Grant agreement No. 764810

Science for Clean Energy
H2020-LCE-2017-RES-CCUS-RIA
Competitive low-carbon energy

Deliverable 8.2
Best practice procedures for sub surface geo-energy
operations
WP 8 – International Cooperation and Policy Recommendations

Due date of deliverable

Month 40 - December 2020

Actual submission date

08/02/2021

Start date of project

01/09/2017

Duration

40 months

Lead beneficiary

TWI Ltd

Last editor

VP (TWI)

Contributors

St Gallen, GEL, OR, UNISA, Project advisory board

Dissemination level

Public (PU)

This Project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement no. 764810

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

History of the changes
Version

Date

Released by

Comments

1.0

14-12-2020

Hadi Khalili

First draft internal- TWI

2.0

23-12-2020

Vipin Pillai

Second draft internal - TWI

3.0

11-1-2021

Adrian Jones

S4CE review

PU

Page 2 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

Table of contents
List of figures .............................................................................................................................. 5
List of Tables .............................................................................................................................. 6
Keyword list................................................................................................................................ 8
Definitions and acronyms .......................................................................................................... 8
1 Introduction .......................................................................................................................... 9
1.1 General context....................................................................................................... 9
1.2 Deliverable objectives ............................................................................................. 9
2 Methodological approach .................................................................................................. 10
3 Carbon Capture Utilization and Storage (CCUS) ................................................................ 11
3.1 Design to Production Test Stage ........................................................................... 12
3.1.1 CO2 capture and separation technologies ..................................................... 12
3.1.2 CO2 transport.................................................................................................. 15
3.1.3 CO2 utilization and geological storage ........................................................... 16
3.1.4 Risks – Design to the production stage for CCUS ........................................... 18
3.2 Operation and Maintenance Stage for CCUS ........................................................ 24
3.2.1 Activities and roles during the Operations phase in CCUS ............................ 24
3.2.2 Risks in CCUS during the operation phase ..................................................... 26
3.3 Closure/Decommissioning/Post-transfer Stage.................................................... 34
3.3.1 Risks in CCUS during the closure phase .......................................................... 35
3.4 Risk Management for CCUS technique ................................................................. 41
3.5 Risk assessment for CCUS technique .................................................................... 46
3.6 Qualification for existing wells for potential CO2 storage .................................... 48
3.7 S4CE specific site - Carbfix site in Iceland ............................................................. 57
3.7.1 Risks Identified Within the CarbFix Project .................................................... 58
3.7.2 Risk mitigation recommendations from CarbFix Project ................................ 62
3.7.3 Risk Assessment from CarbFix Project ............................................................ 69
4 Enhanced Geothermal System (EGS) ................................................................................. 76
4.1 Design to Production Test Stage for EGS ............................................................... 76
4.1.1 Finding the Site – Site Characterization ......................................................... 76
4.1.2 Finding the Site – Exploratory Well and Reservoir Characterization ............. 77
4.1.3 Creating the Reservoir – Injection Well and Stimulation ............................... 78
4.1.4 Drilling Technologies ...................................................................................... 81
4.1.5 Summary......................................................................................................... 85
4.2 Operation and Maintenance Stage for EGS ........................................................... 85
4.2.1 Induced seismic activity .................................................................................. 86

PU

Page 3 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

4.2.2 Impeding injection fluid flow .......................................................................... 88
4.2.3 Radioactivity ................................................................................................... 88
4.2.4 Runaway water losses .................................................................................... 89
4.2.5 Unpredictable fractures .................................................................................. 89
4.3 Closure/Decommissioning/Post-transfer Stage for EGS ........................................ 90
4.3.1 Plug and abandon .......................................................................................... 90
4.4 Risk management EGS - General context .............................................................. 91
4.5 S4CE project site- Cornwall site ............................................................................ 94
4.5.1 Risk management associated with Cornwall site ........................................... 96
4.6 S4CE project site –St. Gallen site ........................................................................ 105
4.6.1 Risk before the Operational Phase ............................................................... 106
4.6.2 Risk during the Operational Phase ............................................................... 107
4.6.3 Risk in Closure phase .................................................................................... 119
4.6.4. Risk Management practises – St Gallen site ............................................... 122
4.6.5. Mitigation Action - Risk before Operational Phase ..................................... 124
4.6.6. Mitigation Action - Risk during Operational Phase ..................................... 125
4.6.7. Mitigation Action - Risk during Closure Phase ............................................ 137
4.6.8. St. Gallen site Summary............................................................................... 140
5 Unconventional Oil and Gas (UOG) ................................................................................. 141
5.1 Design to Production Test Stage risks ................................................................. 142
5.2 Operation and Maintenance Stage for UOG....................................................... 143
5.2.1 Induced seismic activity ................................................................................ 143
5.2.2 Groundwater and drinking water contamination ........................................ 144
5.2.3 Fracturing fluid spillage ................................................................................ 144
5.2.4 Potential leakage of methane to the atmosphere ....................................... 144
5.2.5 Unpredictable fracture propagations ........................................................... 145
5.2.6 Leaks emanating from well integrity............................................................ 145
5.3 Closure/Decommissioning/Post-transfer Stage for UOG ................................... 146
5.4 Risk mitigation for UOG ...................................................................................... 147
5.4.1 Mitigation steps............................................................................................ 151
6 Conclusions ....................................................................................................................... 153
7 Publications resulting from the work described ............................................................. 155
8 Bibliographical references ................................................................................................ 155
9 Appendix A - An example of FMECA worksheet ............................................................. 165

PU

Page 4 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

List of Figures
Figure 1. An overview of CCUS process [1] .............................................................................. 12
Figure 2. CO2 capture technologies [5] .................................................................................... 13
Figure 3. CO2 storage life cycle framework – risk management during the main project phases
and milestones [26] ................................................................................................................. 19
Figure 4. Summary of CO2 storage lifecycle phases and milestones [26] ............................... 24
Figure 5. A conceptual risk profile of CCUS projects [27] ........................................................ 28
Figure 6. Taxonomy of risks associated with the geological storage of CO2 [27].................... 30
Figure 7. Possible leakage pathways of sequestered CO2 [32] ............................................... 33
Figure 8. The top structure of the fault tree [40] .................................................................... 37
Figure 9. A complete fault tree for the event of leakage pathway 6 [40] ............................... 38
Figure 10. The uncertainty and risk profile during the life cycle of CO2 capture storage [41] 38
Figure 11. Illustration of potential leakage pathways in a plugged wellbore [43] ................. 40
Figure 12. Leak path in wellhead of a platform well in Elgin [45] .......................................... 41
Figure 13. Recommended risk management process for CO2 geological storage [46] ........... 42
Figure 14. Life cycle diagram for a CO2 geological storage project [47].................................. 42
Figure 15. Levels of risk that should be used to establish risk evaluation criteria .................. 45
Figure 16. Flow diagram showing the structure of the well qualification process [49] ......... 50
Figure 17. Geological cross-section of the CarbFix injection site [52].................................... 58
Figure 18. The CCUS process [54] ........................................................................................... 58
Figure 19. Work procedure for large scale reinjection after a temporary shutdown or when
significant changes are made in reinjection from the power plant ........................................ 67
Figure 20. Risk matrix .............................................................................................................. 71
Figure 21. Risk assessment-sampling ...................................................................................... 71
Figure 22. Risks related to the employee ................................................................................ 72
Figure 23. Risks related to the preparing ............................................................................... 72
Figure 24. Risks related to the on-site preparing .................................................................... 73
Figure 25.Risks related to the sampling .................................................................................. 74
Figure 26. Risks related to the titration, oxygen measurements, and acidification ............... 74
Figure 27. Risks related to finishing and returning home ....................................................... 75
Figure 28. Enhanced geothermal system plant life cycle phases (the blue elements) [75].... 90
Figure 29. Cement placements for abandoned EGS wells [75] ............................................... 91
Figure 30: Risk management based approach to storage or reservoir project with continuous
flow of new information and data from operation phase [26] ............................................... 92
Figure 31. Drilling rig at United Downs Deep Geothermal Power plant [81] .......................... 95
Figure 32. Geothermal energy distribution in the UK [82] ...................................................... 95
Figure 33. Geothermal systems risk assessment structure ..................................................... 96
Figure 34. Risk management framework............................................................................... 124
Figure 35. Structural differences between conventional and unconventional wells [88] .... 142
Figure 36. Various linings used in wells [102]........................................................................ 145

PU

Page 5 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

List of Tables
Table 1. Cost comparison for the different process [6]........................................................... 14
Table 2. Comparison of different separation technologies ..................................................... 14
Table 3. Life cycle framework for Geological storage ............................................................. 19
Table 4. Potential geological leakage pathways from geological storage sites ...................... 21
Table 5. Potential manmade leakage pathways ...................................................................... 23
Table 6. A summary of the activities and roles during the Operations phase starting from the
injection and closure of a CCUS project [26] ........................................................................... 26
Table 7. Considerations for different geological options for CO2 storage [26] ....................... 27
Table 8. The initial set of features, events and processes ...................................................... 35
Table 9. Scenarios generated from the FEP analysis ............................................................... 36
Table 10. Categories of risks associated with CO2 storage ..................................................... 39
Table 11. Internal and external factors affecting the risk management context ................... 44
Table 12. Considered classification for the frequency of occurrence within the CCUS project
.................................................................................................................................................. 70
Table 13. Considered categorization for the consequence of hazards within the CCUS project
.................................................................................................................................................. 70
Table 14. The information needs for site characterization and the technology available to
meet those needs .................................................................................................................... 77
Table 15. Required tasks and available technologies for injection well ................................. 78
Table 16. Required tasks for creating the reservoir - stimulation........................................... 80
Table 17. Summary of the risk before the operational phase .............................................. 106
Table 18. Summary of the important risks during the operation-Risk No. 1a ...................... 107
Table 19. Summary of the important risks during operation-Risk No. 1b ............................ 108
Table 20. Summary of the important risks during operation-Risk No. 2 .............................. 109
Table 21. Summary of the important risks during operation-Risk No. 3 .............................. 109
Table 22. Summary of the important risks during operation-Risk No. 4 .............................. 110
Table 23. Summary of the important risks during operation-Risk No. 5 .............................. 111
Table 24. Summary of the important risks during operation-Risk No. 6 .............................. 111
Table 25. Summary of the important risks during operation-Risk No. 7 .............................. 112
Table 26. Summary of the important risks during operation-Risk No. 8 .............................. 112
Table 27. Summary of the important risks during operation-Risk No. 9 .............................. 113
Table 28. Summary of the important risks during operation-Risk No. 10 ............................ 114
Table 29. Summary of the important risks during operation-Risk No. 11 ............................ 114
Table 30. Summary of the important risks during operation-Risk No. 12 ............................ 115
Table 31. Summary of the important risks during operation-Risk No. 13 ............................ 115
Table 32. Summary of the important risks during operation-Risk No. 14 ............................ 116
Table 33. Summary of the important risks during operation-Risk No. 15 ............................ 116
Table 34. Summary of the important risks during operation-Risk No. 16 ............................ 117
Table 35. Summary of the important risks during operation-Risk No. 17 ............................ 117
Table 36. Summary of the important risks during operation-Risk No. 18 ............................ 118

PU

Page 6 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

Table 37. Summary of the important risks during operation-Risk No. 19 ............................ 118
Table 38. Summary of the important risks during the standstill phase -Risk No. I ............... 119
Table 39. Summary of the important risks during the standstill phase -Risk No. II .............. 120
Table 40. Summary of the important risks during the standstill phase -Risk No. III ............. 121
Table 41. Summary of the important risks during the standstill phase -Risk No. IV............. 121
Table 42. Summary of the important risks during the standstill phase -Risk No. V.............. 122
Table 43. Summary of the important risks during the standstill phase -Risk No. VI............. 122
Table 44. Mitigations for the risk before the operational phase .......................................... 125
Table 45. Summary of the mitigations for risks during the operation-Risk No. 1a ............... 125
Table 46. Summary of the mitigations for risks during the operation -Risk No. 1b .............. 126
Table 47. Summary of the mitigations for risks during the operation -Risk No. 2 ................ 126
Table 48. Summary of the mitigations for risks during the operation -Risk No. 3 ................ 127
Table 49. Summary of the mitigations for risks during the operation -Risk No. 4 ................ 127
Table 50. Summary of the mitigations for risks during the operation -Risk No. 5 ................ 128
Table 51. Summary of the mitigations for risks during the operation -Risk No. 6 ................ 129
Table 52. Summary of the mitigations for risks during the operation -Risk No. 7 ................ 129
Table 53. Summary of the mitigations for risks during the operation -Risk No. 8 ................ 130
Table 54. Summary of the mitigations for risks during the operation -Risk No. 9 ................ 130
Table 55. Summary of the mitigations for risks during the operation -Risk No. 10 .............. 131
Table 56. Summary of the mitigations for risks during the operation -Risk No. 11 .............. 134
Table 57. Summary of the mitigations for risks during the operation -Risk No. 12 .............. 135
Table 58. Summary of the mitigations for risks during the operation -Risk No. 13 .............. 135
Table 59. Summary of the mitigations for risks during the operation -Risk No. 14 .............. 135
Table 60. Summary of the mitigations for risks during the operation -Risk No. 15 .............. 136
Table 61. Summary of the mitigations for risks during the operation -Risk No. 16 .............. 136
Table 62. Summary of the mitigations for risks during the operation -Risk No. 17 .............. 137
Table 63. Summary of the mitigations for risks during the operation -Risk No. 18 .............. 137
Table 64. Summary of the mitigations for risks during the operation -Risk No. 19 .............. 137
Table 65. Summary of the mitigations for risks during the standstill phase -Risk No. I........ 138
Table 66. Summary of the mitigations for risks during the standstill phase -Risk No. II....... 138
Table 67. Summary of the mitigations for risks during the standstill phase -Risk No. III...... 138
Table 68. Summary of the mitigations for risks during the standstill phase -Risk No. IV ..... 139
Table 69. Summary of the mitigations for risks during the standstill phase -Risk No. V ...... 139
Table 70. Summary of the important risks during the standstill phase -Risk No. VI............. 140
Table 71. Summary of Issues, Gaps and Options [116] ......................................................... 152

PU

Page 7 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

Keyword list
Carbon Capture Utilization and Storage; Enhanced Geothermal System; Unconventional Oil
and Gas; Risk; Risk management; Design to Production Test Stage; Operation and
Maintenance Stage; Closure/Decommissioning/Post-transfer Stage

Definitions and acronyms
Acronyms

Definitions

CCUS

Carbon Capture Utilization and Storage

EGS

Enhanced Geothermal System

UOG

Unconventional Oil and Gas

GHG

Greenhouse Gas

EOR

Enhanced Oil Recovery

RD&D

Research, Development, and Demonstration

LHV

Lower Heating Value

MMP

Minimum Miscibility Pressure

LCA

Life Cycle Analysis

MAS

Migration Assisted Storage

ECBM

Enhanced Coal Bed Methane

EHR

Enhanced Hydrocarbon Recovery

UCG

Underground Coal Gasification

EGR

Enhanced Gas Recovery

IGCC

Integrated Gasification Combined Cycle

FEPs

Features, Events, and Processes

FMECA

Failure Modes, Effects, and Criticality Analysis

DHSV

Downhole Safety Valve

EDCs

Endocrine Disrupting Chemicals

GCCUSI

Global carbon capture, utilization and storage Institute

ALARP
CA

As Low As Reasonably Practicable
Competent Authority

PU

Page 8 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

1 Introduction
1.1 General context
There is an abundance of guidance documents on subsurface activities such as CO 2 storage
for the selection, qualification, and management of geological storage sites and risk
management. However, the level of detail on possible failure scenarios, associated risks
considering likelihood as well as consequences and mitigation options in these guidelines are
not enough to address the uncertainties involved in the process.
It is in the above context that task 8.3 of the project, which deals with best practice
procedures in subsurface operations is carried out. The task 8.3 – ‘Best Practice Procedures
in subsurface operations’ and task 8.4 – ‘Work-Flows for Emergency Response, Mitigation and
Remediation’ leads to development of closely interrelated three deliverables as following:


Deliverable 8.2 - Best Practice Procedures for Sub-Surface GeoEnergy Operations



Deliverable 8.3 - Protocols for Emergency Response, Mitigation and Remediation



Deliverable 8.4 - Policy recommendations for the environmentally conscious
deployment of sub-surface operations.

The core of current document (Deliverable 8.2) deals with the detailed investigation into
various risks and the mitigation actions for the same associated with subsurface geo-energy
operations including:


Carbon Capture Utilization and Storage (CCUS)



Enhanced Geothermal Systems (EGS)



Unconventional Oil and Gas (UOG).

The study is carried out for different stages of the plant life including:


Design to Production Test Stage



Operation and Maintenance Stage



Closure/Decommissioning/Post-transfer Stage

Following the identification of various risks for different plant life stages for each technology,
systematic mitigation techniques/methods for the same is recommended.

1.2 Deliverable objectives
According to the project description, the objective of deliverable 8.2 states as ‘A set of best
practice procedures will be developed focusing on the through life design and management
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methodologies to minimize the environmental, technical and societal risks for each subsurface
technique’.
As indicated in the previous section, the document meets the objective by covering various
life stages of a plant for each of the different subsurface techniques. Different profiles of risks
are identified including their causes and subsequently, mitigation actions are recommended.
It is to be noted that the ‘Protocols for Emergency Response, Mitigation and Remediation’ falls
under the remit of deliverable 8.3 and ‘Policy recommendations for the environmentally
conscious deployment of sub-surface operations’ falls under the remit of deliverable 8.4.

2 Methodological approach
In order to meet the objectives for the deliverable, comprehensive study has been carried out
through following steps:

PU



Collecting and analyzing information from S4CE specific sites. Sites under the purview
of sub-surface geo-energy operations are included and these are United Downs Deep
Geothermal Power Project site in Cornwall, UK (hereafter referred to as Cornwall site
in the report), St.Galler Stadtwerke site in St. Gallen, Switzerland (hereafter referred
to as St. Gallen site in the report) and Carbfix CCUS site near Reykjavik in Iceland
(hereafter referred to as Carbfix site in the report).



Collecting and analyzing information from other relevant consortium partners in the
project. Inputs were obtained from, but not limited to, Task 5.7 ‘Design of LCA-based
software for environmental impact determination’ carried out by TWI, UK and UCL,
UK and task 5.8 ‘Development of the Multi-Risk (MR) Analysis’ by UNISA, Italy.



Extensive desktop study has been carried out based on various standards and other
relevant publications. The standards include but are not limited to ISO-31000 and API580/581. Inputs from relevant journal publications are fed into the report.



The task made use of the TWI library database and valuable inputs are derived from
industrial members who are also the owners of TWI.



The project advisory board brings in multiple years of technical expertise that has been
made use of to develop this report.



Various inputs were sought and obtained from regulatory agencies and other relevant
organizations such as the International Geothermal Organization and the Environment
Agency, UK.
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The Covid-19 pandemic happened during the last year of the project. Even though the
effects of Covid-19 is not mentioned for the scope of deliverables in Work package 8
(WP 8), an extra effort has been made to assess the impact of Covid-19 especially on
the geothermal energy particularly focusing on the European context. This study is
included as appropriate in the three deliverables of WP8 mentioned in the previous
section.

3 Carbon Capture Utilization and Storage (CCUS)
Carbon Capture Utilization and Storage (CCUS) is a process consisting of the separation of CO2
from industrial and energy-related sources, transport to a storage location, and long-term
isolation from the atmosphere. In one method (Fig 1), captured pure CO2 is compressed into
a dense fluid and injected into deep underground formations for permanent storage, thereby
preventing the carbon dioxide from entering the atmosphere (Figure 1). In another method
(Iceland), CO2 is carried as a dilute solution in water, which reacts with the reservoir rock to
form permanent solid carbonate minerals. CCUS draws on many decades of experience in the
electricity generation, industrial gas separation, geothermal, chemical and manufacturing
industries, and oil and gas industries, including substantial experience with subsurface
injection techniques. For over 20 years, scientists have been investigating CCUS as an option
to mitigate the effects of greenhouse gas (GHG) emissions on climate change. The roots of
CCUS go much farther back to when CO2 was first used for enhanced oil recovery (EOR).
During the past decade, CCUS has gained great momentum with billions of dollars committed
worldwide to research, development, and demonstration (RD&D) projects in an effort to
prove and improve the technology in time for full-scale commercial use.
Although CO2 injection has been used for enhanced oil and gas production for decades,
permanent geological storage integrated with power plants and industrial facilities is an
emerging technology. Most experts and CCUS sceptics agree that CCUS must be successfully
demonstrated at a commercial scale in various geological formations and geographic regions
before the technology is considered ready for wide-scale deployment.

PU

Page 11 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

Figure 1. An overview of CCUS process [1]

In addition to technological development, a comprehensive legal and regulatory framework
is recognized as a necessary antecedent to wide-scale CCUS deployment. Framework issues
are complex and include access to onshore and offshore storage sites, pore space ownership,
pipeline access, liability, long-term stewardship, air permitting, subsurface permitting, and
measurement, verification, and accounting. Government support for early projects is also a
significant element of framework discussions. Much work has occurred internationally and
nationally on this front and, while legal and regulatory frameworks are not one-size-fits-all,
common themes are emerging. As an example of recent progress, during the lifetime of this
S4CE project the CCUS method in Iceland was changed (2019) to a distinct brand subsidiary
of partner Reykjavik Energy called CarbFix.

3.1 Design to Production Test Stage
This section will address the technical aspects of carbon capture, utilization, and storage
(CCUS) and compare best practice procedures among different institutions, focussing on the
design to production test stages.

3.1.1 CO2 capture and separation technologies
CO2 is formed during combustion and the type of combustion process directly affects the
choice of an appropriate CO2 removal process. The main application of CO2 capture is likely to
be at large point sources: fossil fuel power plants, fuel processing plants, and other industrial
plants, particularly for the manufacture of iron, steel, cement and bulk chemicals. There are
three main CO2 capture systems associated with different combustion processes, namely,
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post-combustion, pre-combustion and oxyfuel combustion, as shown in Figure 2. Table 1
shows the cost comparison for a different process. These CO2 capture technologies are
available in the market but are costly in general, and contribute to around 70–80% of the total
cost of a full CCUS system including capture, transport, and storage [2]. Therefore, significant
R&D efforts are focused on the reduction of operating costs and energy penalty. Minimisation
of energy requirements for capture, together with improvements in the efficiency of energy
conversion processes will continue to be high priorities for future technology development in
order to minimize overall environmental impacts and cost.
Post-combustion systems separate CO2 from the flue gases produced by combustion of a
primary fuel (coal, natural gas, oil, or biomass) in the air. Oxy-fuel combustion uses oxygen
instead of air for combustion, producing a flue gas that is mainly H2O and CO2, which is readily
captured. Pre-combustion systems process the primary fuel in a reactor to produce separate
streams of CO2 for storage and H2 that is used as a fuel. Other industrial processes, including
processes for the production of low-carbon or carbon-free fuels employ one or more of these
same basic capture methods. Pre-combustion is mainly applied to coal-gasification plants,
while post-combustion and oxyfuel combustion can be applied to both coal and gas-fired
plants. Post-combustion technology is currently the most mature process for CO2 capture [3],
[4].

Figure 2. CO2 capture technologies [5]
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Table 1. Cost comparison for the different process [6]
Fuel type

Coal-fired

Gas-fired

Parameter

No capture

Thermal efficiency (% LHV)
Capital cost ($/kW)
Electricity cost (c/kWh)
Cost of CO2 avoided ($/tCO2)
Thermal efficiency (% LHV)
Capital cost ($/kW)
Electricity cost (c/kWh)
Cost of CO2 avoided (€/tCO2)

44.0
1410
5.4
55.6
500
6.2
-

Capture technology
PostPrecombustion combustion
34.8
31.5
1980
1820
7.5
6.9
34
23
47.4
41.5
870
1180
8.0
9.7
47
92

Oxy-fuel
35.4
2210
7.8
36
44.7
1530
10.0
84

CO2 separation technologies can be applied to isolate the CO2 from the flue/fuel gas stream
prior to transportation. Advanced technologies, such as wet scrubber, dry re-generable
sorbents, membranes, cryogenics, pressure and temperature swing adsorption, and other
advanced concepts have been developed. Table 2 provides a comparison of different CO2
separation technologies.
Table 2. Comparison of different CO2 separation technologies
Technology

Absorption

Adsorption
Chemical
looping
combustion
Membrane
separation

Advantage

Disadvantage

 High absorption efficiency (490%)
 Sorbents can be regenerated by heating
and/or depressurization
 Most mature process for CO2 separation

 Absorption efficiency depends on
CO2 concentration
 Significant amounts of heat for
absorbent regeneration are required
 Environmental impacts related to
sorbent degradation have to be
understood

 Process is reversible and the absorbent
can be recycled
 High adsorption efficiency achievable
(>85%)
 CO2 is the main combustion product,
which remains unmixed with N2, thus
avoiding energy-intensive air separation
 Process has been adopted for separation
of other gases
 High separation efficiency achievable
(>80%)

