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Definitions and acronyms – Glossary
Anthropogenic Earthquakes induced or triggered by technological activity usually related to geoseismicity
resources exploitation. The human activity plays some role in bringing the stress
system to rock failure and fault reactivation.
Aquifer
Geological formations located within the first kilometres below the Earth’s surface
and consisting of permeable and porous components capable of storing large
quantities of water
BANANA
“Build absolutely nothing anywhere near anything” mindset which refers to
societal consideration as NIMBY.
Biofouling
Progressive development of microorganisms and biofilms on equipment, pipes,
and rock-forming minerals, corroding and impairing material and rock
petrophysical properties.
Biosphere
The regions of Earth inhabited by living organisms.
Clean energy
Energy that is produced through means that minimize the potential environmental
debt. Currently, all known energy production methods have some type of
environmental impact.
Deep
Living ecosystems inhabiting the first kilometres of the lithosphere and hosting
biosphere
more than 70% of the terrestrial bacteria and archaea.
(Enhanced)
Heat carried by water and/or steam derived within the sub-surface from
geothermal
hydrothermal systems and petro-thermal hot dry rock and harnessed to generate
energy
clean electricity. Enhanced geothermal systems are created by hydraulic
stimulation of the reservoir with the aim to increase permeability
Geoethics

Research and reflection on the appropriate behaviours and practices, wherever
human activities interact with the Earth. Geoethics addresses the ethical, social
and cultural implications of knowledge, education, research, practice and
communication in geosciences, as well as the social role and responsibility of
geoscientists. (Bobrowsky et al., 2017; Peppoloni and Di Capua, 2012).
Geosphere
Any regions of Earth, especially the lithosphere.
Groundwater
Water below the Earth's solid surface originating from sea and ocean water, rains,
lakes, rivers and streams seeped through porous soil and rocks to reach the water
table, a level where the sub-surface is saturated with water.
LCA: Life cycle the compilation and evaluation of the inputs, outputs and the potential
assessment
environmental impacts of a product system throughout its life cycle (ISO, 2006).
Life cycle
refers to the whole life of a service/product until its end-of-life, including
maintenance in operational condition.
MRA: Multi- is the process to identify and assess the rate (or the likelihood) of occurrence of
risk
incidents, and their potential impacts on the surrounding environment,
assessment
considering different hazards and their interactions.
NIMBY
“not in my backyard” mindset which refers to societal consideration.
Resource risk
Risks related to prediction of economic reservoir parameters including sub-surface
temperature, achievable flow rate, brine chemistry, biodegradation
Sub-surface
The first kilometres of the crust below the Earth solid surface
Sustainability
To ensure that an activity meets the needs of the present without compromising
the ability of future generations to meet their own needs. The concept of
sustainable development implies limits imposed by the present state of
knowledge, technology and societal organisation and by the ability of the
biosphere / geosphere to absorb the effects of human activities. (Brundtland
Report, 1987).
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1 Introduction
The consortium Science 4 Clean Energy (S4CE) has the ambition to develop and implement new and
unique technologies, surpassing the current state of the art, for sensing, monitoring and modelling
phenomena that are related to the exploration and exploitation of sub-surface geo-energy operations.
The goal is to assess the environmental footprint of geo-energy sub-surface operations in EU and to
extract the added value of a multi-sensor approach in managing sustainably current and future subsurface operations. The innovations that are considered as part of this consortium include new
instruments development, implementation of new models, testing of new protocols for
characterization of rock samples.
The practical applications that have been considered within the consortium include carbon storage,
enhanced geothermal energy production, hydrocarbons processing and unconventional hydrocarbons
production. These technologies could offer significant benefit to the society, and therefore attract vast
public attention. However, they also present several risks.
S4CE has the goal of delivering the unbiased and independent assessment of the environmental
footprint related to geo-energy sub-surface operations. As such, S4CE will have as primary impact the
assistance to policy making. For this purpose, S4CE has developed develop/implement bespoke riskassessment protocols and will provide recommendations on best practices (within Work Package 8).
The European Commission recognizes that public concern regarding sub-surface operations will
persist as long as legal uncertainty and a lack of transparency remain, especially regarding
unconventional hydrocarbon production. S4CE acknowledges that the public, both near and far from
sub-surface operation sites, is ultimately affected by geo-energy applications. S4CE will address public
concerns and will maintain active dialogue with all stakeholders. During the execution of the project,
the S4CE consortium decided to disseminate our consortium-wide recommendations for the ethical
conduct in the area of ‘geo-ethics’, so that future research on the topic could be conducted sustainably
by future generations. This Deliverable contains a summary of our collective recommendations. The
whole recommendations have been assembled in a independent document, soon to be submitted for
publication.

