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1 Introduction
Deliverable 8.4 ‘Policy recommendations for the environmentally conscious deployment of
sub-surface operations’ is intended to provide policy recommendations based on work
carried out in task 8.3 – ‘Best Practice Procedures in subsurface operations’ and task 8.4 –
‘Work-Flows for Emergency Response, Mitigation and Remediation’ of the project. The two
tasks lead to three deliverables:


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 inputs obtained from deliverable 8.2 and deliverable 8.3 are used to develop deliverable
8.4. We note that the Covid-19 pandemic is bound to affect the decision-making relating to
policy development in the economic recovery. The current state of the geothermal industry
in Europe, specifically the impact that the global Covid-19 pandemic has made and the
influence of clean energy policies on its development is covered in this report.

1.1 Deliverable objectives
The set of best practises and protocols from deliverable 8.2 and deliverable 8.3 are to be used
to provide the basis of operator policies and procedures and inform government authorities
and regulatory bodies when setting legislation for sub-surface geo energy operations.

2 Methodological approach
In order to meet the objectives for the deliverable, a comprehensive study was 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 at Cornwall, UK (hereafter referred to as Cornwall site
in the report), St.Galler Stadtwerke site at St. Gallen, Switzerland (hereafter referred
to as St. Gallen site in the report) and Carbfix Geothermal/CCUS site in Iceland
(hereafter referred to as Carbfix site in the report).



Collecting and analyzing information from other relevant consortium partners in the
project. Inputs are 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.
Page 7 of 42

Version 3.0

Deliverable D8.4 – Policy recommendations for the environmentally conscious
deployment of sub-surface operations



Extensive desktop study is carried out based on various standards and other relevant
publications. Inputs from relevant journal publications are fed into the report.



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



The S4CE’s advisory board members bring in years of technical expertise that has been
made use of to develop this report.



Various inputs are sought and obtained from regulatory agencies and other relevant
organizations such as the International Geothermal Organization and Environment
agency, UK.



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 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 The impact of Covid-19 on the European geothermal
energy industry
Due to the extraordinary nature of the Covid-19 pandemic, governments around the world
are faced with the unprecedented challenge of seeking to sustain economic activity whilst
managing continued outbreaks of the virus. Vaccines are close to becoming available, but
their effects are unlikely to take effect fully before summer 2021.
The tightrope that governments are walking is illustrated by the UK government’s
introduction in the autumn of 2020 of a three-tier system of anti-pandemic measures
intended to lockdown areas of high infection while exercising fewer restrictions in areas with
low infection rates. By early November, this system had failed to halt the progression of the
virus and so was abandoned in favour of a UK-wide, month long lockdown.
Not knowing the likely progression of the virus or success of vaccination programmes is
creating huge uncertainty in industries and financial markets. Forecasting when the economic
downturn will end and at what speed industries will recover, is extremely difficult.
Many central banks and international economic and monetary bodies are predicting a deeper
and more prolonged recession than was foreseen in March/April 2020. The International
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Monetary Fund in its most recent forecast highlights the fragility of the nascent recovery in
the world economy whilst still in the grip of Covid-19 [1].
The impact on energy industries and regional markets has been mixed. Analysis by the IEA
shows that during full lockdown in Q2 2020 average national energy was reduced by 25% per
week [2]. The IEA also forecasted in May that this would result in a fall of total global energy
investment (including clean energy) of ~20% this year [3].
More recent analysis paints a nuanced picture. Wartsila Energy Transition Lab reports that
while total electricity generated in the European Union (EU) has fallen by 5.2% in 2020 so far,
this drop has been borne by gas, coal and nuclear generation, which have seen their share of
the generation mix fall by 10.1%, 20.5% and 12.4% respectively [4]. By contrast, the
renewables’ share within the EU energy mix has grown by 10.3%. Launching their latest
update on global renewables in October 2020, Fatih Birol, Executive Director of the
International Energy Agency, declared that:
“Renewables appear to be immune to Covid-19.” [5]
Most of the increase in renewables is attributable to the continued rapid expansion of wind
and solar power across the continent. Geothermal capacity is expanding and is forecast to
grow 7% to 16.5 GW by 2022, Covid-19 none withstanding, but this growth will be mostly in
non-EU countries such as Turkey, Indonesia, Kenya and the Philippines [2].
Geothermal’s potential to contribute a larger proportion of the EU and global generation mix
continues to be inhibited by the following factors.