Hydrate-based
separation

 Small energy penalty

Cryogenic
distillation

 Mature technology
 Adopted for many years in the industry
for CO2 recovery

PU

Page 14 of 165

 Require high-temperature adsorbent
 High energy required for CO2
desorption
 Operational problems include low
fluxes and fouling
 Process is still under development
and there is no large-scale operation
experience
 New technology and more research
and development is required.
 Only viable for very high CO2
 Should be conducted at very low
temperature
 Process is very energy-intensive
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3.1.2 CO2 transport
Once CO2 is separated from the rest of the flue gas components, it needs to be transported
to the storage site or the facilities for its industrial utilization. Whatever the chosen final fate
of CO2, a reliable, a safe, and economically feasible system of transport is a key feature of any
CCUS project. Depending on the volumes involved, a variety of means of transport maybe
utilized, ranging from road tankers to ships and pipelines. A study related to CCUS in the North
Sea highlights that CO2 transport by ship tanker, using technologies derived from the LPG
carriers, is feasible and cost-competitive with pipelines with a total cost ranging from 20 to
30 USD/tonne when more than 2 Million tonne(Mt) CO2/year are transported within the
distances involved in North Sea storage [7].
Pipelines are considered to be the most viable method for onshore transport of high volume
of CO2 through long distances as CCUS would likely involve when widely deployed [8].
Pipelines are also the most efficient way for CO2 transport when the source of CO2 is a power
plant with operational life span longer than 23 years. For a shorter period, road and rail
tankers are more economical [9]. The cost of transport varies considerably with the regional
economic situation. A cost analysis in China shows that for a mass flow of 4000t CO 2/day the
use of ship tankers will cost 7.48 USD/tonne CO2 compared with 12.64 USD/tonne CO2 for
railway tankers and 7.05 USD/tonne CO2 for 300km pipelines [10].
Currently, only a few pipelines are used to carry CO2 and are almost all for EOR projects. The
oldest is the Canyon Reef Carriers pipeline, a 225km pipeline built in 1972 for EOR in Texas
(USA). The longest is the 800km Cortez pipeline which is carrying 20 Mt/year of CO2 from a
natural source in Colorado to the oil fields in Denver City, Texas since 1983 [11].
For commercial scale, CCUS projects an extensive network of CO2 pipelines needs to be
developed. An integrated network, where different sources will merge for their final transport
to the storage areas, can reduce the total pipelines length by 25%, but it will require that all
sources produce CO2 stream with the same quality (e.g. pressure, Temperature, water
content) before being combined together. When the flow managed through a network of
pipelines increases, there is an exponential decrease in the cost of transport; models highlight
that the cost for transporting CO2 along a 1000km pipeline is around 8 USD/tonne for a mass
flow of 25 Mt CO2/year with a further reduction down to 5USD/tonne if the flow increases to
200Mt CO2/year [12]. The cost does not include the increased risk of pipeline damage by
corrosion when water vapour or moisture encounters CO2.
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3.1.3 CO2 utilization and geological storage
After capture, the high CO2 content stream can be transported for geological storage, or for
CO2 utilization. CO2 can also be used in other areas such as food beverages, refrigerants, and
fire extinguishing gases. Current CO2 utilization accounts for only 2% of emissions, but
forecasts predict chemical utilization could mitigate 700 megatons of CO2 per year, far greater
than the combined potential of nuclear, wind, and cellulosic biofuel technologies [13]. CO2
can be utilized through mineralization, a process based on the accelerated reaction of CO2
with Mg/Ca rich silicate rocks or inorganic wastes to form stable carbonates that can be either
stored permanently or used.
CO2 can be stored into geological formations such as deep saline aquifers that have no other
practical use, and oil or gas reservoirs. Geological storage is at present considered the most
viable option for the storage of the large CO2 quantities needed to effectively reduce global
warming and related climate change. A typical geological storage site can hold several tens of
million tonnes of CO2 trapped by different physical and chemical mechanisms [14].
Three different geological formations are commonly considered for CO2 storage: depleted (or
nearly depleted) oil and gas reservoirs, unmineable coal beds, and saline aquifers. Deep ocean
storage is also a feasible option for CO2 storage although environmental concerns (such as
ocean acidification and eutrophication) will likely limit its application. It has been shown that
CO2 storage potential can reach 400–10,000 GT for deep saline aquifers compared with only
920 GT for depleted oil and gas and 415 GT in unmineable coal seams [15].
Enhanced oil recovery (EOR) using CO2 from capture processes can significantly increase CO2
utilization [16]. Other related new sectors include the use of CO2 as a cushion gas for energy
storage [17].
(1) Enhanced oil recovery (EOR) in oil and gas reservoirs
CO2 is used for EOR from mature fields. CO2 for EOR operations has been employed in the
miscible and immiscible states. When injected into oil, CO2 has the capability to swell the oil,
reduce its viscosity, reduce interfacial tension, and in some cases become miscible with the
oil allowing for single-phase flow. Of the two states for EOR via CO2 injection, the miscibility
of CO2 in oil usually provides higher recoveries. The ability of CO2 to become miscible in oil is
determined by the minimum miscibility pressure (MMP). At and above this pressure, CO 2 is
miscible in oil and below, it is immiscible. Though CO2 injection in this process is done
primarily for EOR, it comes with the added benefit of storage of CO2 contributing to
minimizing global warming, as the injected CO2 remains stored there permanently. Up to 40%
of the residual oil left in an active reservoir can be extracted after primary production [18]. In
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fact, fluid injection methods have been widely used in the oil and gas extraction industry for
decades to enhance the recovery of residual oil and gases. Therefore, there is an economic
incentive for injecting CO2 (recovered from an associated capture process) into depleted oil
and gas reservoirs in order to offset the high CCUS cost commonly involved in the process.
Technologies for injection of CO2 for EOR are mature and there are studies on various aspects
of EOR, such as migration simulation [19], geochemical modelling and leakage/risk
assessment. The Weyburn project is one of the largest EOR projects for CO2 storage that
started in 2000 in the Weyburn oil reservoir in Saskatchewan, Canada. Although the aim of
the project is not to investigate the potential for CO2 storage, the reservoir is estimated to be
able to store more than 30 million tonnes of CO2 captured from a gasification plant in North
Dakota, USA and transported to the site through a 320km pipeline.
(2) Storage in saline aquifers
Deep aquifers at 700–1000m below ground level often host high-salinity formation brines.
These saline aquifers have no commercial value but can be used to store injected CO2
captured from the CCUS process. Deep saline aquifers can be found in widespread areas both
onshore and offshore and are considered to have enormous potential for storage of CO 2 due
to their large storage capacity. There are several trapping mechanisms that take place in
saline aquifers when CO2 is injected. Solubility is the main trapping mechanism, where CO2 is
dissolved in the formation brine water and the dissolved CO2 reacts with Ca, Fe, or Mg-based
minerals to form carbonate precipitates (minerals). Hydrodynamic and residual are other
trapping mechanisms. Undissolved CO2 is trapped by overlying low permeability caprock
(hydrodynamic). For the residual mechanism, CO2 will be gradually dispersed and rises
through water-saturated rock, displacing water from the pore spaces; the whole rock volume
retains a residual saturation of CO2.
White et al. [20] conducted a comprehensive review on the storage of the captured CO2 in
deep saline aquifer sand and commented that, with the experience gained in several
concurrent projects, storage of CO2 in deep saline aquifers is technically feasible, and can have
little or no negative environmental impacts [20]. Michael et al. [21] conducted a similar study
based on the experience from existing to rage operations and presented similar conclusions
[21]. These authors also discussed the importance of monitoring and verification and pointed
out that there are limited monitoring programs for existing projects, as well as limited data
from post-injection monitoring of CO2 behaviour in the storage reservoir. Nevertheless, the
experience gained in these operations helps to establish best practice guidelines for future
CO2 geological storage. More recently, Myer reviewed the global status of geological CO2
storage and indicated the lack of data on post-injection behaviour inside the storage reservoir
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and the need for more field assessments on the processes that lead to plume stabilization
and long-term trapping [22].
(3) Deep ocean storage
Oceans cover more than 70% of the Earth’s surface and are the biggest natural CO2 sink. It is
estimated that oceans contain about 38,000Gt of carbon and take up carbon from the
atmosphere at a rate of about 1.7Gt annually. At the same time, oceans produce 50–100Gt
carbon (in the form of phytoplankton) annually, which is greater than the intake by terrestrial
vegetation. The carbon inventory in the ocean is enormous at about 50 times greater than
that of our atmosphere. At depths greater than 3 km, pure injected CO2 will be liquefied and
sink to the bottom due to its higher density than the surrounding seawater. Mathematical
models suggest that CO2 injected in this way could be kept for several hundred years [23].
House et al. further showed that injecting CO2 into deep-sea sediments at a depth greater
than 3 km could provide permanent geological storage of CO2 even with large geomechanical
perturbations [24]. Therefore, deep ocean storage can present a potential sink for large
amounts of anthropogenic CO2. However, this approach is more controversial than other
geological storage methods. Injecting large amounts of CO2 directly into our oceans may
affect the seawater chemistry (such as reducing its pH) causing ocean acidification, which may
lead to disastrous consequences to the marine ecosystem [25].

3.1.4 Risks – Design to the production stage for CCUS
The principal aim of CCUS technologies is to reduce the CO2 emissions from anthropogenic
sources to the atmosphere. Most of the processes associated with CCUS described in the
previous sections would require the construction of infrastructure and installation of facilities
(such as scrubbers, compressors and pipelines), additional use of chemicals (such as amine,
hydroxide, or zirconate), solid waste and wastewater disposal, etc. Energy would also be
required for manufacturing, transporting, installing, and operating these facilities, and for
producing chemicals, and thus, resulting in CO2 emissions. Therefore, it is necessary to carry
out a lifecycle analysis (LCA) on GHG to determine whether a particular CCUS technology can
result in a net reduction in CO2. Because of the nature of projects and the importance of longterm safety, life cycle frameworks are widely used in carbon capture utilization and storage
(CCUS) regulatory frameworks, projects, guidance and best practices. These identify main
stages and milestones for the carbon capture utilization and storage (CCUS) project
development activities, permitting and regulatory approvals. Lifecycle frameworks are
embedded in the CCUS regulatory frameworks in several jurisdictions to provide upfront
clarity about future requirements, including the post-injection phase, closure and transfer of
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responsibility. Figure 3 shows CO2 storage life cycle framework – risk management during the
main project phases and milestones.

Figure 3. CO2 storage life cycle framework – risk management during the main project phases and
milestones [26]

Table 3 is a life cycle framework and stages that are recommended for CCUS.
Table 3. Life cycle framework for Geological storage of CO2
Phase/Stage

Milestone

Main Storage Objectives

Global carbon capture,
utilization and storage
Institute (GCCUSI) Asset
Lifecycle Stage

Planning
Site Screening
Site Selection

Single Site
Selected/Storage
Exploration Permit

Site Assessment
and Characterization

Final Investment
Decision (FID)/
Storage Permit

 Identify Potential Sites
 Select Preferred Site and
Technology
 Site Appraisal (Seismic, wells)
 Detailed Site Assessment/
Characterization
 Storage Permitting, Consenting
and Approval
 Design & Development Plan
 Front End Engineering and
 Design (FEED) Studies

Identify
Evaluate

Define

Active

Development

Start Injection

Operation

End of Injection
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Project Execution
Select Contractors
Site Construction and
Development
Baseline monitoring
Drill Injection well
Commissioning
Operate Injection and Storage
Ongoing Monitoring
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Asset
Decommissioned

Closure

 Decommission assets
 Permit closure

Closure

Post-closure
Post-Closure/ PreTransfer

Transfer of
Responsibility

Post-Transfer

 Update Performance Forecast
 Post closure Monitoring
 Agree Transfer of
Responsibility
 Monitoring as needed

Types of Risk for CO2 Storage
According to the CCUS Directive, a geological formation shall only be selected as a storage
site, if under the proposed conditions of use there is no significant risk of leakage, and if no
significant environmental or health risks exist [26]. The definition of "leakage" is any release
of CO2 from the storage complex (but not necessarily to the atmosphere).
The safety and environmental impacts of geological storage related to the risk of release of
stored CO2 fall into two broad categories: local environmental and safety impacts and global
effects resulting from the release of stored CO2 into the atmosphere. The local health, safety
and environmental risks and hazards arise from three principal causes:


Direct effects of elevated gas-phase CO2 concentrations in the atmosphere above a
storage complex, and in the shallow subsurface and near-surface environments;



Effects of dissolved CO2 or fluid movement on groundwater chemistry which could
lead to water contamination, pollution and other environmental risks;



Effects that arise from the displacement of fluids by the injected CO 2, including
displacement and leakage of other formation fluids, including oil or gas, ground
displacement and induced seismicity.

CCUS also has global environmental impacts, in that successful storage will reduce emission
from fossil fuel use and increase its potential as a greenhouse gas emissions reduction option.
In contrast, high release rates from storage sites would reduce the effectiveness of CCUS as
an emission reduction option.
In assessing all the risks, the features, processes and mechanisms are closely related to the
impact and movement of injected CO2 in the underground and the risks of CO2 leakage out of
the storage complex, either to shallower formations or to the atmosphere. In addition, it is
important to understand how CO2 behaviour influences the behaviour of other fluids, either
through physical displacement or through chemical reactions. As a final element, the impacts
need to consider human safety, both from CO2 exposure and effects, together with other
potential risks (e.g. ground movement), and all possible environmental risks in the biosphere.
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(1) Geological Leakage Pathways
Table 4 contains the main leakage hazards and risks relating to geological pathways that are
in the following areas:


Caprocks, which may be ineffective in containing CO2, unexpectedly absent over part
of the storage area, or degraded because of geochemical reactions and/or
hydrocarbon depletion.



Faults and fractures, with leakage through natural geological pathways, or resulting
from CO2 injection and build up in the reservoir, hydrocarbon depletion, natural or
induced seismic activity.



Structural spill out of the trap, where the reservoir is smaller than expected and/or it
is over-filled.



Up-dip leakage through high permeability intervals, of particular relevance to
stratigraphic trapping or Migration Assisted Storage (MAS).



Other areas such as transport of CO2 out of the complex that has been dissolved in
formation water.

For oil and gas options, the evidence that there has been hydrocarbon containment will be
favourable in relation to the geological risk assessment, although specific issues, particularly
related to caprock and well integrity, for CO2 storage in oil/gas fields still need to be assessed.
The assessment should consider the impact of CO2 with different physical and chemical
properties and how it might alter the sealing conditions.

Table 4. Potential geological leakage pathways from geological storage sites
Type of Leakage
Pathway

Potential leakage
pathways/mechanisms
 Through the pore system in low
permeability caprocks if the capillary
entry pressure is exceeded or the CO2 is
in solution

Caprock
 If the caprock is locally absent (includes
injection features, pipes and erosion)
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Notes
 Dependent on caprock
characteristics, and interplay
with CO2 build-up in a storage
site
 Relevant to all storage trap
types
 Largely a function of caprock
distribution and thickness.
Requires mapping using seismic
and well data
 Relevant to all storage trap
types
 Injection features and pipes are
common in some areas of the
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 Through a degraded cap rock as a result
of CO2/water/rock reactions

Caprock, fracturing

 Fracturing of the caprock induced by
injection

 Via natural faults and/or fractures

Faulting/Fracturing

 Via induced faulting/fracturing resulting
from seismic activity

Overfilling/Structural
spill

 Via a spill point (the lowest point in the
structure that can provide lateral
closure) if the reservoir is overfilled

Updip leakage

 Via high permeability zones updip

Other

 Via dissolution of CO2 into pore fluid and
subsequent transport out of the storage
complex by natural fluid flow

North Sea and scale must be
considered
 Depends on site-specific
geochemistry and potential
reactions between caprock, CO2
and water phases
 Largely site-specific but possible
in all trap types
 Depends on the fracture
gradient in caprock and pressure
build-up in the storage reservoir
 Relevant to all storage trap
types
 Not all faults are potential
pathways for leakages. Some of
them are closed or sealed
 Depends on fault and fracture
distribution and characteristics
and geomechanics
 Relevant to all storage trap
types
 Depends on fault and fracture
distribution and characteristics
and geomechanics
 Relevant to all storage trap
types
 Also dependant on seismicity in
the region
 Depends on site structure,
capacity and storage
management can be managed
during injection
 stage through monitoring and
 operating strategy
 Dependant on rock types and
permeability
 Mainly applicable to
stratigraphic and Migration
Assisted Storage (MAS) trap
types
 Depend on dissolution rates and
the hydrogeology of the storage
complex and surrounding region

(2) Manmade Leakage Pathways
The main risks in this category are related to:


Well integrity of any wells and boreholes in a CO2 rich environment. All types of well
or borehole from oil and gas, coal, mining or water exploration, and exploitation
activities may be relevant and must be considered. The risks related to both preexisting wells and wells required for the CO2 storage activity and must take into
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account the geochemical environment and reactions that may result from CO2
storage. Previously abandoned wells are a key risk in oil and gas reservoirs and regions,
particularly older wells before modern abandonment practices.


Leakage from well integrity issues could occur from the types and quality of materials
used in the well and the design, management and maintenance of the well itself. A
methodology was proposed for addressing long-term integrity issues for potential
leakage from a well bore; this includes scenario analysis and sensitivity studies for
each well component. These studies are then used to develop and support a
mitigation strategy based on well completion repair and specific monitoring options.
This type of approach will place emphasis on the specific issues in each well.



Mining activity may result in leakage pathways associated with mine workings,
induced subsidence or pressure cones. This is of particular relevance to storage
options in coal beds, including Enhanced Coal Bed Methane (ECBM) and underground
gasification.

Table 5 contains the main leakage hazards and risks relating to manmade pathways.
Table 5. Potential manmade leakage pathways
Type of Leakage Pathway

Potential emissions
pathways/sources

Operational or abandoned wells
(and boreholes)

Wells and boreholes

Operational or abandoned wells
(and boreholes)
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Notes
 Main risk from all abandoned
wells in and around the
storage site
 Risk depends on their age and
physical integrity of specific
wells
 Inadequately constructed,
sealed, and/or plugged wells
may present the biggest
potential risk for leakage
 Techniques for remediating
leaking wells have been
developed
 Likely to be rare as established
drilling and well operations
practices reduce risk
 Possible source of high-flux
leakage during drilling and
injection operations, usually
over a short period
 Only in areas where CO2
storage has already taken
place
 Blowouts can be remediated
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3.2 Operation and Maintenance Stage for CCUS
The operation and maintenance stage of subsurface geo-energy operations is simply the
period that starts with the main operation of the subsurface system for which it is built until
the main operation is stopped to proceed to the closure of the system.

3.2.1 Activities and roles during the Operations phase in CCUS
The life cycle of a CO2 storage project can be divided into six main phases based on a “stagegate” approach as shown in Figure 4 [26]. M1 to M5 in Figure 4 represents different
milestones.

Figure 4. Summary of CO2 storage lifecycle phases and milestones [26]

These phases are separated by five major project or regulatory milestones as defined by EU
directive 2009/31/EC as shown in Figure 4. The duration for each phase of individual projects
shown in Figure 4 is generic and will be project-specific [26].
This review primarily focuses on the “Phase 4: Operations”, which begins with “M3: Start
Injection” and ends at “M4: Cease Injection/Closure”. Each stage in the operation phase is
explained below and shown in Table 6.


Start injection: The commissioning of the project and the start of CO2 injection in the
storage site by the operator (Milestone 3) is a major project milestone at the beginning
of the operations phase (Phase 4). Prior to the start of injection, authorities need to

PU

Page 24 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

ensure that storage facilities have been constructed according to the storage permit
[26].


Operations: During the operations phase, monitoring of the storage complex and
taking corrective measures are key activities as this is associated with the risk
management process [26]. As recommended by EU directive 2009/31/EC [26], the
results and feedback from monitoring must be reported to the concerned parties in
an agreed manner throughout this phase. Moreover, where required, plans for
corrective measures to manage and mitigate any significant irregularities such as
leakages as discussed below in Section 3.2.2.4. In the operation phase, routine and
non-routine inspections are effective to examine all records as discussed in Section
3.2.2. In addition, the development of a new storage site and the drilling activities
associated with this may also take place during the operations phase.



Cease injection/Closure: The operation phase ends with “Closure” when the CO2
injection into the storage site is terminated. In practice, the closure stage comprises
of a series of activities such as cessation of injection, plugging and abandoning of
selected wells, equipment removal, on-site inspection, and updating of the provisional
post-closure plan considering operational and monitoring history (i.e. the impact of
any irregularities, leakages, and corrective measures taken during the operations
phase). This stage is not reviewed in this section. During the operation stage, a storage
site is considered for closure under the following circumstances [26]:
(i)

When the relevant conditions specified in the storage permit meets and the
total amount of CO2 authorized to be geologically stored is reached.

(ii)

If the operator requests the closure of the site due to reaching a safe limit
of injection or if continued injection turns out to be uneconomical, and the
authorities approve closure accordingly.

(iii)

If the authorities withdraw the storage permit under certain circumstances
such as if the operator could not meet the storage permit requirements.

PU

Page 25 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

Table 6. A summary of the activities and roles during the Operations phase starting from the
injection and closure of a CCUS project [26]
Stages

Role of the authorities

Start of
Injection

Key operator activities
 Start of CO2 injection operations and

-

Operations

Closure

Duration

monitoring
 Perform injection operations, monitoring
 Undertake inspections
 Perform reporting
 Review the storage permit and,
 Update site characterization, models as
as appropriate, update corrective
needed
measures plan
 Change, review and update monitoring
 Supervise monitoring and
and corrective measures plans
reporting
 Take necessary corrective measures in
 Approve any updates to
the event of leakage or significant
monitoring
irregularities
 Ensure necessary corrective
 Surrender allowances for any emissions
measures are implemented
from the site, including leakages or
 Carry out periodical adjustment
significant irregularities pursuant.
of financial security.
 Submit updated post-closure plan
There are two main circumstances
for closure:
 At the request of the operator
and subject to approval by the
authorities - where permit
 End of injection operations and
conditions have been met, and
continuous operational monitoring of
based on an updated postinjection
closure plan
 Partial reclamation of the site
 At the initiative of the authorities
which may decide to close the
site after the withdrawal of the
storage permit

-

5 - 50 years

-

3.2.2 Risks in CCUS during the operation phase
In the life cycle of a CCUS project, the operations phase is the first phase when there is an
actual risk of leakages and any other significant irregularities due to the initiation of CO 2
injection. For CCUS projects, most of the probable risk of CO2 leakage occurs during the
operational stage, which is expected to reduce when injection stops and the secondary
trapping mechanisms take effect [27], [28]. During this phase, the initial migration and
movement of CO2, possibly through different pathways brings risks as the plume progresses
and expands, and pressure increases. Risks in CCUS can be different depending on the main
CO2 storage options, which are categorized into four namely (see Table 7):
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Enhanced Hydrocarbon Recovery (EHR) in existing oil and gas fields,

(ii)

depleted oil and gas fields,

(iii)

saline aquifers, and

(iv)

unmineable coal seams
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Other potential storage options viz. basalts, salt caverns, disused mines, underground coal
gasification (UCG) voids, ex-situ and in-situ carbonation of ultramafic/mafic rocks (including
ophiolites), shales, and deep cool sub-surface storage as liquid CO2 and CO2 hydrate. Scale
and nature of storage potential (both onshore and offshore settings) vary from country to
country and different options are more or less important in different countries.
Understanding of the prospective and inherent geological uncertainty is fundamental to the
characterization of any of these storage options; they have discussed details by EU directive
2009/31/EC [26].
Risks associated with the geological storage of CO2 in deep subsurface formations are a
combination of natural and technological hazards (not solely depend on the technology under
operation), hence the potential causes are not fully understood [29].
Table 7. Considerations for different geological options for CO2 storage [26]
Advantages
Disadvantages
Enhanced Hydrocarbon Recovery (EHR) in existing oil and gas fields
 The potential for leakage through preexisting wells and facilities will need to be
 Geological integrity is demonstrated by the
assessed and may need to be remediated
ability to hold oil and gas for millions of
prior to commencing injection.
years.
 Caprock integrity will have to be assessed.
 Have high certainty about the geological
characteristics, thus, making geological
 EHR viability is field-specific. Offshore CO2
analysis and site characterization relatively
Enhanced Oil Recovery (EOR) viability
straightforward.
unproven; Enhanced Gas Recovery (EGR)
technology is at the demonstration stage.
Depleted oil and gas fields
 The potential for leakage through preexisting wells and facilities will need to be
assessed and may need remediation prior
 Geological integrity is demonstrated by the
to commencing injection.
ability to contain oil and gas for millions of
 Caprock integrity will have to be assessed.
years.
 Facilities and wells may not be suitable for
 Moderate to high certainty about the
conversion to CO2 storage, depending on
geological characteristics and capacity,
their age and physical condition
providing knowledge and data is not lost
 Potential exists for extensive “lost”
when fields are abandoned.
corporate knowledge and data that may
 Potential site-specific opportunities for reresult in the storage integrity being affected
use of facilities, infrastructure, and wells.
by the lack of detailed documentation
associated with the engineering, operation,
and characteristics of the field.
Saline aquifers

PU

Page 27 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

 Widespread, with potentially large
capacities.cc
 Present both within and outside oil and gas
regions.
 With significantly fewer well penetrations
than other options, the risk of leakage
through any pre-existing wells will be less
than for storage in oil and gas fields in most
cases.

Coal seams
 Potential storage opportunities in regions
without other options
 Mainly located in coal-bearing regions,
primarily onshore
 Enhanced Coal Bed Methane (ECBM)
production

 The geological characteristics proximal to
the proposed storage site will be less
certain than for oil and gas fields due to a
lesser amount of well and seismic data.
 More primary data will need to be acquired
to reach the equivalent high levels of
technical certainty compared with oil and
gas fields.
 No fluid flow data about reservoir
performance will exist. Hence, significant
testing of the reservoir will likely be
required to estimate the long-term
performance characteristics prior to the
final commitment to develop the site.
 Current estimates indicate capacity
considered is relatively limited compared to
other options, but subject to uncertainty.
 Technology at the pilot stage with
significant scientific and technical
uncertainty

Figure 5 shows a conceptual risk profile for CCUS projects as reported by Qi et al. [27]. A
geological formation can only be selected as a storage site, if there is no significant risk of
leakage, and no significant environmental or health risks exist.
Operation
phase stage

Figure 5. A conceptual risk profile of CCUS projects [27]

Risks for CO2 storage are often required to be looked at from a non-technical point of view.
Manders et al. discuss how CCUS risks associated with non-technical public contrasts with
experts [30]. Risks associated with CO2 storage are classified into many categories such as the
potential safety and environmental impacts of geological storage [27], during different stages
of operation [30] and deferent kinds of leakage. There will be some overlaps in some of the
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categories, however, this is helpful to compare and prioritize based on the impact/
consequences for each risk. Damen et al. have reported that the potential risks of CCUS in a
geological reservoir can be divided into five groups, CO2 leakage, CH4 leakage, ground
movement, seismicity and displacement of brine [31].

3.2.2.1 Local risks in CO2 storage
Potential impacts on the environment locally include impacts to air quality, biological state,
soils, land use, surface waters, and other resources. There are three principal causes for local
health, safety and environmental risks and hazards:
(a) The effects of elevation of CO2 concentrations in the atmosphere above a storage
complex, and in the shallow subsurface and near-surface environments,
(b) The chemical effects of dissolved CO2 in the subsurface, which could lead to water
contamination, pollution and other environmental risks, and
(c) The effects from the displacement of fluids including oil or gas by the injected CO 2 (see
Figure 6) [32].

3.2.2.2 Global risks in CO2 storage
These are primarily linked to uncertainties concerning the effectiveness of CO2 containment,
in other words, the release of stored CO2 into the atmosphere causing a detrimental effect to
the carbon reduction in the atmosphere [27].
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Risks of geological
storage
Global

Local

CO2 in atmosphere or
shallow subsurface

Suffocation of human
and animals above
ground

CO2 dissolved in
subsurface fluids

Mobilisation of metals
or other contaminations

Displacement

Release of CO2 to the
atmosphere

Ground heave
Induced seismicity

Effect on plants above
ground
Biological impact
below ground on roots,
insects and burrowing
animals

Contamination of
potable water

Contamination of
drinking water by
displaced brines

Interference with deep
subsurface ecosystems
Damage to hydrocarbon
or mineral resources

Figure 6. Taxonomy of risks associated with the geological storage of CO2 [27]

3.2.2.3 Risks in CO2 storage in different stages
The Risks in CO2 storage are classified into three as below:
i.

The risks associated with the capture of CO2: This include hazard from chemicals used
and any potential explosions in the capture process.

ii.

The risks associated with the transport of CO2: This includes pipeline leak, blocks or
pressure build-ups in the pipeline, any environmental impact due to pipeline leaks.

iii.

The risks associated with the storage of CO2: This mainly includes various leaks to
potentially impact marine ecology, food chain and seawater. In addition, any water
displacement due to pressure build-up from CO2 storage and any plate movements
causing large scale seismic activity.

3.2.2.4 CO2 leakage
In terms of risk, this is of the utmost interest [31]. Potential leakage pathways, hazards and
mechanisms (i.e. types of leakage risk) by which CO2 can be released from a storage complex
are divided into three main categories:
i.
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a. Caprock: For any storage trap types, a low permeability caprock can result in
pore systems leading to potential leak pathways due to high capillary entry
pressure and CO2 build up. There are also, local absence of caprock due to the
injection features, pipelines and erosion. A site-specific leakage pathway
sometimes is when caprocks degrade because of the reaction between CO2,
water and rock.
b. Caprock fracturing: While CO2 injection, the fracturing of caprock can occur
c. Leakage through natural faults and/or fractures induced often by seismic
activity
d. Overfilling
e. Updip leakage
ii.

Manmade Leakage Pathways:
a. Wells and boreholes: The main risk of potential emissions pathways are the
abandoned wells around the storage site. The risk depends on the age and
integrity of these wells
b. Pathways from mining activities: Again, abandoned mining sites can act as
potential emissions pathways, especially in the case of coal bed storage.
Previously abandoned wells are a key risk in oil and gas reservoirs and regions,
particularly older wells before modern abandonment practices

iii.

Hazards arising from the movement of other gases and fluids by CO 2 (e.g. methane)
[1]:
a. Risks relating to fresh groundwater including contamination from dissolved
CO2 heavy metal mobilization and displaced brine;
b. Leakage or emissions from the displacement of hydrocarbons due to CO2
injection and movement, particularly in depleted oil and gas fields and coal
seams;
c. The risk from the movement of other hazardous components such as H2S;
d. Ground movement, uplift and/or subsidence;
e. Natural seismicity, seismic hazards and tectonics; include exposure to
earthquakes; and
f. Effects of sabotage or terrorism.

Possible leakage pathways of CO2 from a geological reservoir discussed above are shown in
Figure 7 [32].

3.2.2.5 Induced Seismicity
The sudden phenomena that release energy in the form of vibrations that travel through the
Earth as sound (seismic) waves are called Seismicity [33]. Energy may be released when rocks
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break and slide past each other on surfaces or cracks (faults). Energy may also be released
when rocks break in tension, opening cracks or fractures. In the case of CCUS, injected CO2
can activate faults within the geologic storage system, leading to induced seismic events
above background levels.

3.2.2.6 Toxicological effects
CO2 does not have a high degree of toxicity, but it displays symptoms at one level or another
almost as soon as it is absorbed. Serious symptoms might be experienced by inhabitants local
to a large leak from the CO2 stream without them noticing because CO2 on its own is without
taste or odour. If H2S exists in the CO2 stream, the unpleasant odour of bad eggs would serve
to alert people that there is a problem, and their inclination would be to find an area away
from the smell until it had dispersed. E.g. by the release of CO2 streams containing toxic
impurities such as H2S from integrated gasification combined cycle (IGCC) facilities. The
toxicological effects of CO2 depend on the concentration, duration of exposure. CO2 causes a
significant physiological effect in humans at concentrations over 3% and will produce fatalities
above 10% [34], [35].
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Figure 7. Possible leakage pathways of sequestered CO2 [32]

3.2.2.7 Environmental and ecosystem effects
One of the main environmental risks is groundwater contamination from CO2, brine or
mobilization of metals. The ecosystem effects include high concentration CO2 exposure, which
is detrimental to plant life [34].

