cost reductions and reducing operational risks, thereby reducing the environmental impact of (IOGP, 
2017). The ISO petroleum and unconventional standards are developed by the oil and gas producing 
companies with the purpose of worldwide usage (ISO, 2017). In June 2012 the International association of Oil 
& Gas Producers [IOGP] and the International Standards Organization [ISO] agreed to a solution that 
responded to temporary industry uncertainties associated with trade regulations for both the EU and US, and 
their applicability to standardization in the oil and gas sector (IOGP, 2020). The ISO petroleum and 
unconventional standards are developed by the oil and gas producing companies with a worldwide usage 
purpose (ISO, 2017; Opedal et al., 2020). 

Standardization for CCS projects aims to advance CCS as Clean Development Mechanism [CDM] projects as 
well as to achieve full-scale commercialisation (Carpenter & Koperna, 2014). The United States and Canada 
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developed the first internationally recognized standard for the geological storage of CO2, i.e. Z-741 (Carpenter 
& Koperna, 2014). As a direct result of Z-741, the ISO created a technical committee to advance the 
development of comprehensive international standards that address CCS. 

ISO STANDARDS AND GUIDELINES10 

ISO standards relevant to management of well integrity are summarized below (Figure A1-1). The ISO 
standards suggest that the well operator ensures that well barriers can withstand the anticipated loads, and 
together with the regulator, they define acceptable leakage rates and set monitoring. This is done through the 
following process: identify requirement changes, identify the impact of the change, perform risk assessment, 
and submit communicate record (Opedal et al., 2020). When reviewing the risk profile for a storage site, it has 
long been assumed that the CO2 storage wells may hold the largest risk profile for fugitive emissions of injected 
CO2. In particular, if combined with stimulation practices that may be necessary to achieve the desired 
injectivity, the potential for these undesirable emissions may increase (Carpenter et al., 2014). Multiple, storage 
complexes or confining systems may be required in order to mitigate risks of and the CO2 migration or 
emissions that may be associated with large well density required for significant CO2 storage (Carpenter et al., 
2014). 

 

 
Figure A1-1. Well integrity management standards for each life cycle phase during (unconventional) gas storage and 
production acts (after ISO, 2017). 

 

The following ISO standards and guidelines for the oil and gas industry and relevant to Unconventional 
hydrocarbon extraction (UHE) have been considered: 

 ISO 16530-1:2017 Petroleum and natural gas industries — Well integrity — Part 1: Life cycle 
governance 

 ISO 28781:2010 Petroleum and natural gas industries — Drilling and production equipment —
Subsurface barrier valves and related equipment 

 ISO 14310:2008 Petroleum and natural gas industries — Downhole equipment — Packers and bridge 
plugs 

 ISO 11960:2020 Petroleum and natural gas industries — Steel pipes for use as casing or tubing for 
wells 

 ISO 10426-1:2009 Petroleum and natural gas industries — Cements and materials for well cementing 
— Part 1: Specification 

                                                      

10 https://www.iso.org (accessed December 2020). 
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 ISO 10417:2004 Petroleum and natural gas industries — Subsurface safety valve systems — Design, 
installation, operation and redress 

 ISO 13703:2000 Petroleum and natural gas industries — Design and installation of piping systems on 
offshore production platforms 

 ISO 13703:2000/Cor 1:2002 Petroleum and natural gas industries — Design and installation of piping 
systems on offshore production platforms — Technical Corrigendum 1 

 ISO 16903:2015 Petroleum and natural gas industries — Characteristics of LNG, influencing the 
design, and material selection 

 

The following ISO standards and guidelines relevant to Carbon Capture and Storage (CCS) have been 
considered: 

 ISO 27914:2017 Carbon dioxide capture, transportation and geological storage — Geological storage 
 ISO 27916:2019 Carbon dioxide capture, transportation and geological storage — Carbon dioxide 

storage using enhanced oil recovery (CO2-EOR) 
 ISO/AWI TS 27924 Risk management for integrated CCS projects 
 ISO/TR 27918:2018 Lifecycle risk management for integrated CCS projects 
 ISO/TR 27912:2016 Carbon dioxide capture — Carbon dioxide capture systems, technologies and 

processes 
 ISO/TR 27915:2017 Carbon dioxide capture, transportation and geological storage — Quantification 

and verification 
 ISO/TR 27921:2020 Carbon dioxide capture, transportation, and geological storage — Cross Cutting 

Issues — CO2 stream composition 
 ISO 27919-1:2018 Carbon dioxide capture — Part 1: Performance evaluation methods for post-

combustion CO2 capture integrated with a power plant 
 ISO 27913:2016 Carbon dioxide capture, transportation and geological storage — Pipeline 

transportation systems 
 ISO/DIS 27919-2 Carbon dioxide capture — Part 2: Evaluation procedure to assure and maintain 

stable performance of post-combustion CO2 capture plant integrated with a power plant [Under 
development] 

 ISO/CD TR 27922 Carbon dioxide capture — Overview of carbon dioxide capture technologies in the 
cement industry [Under development] 

DNV STANDARDS AND GUIDELINES11 

The following DNV recommended practices, standards and guidelines associated with well integrity have been 
considered: 

 DNVGL-RP-0142 & DNVGL-RP-E104: Wellhead fatigue analysis 
 DNVGL-RP-E103: Risk-based abandonment of offshore wells 
 DNVGL-RP-E101: Recertification of well control equipment 
 DNVGL-SE-0499: Certification of pipeline components 

 

NORSOK STANDARDS AND GUIDELINES12 

The Norsk Sokkels Konkuranseposisjon (NORSOK) standards are developed by the Norwegian petroleum 
industry in order to ensure adequate safety and increase cost effectiveness for petroleum industry (NORSOK, 
2004; 2020). The standards are based on the ISO standard, and include additions if required for the Norwegian 
petroleum industry (NORSOK, 2004). CCS wells are not explicitly included in these guidelines. A focus of 
NORSOK is developing well integrity standards that highlight the application of technical, operational and 
organizational solutions to reduce the risk of uncontrolled release of formation fluids throughout the entire life 
cycle of wells as well as aspects related to safe well operations (NORSOK, 2004). 

                                                      

11 https://www.dnvgl.com/rules-standards/ (accessed December 2020). 
12 https://www.standard.no/en/ 
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A1.1.2 National regulations and industry stakeholder organizations 

INSIGHTS ON REGULATIONS AND STANDARDS FOR WELL INTEGRITY IN THE NETHERLANDS 

For well integrity, the Dutch Mining Act (’Mijnbouwwet’) does not explicitly indicate the technical and operational 
indicators that the industry should apply. However, the industry does need to ensure external safety, and 
critical safety aspects need to be accounted for (i.e. considering the entire system, management, organization, 
planning, monitoring, evaluation, improvement). Regulations are imposed by the State Supervision of Mines 
[SODM]. 

The Dutch Mining Act consists of three levels (IOGP, 2017): 

1. The Mining Act from 2003, which has been amended in 2012. 
2. The Mining Decree, which states that when decommissioning a well, measures should be taken to 

prevent damage and the operator should be present. 
3. The Mining Regulations, where a work programme for the P&A of a well is required to be submitted to 

the “Inspecteur-Generaal der Mijnen” of SODM at least four weeks before commencement of activities. 
Information in the work program includes details on the well location, reasons for decommissioning 
the well, and a detailed description of the well to be decommissioned. 

The Netherlands Oil and Gas Exploration and Production Association [NOGEPA]13 represents the interests of 
companies with licences to explore or produce oil and gas in the Netherlands. NOGEPA creates standards 
and guidelines on recommended practices to assist operators in complying with the Dutch Mining legislation 
(IOGP, 2017; NOGEPA, 2020). The following NOGEPA standards and guidelines are relevant to CCS and 
UHE (IOGP, 2017): 

 Industry standard number 41: Well Engineering and Construction Process (NOGEPA, 2016). 
 Industry standard number 42: Well examination (NOGEPA, 2017). 
 Industry standard number 44: Standards & Acceptance Checklist Well Operations (NOGEPA, 2017). 
 Industry standard number 45: Well Decommissioning (NOGEPA, 2019). 
 Industry standard number 46: Well integrity management (NOGEPA, 2018). 
 Industry standard number 50: Kick Tolerances for Well Design & Drilling Operations (NOGEPA, 2016). 
 Industry standard number 51: Operational barriers for well integrity (NOGEPA, 2016). 

From the regulator SODM, the following regulations have been described associated with well integrity (SODM, 
2019): 

 Any modifications to the wellbores (building, extending, using, testing, repairing, stimulating and 
abandoning) that lead to damage of the well with the potential consequence of leakage that is 
damaging to human health and the environment can be punished.  

 No wellbores will be used for production or storage until the well is properly equipped and tested for 
its purpose.  

 Pressure tests in producing or injecting wells will be performed in the tubing/casing annulus and in the 
first casing/casing annulus. 

 

INSIGHTS ON GUIDELINES FOR WELL INTEGRITY IN THE UNITED KINGDOM 

The guidelines reported here are outlined by Oil & Gas UK [O&G UK] which is an organization representing 
the UK offshore oil and gas industry (Oil & Gas UK, 2015a, Oil & Gas UK, 2015b). CCS wells are not explicitly 
included in these guidelines. The guidelines state that it is the responsibility of the well operator to ensure that 
there is no unplanned escape of fluids, and to minimize the risk to health and safety (e.g. identify suitable well 
barriers throughout the life cycle of the well). It is envisaged that mitigations of well integrity risks should 
consider (Opedal et al., 2020): 

 Maximum differential pressure across barriers throughout the life cycle  

                                                      

13 Found on https://www.nogepa.nl 
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 Potential fluid chemistry  
 Criteria for success (of a pressure test)  
 Criteria for failure (of a pressure test)  
 Contingency plans if the barrier could not be tested 

Additionally, an assessment on the subsurface conditions (in order to reduce risks associated with subsurface 
integrity) should consider:  

 The intended purpose of the well such as production, exploration, or injection  
 A geological prognosis  
 Depths and formation type  
 Types of hydrocarbons expected  
 Potential for hazardous fluids such as H2S and CO2 
 Potential for hazardous formations such as salt or reactive clays  
 Potential for overpressure  
 Temperature gradient of the well  
 Estimate of fracture gradient and potential lost circulation zones 

For CO2 storage, the composition of injected fluids and total volume must be identified and well design should 
be adapted to accommodate requirements related to these aspects. The following types of wells are 
distinguished: exploration, appraisal, and development wells, such as production, injection, cuttings re-
injection, and combination wells. 

 

INSIGHTS ON STANDARDS AND REGULATIONS FOR GAS INFRASTRUCTURE IN THE USA 

For decades, the Pipeline Hazardous Materials Safety Administration [PHMSA] has been regulating gas 
pipelines (including the surface piping at underground gas storage [UGS] facilities up to the wellhead) in 
collaboration with individual States. In 2011 the PHMSA published an Advance Notice of Proposed Rulemaking 
[ANPRM] in the Federal Register, in which a proposal on whether new regulations were needed for UGS 
facilities was made. Subsequently, the Interstate Natural Gas Association of America [INGAA] and the 
American Gas Association [AGA] created a joint task team with participation from PHMSA and State agencies 
(Interagency Task Force, 2016). The American Petroleum Institute [API] acted as the American National 
Standards Institute (ANSI). It led to consensus-based standards developed under an ANSI-approved process, 
which were published as National API Recommended Practices [NARP]. The NARP included standards for 
the design and operation of solution-mined salt caverns for natural gas storage, and standards for the 
functional integrity of natural gas storage in depleted hydrocarbon reservoirs and aquifers. These national 
practices included expertise from industry and State and Federal governments (Interagency Task Force, 
2016).  

On June 22, 2016, the PIPES Act of 2016 was enacted, in which the concerns for the integrity of UGS facilities 
are addressed by using API’s recommended practices (PHMSA, 2019). The State authorities may adopt 
additional safety regulations for intrastate UGS facilities as long as they are compatible with the Federal 
minimum standards (Interagency Task Force, 2016). The PIPES Act 2016 addresses the following aspects in 
order to ensure safe (for public and environment) operations of underground storage facilities (PHMSA, 2019): 

 Pipeline and Hazardous Materials Safety Administration (PHMSA) is required to issue, within two 
years of passage, minimum safety standards for underground natural gas storage facilities. 

 States are allowed to adopt more stringent safety standards for intrastate facilities, if such standards 
are compatible with the minimum standards prescribed in section 12 of the Act. 

 For implementing the safety standards, the PIPES Act imposes a user fee on entities operating 
underground storage facilities. 

The US EPA developed an Underground Injection Control [UIC] program, distinguishing six classes of injection 
wells with each class based on the type and depth of the injection activity and the potential for that injection 
activity to impose risks for underground source of drinking water [USDW]: 

 Class I wells are used to inject hazardous and non-hazardous wastes into deep, isolated rock 
formations. 

 Class II wells are used exclusively to inject fluids associated with oil and natural gas production. 
 Class III wells are used to inject fluids to dissolve and extract minerals. 
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 Class IV wells are shallow wells used to inject hazardous or radioactive wastes into or above a geologic 
formation that contains a USDW.  

 Class V wells are used to inject non-hazardous fluids underground. Most Class V wells are used to 
dispose of wastes into or above underground sources of drinking water. 

 Class VI wells are wells used for injection of carbon dioxide (CO2) into underground subsurface rock 
formations for long-term storage, or geologic sequestration. 

Among these classes, the final class VI rule is relevant for CCS. In 2010, US EPA published the Federal 
Requirements Under the UIC program for CCS Wells Final Rule (Class VI Rule). The technical criteria covered 
by the Class VI rule include14: 

 Permitting  
o Geologic site characterization   
o Area of review [AOR] and corrective action 
o Financial responsibility  

 Well construction  
 Operation   

o Mechanical integrity testing [MIT] 
o Monitoring  

 Well plugging  
 Post-injection site care [PISC] 
 Site closure 

A1.4 REVIEW OF CURRENT STATUS, PRACTICES AND LESSONS LEARNED 

The petroleum industry has a long-term experience in performing large-scale injection and extraction 
operations for fluids and gases in the subsurface. Since the mid-1980s, industry experience led to a reduction 
in well integrity, subsurface integrity and fluid migration issues. As industrial practices are most commonly 
used and accepted, industrial experience can play an important role in defining good practices for 
unconventional hydrocarbon production and CCS (Watson & Bachu, 2009). The standards and guidelines 
currently used by the petroleum industry can form a basis for defining good practices during unconventional 
hydrocarbon production and CCS with minimum environmental impact (Opedal et al., 2020). 