1.1 General context
The general goals of the consortium, listed above, stem from the fundamental nature of the proposed
research and development plan proposed to the European Commission and supported by Horizon
2020. It is understood that significant commercial interests are related to the research activities
proposed by the S4CE consortium.
As a consequence, it is recognized that there might be a potential conflict of interest between scientific
integrity, commercial interest, and public discussions. It is necessary to ensure that the reports,
deliverables, public dissemination events and scientific publications from the consortium adhere to
the highest ethical standards.
To ensure that such ethical standards are upheld, S4CE has designed Work Package 2: Ethical
Oversight. Work Package 2 will provide recommendations to mitigate ethical risks.
The main tasks of this Work Package, as described in the Consortium Agreement, are:
PU
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Task 2.1 – Dual and Misuse Use
The consortium will develop instruments and deploy them to measure induced micro-seismicity, gas
emissions, and transport of fluids in the sub-surface. This WP will suggest strategies to prevent the
use of this information and methods along goals that are not consistent with the consortium’s
objectives.

Task 2.2 – Non-EU Countries
The research success of the proposed activities depends on the collaboration with research sites in
Iceland and Switzerland, and potentially USA and Canada. This WP has the task of ensuring that the
research practices implemented by our partners in these countries will be consistent with the EU
norms and regulations.

Task 2.3 – Defensive/Offensive Use and Sensational Interpretation
Because of the significant emphasis on the environmental impact of sub-surface operations, it can be
tempting for researchers to achieve short-lived fame by providing sensational interpretation of
research results, as well as to pursue fast research results implementing un-ethical methods and
procedures. This WP will recommend strategies to prevent such events from happening and for S4CE
to maintain a balanced and independent role in recommending policy changes based on the
independent assessment of the environmental risks associated with sub-surface geo-energy
operations in Europe.
Building on the results from the consortium, and taking advantage of the cohesiveness among the
different groups, supported by the enthusiasm of a large number of excellent Early Career
Researchers, the S4CE consortium has decided to consolidate the best practice recommendations
within the area of ‘geo-ethics’ into an independent document, which will soon be submitted for
publication.