3.2.2.8 Risks from natural impacts
During the injection stage of the operation, the storage facility is susceptible to external
factors such as weather as well as natural disasters. For example, sudden or extreme
temperature changes can cause CO2 phase changes in surface or subsurface facilities, causing
rapid changes in flow characteristics. While transporting CO2 through the buried pipelines, it
can be susceptible to ground movement arising from earthquakes. While storing the CO 2 an
external event could reactivate a fault because of pressure or thermal stress exceeding the
fault strength. This could yield migration along a stratigraphic pathway. Because of the
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structural features in the subsurface, in particular, the caprock, a stratigraphic pathway may
exist for brine or CO2 leakage from the primary containment complex.
Ground movements such as earthquakes are particularly risky for buried pipelines. A few
examples are the 1971 San Fernando earthquake, 1983 intense, prolonged rainfall associated
with the El Niño- Southern Oscillation (ENSO), 1982 severe floods and landslides in Ecuador.
In all these instances, significant damage was caused to water and sewage pipelines, pumps
and networks. Flash or high-velocity floods are the most damaging because their force can
knock out pumping installations.

3.2.2.9 Geological seal fractures
Geological seals can be fractured under high-stress formations. One of the reasons is the
uncertainties associated with actual fracture pressure for the caprocks identified for the CCUS
project. Another being operational error. Both can result in high injection-induced hydraulic
and thermal stress (cold CO2) which can lead to stresses above the fracture stress of the
geological seals resulting in fracture.

3.2.2.10 Sub-surface trespass
The stored CO2 either wrongfully or flow led with native substances or taking up storage space
which could have been used by the rightful property owner are examples of subsurface
trespass [36]. Examples of underground impacts on other users include plume extension or
pressure or temperature change beyond permitted areas or beyond areas covered by
contracts with owners of subsurface or subsurface rights, contamination of drinking water
aquifers by the CO2 stream and cooling of geothermal resources, etc.

3.2.2.11 Climate effects
CO2 leakage could harm the climate, which is primarily linked to uncertainties concerning the
effectiveness of CO2 containment, in other words, the release of stored CO2 into the
atmosphere causing a detrimental effect to the carbon reduction in the atmosphere [26].

3.3 Closure/Decommissioning/Post-transfer Stage
A CO2 storage Life cycle typically include six phases, including assessment, characterization,
development, operation, post-closure and post-transfer. According to the In Salah CO2
capture and storage project, which is a world pioneering onshore CCUS project, the postclosure stage and post-transfer stage lasts for approximately 5 and 30 years, respectively [37].
These two periods (35 years) take up about 70% of the total life cycle of the plant [28].
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3.3.1 Risks in CCUS during the closure phase
Identifying potential risks associated with the activities is a critical process in risk
management. There are several methods available to determine the risk. These methods are
briefly introduced in the following sections.

3.3.1.1 Features, events and processes (FEPs)
FEPs are the most common approach to identify project-specific risks [38]. There are two
steps involved in this method. The first step is determining relevant FEPs and the second is to
determine scenarios and consequences. Identifying the relevant FEPs can be achieved either
using the bottom-up or top-down method. The bottom-up method uses checklists, such as
Quintessa 2014 database, as a starting point to generate failure scenarios, while in the topdown approach, the identification is more that of a brainstorming session [39].
An example of the application of the FEPs approach on the risk assessment of CO2 leakage for
an abandoned Czech oilfield is detailed by Arild et al. [39]. In this case, the bottom-up
methodology was applied base on the Quintessa Generic CO2 FEPs Database to identify the
FEPs. The list of FEPs regarding abandonment is given in Table 8. Then, based on a FEPs
interaction matrix, a set of most concerned leakage scenarios for abandoned well were
determined. Essentially, these scenarios stemmed from the seal failure category with
distinctive leakage pathways. The scenarios estimated for further analysis are listed in Table
9.
Table 8. The initial set of features, events and processes
Class

Sub-class

Sub-Sub-class

Closure and sealing
for boreholes
5Boreholes

Borehole seals and
abandonment
Seal failure

Blowouts
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FEPs identified (high-level abstraction)
Plug locations
Plug thickness
Plug porosity
Plug permeability
Plug material
Date of abandonment
Abandonment procedures
Cement cracks
Forming of the microcannula in
cement
Casing corrosion
De-bonding of cement plugs
Blowout to surface
Underground blowout
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Table 9. Scenarios generated from the FEP analysis
Leakage path
category

Wells

Leakage path
sub-type

Abandoned
wells

Leakage scenarios
Leakage between cement fill and outside of the casing
Leakage between cement plug and inside of the casing
Leakage between through cement well plug
Leakage through casing
Leakage in cement fill fractures
Leakage between cement fill and formation rock

3.3.1.2 Failure modes, effects, and criticality analysis (FMECA)
To ensure the well integrity, and identify and assess the impact of the failure of well barriers,
it is common to carry out reliability analysis where six main steps involved are [40]:


To define and become familiar with the system



To identify failure modes and failure causes



To construct a reliability model of the well barrier system



To perform a qualitative analysis of the fault tree



To perform a quantitative analysis of the fault tree



To report results

The first step is to define the operational situation, review of the well schematics, construct
barrier diagrams, and list barriers and their barrier functions. The second step is to identify
failure using relevant methods such as FMECA. Based on the FMECA analysis, a fault tree
model is established, and further analysis is carried out in step 4 and 5. The final step is to
document the results.
FMECA is the most common method to identify potential failures. It is carried out to answer
the following questions:


In what ways can system components fail?



What are the underlying causes of failures?



How can failures be detected?



What are the failure effects, on the failed component and on the system as such?



How critical are the failure effects, in terms of damage to humans, the environment,
or material assets?

The FMECA worksheet is the core of an FMECA. There is no unique and widely accepted layout
of the FMECA worksheet, and many variants are therefore found in companies, standards,
and textbooks. The main elements are, however, the same in all variants. An FMECA
worksheet for the assessment of a downhole safety valve (DHSV) is shown in Appendix A.
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3.3.1.3 Fault Tree
The process of answering the key questions posed in an FMECA leads to the construction of
fault trees, to structure the connections between specific failures and possible leakage
scenarios.
The fault tree is started by the TOP event - in the context of well integrity, this event is
generally ‘Leakage’. The fault tree is constructed step-by-step from the TOP event by
repeatedly listing the cause for the event. Then, by regarding each cause identified as an
event, the causes for this event are investigated and listed again. This process continues until
the root failure mechanism is identified. An example of the fault tree is shown in Figure 8.
This is the top structure for the fault tree where the event is leakage to the surroundings. Ten
causes, from leakage flow paths 1 to 10, are identified for the event. Then, each leakage path
is investigated further. For example, to consider ‘leakage path 6’ as the event, the fault tree
is developed, as shown in Figure 9. A similar process is repeated for the rest of the leakage
paths to complete the fault tree. The method has intuitive logic and can be in cooperate with
both qualitative and quantitative analysis.

Figure 8. The top structure of the fault tree [40]

PU

Page 37 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

Figure 9. A complete fault tree for the event of leakage pathway 6 [40]

3.3.1.4 Profile of risk uncertainty in post-closure stage
The profile of risk and uncertainty throughout the life cycle of CO2 capture storage is
presented in Figure 10 [41]. It can be seen that the uncertainty is nearly constant during the
closure stage, with the magnitude of about half of the maximum value in the operation stage.
After entering the post-closure phase, the magnitude begins to decrease and reach a low level
gradually within 25 years. The risk reaches the maximum value at the beginning of the closure
stage. Then, with the increasing time, the risk keeps on decreasing and is halved at the end of
the closure stage. It further reduced to a low level after ten years in the post-closure stage. A
similar risk profile for CCUS projects was also reported by Qi et al. [27].

Figure 10. The uncertainty and risk profile during the life cycle of CO2 capture storage [41]
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3.3.1.5 Potential risks in Post-closure
Table 10 summarises five essential major categories of risk bearing on CO2 storage [36].
Table 10. Categories of risks associated with CO2 storage
Category
Induced seismicity
Toxicological effects

Environmental and
ecosystem effects
Subsurface trespass
Climate effects

Brief description
Injected fluids activate faults within the geologic system, leading to
induced seismic events above background levels.
The toxicological effects of CO2 depend on the concentration, duration of
exposure. CO2 causes a significant physiological effect in humans at
concentrations over 3% and will produce fatalities above 10% [28]
Groundwater contamination: carbon dioxide, brine, or mobilization of
metals enter the groundwater supply.
Ecosystem effects: high concentration carbon dioxide exposure is
detrimental to plant life.
The stored CO2 either wrongfully commingled with native substances or
took up storage space that could have been used by the rightful property
owner.
CO2 leakage could harm the climate.

In addition to these five categories, in the post-closure phase, a well, that is used to generate
profit usually, becomes a liability and there may be an unwillingness on some operators to
invest adequately to decommission it. There is also the risk that problems are identified in the
years post-decommissioning, when the operator may no longer be in existence; therefore,
the liability could be orphaned, resulting in a burden on the public purse [42].

3.3.1.6 Causes for risk
Leakage is the main cause of the risks. There has been extensive research on the issues
regarding geological storage safety, and leakage [26]. Various leakage paths were identified,
such as geological leakage pathways, manmade leakage pathways. This section, however,
only focuses on those cases involved in the post-closure and post-transfer stage. There are
several reasons for the leakage, including loss of integrity of wellbore, the integrity of the
wellhead system, fatigue failure of Blow Out Preventer (BOP) and fluids plume, as follows:
(a) Wellbore leakage
The most likely mechanism for the leakage of a closed reservoir would be wellbore leakage
[36]. The CO2 (or other reservoir fluids) can go through the leakage pathways in the poorly
plugged and abandoned wellbore. These potential leakage pathways in the plugged and
abandoned wellbore have been well-identified (see [38], [43]) as shown in Figure 11. The
leakage may go through the cement sheath-casing interface (Path a), plug-casing interface
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(i.e. micro annulus leakage) (Path b), cement plug or cement sheath (Path c), casing (Path d),
cement fracture (Path e) and cement sheath-formation interface (Path f).

Figure 11. Illustration of potential leakage pathways in a plugged wellbore [43]

(b) Wellhead system leakage
In addition to the wellbore, leakage also can go through the poorly sealed well wellhead
system. For example, in March 2012, the Elgin platform well located in the North Sea
experienced a significant incident of the uncontrolled release of hydrocarbons to the
atmosphere [44]. In this incident, reservoir gas from the Chalk formation leaked to the Aannulus initially and then gradually moved to C-annulus and finally leaked to D-annulus due
to the poor sealing capability of wellhead components and connections. D-annulus was the
conductor annulus and not connected to any barrier for preventing leaks, the gas leaked to
the environment uncontrollably, as shown in Figure 12.
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Figure 12. Leak path in wellhead of a platform well in Elgin [45]

(c) Fatigue failure of the Blowout Preventor (BOP)
Additionally, leakage also can be the result of the fatigue failure of the wellhead system. The
wellhead, especially for the subsea wellhead, is exposed to external static and cyclic loads
caused by the BOP that installed on the top. The cyclic loads can cause fatigue damage to the
wellhead and create well integrity issues.
(d) CO2 plume
The unstable CO2 plume also can lead to leakage. Although CO2 injection has stopped in the
post-closure stage, the underground CO2 plume may not have stabilized. Therefore, there are
continued risks of irregularities and actual leakage from the storage complex [26].

3.4 Risk Management for CCUS technique
The purpose of risk management is to ensure that opportunities and risks related to the
geological storage of CO2 at a given site are effectively managed in an accurate, balanced,
transparent, and traceable way. The recommended risk management process is modified
from ISO 31000 [46] to take account of specific considerations for CO2 geological storage and
is illustrated in Figure 13. This process is designed to:
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Provide CO2 storage operators with decision support at key project milestones



Reduce cost and schedule risks during storage site screening and appraisal



Improve storage performance during the operating stage



Increase the likelihood of obtaining storage and closure permits in a timely manner

Figure 13. Recommended risk management process for CO2 geological storage [46]

Figure 14. Life cycle diagram for a CO2 geological storage project [47]

In most situations, once risks have been identified, alternate opportunities are available to
reduce them. However, nearly all major commercial losses are the result of a failure to
understand or manage risk. In the past, the focus of a risk assessment has been on-site safetyrelated issues. Presently, there is an increased awareness of the need to assess risk resulting
from: a) On-site risk to employees, b) Off-site risk to the community, c) Business interruption
risks, and d) Risk of damage to the environment [48].
The context of the risk management process is by:
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Defining the project objectives



Defining the responsibilities for and within the risk management process



Defining the scope of the risk management process



Identifying and specifying the decisions that have to be made



Defining the consequence categories to be used



Defining the risk evaluation criteria to be used
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(1) Scope
Table 11 describes internal and external factors that an operator shall take into account when
defining the scope of the risk management process.
(2) Consequence categories
Risks may be usefully grouped into categories according to the nature of their consequences.
The consequence categories for risk management of a CO2 storage site shall include the
following:


Human health and safety



Environmental protection



Storage site containment



Storage site performance.

The consequence categories should also include the following:


Legal and regulatory compliance



Cost



Schedule



Reputation

It is noted that the operator may use additional categories as appropriate.
Stakeholder views and risk perceptions shall be adequately understood and appropriately
considered when specifying consequence categories. To this end, stakeholders’ values,
assumptions, capabilities, and concerns that may affect decisions based on risk considerations
or hinder the achievement of objectives shall be identified and recorded.
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Table 11. Internal and external factors affecting the risk management context

Environment, resources, infrastructure, and subsurface developments
1
Natural
environment:
meteorology,
surface/marine
environment
(ecology, wildlife,
botanic, parks
and reserves, etc.),
biosphere,
hydrosphere, and
geosphere (including
geology,
hydrogeology,
geo-chemistry,
tectonics and
seismicity).

2
Resources:
groundwater,
hydrocarbon
and mineral
reserves, coal
seams,
geothermal
energy.

3
Infrastructure and
facilities:
buildings,
transportation
corridors (roads,
railroads,
pipelines, etc.),
power
distribution lines,
oil and gas
production and
processing
facilities, wells,
groundwater
reservoirs.

4
Subsurface
developments:
hydrocarbon
production, mineral
extraction, mining,
waste disposal,
natural gas storage,
acid gas disposal,
geothermal energy
conversion.

Social, cultural, political and economical
5
Demographic,
historical and
cultural factors that
can influence how
the project will
affect or be viewed
by stakeholders.

8

6
Political elements and trends that
may influence the perception
and/or financing of a storage site.

7
Geographic and
temporal economic
factors, including
possible effects of
the project upon the
local economy.

Legal, regulatory, and industry practice
9

Relevant directives,
acts and regulations
applicable to storage
sites and any active
initiatives to
introduce new or
modify existing
directives, acts or
regulations.

Relevant codes, standards,
protocols and guidelines that may
serve to guide risk management
and facilitate demonstration of
compliance with regulations, acts
and directives.

10
Manuals that
document current
industry practice and
guide cost-effective
implementation of
CO2 storage
technology and in
accordance with best
industry practice.

(1) Risk evaluation criteria
The operator shall define risk evaluation criteria to be used to evaluate the significance of the
risk. The criteria shall be aligned with the project objectives and may be derived from
regulations, standards, recommended practices or other requirements.
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The operator shall consider the following factors when defining risk evaluation criteria for a
CO2 storage site:


The distinction between risks to performance and containment (commercial versus
environmental criteria for example)



The timeframe of reference for a given risk (different for operational and postclosure risks, amongst others)



How likelihood may be defined (qualitatively or quantitatively as a probability or
frequency)



The views of stakeholders (for example commercial partners)



How combinations of multiple risks may be linked together to create risk scenarios
(for example leakage of formation fluids to surface along an abandoned well)



The level at which a given risk becomes acceptable or tolerable (for example the
frequency values that correspond to the three regions in Figure 15). The level of a
risk may be unacceptable, tolerable or broadly acceptable:

Figure 15. Levels of risk that should be used to establish risk evaluation criteria
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3.5 Risk assessment for CCUS technique
The operator shall assess risks using the three-stage approach; they are risk identification,
Risk analysis and risk evaluation.
Risk identification

(1)

The operator shall perform a comprehensive risk identification process that considers all
relevant risks, and documents in a transparent, traceable and consistent manner that threats,
events and consequences have been considered. The risk identification process shall be
tailored to the relevant of development for a project, for example screening risk assessment
or appraisal risk assessment.
The following activities shall be performed:


Identification of threats to the consequence categories established in the risk
management context



Identification of additional threats related to novel aspects of the project, for
example:



Unique features of the storage site under consideration



Technical or organisational aspects that are outside the operator’s experience



Identification and description of risk scenarios for each threat containing:



One or more threat-event scenarios



One or more event-consequence scenarios



Comparison of identified risk scenarios with an acknowledged database of threats,
events and consequences



Description of environmental and economic receptors that may be negatively
impacted by the potential loss of containment or geo-mechanical responses to the
CO2 injection and storage operations



Identification of interdependencies between different risk scenarios, including
potential for cascading effects that may increase the likelihood of occurrence or
severity of consequences.

(2)

Risk analysis

Risk analysis aims to enhance the understanding of risks, including the nature of the risk itself,
the likelihood of occurrence and the severity of potential consequences to the relevant
consequence categories for each risk. The risk analysis shall:
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Be technically defensible and based on the best available knowledge or scientific
reasoning



Assess the span of possible system performance scenarios, and evaluate risk
treatment options



Provide the technical basis for evaluating risks, and, whenever practically feasible,
assess and quantify the degree of uncertainty in the level of risk.

Where sufficient and demonstrably relevant data can be obtained, quantification of likelihood
and consequence shall be based on appropriate scientific reasoning or auditable statistics
and/or calculations. Otherwise, quantification shall be based upon the documented judgment
of experts who are qualified in terms of applicable professional expertise and project
knowledge. Care shall be exercised to ensure that the results of the risk evaluation exhibit
reasonable accuracy. If significant uncertainty related to risk magnitude exists, relative to the
risk evaluation criteria, then the degree of the uncertainty shall be modelled through
sensitivity studies or scenario analyses and be used to provide reasonable uncertainty bands.
The operator shall document in a transparent, traceable and consistent manner how each of
the following activities has been performed in the risk analysis process:


Analysis of the likelihood of occurrence for each identified risk scenario



Analysis of severity of potential consequences to the consequence categories for
each identified risk scenario



Analysis of uncertainty in the likelihood of occurrence and severity of potential
consequences for each risk scenario



Identification of measures to reduce or manage the uncertainty that can influence
the risk evaluation and/or selection of risk treatment, and assessment of the
effectiveness of these measures



Identification and visualization of risk controls in an event-focused way:



Preventive controls that may be applied to threat-event scenarios



Mitigation controls (including corrective controls) that may be applied to eventconsequence scenarios



Assessment of the uncertainty associated with the effectiveness of risk controls



Identification of monitoring targets and performance requirements for monitoring
technologies (sensitivities and spatial and temporal resolution and coverage)
required for timely implementation of appropriate risk treatment.
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3.6 Qualification for existing wells for potential CO2 storage
Existing wells at potential CO2 storage locations are regarded as familiar technology exposed
to a new environment. Well qualification, refers to the process of providing the evidence that
a given well will function within specific limits with an acceptable level of confidence when
exposed to the effects of CO2 storage. This well qualification procedure should apply to:


Plugged and abandoned wells that shall continue to provide formation fluid
containment



Active or suspended wells that shall be plugged and abandoned prior to CO 2
storage operations



Active wells that shall retain their original function during CO2 storage operations
before final plugging and abandonment

The status of existing wells that may be exposed to the effects of CO2 storage shall have been
established during the screening and appraisal stage risk assessments. The task of well
qualification is then to:


Identify risks to the future performance and reliability of a given well (failure
modes and mechanisms)



Reduce these risks in a systematic manner by targeted qualification activities (for
example by testing and analysis)



Design monitoring activities that shall trigger specified risk reduction measures in
the future.

The well performance requirements shall reflect the storage site requirements specified in
the appraisal basis. Examples of well performance requirements are:


Reliability requirements related to selected functions



Sustained annulus pressure limits



Completion string leak rate limits



Wear/corrosion tolerances within the completion string



Casing corrosion rate limits.

Figure 16 illustrates the steps in the well qualification process. Well qualification activities
prior to M3 are designed to provide the basis for the engineering concept selection. Well
qualification activities prior to M4 are designed to provide the basis for the Storage Permit
application. Detailed design and well deployment are assumed to take place after M4 and are
not included in this guideline.
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(a) Assess well integrity risks for existing wells
Well integrity risks include existing inherent risks without CO2 storage and additional risks
caused by CO2 storage. The latter is a function of the likelihood of a well being exposed to the
effects of CO2 storage (reservoir dynamics) and well integrity failure in the event of such
exposure.
Where the term CO2 is used in the guideline, it assumes that carbon dioxide is pressurized;
may or may not water; exists as either a liquid, super critical fluid or a gas; and includes carbon
dioxide dissolved in water contained in the reservoir. A number of co-components may
typically be associated with industrial CO2 streams, such as those listed below. The well
qualification issues related to these are not specifically addressed in this guideline, but may
be handled by the same qualification methodology:


Cracking and fouling associated with H2S either present in the injection stream or
released in the geological formation by CO2.



Nitrogen and Argon; these are non-condensable and will alter the vaporization and
condensation properties of the CO2 stream.



Oxygen; this may increase corrosion rates.



Hydrogen; this may limit materials of construction.



Trace components, such as seal oil from compressors.

(1) define risk criteria and plan risk assessment
Risk criteria for evaluating the significance of well integrity risks need to be defined by the
project developer. The risk criteria should reflect the objectives and context for the risk
assessment. Adequate consideration should be given to the time and resources available,
stakeholder views and risk perceptions, and the applicable legal and regulatory requirements.
The risk criteria chosen should be continuously reviewed.
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Figure 16. Flow diagram showing the structure of the well qualification process [49]

Prior to specifying risk criteria, the categories for which risks will be evaluated shall be
defined. These include:
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Human health and safety;



Environmental protection;



Legal and regulatory compliance;



Cost;



Project schedule;



Reputation;



Well integrity (functional) performance
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The following points should be considered when defining risk criteria for well integrity
assessments:


The categories of risk for the CO2 geological storage project established in the
‘screening basis’ step in ;



The nature and type of causes and consequences that can occur and how they will
be measured;



How likelihood will be defined (for example qualitatively or as a quantitative
probability);



The timeframe of interest;



How the level of risk is to be determined;



The level at which the risk becomes acceptable or tolerable;



Whether combinations of multiple risks should be taken into account and, if so,
how and which combinations should be considered (for example leakage pathways
composed of multiple failures).

In order for the risk criteria to be adequate to support a storage site selection decision they
should:


Be suitable for decisions regarding risk-reducing measures to levels as low as
reasonably practicable;



Be suitable for communication;



Be unambiguous in their formulation;



Not favour any particular concept solution explicitly nor implicitly through the way
in which risk is expressed.

In addition, risk criteria for CO2 leakage rates related to existing wells should be consistent
with the overall storage site containment criteria.
The assessment plan should include a plan for data collection and take into account the
availability of data, the number of wells, the regulatory environment, and the age of the wells
in the area and possibly the potential presence of unidentified wells that penetrate the
storage volume.
(2) Identify, analyse and evaluate well integrity risks
Risk identification is the process of finding, recognizing and describing risks. Identification of
failure modes that individually or in combination have potential to cause of well integrity, and
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have a significant negative impact on one of the identified elements of concern. Risk
identification can involve historical data, theoretical analysis, informed and expert opinions
and stakeholder’s needs. Consideration should be given to the quality, reliability and
applicability of the data collected.
Risks may be internal or external to the well. This system should be analysed in terms of subsystems, such as well barriers, in order to facilitate risk identification. A system for the
identification of possible failure modes should be established and described. The risk
identification should be undertaken by personnel, or groups of personnel who are
knowledgeable about the design, operation and maintenance of the well under
consideration.
The risk analysis is to determine the level of risk for each failure mode by analyzing its
consequence and likelihood. Risk analysis involves consideration of the consequences of
failure modes and the likelihood of these to occur. Classes of likelihood and classes reflecting
the consequence severity should be defined in the case of a qualitative assessment. Based on
these definitions a risk matrix shall also be defined showing fully acceptable combinations
(“low risk”) and unacceptable combinations (“high risk”) as well as intermediate combinations
(“medium risk”) of likelihood and consequence classes. All relevant failure modes should be
assigned a likelihood class and consequence class based on documented reliability or expert
judgments. In the latter case, uncertainties shall be reflected by selecting conservative
classes.
With regard to consequence analysis on ‘people’, this examines the potential harm to
individuals from injuries and fatalities attributable to the identified hazards. Consequence
analysis for the environment should examine any potential local effects on the ecosystem and
the overall impact of GHG storage, such as:


No effect on the net GHG benefit of the storage site;



Insignificant effect on the net GHG benefit of the storage site;



Noticeable reduction in the net GHG benefit of the storage site;



Net GHG benefit of the storage site cancelled out.

The consequence impact analysis for assets should examine:
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Individual wells;



Well inventory;



Reservoir;



Associated facilities;
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Nearby infrastructure/environment;



Natural resources including, but not restricted to, freshwater, oil & gas, coal,
geothermal and minerals.

Failure modes with medium and high risk should be investigated further in the event that a
well is selected for further development and are defined as failure modes of concern. Failure
modes with low risk can be concluded based on a qualitative assessment made by qualified
personnel. Failure modes with low risk should not be deleted from the list of possible failure
modes.
The second stage of risk evaluation should group the findings for each well into an overall
evaluation for each storage site. This storage site-level evaluation should then form the basis
for comparing the well integrity risks at each storage site in the short-listing process at
milestone M2.
If a storage site is subsequently chosen for development then risk control measures, such as
well qualification, should be based on the findings of this risk evaluation.
In some circumstances, the risk evaluation may lead to a decision to undertake further risk
analysis. This may be particularly relevant at storage sites with a large number of existing
wells, which require an iterative approach to risk analysis.
(3) Identify risk control measures
This step is to identify measures for controlling unacceptable risks in the event that a given
storage site is selected for development. Risk control measures for well integrity may include
the following:


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



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



Monitoring of well barriers to identify emerging risks.

(b) Begin qualification of existing wells as required
Well qualification should be applied to all types of existing wells that may be exposed to the
effects of CO2 storage:


Plugged and abandoned wells that should continue to provide formation fluid
containment;
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Active wells that should be plugged and abandoned prior to CO2 storage
operations;



Active wells that should retain their original function during CO2 storage operations
before final plugging and abandonment;



Active wells that should have a modified function during CO2 storage operations
before final plugging and abandonment.

The following principles should apply to well qualification:


A qualification strategy should be developed to bring a well from its current state
to a defined target state or to assess the present condition of the well;



Specifications and requirements should be clearly defined, quantified and
documented;



The performance margins and the margins to failure should be established based
on recognised methods;



Failure modes that are not identified may pose a risk to the successful
implementation of the well. This residual risk is managed by ensuring the relevant
competencies are used and by challenging the critical assumptions during the
course of qualification;



The qualification process should be based on a systematic risk-based approach and
performed by a qualification team possessing all required competencies;



When service experience is used as proof of fulfilment of the specifications, then
evidence of that experience should be collated and validated;



The work should be documented and traceable;



An iterative approach is recommended when uncertainties are very large;



The typical quality assurance system for drilling, completing and plugging, and
abandonment. (workover) a well is an integral part of the qualification process.

(1) Perform well assessment
Well performance requirements include the performance requirements throughout the
extended lifetime of the well. The well performance requirements should reflect the storage
site selection criteria.
Assess the well to focus the effort where the related uncertainty for adverse consequence is
most significant. Also, assess maintenance, condition monitoring and possible modification
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effects. Input to the well assessment comes from the qualification basis, and the output is a
list of the CO2 geological storage related components in the concept and the main challenges
and uncertainties.
The well assessment should include the following steps:


Breaking down the well into manageable components;



Assessment of the well components with respect to CO2 geological storage
implications (well classification);



Identification of the main challenges and uncertainties.

(2) Perform risk assessment for well qualification
The objective of this step is to identify all relevant failure modes of concern with underlying
failure mechanisms for each well and assess the associated risks.
Special considerations for well integrity under exposure to CO2:


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

Special considerations for well integrity under exposure to CO2:


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
is anticipated to be corrosion of steel pipe and degradation of cement. 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 gasdecompression) and be qualified appropriately.