For this review of current practices, a generalized overview of the most important and well-known industrial 
practices in specific projects and case studies of unconventional hydrocarbon production and CCS will be 
outlined. The practices for unconventional gas production are derived from shale gas projects in USA and 
Canada. Past reviews from the EC H2020 M4ShaleGas project15 are used as a source of information together 
with information in dedicated publications on specific topics. The practices for CCS are derived from 
experience gained in the Peterhead/Goldeneye, Sleipner, White Rose, Snøhvit, Ketzin, Kingsnorth and In 
Salah case studies. Information in EC-supported research projects including CO2CARE16, CO2REMOVE, 
REX-CO217 are used as a source of information together with information from standard (e.g. DNV) and in 
dedicated publications on specific topics.  

The main aim is to identify potential knowledge gaps in the current industrial practices that help to maximize 
the safety of operations and minimize the environmental impact of unconventional hydrocarbon production and 
CCS. We do not pretend that this review is complete or that the practices are applicable to all sites and cases. 
Each specific case has its own unique characteristics and requires flexibility in the type of measures applied. 
However, the overview of generic practices can form a basis for good practices applicable to most of the cases 
with some additions or modifications to account for site-specific characteristics. As there is no uniform view on 
what practices are good (i.e. good practices may differ between projects or locations), a quality assessment 
of current practices will not be provided in this report. If stating practices that are currently widely used in 
projects, the term “current practices” is used. If discussion improvement of practices, the term “best practices” 
is sometimes used, without implying that further improvements to these practices are not desirable or feasible. 

This document provides generic key practices from the analysed literature for the following themes:  

                                                      

14 Found on https://www.epa.gov, document number: EPA-HQ-OW-2008-0390 
15 https://www.m4shalegas.eu/project.html (accessed December 2020). 
16 http://www.co2care.org/ (accessed December 2020). 
17 http://www.act-ccs.eu/rexco2 (accessed December 2020). 
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1. Well integrity: Maintaining the integrity of wells through their entire lifespan (from initial design and 
construction, operation, and, at the end their lifetime, plugging, decommissioning and abandonment) 
is of prime importance for mitigating leakage risks (Freifeld et al., 2016). Poor zonal isolation of wells 
is identified as one of the main hazards for subsurface operations that may cause problems with well 
operations, and, ultimately, subsurface contamination. It is estimated that 3-6% of the wells in the USA 
experienced problems with well barriers or zonal isolation (with various severity of problems ranging 
from minor issues that do not require mitigation to rare loss of well integrity that requires well shut-in; 
cf. Davies et al., 2014; U.S. EPA 2016; Ter Heege et al. 2017a). Well leakage can be associated with 
loss of well integrity, and lead to greenhouse gas (GHG) emissions, contamination of aquifers or soil 
and pollution that may result in concerns on environmental impact, expensive remediation costs, 
energy reliability concerns, and loss of a valuable commodity. Therefore, there is a continuous strive 
to improve well integrity by industry, regulators, and other stakeholders. 

2. Subsurface integrity and fluid or gas migration: Proper risk management includes site selection and 
risk assessment that is specific to individual production or storage sites. It is important to determine 
the subsurface integrity of production or storage sites that include characterization of reservoir, 
caprock and other lateral (fault) seals. In addition, the dynamic response of geological features to 
subsurface operations need to be assessed. An assessment of subsurface integrity for unconventional 
hydrocarbon extraction or CO2 storage should comprise full analysis of the dynamic response of 
formations either directly or indirectly affected by produced or injected substances (including the 
determination of properties of reservoir and surrounding formations, and effects of pore pressure, 
temperature and reactive flow). Monitoring of the subsurface response must be done at all times in 
order to quickly detect unanticipated effects or irregularities and to timely implement mitigation 
measures. The migration of fluids or gases (e.g. brine, hydrocarbons, CO2, injected fracturing fluids) 
out of the storage formation may result in a poor storage efficiency, operational and monitoring 
complications, interactions at critical geological features (e.g. spill points, poor seals, critically stressed 
faults), and larger environmental footprint. Fluid migration (or leak paths) of CO2 along wells could 
additionally lead to corrosion of casing, degradation of cement, and micro-annuli and channels in 
cement of the well, thereby leading to well integrity issues (Opedal et al., 2020). Reduced storage 
efficiency and increased expenses could threaten storage projects. 

3. Induced seismicity: Both fluid injection and gas production may lead to induced seismicity (Davies et 
al., 2013; Ellsworth 2013; Candela et al., 2018). Injection of fluids (e.g. CO2, hydraulic fracturing fluids, 
waste water or natural gas) may induce movement along discontinuities such as faults or bedding 
planes that can result in seismic events detectable by seismic sensors, felt at the surface, and, 
occasionally, damage to surface infrastructure. Injection can lead an increase in pore pressure at faults 
and to a reduction of normal (“clamping”) stress that induces or triggers seismic fault slip. Injection 
may also lead to induced seismicity due to pore pressure or temperature changes in formations that 
lead to expansion or contraction of rock volumes and associated poroelastic and thermoelastic stress 
changes. Conventional production of natural gas may lead to differential compaction of reservoir 
compartments separated by faults and induced seismicity (Van Thienen and Breunese, 2015). 
 

A1.4.1 General aspects related to national policy and regulations 

National or regional policies and regulations are overarching aspects for managing risks associated with any 
subsurface activities, include those required for unconventional hydrocarbon extraction or CCS. Policy making 
can occur at various levels of government with potentially different political perspectives. Different physical, 
social, and economic characteristics within regions are important. For example, differences in ownership of 
subsurface resources is a crucial aspect for the difference in development of unconventional gas between 
North America and Europe. While data and experience from North America provide crucial lessons for defining 
good practices, direct application to Europe is hampered by differences in policies, regulatory frameworks and 
surface environment. As such, current practices, data and risks based on current practices in the U.S.A. and 
Canada should not be taken as a blueprint for shale gas exploitation in other regions such as Europe (Ter 
Heege et al., 2017a). Even between European Member States, differences in policies and regulations are 
considerable, and care must be taken to not ignore these differences in recommendating or establishing good 
practices and oversimplify widespread application of practices. 
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A1.4.2 Unconventional hydrocarbon extraction (UHE) 

The potential contribution of unconventional hydrocarbons in national energy mix has been explored by 
many countries worldwide. This global interest in unconventional hydrocarbons has been motivated by the 
rapid global increase in hydrocarbon production from unconventional resources over the last 20 years (U.S. 
EPA, 2016; IRGC, 2013). However, the vast majority of production takes place in North America (Figure 1-2). 
Unconventional hydrocarbons can be produced in the form of gas, condensate or oil, depending on 
variations in maturity within plays. Currently, the largest gas producing play is the Marcellus Shale underlying 
portions of the states of Pennsylvania (PA), Ohio (OH), West Virginia (WV), and New York (NY). Other major 
gas plays in the US are the Wolfcamp/Bone Spring (New Mexico and Texas), Haynesville/Bossier (Texas 
and Louisiana), Eagle Ford (Texas), Utica (Ohio) and Woodford (Oklahoma), Barnett (Texas), Bakken/Three 
Forks (Montana and North Dakota) and the Fayetteville (Arkansas) (in order of gas production in 2018; EIA, 
2019). Major oil or condensate plays are in the Permian region (Texas and New Mexico), Bakken (North 
Dakota) and Eagle Ford (Texas). 
 
Unconventional hydrocarbon development in other parts of the world remains tentative (Rahm & Riha, 2014). 
Development or exploration is ongoing in countries such as Canada, Argentina and China. Europe may have 
considerable resources (Figure 1-3). Development of unconventional hydrocarbon resources is on hold or 
suspended in most Member States, due to (1) priorities on developing other energy resources (e.g. 
sustainable energy resources or conventional gas), (2) concerns with environmental impacts, (3) difficulties 
with production (e.g. in Poland) and (4) issues with induced seismicity (e.g. in England). 

Unconventional hydrocarbon production involves the combination of directional drilling (both horizontal and 
vertical drilling) and multistage hydraulic fracturing. The ongoing development of new technology in areas of 
reservoir imaging (e.g. fibre optics distributed acoustic sensing), production enhancement (e.g. optimization 
of fracturing stages), fracture detection (e.g. microseismic monitoring) and drilling optimization (e.g. 
measuring while drilling) continues to significantly improve the feasibility and affordability of unconventional 
hydrocarbon production despite low gas prizes. 

 
The development of unconventional hydrocarbon resources can offer important benefits (IRGC, 2013): 

 Contribution to a country’s energy security by lowering dependence on imported energy 
 Basis for a new export industry as many countries seek to import natural gas 
 Lower impacts on environmental quality by curtailing dependence on coal and oil 
 Reduction in carbon dioxide emissions by transition from coal- to gas-dominated energy mix 
 Enhanced competitiveness of a country’s manufacturing (sub)sectors (e.g. chemicals, steel, plastic, 

and forest products) that use natural gas as key input to production 
 
Nevertheless, unconventional hydrocarbon extraction also involve environmental risks (IRGC, 2013; U.S. 
EPA, 2020): 

 Potential degradation of air quality and water resources as a result of spills, leaks or fluid migrations 
out of the subsurface reservoir towards adjacent formations or the surface, or methane emissions 

 Potential for structural damage due to induced seismicity 
 Risks related with the scale of operations associated with large scale industrial development (e.g. 

traffic required for transport of materials, impacts on land use and nature, management of water 
resources and social impacts on local communities). 
 

The following sections will outline some data on environmental impacts and current practices for 
unconventional gas extraction, mainly derived from experience in North America with a focus on well 
integrity, subsurface integrity, fluid migration and induced seismicity.  
 

WELL INTEGRITY 

Wells are one of the most important components required for unconventional hydrocarbon extraction (UHE) 
as they create an artificial pathway from the hydrocarbon reservoir to the surface. Therefore, well integrity 
issues can have severe consequences (Spowage et al., 2018). Most of the well integrity problems are related 
to well construction (cementing) or cement and casing deterioration during operations. Design, drilling and 
construction are critical in determining the likelihood of leakage over the lifetime of a well. Incomplete 
cementation may result if cement is lost into the surrounding rock formation. Cement also shrinks during curing 
and may develop cracks or channels during curing or operations. In particular, pumping and flowback of fluids 
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during hydraulic fracturing can impact well integrity by affecting well cement mechanically, degrading well 
elements by chemical interaction with the fracturing fluids (especially for acid stimulation), and development of 
cement-casing-rock annuli (UKOOG, 2013). Cement can also deteriorate over time due to interaction with 
formation or fracturing fluids. Steel casings can also be affected by operations or interaction with formation 
fluids, potentially leading to corrosion or leakage, in particular at casing connections. In rare occasions, 
complete loss of well integrity can lead to leakage of gases or liquids out of the casing or uncontrolled upward 
migration along the well between the casing, cement and rock formation (Jackson, 2014). Historical rates of 
well “failure” associated with well barrier failures in oil and gas fields are generally a few percent, but may be 
up to >40% in extreme cases (Davies, 2014). 

 

Some data and observations relevant to well integrity during unconventional hydrocarbon extraction 
 
For well integrity, a distinction can be made between data and practices for (1) preparation, drilling and 
construction, (2) operation, and (3) plugging, abandonment and decommissioning of wells. 
 
Preparation, drilling and well construction: 

 Poor zonal isolation of wells has been identified as one of the main hazards for subsurface 
operations that may lead to risks associated with contamination of shallow aquifers within the USA 
(Davies, 2014). Problems with well construction are rare but are the dominant source of subsurface 
pollution apart from transport of materials to the well site. Estimates demonstrate that 1-5% of 
shallow well completions require a workover to repair to be able to drill deeper, and that regulations 
with respect to well barriers are the prime reason for the low number of incidents in producing shale 
gas wells (King, 2012).  

 Not all wells with a single barrier failure will leak, because when multiple safety barriers are present 
there will be no pressure or buoyancy gradient and fluids cannot migrate (King & King, 2013). 

 Within the Marcellus Shale Play wells underwent well integrity failure and well barrier leakage at 
shale gas production sites in Pennsylvania. The incidents were related to code violations resulting in 
failure to case and cement, excessive casing heat pressure, and insufficient cement and steel 
casings between the wellbore and the near-surface aquifer to prevent seepage of fluids (Davies, 
2014). 

 In the Marcellus Shale play, 6.2% of unconventional wells drilled between 2005 and 2013 had a well-
barrier or integrity failure. These failures were mainly the results of insufficient or improperly installed 
cement or casing leading to sustained casing pressure and pressure build-up (Ingraffea et al., 2014). 
In 24 cases in Pennsylvania there was a failure in preventing migrations to fresh groundwater, and 
since 2005 more than 100 cases of water-well contamination from oil and gas activities were 
determined (Jackson, 2014). 

 For the Barnett Shale in Texas, a typical horizontal drilling length in 2005 was 600 m which 
increased in length with 75% by 2011 (Jackson et al., 2014). This resulted in higher well integrity 
failures due to increased hydraulic fracturing intensity. When wells are longer, curve laterally, and 
access substantially over-pressured reservoirs, it becomes more difficult to withstand more intense 
hydraulic fracturing pressures and larger water volumes subsequently effecting well integrity 
(Jackson, 2014). 

 Canadian industrial practices indicate that pressure tests are required during drilling, which can 
either be done after the top cement plug bumps the bottom plug before the cement gained significant 
gel strength in order to reduce any disturbances between the casing and cement bond, or the test 
can be done after the cement has gained sufficient compressive strength (minimum of 500psi, 
3500kPa) before drilling out the casing shoe (CSA, 2016; DACC, 2017). 

 NRCan experience recommends avoiding long circulation times to decrease the risks of borehole 
instability, and, particularly in deviated wells, to increase pumping rates to create turbulent flow, 
while taking care to avoid inducing fractures (Wigston & Ryan, 2019). 

 If the drilling fluid is required to be at high density for either well control or wellbore stability reasons, 
the spacer fluids may be weighted to avoid major changes in bottom hole pressure. Greater spacer 
volumes ahead of the cement slurry are generally beneficial for improving removal of mud and filter 
cake, which is gradually eroded by the flowing spacer fluid. However, increased exposure time to low 
viscosity and generally less inhibitive spacer fluid increases the likelihood of wellbore instability and 
collapse around the casing string. For areas where wellbore stability is an issue, reduced volumes of 
spacer fluid may be a better choice (Wigston & Ryan, 2019). 
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 A cement blend must be designed specifically for the casing string, depth, temperature, pressure 
and ultimate use of that portion of the borehole. The surface casing cement program is typically a 
very basic design (Wigston & Ryan, 2019). 

 Industry and government in Canada have worked together for successful improvement of wellbore 
integrity for decades, which resulted in average daily emission rate of wellbore leakage for wells in 
Alberta to decline by 40% between the years 2000 and 2016 (Dusseault et al., 2014; AER, 2016). 