High Capex acts as a deterrent for developers. Capital expenditure and therefore risk
is concentrated at the front end of deep geothermal projects, specifically in
exploration and drilling operations. Up to 50% of the total cost of a deep geothermal
project is generation [6]. This has a deterrent effect.



Predominance of application and site-specific plant. Custom-built components lead
to bespoke manufacturing processes, which raises costs, Furthermore, many turbines
are design-optimised for electricity production to the detriment of heating, cooling or
combined heat and power (CHP) applications [7].



High materials costs. Due to the aggressive nature of geothermal fluids and
environments (which can lead to scaling, corrosion and erosion) corrosion resistant
alloys and non-metallic materials are required for geothermal plant, driving up costs.
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Insufficient public funding for demonstrator plants. Demonstration facilities are
critical for taking high Technology Readiness Level (TRL) innovations into industry
successfully [8].



Inflexibility/inefficiency of power plant operation. Current installed geothermal
generating capacity lacks the flexibility to respond quickly to the fluctuating output of
renewable generation technologies such as wind and solar.

It should be noted that these aspects are discussed at length in Deliverable D2.3, which
includes a manuscript prepared by the S4CE consortium to analyse the ethical dilemma posed
by the development of geo-energy resources across the world.

4 The influence of energy policies on the development of
geothermal energy in Europe
Policies and incentives introduced to encourage investment in geothermal, specifically, have
met with varying degrees of success e.g. many have ignored the major commercial risks in the
exploration and drilling phases in favour of supporting the operational phase of a project [9].
Latterly, this has been corrected with policy instruments such as loan guarantees and drilling
failure insurance exerting a more positive influence [10]. However, concerns persist about the
administrative efficiency of permitting, licencing etc. [11].
Within the European context and as a clean technology, geothermal energy falls within the
ambit of the EU energy policy. During 2019 and 2020, the EU has signalled its intent to become
a net-zero bloc by 2050 by launching several large strategic initiatives intended to decarbonise
all aspects of life. The 2020 pandemic has accelerated the implementation of these measures,
with the EU seeing decarbonisation as the means not only of economic recovery, but also of
sustainable growth thereafter.
The policies relevant to geothermal are:


European Green Deal (European Commission 2019) [12]
 Includes the European Green Deal Investment Plan (EGDIP) which is the main
conduit for funding for enterprises and communities transitioning to carbon
neutrality



European Recovery plan (European Commission, 2020a) [13]
 Covid stimulus package reinforces 2050 goal as the key to growth
 Ties to the European Green Deal.
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Energy System Integration (European Commission, 2020b) [14]
 Reforms to integrate generation and consumption in pursuit of 2050 goals.
 Market interventions and reform, infrastructure development

The European Green Deal [11] and EGDIP have the potential to be transformative for the
geothermal industry. A positive indication of this is the approval this month of a €150M
investment in Romania to construct or upgrade a series of district heating generation and
distribution systems to be powered by renewables, including geothermal [15].
In parallel, the European Geothermal Energy Council (EGEC) has launched its ‘Geothermal
Decade’ initiative, which aims to facilitate the rapid expansion of geothermal growth over the
next ten years [16]. EGEC’s Secretary General, Phillipe Dumas, recently highlighted four other
funds linked to the Green New Deal that geothermal is suited to: Clean Energy for EU Islands,
Coal Region Transition, Just Transition Fund, and the Innovation Fund [17].
As well as direct development funding of geothermal programmes, policy interventions to
reform European wholesale energy markets are being called for. The geothermal industry via
the EGEC and others is growing increasingly vociferous in its criticism of the European Green
Deal for allegedly disregarding the decarbonisation of heating and cooling (a geothermal
strength) as well as electricity generation.
Heating and cooling is claimed to represent 50% of the total energy demand in the EU and is
produced largely by gas-fired power plants [18]. Phillipe Dumas called recently for the
creation of a competitive and transparent European wholesale heat market [17]. This would
replace the current gas market with its perceived ‘direct and indirect subsidies’ that impede
the development of geothermal as a viable renewable generation technology. EGEC believes
that gas is unduly favoured in other areas of EU energy policy too, such as the EU’s Hydrogen
Strategy with its perceived reliance on ‘blue’ hydrogen (i.e. derived from methane) as an
interim technology while ‘green’ hydrogen scales up (see [18], [19]).