Blow-down considerations: blow-down of CO2 in liquid or super critical phase is a
challenge. In addition to the low temperatures, dry ice 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.
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Before depressurisation. 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.

(c) Assess performance & qualify wells
(1) Execute well qualification activities
The qualification activities include failure mode detection, collection and documentation of
data and Ensuring traceability of data.
Failure modes detected during execution of the qualification activities (quality control
qualification test, acceptance tests or later operations) should be recorded and documented.
When a failure mode is detected in the qualification process, the occurrence of the failure
mode should be evaluated. The documented evidence from the execution of the qualification
activities should enable the performance assessment step to be carried.
The documented evidence from the execution of the qualification activities should enable the
performance assessment step to be carried out. The failure mode register should be used to
follow up the data collection and the qualification of the well.
In order to ensure traceability of data, an audit trail should be provided for the qualification
process. The data should be organized in such a manner that there is a clear link between the
steps of the qualification process, from the qualification basis to performance assessment. It
should be possible to trace the threads that have been identified, how they have been
addressed (test, analysis, previous experience, etc.), what evidence has been developed (test
and analysis reports), and how that evidence meets requirements in the well qualification
basis.
(2) Assess results against requirements
Assess results against requirements is to decide whether the well qualification has been
successful by assessing the available evidence against the requirements specified in the well
qualification basis. Key steps of the performance assessment are to:
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Interpret the evidence to account for simplifications and assumptions made when
the evidence was generated and limitations and approximations in the methods
used;



Confirm that the qualification activities have been carried out and that the risk
criteria have been met. A key part of this confirmation is to carry out a gap analysis
to ensure that the qualification evidence for each identified failure mode meets
the specified risk criteria;



Perform a sensitivity analysis of relevant parameter effects;



Assess the confidence that has been built in the qualification evidence through the
qualification activities. This should consider the extent to which test specifications
have independently reviewed and test witnessed by an independent party.



Compare the failure probability or performance margin for each identified failure
mode of concern with the requirements in the qualification basis. Evidence should
be propagated from individual technology components to the requirements
specified for the entire system covered by the qualification.

3.7 S4CE specific site - Carbfix site in Iceland
CarbFix is a CCUS consortium operated by Reykjavik Energy (RE) in Iceland, University of
Iceland, Columbia University (USA), and CNRS (France). On this site, RE attempts to mitigate
the environmental impact of its geothermal processes, it achieved one of the most successful
and best-known examples of CO2 sequestration processes in the world.
The CarbFix injection site is situated about 25 km east of Reykjavik and is equipped with a
2000-m-deep injection well (HN02) and eight monitoring wells ranging in depth from 150 to
1300 m. The target CO2 storage formation is between 400 and 800 m depth and consists of
basaltic lavas and hyaloclastites [50]. Roughly, one-third of the CO2 and H2S presently emitted
from the Hellishidi power plant is being injected as a dissolved water phase into fractured
basaltic rocks [51]. Figure 17 shows the geological cross-section of the CarbFix injection site
[52].
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Figure 17. Geological cross-section of the CarbFix injection site [52]

3.7.1 Risks Identified Within the CarbFix Project
The major benefit of CCUS technology is its potential to reduce atmospheric levels of CO2
while fossil fuels continue to be used to fuel the world’s energy consumption. However, the
associated risks of CCUS projects need to be determined. This section aims to provide the
identified risks in this CCUS project.
CCUS processes can be broken down into five stages; Capture, Compression, Transport,
Injection, and Permanent storage [53]. Figure 18 shows these stages.

Figure 18. The CCUS process [54]

There are several risks within the above-mentioned stages, including:
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Risks related to the gases during the capture and compression activities



Risks related to the gases during the transport activity



Risks related to the gases during the injection activity



Risks related to the gases during the storage activity
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3.7.1.1 Sensitive Gases in CCUS Project
Risks related to the gases are the main risks in the CCUS project. Borehole fluid contains
incondensable gases. The main part of the gas is carried with steam from the separator station
into the plant’s turbines. Upon condensation in the turbine steam cylinders, gas is released.
Around one-half of the gas volume is mixed with re-injection fluid and one-half is exhausted.
Different gases are handled in the CCUS projects including:


Carbon dioxide; CO2 (62% of weight)



Hydrogen sulphide; H2S (34% of weight)



Other gases; e.g. hydrogen, nitrogen, methane (4% of weight)

The above-mentioned gases are environmentally sensitive. Each gas can also cause harm to
the staff during the injection and utilization process.
(a) Carbon Dioxide (CO2)
Carbon dioxide is an odourless and non-toxic gas. However, if it accumulates in high
concentrations it is harmful to humans and animals.


The pollution limit is considered to be 5000 ppm.



Exposure to concentrations more than 5000 ppm can have harmful effects on the
human body including headaches, dizziness, confusion and loss of consciousness, and
in the worst cases asphyxiation.

(b) Hydrogen Sulphide (H2S)
Hydrogen sulphide pollution is primarily natural in Iceland, although its extent has increased
locally after geothermal power plants. H2S is thought to have a direct inhibitory effect on
respiratory control, especially in the brainstem, and can lead to sudden death. When looking
at the individual observations that have been made and reported in the sources, they are first
affected by the sense of smell. The smell of damaged eggs that many foreigners mention
when they take a bath in hot water in Iceland.
Although there is a high proportion of carbon dioxide in the gas mixture at the Nesjavellir site
in Iceland, the negative effects of Hydrogen sulphide come first as the gas is more dangerous
at lower levels. The pollution danger at Nesjavellir is mostly caused by the hydrogen sulphide
mix. Moreover, weather conditions can cause gas emissions to collect in the surrounding
areas.
H2S is a highly flammable and explosive gas. It can have life-threatening consequences if it is
not properly handled. It is worth mentioning that other toxic gases (e.g. sulphur dioxide) are
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produced when H2S burns. The H2S can also produce an explosive mixture with air at room
temperature.
Moreover, oxidation occurs when H2S reaches the surface waters (or groundwater). The
chemical reaction forms sulphuric acid (H2SO4) which decreases the value of the pH of the
water. The acidic waters can release toxic metals to the environment and can be harmful to
aquatic life.
Summary of health effects in different concentrations of H2S are:


0.001-0.13 ppm: olfactory (very variable)



0.035 ppm: Limit value for H2S in the air for the general public



1-5 ppm: unpleasant odour, possible nausea or headache after the prolonged
presence



10 ppm: the pollution limit in the workplace based on 8 hours exposure



20-50 ppm: Irritation of the nose, throat and lungs, indigestion, loss of appetite, sense
of smell fades and no longer a sure sign of pollution



100-200 ppm: Significant discomfort from the nose, throat and lungs, the sense of
smell disappears completely



250-500 ppm: Possibly fatal. Pulmonary edema develops, especially with prolonged
pollution, even without central nervous system symptoms



500 ppm: Unconsciousness and death within 4-8 hours, memory problems. Severe
pulmonary symptoms, the tension in the body, dizziness, instability, knockdown.



500-1000 ppm: Respiratory paralysis, irregular heartbeat, and death. Symptoms of
pulmonary edema can occur up to 48 hours after a person has been exposed.

3.7.1.2 Risks related to the Gases during the Capture and Compression Activities
The following risks exist during the capture and compression activities:


Fire

Feed gas contains hydrogen, hydrogen sulphide, and a small amount of Methane (CH 4). The
gas vented from the scrubber is elevated further in H2 and Methylene (CH2) but H2S has been
removed. In case of leakage, these gases can ignite by sparks from electric equipment and in
contact with the atmosphere at the vent.
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Gas can explode during compression; the risk is elevated if O2 (from the atmosphere) is
present in the feed gas. The atmosphere can primarily enter the gas stream in condensers
and their auxiliary systems that are operated under vacuum.


Risks to the Power plant

The strength of the gas becomes very high when it is separated from the steam in the turbines
steam cylinders. Gas pumps and pipelines transport the gas to the chimney where it is mixed
with the plant’s emissions and dispersed. The most dangerous situation is if leakage occurs
on the pressure side of the gas pump.


Risks Related to Chemical Solvents

Chemical solvents that are usually amine-based are utilized for CO2 purification. Since these
solvents may cause damage to aquatic organisms, they must be carefully managed to avoid
any uncontrolled discharge.
3.7.1.3 Risks Related to the Gases during the Transport Activity
Since in this project, gas is dissolved in water before it is piped to the storage site, there is no
high-pressure transport of gases at the site.
3.7.1.4 Risks Related to the Gases during the Injection Activity
Possible risks during injection activity are:


Casing failure due to corrosion or fatigue



Wellhead leakage

There is the potential abrupt leakage through injection well failure. Such leakage could occur
if the well seal at the point of storage failed thereby resulting in the release of sequestered
CO2. In general, CO2 leakage is considered one of the major challenges associated with the
CCUS project. Leakage risk is further enhanced by induced seismicity, which may open fluid
flow pathways in the cap rock.


Malfunctioning of equipment



Possible induced seismicity

The geothermal field at the Hellisheidi power plant is situated on the western flank of the
South Iceland Seismic Zone. Therefore, pressure built up by injected CO2 could trigger seismic
events [55]. The large-scale reinjection caused significant induced seismicity with about 40
earthquakes registering over magnitude ML 2.5 and 8 earthquakes registering between ML
3.0-4.0. Most of the earthquakes above ML 2.5 were felt in the nearby town of Hveragerdi
PU
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and the biggest earthquakes were felt in the capital city of Reykjavik. It is worth mentioning
that the seismicity risk and risk mitigation were not taken sufficiently into account when
planning the commissioning. However, there has been full disclosure to the public by RE
immediately following rare felt events triggered by their process
3.7.1.5 Risks Related to the Gas Storage Activity
Possible risks during storage activity are:
(a) Leakage
One of the great risks associated with CCUS is the leakage of CO2 from storage sites. There
are concerns regarding the long-term storage of CO2. Two types of CO2 leakage that may occur
are:


Abrupt leakage (through injection activity)



Gradual leakage, through undetected faults, fractures, or wells.

Gradual leakage might occur due to incorrect site selection and inadequate preparation. This
leakage would compromise the initial objective of the CCUS project, which is removing the
CO2 from the atmosphere.
There is a potential environmental risk to overlying fresh groundwater resources and
therefore CCUS should only be considered in geological formations which are not potential
groundwater resources i.e. aquifers that are not connected with active groundwater flow
systems [56].
(b) Tracers
Because dissolved or mineralized CO2 cannot be detected by conventional monitoring
methods such as seismic imaging, the fate of the injected CO2 was monitored with a suite of
chemical and isotopic tracers.
In the CCUS project, tracers are injected to characterize the underground flow paths and to
find out the geochemical processes after the gas injection. Some of the tracers that are used
for characterizing underground processes might cause a negative impact on the environment
in case of leakage.

3.7.2 Risk mitigation recommendations from CarbFix Project
There are several risks within the Carbfix project (that are explained in the previous section)
including:


PU

Risks related to the gases during the capture and compression activities
Page 62 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations



Risks related to the gases during the transport activity



Risks related to the gases during the injection activity



Risks related to the gases during the storage activity

This section provides relevant mitigation actions for each risk.
3.7.2.1 Mitigation Actions Related to Risks in Capture and Compression Process
(1) Response Plan
Health and Safety Procedures
All on-site staff within the project are required to go through health and safety training before
being allowed to work at the site.


The workers must be equipped with a personal gas detector that sounds alarms if high
gas levels are detected.



Gas masks with coal filters or oxygen masks must be provided for the workers during
the inspection of infrastructure with high gas pressure/concentration.



Access to the areas where elevated concentrations of gas are expected should be
locked at all times except during sampling or maintenance.



Staff is obliged to wear full protective clothing, including boots and gloves since amine
causes serious damage to human organs and eye irritation. Moreover, face shields or
chemical safety goggles must be used wherever splashing is possible. To protect
against vapours, approved masks should be used.

Mitigation Actions
To avoid the risks associated with sensitive gases:


All systems are equipped with pressure safety valves to prevent exceeding pressure in
pipelines. If a gas leakage occurs or high pressure is detected, alarms are generated
by pressure sensors causing systems to shut down.



First Aid
 If a person loses consciousness because of H2S inhalation, the rescue partly must
firstly ensure that they are equipped with the proper respiratory masks (with
filters for acidic gases) or oxygen respiratory equipment. The victim should be
immediately taken to fresh air allowed adequate recovery time (preferably in a
sitting position) and then given oxygen. Mouth to mouth resuscitation should be
used if necessary. The patient should relax to avoid adverse effects of exertion on
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the lungs. The patient should be kept warm. If gas has come into contact with the
eyes rinse thoroughly with water.
 Contact a doctor (emergency number: 112).
The following mitigations are suggested to avoid the aforementioned risks:
(2) Required Actions – Fire


All electronic equipment is ATEX certified.



Only specially trained staff working on maintenance.



Gas vented from the capture plant is released at the top of cooling towers where it is
dispersed in a water-saturated environment.



Staff should stop the gas flow, evacuate, and make sure the space in which the fire
exists, is closed.



Staff should not attempt to put out the fire but contact the fire brigade (112).

(3) Required Actions - Explosion


All electronic equipment must be ATEX certified to reduce explosive risks due to H 2.
Compressors are liquid ring compressors.



Only specially trained staff working on maintenance. Sampling and sample handling
are done in a separate well-ventilated area.



Flammability and explosion potential of various non-condensable gas mixtures with
different ratios of atmosphere determined to guide on maximum oxygen permitted
oxygen volumes in the feed gas. The O2 concentration in feed gas maintained below
0.5% by volume.

(4) Required Actions - Power Plant


In the machinery house, there is an H2S alarm system, which sounds at 6 ppm and
gives an additional warning at the 10 ppm level. If the system sounds, employees
should leave the premises immediately, ventilate well and allow adequate time until
the H2S returns to a safe level. Upon the first opportunity, the cause of the alarm shall
be investigated. It is required that two or more employees investigate the leakage area
being equipped with a gas monitor. They should leave immediately if the level of H 2S
is over 10 ppm or use proper respiratory equipment. If the level does not drop below
the defined danger limit after some time, then the investigators should report the
incident to the operators and await further instruction.
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The power plant in the Iceland site uses an advanced ventilation system, sophisticated
alarm systems, and trained staff. It is worth mentioning that it is not possible to rule
out accidents.



Moreover, double pipelines have been installed and an H2S alarm system monitors all
the relevant rooms.

(5) Required Actions - Chemical Solvents


Only trained and protected personnel should be involved in clean-up operations in
case of any spillage. It should be tried to prevent any soil and water (surface or ground)
contamination.



Collected solvents must be stored properly in the labelled containers.



When amines burn (in case of fire), toxic vapours and gases, such as nitrogen oxides
and carbon monoxide, are formed. Therefore, fire extinguishers such as water fog, fine
spray, dry-chemical, carbon dioxide, or foam may be used.

3.7.2.2 Mitigation Actions Related to Risks during the Transport Process
Since in this project, gas is dissolved in water before it is piped to the storage site, there is no
high-pressure transport of gases at the site.
3.7.2.3 Mitigation Actions Related to Risks during the Injection Process
(1) Response Plan
Health and Safety Procedures
Access to the gas injection system is limited to only those staff who have been undergone
strict safety training.
Mitigation Actions
To avoid the environmental risks associated with CO2 injection, the gases are piped through
a closed-loop from the capture phase until they are released into the injection system. This
ensures that CO2 does not escape into the atmosphere in an uncontrolled situation.
(2) Required Actions - Casing Failure Due to Corrosion or Fatigue


Surface casings and anchor casings add to the security compared to wells cased with
a single casing.
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A minimum of two injection wells minimises risk to the whole operation if a single well
has a casing failure.

(3) Required Actions - Wellhead Leakage


Wells are constructed to all relevant standards.



The wellhead pressure on the waterside is maintained below 20 bar.



The pressure is monitored in duplicate at the wellhead and compared to pressure at
the capture plant.

(4) Required Actions - Malfunctioning of Equipment


Thorough list and inventory of important spare parts available so that the impact of
malfunctioning equipment can be minimized.



Experts on hand to minimise impact and delays caused by malfunctioning equipment.



The risk caused by malfunctioning equipment in injection wells is decreased by the
operation of at least two injection wells.

(5) Required Actions - Possible Induced Seismicity
The induced seismicity in 2011 generated a strong response from the general public, media,
regulators, and Reykjavik Energy (the operator of the field).


Pre-injection risk analysis and background monitoring of seismicity.



Application of a traffic light system aimed at minimising the risk of induced seismicity
[57].



Review and revise work procedures and processes regarding reinjection
 Reykjavik Energy revised its work procedures regarding reinjection and a new
traffic light process was put in place for starting large-scale reinjection or when
significant changes are made in the reinjection from the power plant (Figure 19).
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Figure 19. Work procedure for large-scale reinjection after a temporary shutdown or when
significant changes are made in reinjection from the power plant



Installation of a seismic monitoring network:
 A local seismic network has been installed at the site to monitor seismic activity
in the area.



Seismic activity is monitored with the Icelandic Meteorological Office’s seismic
network (SIL) and data is presented in real-time on their website



Communication with the public and authorities



Put in place a formal communication route to nearby communities that can alert the
public to sudden changes in reinjection that could increase seismic risk:
 Phone calls and emails a formal route
 When the reinjection at the Hellisheidi power plant is disrupted or changed in a
significant or unusual way (that could increase seismic risk information), a
warning is sent out through three channels:
 The IMO’s seismic monitoring watch (Icelandic Metrological Survey) is
notified as they are responsible for monitoring all seismic activity in Iceland
24/7
 The Icelandic Civil Protection Department is notified. They, in turn, notify the
corresponding nearby communities both through direct communication with
local civil protection committees and through a public announcement on
their website
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 Reykjavik Energy puts out a notice on its website alerting the public to the
increased risk.
3.7.2.4 Mitigation Actions Related to Risks during the Storage Process
(1) Response Plan
Health and Safety Procedures
All on-site staff within the project are required to go through health and safety training before
being allowed to work at the site.


All workers involved in the process of tracer injection must wear protective clothing
including gloves, masks, goggles, and overalls.



Only specially trained staff should have access to the tracer storage facility.

(2) Required Actions - Leakage
Rigorous risk mitigation strategies should be developed and implemented to reduce the risk
of CO2 leakage. There are some concerns about the lack of experience with CCUS risk
mitigation strategies and the need for long term monitoring techniques.


Proper regulation is necessary to ensure that operators are competent, sites are
appropriately chosen, and that wells are properly cemented.



The risk of leakage is eradicated by dissolving the CO2 in water before or during
injection since the CO2-charged water is denser than the surrounding groundwater
and does therefore not have the tendency to migrate back to the surface like buoyancy
forces drive CO2 stored underground as a gaseous and supercritical CO2 phase:
Solubility trapping is achieved immediately and no cap rock is required above the
storage formations.



Mineral carbonization (i.e., the conversion of CO2 to carbonate minerals) via CO2-fluidrock reactions in the reservoir minimizes the risk of leakage and thus facilitates longterm and safe carbon storage and public acceptance:
 Chemical reactions between the injected CO2 charged water and the host rock
proceed to take place, resulting in the bulk of the CO2 being permanently
transformed to carbonate minerals in less than two years as demonstrated in
previous Carbfix injections.
 This result contrasts with the common view that the immobilization of CO 2 as
carbonate minerals within geologic reservoirs takes several hundred to thousands
of years.
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 With the injected CO2 being rapidly transformed into minerals the injected carbon
is permanently fixed and there is a negligible risk of it ever returning to the
atmosphere.
 Once it has been confirmed that the injected CO2 is mineralised, no further
monitoring of the storage site is required.


The risk of CO2 leakage is therefore the only risk if the injection operations do not
follow the required guidelines of properly dissolving the CO2:
 CO2 flux monitoring campaigns using a predetermined sampling point network
can be carried out regularly to verify no leakage from the storage reservoir due to
poorly operated injection.

(3) Required Actions - Tracers


The tracer injection system must be under strict surveillance, and automatically shut
off valves.



The process of tracer injection should be continuously overseen by staff to intervene
in case of any leakage.



Supply lines from the tracer containers must be equipped with closed control valves
to prevent the tracer entrance to the major pipelines in the event of system
malfunction.



Tracer tanks are positioned on top of the safety container. In case of any leakage or
spills, it will be caught by the container.



A safety data sheet (SDS) should be provided to prove that the selected tracers are not
harmful to the biota system.



The selected tracer must fulfil legal requirements to protect the groundwater against
pollution.

3.7.3 Risk Assessment from CarbFix Project
The main emphasis in the SCC projects is training the staff and developing on-site safety
measures. Normally, staff working at the SCC sites need to receive training for the operation
of equipment at high temperatures and pressures. Before any site activity, a site-specific risk
assessment must be performed. The site operators are responsible for doing the risk
assessment.
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The risk assessment and the workplace should be systematically reviewed to identify and
assess safety and health hazards. Subsequently, a timed plan for improvements should be
made. The considered hazards are identified from discussions with equipment designers, and
from previous experience through the operation of the industrial injection projects.

3.7.3.1 Risk Matrix
To obtain the risk of each hazard, the probability of occurrence, and the consequence of that
hazard must be determined. The probability of occurrence of the hazards can be divided into
five categories. Table 12 shows these five categories. The values of these categorizations are
selected based on the discussion with the experts.
Table 12. Considered classification for the frequency of occurrence within the CCUS project
Category
Very low
Low
Medium
High
Very high

Frequency
Less than once in 10 years
Once in 10 years
Every year
Every month
Every week

The consequence of each hazard (environmental impact or life consequence) is classified into
five classes depending on severity. Table 13 shows the consequence categorization.
Table 13. Considered categorization for the consequence of hazards within the CCUS project
Category
Insignificant
Low
Noticeable
Critical
Catastrophic

Impact
Life Safety
No injury
Small injury
Injury without permanent disability
Injury with a permanent disability
Death

Environmental Impact
No impact
Small impact
Medium impact
Large impact
Large prolonged impact

The frequency of the occurrence and severity of the consequences is then combined into a
matrix giving the risk of each hazard. Figure 20 shows the risk matrix. No precautions are
required if an activity is in the low-risk area (green zone). On the other hand, if an activity falls
in the high-risk area (red zone), mitigation actions must be carried out to reduce the risk. A
medium-risk area indicates actions may be carried out to reduce the risk.
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Figure 20. Risk matrix

3.7.3.2 Risk Assessment-Sampling of Injection/Monitoring Well
The following figures show the hazards and risk assessment related to the sampling of the
injection (or monitoring) wells.

Figure 21. Risk assessment sampling
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The Employee Risks

Figure 22. Risks related to the employee

Preparing and Setting Off Risks

Figure 23. Risks related to the preparing
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On-site Risks

Figure 24. Risks related to the on-site preparing
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Sampling Risks

Figure 25.Risks related to the sampling

Titration, Oxygen measurements and acidification Risks

Figure 26. Risks related to the titration, oxygen measurements, and acidification
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Finishing and Returning Home Risks

Figure 27. Risks related to finishing and returning home

Field operators are responsible for doing a site-specific risk assessment of the activities. They
are also responsible to make sure that local and national guidelines and legislation are
followed. Before any activity, a risk assessment must be performed. Risk mitigations and
health and safety measures within the CCUS project must be provided. Great efforts must be
performed to train the staff and to develop on-site safety methods. Regular safety training
should be provided for the staff.
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4 Enhanced Geothermal System (EGS)
Enhanced (or engineered) geothermal systems (EGS) have evolved from the hot dry rock
concept, implemented for the first time at Fenton Hill in 1977. Hot dry rock (HDR) was also
known as a hot fractured rock because of either the need to fracture the virtually
impermeable formations or the presence of natural fractures in hot wet rock (HWR) when it
was established that the formations were not completely dry but contained some fluids.
EGS reservoirs are made by drilling wells into hot rock and fracturing the rock sufficiently to
enable water to flow between the wells. The very hot water exits the reservoir via production
wells. When the water reaches the surface, it passes through a power plant where electricity
is generated. Water is returned to the reservoir through injection wells when it leaves the
plant, thus completing a loop. Plants using a closed-loop system to generate electricity do not
release any fluids to the atmosphere and will not have any greenhouse gas emissions.

4.1 Design to Production Test Stage for EGS
EGS reservoir development has been represented as a multi-step decision process. The
process goal is to create an EGS reservoir that can operate economically. The logical steps
that must be taken to complete an EGS economic reservoir project are: (1) finding a site; (2)
creating the reservoir; and (3) operating the reservoir.

4.1.1 Finding the Site – Site Characterization
Finding an appropriate site is the first step to create an EGS reservoir. However, how to define
an appropriate site may present a problem due to lack of experience. Site characterization
will draw on existing knowledge of the site and its surroundings to the extent data are
available. If the databases available are good enough, substantial information on technical
and non-technical properties can be obtained for development purposes. Adequate heat
obviously must be present for the desired application, but the depth to the target
temperature is important for economic reasons. Information needs for site characterization
and the technology available to meet those needs are listed in Table 14.
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Table 14. The information needs for site characterization and the technology available to meet those
needs
Required Task
Determine the temperature
gradient and predict the
temperature at depth
Determine the stress field using
surface-based technology
Determine geologic characteristics
and history (lithology and
structure)
Detect fluid-filled fractures
Evaluate background seismicity
Predict potential for stimulation

Available technologies
various temperature measurement tools in shallow
boreholes
Geothermometry (chemical and isotopic measurements)
InSAR
Global Positioning System (GPS)
Geophysical surveys
Lithological analysis
Geologic mapping
Self-potential; streaming potential
Seismometers located in shallow surface holes
Geologic models from the oil and gas industry

Surface-based technologies are available that can provide information about many site
characteristics, but that information becomes more problematic with depth. Remote
technologies have proven successful in finding new hydrocarbon resources for companies
involved with the oil and gas industry. However, these technologies have not yet been
successfully applied to EGS, especially regarding expected reservoir properties.

4.1.2 Finding the Site – Exploratory Well and Reservoir Characterization
To confirm the site’s suitability for development at the projected reservoir depth, an
exploratory well, or a slim hole, or a full-scale injection well should be drilled and measured
to study the properties of the reservoir. A slim hole will cost less to drill, while a large diameter
well will provide more confidence and eventually be used for the final reservoir. The level of
confidence and the funding available to the project developer will be the key factor for the
final decision of the size of the exploratory well.
To obtain representative physical and chemical properties, it is essential to drill to the core of
the rock considered for the potential reservoir. Once the interior of the rock is reached the
next step is a “mini-frac”, i.e. a small fracture created hydraulically to determine the surface
tension on the spot. Tests must also be run to determine the fluid that can flow through the
rock so that estimates of its permeability and the potential productivity of the reservoir can
be drawn up. All these techniques can be used in the initial wells drilled for the project, and
in all cases, the maximum amount of data must be compiled so that operational forecasts can
be updated as the project progresses.
The procedures for drilling the exploratory well should be the same as those used in drilling
any moderate to deep well. If the exploratory well has an intended use as a production or
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injection well, precautionary steps should be taken in well completion (casing strings and
cementing open-hole section).