 In 2004, 4.6% from the 316,439 oil, gas or injection wells in Alberta (Canada) show some well 
leakage as surface-casing-vent flow or gas migration outside the casing (Watson & Bachu, 2009). 

 
Operation: 

 Leakage detection: Leakage source identification: the available methods used for active leakage 
source identification can be divided into three categories: (1) acoustic energy measurements; (2) 
carbon isotope measurements; and, (3) formation evaluation measurements (Wigston & Ryan, 
2019). 

 Leakage remediation: The process for repairing leaks in the annulus of hydrocarbon wells generally 
involves four steps: (1) identifying the source and a suitable depth for intervention; (2) developing 
communication (access) to the source/leakage path; (3) sealing the leak; and, (4) verifying 
operational success. In most traditional methods, communication with the casing-casing or casing-
formation annulus is required in order to inject a sealant to plug the leak. Squeeze placement is the 
most common method used to place the selected sealant material. The application of an 
overbalanced pressure on the sealant forces it into perforations, annuli and voids. With Portland 
cement, the pressure against a permeable formation results in leak-off and causes the slurry to 
dehydrate, building an impermeable filter cake. In many well completions, the casing is not 
cemented to the surface or even into the next casing shoe. While this condition presents a potential 
path for fluid movement. Remediation is generally more successful, compared to a fully cemented 
annulus, since access to the large annular flow path is more easily achieved (Wigston & Ryan, 
2019). 

 
Plugging, abandonment and decommissioning: 

 Prepare wellbore: Before abandonment, production tubing, downhole pumps and packers must be 
removed. Following removal of downhole equipment, the borehole must be cleaned, by flushing the 
wellbore with a circulation fluid—typically water. If sealing an uncased well, it is important to remove 
the mud and mud cake from the zones of the wellbore where cement will be emplaced. In a cased 
borehole, hydrocarbons should be removed to ensure the casing is water wet, allowing cement to 
bond to the casing (Wigston & Ryan, 2019). 

 Plugging: Cement plugs in open holes or within cemented casing are emplaced under a variety of 
conditions and using various methods. Cements can be placed in single or multiple stages in the 
borehole depending on the requirements. In uncased boreholes, the most common method for 
cement plug placement is the balanced plug method. In Alberta and other Canadian jurisdictions, 
cased wells classified as low risk are usually plugged by dump bailing 8 m of cement on a bridge 
plug installed in the casing. In Alberta the results from the dump-bailing method indicated that it 
might be ineffective as the cement plug quality was extremely poor in about 50% of the wells. In 
addition to cement plugs, mechanical plugs such as bridge plugs and cement retainers play a role in 
stopping fluid flow in a wellbore. Where there is no cement behind the casing, or the cement has 
been identified as inadequate, it may be necessary to remediate the annulus cement to isolate 
permeable zones. Testing is required to ensure that the plug is placed at the proper level and 
provides adequate isolation of permeable zones (Wigston & Ryan, 2019). 

 Cut and cap: The final field-step of the abandonment process is to cut and cap the well. Typically, 
the casing string must be cut off a minimum of 1 meter below the final grade of the site. Before the 
well is cut and capped, the presence of wellbore leakage must be determined, as described above. 
In Alberta, a vented cap is required to prevent pressure build-up in the abandoned well. Other 
jurisdictions, especially in the US, require a sealed cap (Wigston & Ryan, 2019). 

 Test: In Alberta (Canada) prior to conducting a surface abandonment, a surface casing vent flow test 
is conducted to determine if gas, liquid or any combination of substances is escaping from the casing 
vent assembly. If such a leak is identified, the problem must be remediated prior to abandonment. If 
a casing pressure test is required after the top cement plug bumps the bottom plug, it should be 
done before the cement has gained significant gel strength to reduce any disturbance of the bond 
between the casing and cement. Alternatively, the pressure test can be done after the cement has 
gained sufficient compressive strength. The casing shoe shall not be drilled out until the cement has 
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reached sufficient compressive strength (3500 kPa) to allow safe drilling operations or following the 
elapsed time specified by the authority having jurisdiction. Regardless of the drill out time, the 
cement shall have a compressive strength of at least 3500 kPa after 48 hours at formation 
temperature (Wigston & Ryan, 2019). 

 

SUBSURFACE INTEGRITY AND FLUID OR GAS MIGRATION  

Environmental concerns associated with unconventional hydrocarbon extraction mainly focus on risks that 
result in fluid or gas migration (e.g. formation, fracturing or waste fluids or methane). Migration be 
accommodated by well integrity issues (poor zonal isolation) or loss of reservoir containment (breach of 
geological seals). Migration may result in exchange of fluids or gases between surrounding formations, or in 
rare occasions, in leakage to shallow or surface aquifers, thereby affecting drinking water sources. Particular 
focus is on chemicals used in hydraulic fracturing (Rahm & Riha, 2014). Apart from risks of fluid or gas 
migration associated with loss of zonal isolation and integrity of wellbore systems, potential creation of 
migration pathways along geological structure that allow upward migration of potentially hazardous substances 
need to be considered (Ter Heege, 2017a). The role of hydraulic fracturing on the occurrence and severity of 
fluid migrations remains under debate, particularly when geologic formations overlying target geologies are 
not well characterized.  

Data and observations relevant to subsurface integrity and fluid or gas migration during unconventional 
hydrocarbon extraction: 

 Migration via leaks in old or abandoned deep wells is the most likely pathway that could permit injected 
chemicals and dissolved compounds from the shales from depth to contaminate shallower aquifers. 
Create subsurface pathways that could permit contamination of shallower aquifers from injected 
chemicals and dissolved compounds from the deep (>1.5 km) shales is much more unlikely (Ter 
Heege, 2017a).  

 Evaluating the zonal isolation of plugged wells and long-term monitoring of abandoned wells to detect 
the potential accumulation of potentially hazardous substances in aquifers and long-term emissions to 
air. However, long term monitoring of integrity, migration or emissions is rare (Ter Heege, 2017a). 

 Migration of potentially hazardous substances is particular unlikely if (1) the gas shale is located at 
depths below ~1500 meters which ensures that hydraulic fractures do not reach shallow aquifers, (2) 
large-scale natural faults that may act as migration pathways after reactivation are absent, and (3) the 
zonal isolation of wellbore systems is not affected by hydraulic fracturing (EPA, 2016; ter Heege, 
2017a). Micro-seismic monitoring during hydraulic fracturing operations in the USA and Canada shows 
that the vertical extent of induced fractures or stimulated fracture disturbed volume is limited (King 
2012). Other studies have reviewed the maximum vertical distance between the horizontal well and 
the top of micro-seismic hypocenters for the Marcellus and Barnett Shale Formations in the USA 
(Fisher & Warpinski 2012). These studies show no evidence that induced fractures have reached 
shallow groundwater-bearing formations or aquifers. They state that in more than 99% of studied 
cases, the distance between the well and top of micro-seismic hypocenters is less than 350 meter and 
the distance between the top of micro-seismic hypocenters and shallow aquifers is more than 1000 
meters. The maximum distance between the well and top of micro-seismic hypocenters is 536 meter 
for the Marcellus Shale and 588 for the Barnett Shale. It is important to emphasize that observations 
of limited fracture height growth and stimulated fracture disturbed volume are based on the monitoring 
of micro-seismic events. Aseismic deformation may also contribute to flow stimulation in the gas shale. 
Imaging aseismic deformation requires additional monitoring approaches, such as the use of tilt meters 
that capture the minute deformation of surface or borehole walls associated with fracture opening or 
shear along reactivated faults and fractures. Furthermore, there may be some bias resulting from the 
fact that micro-seismic monitoring is generally performed by shale gas operators to optimize hydraulic 
fracturing operations and gas production. Therefore, only a limited number of hydraulic fracturing 
operations are monitored in the USA and Canada (estimated 3-5%, van der Baan et al. 2013), and not 
all data for different shale plays are publicly available (Ter Heege 2017a). 

 Identification of tracers and indicators can be used to track shale gas-derived wastewater and 
differentiate it from other sources of contamination in both surface and ground waters (Rahm & Riha, 
2014). 

 Evaluation of wastewater chemistry in the Marcellus Shale play revealed the presence of chemical 
constituents that tend to increase in concentration over time after initial hydraulic fracturing. These 
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fluids often require treatment for subsequent reuse, disposal, or discharge to the environment (Rahm 
& Riha, 2014).   

 Discharge of waste fluids without treatment has been shown to have detrimental effects on nearby 
surface and groundwater in Texas and to negatively impact vegetation (Nance, 2006; Adams et al., 
2011). 

 Issues in the Marcellus Shale play related to increased chloride and the detection of disinfection by-
products in surface waters demonstrates the importance of monitoring water quality to differentiate 
between possible contaminant sources (Rahm & Riha, 2014). 

 Sampling and research throughout the Marcellus region has shown that methane can be naturally 
present, sometimes at high concentrations (Mathes & White, 2006; Kappel & Nystrom, 2012). 
Understanding of groundwater geochemistry, specifically how physical factors may correlate with 
increased natural methane is of prime importance. 

 In the Marcellus play of New York methane concentrations do not significantly correlate to topographic 
features or conventional gas wells in the area. They did find that methane concentrations were 
significantly higher in groundwater dominated by dissolved sodium compounds, indicating long 
residence times during groundwater–bedrock interactions as possible controls (Rahm & Riha, 2014).  

 Active gas drilling does not in itself lead to systemically higher methane concentrations in nearby water 
wells. However, accidents that significantly impact local groundwater environments can occur, with 
some researchers suggesting cementing and/or casing problems at 1 to 3% of wells drilled (Vidic et 
al., 2013). 

 In the Fayetteville and Barnett Shale gas plays, researchers found no evidence to suggest that 
distance to shale gas wells alone is an explanatory factor for poor groundwater quality (Kresse et al., 
2012). However, the urban development in the Barnett, combined with shale related water 
withdrawals, together place stress on the aquifer leading to increased concentrations of arsenic and 
barium. These studies indicate that different factors drive methane concentrations in different places, 
and that increases in groundwater constituents are possible when accidents occur, and when aquifers 
are subject to the cumulative stresses of urban and shale gas development. This uncertainty highlights 
the need for geological data to complement hydrology and water quality studies. 

 To prevent fluid migration as a result of shale gas development, policy makers at various levels and 
in different plays have been revising and strengthening oversight of cementing and casing (Rahm & 
Riha, 2014). Recent trends in construction rules stipulate some form of pressure testing for casing, as 
well as proof that cementing has cured properly, prior to hydraulic fracturing (see Richardson et al., 
2013 for examples of specific references to Arkansas, Texas, and West Virginia policies). Other 
protective measures, such as setbacks from private water wells, and prohibition of drilling within certain 
aquifers that serve as major municipal water supplies, have been established or proposed in some 
USA states (NYSDEC, 2011). 

INDUCED SEISMICITY 

Induced seismicity is a major concern for unconventional hydrocarbon extraction (Hammons & O’Grady, 2017; 
Ter Heege, 2017a, b). The processes hydraulic fracturing, reservoir stimulation and injection activities for 
wastewater disposal increase the potential for inducing seismic events. Even though felt induced seismicity 
only appeared in a small fraction of injection wells, records of induced earthquakes in shale gas plays (e.g. in 
the UK and Canada) demonstrated significant magnitudes of earthquakes that caused public concerns (King, 
2012; Wassing & Ter Heege, 2017). Injection of waste water from unconventional hydrocarbon extraction even 
caused damage to (sub)surface infrastructure. Therefore, it is important to determine how current practices 
can be improved to prevent and/or mitigate induced seismicity during unconventional hydrocarbon extraction. 

 
Data and observations relevant to induced seismicity during unconventional hydrocarbon extraction: 

 Records of induced seismicity in shale gas plays in the USA, UK and Canada indicate that magnitudes 
can be significant. Induced seismicity was indicated to be dominantly controlled by geological and 
operational factors. Therefore, upfront analysis (e.g. comprehensive field tests, laboratory study and 
modelling) of the site-specific geological setting and geomechanical conditions is important. The 
subsurface conditions (e.g. in-situ stress, temperature, and pore pressure distribution in reservoir and 
cap rock), chemical composition of groundwater or aquifers, and (hydraulic) fracture propagation in 
shale must be measured, modelled and predicted, beneficial for optimizing location, orientation and 
design of the well prior to operation (Lavrov, 2017; Wassing & Ter Heege, 2017). 
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 There is a growing concern regarding induced seismicity related to injection of wastewater in the 
subsurface which is associated with high magnitude (up to ML 5.7, Keranen et al. 2014) earthquakes, 
and regarding high volume hydraulic fracturing operations, in western Canada (up to ML 4.4, Schultz 
et al. 2015). The occurrence of induced seismicity is mainly determined by the natural stress conditions 
that result from the local geological setting, the presence, dimensions and properties of faults and 
fractures, and the local stress disturbance resulting from subsurface operations (Ter Heege, 2017a. 

 Injection volume as well as dimensions of fluid-affected area are important in controlling the maximum 
magnitudes of seismic events. In general, larger injected volume has been shown to correspond to 
higher maximum magnitude of induced earthquakes.  

 The occurrence of induced seismicity is mainly determined by the natural stress conditions that result 
from the local geological setting, the presence, dimensions and properties of faults and fractures, and 
the local stress disturbance resulting from subsurface operations. Injection activities should be planned 
at a safe distance from large pre-existing critically stressed or seismically active faults (Wassing & Ter 
Heege, 2017). 

 

A1.4.3 CO2 capture and storage (CCS) 

In 2019, there were 51 large-scale CCS facilities worldwide, which include 19 operational, 4 under construction, 
and 28 in development. Of all the operational facilities 17 are in the industrial sector and two in power. The 
USA was leading with 24 large-scale CCS facilities in operation and development, which is followed by 12 in 
Europe, 12 in Asia pacific, and 3 in the Middle East. Since 2017 the total CCS has increased with 34%, which 
comes to 97.5 million tonnes per year of CO2. Until now more than 260 million tonnes of anthropogenic CO2 
has safely been captured and permanently stored worldwide. In their report on the global status of CCS, the 
Global CCS Institute (2020) indicates that there are currently 65 commercial CCS facilities worldwide of which 
26 are operational, 3 are under construction, 13 are in advanced development and 21 are in early development. 
CCS facilities currently in operation can capture and permanently store around 40 Mt of CO2 every year. The 
USA is leading with 38 large-scale CCS facilities in operation and development with a total capture capacity 
of over 30 Mt/year. 13 commercial facilities in operation or development in Europe, 10 in Asia pacific, and 3 in 
the Middle East. Processes involved in CCS are schematically depicted in Figure A1-2. 
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Figure A1-2. Process of carbon capture and storage (Cuddihy, 2017; Page et al., 2019). 