1.2 Deliverable objectives
The objective of Deliverable D2.1 was to summarize the possible ethical risks that could be faced by
the S4CE consortium, to describe the methodological approach that was put in place to ensure that
the consortium adheres to the highest standards of ethics, and to present the composition of the
Ethics Advisory Board.
Deliverable D2.2 summarized the consortium progress mid-way through the execution of the various
R&D activities. D2.2 included in particular implementation of Tasks 2.1 and 2.2 and plans to raise
awareness among researchers involved in the S4CE project on the defensive/offensive use and
sensational interpretation making the core of Task 2.3.
The present Deliverable 2.3 has benefitted from the invaluable contribution of Michèle Barbier, PhD,
who is an ethic expert with ample experience with H2020 requirements. Dr Barbier has spearheaded
the consolidation of best practice recommendations for best practices, as identified by the S4CE
consortium, within the area of geo-ethics.
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2 Summary of activities and research findings
Throughout its existence, the S4CE consortium has implemented a process for approving each and all
publications or public presentation of the results achieved within the S4CE consortium. Each
publication (entire manuscript for peer-reviewed journal publications or abstract for conference
presentations) has been shared among the General Assembly members. Comments and
recommendations were incorporated in the revised publication before it was submitted externally.
This protocol allowed us to minimize the risks associated with:
1. Possible exaggeration of the implications of the results, which could grab public attention
but also miss-inform the public;
2. Use of proprietary data that are not ready for public dissemination;
3. Defective interpretation of data;
4. Selective interpretation of scientific data.
Transparent dialogue with the public has been secured, via a number of outreach events which
targeted different Stakeholders (see Work Package 9).
S4CE has made every possible effort to prevent dual and misuse of the results achieved by the
consortium, to prevent the sensational presentation of the results or their use in defensive/offensive
applications. It is noted that, while significant attention has been raised by the results obtained, as
documented by the visits to the website, by the large number of publications, by the attendance to
public dissemination events, by the high visibility of the newsletters, by the intense participation to
the workshops, by the large number of conference presentations, and by the significant research
success achieved, the S4CE consortium has not raised negative publicity and has not been at the center
of negative publicity campaigns. We conclude that the high-caliber research conducted has been
focused on fundamental principles, and that a sufficient level of transparency has been maintained
throughout the whole consortium. The website has been the main instrument to ensure transparency,
and the active scrutiny ensured by dedicated external advisory board members has secured the S4CE
consortium has conducted research within the scopes delineated in the Consortium Agreement.
The monthly Work Package Leaders teleconferences allow maintaining careful supervision on all
activities. Because the R&D activities conducted involve non-EU Countries, S4CE monitors that the
highest ethical standards are implemented in each R&D activity conducted by consortium partners.
Based on our self-study, the consortium has complied with EU regulations in completing the planned
R&D activities. It has been necessary to reallocate funds twice during the course of the project, for
example because of the mitigation measures set in place to counter the possible negative effects of
the Covid-19 pandemic. The dialogue has been inclusive and transparent, with all partners voting on
the no-cost extension via a teleconference, for example, and all partners being made aware of any
process of funds reallocation. Partners needs were discussed and addressed, consistently with best
practice procedures, and the appropriate documentation has been maintained.
Task 2.1: S4CE partners have developed instruments and technologies to measure induced microseismicity, emissions, and transport of fluids in the sub-surface, among other activities. During the
whole project, all partners, led by IPGP and UCL, reviewed the proposed activities, and suggested
strategies to prevent the use of the methods that are being developed, as well as the information S4CE
partners generate, to deliver goals other than those consistent with the consortium’s objectives. All
the S4CE R&D activities have been considered not prone to dual use or misuse.
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Task 2.2: S4CE partners conducted research in non-EU countries, explicitly Switzerland and Iceland.
Our supervision suggests that the highest ethical standard have been applied during these research
and development activities, consistent with those required by the EC.
Task 2.3: The whole S4CE consortium, and UCL and IPGP in particular have maintained close
supervision on the R&D activities conducted, on the deliverables submitted to the EC (which are in
most cases public), as well as on abstracts for public presentations and on articles submitted for
publication. Each deliverable has been shared within the consortium at least 2 weeks before
submission, and any comment received has been included in the submitted versions. It has been
ensured that the results have been presented scientifically and professionally, without extending their
implications to grab the public attention. Every effort has been made to ensure that no defensive or
offensive use could be made of the S4CE results.
As discussed in Deliverable 2.2, S4CE, within the remits of Work Package 2 (WP2) has had the
opportunity to provide professional/informed advice on best-practices protocols, and legal
obligations. To build on this opportunity, partner IPGP, in its capacity as WP2 leader, has recruited
Michèle Barbier, PhD, an ethic expert H2020:
Michèle Barbier (www.sciencethics.org)
- Ethics Expert H2020, European Commission
- Executive Director, Institut de Science et Ethique,
MBarbier@sciencethics.org
Dr Barbier With the aim to have all the partners involved and properly answer ethical questions in a
collaborative way, round tables will be organized at the S4CE 2d Annual Consortium Meeting, which
will be held in Italy in September 2019. One full day is required to include a presentation from Dr
Barbier as an introduction of the work that has to be done, as well as round tables for few hours to
discuss specific questions. At the end, a restitution is expected from all the working groups. At least 2
representatives of each partner are expected to actively participate, including Ph.D. students or postdocs hired in the project, and a permanent researcher or WP leader. Based on these discussions, Dr
Barbier will led the writing of a publication with all the participants as coauthors. This publication will
be the final deliverable of WP2. It will include recommendations on the best ethical practices in the
scientific problematics S4CE is tackling with and how raising awareness of researchers on these
questions. As an illustration, Dr Barbier has led similar workshops for ocean observation. Marine
scientific understanding is fundamental to managing human activities that affect this environment,
and ocean observations have a particularly important role in enhancing the knowledge base of our
oceans. In that field, as in the S4CE domains, scientists have to act in an ethical way and apply all the
fundamental principles. She delivered with marine scientists an article highlighting the core values
applicable to ocean observation, which can then be improved and adopted as part of geo-ethics and
the stewardship of the Earth system:
Ethical recommendations for ocean observation
Michèle Barbier et al., Adv. Geosci., 45, 343-361, 2018
https://doi.org/10.5194/adgeo-45-343-2018
Dr Barbier organized a collaborative ethic event during the S4CE 2d Annual Consortium Meeting,
which took place in Italy in September 2019. S4CE is preparing a publication to highlight the core
ethical values applicable to subsurface sciences, which can then be improved and adopted as part of
geo-ethics and the stewardship of the Earth system. The rest of this Deliverable summarizes the main
findings of this event.
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3 S4CE geo-ethics recommendations
The importance of geological operations for the future well-being of our modern society is
recognized by all. Even if we limit our energy consumption to reasonable levels, there is no
doubt that maintaining the modern way of life in a global society with growing population
requires abundant and affordable geo-sources of energy. As pointed out by several nongovernmental organizations, and as officially recognized in the Paris Accord of 2015, our
growth can only occur when appropriate measures are put in place to ensure the sustainable
deployment of energy operations. While the Paris Accord focused primarily on CO2 emissions
and the requirements to contain global warming to 1.5°C, there is no doubt that
anthropogenic operations for the exploration and exploitation of the geo-resources have a
significant environmental footprint that can be quantified by a variety of proxies, including,
but not limited to, CO2-equivalent emissions. In Figure 1, we summarize some of the
challenges that need to be addressed in the deployment of geo-energy resources.