4.1.3 Creating the Reservoir – Injection Well and Stimulation
The drilling of the initial injection well can starts once preliminary characterization activities
have been completed. Information about the reservoir rock (e.g., temperature, stress field,
lithology, and structure) is valuable in planning the drilling campaign. Table 15 describes the
required tasks and available technologies for injection well.
Table 15. Required tasks and available technologies for injection well
Required Task
Reduce rock
Steer the direction of wells
Complete wells
Isolate zones during drilling
Log well
Monitor well parameters
Interpret data to plan stimulation

Available technologies
Drilling bits
Advanced steering tools
Logging while drilling/diagnostics while drilling
Metal casing in various diameters and production tubing
(e.g., slotted liner)
Design methods for selective cementing
Open and cased hole packers and expandable tubular
and screens
Logging tools (e.g., tools to measure downhole pressure,
flow, temperature, image fractures)
Borehole breakouts, core-based measurements
Monitoring tools, sensors (e.g., tools to measure
downhole pressure, flow, temperature, and seismicity)

The reservoir rock can be stimulated when the first injection well has been drilled and
completed. The purpose of stimulation is to create well-to-well flow paths that minimize
impedance but meet operational needs. An open-hole section through the targeted fracture
zone, which has been determined from logs, core, and other information gathered during site
characterization (temperature, tension, structure, etc), are required for stimulation. The tasks
required to stimulate the reservoir are shown in the following:
1) Drill the first deep well (injection) with the casing set at the appropriate depth
to give required mean reservoir temperature.
2) Obtain basic fundamental properties of the underground such as stress field,
joint characteristics, in situ fluid characteristics, mechanical properties of the
rock mass, and the identification of flowing/open zones where appropriate.
3) Having established the best positions for the sensors of the micro-sensor array,
install an appropriate instrumentation system to yield the best possible quality
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of micro-seismic sensor array, not only during the first stimulations but also for
all events likely during the reservoir’s lifetime.
4) Conduct stepped flow rate injections until the pressure for each injection step
becomes steady. The maximum injection pressure should exceed the minimum
formation stress at the point of injection.
5) Maintain high flow rate injection until the seismicity migrates to the distance
necessary for targeting the second well.
6) Depending on the relationship of the in situ stress and the density of in situ fluid,
it may be possible to influence the vertical direction of reservoir growth by
selecting an appropriate stimulation fluid density.
7) Perform a shut-in test to assess the size of the reservoir.
8) Carry out flow logs in the injection well to identify the main flowing zones.
9) Let the reservoir deflate and then make injection tests at lower flow rates to
assess the permanent residual enhancement of permeability, i.e., flow against
injection pressure.
10) Target the second well (production) into the periphery of the seismically
activated structure, with well separation appropriate to suit economic targets.
At the same time, ensure that the well has a downhole pumping chamber
incorporated in its completion plan.
11) Stimulate the second well in a stepped manner as described to improve access
to the previous stimulated zone and eventually permit the recovery of the
mobile in situ fluid (carry out diagnostic technique as in steps 3 and 8).
12) Conduct short circulation tests to assess the connectivity between the injector
and the producer.
13) Perform tracer tests to evaluate reservoir flow-through volume, to characterize
the residence time distribution, and to identify any short circuit paths.
14) Repeat steps 10 to 14 for the third well, i.e., the second production well, and for
a fourth and even fifth, if the system warrants this.
The technologies needed to complete the stimulation are listed in Table 16.
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Table 16. Required tasks for creating the reservoir - stimulation
Required Task
Plan and design stimulation (e.g.,
zones, pressures, volumes, fluids,
proppants)
Imaging and mapping of fractures
Identification of flow paths during
and post-stimulation
Effective real-time decision-making
capability for stimulation
Zonal isolation for stimulation
Create/enhance flow paths
Keep flow paths open

Available technologies
Stimulation models for oil and gas; basic numerical
models for geothermal applications
Micro-seismicity, gravimetry, self-potential, tiltmeter
arrays
Microseismicity, gravimetry, SP, tiltmeter arrays
Oil and gas industry stimulation modeling and control
technology
Stimulation packers, slotted liners
Hydraulic stimulation; chemical stimulation; and rate
controlled explosives
Proppants for both near wellbore and far-field use
scaling, dissolution, and permeability control

Carrying out these tasks should create a large fractured volume of rock. The fracturing fluid
must be pumped at high pressures and flow rates, and a high-fidelity seismic monitoring
network is critical to the stimulation. The knowledge base for the stimulation of geothermal
systems remains limited. Some experts believe that successful stimulation will require
favourably oriented pre-existing fractures or zones of weakness. Furthermore, stimulation
would be dominated by shearing rather than tensile fracturing. It is advocated to apply only
enough hydraulic pressure to shear existing zones of weakness, rather than using higher
pressures that would induce tensile fractures. Hydraulic stimulations in oil and gas fields,
which are typically done at pressures well in excess of the rock strength, appear to include a
combination of both shearing and tensile fracturing. For EGS to become a universal
technology, stimulation must succeed in a variety of stressful environments.
The criteria for drilling production wells are basically the same as for the injection wells
already drilled, though there are differences in the directional control of the drilling, the
completion of the wells, and their reinforcement with construction elements as required to
withstand the stresses to which the ground is subject at the well bottoms. The creation of the
reservoir through stimulation is considered to be a critical aspect of EGS development.
Technology needs, such as real-time control of the stimulation, are extensions of current
petroleum industry capabilities. EGS-specific needs, those with general applicability, include
understanding fluid flow paths through the use of imaging techniques not currently available.
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4.1.4 Drilling Technologies
Drilling is an essential operation in creating and sustaining EGS reservoirs. Today’s oil and gas
drilling technology can routinely reach depths of 4 to 5 km. The costs of drilling injection and
production wells and the pumping and supply of water are the major cost barriers to
commercializing an enhanced geothermal system. Since drilling costs are related both to the
geological formations and to well depth, power plants, which can effectively use lower
temperature fluids from shallower wells will reduce power costs. The drilling costs rise
exponentially for oil and gas wells while costs for geothermal wells remain linear. Estimates
of drilling costs with depth were calculated by a parametric cost model using a rather limited
database from shallow wells. The assumption of linear well cost with depth is not realistic
beyond 5 km, given the rigors of the geothermal environment (temperature, pressure, hard
crystalline rock, reactive fluids) and the current state of technology. Hence, the projected well
costs with depth are considered optimistic.
Due to the importance of drilling costs for EGS, particularly for mid to low grade resources
where wells deeper than 4 km will be required, it is imperative that new technologies are
developed to maximize drilling capabilities.
(a) Current EGS drilling technology
The current state of the art in geothermal drilling is essentially that of oil and gas drilling,
incorporating engineering solutions to problems that are associated with geothermal
environments, i.e., temperature effects on instrumentation, thermal expansion of casing
strings, drilling hardness, and lost circulation.
(1) High-temperature instrumentation and seals:

Geothermal wells expose drilling fluid and downhole equipment to higher
temperatures than are common in oil and gas drilling. High-temperature problems are
most frequently associated with the instrumentation used to measure and control the
drilling direction and with logging equipment. Heat shielded instruments, which have
been in use successfully for a number of years, are used to protect downhole
instrumentation for a period. However, even when heat shields are used, internal
temperatures will continue to increase until the threshold for operation of the
electronic components is breached. Temperature effects on downhole drilling tools
and muds have been largely overcome by a refinement of seals and thermal expansion
processes. Fluid temperatures in excess of 190°C (370°F) may damage components
such as seals and elastomeric insulators.
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(2) Logging:

The use of well logs is an important diagnostic tool that is not yet fully developed in
the geothermal industry. For oil and gas drilling, electric logging provides a great deal
of information about the formation, even before field-testing. Logging trucks
equipped with high-temperature cables are now more common, but not without
additional costs. Geothermal logging units require wirelines that can withstand much
higher temperatures than those encountered in everyday oil and gas applications.
(3) Thermal expansion of casing:

Thermal expansion can cause buckling of the casing and casing collapse, which can be
costly. Also, thermal contraction due to cooling in injection wells, or thermal cycling
in general, can lead to damage and eventual tensile failure of the casing. Thermal
expansion and contraction of casing and liners is an issue that has been adequately
addressed for wells with production temperatures below 260°C (500°F). Full sheath
cementing and surface expansion spools can be employed in this temperature range
with confidence. Above operating temperatures of 260°C (500°F), greater care must
be taken to accommodate thermal expansion or contraction effects.
(4) Drilling fluids/mud coolers:

The drilling fluid temperature at the bottom of the well will always be higher than the
temperature of the fluid returning to the surface through the annulus, because it is
partly cooled on its way upward by the fluid in the drill pipe. High drilling fluid
temperatures in the well can cause drilling delays after a bit change. “Staging” back
into the well may be required to prevent bringing to the surface fluid that may be
above its boiling temperature under atmospheric conditions. To reduce the
temperature of the drilling fluid before it is pumped back down the hole; surface “mud
coolers” are commonly applied. It should be used whenever the return temperature
exceeds 75°C (170°F), because the high temperature of the mud is a burn hazard to
rig personnel.
(5) Drill bits and increased rate of penetration:

Drill bit selection is critical, as formations are composed of relatively hard igneous
rock, influenced by volcanic activity, or that have been altered by high temperatures
and/or hot fluids. However, not all geothermal formations are slow to drill. Bits used
in geothermal environments are similar to those used in oil and gas environments, but
they are more likely to beat the harder end of the specification class range. Severe
wear on the heel row and the rest of the cutting structure occur due to the hard,
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abrasive rocks encountered in geothermal drilling. This raises problems with the
maintenance of the hole diameter and the protection of the bearing seals. In some
instances, mining insert bits have been used (especially in air drilling applications)
because they were often manufactured with harder and tougher insert material.
(6) Lost circulation:

Lost circulation is a drilling problem that arises when the circulation of the drilling fluid
is interrupted and does not return to the surface. The sudden loss of fluid return
causes the cuttings to be suspended in the annulus and/or to fall back down the well,
clogging the drill pipe. Lost circulation exists in oil and gas drilling, mining, and in water
well drilling as well, but is much more prevalent in geothermal well drilling.
Problems with lost circulation during drilling have been reduced somewhat by the
greater use of aerated drilling fluids or air drilling. Air drilling is another technology
that has been adapted from the oil/gas and mining industries. Geothermal reservoirs
are quite often under pressure and prone to lost circulation, which can make for very
difficult casing and cementing procedures. Another solution to cementing problems
in the presence of lost circulation is to drill beyond, or bypass the loss zone and to
cement using a technique that can prevent excessive loss. Lightweight cement,
foamed cement, reverse circulation cement, and lightweight/foamed cement are
developments that enable this approach to be taken.
(7) Directional drilling:

Directionally drilled wells reach out in different directions and permit production from
multiple zones that cover a greater portion of the resource and intersect more
fractures through a single casing. An EGS power plant typically requires more than one
production well. In terms of the plant design, and to reduce the overall plant
“footprint,” it is preferable to have the wellheads close to each other. Directional
drilling permits this while allowing production well bottom spacing of 3,000 ft. (900
m) or more. Directional tools, steering tools, and measurement while drilling tools
have been improved for use at higher temperatures and are in everyday use in
geothermal drilling; however, there are still some limitations on temperatures.
(b) Current oil and gas drilling technologies adaptable to EGS
To reduce the costs and improve the economics of deep EGS wells deep, there are several
approaches that can be taken [58]:
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(1) Expandable tubular casings:
Casing and cementing costs are high for deep wells due to the number of casing strings
and the volume of cement required. A commercially available alternative is to use
expandable tubulars to line the well.
(2) Under-reamers:
The use of under-reamers is common in oil and gas drilling through sediments and
provides cementing clearance for casing strings that would not otherwise be available.
However, high-quality under-reamers for hard rock environments are not common,
with expansion arms often being subject to failure. Currently, under-reaming in oil and
gas operations utilizes bi-center bits and Polycrystalline Diamond Composite (PDC)
type cutters. Unfortunately, the success of PDC cutters in geothermal environments
has not yet been established. Under-reamers that are more robust are required for
EGS applications.
(3) Low-clearance casing design:
An alternative approach to using the expandable tubular is to accept reduced
clearances. A well design using a smaller casing and less clearance between casing
strings may be appropriate. This may also require the use of an under-reamer to
establish clearance between the casing and the borehole for cementing. Although
closer tolerances may cause problems with cementing operations, this can usually be
remedied by the use of under-reamers before cementing.
(4) Drilling with casing:
This is an emerging technology that has the potential to reduce costs. This approach
may permit longer casing intervals, meaning fewer strings – and, therefore, reduced
costs. Research is needed to improve our understanding of cementing practices that
apply to the drilling with casing technique. As with expandable tubular, the
development of reliable under reamers is key to the advancement of this technology.
(5) Multilateral completions/stimulating through side tracks and laterals:
Tremendous progress has been made in multilateral drilling and completions during
the past 10 years. However, pressure-based stimulation of EGS reservoirs may still
prove difficult, unless the most sophisticated (Class 5 and Class 6) completion branch
connections are used. The successful development of reliable re-entry schemes and
innovative ways to sequentially stimulate EGS development sets may be necessary if
the additional cost of such sophisticated completion practices is to be avoided.
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(6) Well design variations:
Considerable savings are possible if the length of casing intervals is extended. This will
reduce the number of casing strings, and therefore, the diameter of the surface and
first intermediate casings. The success of this approach depends on the ability to
maintain wellbore stability of the drilled interval and to install a good cement sheath.
There may be isolated intervals where this technique will be appropriate.
(c) Revolutionary drilling technologies
Revolutionary drilling technologies are included as a part of this assessment; as it is clear that
they could have a profound long-term impact on making the lower grade EGS resource
commercially accessible. New drilling concepts could allow much higher rates of penetration
and longer bit lifetimes, thereby reducing rig rental time, and lighter, lower cost rigs that could
result in markedly reduced drilling cost. These drilling techniques are in various stages of
development but are not yet commercially available. However, the successful development
of any of these technologies could result in a major change in drilling practices, dramatically
lower drilling costs. Such techniques include project drilling, spallation drilling, laser drilling,
and chemical drilling.
Project drilling consists of projecting steel balls at high velocity using pressurized water to
fracture and remove the rock surface. The projectiles are separated and recovered from the
drilling mud and rock chips. Spallation drilling uses high-temperature flames to rapidly heat
the rock surface, causing it to fracture or “spall.” Such a system could also be used to melt
non-spallable rock. Laser drilling uses the same mechanism to remove the rock but relies on
pulses of laser to heat the rock surface. Chemical drilling involves the use of strong acids to
break down the rock and has the potential to be used in conjunction with conventional drilling
techniques.

4.1.5 Summary
To date, EGS is still on a learning curve, as there is still relatively limited EGS experience
gathered and the extreme variety of natural occurrences and engineering solutions (including
reservoir enhancement), it is, therefore, no surprise that EGS is still on a learning curve. More
related research and developments should continue, and these will ultimately have a large
impact on lowering costs and enabling economic access to low-grade EGS resources.

4.2 Operation and Maintenance Stage for EGS
An Enhanced Geothermal System (EGS) is an engineered subsurface heat exchanger that is
designed and operated to extract geothermal energy. Most commonly, in EGS, the reservoir
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is hot, but permeability is low. Therefore, permeability is enhanced by hydraulic fracturing,
high rate water injection, and/or chemical stimulation [59]. Once the permeability has been
increased, production is sustained by injecting and circulating water into injection wells. As a
result, the water gets heated while travelling through the newly created permeability to the
production wells. As the injected water absorbs the heat, it cools down the engineered
fractures coupled with the slippage on the fractures and faults from the induced seismicity
and chemical dissolution of minerals may create new permeability, continually expanding the
reservoir and exposing more heat [60].
In the operation phase of the EGS reservoir, the objective is to control and maintain the heat
ratio throughout the design life. There are uncertainties on various stages involved in EGS
because there is so little experience of their operation to date. Indeed, these systems are so
new that operational experience is measured in months rather than years in many cases.
Zaglos et al. suggested that the operating phase of EGS consist of the following stages that
start from a state of no injection while defining a work strategy for EGS [61]:


Stage 1: Simple Injection and extraction



Stage 2: Informed injection and extraction



Stage 3: In-situ monitoring feedback for injection and extraction



Stage 4: Monitoring and modelling feedback



Stage 5: Real-time monitoring and modelling operation

The technology solutions applied in the coming years will be crucial in mapping out the future
of this type of energy, which is not only entirely clean but also holds amazing potential.
However, like all other systems, if it is to be financially viable it needs to be able to avail itself
of technological development [62].

4.2.1 Induced seismic activity
In EGS, induced seismicity has been documented in a number of operating fields. In the most
prominent cases, thousands of earthquakes are induced annually. Predominantly people do
not feel these micro-earthquakes. At other sites, the induced seismicity may be entire of very
low magnitudes or may be a short-lived transient phenomenon. In the majority of the dozens
of operating hydrothermal fields around the world, there is no evidence whatsoever of any
induced seismicity causing significant structural damage to the surrounding community (see
[63], [64]). However, as mentioned above, depending on where the geothermal project is
located, the induced seismicity may still exceed previously agreed-upon levels to any near-by
communities for a variety of reasons.
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One of the incidents in the vicinity of the Basel, Switzerland EGS project on December 7, 2006,
was the magnitude 3.4 event which caused local officials to stop the project and ultimately
cancel the project [65].
Seismicity, in general, occurs over different time and spatial scales. Growth faults in the overpressurized zones of the Gulf Coast of the United States have been reported as example sites
having a slowly changing earthquake stress environment [66]. Damaging earthquakes usually
considered as greater than magnitude four or five require the surfaces to slip over relatively
large distances (kilometres). In most regions, where there are economic geothermal
resources, there is usually tectonic activity. These areas of high tectonic activity are more
prone to seismicity than more stable areas, such as the central continents [67]. All significant
historical activity above magnitude 5.0 that has been observed in California has occurred on
pre-existing faults as per data from the bulletins of the Seismographic Stations, University of
California.
Due to high-pressure water or fluid injection, particularly hydraulic fracturing, seismicity is
increased [63]. The series of seismic activity over a 10-year period, with the largest having a
magnitude of 5.3, associated with the Rocky Mountain Arsenal fluid disposal operations was
directly related to this injection pressure [67].
Several different mechanisms have been hypothesized to explain these occurrences of
induced seismicity in geothermal settings as discussed below:

4.2.1.1 Pore-pressure increase
In a process known as effective stress reduction, increased fluid pressure can reduce static
frictional resistance and thereby facilitate seismic slip in the presence of a deviatoric stress
field. In such cases, the seismicity is driven by the local stress field but triggered on an existing
fracture by the pore-pressure increase. In many cases, the pore pressure required to shear
favourably oriented joints can be very low, and vast numbers of micro seismic events occur
as the pressure migrates away from the wellbore in a preferred direction associated with the
direction of maximum principal stress. In a geothermal field, one obvious mechanism is fluid
injection. Point injection from wells can locally increase pore pressure and thus possibly
account for high seismicity around injection wells, if there are local regions of low
permeability. At higher pressures, a fluid injection can exceed the rock strength, actually
creating new fractures in the rock.

4.2.1.2 Temperature changes
Cool fluids interacting with hot rock can cause contraction of fracture surfaces, in a process
known as thermo-elastic strain. As with effective stress, the slight opening of the fracture
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reduces static friction and triggers slip along a fracture that is already near failure in a regional
stress field. Alternatively, cool fluids interacting with hot rock can create fractures and
seismicity directly related to thermal contraction. In some cases, researchers have detected
non-shear components, indicating tensile failure, contraction, or spalling mechanisms.

4.2.1.3 Volume change due to fluid withdrawal/injection
As the fluid is produced (or also injected) from an underground resource, the reservoir rock
may compact or be stressed. These volume changes cause a perturbation in local stresses,
which are already close to the failure state (geothermal systems are typically located within
faulted regions under high states of stress). This situation can lead to seismic slip within or
around the reservoir. A similar phenomenon occurs where solid material is removed
underground, such as in mines, leading to “rockbursts” as the surrounding rock adjusts to the
newly created void.

4.2.1.4 Chemical alteration of fracture surfaces
Injecting non-native fluids into the formation (or allowing fluids to flow into the reservoir due
to extraction) may cause geochemical alteration of fracture surfaces, thus reducing or
increasing the coefficient of friction on the surface. In the case of reduced friction,
microearthquakes (smaller events) would be more likely to occur. Pennington et al.
hypothesized that if seismic barriers evolve and asperities form (resulting in increased
friction), events larger than microearthquakes may become more common [68].

4.2.2 Impeding injection fluid flow
The circulating fluid often moves through fractures and can come into direct contact with the
rock formation leading to significant salt deposition and to impeding injection fluid flow. The
salt deposition from chemical interaction between injecting fluid and formations can threaten
the flow assurance and should be addressed to prevent issues triggered by the chemical
interaction between the injected fluid and the receiving rock, which can impair the overall
success of an EGS project [69].

4.2.3 Radioactivity
Radioactivity is another problem emerging from EGS activities, which is caused by an
interaction between the geothermal fluid and certain formations containing radioactive
elements. In general, the content of radionuclides in acidic magmatic rocks is higher
compared to that in sedimentary rocks. Uranium and thorium are the most common
radioactive elements found in granites. High reservoir temperature in EGS projects increases
the solubility of radionuclides, which results in higher concentrations of these nuclides in the
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geothermal fluid. When the fluid is produced, the corresponding temperature reduction and
pressure decrease in the surface facilities and causes deposition of scale, which leads to
health, safety and environmental problems. However, compared to other conventional
energy production (e.g. oil and gas industry), the radioactivity occurring in EGS is likely to be
very small [70]. Radiation exposure of workers during the scale removal is avoided by using
appropriate personal protection equipment. In general, the radiation exposure to the public
is limited because long-lived natural radionuclides are not released during the operation of a
geothermal power plant when the geothermal fluid is re-injected into the reservoir [71].

4.2.4 Runaway water losses
Overstimulation at high pressures leads to runaway water losses and short-circuiting.
Overstimulating at high pressure can be also due to design flaws in the injection features [61].
Pressure drop through the system (“impedance”) is a major problem. This is caused both by
the low permeability of the reservoir and by frictional losses in the wellbores and in the near
wellbore area. Pressure drop is a critical parameter for two reasons:
(i) The higher the pressure drop, the greater the pumping power required – and, hence,
the greater the parasitic losses (an economic issue)
(ii) More importantly, a high impedance requires high downhole pressures to achieve
the required flow rate, and these could easily exceed the levels at which runaway
fracture growth and consequent water losses are incurred.

4.2.5 Unpredictable fractures
Geological stresses are the most significant source of constraint on fracture growth [72].
Fractures propagate perpendicularly to the direction of least principal stress, following the
direction of maximum principal stress [73]. The weight of the overlying rock formations is one
component of the total geological stress. This weight increases with depth, meaning that the
direction of maximum principal stress, and hence the direction of fracture propagation, tends
to be vertical. At shallower depths, where the direction of maximum principal stress tends to
be horizontal, fractures will tend to propagate more horizontally.
The directions of maximum and minimum stress vary across the UK [74]. Characterizing the
stresses at a prospective site for EGS is an important means of determining the direction in
which fractures will tend to propagate. Due to the transient nature of the local stress field,
fracture directions could be unpredictable and can cause a reduction in plant efficiency.
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4.3 Closure/Decommissioning/Post-transfer Stage for EGS
Life cycle phases involved in the Enhanced geothermal system (EGS) are illustrated in Figure
28 (see blue elements). It can be seen that the following activities are involved in the closure
phase (the element titled ‘End of life’):


Plant dismantles



Heat exchangers



User plant dismantle



Transport pipe removal



Organic Rankine Cycle (ORC) system



Other components (e.g. pumps etc.)



Well abandon

The activities are summarized based on five EGS plants, and the activity can vary between
different cases.

Figure 28. Enhanced geothermal system plant life cycle phases (the blue elements) [75]

4.3.1 Plug and abandon
The EGS wells in Rittershoffen and Illkirch, France, are also abandoned using cement plug [75].
Some critical sections of the well must be properly plugged by cement, such as the top of the
well, the last casing shoe, and the open hole section. For the case of geothermal wells, the
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open-hole section is a loss zone and thus cementing is performed at the top of the loss zone.
Additionally, depths with a known permeable zone must also be cemented.
The length of each cement plug is 50 m, and where there is a change in internal diameter, it
is 100 m. Illustrations of the section where the cement plugs are placed in two EGS wells are
shown in Figure 29. The length of the cement plug installed at the top section in the Illkirch
EGS well (Figure 29.b) is foreseen to be longer than that placed in the Rittershoffen EGS well
because of the existence of a shallow water aquifer.

Figure 29. Cement placements for abandoned EGS wells: (a) in Rittershoffen and (b) Illkirch. (Not to
scale) [75]

The main associated risk is the contamination of groundwater. After the well is abandoned,
the casing structure of the abandoned well will deteriorate due to corrosion and will allow
communication within aquifer layers and contaminate the groundwater.

4.4 Risk management EGS - General context
The safety of subsurface geo-energy operations such as CCUS, EGS and UOG is imperative
throughout the project life cycle due to the obvious risk involving various geological processes
and are driven by health and safety concern for all parties involved. The risk identification and
management are an ongoing and iterative process through the project life cycle, with
numerous updates from the additional data collected on the site characteristics and
performance, resulting in a better understanding of risk and uncertainties. The life cycle risk
management process offers a framework to ensure the selection, characterisation, operation
and closure of storage site to meet the requirements of no significant risk.
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The risk can be defined as the “effect of uncertainty on objectives” as per ISO 31000 [46],
where the term “effect” means deviation from positive and/or negative outcomes,
“objectives” represent different aspects (e.g. health and safety, financial and environmental
considerations), and “uncertainty” addresses the limited understanding or knowledge of an
event and its consequence or likelihood [46].
The intention of the risk assessment is for the operator to assess all potential risks for the
system along with any generic risks that need to be considered on a case-by-case basis. The
overall risk management process can be subdivided into three steps [26].
Step 1: The first step is to identify and assess potential risks during the lifecycle.
Step 2: To rank and categorise potential significance of identified risks based on a standard
matrix of probability and severity of outcome.
Step 3: To mitigate risks or associated uncertainties to acceptable levels by continuous
monitoring and implementing preventive and corrective measures.
Risk
Assessment

Monitoring
plan

Implementing
any
corrective
measures

Performance
vs Prediction

Update the
model

Figure 30: Risk management based approach to storage or reservoir project with continuous flow of
new information and data from operation phase [26]

Risk management is an iterative process that involves risk analysis and assessment, followed
by the implementation of a risk management plan (RMP). The integrated nature of the risk
management process is illustrated in Figure 30. In addition, the best practices integrated into
this process are described below:


Risk assessment: - Identifying potential risks (risk source assessment). In the case of
CCUS, several methods are available to identify potential risks for CO2 storage, and the
most common approach identifies the project-specific features, events and processes
(FEPs), alone or in combination, to develop a wide range of scenarios for the project.
There are two steps involved in this method. The first step is determining relevant
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FEPs based is on the existing database, which is largely focused on the long-term safety
and performance of the CO2 storage system. The second step is determining scenarios
and consequences.


Characterise the risk: - In general the potential risks of the project are characterised
using a monitoring plan in two steps.

Step 1: - To determine the probability and magnitude of a given risk during the risk analysis
process using any/combination of qualitative, quantitative or semi-quantitative assessment.
Step 2: - To prioritise the risks identified to define the acceptability criteria based on a priority
category like environmental, health & safety, technical, cost and reputation.


Developing RMP: - The RMP summarises the activities that were evaluated for risk,
what those risks are, how they are ranked, and the steps the project will take to
manage, monitor, avoid, or minimise those risks. Monitoring plan is deployed in this
step.



Analysing the predictions with the performance.



Update the model: - Updating of all or portions of the risk analysis periodically. The
risk analysis should be a dynamic process and the timing and type of periodic risk
assessments depend on current and upcoming activities.

The approach above on detecting, assessing, managing and mitigating identified risks and
uncertainties through preventive measures can ensure safety at a given site for any phase in
the project life cycle. The principle of risk management and importance of ensuring safe
storage is relevant and applicable throughout the life cycle.
From a risk management perspective, the operations phase is one of the most crucial periods,
owing to the energy/heat from the reservoir for EGS. Successful management of an EGS
reservoir requires careful monitoring of variables. Heat loss during the extraction of the fluid
from the reservoir must be minimised, the natural radioactivity must be controlled and the
efficiency of the electricity generating plant must be monitored. The key to financial viability
in EGS technology lies in being able to produce energy over long periods with no need to make
expensive repairs (such as the unplanned drilling of additional wells).
When the reservoir is operated, various operating techniques can be chosen, and it must be
determined what the optimal technique for an EGS plant is. Thus, the reservoir can be
exploited, e.g., by Doublet or Multi-well systems. While the first technique is simpler and
cheaper, the second provides more flexible results that let you create a network of several
reinjection and production wells, reducing the pressure and minimizing the seismic hazards
that may arise from exploitation (an aspect of great importance). Additionally, a correct
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placement of reinjection and production wells, which has a direct impact on the performance
of the facility and whose influence, therefore, must be a study factor. Similarly, it may be
chosen for conversion into electricity, other techniques among which worth mentioning the
Organic Rankine Cycle (ORC) and the Double-Flash Power Plant.
Thus, a clear understanding of, and a repeatable strategy for, addressing long-term EGS
operations barriers is necessary. Fortunately, the Operate research topic has considerable
overlap with the Create topic as noted above and despite decades of experience with longterm operations of hydrothermal systems, EGS brings new challenges to this area, due mainly
to the man-made nature of the reservoir.
Technology solutions to address short-circuiting, like other concerns with long-term
operation, will require a much larger and broader experience base.


Where natural fractures exist, stimulation can be performed using low-pressure
injection [76].



Through investigation of natural fractures and its suitability to the operation
should be conducted before hydraulic fracturing.