 

Some of the practices associated with unconventional hydrocarbon extraction also apply to CO2 storage, 
mainly related to well construction and operation. However, UHE targets low permeability (shale) reservoirs 
that require directional drilling and multistage hydraulic fracturing to produce hydrocarbons, while CCS 
generally targets high permeability reservoirs by vertical wells and without reservoir stimulation. Other 
differences are that UHE involves injection of fracturing fluids followed by hydrocarbon extraction, while CCS 
involves long term injection of CO2. Also, hydrocarbons and CO2 have different properties. An additional aspect 
associated with CO2 storage is that it is need to be contained for a long time after the site is abandoned in 
order to have a positive effect on mitigation of climate change. These differences require different practices 
and risk management procedures for safe and efficient CO2 storage.  

WELL INTEGRITY 

For new wells in a prospective CO2 storage site, probably the most important aspect of wellbore construction 
is the design and execution of the cementing program. Assessment, including logging of the cementing 
program performance itself, and a continuous monitoring program (for example, surface-casìng vent flow or 
annular pressure build-up), are important. For well integrity, a distinction can be made between data and 
practices for (1) preparation, drilling and construction, (2) operation, and (3) plugging, abandonment and 
decommissioning of wells. Data, observations and insights from field cases relevant to well integrity for CO2 
storage are outlined. 

 
Preparation, drilling and well construction: 

 In the Goldeneye (UK) project of Shell, the following techniques were undertaken to optimize 
process design solutions: 1) Extract more energy from the steam expanded through the turbine, so 
that reduced supply pressure of low pressure steam to the capture plant increases the electrical 
power generated by the new steam turbine; 2) Low temperature approach gas/gas heat exchangers 
– optimised integration of heat between the high temperature GT flue gas and the decarbonized low 
temperature flue gas, due to low gas temperatures favoured for the CO2 absorption process; 3) Flue 
gas pressure drop optimisation to lower the booster fan power consumption, which is achieved by 
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optimising cross-sectional areas of the direct contact cooler and absorber column, and operating at 
lower gas velocities, resulting in savings in operating costs associated with the flue gas fans at the 
trade-off of the capital cost of the absorber columns with the cross-sectional areas; and 4) Electrical 
consumption of the CO2 compressor, which was reduced by minimising the required total pressure 
ratio by operating the amine regeneration column at slight pressure (Cotton et al., 2017).   

 From experience in the Weyburn Field (Canada) associated with key logging-related information 
the following statements could be made: (1) the combined use of sonic and ultrasonic logging tools 
was beneficial because it enabled a broad range of depths of investigation, yielding key information 
on cement sheath conditions, and (2) the electromagnetic casing inspection tool used was effective 
for characterizing casing conditions. The combined analysis of casing and cement evaluation logs 
confirmed the commonly-held belief that a well-placed cement sheath provides effective protection 
against corrosion. Wellbore construction practices depend in large part on the composition of the 
injection stream, the content of CO2, contaminants, and moisture content. This information is 
necessary to design the tubing and packer system that are to be employed. Results obtained from 
pressure transient testing suggest that tight hydraulic conditions can exist even in an old 1950s well. 
Two key practical facts emerged from the testing program: (1) stringent depth-control measures 
should be used during specialized downhole testing, and (2) it is important to take real-time bottom 
hole pressure measurements during cement-sheath pressure transient tests (Hawkes et al., 2011). 

 Prior to establishment of the offshore P18 (currently Porthos18 project, the Netherlands) much 
effort has been put in assessing the processes and parameters that determine the long term stability 
and performance of wellbore materials, namely steel, cement and polymers. Wellbore materials have 
to withstand both chemical and mechanical loads over extended periods of time. Combined 
approaches of experimental and simulation studies helped understanding the behaviour of well 
materials, particularly of the steel casing and cement, how they react on chemical and mechanical 
forces and how to construct and evaluate (monitor) wellbores with respect to long-term safety (CATO 
research program19). 

 
Operation: 

 The Sleipner (Norway) CO2 injection project has now been in continuous operation for 20 years. 
Despite this successful history, the initial stages of the project were marked by some technical 
challenges with regard to the stability of the injection (Hansen et al., 2005). After starting injection in 
September 1996, the planned injection, using a 100m perforation interval in a horizontal well at a 
depth of 1014m, did not initially achieve the intended injection rates due to sand influx into the well. 
Installation of sand screens in December 1996 partially improved the injection rates; however, 
significant improvements in injectivity were only achieved following re-perforation of the injection 
interval in August 1997 using a gravel pack with sand screens over a 38m interval of the horizontal 
section (Hansen et al., 2005). Following this well work-over operation, stable injection rates of 1.4-
1.6MSm3/day (or 2600-3000 tonnes/day) were achieved allowing handling of the intended injection 
rates. Higher injection wellhead pressures (c. 80 bar) were required prior to the well work-over 
operation, reducing to 62-65 bar for the subsequent period (Ringrose et al., 2017).  In terms of 
injectivity, the pre-injection injectivity was expected to be around ~2000 m3/day/bar, while the actual 
injectivity levels dropped down to around 200m3/day/bar initially and then subsequently returned to 
2000-2400 m3/day/bar after the well reperforation operation. It should be noted that the Sleipner well 
injects CO2 volumes well below the well injectivity limits, and that well injectivity limitations were only 
experienced in the first 6 months (Hansen et al., 2005). Injection data from the CO2 injection well 
illustrate how different reservoir geology and near-well behaviour impact injectivity and pressure 
development (Ringrose et al., 2017). 

 Down-hole gauge data from the Illinois Basin – Decatur Project (IBDP) can also be used to 
illustrate how different reservoir geology and near-well behaviour impact injectivity and pressure 
development (Ringrose et al., 2017). 

 At Peterhead (UK), after closing the Subsurface Safety Valve (SSSV), verification of closure may be 
accomplished by a pressure in-flow test. The SSSV can be tested for leakage by opening the 
surface valves to check for flow. The SSSV is reopened following the procedures in the 
manufacturer’s operating manual. SSSV has an allowable leak rate advised in API recommended 
practice API RP 14B (ISO 10417; API, 2000) of 400 cm³/min of liquid or 0.43 m3/min [15 scfm] of 

                                                      

18 https://www.porthosco2.nl/en/ (accessed January, 2021). 
19 https://www.co2-cato.org/ (accessed January, 2021). 
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test gas. In case of higher values corrective action should be taken to meet the requirements of this 
international standard. The test is divided in 3 stages: Bleed-off operation (wait for all the CO2 to boil-
off), pressure monitoring and re-start injection (Peterhead, 2015). 

 From Kingsnorth (UK): 
o Packer design, manufacturing, testing and qualification should be following the API Spec 

11D1 / ISO 14310:2008 (ISO, 2008). Use all-metal expandable barrier (for well integrity and 
zonal isolation) [ISO 14310 V3] 

o The design of the Downhole Safety Valve (DHSV) must be in accordance with API 14A (API, 
2000) and specified as class 1 (standard service) as solids are not expected in the well 
stream and stress corrosion cracking is not expected; furthermore it is recommended that 
the valve is self-equalising (general recommendation for unmanned platforms in the North 
Sea). Further engineering work is required to determine the optimal setting depth in 
individual wells.  

o A 6 3/8’’ 250 barg rated solid block production tree (Xmas tree) is recommended, which 
provides through bore capacity similar to the tubing (API, 2004). The recommended details 
for the tree and wellhead are as follows: Metal to metal sealing on all flow wetted areas to 
minimise elastomeric exposure (exception for the gate valve stem packings for which PTFE 
may be used); and the wellhead material class will be BB/general service which consists of 
low alloy steel for the body and 13% Cr for the pressure controlling parts. The tubing hanger 
and tree material class will be CC/general service (API 6A [S10]) which consists of 13% Cr 
for all components. 

 From Weyburn (Canada) (Hawkes et al., 2011): 
o Outputs generated from the ultrasonic tool (Schlumberger Isolation Scanner) were 

particularly useful for the solid-liquid-gas maps of the material behind the casing, and the 
imaging of the third interface of cement and formation. Both outputs were used to select the 
depths for pressure transient testing and cement sampling. 

o The data generated by the sonic tool (Schlumberger Sonic Scanner) were also useful for 
interpreting the top of the cement-filled annulus (approximately 1135 m). However, a 
focused tool (such as the Weatherford Sector Bond Log, which had been run by Cenovus 
prior to suspending the well in 2009), could have been more useful (for example, for 
identifying channels in the cement sheath). Use of the sonic scanner may be advantageous 
in cases where sonic velocity measurements for the formation are more important than 
focused measurements of the cement sheath. The combined use of sonic and ultrasonic 
logging tools for casing and cement evaluation was beneficial because it enabled a broad 
range of depths to be investigated. The electromagnetic casing inspection (VertilogTM) tool 
used for this work proved effective for accurately characterizing the location, size, and shape 
of casing defects, both internal and external. The results obtained from this tool suggested 
that numerous corrosion-induced flaws existed on the outer surface of the casing above the 
cement top but, most importantly the casing condition below the cement top was very good. 

o The combined analysis of casing and cement evaluation logs from the Weyburn project 
confirmed the common notion that a well-placed cement sheath provides effective protection 
against corrosion. Most casing defects that were logged were found above the cement top. 

o The pulsed neutron reservoir saturation tool (RST) was useful for demonstrating the 
absence of gas outside of the casing immediately above the retainer. Discrepancies were 
noted between the lithologies interpreted by the RST tool and lithologies interpreted by 
geologists from offset well core samples. In particular, the RST data suggested significant 
anhydrite content in zones where actual anhydrite content were interpreted to be low or non-
existent, a discrepancy which has not yet been resolved. Porosity values interpreted by this 
tool provided useful data for the selection of porous zones suitable for cased-hole fluid 
sampling that was conducted in support of hydrogeological characterization activities. 

o The borehole camera was useful for confirming the location and conditions of the drilled 
perforations. However, it was only effective above the liquid level in the well after it had been 
partially blown dry. Multi-finger callipers also proved to be effective for locating the drilled 
perforations, regardless of the type(s) of wellbore fluids that were present, and should 
generally be sufficient for similar projects in the future. 

o The MaxPERF tool proved to be a viable means of drilling damage free perforations with 
acceptable control of vertical position (depth), radial position, and radial depth of penetration. 
A direct comparison of the transient data obtained through drilled perforations and 
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conventional perforations was not possible in this test program, but is recommended as a 
follow-up activity. 

o Pressure transient testing using the PTT was effective in one interval, which was logged as 
free of casing and cement defects, and the results suggest that tight hydraulic conditions 
exist. The PTT demonstrated the tenuous balance that exists between tool complexity and 
tool reliability. Experience gained with the PTT (and other tools that were later used to 
execute modified pressure transient tests on different casing intervals) underscores the 
importance of real-time bottomhole pressure measurement, and the use of robust packers 
implemented in the simplest configuration possible. 

o Simulations indicate that the likelihood of CO2 migrating laterally out of the Weyburn unit in 
the project period is 1.0. It is estimated that 2% (CL i.e. Confidence Level 50%) and 5% (low 
CL of 5%) might migrate laterally out of the Weyburn unit within a timeframe of 1000 years. 

o For wells that are to be used as CO2 injectors, CO2-resistant cement formulations may be 
used across the CO2 injection zone. Such formulations include Pozzolan-Portland cement 
blends as well as proprietary formulations. Although dry CO2 is unlikely to significantly 
impact cement, there will be occasions during the life of a well when it may be necessary to 
utilize water-based fluids for stimulation or kill operations. Introduction of water-based fluids 
may create an acidic environment and so produce negative impacts on the cement sheath 
adjacent to the CO2 injection interval. 

 From NETL (USA) (Freifeld et al., 2016): 
o Using a single diagnostic tool to assess well integrity can result in overlooking adverse well 

integrity conditions and incipient or impending failures. 
o Temperature and noise logs are used ubiquitously in gas storage to identify leaks, but the 

sensitivity of the measurements is limited, and the data provide no hint of impending 
problems. 

o Casing corrosion logs and cement bond logs can identify integrity defects and a time-
progression of casing diagnostics can identify where well integrity is deteriorating. However, 
casing diagnostic logs provide no information concerning whether a leak is ongoing. 

o A pressure test can identify a casing leak below the sensitivity of temperature and noise 
logs, but that test alone provides no spatial information as to where that leak is occurring. An 
ideal well integrity testing program will incorporate multiple methods that recognize the 
benefits, limitations and complementary nature of data from each diagnostic test. 

 
Plugging, abandonment and decommissioning: 

 From Kingsnorth (UK) (Kingsnorth, 2010): 
o The United Kingdom Offshore Operators Association (UKOOA) Guidelines for Abandonment 

of hydrocarbon wells require that permeable formations are isolated from each other and 
from surface, both in the wellbore and in the annuli. 

o Cement integrity could be compromised by pumping cement to a depleted reservoir; 
lightweight or even foamed cement would be required to ensure the cement is not lost to the 
formation. 

o For abandonment of wells penetrating a CO2 reservoir, standard UKOOA Guidelines for 
abandonment will be insufficient. Abandonment of wells for CO2 integrity differs from that of 
conventional wells in four ways: 

 Tubing must be pulled to gain access: Since metal corrodes faster than cement, as 
much metal as possible needs to be pulled out of the well. This means that the 
tubing must be pulled and so simplistic tubing plugging methods cannot be 
employed. Pulling the tubing requires a rig, or at least a vessel with heavy hoisting 
capability. This also will serve as key cost differentiator in the abandonment of wells 
for CO2 integrity. 

 Milling or Pulling Casing: When the metal corrodes it will leave a leak path through 
the cement. To prevent this, abandonment plugs must cover the entire wellbore, 
requiring casing retrieval or milling. Since merely milling the casing would leave the 
CO2- susceptible cement in place, the cement behind the casing should also be 
milled out. The milling operation requires the use of a drilling rig. 

 Monitoring and Remediation: As this forms a major part in integrity assurance, a 
method of monitoring the well for leaks is required. There is also the need for access 
for remediation operations. This means that the surface casings and wellhead 
cannot be cut below the seabed as is required for a standard or conventional 
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abandonment. Also, if any of the well is left protruding above the seabed, some 
protective structure will be required over the top. There may be some merit in 
converting the wells with the greatest leak potential to monitoring wells, in order to 
maximise integrity assurance by detection. The two main issues indicated for well-
remediation entry (following migration or leakage detection) are access to the well, 
and targeted drilling through the cement plug in order to end up inside the well 
conduit. Both issues are important and need to be further looked into from a design 
as well as an operational perspective. 

 Materials: The plugs must be inert to CO2, making the risk of leakage as low as 
practically possible. 