5 Policy recommendations for environmentally conscious
deployment-St.Gallen Field Site
The S4CE consortium had access to the St. Gallen field site. A geothermal project was
undertaken by the city of St.Gallen in Switzerland and 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 [20]. An unpleasant
surprise occurred for the St. Gallen geothermal project in July 2013. It has been hypothesized
PU
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that a sudden gas surge led to a rapid rise in pressure in the borehole (a gas kick). Despite the
immediately initiated countermeasures, including the introduction of water and drilling fluid
into the borehole to increase the backpressure, the subsurface was noticeably shaken
(seismic events). Note that this episode has been included in the EPOS platform as a result of
the S4CE consortium, which could allow future scientists to propose alternative hypothesis
for explaining the observed seismic events in this field site.
The geothermal project has been halted in May 2014 due to very low hot water flow rates;
increased earthquake risk, and high natural gas rates produced. These reasons made it clear
that the project could not be realized economically and it will result in safety issues [21].
This document intends to provide some environmentally friendly recommendations for St.
Gallen geothermal project. It mainly focuses on environmentally friendly mitigation actions.

5.1 Important Risks for Geothermal Energy Project St. Gallen
The important risks and the mitigation actions in the St. Gallen project were provided in
deliverables 8.2 and 8.3, respectively. The following sections provide some environmentally
friendly recommendations for the identified risks in the St. Gallen geothermal project.

5.2 Mitigation Actions – 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 1 summarizes the risk and the required mitigations.
Table 1. Summary of the principal risks during operation – groundwater pollution

Preventive
Measures

Analysis

Risk: Groundwater Pollution
 Loss of drilling fluid in the borehole

Detection

 The inclined position of the drilling rig

Measures to minimize
risk (already available)
Local measures
(external companies)

Action

 Existence of drilling fluid in the spring water

 3D seismic survey
 Installation of standpipes with integration into solid rock

 Localization of the defect

 Meeting with drilling supervisor
Overall measures
(sgsw)

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

PU
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5.3 Mitigation Actions – 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.
Earthquakes could also trigger secondary effects that can disturb an animal’s habitat, e.g. the
earthquake in New Zealand has put on risk at already endangered bird species [22]. Table 2
summarizes the risk and the required mitigations.
Table 2. Summary of the important risks during operation-induced seismicity

Preventive
Measures

Analysis

Risk: Induced Seismicity
 Alarm by the SED (Swiss Seismological Service), based on

Detection

measurement data from the seismological monitoring network
 Significant earthquake
 Damage to buildings (cracks, collapses) and infrastructure
 A 3D seismic survey of the selected site

Measures to minimize
risk (already available)

 Independent micro-seismic measuring network (continuous

Local measures
(external companies)

 Monitoring of drilling and pumping activities

monitoring) ensuring continued integration of SED
 Pressure limitation for stimulation of the bores
 Immediate adjustment of drilling performance, pumping volume

Action

 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

5.4 Mitigation Actions – Accidents with a Radioactive Source
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 was the case, the
device must be fished out to recover the radioactive source undamaged. Table 3 summarizes
the risk and the required mitigations.
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Table 3. Summary of the important risks during operation-Accidents with a radioactive source

Analysis

Risk: Accidents with Radioactive Source
Description and causes
Detection
Possible further
developments

 Loss of source in the borehole (a measuring device inserted in the

drill hole)
 Contamination of the thermal water, or other aquifers

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

Action

 Carrying dosimeters

Local measures
(external companies)
Overall measures
(sgsw)

 Evacuation of employees (danger zone)
 Record all participants and check for contamination
 Initiation of registration and control of staff
 Inform the manager (1 h)
 Alerting the communication department

5.5 Mitigation Actions – 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. The drilling fluid is temporarily stored in the
stacking tanks and pressed into the borehole via pipelines. Moreover, chemical leakage may
occur due to pipe damage or incidents. Table 4 summarizes the risk and the required
mitigations.
Table 4. Summary of the important risks during operation-chemical spillage