Where possible, chemical stimulation is better as it avoids hydraulic fracturing [77].



Techniques such as side-leg concept where the pressure is distributed over two
separated ends of injection well can be used [77]



If there is risk from High-pressure injection; reduce injection pressure at the cost
of operational efficiency [78].



Maintain acceptable flow rates and reduce or eliminate fluid loss [79].



Choose injection fluid, which do not interact with the formation.



Use PPE and radioactive counters [77]



Validate design prediction with operating data [80].



Mitigate reservoir and surface problems that could lead to short circuiting [79].

4.5 S4CE project site- Cornwall site
The United Downs Deep Geothermal Power (UDDGP) is the first deep geothermal power plant
in the UK [81]. The type of geothermal power being investigated in UDDGP is deep
geothermal. It is funded by a combination of public and private funds including the European
Regional Development Fund, Cornwall Council, and Thrive Renewables plc. The aim of the
project is to produce power and heat from the hot granite rocks beneath Cornwall at the
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United Downs Industrial Site near Redruth. Two deep, directional wells have successfully been
drilled; the production well to a depth of 5275m and the injection well to 2393m. Both wells
have intersected the target Porthtowan Fault Zone located approximately 800m to the west
of the site [81]. Currently, the UDDGP is under the development of the site selection and
design to the production test stage. A picture of the UDDGP plant can be found in Figure 31,
and the geothermal energy distribution in the UK can be seen in Figure 32.

Figure 31. Drilling rig at United Downs Deep Geothermal Power plant [81]

Figure 32. Geothermal energy distribution in the UK [82]

PU

Page 95 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

4.5.1 Risk management associated with Cornwall site
The risk assessment of the United Downs Deep Geothermal (UDDGP) site in Cornwall
considers six aspects, which are source, pathways, receptor, the environmental effect of
impact, existing control or mitigation, control measures required/action detailed. The
geothermal systems risk assessment structure is presented in Figure 33. The first three
elements are covered in this report while the remaining three are covered in deliverables 8.3
and 8.4.

4.5.1.1 Source
The source considers if there is a pollutant in the system. According to Geothermal
Engineering Ltd (GEL), it contains eight items:


Bulk fuel for rig and generators (rig tanks, 3000L Diesel cubes, equipment fuel tanks)



Road vehicles, fuel and lubricants



Drilling and completion of chloride containing and pH modifying dry chemicals.
Cement slurry



Drilling and completing liquids



Exhaust emissions



Fuels and lubricants stored for plant operations and maintenance



Waste loaded into vehicles



Fire

Geothermal Systems Risk Assessment

Source

Pathway(s)

Receptor

Is there a
pollutant?

How can it
enter the
environmen
t?

What is the
feature that
can be
harmed?

Source-PathwayReceptor (S-P-R)
connects?

Y/N

Initial Risk

&

Environmental
effect or impact

Existing controls
or mitigation

Control measures
required / Action
detailed

Type of damage
or environmental
impact

Risk controls
already in place
or mitigating
factors used to
assign initial risk

Control measures/
Action

Residual risk

Figure 33. Geothermal systems risk assessment structure
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4.5.1.2 Pathways
It considers how the pollutant can enter the environment. For bulk fuel for rig and generators,
the pathway includes:


Leakage from the tank to ground on unsealed areas



Run-off from tank leaks or ruptured/damaged tanks or hoses



Spillage during fuelling - run-off or soaking to the ground on unsealed areas

For road vehicles, fuel and lubricants, the pathway includes:


Spillage on unsealed areas of the site



Spillage on roadways

For drilling and completion chloride containing and pH modifying dry chemicals, the pathway
includes:


Spillage or leakage on unsealed areas of the site with washdown due to rainfall.



Spillage on roadways with washdown due to rainfall.

For drilling and completion liquids, the pathway includes:


Spillage or leakage on unsealed areas of the site



Spillage on roadways

For exhaust emissions, the pathway includes:


Direct emission to air

For fuels and lubricants stored for plant operations and maintenance, the pathway includes:


Spillage or leakage on unsealed areas of the site



Spillage on roadways

For waste loaded into vehicles, the pathway includes:


Spillage or leakage on unsealed areas of the site



Spillage on roadways

According to fire, the pathway includes:

PU



Atmosphere



The residue flows off site
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4.5.1.3 Receptor
The receptor mainly considers what is the feature that can be harmed. For bulk fuel for rig
and generators, the receptor includes:


Surface and subsoils (ground)



Groundwater



Surface waters

For road vehicles, fuel and lubricants, the receptor includes:


Soils and subsoils (quantity dependant)



Drains and sewers

For drilling and completion chloride containing and PH modifying dry chemicals, the receptor
includes:


Soils and subsoils (quantity dependant)



Drains and sewers

For drilling and completion liquids, the receptor includes:


Soils and subsoils (quantity dependant)



Drains and sewers

For exhaust emissions, the receptor includes:


Air quality



Local amenity

For fuels and lubricants stored for plant operations and maintenance, the receptor includes:


Spillage or leakage on unsealed areas of the site



Spillage on roadways

For waste loaded into vehicles, the receptor includes:


Soils and subsoils (quantity dependant)



Drains and sewers

According to fire, the receptor includes:
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Air quality



Amenity



Groundwater
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Land

4.5.1.4 Environmental effect or impact
This item mainly considers the type of damage or environmental impact.
For bulk fuel for rig and generators, the receptor includes:


Contamination of ground.



Pollution of near-surface aquifers.



Pollution of surface waters (damage to ecosystems).

For road vehicles, fuel and lubricants, the receptor includes:


Contaminated ground or surface water.



Transfer of pollutants to water treatment facility.



NB Water features are:
o One waterbody located 350m northwest of the site;
o One waterbody located approximately 490m northwest of the site;
o A drain located 230m east northeast of the site;
o A drain located 270m northeast of the site,
o A drain located 300m northeast of the site;
o A drain located 480m west of the site; and
o A drain located 490m southwest of the site.

For drilling & completion chloride containing and PH modifying dry chemicals, the receptor
includes:


Pollution of surface water features or groundwater.



Transfer of pollutants to water treatment facility.



Harm to persons coming into contact (e.g. caustic solution).

For drilling & completion liquids, the receptor includes:


Pollution of surface water features or groundwater.



Transfer of pollutants to water treatment facility.



Harm to persons coming into contact (e.g. caustic solution).

For exhaust emissions, the receptor includes:
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Air quality reduction.



Public complaint.

For fuels and lubricants stored for plant operations and maintenance, the receptor includes:


Pollution of surface water features or groundwater.



Transfer of pollutants to water treatment facility.

For waste loaded into vehicles, the receptor includes:


Pollution of surface water features or groundwater.



Transfer of pollutants to water treatment facility.

According to fire, the receptor includes:


Air pollutants



Pollution of surface water features or groundwater.



Transfer of pollutants to water treatment facility.

4.5.1.5 Existing controls at the Site
This item mainly considers risk controls that already in place or mitigating factors used to
assign initial risk.
For bulk fuel for rig and generators, the receptor includes:


Fuelling procedures



Crew competence



Contract delivery drivers



Spill containment area

For road vehicles, fuel and lubricants, the receptor includes:


Competent contractors



Site HSE and logistics monitor vehicles



Contract delivery drivers



Hoses will be run onto spill containment area

For drilling and completion chloride containing and PH modifying dry chemicals, the receptor
includes:
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Chemicals on spill containment



Crew competence
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For drilling and completion liquids, the receptor includes:


Chemicals on spill containment



Crew competence



Waste contractor check for leaks or spills

For exhaust emissions, the receptor includes:


Competent contractors



Minimise transport - crew bus



Competent logistics management

For fuels and lubricants stored for plant operations and maintenance, the receptor includes:


Competent crew



Standard operating procedures (SOPs) / Reliability, Availability, Maintainability and
Safety (RAMS)



Stored on spill containment area

For waste loaded into vehicles, the receptor includes:


Competent personnel



Contractor selection



SOPs

According to fire, the receptor includes:


Plan for detection and prevention of fire in Borehole Sites and Operations
Regulations (BSOR)



Hazardous area zoning and rated equipment



ERP and firefighting equipment

4.5.1.6 Further Control measures needed Risk
For bulk fuel for rig and generators, the receptor includes:


Monitor for leaks



Audit activity by Site HSE



Monitor site boundary and spill containment area for evidence of contaminations

For road vehicles, fuel and lubricants, the receptor includes:

PU



Monitor filling / off process



Monitor for leaks
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Site tours by Site HSE



Monitor site boundary and spill containment area for evidence of contaminations

For drilling and completion chloride containing and PH modifying dry chemicals, the receptor
includes:


Site tours by Site HSE



Monitor site boundary and spill containment area for evidence of contaminations

For drilling and completion liquids, the receptor includes:


Site tours by Site HSE



Monitor site boundary and spill containment area for evidence of contaminations

For exhaust emissions, the receptor includes:


Monitor for signs of smoke emission and stop the engine if seen



Contractors maintenance



Emissions friendly plant contracted where available

For fuels and lubricants stored for plant operations and maintenance, the receptor includes:


Check storage for leaks daily



TBT when lifting ops in area of storage



Supervision, discourage use off spill containment



Site tours and audit

For waste loaded into vehicles, the receptor includes:


Sheet over skips to prevent rainwater ingress as required



Line waste cement skip with plastic sheet to seal and prevent cementing the skip



Closed skips where practicable



Site tours and audits



Close supervision

According to fire, the receptor includes:

PU



Trained staff



Liaison with fire service



24 hour manning



Prohibited items policed
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4.5.1.7 Initial Risk
According to the aforementioned factors, the initial risk for each source is listed below:
For bulk fuel for rig and generators, the receptor includes:


Likelihood: B (Point to note: ‘C’ being highest and ‘A’ being lowest scale)



Consequence: 3 (Point to note: ‘4’ being highest and ‘1’ being lowest scale)



Initial risk: Medium

For road vehicles, fuel and lubricants, the receptor includes:


Likelihood: B



Consequence: 2



Initial risk: Medium

For drilling and completion chloride containing and PH modifying dry chemicals, the receptor
includes:


Likelihood: B



Consequence: 2



Initial risk: Medium

For drilling and completion liquids, the receptor includes:


Likelihood: B



Consequence: 3



Initial risk: Medium

For exhaust emissions, the receptor includes:


Likelihood: B



Consequence: 4



Initial risk: Medium

For fuels and lubricants stored for plant operations and maintenance, the receptor includes:
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Likelihood: B



Consequence: 2



Initial risk: Medium
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For waste loaded into vehicles, the receptor includes:


Likelihood: B



Consequence: 3



Initial risk: Medium

According to fire, the receptor includes:


Likelihood: B



Consequence: 4



Initial risk: Medium

4.5.1.8 Residual Risk
According to the aforementioned factors, the residual risk (after applying mitigation actions
for initial risk) for each source is listed below:
For bulk fuel for rig and generators, the receptor includes:


Likelihood: A



Consequence: 3



Residual risk: Medium

For road vehicles, fuel and lubricants, the receptor includes:


Likelihood: A



Consequence: 2



Residual risk: Low

For drilling and completion chloride containing and PH modifying dry chemicals, the receptor
includes:


Likelihood: A



Consequence: 2



Residual risk: Low

For drilling and completion liquids, the receptor includes:
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Likelihood: A



Consequence: 3
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Residual risk: Medium

For exhaust emissions, the receptor includes:


Likelihood: A



Consequence: 2



Residual risk: Low

For fuels and lubricants stored for plant operations and maintenance, the receptor includes:


Likelihood: A



Consequence: 2



Residual risk: Low

For waste loaded into vehicles, the receptor includes:


Likelihood: A



Consequence: 3



Residual risk: Medium

According to fire, the receptor includes:


Likelihood: A



Consequence: 3



Residual risk: Medium

4.6 S4CE project site –St. Gallen site
The city of St. Gallen in Switzerland decided to undertake a geothermal project in 2012. The
project was operated by St. Galler Stadtwerke (sgsw). The St.Galler Stadtwerke (sgsw) is a
dependent company under public law that is run as an office of the Technical Operations
Department of the City of St.Gallen. Sgsw supply the urban population and economy with
electricity, water, heat, and gas [83]. The project was based on a large-scale 3D seismic survey
in 2010. The survey led to the drilling of the geothermal well “St. Gallen GT-1”, to a measured
depth of 4450 m across Tertiary and Mesozoic rock formations [84].
An unpleasant surprise occurred for the St. Gallen geothermal project in July 2013. A sudden
gas surge led to a rapid rise in pressure in the borehole (a gas kick). During the immediately
initiated countermeasures with the introduction of water and drilling fluid into the borehole
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to increase the backpressure, the subsurface was noticeably shaken (seismic events up to ML
3.5, as a consequence of killing the well) on July 20, 2013 [84].
After complications occurred during well stimulation and testing in July 2013 the project was
temporarily stopped. After the detailed analysis of the data from the production tests and the
assessment of the seismic risk, the St. Gallen city council decided to end the geothermal
project. The geothermal project has been halted in May 2014 due to:


Very low hot water flow rates



Increased earthquake risk



High natural gas rates produced

The above reasons made it clear that the project could not be realized economically and it
will result in safety issues [85].
Several risks were identified, analyzed, and assessed in this project. These risks are divided
into three categories:


Risks before starting the project



Risks during the operation



Risks in the standstill phase

4.6.1 Risk before the Operational Phase
Due to the experience of the previous projects (an incident in Basel and projects in southern
Germany), there are fears about vibrations caused by the geothermal energy. There are also
some fears such as intervention in the earth system due to the uncertainty about deep
underground drilling. Therefore, it was probable that the referendum is rejected. Table 17
summarizes this risk.
Table 17. Summary of the risk before the operational phase
Risk
Risk

Referendum Rejection
 Missing the opportunity due to vote rejection
 Too little information about the geothermal projects
 Opportunities/benefits are not convincingly shown

Causes of risk

 Media
 Political exponents
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4.6.2 Risk during the Operational Phase
In total, twenty important risks were identified in the St. Gallen geothermal project.

Risk No. 1a: Gas Kick-Hydrogen Sulphide
Oil and natural gas reservoirs can be stored under high pressure in a bubble below the
overburden. This pressure is compensated during drilling by filling the well with high-density
drilling fluid during drilling; the weight of this fluid column creates hydrostatic backpressure.
In oil or gas drilling, there are sometimes unexpected increases in pressure from nearby gas
or oil reservoirs that push into the well. The most important tool for controlling such pressure
increases is the Blowout Preventer (BOP). Table 18 summarizes this risk.
Table 18. Summary of the important risks during the operation-Risk No. 1a
Risk No. 1a

Gas Kick-Hydrogen Sulphide (H2S)
If it is not possible to stop the kick, the blowout occurs:
 Gas and/or oil flow freely into the borehole and "blow out the
contents of the borehole". The resulting displacement of the
loading drilling fluid increasingly exacerbates the imbalance

Risks

 The danger of blowouts is that large quantities of natural gas
combine with the surrounding air to form a highly explosive
mixture with the explosive flow of liquid outwards. Since oil and
gas are now flowing freely, a fire can only be extinguished with
great technical effort. As a result, significant environmental
damage can occur.
 A kick can be detected by pressure measurements and/or by

observation of the drilling fluid volume
Detection

 The smell of hydrogen sulfide in the environment and, possibly,

ignition of the flare. Very high concentrations are no longer
smelly and quickly lead to unconsciousness
Connection to other risks

Explosive gas → Fire on the drilling rig (Risk No. 5)
The following effects occur on humans depend on the hydrogen
sulfide levels:
 ≈ 100 ppm: irritation of the mucous membranes of the eye and
the respiratory tract, salivation, cough

More information

 > 200 ppm: headache, respiratory complaints
 > 250 ppm: anesthesia of the olfactory receptors
 > 300 ppm: Nausea
 ≈ 500 ppm: Lack of strength, drowsiness, dizziness
 > 500 ppm: convulsions, unconsciousness
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Make a comparison with the measurement of the air concentration
and wind direction to assess the impact.

Risk No. 1b: Gas Kick-Hydrocarbon
During drilling, it is possible that hydrocarbons from high-pressure rock formations in the
reservoir flow into the borehole, which is called Kick. This also increases the risk of
hydrocarbons leaking to the surface. This may result in a loss of control over the well. It is
therefore important for the drilling crew to recognize a kick at an early stage. If hydrocarbons
have flowed in, they can be safely removed from the borehole with the help of a shut-off
device (Blowout Preventer). The professional equipment of the borehole, which also includes
a qualified cementing of the casing, is the most important prerequisite for ensuring that the
safety systems operate reliably. Table 19 summarizes this risk.
Table 19. Summary of the important risks during operation-Risk No. 1b
Risk No. 1b

Gas Kick-Hydrocarbon
If it is not possible to stop the kick, the blowout occurs:
 Gas and/or oil flow freely into the borehole and "blow out the
contents of the borehole". The resulting displacement of the
loading drilling fluid increasingly exacerbates the imbalance.

Risks

Detection
Connection to other risks

 The danger of blowouts is that large quantities of natural gas
combine with the surrounding air to form a highly explosive
mixture with the explosive flow of liquid outwards. Since oil and
gas are now flowing freely, a fire can only be extinguished with
great technical effort. As a result, significant environmental
damage can occur.
 A kick can be detected by pressure measurements and/or by

observation of the drilling fluid volume
Explosive gas → Fire on the drilling rig (Risk No. 5)

Risk No. 2: Blowout
A blowout is one of the most severe events on a hole. The borehole is usually lost if a blowout
occurs. A Blowout is an uncontrolled discharge of drilling fluid, oil, and/or natural gas from a
well. Oil and natural gas reservoirs are located under gas and liquid-tight overburden. Due to
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a load of these rock masses, the underlying gas and liquid bubble are under high pressure.
This pressure is compensated during drilling by filling the well with high-density drilling fluid;
the weight of this fluid column creates hydrostatic backpressure. In the case of oil or gas
drilling, there are sometimes unexpected increases in pressure from nearby gas or oil
reservoirs that push into the well. Table 20 summarizes this risk.
Table 20. Summary of the important risks during operation-Risk No. 2
Risk No. 2

Blowout
 The risk of blowouts is that large quantities of natural gas combine
with the ambient air to form a highly explosive mixture. As a result,
there can be an explosion, and technically difficult to extinguish the
fire.

Risks

 The explosion and fire can destroy the entire drilling rig in a very
short time.
 The event can cause significant environmental damage in the
surrounding area.
 A Blowout can be detected by previous kicks or by an increase in
pressure during pressure measurements

Detection
Connection to other risks

Explosive gas → Fire on the drilling rig (Risk No. 5)

Risk No. 3: Groundwater Pollution
During the drilling phases, there is a risk that drilling fluid seeps into rock fissures in the drilled
rock layers. If these fissures carry water, the rinsing liquid can mix with the water and leak out
at sources. Table 21 summarizes this risk.
Table 21. Summary of the important risks during operation-Risk No. 3
Risk No. 3

Groundwater Pollution
 The collapse of the borehole because the necessary pressure

Risks

cannot be maintained by the drilling fluid. This can lead to a loss of
the borehole
 Loss of the drilling fluid in the subsurface can result in the

undermining of the foundations for the drilling rig. As a result, the
drilling rig can tilt
 Loss of drilling fluid in the borehole

Detection

 Existence of drilling fluid in the spring water
 The inclined position of the drilling rig

Connection to other risks
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Risk No. 4: Induced Seismicity
During the drilling phase, there is a risk of seismic activity in the subsurface. Due to the change
in the Earth’s pressure, small tectonic movements in the subsurface can occur. The stresses
in the subsurface can change when water is pressed or removed into the subsurface with
pressure. This can lead to a balance of forces in the form of an earthquake. Earthquake cause
could be due to natural earthquake hazards or artificial, induced seismicity (e.g. hydraulic
stimulation and water extraction during the construction and operation of a geothermal
project).
Several earthquakes (a noticeable earthquake of magnitude 3.5 and numerous smaller
aftershocks) occurred during the construction and operation phases (during the drilling and
test phase) of the deep geothermal projects. Table 22 summarizes this risk.
Table 22. Summary of the important risks during operation-Risk No. 4
Risk No.4

Induced Seismicity
 Earthquakes with magnitudes greater than 3.5 cause damage to

people, buildings, and infrastructure
 Increased requirements (under approval law) for construction and

operation
Risk

 Additional costs
 Prosecution
 Massive project delays
 Project termination
 Alarm by the SED (Swiss Seismological Service), based on

measurement data from the seismological monitoring network
Detection

 Significant earthquake
 Damage to buildings (cracks, collapses) and infrastructure

Connection to other risks

Lack of profitability (Risk No. 11)

Risk No. 5: Fire on the Drilling Rig
The cause of fires on a drilling rig can be varied. Flammable chemicals are stored on the drilling
site, which can react explosively with other chemicals. A further cause of a fire on a drilling
rig may also be a technical defect or an overheating of machines. The greatest danger of a fire
is when Earth gases ignite, which come to the surface through a blowout. These fires are
difficult to control and can lead to the loss of the well and the destruction of the plant. In
addition, improper use of machines or handling with open fire in the explosion protection
area provides another source of causes. Table 23 summarizes this risk.
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Table 23. Summary of the important risks during operation-Risk No. 5
Risk No.5

Fire on the Drilling Rig
 Fire on the drilling rig can be uncontrollable and spread to

surrounding areas. As a result, the entire plant and the borehole
can be destroyed.

Risks

 Significant environmental damage can occur
 Visual or olfactory perception of a fire

Detection

 Alarm by technical monitoring devices

Connection to other risks

Blowout (Risk No. 2)

Risk No. 6: Accidents with Radioactive Source
Radioactive products are particularly dangerous for humans for the following reasons:


They can ionize atoms or molecules. Ionizing rays thus have a mostly negative effect on living
organisms.



They are penetrating in contrast to light beams or radio waves.



The human sensory organs do not detect them, which distinguishes them from light, heat,
or noise.

The unit of measurement of the equivalent dose is the Sievert (Sv.). It is used to determine
radiation exposure on humans.
Radioactive sources are used in geophysical borehole measurements. Since these sources are
outside the protective cover for measurement, they emit radioactive radiation. Under certain
circumstances, measuring instruments may remain in the borehole. If this is the case, the
device must be fished to recover the radioactive source undamaged. Various fishing tools can
be used to try to bring the source back to the surface. It is worth mentioning that the fishing
activity is expensive. Table 24 summarizes this risk.
Table 24. Summary of the important risks during operation-Risk No. 6
Risk No. 6

Accidents with Radioactive Source
 The source can no longer be recovered by fishing
 The source is open and can no longer come to the surface

Risks

 Contamination of the thermal water, or other aquifers
 Loss of the borehole with subsequent radiation protection,

sealing of the borehole
Detection
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Connection to other risks

Lack of profitability (Risk No. 11)

Risk No. 7: Chemical Spillage
Chemicals are stored at the drilling site in various aggregate states. Due to heavy rainfall or
large floods, these can float away on the site. Moreover, the drilling fluid is temporarily stored
in the stacking tanks and pressed into the borehole via pipelines. The drilling fluid is
transported back up in the well and then processed. Normally, the mud circulates in a
circulatory system without significant losses. Chemical leakage may occur due to pipe damage
or incidents. Table 25 summarizes this risk.
Table 25. Summary of the important risks during operation-Risk No. 7
Risk No. 7

Chemical Spillage
 The chemicals can mix into an explosive substance and

subsequently explode or ignite

Risks

 The chemicals can enter the surface or groundwater
 Leaking liquids on sealed surfaces
 Bursting tanks with liquids

Detection

 Announcement of extreme weather events in the region

Connection to other risks

Groundwater pollution (Risk No. 3)

Risk No. 8: Electrical Hazard
On average, five MW of electricity is required for all technical installations on the drilling site.
If there is a power failure or failure of technical systems, the artificially maintained balance in
the borehole is endangered. The problem is therefore not only there is an increase in costs,
as drilling time passes, but that the necessary pressure may not be maintained with the rinsing
liquid. Table 26 summarizes this risk.
Table 26. Summary of the important risks during operation-Risk No. 8
Risk No. 8

Electrical Hazard
 Blowout due to failure/shutdown pumps

Risks

 The collapse of borehole due to failure/shutdown of pumps
 Fire on drilling site
 Failure of electrical machines

Detection

 Power fluctuation
 Weather conditions
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Connection to other risks

 Blowout (Risk No. 2)
 Fire on the drilling rig (Risk No. 5)

Risk No. 9: Construction Noise
The construction of the boreholes causes significant noise pollution to the surrounding
properties as work is carried out 7 days a week for 24 hours. The construction noise concept
deals with the legal requirements. Noise measurements should be carried out before and
during the drilling work to check the emissions from the construction work and to be able to
prove compliance with the statutory regulations. Evaluation of the noise measurements will
be based on comparison with the requirements according to the Noise protection ordinance
(LSV). The main sources of noise emissions that occur during construction work is:


Drilling rigs with top drive, hoist, shaker screens, and flushing pumps



Noise emission by contact metal to metal



Transports for construction of drilling site



Transports of material and equipment (60-80 truck journeys)



Emergency generator in case of power failure



High-pressure pump for cement manufacturing and stimulation work



High-pressure cleaner

Table 27 summarizes this risk.
Table 27. Summary of the important risks during operation-Risk No. 9
Risk No. 9

Construction Noise
 Noise complaints

Risks

 Delays

Connection to other risks

Emissions and environmental damage (Risk No. 19)

Risk No. 10: Waste Disposal
In connection with the drilling operation, the following substances must be disposed:

PU



Wastewater from separation/treatment of the drilling fluid



Solids including:


Drilling residues from the centrifuge



Drilling cuttings (solid and liquid phase)



Cement slurry



Drilling fluid/mud



Residues from the oil separator in the meteor, water structure
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Other construction waste (e.g. construction debris)

The water extracted as part of an additional long-term circulation test can be returned to the
groundwater via the second borehole. Three levels of implementation guides exist:


Federal level: Federal law on environmental protection



Canton level: Environmental protection on construction sites



Municipality level: The current zone plan of the St. Gallen

Table 28 summarizes this risk.
Table 28. Summary of the important risks during operation-Risk No. 10
Risk No. 10

Waste Disposal

Risks

 Environmental pollution

Connection to other
risks

 Emissions and environmental damage (Risk No. 19)
 Groundwater pollution (Risk No. 3)

Risk No.11: Lack of Profitability
The development of geothermal energy needs high investment (usually government funding).
The profitability calculation is based on various parameters. Table 29 summarizes this risk.
Table 29. Summary of the important risks during operation-Risk No. 11
Risk No. 11
Risk

Lack of Profitability
 Risk in the case of non-success (or partial success) of drilling
 Total expenses exceed the predicted value
 Project cost

Causes of risk

 Funding scheme
 Energy prices

Connection to other risks

Discovery below expectations (Risk No. 12)

Risk No.12: Discovery Below Expectations
Planning of the geothermal project is based on a predicted delivery rate or injection rate and
temperature of the thermal water. The assumed sustainability of the production (rate and
temperature, operating risk) serves as a further planning basis. Table 30 summarizes this risk.
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Table 30. Summary of the important risks during operation-Risk No. 12
Risk No. 12

Discovery below Expectations
 If the predicted parameters are not reached, the project is a

partial success or failure, i.e. the amount of energy generated by
the drilling is developed for the operation of a geothermal plant
is not sufficient.
 The main reasons for this are that the water production rate or

Risk

the temperature of the developed reservoir is too low
 Reduced or in extreme cases no electricity and/or heat

production.
 No guarantee for the return on the investment. There could

even be an early project termination.
 Geology different than predicted
 Incorrect drilling target selected
 Stimulation not successful

Causes of risk

 Bore is dry (no water available) or too low flow rate
 Temperature is below the predicted value
 Drilling problems (borehole collapses, hydrostatic pressure too

high in the borehole, borehole blocked)
Connection to other risks

Lack of profitability (Risk No. 11)

Risk No.13: Low Experience in Large Projects
The city of St. Gallen has no experience in the construction of geothermal power plants. There
is little experience with differentiated project organizations. Table 31 summarizes this risk.
Table 31. Summary of the important risks during operation-Risk No. 13
Risk No. 13

Low Experience in Large Projects
 The project is not managed professionally
 The orders are unclear in terms of time, content, and resources.