 The cost differentials compared to abandonment of conventional wells are therefore: 
- The need for a rig for the whole operation, 
- Time to pull tubing, 
- Time to mill casings and cement, and 
- Possible monitoring and remediation arrangement. 

 From Weyburn (Canada) (Hawkes et al., 2011): 
o From the Weyburn Field results it was determined that the positioning and placement of 

abandonment plugs is of utmost importance, and that squeezing perforations in conjunction 
with abandonment gives superior results, compared to plugs alone. 

 Data from Alberta (Canada) suggest that wells abandoned open hole have fewer incidences of 
leakage than cased wells. If this option is viable, it is important to ensure that all operations 
conducted below the cut point have been successful in creating isolation. For open-hole 
abandonment, the most important task is to ensure that competent plugs are set across the 
reservoir-cap rock interface and across shallow aquifers. It is also highly desirable to set plugs 
across intermediate porous zones, taking care to ensure that these plugs cover the interfaces 
between these zones and the non-porous zones (seals) adjacent to them. Prior to the setting of 
cement plugs, mud should be conditioned to reduce cement channelling. A gamma ray-neutron log 
or an electric log with a calliper (possibly both) will assist in confirming cement placement. It is 
recommended that previous abandonment plugs should be pressure-tested before moving up hole to 
conduct further operations. Ideally, plugs should be set across intervals corresponding to those 
where open hole abandonment plugs would be set, and heavy non-corrosive mud should be left in 
place between plugs. Where casing is free to the surface from an external cement top, consideration 
should be given to cutting and pulling casing, then following open-hole abandonment procedures for 
this upper portion of the well (Hawkes et al., 2011). 

 For research prior to the current offshore P18 (currently Porthos18 Project, the Netherlands) 
(CATO research program19): 

o Special research focus was put on the sealing behaviour of the interfaces of wellbore 
materials, which represent the weakest link in the systems. In particular the older plugged 
and abandoned wells are considered as the major potential leakage pathways for CO2. This 
is because often not much is known about their actual sealing performance in case injected 
CO2 increases the pressure in the field. A qualitative well integrity assessment of the P18-4 
gas fields has been performed, evaluating the quality and long term safety of all seven wells 
in the potential storage area. The study shows how the safety of old wells could be 
assessed. This study provides important input for assessing the ecologic and economic 
feasibility of storing CO2 in the depleted P18 gas fields (De Vos, 2014). 

o Abandonment procedures typically include setting cement plugs across porous intervals in 
the wellbore (thereby isolating individual aquifers), and a cement plug set across 
groundwater intervals and the surface casing shoe. A key point to remember is that a plug 
which may have been adequate for isolating a specific interval may not be suitable if CO2 
injection results in greater differential pressure across the plug than was present at the time 
of abandonment. 

o Two situations may affect wellbore integrity in abandoned wells, and hence could allow the 
crossflow of CO2, or pressurized fluids: (1) Lack of a cement plug across the injection zone 
(reservoir)-caprock interface, and (2) lack of an effective cement plug and lack of zonal 
isolation due to poor mud removal. 

o Factors which can contribute to poor mud removal in wells include (1) excessive filter-cake 
build-up, (2) hole washout and enlargement, (3) loss of circulation during cementing, (a) well 
deviation, (5) poor mud properties, and (6) insufficient hole conditioning prior to cementing. 
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o Very old wells may have been abandoned with other methods that will not provide isolation if 
reservoir pressures are increased. The use of dense mud, wooden plugs, burlap, rocks, wire 
rope, or other materials that may have been used in the early days of oil and gas 
development (generally prior to 1950) will not provide adequate wellbore integrity over the 
long-term. 
 

SUBSURFACE INTEGRITY AND FLUID OR GAS MIGRATION  

 Within the Goldeneye (UK) project, Shell employs two techniques for assessing the suitability and 
containment risks of a potential storage site. This suitability is assessed with the TESLA (The Evidence 
Support Logic Application) tool, which is a structured evidence-based screening assessment tool 
(Prins, 2012). 

 At Ketzin (Germany), K12-B (Netherlands) and Lacq-Rousse (France) down-hole pressure 
measurements have proved to be a key performance indicator, providing insights into reservoir 
permeability and capacity, ensuring geomechanical stability and enabling robust predictions of future 
gas behaviour and fluid migrations (CO2CARE16). 

 In the Peterhead (UK) project CO2 is stored in a depleted field, which acts as a pressure sink because 
of past production of (16 billion Sm3) of gas and associated condensate. In the Gorgon CO2 storage 
project there is no connectivity between the injection wells and the water extraction wells. This way 
too close and early breakthrough can occur and there will be limited benefit from the pressure relief. 
In contrast the Peterhead CCS project has a proven well connected system and does not have this 
challenge. The CO2 in the well will have a high density 900-970kg/m3 depending on pressure and 
temperature and it is liquid in the top of the well.  The maximum velocity suggested for liquid guidelines 
APIRP14E or ISO13703 is 4.6 or 5.0m/s respectively for continuous service.  These guidelines are 
mainly used in the design and installation of offshore production platform piping systems.  Sudden 
change in flow directions is included in the guidelines.  However, the trajectory of Goldeneye wells is 
smooth enough not to cause changes to flow directions.  Well experience across the world has shown 
that the guidelines are conservative and higher values in velocity are normally used in the industry. 
50m/s for gas hydrocarbon production has been used on a continuous basis.  This is equivalent to 
around 16m/s for CO2 injection using the C-factor for the ISO 13703 or APIRP14E (Peterhead CCS 
project, 2014; 2016). 

 The Illinois Basin – Decatur IBDP Project, which started operations in November 2011, has 
collected a unique set of data related to injection of CO2 into fluvial sandstones. The dataset collected 
in two wells (CCS1 and VW1) includes downhole temperatures, pressures at multiple depths including 
below the reservoir, eight zones within the reservoir, and two zones above the reservoir, and the 
magnitude and timing of micro-seismic events. The data collected in the CCS1 well while injecting CO2 
include real-time injection bottom hole pressures recorded by a downhole gauge set 210 m above the 
injection perforations.  Data are also collected within a verification well (VW1) that is 305 m north of 
the injection well. Real-time pressures were collected at 11 zones in this well. The differences in 
pressure response as recorded in the multiple levels provide useful insights into the distribution of 
pressure within the reservoir system and information for understanding reservoir behaviour in storage 
operations that can be useful for predictive modelling (Ringrose et al., 2017): 

o Micro seismic event data provides insights into complex patterns and clusters of events at and 
below the injection unit. 

o It is noted that waveform cross correlation and velocity models can be used to identify and 
distinguish micro-seismic events belonging to different geological units. Events that occur in 
a seismically slow layer, next to a relatively fast layer will split the seismic energy into a faster, 
so-called head-wave and the direct wave. A similar approach was used by Goertz Allmann et 
al., 2014 to discriminate micro-seismic events in the reservoir from events in the caprock at In 
Salah (Algeria). 

 At the In Salah (Algeria) CO2 injection site: 
o Reference rock-mechanics data has been used by several studies, leading to improved 

benchmarking of rock mechanical models and forecasts.  
o High-quality satellite InSAR observations have allowed quantitative mapping of mm-scale 

surface deformation related to subsurface injection pressure evolution (Vasco et al., 2010; 
Rutqvist et al., 2010). 

o Modelling studies have shown that structural geological and rock mechanical aspects of the 
storage system are most critical in the early injection phase, while characterisation of the pore 
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space and the fracture flow becomes more important when considering the medium to long-
term (10-1000 years) effects (Ringrose & , 2013). 

 The Sleipner (Norway) and Ketzin (Germany)  (CO2CARE, 2013; Ringrose et al., 2017): 
o Migration of the CO2 plume and reservoir pressures are the two key determinants of reservoir 

performance during the injection and post immediate post-injection phases. At Sleipner and 
Ketzin, time-lapse 3D seismic have proved to be the key monitoring tool to track plume 
migration, providing high resolution images of the plume, its spatial footprint and detailed 
information for reliable predictive model calibration. 

o CO2 migration from the reservoir to shallower secondary storage units i.e. above-zone 
intervals (AZI) can be detected by pressure anomalies in the AZI. However, such pressure 
anomalies can have several causes related to geology and flow processes, and does not 
necessarily relate to CO2 migrations. 

o To improve multiphase flow forecasts, the Sleipner Utsira Layer 9 model dataset was released 
in 2011 (via the IEAGHG modelling network website). The layer 9 model has the advantage 
of excellent seismic imaging of the CO2 plume growth, allowing detailed matching of model 
against observations. Since its release, numerous groups have performed flow simulations 
using the dataset. Layer-9 reference dataset has been widely used in a range of published 
modelling studies, illustrating how improved formulation of flow physics has resulted from 
sharing of this reference dataset. 

 Apart from the Sleipner CCS project (Norway), other projects, including Snøhvit (Norway) (Hansen 
et al., 2013; Shi et al., 2013), In Salah (Algeria) (Bissel et al., 2011), Illinois Basin – Decatur IBDP 
Project (Finley, 2014), Otway (Bouquet et al., 2009) and other projects (Michael et al., 2010) have 
reported variations in CO2 well performance related to reservoir heterogeneity factors, multiphase flow 
effects and near wellbore damage. By comparing example well performance metrics and by 
developing improved methods to assess likely ranges in injectivity we can expect to see further 
optimization of well designs and the development of improved forecasts of injection rates and 
associated uncertainties for future projects (Ringrose et al., 2017). 

 White Rose (UK), CO2ReMoVe and In Salah (Algeria) (Ringrose et al., 2017; Metcalfe et al., 2013; 
2017): 

o Practices from the European Commission (EC) Carbon Capture and Storage (CCS) Directive 
and Guidance (EC, 2009) have been used by multiple CCS projects. It is important to clearly 
describe the storage system, the current condition and future injection plans, and develop risk 
assessment “scenarios” covering both expected and plausible but unexpected evolutions of 
the system during and after injection). 

o Multiphase flow of water and CO2, CO2 dissolution in water, CO2 injection and migration 
around leaky well annuli, and geochemical processes that may influence long-term CO2 
mobility and notability calcite precipitation. 

o The CO2ReMoVe project systems model was adapted and applied to the In Salah CO2 
storage site in Algeria using a simplified, but structurally representative 3D physical model. 

o In the In Salah project considerable focus was on the injection performance and plume 
development around injection well KB-502, where a fault or fracture zone has behaved as a 
flow conduit for CO2 and a focal point for rock failure (in either tension or shear mode). It is 
clear that CO2 injection has stimulated natural fractures at this location, and may have 
introduced new hydraulic fractures. Although these fractures do propagate upwards into the 
lower caprock, they are unlikely to propagate further through the upper caprock. No leakage 
have been observed and all indications indicate that the CO2 remains safely contained within 
the storage complex. 

 CO2CARE16 sites (CO2CARE, 2013): 
o For long-term safety and security, a post-operational CO2 storage site should be sealed as 

soon as possible after all criteria for the transfer have been fulfilled and satisfaction is reached, 
so that the long-term integrity of the storage site is assured.  

o 3D seismic and down-hole pressure measurements are proven technologies and have been 
the key tools for reservoir management at the at the CO2CARE sites. All leakage monitoring 
systems have a finite (and site-specific) CO2 detection capability. Other tools are likely to be 
of complementary value in certain situations; down-hole logging and fluid sampling to 
characterize long-term stabilization processes for example. 

o CO2 leakages and accumulations in the overburden can be detected by 3D time-lapse 
seismics, which can provide robust and uniform spatial coverage of the subsurface storage 
footprint. With this method the changes in reflectivity and time-shifts, which are extremely 
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sensitive to even small amounts of CO2, can be demonstrated. Detection thresholds are highly 
site and position dependent, varying with reservoir depth, seismic quality and repeatability, 
geology, CO2 properties and with both the thickness and area of the CO2 accumulation, and 
trade-offs therein. 

o Fluid sampling to characterize long-term stabilization processes. 
o Inject water, mineralization or other permeability decreasing agent into a permeable formation 

beneath or above the top seal to form a hydraulic barrier and trap the accumulated CO2 
(Réveillère et al., 2012). 

 For the offshore P18 (currently Porthos18 Project, the Netherlands) (CATO research program19; 
Arts et al., 2012; De Vos, 2014; Read et al., 2018; ): 

o The storage capacity of the P18-4 reservoir is estimated at 8 Mt CO2, and therefore injection 
rates up to 1.5 Mt/year should not lead to any problems, with required pressures well below 
estimated fracture thresholds. 

o Studies of geochemical, geomechanical and thermal effects on the reservoir rock and seal 
induced by the CO2 injection have been performed. Fluid pressure in the pores, changing 
temperatures, chemical reactions such as salt precipitation, water uptake by CO2 or buoyancy 
effects may all have an impact, especially on the integrity of faults and the covering cap rock. 
Models simulate the effect of injected CO2 on the stability and transport properties of 
geological faults, possible leakage pathways and long-term effects 

o Injection of cold CO2 (temperature difference of more than 100 degrees Celsius) in P18-4 
reservoir no fractures were analysed (with TOUGH2/ECO2M).  

o The pressure of CO2 injected into the reservoir formation will always be kept well below the 
fluid pressure in the surrounding rocks of typically 350 bars, it is hard to imagine scenarios in 
which the CO2 could escape through the surrounding formations. The counter pressure will 
simply push back any CO2 trying to escape. 

o Geological CO2 storage returns reservoirs back to higher pressure again, potentially 
resembling their initial state. Refilling them may affect the sealing capacities of faults and the 
cap rock. Obviously, all boundaries have to withstand these changing conditions. 

o Two-phase flow and transient conditions of captured CO2 streams in the transport pipeline, 
well and reservoir requires appropriate attention to prevent slugging in the pipeline and 
thermal effects in the well and storage reservoir.  

o Detailed flow assurance modelling concluded that operation was possible without a heater 
with appropriate flow control procedures. A slow start of the injection process would be 
sufficient. Coupled multiphase flow mechanical modelling showed that, for P18-4, no thermal 
fractures are formed at the actual depth of the storage of 3,400 m. 

o The ROAD Project studying P18 CO2 storage has shown that deeply depleted gas fields are 
suitable locations for CO2 storage. The fields have been selected and studied in depth. No 
showstoppers were found, even in detailed subsurface analysis. This points the way forward 
for future use of depleted gas fields for CO2 storage. 

o The geological data (seismic and well data) from gas production was, in both cases, sufficient 
to allow characterisation and assessment of the reservoirs for CO2 storage. No new 
subsurface measurements were required. 