Action

Preventive
Measures

Analysis

Risk: Chemical Spillage

PU

Possible further
developments

 The chemicals can mix into an explosive substance and

subsequently explode or ignite
 The chemicals can enter the surface or groundwater
 Safety tank around stacking tanks

Measures to minimize
risk (already exists)

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

Local measures
(external companies)

 A closing slider on the meteor water collector

collector
 Regulations for the storage of chemicals
 Possibly switching off pumps
 A possible barrier of the danger zone
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 Meeting with drilling supervisor
 Inform the manager (1 h)

Overall measures
(sgsw)

 Obtain information from the weather service
 Alert the communication department
 Inform the wastewater treatment plant (1 h)

5.6 Mitigation Actions – Waste Disposal
In connection with the drilling operation, the following substances must be disposed:


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



Other construction waste (e.g. construction debris)

Table 5 summarizes the risk and the required mitigations.
Table 5. Summary of the important risks during operation- waste disposal
Risk: Waste Disposal
Wastewater:

Action

 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):

Measures to minimize
risk (already available)

 If the quality of the water is insufficient for direct discharge, it is passed
over the wastewater structure.
 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:

PU
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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
 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:

PU

Page 16 of 42

Version 3.0

Deliverable D8.4 – Policy recommendations for the environmentally conscious
deployment of sub-surface operations

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)

PU
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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:
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.
 The pH-value should lie between 6.5 and 9.
New measures

 Special wastewater events relevant to the operation of the
wastewater treatment plant immediately to report
 The water extracted as part of an additional long-term circulation test
can be returned to the groundwater via the second borehole.
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)

5.7 Mitigation Actions - Intervention in the Earth System
The geothermal project will irrupt 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 the
depths. Therefore, there are some fears such as intervention in the earth system due to the
uncertainty about deep underground drilling. That is because of little information about the
geothermal projects. Table 6 summarizes the risk and the required mitigations.
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Table 6. Summary of the important risks during operation- intervention in the earth system
Risk: Intervention in the Earth System

Analysis

Causes of risk

Preventive
Measures

 Emissions, noise, vibration

Measures to minimize
risk (already exists)

 Conservation
 Uncertainty

 Communication with wildlife associations

5.8 Mitigation Actions - Emissions and Environmental Damage
The owner/operator of a geo-energy facility 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
at the surface. Table 7 summarizes the risk and the required mitigations.

Table 7. Summary of the important risks during operation - emissions and environmental damage
Risk: Emissions and Environmental Damage
 Exceeding the emission limit
 Underground environmental damage (e.g. soil contamination,

Analysis

Risk

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

damage)
 Environmental damage (e.g. fish population)

Preventive
Measures

Causes of risk

 Location of the construction site (flood risk)
 Storage of chemicals
 Disposal concept and noise concept for the construction phase

Measures to minimize
risk (already exists)

 Safety concept (construction site regulations)
 Disposal of hazardous substances

5.9 Closing note
Several risks exist in the St. Gallen geothermal project. Some of these hazards specific hazards
related to the environment.
The main environmental risk of the St. Gallen geothermal project are:
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Chemical spillage



Intervention in the earth system



Environmental damage

It is the owner's responsibility to ensure that impacts to the environment during the
construction and operation phases are kept to a minimum and below the legally permissible
limits.

6 Policy recommendations for environmentally conscious
deployment-CarbFix Field Site
Carbon Capture and Storage (CCS) is a technology being developed to slow global warming.
The major benefit of CCS technology is its potential to reduce atmospheric levels of CO2 while
fossil fuels continue to be used to fuel the world’s energy consumption. In theory, CCS would
prevent carbon dioxide produced from coal-fired power plants from reaching the atmosphere
by capturing and storing it permanently underground [23].
Although carbon dioxide has been injected underground to enhance oil recovery from old
wells, the use of the technology to permanently store carbon dioxide is still in a
demonstration phase [23]. Therefore, the environmental impact of CCS and the associated
risks need to be determined.
Some important and unanswered questions regarding CCS development include [23]:


How will CCS projects affect water quality in aquifers



How will the CO2 react to the temperature and pressures at storage depth?



Where will it migrate to?



What effect will it have on subsurface geology?



What is the metallurgical integrity of those wells?



What effects could it have on fauna or flora if it does seep out?