Risk

 Time delay
 Additional costs
 The required scope of services is not achieved
 Limited experience with underground / deep drilling

Causes of risk

 Insufficient data set of subsurface / deep drilling
 Insufficient technical support
 Unprofessional project managers

Connection to other risks
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Risk No.14: Difficulties in Procurement
For the implementation of the project, third parties are required for drilling, power plant
components, line construction, and transfer stations. However, the procurement market for
the drilling rig and drilling technology is very small. Table 32 summarizes this risk.
Table 32. Summary of the important risks during operation-Risk No. 14
Risk No. 14

Difficulties in Procurement
 There is a high risk that massive cost overruns

Risk

 Time delay
 A limited number of suppliers
 Procurement process

Causes of risk

 Insufficient knowledge of foreign languages
 Political pressure for local value creation
 Contract enforcement

Connection to other risks

Lack of profitability (Risk No. 11)

Risk No.15: Objections and Delays
Various locations for the drilling sites will be evaluated by the municipal authorities and EIA
process (possible environmental effects) will be performed for each location. Table 33
summarizes this risk.
Table 33. Summary of the important risks during operation-Risk No. 15
Risk No. 15

Objections and Delays
 Possible objections are not only directed against the project but

simply for personal reasons
Risk

 If an objection is submitted, enormous project delays could

occur
 Additional cost
 Personal purposes

Causes of risk

 Notorious naysayers
 Conservation concerns

Connection to other risks
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Risk No.16: Intervention in the Earth System
The geothermal project will interrupt the inside of the earth such as noise, vibrations, and
leakage of toxic substances. Even experts have only limited knowledge of what to expect in
these depths. Table 34 summarizes this risk.
Table 34. Summary of the important risks during operation-Risk No. 16
Risk No. 16

Intervention in the Earth System
 The fears of the negative effects of interventions in underground

habitat could lead to difficulties in project decision and
implementation
Risk

 Delay
 Additional costs
 Rejection of referendum
 Emissions, noise, vibration

Causes of risk

 Conservation
 Uncertainty
 Incredible fears

Connection to other risks

Emissions and environmental damage (Risk No. 19)

Risk No.17: Incomplete Crisis Management
Crisis management is necessary for complex processes with relatively high uncertainty. Crisis
management can be used to react quickly and professionally to a significant deviation. Table
35 summarizes this risk.
Table 35. Summary of the important risks during operation-Risk No. 17
Risk No. 17

Incomplete Crisis Management
 No, incorrect, or late response to the incidents
 Loss of public trust

Risk

 Change of political opinion
 Project delay
 In extreme cases: project termination
 Size and political significance of the project

Causes of risk

 The complexity of the project
 Coordination among different teams

Connection to other risks
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Risk No.18: Lack of Safety
The risk owner is obliged to prevent occupational accidents by taking all measures that are
appropriate to the given conditions. Within the project, the necessary arrangements to
safeguard occupational safety should be made. Table 36 summarizes this risk.
Table 36. Summary of the important risks during operation-Risk No. 18
Risk No. 18

Lack of Safety
 Delay in case of accidents
 Loss of image, trust

Risk

 Third-party companies themselves do not have sufficient safety

culture
Causes of risk
Connection to other risks

 Time and cost pressure
 Lack of recognition of the importance of security issues

Lack of profitability (Risk No. 11)

Risk No.19: Emissions and Environmental Damage
The owner must ensure that any emissions generated by the construction project are kept to
a minimum to keep the emissions below the legally permissible limits. Environmental damage
caused by the plant work could be underground or surface. Table 37 summarizes this risk.
Table 37. Summary of the important risks during operation-Risk No. 19
Risk No. 19

Emissions and Environmental Damage
 Exceeding the emission limit
 Underground environmental damage (e.g. soil contamination,

groundwater contamination)
Risk

 Surface damage (e.g. surface water contamination, flood

damage)
 Environmental damage (e.g. fish population)
 Delays
 Additional costs
 Location of the construction site (flood risk)

Causes of risk

 Storage of chemicals
 Insufficient preparation / planning / execution
 Time / cost pressure
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 Groundwater pollution (Risk No. 3)

Connection to other risks

 Construction noise (Risk No. 9)
 Waste disposal (Risk No. 10)

4.6.3 Risk in Closure phase
In total, six important risks were identified in the St. Gallen geothermal project during the
standstill phase.

Risk No. I: Difficulties with Borehole Closure
After the production test, the borehole was provisionally closed with several sealing systems
and transferred to a temporary safe state (standstill phase). Table 38 summarizes this risk.
Table 38. Summary of the important risks during the standstill phase -Risk No. I
Risk No. I

Difficulties with Borehole Closure
 During the dismantling phase (provided the entire drilling

section is technically backfilled for the well closure), drilling
difficulties may occur during the opening process (Recirculation); including necessary depth measurements and/or
closure process (backfilling by cementation) of the bore.
Risk

 There is a risk that the Re-circulation and backfilling of the

borehole will fail or be greatly delayed.
 A blowout of a gas-water mixture is an unlikely scenario,

however (as with any deep hole) is not completely excluded.
 Additional costs
 Massive project delays
 Limited experience with underground / deep drilling
 Failure of drilling material
 Human error

Causes of risk

 Reopening of the closed well with connection to Gas-water

deposit
 Execution of work in the borehole at high pressures and

temperatures
 Measurement inaccuracies in the design (e.g. position of

cement)
Connection to other risks
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Risk No. II: Uncontrolled Gas Leakage
Deep boreholes are subject to varying degrees of ageing of the materials used (e.g. corrosion
of the piping, decomposition of the backfill cementation, etc.). Even with stationary,
temporarily conserved deep boreholes, there is thus the risk over time that the building deep
borehole incl. the built-in components (e.g. sealing packers) are structurally impaired or even
damaged. The cumulative damage or wear of the existing closure measures (wellhead,
packers, preservation fluid) or bypasses on the side of the temporary barriers in the rock can
cause gas to enter the well or to rise along the well and reach the surface. Table 39
summarizes this risk.
Table 39. Summary of the important risks during the standstill phase -Risk No. II
Risk No. II

Uncontrolled Gas Leakage
 Gas stream combines with the ambient air to form an explosive

mixture or produces health-damaging effects
 The extreme case of a blowout with the gas-water mixture is an

unlikely scenario, however, cannot be completely excluded
Risk

 It can lead to an explosion (difficult to extinguish the gas fire) and

a reduced impact on the handling of the bore
 Although the likelihood of uncontrolled gas leakage is very low,

the risk is classified as “high” to take sufficient account of the
serious effects
 Borehole penetrates over 4000m

Causes of risk

 Closure measures not stable
 Partially permeable rock layers

Detection
Connection to other risks

 The gas smell on the surface
 The pressure increase in the borehole (pressure gauge)

---

Risk No. III: Earthquakes and Tremors
In general, borehole interventions with fluid injections (e.g. cementation in Malm limestone)
increase the seismic risk. The probability of occurrence of a noticeable earthquake is very low,
but not excluded. Table 40 summarizes this risk.
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Table 40. Summary of the important risks during the standstill phase -Risk No. III
Risk No. III

Earthquakes and Tremors
 Significant seismic events may occur, particularly during the
implementation of the borehole closure (borehole backfilling
with cement), which may result in infrastructure damage

Risk

 Damage to health / personal injury
 Damage

to existing, nearby infrastructure (geothermal
construction site and other urban and private properties)

Connection to other risks

Risk No. IV: Using the Drilling Site
After the end of the production test, the borehole was provisionally closed with several
sealing systems. The drilling site is now used by third parties as temporary or permanent
parking, storage, and/or transhipment site. The following specific requirements for the
standstill phase are mandatory at the well site use:


The main gate and the direct access from the main gate are to be kept clear at all times.



After each vehicle passage or entry of persons, the main gate of the drilling platform fence
must be closed immediately; in the case of the automatically closing main gate, care must
be taken to ensure that it always closes completely.



A safety radius of at least 10 meters around the drill head must remain free at all times.

All entrances and exits to the (emergency) gates must be kept free at all times. Table 41
summarizes this risk.
Table 41. Summary of the important risks during the standstill phase -Risk No. IV
Risk No. IV
Risk

Using the Drilling Site
 Unauthorized persons gain access to the construction site and

cause financial damage and/or even safety-related damage
 Vandalism
 Unauthorized use of plant

Causes of risk

 Failure to comply with the safety regulations
 No continuous safety monitoring, as construction site at

standstill for an uncertain time

Risk No. V: Timeless Standstill Phase
Until further notice, there will now be an indefinite standstill phase of the construction project
including borehole monitoring. However, well closure is not occurring later than expected
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(project management proposal: four to five years after provisional well closure in 2013). Table
42 summarizes this risk.
Table 42. Summary of the important risks during the standstill phase -Risk No. V
Risk No. V

Timeless Standstill Phase
 Budget is not enough
 Awareness of surveillance is declining

Risk

 Drilling difficulties increase
 Uncontrolled gas leakage will be more likely

Causes of risk

 Uncertainty in the timing plan

Risk No. VI: Environmental Damage
The client (the City of St. Gallen) has to ensure that any emissions generated by the standstill
phase are kept low and that safety is ensured. Table 43 summarizes this risk.
Table 43. Summary of the important risks during the standstill phase -Risk No. VI
Risk No. VI

Environmental Damage
 The necessary project emissions might be exceeded:


If such incidents occur, environmental goods (e.g.
groundwater or fish population) may be damaged



There may be a sudden, uncontrollable, large-volume
discharge of deposit fluids at the surface

Risk

 Location of the construction site (flood risk)

Causes of risk

 Storage of chemicals
 Insufficient preparation/planning

Detection

 Warning of extreme flooding

4.6.4. Risk Management practises – St Gallen site
The city of St. Gallen intended to implement the energy concept 2050 with the development
of geothermal energy. So this innovative project was required to operate as far as possible
without surprises.
In 2010, a referendum on the geothermal and district heating project took place in the city of
St. Gallen. In advance, sgsw has decided to carry out a risk assessment as part of the project
planning and the most important risks of the geothermal project were identified, analyzed,
and evaluated. To reduce the risks new measures were derived. Moreover, the organizational
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framework was also addressed, which is required to network risk management to integrate
the leadership.
The risk management of the geothermal project is based on the international standard ISO
31000; “Risk management-Principles and guidelines” [86] and the derived specifications of
the regulations ONR 49000; “Risk management for organizations and systems" [87].
In contrast to the American risk management philosophy (COSO rules with application in the
context of the internal control system); the ISO 31000 approach focuses on the most
important things in terms of achieving goals. The implementation of such risk management
means an improvement in management skills.

4.6.4.1 The Risk Management Process
The risk management concept is a top-down approach. First, for the risk assessment of the
geothermal project according to the specification of the risk management process, a
framework needs to be defined. Figure 34 shows this framework that includes:


Creation of a comprehensive hazard list as an important subtask:
 All possible dangers of the project are collected (environment, ecology, legal
aspects and financing, specific risks of geothermal energy, etc.)
 The important risks are the result of teamwork between all risk owners and
managers



For each hazard, the risk identification, analysis, and assessment must be as complete
and comprehensive as possible



The risk assessment aims to improve the risks and protection against surprises. The
risk management will only take effect if the new measures are implemented and
monitored (e.g. on a monthly basis)



Appropriate milestones are provided in the project plan to achieve the updated risk
assessment



The risk management process includes communication with all internal and external
stakeholders
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Figure 34. Risk management framework

In the risk management process, an organization should set up:
1- The “representative of the top management” is a member of the top management for
risk management and its evaluation and improvement.
2- The “risk owner” is responsible for the risks.
3- The “risk manager” supervises the risk management activities in the organization (such
as risk and measure monitoring).
In the St. Gallen geothermal project, two people were trained as risk managers after one week
of training.

4.6.5. Mitigation Action - Risk before Operational Phase
Several risks were identified, analyzed, and assessed in this project. These risks are divided
into three categories; risks before starting the project, risks during the operation, and risks in
the standstill phase. Due to the experience of the previous projects, there were fears about
vibrations caused by geothermal energy. Therefore, it was probable that the referendum is
rejected. Table 44 provides the mitigations for this risk.
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Table 44. Mitigations for the risk before the operational phase

Preventive
Measures

Measures to minimize
risk (already exists)

Mitigation
Action

Risk

New measures

Referendum Rejection
 Communication
 Public reports in newspapers about the benefits

 Direct information through lectures to general meetings,

parties, and institutions

4.6.6. Mitigation Action - Risk during Operational Phase
In total, twenty important risks were identified in the St. Gallen geothermal project. The
recommended mitigation practises are described below:

4.6.6.1 Mitigation for Gas Kick-Hydrogen Sulphide
Table 45 provides the mitigations for this risk.
Table 45. Summary of the mitigations for risks during the operation-Risk No. 1a

Preventive
Measures

Risk No. 1a
Measures to minimize
risk (already exists)

Mitigation Action

Local measures
(external companies)

Gas Kick-Hydrogen Sulphide
 Gas monitoring of flushing by mudlogging service
 Gas protection manual
 Installation of Blowout Preventer (BOP)
 Immediate measures from drilling contractor manual
 Immediate measures from bridge document
 Evacuation of employees (explosion protection zone, drilling rig)
 Assessment of the situation
 Meeting with drilling supervisor

Overall measures
(sgsw)

 Inform the manager (1 h)
 Air measurements for sulphur concentration (1 h)
 Possibly alerting communication department (2 h)
 Notification at SUVA (national insurance) (5 h)
 Notification to the insurance in case of damage (24 h)

4.6.6.2 Mitigation for Gas Kick-Hydrocarbon
Table 46 provides the mitigations for this risk.
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Table 46. Summary of the mitigations for risks during the operation -Risk No. 1b

Preventive
Measures

Risk No. 1b
Measures to minimize
risk (already exists)

Mitigation Action

Local measures
(external companies)

Gas Kick-Hydrocarbon
 Gas monitoring of flushing by Mudlogging Service
 Gas protection manual
 Installation of the blowout preventer (BOP)
 Immediate measures from drilling contractor manual
 Immediate measures from bridge document
 Evacuation of employees (explosion protection zone, drilling rig)
 Assessment of the situation
 Inform the manager (1 h)

Overall measures
(sgsw)

 Air measurements for sulphur concentration (1 h)
 Possibly alerting communication department (2 h)
 Notification at SUVA (national insurance) (5 h)
 Notification to the insurance in case of damage (24 h)

4.6.6.3 Mitigation for Blowout
Table 47 provides the mitigations for this risk.
Table 47. Summary of the mitigations for risks during the operation -Risk No. 2

Preventive
Measures

Risk No. 2
Measures to
minimize risk (already
exists)

Mitigation Action

Local measures
(external companies)

Blowout
 Gas monitoring of flushing by Mudlogging Service
 Gas protection manual
 Installation of a blowout preventer
 Immediate measures from drilling contractor manual
 Immediate measures from bridge document
 Evacuation of employees (explosion protection zone, drilling rig)
 Determination of the risk of explosion
 Assessment of the situation
 Meeting with drilling supervisor

Overall measures
(sgsw)

 Inform the manager (1 h)
 Air measurements for sulphur concentration (1 h)
 Possibly alerting communication department (2 h)
 Notification at SUVA (national insurance) (5 h)
 Notification to the insurance in case of damage (24 h)
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4.6.6.4 Mitigation for Groundwater Pollution
Table 48 provides the mitigations for this risk.
Table 48. Summary of the mitigations for risks during the operation -Risk No. 3

Preventive
Measures

Risk No. 3

Groundwater Pollution
 3D seismic survey

Measures to minimize
risk (already available)

 Installation of standpipes with integration into solid rock
 Drilling in four drilling phases, each with casing installation and

cementing
 Immediate measures from drilling contractor manual

Mitigation Action

Local measures
(external companies)

 Immediate measures from bridge document
 Localization of the defect
 Mitigation measures

 Assessment of the situation
 Meeting with drilling supervisor
Overall measures
(sgsw)

 Alerting communication department (2 h)
 Review of drilling rig static (1 h)
 Notification to the fire department in case of a fire (1 h)
 Notification to the insurance in case of damage (24 h)

4.6.6.5 Mitigation for Induced Seismicity
Table 49 provides the mitigations for this risk.
Table 49. Summary of the mitigations for risks during the operation -Risk No. 4
Risk No.4

Induced Seismicity

Mitigation
Action

Preventive
Measures

 Provide a list of buildings in a certain radius to the drilling site

PU

Measures to minimize
risk (already available)

before a site selection
 A 3D seismic survey of the selected site
 Independent micro-seismic measuring network (continuous
monitoring) ensuring continued integration of SED
 Pressure limitation for stimulation of the bores
 Immediate measures from drilling manual

Local measures
(external companies)

 Immediate measures from bridge document
 Monitoring of drilling and pumping activities
 Immediate adjustment of drilling performance, pumping volume
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 Contact with SED (20 min)
 Assessment of the situation
 Meeting with drilling supervisor

Overall measures
(sgsw)

 Inform the manager (1 h)
 Alerting the communication department (only if noticeable)
 Information to the police (2 h) (only if noticeable)
 Notification to the insurance in case of damage (24 h)
 Damage investigation/ report

4.6.6.6 Mitigation for Fire on the Drilling Rig
Table 50 provides the mitigations for this risk.
Table 50. Summary of the mitigations for risks during the operation -Risk No. 5
Risk No.5

Fire on the Drilling Rig

Preventive
Measures

 Safety data sheets of flammable substances

Measures to minimize
risk (already available)

 Designation of Ex-protection zone with special regulations
 Training employees in firefighting equipment
 Regulations for the storage of flammable substances
 Immediate measures from drilling manual
 Immediate measures from bridge document

Mitigation Action

Local measures
(external companies)

 Use of the firefighting team
 Evacuation of employees (explosion protection zone, drilling rig,

danger zone)
 Assessment of the situation
 Meeting with drilling supervisor
 Inform the manager (1 h)

Overall measures
(sgsw)

 Alerting communication department
 Exchange of information with the fire brigade
 Inform the insurance company
 Damage investigation

4.6.6.7 Mitigation for Accidents with Radioactive Source
Table 51 provides the mitigations for this risk.
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Table 51. Summary of the mitigations for risks during the operation -Risk No. 6
Risk No. 6

Accidents with Radioactive Source

Preventive
Measures

 Implementation by certified, skilled specialists

Measures to minimize
risk (already available)

 Radiation protection expert on-site
 Compliance with conditions of the authorization
 Storage in special containers
 Carrying dosimeters

Mitigation Action

 Immediate measures from drilling manual/bridge document

Local measures
(external companies)

 Use of fishing tools
 Evacuation of employees (danger zone)
 Record all participants and check for contamination
 Assessment of the situation

Overall measures
(sgsw)

 Initiation of registration and control of staff
 Inform the manager (1 h)
 Alerting the communication department

4.6.6.8 Mitigation for Chemical Spillage
Table 52 provides the mitigations for this risk.
Table 52. Summary of the mitigations for risks during the operation -Risk No. 7
Risk No. 7

Chemical Spillage

Preventive
Measures

 Safety tank around stacking tanks

Measures to minimize
risk (already exists)

 Slide (gate valve) at the outlet into the river of the meteor water

collector
 Sealed coverings
 Regulations for the storage of chemicals
 Immediate measures from drilling manual/ bridge document

Mitigation Action

Local measures
(external companies)

 A closing slider on the meteor water collector
 Elimination of the cause, if possible
 Possibly switching off pumps
 A possible barrier of the danger zone
 Assessment of the situation
 Meeting with drilling supervisor

Overall measures
(sgsw)

 Inform the manager (1 h)
 Obtain information from the weather service
 Alert the communication department
 Inform the wastewater treatment plant (1 h)
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4.6.6.9 Mitigation for Electrical Hazard
Table 53 provides the mitigations for this risk.
Table 53. Summary of the mitigations for risks during the operation -Risk No. 8

Preventive
Measures

Risk No. 8

Electrical Hazard
 Lightning rod on the drilling rig

Measures to minimize
risk (already available)

 Lightning rod at the transformer station
 Emergency generator

Mitigation Action

 Immediate measures from drilling manual/bridge document

Local measures
(external companies)

 Evacuate employees from hazardous areas
 Inform the sgsw on-call service
 Meeting with drilling supervisor

Overall measures
(sgsw)

 Inform the manager (1 h)
 Alerting the communication department

4.6.6.10 Mitigation for Construction Noise
Table 54 provides the mitigations for this risk.
Table 54. Summary of the mitigations for risks during the operation -Risk No. 9
Risk No. 9

Construction Noise
 Noise reduction measures must be taken, before starting the


Preventive Measures




Measures to minimize
risk (already available)







PU

drilling activities (see building permit).
The drilling rig must be operated electrically (and not dieselgenerationally).
The flushing pumps are enclosed to reduce noise, as they work
in continuous operation.
Noise-intensive work shall be held during the day between 7:0019:00 and not at night or on Sundays and holidays.
The local community has been adequately informed about the
status of the works as well as the upcoming works (e.g. using
information event, information letter, Internet).
An information letter must be sent to all affected residents at
the beginning of the drilling work with details of the responsible
contact persons.
For machines and equipment with diesel engines of 37 kW, a
particulate filter is required except for emergency generators
the only hours are used.
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 Sound monitoring management by checking:
 Electrical operation of the drilling rig
 Electromagnetic lift brake
 Flushing pumps
 Pick-up / Lay-down machine
 Determine the responsibilities for noise complaints:

 The main point of contact for excessive noise emissions is the
management of the project.

Mitigation Action

 Outside office hours, excessive noise complaints can be
reported to the city police
 Installation of noise protection windows in each of the affected

New measures

residents
 A temporary noise barrier was created in front of the

surrounding property. This should be about 6 m high and about
32 m long:

4.6.6.11 Mitigation for Waste Disposal
Table 55 provides the mitigations for this risk.
Table 55. Summary of the mitigations for risks during the operation -Risk No. 10
Risk No. 10

Waste Disposal

Preventive
Measures

1- Wastewater:

PU

Measures to
minimize risk
(already available)

 Meteoric wastewater + wastewater from pump tests and hydraulic tests
(after cooling) is discharged via the building collector meteoric water (with
oil separator) into the river (Sitter):
 If the quality of the water is insufficient for direct discharge, it is passed
over the wastewater structure.
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 Automatic monitoring is installed in the meteor water structure above
and below the entry point (measuring probes including alarm function),
which continuously measures pH, conductivity, temperature, and
turbidity.
 The wastewater from the drilling operation + meteoric wastewater from
the inner drilling site + domestic wastewater is passed over the wastewater
structure (pump shaft with mud trap, petrol/oil separator, and coalescence
separator) and discharged to the water treatment plant:
 If the water treatment plant cannot accept water (capacity,
contamination, etc.), the dirty water can be collected in a stacking
basin, and later dosed off.
 The following figure summarizes the wastewater disposal process:

2- Solids/drilling mud:
 Solids (centrifugal drilling residues, cuttings, cement slurry) are generally
disposed of in the Tüfentobel landfill:
 Compartments for the reactor, inert and clean excavated material
should be available)
 Boundary conditions according to TVA (technical regulation on waste)
 The sludge is processed (dewatered) by a local, external disposal
company using a filter press
 Before disposal in the landfill, the material is checked for TVA
compliance (sampling and analysis)
 The sampling of drilling residues and cuttings will mainly take place in
the starting phase
 If the values are stable, the material is stored directly in the landfill
during the same section without further sampling

PU
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 The remaining drilling fluid (the drilling mud) is dewatered by the local,
external disposal company through a filter press:
 Before disposal, the material is sampled and analyzed.
 The solid portion is then stored in the landfill
 The liquid portion is introduced into the water treatment plant
 The following figure summarizes the solid disposal process:

3- Remaining construction waste:
 Disposal of the remaining construction waste including municipal waste is
in accordance with SIA-standard 430 and AFU (office for the environment)
leaflet (AFU002, Environmental protection on construction sites)
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Monitoring Program:
 The monitoring of the disposal of wastewater and solids is carried out by a
specialist designated by the client (=environmental construction
supervision).
 The followings are legal framework conditions and requirements in
connection with the monitoring program:

Mitigation Actions

Wastewater:
 The wastewater is allowed (after the pre-treatment) a maximum of
200 mg of suspended solids and 20 mg of total hydrocarbons per
Litre.
New measures

 The pH-value should lie between 6.5 and 9.
 Special wastewater events relevant to the operation of the
wastewater treatment plant immediately to report
Solids:
 For hazardous waste, waste regulation of the Federal Department for
the environment, transport, energy, and communications is
applicable, for example:
 Oil-containing drilling muds and wastes (Code no. 010505)
 Drilling muds, drilling wastes containing dangerous substances
(Code no. 010506)
 Mixtures of waste separators from grit chambers and oil/water
(Code no. 130508)

4.6.6.12 Mitigation for Lack of Profitability
Table 56 provides the mitigations for this risk.
Table 56. Summary of the mitigations for risks during the operation -Risk No. 11

Mitigation
Action

Preventive
Measures

Risk No. 11

Measures to minimize
risk (already exists)

Lack of Profitability
 Optimum design of the partial systems
 Cost control and controlling

 Negotiation of energy prices (Electric, Gas)

New measures

 Communication to achieve consensus (interaction of stakeholders)

4.6.6.13 Mitigation for Discovery below Expectations
Table 57 provides the mitigations for this risk.
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Table 57. Summary of the mitigations for risks during the operation -Risk No. 12
Risk No. 12

Discovery below Expectations

Preventive
Measures

 Seismic processing (processing and processing of the acquired

Mitigation
Action

 Implementation of 3D seismic

Measures to minimize
risk (already exists)

New measures

 Technical Advisory Board to assess drilling concept in particular

data)

4.6.6.14 Mitigation for Low Experience in Large Projects
Table 58 provides the mitigations for this risk.
Table 58. Summary of the mitigations for risks during the operation -Risk No. 13

Preventive
Measures

Low Experience in Large Projects

Measures to minimize
risk (already exists)

 Recruit professional experts

Mitigation
Action

Risk No. 13

New measures

 Management training

4.6.6.15 Mitigation for Difficulties in Procurement
Table 59 provides the mitigations for this risk.
Table 59. Summary of the mitigations for risks during the operation -Risk No. 14

Preventive
Measures

Risk No. 14

PU

Difficulties in Procurement
 Quality assurance of suppliers

Measures to minimize
risk (already exists)

 Clear responsibility of suppliers
 Document templates for various processes and trades, services
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New measures

 Planning of the procurement process, QA
 Reduce lump risk by splitting orders

4.6.6.16 Mitigation for Objections and Delays
Table 60 provides the mitigations for this risk.
Table 60. Summary of the mitigations for risks during the operation -Risk No. 15
Risk No. 15

Objections and Delays

Mitigation
Action

Preventive Measures

 Site selection: already construction-compliant zones, land

owned by the city of SG, no in the vicinity of residential areas
 Preliminary clarifications and building permit process started

Measures to minimize
risk (already exists)

early
 Regular advance information from tenants
 Information from the animal welfare organizations
 Inform tenants and neighbourhood associations

New measures

 Regular meeting with neighbourhood associations

4.6.6.17 Mitigation for Intervention in the Earth System
Table 61 provides the mitigations for this risk.
Table 61. Summary of the mitigations for risks during the operation -Risk No. 16

Preventive
Measures

Measures to minimize
risk (already exists)

Action

Risk No. 16

New measures

Intervention in the Earth System
 Communication with wildlife associations

4.6.6.18 Mitigation for Incomplete Crisis Management
Table 62 provides the mitigations for this risk.

PU
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Table 62. Summary of the mitigations for risks during the operation -Risk No. 17
Risk No. 17

Incomplete Crisis Management

Preventive
Measures

Measures to minimize
risk (already exists)

Action

 Development of a crisis management concept

New Measures

 Approval of crisis management
 Implementation and practice

4.6.6.19 Mitigation for Lack of Safety
Table 63 provides the mitigations for this risk.
Table 63. Summary of the mitigations for risks during the operation -Risk No. 18
Risk No. 18

Lack of Safety

Preventive
Measures

Measures to minimize
risk (already exists)

 Safety working group

Action

 Sector-oriented security organization

New measures

 Continuously updating the safety requirements

 Create regulations for occupational safety and health protection

(iv)

4.6.6.20 Mitigation for Emissions and Environmental Damage
Table 64 provides the mitigations for this risk.
Table 64. Summary of the mitigations for risks during the operation -Risk No. 19
Risk No. 19

Emissions and Environmental Damage

Preventive
Measures

Measures to minimize
risk (already exists)

Action

 Disposal concept and noise concept for the construction phase

New Measures

 Safety concept (construction site regulations)
 Disposal of hazardous substances

4.6.7. Mitigation Action - Risk during Closure Phase
In total, six important risks are identified in the St. Gallen geothermal project during the
standstill phase.
PU
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4.6.7.1 Mitigation for Difficulties with Borehole Closure
Table 65 provides the mitigations for this risk.
Table 65. Summary of the mitigations for risks during the standstill phase -Risk No. I
Risk No. I

Difficulties with Borehole Closure

Preventive
Measures

Measures to minimize
risk (already exists)

Action

 Various alternatives for the borehole filling

New measures

 Use of high-quality materials and (gas) experienced service

companies
 Drilling-related risk assessment

4.6.7.2 Mitigation for Uncontrolled Gas Leakage
Table 66 provides the mitigations for this risk.
Table 66. Summary of the mitigations for risks during the standstill phase -Risk No. II
Risk No. II

Uncontrolled Gas Leakage

Preventive
Measures

 Pressure monitoring at the borehole head (pressure gauge)

Measures to minimize
risk (already exists)

 Safety concept (construction site regulations) for shutdown

phase
 Define emergency measures in the event of an increase in

Action

pressure in the borehole during the standstill phase
New measures

4.6.7.3 Mitigation for Earthquakes and Tremors
Table 67 provides the mitigations for this risk.
Table 67. Summary of the mitigations for risks during the standstill phase -Risk No. III
Risk No. III

Earthquakes and Tremors

Preventive
Measures

 Seismic risk assessment for implementation of borehole closure

PU

 Technical specifications for companies commissioned for

Measures to minimize
risk (already exists)

borehole closure work
 Seismic Monitoring must be maintained for dismantling work

(The microseismic monitoring of the SED will remain in operation
as part of an ongoing S4CE project)
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New Measures

 Check possible insurance solutions (especially liability for

damage from seismicity)

4.6.7.4 Mitigation for Using the Drilling Site
Table 68 provides the mitigations for this risk.
Table 68. Summary of the mitigations for risks during the standstill phase -Risk No. IV
Risk No. IV

Using the Drilling Site

Preventive
Measures

Measures to minimize
risk (already exists)

Mitigation
Action

 Site security (fencing, roadblocks, warning signs, automatic

New measures

gates, etc.)
 Safety concept (construction site regulations) for shutdown

phase

 Random checks by project management (continuously)

4.6.7.5 Mitigation for Timeless Standstill Phase
Table 69 provides the mitigations for this risk.
Table 69. Summary of the mitigations for risks during the standstill phase -Risk No. V

Preventive
Measures

Timeless Standstill Phase

Measures to minimize
risk (already exists)

 The political direction of the city council

Action

Risk No. VI

New measures

 Financial planning (Budget for project completion)

4.6.7.6 Mitigation for Environmental Damage
Table 70 provides the mitigations for this risk.
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Table 70. Summary of the important risks during the standstill phase -Risk No. VI
Risk No. VII

Environmental Damage

Preventive
Measures

Measures to minimize
risk (already exists)

Action

 Disposal management for standstill phase

New Measures

 Safety concept (construction site regulations) for shutdown

phase
 Disposal/permanent prevention of
substances (including flood prevention)

storage

hazardous

4.6.8. St. Gallen site Summary
Several risks exist in the St. Gallen geothermal project. Some of these hazards are generic and
some of them are specific hazards related to the geothermal project. In general, the hazards
can be divided into five categories:
1. Environment and ecology
2. Project management
3. Legal aspects and financing
4. Security
5. Specific hazards geothermal energy
The main findings of the risk analysis of the St. Gallen geothermal project are:


The risk of a possible lack of voter acceptance is significantly reduced by the
communication in the run-up to the vote.