Figure 1. Summary of challenges, as identified by the S4CE consortium, that need to be addressed for the ethical
deployment of geo-energy resources.

The Trans-European EU-funded Science 4 Clean Energy (S4CE) project aims to assess, quantify
and reduce the environmental impact and risks of sub-surface anthropogenic activities.
Acknowledging that the exploitation of all energy sources has both positive and negative
effects (i.e. “No Risk – No Energy”), S4CE believes that each sector should develop
instruments and methodologies to identify, quantify and mitigate the associated risks and
environmental footprint. These risks should be assessed by explicitly considering the full life
cycle of the geo-resource, from exploration and exploitation to decommissioning. To this end,
the scientific, technical and environmental dimensions within S4CE are taken into account in
determining and selecting a portfolio of technologies that provide the required energy but
with an "acceptable" and manageable level of risk and impact to the environment. Beyond
this, the legal, socio-economic and political dimensions are also taken into account to provide
PU
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possible ethics recommendations to overcome the challenges identified when assessing the
benefits and environmental impact of a preferred geo-energy sub-surface operation. Among
other recommendations it is important to use accurate data to identify energy technologies
that support our growing society while reducing our collective environmental footprint. We
describe here the process implemented to provide ethical recommendations.

3.1 Methodological approach
The approach was conceived by Michèle Barbier, Institute for Science and Ethics and
developed in a collegial manner during several meetings with the consortium, with the goal
of identifying risks and challenges, and therefore relevant recommendations, including an
ethical dimension.
The methodology applied can be summarized in several steps


Step 1: Reflection on main issues/problems (contextualization in the S4CE meeting
London1, plus organisation of round tables during the annual meeting in Salerno2)



Step 2: Identify and agree on 9 main key points (during the meeting in Salerno2).
The Round tables have been organised on 3 topics: Societal acceptability, Governance
and Economy and sustainability.
o Each Round-table was pre-defined before the meeting:
List of participants
List of questions to be answered
This list of questions was sent 2 weeks before the meeting to
prepare the participants to think about the topics (environmental
issues/economy/legislation, etc.)
o Each round table provided at the end of the time several slides on the topics.
List of identified issues
Illustration of these issues (who and how)
Reflection on how to solve these issues
Numbers and key facts
Added value of S4CE regarding these issues

1 London, UK on 19-20 May 2019, where the project was presented during a S4CE meeting: objectives, challenges and risks

that could be identified.
2 2nd Annual Consortium Meeting, Salerno, Italy on 20 September 2019, during the where sub-groups have been working
on identifying the main challenges.
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List of items suggested from each Round Table:
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Step 3: Presentation of the recommendations during the SC4E public forum3



Step 4: Compilation of the results into a manuscript

3.2 Risks Identified
The risks considered herein by S4CE are: (a) induced or triggered seismicity; (b) gaseous
emissions; (c) drinking water resource contamination; (d) casing and infrastructure
degradation; and (e) perturbation of the deep sub-surface microbial biosphere. The technical
reports and peer-reviewed publications from the consortium4 present the progress S4CE has
enabled in assessing, quantifying and mitigating each of these risks.