What happens to the sequestered CO2 if there is a large earthquake in the immediate
vicinity?

This section aims to provide some recommendations for maintaining CCS projects such as the
CarbFix site environmentally friendly.

6.1 Risks Identified Within the CarbFix Project
There are several risks within the CCS project, including:
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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

The above-mentioned risks and mitigation actions are explained in Deliverable 8.2 and 8.3,
respectively. There are some environmentally friendly recommendations for some of these
risks in the CCUS projects.

6.2 Mitigation Actions - Risks related to the Gases
Different gases are handled in the CCS projects including:


Carbon dioxide; CO2 (62% of weight)



Hydrogen sulphide; H2S (34% of weight)



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

When H2S reaches the surface waters (or groundwaters), oxidation occurs. 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.
Moreover, chemical solvents that are utilized for CO2 purification are amine-based. These
solvents may cause damage to microorganisms.
To avoid any damage to aquatic life:


Chemical solvents must be carefully managed to avoid any uncontrolled discharge



It should be tried to prevent any soil and water (surface or ground) contamination in
case of any spillage.



Collected solvents must be stored properly in the labelled containers.

6.3 Mitigation Actions - Risks related to the Wellhead Leakage
One of the great risks associated with CCS 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

Carbon capture and storage researchers have raised concerns about the ability of geologic
formations to hold large amounts of carbon dioxide and acknowledge the possibility of
unintentional releases. Acidification effects of carbon dioxide, as well as cracks, faults, natural
springs, and old wells, could allow dangerous amounts of carbon dioxide to escape. Proposals
PU
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for full-scale CCS coal plants ought to be subject to appropriate risk analysis as part of a
required environmental impact statement, including potential amelioration of risk by safety
monitoring equipment. Geologists have raised concerns for possible leakage based on the
type of geologic formation or the presence of existing drill holes at CCS sites.
Rigorous risk mitigation strategies should be developed and implemented to reduce the risk
of CO2 leakage. There are some concerns about the relative lack of experience with CCS risk
mitigation strategies and the need for long term monitoring techniques. To avoid any
environmental damage:


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



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



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.



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.

6.4 Mitigation Actions - Risks related to the possible induced seismicity
Pressure built up by injected CO2 could induce seismicity in the basaltic host rocks [24].
Earthquakes could also trigger secondary effects that can disturb an animal’s habitat, e.g. the
earthquake in New Zealand has put on risk at already endangered bird species [22].
The induced seismicity in 2011 generated a strong response from the general public, media,
regulators, and Reykjavik Energy (the operator of the field and partner of S4CE). The following
actions have been considered to mitigate the risks related to the possible induced seismicity.
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Application of a traffic light system aimed at minimizing the risk of induced seismicity
[25].



Review and revise work procedures and processes regarding reinjection
 Reykjavik Energy revised its workflow 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 (see Figure
1).

Figure 1. 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.

6.5 Mitigation Actions - Risks related to the Contamination of Water Supplies
Injecting carbon dioxide into or near underground aquifers leads to the formation of carbonic
acid. Such acidification can dramatically alter water quality by increasing the leaching of
contaminants such as arsenic, lead, mercury, and organic compounds. In addition, the
injected carbon dioxide may be contaminated with other pollutants from the coal plant
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emissions. Injection of carbon dioxide directly into oceans in large amounts also would make
the current problems of ocean acidification worse.
There is a potential environmental risk to overlying fresh groundwater resources and
therefore CCS should only be considered in geological formations that are not potential
groundwater resources i.e. aquifers that are not connected with active groundwater flow
systems [26].
The widespread use of geologic formations as storage for carbon dioxide could compromise
not-currently-used aquifers on which future generations may depend for drinking water.
Communities across the United States and worldwide are increasingly dependent on aquifers
for drinking water as surface water resources are depleted. The results from tests that
injected CO2 into saline aquifers in Texas showed that sequestration made aquifer water more
acidic [24].
The main important action for this risk is monitoring the water conditions such as
temperature, pH, and concentration in both pre- and post-CO2 injection waters to quantify
the water composition, before, during and after the CCS activities.