The risk assessment shows that the risk of “exploration under expectations” and “lack
of profitability” represent the greatest risk due to the cost.



The “earthquake and vibrations” risk is the most difficult risk to control.



“Gas kick” and “earthquake” risks may result in catastrophic consequences.



The St. Gallen geothermal project was terminated in 2014 due to occurred earthquake
and gas kick.

PU
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5 Unconventional Oil and Gas (UOG)
Unconventional Resources are oil or gas-bearing units where the permeability and porosity
are so low that the resource cannot be extracted economically through a vertical wellbore
and instead requires a horizontal wellbore followed by multistage hydraulic fracturing to
achieve economic production. "Unconventional" oil and gas, which includes shale gas, tight
gas, coal bed methane, and methane hydrates, is not chemically different from
"conventional" oil and gas. The distinction comes from their position underground or from
the unusual nature of their reservoirs. These conditions require the use of new, often
complex, extraction methods. Below is a simplified summary of these oil and gas resources.
Figure 35 describes the structural differences between conventional and unconventional
wells.
Unconventional oil and gas can be put into two categories:
1) A widespread, low-permeability and porosity gas or oil charged horizon. If the horizon
is composed primarily of shale, it is a “shale gas” or “shale oil” resource;
2) Low-permeability and porosity portions of an oil or gas pool that cannot be developed
through conventional drilling and completion processes.
The lack of permeability means that the oil and gas typically remain in the source rock unless
natural or artificial fractures occur. Unconventional O&G development depends on the
technologies of horizontal drilling and high volume hydraulic fracturing (HF) to achieve the
flow of hydrocarbons. These technologies require millions of cubic meters of water and
chemicals, some of which are known to have potential risks on human health, and
contaminate air and water. The type of environmental impacts documented is greenhouse
emissions and climate change, air quality, water use, and quality, induced seismicity, and land
use and habitat fragmentation.

PU
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Figure 35. Structural differences between conventional and unconventional wells [88]

5.1 Design to Production Test Stage risks
(1) Risks to water resources
Surface and groundwater contamination are the greatest concerns in the development of
unconventional O&G projects. There are many mechanisms and pathways by which this can
occur, failure of oil and gas well cement and casing barriers remains one of the most
frequently cited and difficult to control [89].
Several of the chemicals used routinely in the Unconventional Gas Development (UGD)
process are acutely toxic (e.g., methanol, ethylene glycol, hydrochloric acid) [90]. Other
chemical constituents are associated with endocrine disrupting effects, genotoxicity,
immunotoxicity and neurotoxicity [91]. Endocrine disrupting chemicals (EDCs) are particularly
harmful during critical human developmental windows and their clinical manifestation may
be delayed to later stages of development by affecting developmental (epigenetic)
programming. Researchers in Colorado examined surface and groundwater samples from
areas with a high spatial density of UGD activity and found significantly higher EDC activity in
places with extensive drilling compared to those with limited drilling [92].
During the hydrocarbon extraction process, naturally occurring radioactive materials may also
present potential health hazards [93]. Radium-226, for instance, is contained in varying
quantities in many shale formations and comes to the surface with flow back and produced
water, drilling muds, and other waste products.

PU
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(2) Health risks of air pollutant emissions
Emissions of health-damaging air pollutants such as nitrogen oxides (NOx), hydrogen
sulphide, formaldehyde, benzene, particulate matter (PM), and ground-level ozone (smog)
precursors including methane (CH4) remain one of the more significant hazards of UGD. Air
pollutants are emitted over the full life cycle of shale gas extraction and escape not only from
the well pad, but also during the transportation of water, sand, and chemicals to and from
the well pad. A risk assessment suggested that those living in closer geographical proximity to
well pads were at increased risk of acute and sub-chronic respiratory, neurological, and
reproductive health effects as well as slightly elevated cancer risks [94].
(3) Seismic events
Underground injection wells used for wastewater disposal pose a greater risk of induced fault
slippage than the well stimulation process of hydraulic fracturing itself. As the volume of fluid
injected into the subsurface related to the production of unconventional resources continues
to rise. There was a study identifying the largest earthquake potentially related to injection,
an MW 5.7 earthquake in November 2011 in Oklahoma [95].
The UK has already experienced seismic activity triggered by hydraulic fracturing activities
near the town of Blackpool (see [96], [97]). The seismic activity should be less of a challenge
in the UK if an underground injection of wastewater is not permitted; however, as the activity
in Blackpool demonstrated, risks do remain. Furthermore, shale gas development build-outs
without subsurface disposal may create other hazards to water quality due to handling and
treatment at the surface [98].

5.2 Operation and Maintenance Stage for UOG
The operation phase of Unconventional Oil and Gas is very similar to EGS. As a simple
description, EGS extracts the heat from the output hot fluid that was injected into the thermal
reservoir whereas UOG extracts the resource in the reservoir by injecting a fluid. In the case
of Shale gas, the operation phase is mainly the production stage that involves the commercial
production of shale gas. It should be noted that unlike EGS, the shale reserves exist typically
horizontal whereas EGS systems are vertical.

5.2.1 Induced seismic activity
There are two types of seismicity associated with hydraulic fracturing. Microseismic events
are a routine feature of hydraulic fracturing and are due to the propagation of engineered
fractures. Larger seismic events are generally rare but can be induced by hydraulic fracturing
in the presence of a pre-stressed fault.
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The energy released during hydraulic fracturing is less than the energy released by the
collapse of open voids in rock formations, as occurs during coal mining. The intensity of
seismicity induced by hydraulic fracturing is likely to be smaller due to the greater depth at
which shale gas is extracted compared to the shallower depth of coal mining. Magnitude 3
ML may be a realistic upper limit for seismicity induced by hydraulic fracturing [99]. If a
seismic event of magnitude 3 ML occurs at depths of 2-3km, structural damage at the surface
is unlikely.

5.2.2 Groundwater and drinking water contamination
There have been instances where hydraulic fracturing had contaminated groundwater and
drinking water supplies in Pavillion, Wyoming [100]. In the case of Pavillion, the well casing
was poorly constructed, and the shale formations that were fractured were as shallow as
372m. Even though claims of contaminated water wells due to shale gas extraction have been
made, none has shown evidence of chemicals found in hydraulic fracturing fluids [27]. Water
wells in areas of shale gas extraction have historically shown high levels of naturally occurring
methane before operations began. Methane detected in water wells with the onset of drilling
may also be mobilized by vibrations and pressure pulses associated with the drilling [101].

5.2.3 Fracturing fluid spillage
Surface spills of fracturing fluid may pose a greater contamination risk than hydraulic
fracturing itself [101]. The impact of any spills of fracturing fluid (or wastewaters) onsite can
be mitigated using established best practices. In the UK, installing impermeable site lining
(‘bunding’) is typically a condition of local planning permission. The impact of fracturing fluid
spills can be further mitigated by using non-hazardous chemicals where possible [102].

5.2.4 Potential leakage of methane to the atmosphere
Methane in shale gas is derived by two distinct processes that leave characteristic chemical
and isotopic signatures. Biogenic methane is generated by bacteria typically in shallow
anaerobic locations, such as wetlands and landfill sites. Thermogenic methane is generated
by organic matter changing under high temperatures and pressures over long periods.
Thermogenic methane can be found in both shallow and deep formations.
Biogenic shale gas consists mostly of methane, while thermogenic shale gas consists of
methane and other gases. The detection of higher chain hydrocarbons (owing to the presence
of other gases) can be used to distinguish between biogenic and thermogenic methane [103].
Since shale gas can be formed by both thermogenic and biogenic processes, distinguishing
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between these two types of gas is not in itself conclusive. To determine the origin of methane
in groundwater, its chemical and isotopic compositions need to be compared to those of the
gas extracted from nearby shale formations.

5.2.5 Unpredictable fracture propagations
Operators have monitor fractures propagate in a controlled manner and remain within the
target shale formation. Excessive, uncontrolled fracture growth due to transient nature of
local stress field, fracture directions could be unpredictable and can become uneconomic by
wasting resources on the extra chemicals, pumping equipment and manpower needed [104].

5.2.6 Leaks emanating from well integrity
‘Well integrity’ refers to preventing shale gas from leaking out of the well by isolating it from
other subsurface formations. The isolation is provided according to how the well is
constructed. A series of holes (‘wellbores’) of decreasing diameter and increasing depth is
drilled and lined with steel casing joined together to form continuous ‘strings’ of the casing
(see Figure 36):

Figure 36. Various linings used in wells [102]



Conductor casing. Set into the ground to a depth of approximately 30 meters, the
conductor casing serves as a foundation for the well and prevents caving in of surface
soils.
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Surface casing. The next wellbore is drilled and sealed with a casing that runs past the
bottom of any freshwater bearing zones (including but not limited to drinking water
aquifers) and extends all the way back to the surface. Cement is pumped down the
wellbore and up between the casing and the rock until it reaches the surface.



Intermediate casing. Another wellbore is drilled and lined by an intermediate casing
to isolate the well from non-freshwater zones that may cause instability or be
abnormally pressurized. The casing may be sealed with cement typically either up to
the base of the surface casing or all the way to the surface.



Production casing. A final wellbore is drilled into the target rock formation or zone
containing shale gas. Once fractured, the shale gas produces into the well. This
wellbore is lined with a production casing that may be sealed with cement either to a
safe height above the target formation up to the base of the intermediate casing; or
all the way to the surface, depending on well depths and local geological conditions.

Well failure may arise from poor well integrity resulting from:


Blowout:
A blowout is any sudden and uncontrolled escape of fluids from a well to the surface.



Annular leak:
Poor cementation allows contaminants to move vertically through the well either
between casings or between casings and rock formations.



Radial leak:
Casing failures allow fluid to move horizontally out of the well and migrate into the
surrounding rock formations.

5.3 Closure/Decommissioning/Post-transfer Stage for UOG
The Potential environmental issue related to the decommissioning is the fugitive emissions of
hydrocarbons or other well fluids. The main risks associated with the uncontrolled emissions
are similar to those associated with the conventional wells (see [105], [106]) including:

PU



Contamination of groundwater and drinking water.



Human health (through drinking water or gas migration into properties).



Ecosystems and habitats.



Environment (air quality and climate change).
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Contamination of groundwater with methane associated with UOG development has been a
concern [107], especially in the operation phase, where four potential risks for water
resources are identified [108]:


The contamination of shallow aquifers with fugitive hydrocarbon gases, which can
also potentially lead to the salinization of shallow groundwater through leaking
natural gas wells and subsurface flow.



The contamination of water resources caused by spills, leaks, and/or the disposal of
inadequately treated shale gas wastewater.



The accumulation of toxic and radioactive elements in soil or stream sediments near
disposal or spill sites.



The over-extraction of water resources for high-volume hydraulic fracturing could
induce water shortages or conflicts with other water users, particularly in waterscarce areas.

Like the conventional wells, the critical mechanism for the leakage from UOG wells is the well
integrity failure [109]. Most of the leakage pathways identified in the UOG are identical to
those that have been identified in the conventional wells; however, the horizontal wells used
in UOG has their specific integrity issues. For example, the casing in the horizontal part of the
well is subject to gravity, which makes it more challenging to keep the casing properly
centered to allow it to be effectively cemented in place. Moreover, hydraulic fracturing may
introduce stress in the casing due to the repeated pressure changes along the horizontal
length of well, resulting in the cement to debond from the casing and crack [110].
The UOG wells have more integrity issues than conventional wells. According to the statistics
of 41,381 conventional and unconventional oil and gas wells in Pennsylvania drilled from
January 2000 to December 2012; the number of integrity issues in shale gas well was found
to be six-times higher than as those for conventional wells, and UOG wells in northeastern
(NE) Pennsylvania were at a 2.7-fold higher risk relative to the conventional wells in the same
area [109]. The probability of leakage from wells penetrating rocks containing UOG is
considered low. This is because the formation pressures in UOG are much lower compared
with those in conventional reservoirs. Therefore, there is a weak driving force to cause
leakage [111].

5.4 Risk mitigation for UOG
Risks associated with environmental impacts of a project can be reduced by carrying out
investigations where the potentially significant impacts are identified, and mitigation
measures are identified and then subsequently implemented. Although external natural
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impacts may affect primarily a single project component, they can impact an UOG project
throughout the whole project chain and lifecycle.
Any large energy project will have some degree of impact on the environment, and it is
important that local or regional regulations for Environmental Impact Assessments (EIAs) be
followed. An environmental impact assessment can help identify significant and potentially
significant environmental impacts and provide a clear process for determining appropriate
mitigations. The environmental impact assessment is usually carried out during the planning
and engineering phase of a project (often a requirement for governmental approval to begin
a project); however, environmental impacts can also occur during operation, closure, and
post-closure periods. Environmental impacts can also happen at or in-between any point in
the capture, transportation, and storage project chain.
Overwhelming majority of the best practise recommendations for EGS could be found
suitable for UOG operations. As a simple description, EGS extracts the heat from the output
hot fluid that was injected to the thermal reservoir where as UOG extracts the resource in the
reservoir by injecting a fluid. In the case of Shale gas, the operation phase is mainly the
production stage, which involves the commercial production of shale gas. It should be noted
that unlike EGS, the shale reserves exist typically horizontal where as EGS systems are vertical.
Overlapping mitigation protocols include but not limited to


Controlling freshwater usage:



Techniques and operational practices to minimise water use.



Recycling and reusing of wastewater.



Controlling potential leakage:



Site-specific monitoring of methane and other contaminants in groundwater.



Ensure well integrity



Review well designs according to the standard.



Carry out onsite inspections as appropriate.



Ensure well integrity tests are carried out.



Avoiding unwanted fracture propagation



Characterising the stresses at a prospective site for shale gas extraction to
understand possible propagation route [79].



Controlling seismicity by avoiding pre-stressed fault sites [60].

Overlapping monitoring techniques include:

PU



Microseismic monitoring.



Monitor pressure, temperature and fluid flow.
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Surface mapping, development of validated geological models, and if available, the
data from seismic reflection surveys to predict the presence of subsurface faults
using [60].



Pre-fracturing injection test with Microseismic monitoring.



Tiltmeters to detect microdeformation in surrounding rock that radiates outwards
as fractures open therefore to estimate fracture geometry [80].



Seismometers to detect microseismic events created as energy is released when
each fracture opens.



Addition of chemical tracers to fracturing fluid or rely on naturally occurring
isotopic signatures to assist with fracture propagation [46].

US Environmental Protection Agency (EPA) considers risk to be “the chance of harmful effects
to human health or to ecological systems resulting from exposure to an environmental
stressor” where a stressor is “any physical, chemical, or biological entity that can induce an
adverse response” [112]. To characterize the nature and magnitude of human health and
ecological risk from chemical contaminants and other stressors, the EPA conducts
environmental risk assessments.
Engineering approach approach defines risks based on probabilities or expected values, which
are complemented with the estimation of uncertainties using different techniques.
(1) Environmental risk assessment
ERA is a structured process that can be used to identify, assess, manage, and communicate
environmental risks attendant to a particular activity. ERAs draw on a set of risk principles
that include: problem definition and scoping; development of a conceptual model; use of
appropriate risk analysis tools; use of risk prioritisation; development of management
options; and creation of a risk communication strategy to promote stakeholder engagement
and build trust [113].
Essential components of environmental risk assessment and management that are conveyed
in the document can be summarised as follows:


Risk questions are best informed by a range of stakeholders;



When a risk problem is highlighted, the source, pathways and receptors under
potential threat should be recognised;



An assessment plan is then needed to outline the data requirements for
assessment and the methods needed for data collection and synthesis;
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Resources for the assessment can be allocated following initial risk screening and
prioritisation;



Identifying the hazard at the beginning of the assessment should clearly define the
harm to the environment that is of concern;



An estimation of the potential consequences of the hazard being realised and an
evaluation of the probability of impact can then be carried out



This evidence collected is used to provide judgement as to the significance of the
risk.

Convention for structuring an ERA might include the identification of a hazard's source;
exposure pathway; receptor; consequence of harm; assessment of likelihood; links to relevant
regulation; and management approach. The ERA structure is flexible and could be organised
according to risk types (e.g. geological, hydrogeological, biodiversity, environment, public
health), or operational phases (e.g. site identification and preparation; well design, drilling
and cementing; hydraulic fracturing activities; well completion and management of waste
water; well production; abandonment; and post abandonment) [95].
(2) Strategic environmental assessment
The SEA provides the opportunity to identify issues and trends of regional relevance and,
when applied at the regional scale, provides the most appropriate framework within which
to address cumulative effect issues [114]. Many cumulative problems are caused by the
accumulation of many actions, where new plans or projects are just one more addition to the
stressors on the environment. In addition, cumulative effects have built up over time, e.g.
today's global warming is due to our past actions, and it is our descendants who will deal with
the climate effects that we cause. The strategic environmental assessment can therefore
enhance the sustainability of socio-ecological systems during UOG extraction by managing
and minimizing cumulative effects.
An ideal SEA process for UOG extraction includes the following steps:
I.

II.
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Conceptualisation


Develop SEA framework and solicit experts



Adhere to overarching SEA principles (progress government groups)



Develop literature and monitoring databases, spatial database for maps(scientific
experts)

Scientific assessment
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III.



Conduct a science-based assessment to improve understanding of the risks and
opportunities of UOG(scientific experts)



Translate existing scientific information into a form usable for policymakers
(scientific experts)



Perform an extensive, transparent review process to ensure saliency, legitimacy
and credibility(scientific experts and public)

Development of the decision-making framework


IV.

Translate the outputs from the scientific assessment into operational guidelines
and decisions making framework

Follow-up


Monitor and assess government implementation of decision-making framework



Implement adaptive environmental management if required.

Like the conventional wells, the critical mechanism for the leakage from UOG wells is the well
integrity failure (see [115], [116], [109]). Most of the leakage pathways identified in the UOG
are identical to those have been identified in the conventional wells; however, the horizontal
wells used in UOG has their own specific integrity issues. For example, casing in the horizontal
part of the well is subject to gravity, which makes it more challenging to keep the casing
properly centred to allow it to be effectively cemented it in place. Moreover, hydraulic
fracturing may introduce stress in the casing due to the repeated pressure changes along the
horizontal length of well, resulting in the cement to deboned from the casing and crack [110].
The UOG wells have more integrity issues than conventional wells. According to the statistics
of 41,381 conventional and unconventional oil and gas wells in Pennsylvania drilled from
January 1, 2000 to December 31, 2012, the number of integrity issues in shale gas well was
found to be six-time as high as those for conventional wells, and UOG wells in northeastern
(NE) Pennsylvania were at a 2.7-fold higher risk relative to the conventional wells in the same
area [109].
The probability of leakage from wells penetrating rocks containing UOG is considered low.
This is because the formation pressures in UOG are much lower compared with that in
conventional reservoirs. Therefore, there is a weak driving force to cause leakage [111].

5.4.1 Mitigation steps
The following steps are recommended mitigation actions.

5.4.1.1 High-quality construction and plug-in
The risk associated with decommissioning is that associated with poorly constructed or
abandoned oil and gas wells, where leakage path can develop along with the casing after
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production has ceased and the well has been decommissioned [116]. The leakage pathway
in plugged wellbore identified in the UGS is the same as those identified in the conventional
wells. Therefore, ensuring the quality of construction and abandon is the key to avoid the risk.
For P&A wells, best practices were provided in different guidelines, such as the NORSOK D010 [117] and the UK Oil & gas guideline [118]. These guidelines are also used for
decommissioning conventional wells.

5.4.1.2 Monitoring
Post-decommissioning monitoring is another method in the assessment of the long-term risk
of leakage from wells. It is appropriate to monitor leakage from decommissioned UOG wells
for as long as required by the regulator.
Table 71 summarises the key issues in the risk management and the corresponding options in
the process of decommissioning of UOG [116].
Table 71. Summary of Issues, Gaps and Options [116]
Key Issue

Uncertainties

Options
Wells, which are designed, constructed and
abandoned to a high standard in a strong
regulatory environment, are considered to be at
low risk of leakage.

Well Integrity

Well construction plans approved by an
How can the risks of independent well examiner. Regular well
emissions from failed wells be inspections by independent well examiner. Well
minimised?
abandonment plans approved by the independent
well examiner.
Baseline, operation and post decommissioning
monitoring with the later continued as long as
required by SEPA.

Near Surface
contamination

How can risks of surface
Managed through planning conditions and if
contamination and shallow
necessary Scottish contaminated land regime.
groundwater contamination
Operator's environmental liability insurance.
be minimised?

Surface
restoration

How can risks of sites Restoration conditions in planning permission,
remaining unrestored be enforced and supported by financial provisions
minimised?
through a legal agreement.

PU

Page 152 of 165

Version 3.0

Deliverable D8.2 – Best practice procedures for sub surface geo-energy operations

6 Conclusions
The S4CE project aims to develop, test, and implement technologies needed for successfully
detecting, quantifying and mitigating the risks connected with geo-energy operations in the
sub-surface. This deliverable provides the best practice procedures for sub-surface geoenergy operations. The report deals with the detailed investigation into various risks and the
mitigation actions for the same associated with subsurface geo-energy operations including
CCUS, EGS and UOG. Detailed study is carried out for different stages of the plant life including
Design

to

Production

test

stage,

Operation

and

Maintenance

Stage

Closure/Decommissioning/Post-transfer Stage.
The risks identified with sub-surface geo energy operations include but not limited to:
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•

Induced Seismicity

•

Gas Kick ( Hydrogen Sulphide/ Hydrocarbons)

•

Runaway water losses

•

Groundwater Pollution

•

Fire on the Drilling Rig

•

Chemical Spillage

•

Radioactivity/ Accidents with Radioactive Source

•

Electrical Hazard

•

Construction Noise

•

Waste Disposal

•

Lack of Profitability

•

Discovery Below Expectations

•

Low Experience in Large Projects

•

Objections and Delays

•

Intervention in the Earth System

•

Incomplete Crisis Management

•

Lack of Safety

•

Emissions and Environmental Damage
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•

Difficulties with Borehole Closure

•

Uncontrolled Gas Leakage

•

Timeless Standstill Phase

The mitigations for the identified risks are stated in the report. It includes but not limited to:
•

Base a geothermal protocol off O&G regulations – reduce costs without compromising
on safety.

•

Selection of appropriate drilling bits for efficient drilling.

•

Selection of an appropriate grid connected drilling rig.

•

High temperature suitable drilling muds.

•

Saving time saves money.

•

The level of confidence and the funding available to the project developer will be the
key factor of the final decision of the size of the exploratory well.

•

Where natural fractures exist, stimulation can be performed using low-pressure
injection.

•

Thorough investigation of natural fractures and its suitability to the operation should
be conducted before hydraulic fracturing.

•

Where possible, chemical stimulation is better as it avoids hydraulic fracturing.

•

Techniques such as side-leg concept where the pressure is distributed over two
separated ends of injection well should be used.

•

If there is risk from High-pressure injection; reduce injection pressure at the cost of
operational efficiency.
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•

Maintain acceptable flow rates and reduce or eliminate fluid loss.

•

Choose injection fluid, which do not interact with the formation.

•

Use PPE and radioactive counters.

•

Validate design prediction with operating data.

•

Mitigate reservoir and surface problems that could lead to short-circuiting.
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7 Publications resulting from the work described
(1) Vipin Pillai, ‘The influence of energy policies on the development of geothermal
energy in Europe’, European Energy Innovation – Winter edition, December 2020.
http://www.europeanenergyinnovation.eu/OnlinePublication/Winter2020/index.ht
ml#p=20
(2) Vipin Pillai, ‘Policy recommendations for more geothermal energy production in
Europe’, December 2020, http://science4cleanenergy.eu/resources/articles/policyrecommendations-for-more-geothermal-energy-production-in-europe/
(3) Hadi Khalili, Vipin Pillai, Ujjwal Bharadwaj et. al. ‘Best practice procedures for subsurface geo-energy operations’, Manuscript under preparation.
(4) Thomas Bloch, Hadi Khalili, Vipin Pillai, Ujjwal Bharadwaj et. al. ‘Lessons learned from
St Gallen geothermal power project’ Manuscript under preparation.
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9 Appendix A - An example of FMECA worksheet
Table B.111 FMECA assessment for a down hole safety valve (DHSV) [25].
Description of item:
DHSV
Ref.
no

Function

Operational
mode

Description of failure

Failure
mode

Failure cause or
mechanism

Fail to
close

Sticking seals
Blocked return of
hydraulics

Fail to
open

1

Stop
flow

Valve in
open
position

PU

Delayed
start

Not relevant
(in this operational
mode)
Inadequate
depressurization
capacity
(hydraulics)

Effect of failure

Detection
of failure

One the
subsystem

Failure
rate

On the
overall
system

Severity
ranking

Risk reducing
measure

No (U)
No (U)

D

D*

Occasional

Catastrophic

Regular check,
calibration
Focus in planning
procedure
Regular testing

-

-

-

-

-

-

Yes (D)

D

D*

Occasional

Minor

Regular testing
(to avoid
sticking)

Leakage
in
closed
position

Damaged seals

No (U)

D

D*

Probable

Critical

Spurious
closure

Spurious loss of
hydraulics

No (U)

D

D*

Probable

Minor
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Regular
inspection of seat
Replacement
after a certain
number of
operations
Redundancy in
hydraulic
supply
Monitoring of
hydraulic
pressure
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