 

INDUCED SEISMICITY 

 In Salah (Algeria): Some studies have evaluated the fracture-related rock strain at the In Salah site 
(Verdon et al., 2013; Coueslan et al., 2014). Monitoring and analysis of micro-seismic events has been 
used to infer the nature of fracturing (e.g. pressure induced fracturing versus stress triggered shear 
failure) associated with injection. By combining analysis of injection pressures and rates with micro-
seismic monitoring, a method was developed to more accurately infer the reservoir fracture pressure, 
the maximum matrix injection rate and episodes of fracture flow in the reservoir unit (Goertz-Allmann 
et al., 2014). 

 Illinois Basin – Decatur IBDP Project: Micro-seismic monitoring data has proven very valuable for 
developing a broader evaluation of the relation between injection rates, pressure distribution within 
and beyond the reservoir, and the distribution and occurrence of micro-seismic activity. During the 
three months of injection data, 185 micro-seismic events were detected with 5 having a magnitude 
M>0. The micro-seismic activity was observed to occur both during injection and during periods of 
non-injection. The micro-seismicity tends to occur in distinct clusters that are in the Mt Simon 
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Sandstone (injection unit), the Argenta unit (below the Mt Simon), and the upper basement (Coueslan 
et al., 2014).   

 

A1.5 RECOMMENDATIONS FOR IMPROVING CURRENT PRACTICES 

In order to define gaps in the current practices and provide recommendations to improve current practices for 
Unconventional hydrocarbon extraction (UHE) and CO2 capture and storage (CCS), it has been attempted to 
make a qualitative comparison between the ISO standards and current industrial practices. The 
recommendations are clustered for well integrity, subsurface integrity and fluid or gas migration and induced 
seismicity, with links to SECURe research performed within WP2. 

In addition to research on these specific topics, an overarching risk framework was developed: 

 Development of a semi-quantitative risk assessment tool based on bow-tie analysis of risks that 
addresses risks as the combination hazards, threats and consequences, and includes barriers that 
prevent threats and mitigate consequences (cf. section 2.3). 

 

A1.5.1 Well integrity 

UNCONVENTIONAL HYDROCARBON EXTRACTION (UHE) 

 
Recommendations for from the review of standards 
General principles, requirements and guidelines related to well activities and operations are as follows 
(NORSOK, 2004): 

 On the design and performance of well barriers: 
o The well barrier(s) shall be defined prior to commencement of an activity or operation by 

description of the required well barrier elements to be in place and the specific acceptance criteria. 
o The well barriers shall be designed, selected and/or constructed such that: 

- They can withstand the maximum anticipated differential pressure they may become exposed 
to 

- They can be leak- and function-tested or verified by other methods 
- Failure of a single well barrier or well barrier element does not lead to uncontrolled outflow 

from the borehole / well to the external environment 
- (Re-)establishment of a lost well barrier or alternative well barriers can be performed 
- They can operate competently and withstand the environment which they may be exposed to 

over time 
- Their physical location and integrity status is known at all times if such monitoring is possible 

 On suspension, plugging and abandonment the following points are included (Opedal et al., 2020):  
o The depth and dimensions of permeable formations with flow potential should be known.  
o The elements should be able to withstand the pressure difference across the well barrier as long 

as the barrier is expected to be in use.  
o The well configuration should be available/known (this includes depths and specification of 

permeable formations, casing strings, cement behind casing status, side-tracks, etc.). 
o Stratigraphic sequence, and information about their current and future production potential should 

be gathered for each wellbore.  
o Logs, data and information from the primary cementing operation(s) should be known. 
o The formation fracture gradient should be estimated. 
o Various details for the well condition such as scale build-up, casing wear, collapsed casing should 

be available.  
 For permanently abandoned wells the following applies (Opedal et al., 2020): 

o The explicit acceptable leakage rates (across the wellbore element) is negligible, unless specified 
otherwise. 

o A permanently plugged well should be abandoned with an eternal perspective. 
o The last open hole section should have a permanent well barrier installed, and the complete borehole shall 

be isolated. 
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Recommendations from regulatory task forces in the USA 
The following main recommendations and definitions are given to reduce the likelihood of well integrity failures 
in the USA (Freifeld et al., 2016; Interagency Task Force, 2016): 

 Operators should phase out wells with single-point-of-failure designs 
 Operators should undertake rigorous well integrity evaluation programs. 
 Operators should prioritize integrity tests that provide hard data on well performance. 
 Operators should deploy continuous monitoring for wells and critical gas handling infrastructure. 
 Risk Management Plans should be comprehensive and reviewed periodically. 
 Operators should institute more complete and standardized records management systems. 
 Operators should develop and implement risk management transition plans within one year from the 

date when new minimum Federal standards are issued to compliance. 
 The Department of Energy [DOE] and Department of Transportation [DOT] should conduct a joint 

study of downhole safety valves. 
 The DOE and DOT should conduct a joint study of casing-wall thickness assessment tools. 
 Industry and other stakeholders should review and evaluate wellbore simulation tools. 
 Data gathering gaps should be addressed. 
 Existing industry recommended practices should be incorporated into applicable regulatory codes. 
 Regulator Coordination and Regulatory Authority Review 
 Monitoring, logging, and mechanical integrity testing must be top priorities for lowering risk to well 

integrity, as they provide hard data on well performance. 
 Pollutant source testing and characterization, and contaminant identification should be performed. 
 Well integrity testing should use multiple methods and not rely on a single diagnostic. 
 Storage operators should deploy continuous monitoring systems for wells and critical gas handling 

infrastructure. 
 The three principal purposes of cementing are to: (1) restrict fluid movement between the formations, 

(2) bond and support the casing, and (3) restrict fluid movement between casings and within the well. 
 State-of-the-art logging systems collect multiple logs with one pass of the tool and can measure 

properties of casing, cement, and subsurface rock and fluid, and can be performed in open hole or 
cased wells. 

 Physical inspection of a metallic structure (e.g. casing and tubing strings) to locate damage by means 
of corrosion in a structure, as well as gaining insight to the amount and severity of that damage. 

 A test that measures the thickness of the casing, looking for changes that could be due to deformation, 
physical wear, or corrosion. 

 Downhole tools that are located and set to isolate the lower part of the well. 
 One or more valves installed at the wellhead to prevent the uncontrolled escape of fluids from the well, 

particularly during drilling and completion operations. 
 Freeze offs occur when the ambient temperature drops below freezing, and water or other liquids 

freeze in the wellhead and block the flow of gas, thereby stopping or significantly limiting production. 
Such freeze offs can be prevented by protecting the wellhead from cold temperatures. 

 The practice of recording and analysing measurements of physical properties made in wells by 
lowering equipment via wire line into the wellbore. 

 To stop a well from flowing or having the ability to flow into the wellbore. Kill procedures typically 
involve circulating reservoir fluids out of the wellbore or pumping higher density fluid into the wellbore, 
or both, and are typically used during normal well maintenance operations or after a loss of well control. 

 The collective term for substances added to drilling fluids when drilling fluids are being lost to a 
formations downhole. 

 A highly sensitive acoustic sensor capable of detecting the sound of gas flowing will be lowered down 
the length of the well above the gas reservoir. 

 A packer or “mechanical seal” is a device lowered into a well to produce a liquid-tight seal to 
hydrologically separate two or more sections of a well. 
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 Plugging and abandonment: This procedure is used to prepare a well to be closed permanently, 
usually after it is deemed no longer cost-effective to operate. Different regulatory bodies have their 
own requirements for plugging operations. 

 A pressure test is a deliberate modification to the pressure within the interior of the well and the 
measurement of subsequent pressure changes, for example in the annular space between the 
production tubing and the well’s intermediate casing, to determine the well’s ability to withstand 
expected operating pressures. 

 In a system with two barriers in place, there shall be always one barrier that acts as a first level of 
protection and one as a second level of protection 

 Production casing refers to the deepest section of casing that is above the producing reservoir. It may 
penetrate into the reservoir or a liner may be hung off it to penetrate the reservoir. It isolates the gas 
formation from other subsurface formations. 

 A relief well is a well drilled to intersect an oil or gas well that has experienced a blowout. 
 In addition to a mechanical integrity test (described above), monitoring and inspection for leaks 

includes surface, near surface, atmospheric, and remote sensing monitoring to detect leaks to the 
atmosphere or the shallow subsurface. Such monitoring can include soil gas sensors, eddy flux towers, 
LIDAR, or gas flux monitors. 

 A sensor can be lowered down the depth of the well to measure the temperature within the well at 
different depths (usually continuously or at high resolution intervals). If the casing in the well is not 
intact, Joule-Thompson cooling of the escaping gas will appear as a reduced temperature anomaly. 

 Top kill: In this method dense fluids are pumped from the surface into the well and against the upward 
flowing gas to cease its flow. 

 Injection tubing is a smaller diameter uncemented casing string hung inside the other casing strings 
and used to convey fluids between the surface and subsurface formations. Tubing is often used during 
injection or production activities, as subsurface fluids can be corrosive to steel casing, and the tubing 
can be more easily pulled and replaced than cemented casing strings. 

 
 

Recommendations for improving well integrity during unconventional hydrocarbon extraction from 
the review of current practices: 

 Drilling: 
o Well trajectory can be an important factor in the incidence of wellbore leakage, due to poor 

centralization of casing. For directionally drilled wells, ideally, measures should be taken to 
obtain a vertical well trajectory over a significant proportion of the cap rock. Accumulation of 
water in tubulars, due to condensation in low-lying intervals of the wellbore, can occur and can 
cause collision which may lead to failure. Consideration of the relation of temperature as a 
function of depth, well angle, and dogleg severity, will help to determine if condensation is 
likely to be a problem (Hawkes et al., 2011).  

 Status of decommissioned wells: 
o Evaluation of the zonal isolation of wells after decommissioning and abandonment is not 

generally current practice. Long term monitoring of integrity, migration or emissions is rare. 
o More information on the integrity of old producing and abandoned wells is needed (Jackson 

et al., 2014). A new analysis suggests there are between 280,000 and 970,000 abandoned 
wells in Pennsylvania alone, most of them unaccounted for in the state database (Kang, 2014). 
How many of these wells leak fluids into groundwater or the atmosphere? A random survey 
of 19 (a small sample) showed that all of these older wells leaked methane to the air, mostly 
at low rates, but could be responsible for 4–13% of methane emissions from human activities 
in the state. 

 
Recommendations for improving well integrity during unconventional hydrocarbon extraction from 
the M4ShaleGas project15 (Lavrov et al., 2017): 

 Continuously update information about rocks and natural fractures during drilling and well construction.  
 Optimize mud properties to prevent borehole instabilities, mud losses, fluid influx, bit balling and hole 

pack-off. 
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 Minimize future casing corrosion by using e.g. special coatings and materials.  
 Perform extended leak-off test at each casing point in order to quantify the fracture gradient; pressure 

test all the wells regularly.  
 Use image logs and other available information to mitigate losses into natural fractures during drilling 

and cementing.  
 Check quality of cement bonding and cement height in the annulus.  
 Keep casing as centralized as possible during cementing.  
 Prevent gas migration during cement setting in abnormally pressured formations.  
 Modelling tools to predict propagation of fractures in three dimensions are needed to optimize 

hydraulic fracturing in horizontal and deviated wells.  

  

CO2 CAPTURE AND STORAGE (CCS)  

 
Recommendations for improving well integrity for CCS from review of standards 
The following risk assessment procedure for CCS well integrity is outlined by DNV: 

 Define the risk assessment scope and criteria: goals, objectives, responsibilities, specific 
inclusions/exclusions, time and location, future perspective and overall development, risk assessment 
methodologies, and what decisions have to be made. Risks will be evaluated on the following 
categories: human health and safety, environmental protection, legal and regulatory compliance, cost, 
project schedule, reputation, well integrity (functional) importance (DNV, 2011).  

 Plan the risk assessment and collect data: E.g. well schematics, drilling reports, open hole log 
information, cement evaluation logs, cement placement information, cement design, well completion 
logs, dates, description material and cement, results of mechanical integrity tests, annulus 
pressure/fluid sampling, visual inspection of the seal, records of leak tests prior to abandonment, list 
of operators, track record of relevant regulatory changes, geochemical history of the field, industrial 
history of the area, records of temperature and pressure and composition of formation fluids over time.  

 Analyse well integrity risks: A qualitative risk analysis method may be most practical during storage 
site screening due to a general lack of quantitative information about the wells under investigation. In 
such a case two approaches to determining the likelihood and consequence of risks are relevant: 

o Engineering judgment; 
o Statistical evidence from testing and field experience. 

 Identify risk control measures: Done separately for each well based on their criteria. The following 
order should be applied: avoid risk, remove risk source, reduce the likelihood, reduce the 
consequence, share the risk with another party, and retain the risk by informed decision. Risk control 
measures for well integrity may include the following: 

o Re-designing the CO2 storage site and/or injection strategy to remove or reduce the risk 
source; 

o Well intervention to remove the risk source by repairing, strengthening or replacing specific 
components in the well; 

o Monitoring of well barriers to identify emerging risks. 
 Communicate results for decision support: geological storage of the intended volumes of CO2. This 

step shall establish the level of confidence in the integrity of the existing wells at each candidate 
storage site and thereby contribute to this filtering process. The deliverable from this step is a well 
screening report describing the overall risk picture for existing wells at each CO2 geological storage 
site under consideration. 

 Corrosion of carbon steel pipe and degradation of cement: the dominating failure mechanism related 
to long term exposure to CO2 or CO2 saturated formation fluids. The probability of failure modes 
resulting from these failure mechanisms will depend on the corrosion and degradation rates that are 
assumed. 

 Elastomers: routinely used as sealing elements and can be found in surface and downhole valves, 
packers and downhole seals. CO2 presents additional challenges to elastomer design. Elastomers 
should resist explosive decompression (rapid gas-decompression) and be qualified appropriately (see 
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also NORSOK, 2001). Elastomer performance and properties change with time and they should be 
avoided as part of the primary abandonment barrier design.  

 CO2 as a refrigerant: designers should be aware of the refrigerant properties of carbon dioxide. 
Pressure drops which cause a phase change will drop temperatures significantly. Materials of 
construction should ensure that toughness of metals and flexibility of elastomers (durometer) are 
maintained for both normal and abnormal flow conditions. Low temperatures can also freeze annulus 
fluids and cause additional tubing contraction, for example unstable flow regime down the tubing in 
low pressure reservoirs. The temperature range could therefore be greater than normally experienced 
in a conventional oil and gas injection well and may cause considerable growth/contraction and 
additional loads on the well. 

 Blow-down considerations: blow-down of CO2 in liquid or super critical phase is a challenge. In addition 
to the low temperatures, dry ice can form which may land locally and create hazards, or in extreme 
cases cause erosion of the vent pipework. Design of wireline and coiled tubing systems and operations 
should take this into consideration, for example by displacing the CO2 with nitrogen before 
depressurization. This operational need also exists with downhole safety valve testing and this may 
be the dimensioning case for surface pressure control equipment. 