Figure 2. Technological activities that may induce or trigger seismicity
(modified from The human-induced earthquakes; HiQuake database, www.inducedearthquakes.org).

3.2.1 Induced and triggered seismicity
Anthropogenic seismic events are seismic processes induced or triggered by technological
activities. These include, though not exclusively, exploration and exploitation of georesources. A recent review of seismic events across the world related to anthropogenic
activities has been compiled by Porter et al. (2019) Such events have been observed to
accompany underground and open pit mining, filling of surface reservoirs of water and
possibly other fluids, underground storage of liquid wastes and gases including CCS and
enhanced oil and gas recovery (EOR and EGR), conventional extraction of hydrocarbons,
pressurized injections in unconventional extraction of oil and gas from shales and in
3
4

SC4E Forum, Geological Society London, UK, 4 November 2019
http://science4cleanenergy.eu/resources/publications/
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geothermal energy production (Fig. 2). Although most anthropogenic seismic events are
modest in magnitude, those few strong ones can be hazardous for underground technical
installations and for workers in case of underground mining, as well as for surface structures
and people living near the affected areas. The latter is particularly important in densely
populated countries such as those in Europe, where sub-surface geo-energy activities could
take place near inhabited areas.
S4CE recommends that the impact and the risk related to anthropogenic seismicity have to
be evaluated on different spatial and temporal scale with the aim of assessing the maximum
distance from the exploitation site and the maximum time delay from the decommissioning
of the site at which earthquakes can occur.

3.2.2 Gaseous emissions
When accessing the sub-surface, it is possible to come in contact with fluids, sometimes
accumulated in the form of hydrocarbons, that are stored there, often for long periods of
time. In fact, explorations for hydrocarbons have the goal of retrieving those fluids, as
illustrated in France in the "regulation"/law where anything that has been put in the
subsurface must be able to be removed at any time (this is notably the case for CO 2 in CCS
and for seasonal town gas storage (stored in summer and retrieved in winter).
In most cases, it is of interest to capture those fluids so that they can be used by our society.
For example, hydrocarbons are used as an energy source and also for manufacturing a variety
of specialty chemicals, as well as polymers used in a variety of everyday items, from clothes
to advanced materials in automobiles and aeroplanes. However, it is possible that some of
the fluids from the sub-surface escape in the form of gases as a result of drilling operations.
For example, in the recent past significant attention has been raised by the Environmental
Protection Agency (EPA5) in the US, the nuclear electric power generation company EDF in
France6 and the oil and gas industry as part of the oil and gas climate initiative (OGCI 7) in an
attempt to reduce methane (CH4) leaks from wellheads. Methane has attracted attention
because its global warming potential is several times that of CO2, although, once in the
atmosphere, methane degrades more quickly than CO2. Its relatively short lifetime allows for
fast positive action on the climate (~12 years) while decarbonisation is being implemented.
In some cases, when for example a sub-surface geo-energy activity leads to the discovery of
unexpected amounts of fluids, or when energy recycling of these fluids into heat and
electricity production is not possible, it might be necessary to vent these fluids towards
preventing hazardous conditions. If the gases are flammable and flares are installed,
unexpected venting of gases will be burned, leading to CO2 emissions. Flaring is thereby a
popular yet controversial method of eliminating gases, as it represents a major environmental
concern worldwide as it generates a significant amount of greenhouse gases.
Gaseous emissions can also occur in correspondence of CCS operations. For example, it is
possible that the stored CO2 leaks to the surface, either through the infrastructure, especially
the wells, or via fluid transport pathways (fractures and faults) naturally present or induced
5