6.6 Mitigation Actions - Risks related to Tracers
In the CCS 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.
To avoid the negative impacts of the tracers on the environment:


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



Tracers tests are being carried out periodically. Calculated concentrations of dissolved
inorganic carbon (DIC) and reactive tracers, such as

14C,

are compared with those

measured in collected samples from monitoring wells. Loss of DIC and 14C along the
subsurface flow path toward the monitoring well indicates carbonate precipitation.


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



Fluid saturation states: Chemical composition and pH of subsurface fluids can be used
for geochemical calculations to determine if collected fluids from monitoring wells are
at saturation or supersaturation with selected minerals, such as carbonate minerals,
indicating conditions feasible for carbon mineralization. This can be further monitored
as a function of time to monitor changes in the reservoir [27].



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 toxicological requirements to protect the
groundwater against pollution.

6.7 Closing note
There are no recognized industrial standards or codes of practice for supercritical carbon
dioxide plants and equipment. Liability for inadvertent carbon dioxide release and
groundwater contamination is already an issue for CCUS developers. These hurdles are
currently among the main non-technical limitations to the widespread application of CCS.
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.

7 Policy recommendations for environmentally conscious
deployment-Cornwall Field Site
The United Downs Deep Geothermal Power (UDDGP) is the first deep geothermal power plant
in the UK [28]. The type of geothermal power being investigated in UDDGP is deep
geothermal. It is funded by a mixture of public and private funds which include 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
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
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of the site [28]. Currently, the UDDGP is under the development of the site selection and
design to the production test stage. A picture of the UDDGP drilling rig is depicted in Figure 2.

Figure 2. Drilling rig at United Downs Deep Geothermal Power plant [28]

The risk assessment of United Downs Deep Geothermal (UDDGP) site in Cornwall considers
six aspects, which are source, pathways, receptor, environmental effect of impact, existing
control or mitigation, control measures required/action detailed. The geothermal systems
risk assessment structure is presented in Figure 3.
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 3. Geothermal systems risk assessment structure

The details of each element in Figure 3 can be found below:
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7.1 Source
The source considers whether there is a pollutant in the system. According to Geothermal
Engineering Ltd (GEL), the source analysis contains eight items:


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



Road vehicles, fuel and lubricants



Drilling & completion chloride containing and PH modifying dry chemicals. Cement
slurry.



Drilling & completion liquids



Exhaust emissions



Fuels and lubricants stored for plant operations and maintenance



Waste loaded into vehicles



Fire

7.2 Pathways
It considers how can the pollutant enter the environment.
For bulk fuel for rig and generators, the pathway includes:


Leakage from 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 ground on unsealed areas.

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


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



Spillage on roadways with washdown due to rainfall.

For drilling and completion liquids, the pathway includes:


PU
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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 site.



Spillage on roadways.

For waste loaded into vehicles, the pathway includes:


Spillage or leakage on unsealed areas of site.



Spillage on roadways.

According to fire, the pathway includes:


Atmosphere



Residue flows off site

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


Soils and subsoils (quantity dependant)



Drains and sewers

For drilling & completion liquids, the receptor includes:
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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 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:


Air quality



Amenity



Groundwater



Land

7.4 Environmental effect or impact
This item mainly considers the type of damage or environmental impact, as a consequence of
sources, pathways and receptor combinations.
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:
 One waterbody located 350m northwest of the site;
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 One waterbody located approximately 490m northwest of the site;
 A drain located 230m east northeast of the site;
 A drain located 270m northeast of the site,
 A drain located 300m northeast of the site;
 A drain located 480m west of the site; and
 A drain located 490m southwest of the site.
For drilling and 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 and 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:


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:

PU
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Pollution of surface water features or groundwater.
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Transfer of pollutants to water treatment facility.

7.5 Existing preventative or mitigation measures
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:


Chemicals on spill containment



Crew competence

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:
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Competent contractors



Minimise transport - crew bus



Competent logistics management
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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



Emergency Response Plan (ERP) and firefighting equipment

7.6 Control measures required / Action detailed
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:


Monitor filling / off process



Monitor for leaks



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:
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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



Toolbox Talk (TBT) when lifting operations 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



Waste analysis to correctly classify arisings



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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8 Further Policy recommendations from desktop study
This section presents additional relevant desktop-based study carried out about deliverable
8.4. It mainly concerns unconventional O&G development. Substantial reductions in
operational surface footprint can be achieved by the development of unconventional
resources. Industry’s ability to drill multiple wells from a single well pad (more than two dozen
wells in some cases) and the technique of drilling long horizontal wells to access the shale or
tight sand resource, combine to enable unconventional resources development with fewer
surface impacts compared to conventional drilling. Natural gas is the cleanest burning fossil
fuel, and less carbon intensive than other fossil fuels. When used for power generation,
natural gas emits considerably less carbon dioxide than coal. Emissions of mercury, sulphur,
and nitrogen oxide are also significantly reduced.