 Annulus management: the qualification process should examine the management of the annulus 
condition during the injection phase to detect well integrity problems early and prevent corrosion of 
casing and tubing. Condition monitoring of the annulus during the injection phase could include 
pressure monitoring, measurement of top-up volumes, sampling of annulus fluids, and pressure-
volume measurements. 

 
Recommendations for improving well integrity for CCS from the review of current practices: 

 Well integrity evaluation: 
o Risks of CO2 leakage from abandoned wells due to casing and cement degradation and the 

temporal variability and spatial distribution of leaks should be better assessed (Michael et al., 
2009). The experience at Weyburn shows that (ultra)sonic logging tools for cement sheath 
conditions, electromagnetic casing inspection tool for casing conditions may improve 
assessment of well integrity.  

 Well operations: 
o A challenging aspect of virtually downhole operations conducted during the Weyburn Field 

project was accurate depth control. Depth control measures that proved effective included the 
setting of wireline retrievable plugs as reference markers, running casing collar locators, and 
using gamma ray traces on wireline logs for depth-correlation purposes (Hawkes et al., 2011). 
Two key practical facts emerged from the testing program of the Weyburn field: (1) stringent 
depth-control measures should be used during specialized downhole testing, and (2) it is 
important to take real-time bottom hole pressure measurements during cement-sheath 
pressure transient tests. 

o Well control equipment used in fracturing/flow-back/testing operations complies with Schedule 
2(7) (“Well Control”) of the BSOR and is, therefore, fit for purpose and meets industry 
standards. This applies to well control equipment both as part of the well pressure envelope 
and equipment used downstream of the well (UKOOG, 2013). 

 Well decommissioning: 
o For abandonment of wells penetrating a CO2 reservoir, standard UKOOA Guidelines for 

abandonment will be insufficient (Kingsnorth, 2010). 
o For CCS the abandonment procedure remains uncertain and is not as widely developed as 

for UHE. 

 
Recommendations for improving well integrity for CO2 storage from the REX-CO2 project17  (Opedal 
et al., 2020) 
An assessment on the well integrity of a well re-used for CO2 storage should contain: 

 An understanding on the geological, physical and chemical characteristics of the subsurface 
formations that are in contact with the well. 

 Develop scenarios for complex formation and well leakage, and the approaches for characterizing 
and intervening in the risks. 
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 Analyse original well design, characteristics, history of usage and current state of the well (e.g. well 
trajectory, depth, side-tracks, material choices of casing, packer and cement, quality of primary 
cementing, cement bond logs, documented sustained casing pressure, known previous work overs). 

 Review how the current well design, completions and operating practices introduce vulnerability to 
CO2 leakage and asses the cost-effectiveness of the current technology (Imbus et al., 2013).  

 Determine the intended objective and usage of the well i.e. injection, monitor or combined. 
 Analyse the properties of the to be injected CO2 (e.g. purity, temperatures and pressures).  
 Timeline and procedure for fluid injection i.e. planned or potential intervals of injection parameters 

such as total volume, pressures, flow rates. 

LINK TO SECURE RESEARCH PERFORMED WITHIN WP2 

 

On integrity of well systems including casing, tubing and cement sheaths: 

 Study on well integrity by performing experiments on a scaled down representation of a well to test 
cement integrity at different confining, pore and casing pressures, in combination with in situ high-
resolution CT imaging (cf. section 2.4). 

 Study on well integrity of CO2 injection wells and hydraulically fractured shale gas wells by applying 
2D finite element models of well cross sections at depth to two field cases offshore in the 
Netherlands and onshore in Poland that are targeted for CO2 storage and shale gas production, 
respectively (cf. section 2.5). 

 

A1.5.2 Subsurface integrity and fluid or gas migration 

 

UNCONVENTIONAL HYDROCARBON EXTRACTION (UHE) 

 
Recommendations for improving practices to maintain subsurface integrity during unconventional 
hydrocarbon extraction from the review of current practices (Rahm & Riha, 2014): 

 More work is needed to understand chemical by-product formation and impacts on environmental and 
human health of wastewater, and to identify disinfection processes that are appropriate for bromide-
containing water and waste streams. Likewise, the fate and transport of radionuclides associated with 
shale gas waste streams deserves additional research. 

 Further research is needed on the link between geology and wastewater chemistry, and the treatment 
challenges that might arise in a particular region. This will require more monitoring, the sharing of data 
over space and time, and a willingness to adapt policy and practices to region-specific issues. 

 What underlies variations in the relationship between shale gas development and groundwater quality 
is a major question that needs to be addressed on a local and regional basis and highlights the need 
for more geological data to complement hydrology and water quality studies. 

 While treatment technologies exist for unconventional waste streams, there is a general challenge 
associated with the rapid pace and scale of development that can occur. 

 
Recommendations for improving practices to maintain subsurface integrity during unconventional 
hydrocarbon extraction (from the M4ShaleGas project15; Garcia et al., 2017; Ter Heege, 2017a): 

 Minimizing the scale of operations (i.e. the number of wells and fracturing stages) generally decreases 
the risks of fluid migration due to the lower probability of inducing migration pathways. 

 New technological developments that further mitigate subsurface integrity risks associated with 
subsurface shale gas operations mainly (1) extend or integrate current mitigation approaches, (2) 
focus on developing new sensors, better sensor networks or data processing techniques, (3) apply 
alternative drilling or well construction techniques, (4) optimize hydraulic fracturing operations, or (5) 
use alternative materials or chemicals for drilling, well construction and hydraulic fracturing. 

 Develop methods of improved formation characterization, particularly fracture characterization and 
spatial distribution (this is also important for improving well cementing and optimization of hydraulic 
fracturing jobs) 
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 Upfront characterization of the subsurface to obtain site-specific data (e.g. cement bond logs, 
formation pressure tests) for modelling impacts and designing operations, to obtain baselines for the 
composition of shallow aquifers, groundwater or drinking water, and to determine the depth of the 
reservoir and the presence of faults or other potential migration pathways (see also Rahm & Riha, 
2014). Options are to (among others): 

o Realize passive seismic measurements. 
o Realize a complete geochemical characterization of the shale play itself, if possible from 

cores, better than from cuttings. 
o Realize some samplings at strategic locations (from monitoring wells and from wells used for 

fracturing operations) and determine the geochemical composition for specific species. This 
step is essential to compare data before shale play exploitation and during their exploitation, 
also after. With these comparisons, some possible well leakages could be put in evidence 
rapidly. 

o Determine the background signal (in a general point of view). 
o Develop predictive models to assess response of the subsurface to operations 

 

CO2 CAPTURE AND STORAGE (CCS)  

 
Recommendations for improving subsurface integrity for CCS from review of standards 
The following components are included in the risk assessment procedure for the subsurface integrity of a CO2 
storage complex is outlined by DNV (DNV, 2010; 2012): 

 Technology qualification to manage technical risks associated with CO2 storage.  
 The documentation of storage site characterization and storage site development plans as a basis for 

permit applications/reviews. 
 Risk management and uncertainty analyses throughout the entire life cycle of CO2 geological storage 

projects, from initial screening and storage site selection through to storage site closure and 
preparation for post-closure stewardship. 

 Geological modelling of each prospective storage site. 
 Geochemical modelling of potential geochemical effects on injection zone (capacity and injectivity) 

and primary seal (containment). 
 Geomechanical modelling for pressure- or temperature-induced stress changes to impact the integrity 

of the primary seal and the significance of any potential geomechanical effects relative to long-term 
containment; ground surface deformation (e.g. heave) and potential for induced seismicity as a result 
of CO2 injection and storage operations and the respective significance relative to geomechanical 
stability. Areas that have been subject to previous subsurface developments (oil and gas production, 
natural gas storage, geothermal energy conversion, etc.) that may have induced stress effects on the 
storage complex, the geomechanical modelling must also address historical pressure- and 
temperature induced stress changes as well as changes predicted for the CO2 injection operations. 

 Monitoring and storage performance verification. 
 Storage site closure and preparation for post-closure stewardship. 
 Throughout the operation stage a review and possible update of the storage permit may be required. 

To facilitate this process, the guidelines distinguish between routine permit review and re-qualification. 
 Evaluated if the project is on track to meet the specified performance targets, including the provisional 

performance targets for site closure. This includes assessing if modelling and observed site 
performance indicates that the CO2 plume may evolve beyond the limits of the storage volume, that 
the pressure may rise above approved limits, or that the project in any other way may breach the 
permit conditions or impact storage integrity. 

 Numerical flow modelling for providing quantitative and auditable predictions of: subsurface and 
subsurface movement; pressure build-up; evolution of temperature distribution in injection zone; 
effectiveness of secondary structural trapping and capillary and dissolution trapping; effectiveness of 
risk treatment options; parameter sensitivities (influence of parameter perturbations on predictions); 
detection thresholds for monitoring measurements to enable timely implementation of risk treatment. 

 Calibration of the geological modelling results with observations. 
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Recommendations for improving subsurface integrity for CCS from the review of current practices 
(Michael et al., 2009): 

 Current storage capacity is imperfectly known due to inconsistency in assessment methodologies, lack 
of data and gaps in global, regional and local estimates, particularly data from Africa, South America 
and large parts of Asia, although there are also many data gaps in OECD countries too (Michael et 
al., 2009).  

 Kinetics of trapping mechanisms and their long-term impact on reservoir characteristics, particularly 
geochemical trapping need further investigation. 

 Determine under what conditions / design the cap and reservoir rocks functions properly (e.g. 
determine reservoir pressures and temperatures, porosities, permeabilities, etc.) 

 Improved coupled hydrogeological-geochemical-geomechanical numerical models would help to 
better predict the long-term fate of injected CO2 in the subsurface and quantify potential leakage rates 

 Improved monitoring technologies would be useful, such as a) better geophysical techniques for the 
quantification and resolution of the location of CO2 plumes in the subsurface, b) improved remote 
sensing and other cost-effective surface methods for temporally variable leak detection, c) methods 
for fault and fracture detection and characterisation of their leakage potential, and d) development of 
suitable long-term monitoring strategies. 

 The regulatory and liability framework for CO2 storage in aquifers is unclear or needs to be established, 
particularly with respect to decommissioning requirements and long-term liability. 

 Standardised approaches for verification and accounting of CO2 storage are lacking and should be 
developed. 

 Quantitative methods to assess the risk of CO2 leakage to human health and the environment are 
needed. 

 

LINK TO SECURE RESEARCH PERFORMED WITHIN WP2 

 

On accurate assessment of baseline conditions and deviations due to CO2 or CH4 leakage: 

 Study of the long term effects of CO2 and CH4 leakage on groundwater resources by sampling water 
and sediments at (test) injection sites and analysing chemical composition, in combination with 
reactive flow modelling to simulate long term spatial extent and effects of potential leakage (cf. section 
2.1). 

On geological and geomechanical characterization of seal integrity: 

 Study on fault and fracture permeability by mapping fracture networks in outcrops (Mont Terri 
Underground Laboratory, Switzerland) in combination with laboratory experiments on low permeability 
rock samples (cf. section 2.6). 

 Study on the long term leakage risks associated with acid gas sequestration at the Borzęcin site in 
SW Poland by analysing the chemical composition of soil gas and reservoir fluids in combination with 
geological, geomechanical, and dynamical flow simulation modelling (cf. section 2.2). 

 Study on potential fluid migration and fault sealing in four case studies in Poland (i.e. one saline aquifer 
targeted for CO2 storage, the Borzęcin depleted gas field targeted for acidic gas storage) by laboratory 
geochemical analysis of reservoir brine samples and fault sealing analysis based on geological 
modelling and well log interpretation (cf. section 2.7). 

 

A1.5.3 Induced seismicity 

UNCONVENTIONAL HYDROCARBON EXTRACTION (UHE) AND CO2 CAPTURE AND STORAGE (CCS)  

Although induced seismicity affects (unconventional) hydrocarbon extraction projects much more extensively 
than CO2 storage operations, it is generally observed that injection operations may be accompanied by induced 
seismicity (Zoback and Gorelick, 2012). In particular, the combination of pressure and temperature changes 
is important in determining the likelihood of induced seismicity (Buijze et al., 2020). While injection pressures 
are generally higher for hydraulic fracturing than for CO2 injection, progressive cooling of the reservoir during 
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long term CO2 injection may lead to induced seismicity. Recommendation for mitigation of induced seismicity 
during injection operations can be generalized. 

 

Recommendations for mitigation of induced seismicity (from the M4ShaleGas project15; Wassing & 
Ter Heege, 2017): 
 Before operations: Assessment of the induced seismicity potential of an injection site based on key 

geological and operational factors, as specified in the workflow in Figure A1-3. 

 Planning of the injection activities at a safe distance from  large pre-existing critically stressed, or 
seismically active, faults. 

 Optimization of the hydraulic fracturing operations for efficient stimulation with minimum injected fluid 
volume; minimizing the zone of induced stress changes, pore pressure diffusion and affected volume of 
rock, e.g. by application of flow back immediately after the injection phase. 

 (Micro)seismic monitoring with focus on changing rates, magnitudes, b-values, and events lining up in 
directions of critically stressed faults. Establish a traffic-light system before the start of the operations. 

 Account for uncertainty in analyses in an injection trial period, and compare observed and predicted 
response. 

 Site-specific analysis of the shallow sub-surface and surface in terms of vulnerable constructions and 
infrastructure, population and building density, construction quality, and potential for ecological and 
environmental damage in case of a seismic event. 

 
In addition, 
 
 Heating of injected fluids to temperatures close to the reservoir temperature if models show that 

temperature effects and  (thermo-elastic stress changes) can lead to induced seismicity. 
 
 

Figure A1-3. Workflow for assessment of induced seismicity potential of injection sites (Wassing & Ter Heege, 2017). 
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Recommendations for mitigation of induced seismicity (from experience with geothermal energy; Ter 
Heege et al., 2020): 
 

Project planning & risk management: 

 Implementation of a traffic light system for induced seismicity to modify or terminate operations when 
seismicity exceeds a certain pre-defined threshold in magnitude or ground motion (or both) 

Subsurface & surface characterization: 

 Assessing controls on the seismogenic potential to implement site-specific mitigation measures 
 
Monitoring subsurface processes: 

 Seismic monitoring by integration of data, linking of (local, regional and international) monitoring 
networks and deploying temporary networks 

 Demonstration of causal relations between operations and induced seismicity, and distinguish 
natural, induced and triggered seismicity (in combination with subsurface characterization) 

 

LINK TO SECURE RESEARCH PERFORMED WITHIN WP2 

 

On the relation between injection operation and induced seismicity: 

 Study on fault dynamics and induced seismicity by comparing fast semi-analytical and numerical 
models for fluid injection (cf. section 2.8). 