www.epa.gov/
www.edf.org/
7
www.oilandgasclimateinitiative.com/
6
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in the sub-surface during operations and storage. The development of geothermal energy,
particularly in volcanically active regions may also result in the emission of highly toxic and
corrosive gases, such as hydrogen sulphide. The release of such gasses needs to be assessed
and controlled as sour gases can severely affect workers and populations as well as damage
metallic infrastructures if preventative measures are not in place. In addition, anthropogenic
gas injections alter the physical and chemical conditions in the sub-surface and may lead to
the production, via biological or chemical routes, of secondary gases that are also susceptible
to leak (e.g., CH4, N2O, H2S, H2). By way of illustration, nitrous oxide (N2O), which has an even
greater global warming potential than methane and residence times in the atmosphere
equivalent to those of carbon dioxide (Fig. 3), is, like the hazardous hydrogen sulphide (H2S),
a likely by-product of sub-surface microbial activity.
Exploration and production sites for hydrocarbons, as well as drilling for carbon storage,
geothermal as well as other geo-energy operations, may yield a range of gaseous emissions
as a consequence of the operations themselves. These gaseous emissions are likely similar to,
albeit generally in lower concentrations than those encountered in automotive
transportation, and include NOx, SOx, PM2.5 (atmospheric particulate matter with a diameter
of less than 2.5 µm), PM10 (atmospheric particulate matter with a diameter of less than 10
µm), ozone. Volatile (organic) chemicals (often indicated as VOCs) in the forms of tracers,
corrosion inhibitors, stabilizers that are injected during the operations, can also contribute to
gas emissions and atmospheric chemistry by causing in particular the formation of particulate
matter or ozone. Operating the drills themselves often releases gaseous emissions, although
in some cases it has been possible to replace the traditional diesel-based drills with electric
ones; depending on the location of the operations, this might not always be feasible.
S4CE recommends that decision makers should be aware of the environmental risks linked to
gaseous emissions and geo-energy operations. They should assess the potential impacts at
different levels.
Global warming potential

Residence time

1000

100

10

1

Carbon dioxide
CO2

Methane
CH4

Nitrous oxide
N2O

Figure 3. Global warming potential and residence time in the terrestrial atmosphere of carbon dioxide, methane and nitrous
oxide, all being greenhouse gases potentially released as a consequence of geo-energy operations. The global warming
potential of a given quantity of gas is defined as the "radiative forcing" (i.e. the radiative power that the greenhouse gas
reflects back to the ground), accumulated over a period of time (commonly 20 or 100 years). This value is not measured in
absolute terms, but relative to CO2 which is thence set to 0.
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3.2.3 Surface and ground-water resource contamination
Groundwater is usually contained in an aquifer and it is found almost everywhere in the subsurface, but the depth of the water table varies depending on the region, weather factors and
the rate of development. The amount of groundwater in an aquifer also varies with the
season. Groundwater accounts for about 30% of the world’s freshwater reserve. Surface
water is any body of water above ground, including streams, rivers, lakes, wetlands,
reservoirs, and creeks. Fresh surface water is maintained by rainfall or other precipitation,
and is lost through seepage through the ground, evaporation, or use by plants and animals.
Risks of contamination of surface water and groundwater with organic or inorganic pollutants
generally arise from gaseous or liquid leaks from site infrastructure, spills of production or
waste materials. As discussed in detail in section 3.b, the presence and level of contaminants
in drinking water aquifer is directly related to the technology used for drilling in the nearby
area, the nature of the resource being exploited or of the gas (± impurities) being stored, as
well as the presence of active ecosystems in the sub-surface. Perhaps not directly a form of
contamination, it should however be remembered that some sub-surface geo-energy
operations require the use of large amounts of water. For example, as it is also the case for
enhanced oil and gas recovery, to produce shale gas and shale oil, large amounts of water (±
surfactants and other additives) are typically used in the process known as hydraulic
fracturing to form a large network of fractures within the formation, which are necessary to
allow the unconventional hydrocarbons to move from the formation to the producing well.
This requirement can put strain on the availability of freshwater in some regions, especially if
operations occur in arid areas, or in locations where freshwater is used by other stakeholders
(e.g. agriculture).
Regarding the technical problems that must be acknowledged to reduce the risk of
groundwater contamination include the fact that fluids can travel large distances in the subsurface before coming into contact with an aquifer. In doing so, the fluids are diluted and
mixed with other fluids already present in the sub-surface, making it difficult to identify the
origin of the contaminating fluid.
S4CE recommends that decision makers should consider potential water resources
contamination when authorising geo-energy operations and develop adequate means for
measurement and mitigations.