8.1 Risk assessment in unconventional O&G development- Engineering
approach
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”. To characterize the nature and magnitude of human health and ecological
risk from chemical contaminants and other stressors, the EPA conducts environmental risk
assessments.
The engineering 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)
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 [29].
Essential components of environmental risk assessment and management that are conveyed
in the document can be summarised as follows:
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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;



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



The 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. According to Department of Energy and Climate
Change, UK [29] , 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).
(2) Strategic environmental assessment (SEA)
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 [30]. 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:
1) Conceptualisation
 Develop SEA framework and solicit experts
 Adhere to overarching SEA principles (progress government groups)
PU
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Develop literature and monitoring databases, spatial database for maps(scientific
experts)

2) Scientific assessment
 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)
3) Development of the decision-making framework
 Translate the outputs from the scientific assessment into operational guidelines and
decisions making framework
4) Follow-up



Monitor and assess government implementation of decision-making framework
Implement adaptive environmental management if required.

8.2 Potential Environmental risks involved in UOG decommissioning
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 [31], including:


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).

Contamination of groundwater by methane associated with UOG development has been a
concern, especially in the operation phase, where four potential risks for water resources are
identified [32]:


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 resource caused by spills, leaks, and/or the disposal of
inadequately treated shale gas wastewater.
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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 that could
induce water shortages or conflicts with other water users, particularly in waterscarce areas.

The exploitation of deep groundwater (deeper than 400 m) may lead to impacts on near
surface groundwater. For example, there could be increased flushing of salinity from deeper
aquifers, the introduction of oxidising groundwater to previously anaerobic environments,
and the loss of any deeper fresh groundwater that may exist. If available in sufficient and
sustainable amounts, deep and/or brackish groundwater could be used to compensate for
increased demand for fresh water [33].
Springs originating from depth may also combine with shallower groundwater and so
protection of the system as a whole needs to be considered. Identification and mapping of
the three-dimensional catchment of a deep spring is a vital part of any risk assessment. From
a consideration of European examples for protecting deep springs, a tiered methodology for
characterising and delineating deep spring protection zones is recommended [33].

9 Conclusions
In general, the analysis conducted within WP8 regarding the policy recommendations for the
conscious deployment of sub-surface geo-energy operations concludes that:

PU



Covid-19 has had a limited and short-term effect on geothermal energy with neither
operations nor new build significantly affected. This is in common with the whole
renewable sector.



Covid-19 not withstanding, geothermal is set to grow by 7% by 2022, albeit most
growth is expected outside the EU.



Significant growth within the EU is inhibited less by the Covid-19 pandemic and more
by challenges concerning project risks, and operational efficiency and flexibility.



Geothermal energy provides a convincingly sustainable solution for heating and
cooling; there are many cities that have been using it in different parts of the world.



The firm direction the EU has set out on in pursuit of a net zero bloc by 2050 presents
opportunities that could advance geothermal energy operations significantly.
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Reform of wholesale markets to accommodate renewables may be needed to realise
geothermal’s potential.

Our analysis has achieved the following project specific conclusions:
The main environmental risks associated with the geothermal project are:


Groundwater pollution



Chemical spillage



Intervention in the earth system



Environmental damage

It is the owner's responsibility to ensure that damages to the environment during the
construction and operation phases are kept to a minimum and below the legally permissible
limits.
For CCUS, there are no recognized industrial standards or codes of practice for supercritical
carbon dioxide plants and equipment. Liability for inadvertent carbon dioxide release and
groundwater contamination is already an issue for CCUS developers.
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.
For UOG, an ideal SEA process for extraction includes:
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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)
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)
Translate the outputs from the scientific assessment into operational guidelines and
decisions making framework
Monitor and assess government implementation of decision-making framework
Implement adaptive environmental management if required.
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10 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/
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