 Study on induced seismicity associated with a pilot CO2 storage site (Rousse, France) and sites used 
for injection of wastewater from unconventional hydrocarbon production (Oklahoma, USA) by applying 
statistical ETAS (Epidemic-Type Aftershock Sequence) models to describe and forecast induced 
seismicity (cf. section 2.9). 

 Study on monitoring induced seismicity at the Stenlille natural gas storage site in Denmark and in 
Oklahoma for wastewater injection (cf. section 2.9). 

 

A1.6 REMAINING CHALLENGES 

 The storage capacity for CO2 is imperfectly known due to inconsistency in assessment methodologies, 
lack of data and gaps in global, regional and local estimates (particularly Africa, South America and 
large parts of Asia, and some OECD countries). There is a consensus going on how this should be 
done. There is a recommendation/standard for quantifying storage capacity, which is based on a 
techno-economic resource-reserve Pyramide concept/approach (Figure A1-4; Bachu, 2008; SPE, 
2017).  

 Kinetics of (CO2) trapping mechanisms and their long-term impact on reservoir characteristics, 
particularly geochemical trapping, need further investigation  

 Evaluation of the zonal isolation of wells after decommissioning and abandonment is not generally 
current practice. Long term monitoring of integrity, migration or emissions is rare. 

 Focus on developing new sensors, better sensor networks or data processing techniques. 
 Apply alternative drilling or well construction techniques. 
 Optimize hydraulic fracturing operations. 
 Use alternative materials or chemicals for drilling, well construction and hydraulic fracturing. 
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Figure A1-4. Techno-Economic Resource-Reserve pyramid for CO2 storage capacity in geological media within a jurisdiction 
or geographic region. The pyramid shows the relationship between Theoretical, Effective, Practical and Matched capacities 
(Bachu, 2008). 

 

A1.6 SUMMARY & DISCUSSION 

Within this review, a general overview of experience gained from the industry on well integrity, subsurface 
integrity and fluid or gas migrations, and induced seismicity for both unconventional hydrocarbon extraction 
(UHE) and CO2 storage (CCS) has been outlined. The main outcomes of this good practice review are: 

 An outline of standards and guidelines from standards organizations relevant to UHE and CCS. 
 A summary of status, practices, and insights from current practices that could be used as a reference 

for various stakeholders in UHE and CCS, including industry, regulators and general public. The 
summary captures some of the key lessons learned from commercial and demonstration projects, 
which can form a basis for further improving practices in design optimization, technology development 
and cost reduction for UHE and CCS. 

 An outline of the main recommendations based on the review of standards, current practices and 
findings in other European research projects. 

 Links to the research performed within WP2 of the SECURe project. 

It must be noted that the current practices, data and risks are mainly based on site-specific experience (e.g. 
USA, Canadian). These cannot be directly applied to operations in Europe without considering differences in 
surface environment, regulatory frameworks, geological settings and public or political attitudes towards 
subsurface activities. Major local differences can exist between states or even regions or local communities 
within countries. Therefore, either general statements or location-specific practices are explicitly distinguished 
in this review. By doing so, a decision can be made whether these practices are applicable to respective 
regions or project sites under consideration. Thereby, the recommendations serve as a basis for defining site-
specific good practices rather than strict guidelines or generally applicable best practices. 

Much can be learned by looking at crossovers between activities. Industry in North America has more than 
decades experience with unconventional hydrocarbon extraction, and hundred thousands of wells have been 
drilled. Therefore important lessons can be learned for other subsurface activities, in particular in relation to 
efficiency (and thereby safety) op drilling and well operations and experience with (remediation of) well 
integrity. Some good practices from the oil and gas industry might, with modification to account for differences 
in operations and fluid properties, be applicable to CO2 storage. Long term processes and containment after 
decommissioning and abandonment are particular important for CCS projects, but large scale CCS has not 
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yet reached the stage where the effects of long term processes can be evaluated for different storage sites. 
Therefore, lessons learned from decommissioning oil & gas infrastructure could be valuable for future stages 
in CCS projects. Examples from the Sleipner, Illinois Basin – Decatur (IBDP) and In Salah CCS projects 
demonstrate cross-project findings, which have already proven to be valuable in improving practices for CO2 
storage operations (Ringrose et al., 2017). Within the Goldeneye CCS project a quantitative risk assessment 
is performed by the use of a bow-tie risk framework, which become more widely used in assessing risks and 
demonstrating impacts of activities (Risktec, 2020a; Tucker et al., 2013).  
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Appendix 2 Faults sealing analysis for Borzęcin site 
(PGI) 

A2.1 Context 

In this Appendix a description of the fault sealing analysis completed for Borzęcin site (acidic gas storage) 
under Task 2.3 (subtask 2.3.3) of the SECURe project carried out by Kinga Bobek and Adam Wójcicki of PGI-
NRI is presented. The work was not included in D2.5 of the SECURe project because of strict deadlines but 
the topic is important because of extensive analyses on long-term sequestration and monitoring carried out by 
INiG-NRI in D2.2 of the SECURe project. 

 

A2.2 Characteristic of available dataset, recognized faults and horizons 

An input geological model for the Borzęcin site was provided by the co-operators from INiG-PIB (the geological 
model is characterized in SECURE D2.2) in a form of the Petrel project, which has been transferred 
straightforwardly to the T7 software by the appropriate plug-in. The acquired model of the investigated site 
contains 22 horizons from Quaternary to Carboniferous (Figure A2-5) and two fault/discontinuity segments 
representing a barrier for the fluid flow. Aside from horizons, the partner provided also petrophysical logs 
containing: shale fraction content (Vsh parameter), porosity, and permeability from intervals covering 
stratigraphic units from the top of Zechstein Limestone to the bottom of Rotliegend for 12 boreholes located 
within the investigated area. However, due to a lack of the necessary coordinates of the four boreholes' 
location, only eight of them have been used in the final model. Since we did not have access to the basic 
geophysical logs, such as neutron porosity or bulk density, we were not able to supplement the porosity and 
permeability of the remaining stratigraphic units. Hence, the only parameter covering the whole profile is the 
Vsh, which was calculated from the gamma-ray logs. However, no laboratory measurements of clay minerals 
content were available, causing the received results far less certain than in the case of other models. 

The available old 2-D seismic survey does not reveal the existence of any seismic-scale fault, however, 
petrophysical parameters indicated the occurrence of two barriers for fluids migration (marked in the input 
model by the co-operators as fault segments). However, within T7 software not only the single markers, but 
the whole fault plane is necessary to calculate the faults' attributes, also those necessary for the sealing 
potential evaluation. Thus, for the purpose of performed analysis, we have created theoretical faults, 
representing the mentioned barriers (Figure A2-5). 

Generally, the Borzęcin site compelled a different approach than previous cases (shale gas sites characterized 
in detail in SECURe D2.5). The main source of those requirements is an incompatibility of the used software, 
available dataset, and geological setting of the area. Namely, the basic algorithms used for sealing evaluation 
within the T7 software are based on the percentage share of shale fractions and it is more adjusted to the 
sandy/shale reservoirs. However, the reservoir used for acid gas (composed of ca 80% CO2 and 20% H2S) 
storage covers the sandstone and limestone levels of the Rotliegend and Zechstein sealed by the salt and 
anhydrite formations, where shale volume fraction does not exceed several percent (ca 2-3% in the 
investigated boreholes). Hence, basing solely on the value of Vsh will lead to recognizing those rocks as 
potential leak points, despite their incredibly low porosity and permeability. The reference manual of the 
software suggests replacing the Vsh parameter with the porosity log in such a case. However, such data are 
available only for thin (below 100 m) intervals covering the reservoir units. Thus, the evaluation of fault sealing 
potential in the standard meaning has been performed solely for the formations above Zechstein, where 
siliciclastic rocks predominate. The part of Zechstein formation built from salt and anhydrites has been 
assumed as impermeable for fluid and excluded from further analysis. 

Within the interval covering the Rotliegend and Zechstein, we have used a dataset containing porosity and 
permeability logs and create additional models to check the possible values of those parameters at the fault 
planes. Such calculations may help to confirm the existence of a barrier for fluid migrations within the area of 
theoretical fault planes. 
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Figure A2-5. A geological model of Borzęcin field built within the T7 software including 22 horizons (up) and two putative 
faults (down) 

 

A2.3 Overview of 1D modelling results 

Constructed 1D models generally indicate the SGR values between 0.2-0.5 dominate within the investigated 
interval. As has been shown on exemplary boreholes (Figure A2-6) the SGR not exceeding 0.15 may be 
expected only within borehole B-1 at a depth corresponding to units from Quaternary to the Lower Muschelkalk 
and within the Lower Muschelkalk in other boreholes, assuming the fault throw no higher than 200 m. The 
value of SGR between 0.15 and 0.2 might occur in the Upper and Middle Buntsandstein in borehole B-1, as 
well as within the Lower Muschelkalk in other boreholes if the fault throw varies in range ca 100 - 300 m. Higher 
values of SGR between 0.2 and 0.3 start to prevail within the Middle Buntsandstein layers in borehole B-1, in 
most possible variants of fault throw and within the small part of the profile within the Lower Muschelkalk in 
boreholes B-11 and B-7 if the fault throw varies between ca 100-300 m, but almost do not occur within the 
borehole B-4. The SGR between 0.2 and 0.3 may be expected within a depth interval corresponding to the 
whole Buntsandstein in borehole B-1, and almost within the whole profile above the Middle Buntsandstein in 
the boreholes B-4, B-7 and B-11, assuming a various range of fault throw. Higher values of SGR in the range 
0.3 - 0.5 dominate within the interval covering Middle and Lower Buntsandstein in boreholes B-4, B-7, and B-
11 assuming the fault throw from 0 to 200 meters in the upper part of this interval and from 0 to above 1000 
meters in the lower part, as well as within the upper part of Upper Buntsandstein if the fault throw is less than 
200 meters and the lowermost part of the Lower Buntsandstein assuming the fault throw below 250 meters in 
the borehole B-1. The highest range of SGR, above 0.5 might be expected within a thin interval of the upper 
part of the Middle Buntsandstein, assuming the fault throw does not exceed 150 meters and within the 
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lowermost part of the Lower Buntsandstain if the fault throw is less than 150 meters within two of the 
investigated boreholes: B-7 and B-11 (Figure A2-6). 

 

 
Figure A2-6. Results of 1D modelling for exemplary boreholes B-1, B-4, B-7 and B-11. 

 

A2.4 3D modelling results 

A 3D modelling in the case of the Borzęcin site has been performed for several parameters: SGR in case of 
the formation above Zechstein and porosity and permeability for the reservoir level within Zechstein. A 
presented division has been dictated by the availability of the dataset and geological setting. Results of SGR 
parameter modelling corresponding to those received for 1D models and indicate the layers of the lower 
Bundsandstein are the sealing units (SGR above 30% - orange and red areas), and Middle Triassic - Jurassic 
formations are non-sealing levels (SGR between 15-25% - green and yellow areas). Since the salt/anhydrite 
layers within Zechstein are characterized by very low clay minerals content the SGR within those layers is also 
very low (below 15%) (Figure A2-7). Thus, these parts of models should be ignored and treated as unreliable 
(Figure A2-7, green area below red horizon markers). Instead, we have replaced them with models of porosity 
and permeability, within the formations where such data were available.   

A depth range covered by porosity and permeability logs varies from ca 100 to 450 meters and corresponds 
to the formation of Zechstein Limestone and the upper part of Rotliegend. Values of those parameters have 
been extrapolated from boreholes to the planes of theoretical faults. Received results indicate the porosity 
within those reservoir levels does not exceed 0.3% and permeability reaches values between 0.0001 mD to 
ca 2.5 mD (Figure A2-8). 
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Figure A2-7. Result of the SGR parameter calculation for 3D models of the theoretical fault planes within the Borzęcin site (Tb 
– Buntsandstein) 
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Figure A2-8. Results of porosity and permeability parameters calculation for 3D models of the theoretical fault planes within 
the Borzęcin site (A1d –basal anhydrite, Prt – Rotliegend) 
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A2.5 Evaluation of fault sealing potential for the Borzęcin case study 

Due to the limitations presented within the first chapter, the sealing potential analysis for the Borzęcin site was 
performed separately for Permian and Mesozoic formations. Since the major parts of Mesozoic formations are 
characterized by the shale/sandstone lithology (excluding Muschelkalk) the analysis is straightforward and 
follows the typical recommendations. Within this interval, the fault sealing potential was established based on 
the SGR parameter, which according to Yielding et al. (1997) constitutes a suitable indicator of possible leak 
points occurring within the fault plane. Created 1D and 3D models of SGR parameter clearly indicate that the 
highest sealing potential of faults may be expected within the lower and uppermost part of the Middle 
Buntsandstein (SGR above 25%). On the other side, the possible leakage across the fault plane may be 
expected within the Middle Buntsandstein (SGR below 15%). Thus, sandstones of the Middle Buntsandstein 
(assuming the appropriate thickness and other parameters) might be treated as the reservoir rocks, while the 
other parts of Buntsandstein seem to comprise appropriate sealing formations. Higher parts of the Mesozoic 
formations are characterized by generally low SGR values (usually below 15%), and no suitable sealing series 
were detected. Thus, there are also no potential storage units above the Lower Triassic. 

Evaluation of sealing potential within the Permian formations is much more challenging. Since the actual 
storage for acid gas within the Borzęcin site is located within the hydrodynamically connected Zechstein 
limestone and Rotliegend formations (Lubaś et al., 2012; Pleśniak et al., 2017), the typically used Vsh and 
thereby SGR parameter cannot be considered as the sealing potential indicator. Instead, the petrophysical 
parameters such as porosity and permeability were mapped at the fault planes to appraise the sealing potential 
of the investigated faults. Results of performing modelling pointed at a very low porosity (below 0.3 %) and 
permeability (mostly below 0.001 mD) within the studied intervals along the fault planes. Those values are 
more characteristic for tight, unconventional reservoirs rather than for the primary recovery (Aly et al., 2010; 
Meng et al., 2019; Randolph et al., 1984), so no long-distance migration of fluids is expected. Nevertheless, 
fluids within this reservoir may still experience some migration in the form of percolation and diffusion (Zou et 
al., 2013). Hence, the received results, especially meaningful in terms of potential hydrocarbons exploitation 
are less informative for planning the potential storage and should be treated with caution. However, since the 
investigated Zechstein limestone and Rotliegend are additionally sealed by the thick series of impermeable 
salts and anhydrites, the overall reservoir is probably well-sealed. 

 

 

 