3.2.4 Casing
The performance and environmental impact of geo-energy operations strongly depend on the
integrity of the wells and of the infrastructure. Monitoring the integrity of the infrastructure
is challenging because these structures are complex and can extend for large distances into
the rock but is necessary to reduce environmental and safety risks.
S4CE observes that there are different modes of casing degradation/failure, such as casing
implosion, corrosion and cracking. A common technique applied to monitor the casing state
is mechanical integrity testing, which relates to leakages and the constant control of the
pressure of the fluid within casing according to regulatory standards. However, this technique
only provides an assessment of the structural integrity rather than providing early warnings
before the defects cause failure. Therefore, improved integrity monitoring techniques (briefly
PU
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discussed in Section 4.d) should be applied to identify the defects when they are under
development, well before failure and irreparable degradation. Because the wells are complex
structures that extend over large distances and therefore the casings cannot be accessed in
their entirety, specialised techniques have been developed to detect for example the
formation of cracks. S4CE has for example quantified advantages and disadvantages in
implementing techniques such as acoustic emission, vibration analysis and guided waves.

3.2.5 Impact on the sub-surface microbial biosphere
It is now well recognized that the sub-surface might host more than 70% of the Earth
microbial biomass (McMahon & Parnell, 2014; Magnabosco et al., 2018). This biomass relies
on the energy provided by geofluids, minerals and fluid-rock interactions for sustenance and
development, far from any carbon supply derived from photosynthesis. In addition to the
presence of energy and carbon sources, the strongest limiting factor for microbial growth in
the sub-surface is the temperature, the current known limit for life being 122°C (Takai et al.,
2008). Accordingly, a large number of underground storages or geo-energy resource
reservoirs, across a wide variety of depths, may host living and potentially active microbial
communities made of bacteria, archaea and other single-celled organisms or fungi. The subsurface is generally considered as an oligotrophic environment, depleted in nutrients.
However, geo-energy operations that involve the use of various fluids brought to the subsurface, modify temperature, salinity, redox conditions, and pH distribution at depth, fracture
network and associated fluid movements and induce water table fluctuations, hence provide
the necessary ingredients to transform deep environments into oases for microbial life
(Colwell and D’Hondt, 2013). By introducing substances (e.g. drill mud, tracers, corrosion
inhibitors, stabilizers), or changing the hosted gas phase (e.g. elevated CO2 concentrations)
and the geochemistry/mineralogy of aquifers, depleted oil fields or other rock formations,
dormant or slowly active cells might become active again. These are highly adapted
microorganisms which have a proven and likely major involvement in global biogeochemical
cycles (Anantharaman et al., 2016). These microorganisms interact with the rock they live in
and the fluids in which they bathe and cause both large- and small-scale changes to geological
systems, including the chemistry and mineralogy of their environments through their
metabolic activity, how and how fast chemical reactions occur in porous and fractured
environments up to the petrophysical properties of a rock by inducing mineral alteration
and/or precipitation and forming biofilms.
To ensure the long-term, safe, efficient, reliable, and sustainable implementation of geoenergy operations in the sub-surface, it is critical to consider the impact that deep ecosystems
and associated biogeochemical reactions have. A baseline study based on molecular ecology
(e.g. before gas injection or geothermal use) that carefully inventory the indigenous microbial
community and identify the main microbially driven geochemical processes at depth and the
factors that could limit growth, is a prerequisite to understanding the potentially harmful
changes during operations. An analysis of gas and fluid composition and of isotopic signatures
can inform on microbial processes found in the sub-surface. Subsequent microbiological
monitoring during operations would allow the detection of changes in community structure
and activity as well as other changes in the reservoir chemistry and fluid circulation.
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3.2.6 Waste Disposal
Although the S4CE consortium did not explicitly consider the risk of waste disposal in the subsurface, it is acknowledged that this topic is attracting public attention. It should be noted
that the definition of waste depends on the legal framework of each country, and that the
treatment and monitoring of various by-products resulting from human sub-surface geoenergy operations may, in some cases, strongly depend on this definition. For example, CO2
itself is considered a waste in some countries, but not in others.
In particular, in countries (e.g. USA, Italy, the Netherlands) that authorize wastewater
injection in the sub-surface, wastewater reinjection is commonly used by the oil industry to
increment the capacity and/or recovery factor of the produced oil. The disposal of wastewater
can however induce seismicity, as for example in the Oklahoma earthquake swarms of 20092018 (see section 3.a), as well as contaminate groundwater or emit stray gases (see sections
3.b and c) as well as interact with the microbial biosphere (section 3.d).

3.3 Challenges
Affordable and clean energy is one of the calls for action by all countries – low- middle and
high-income – to promote prosperity while protecting the planet, as identified by the United
Nations sustainable development goals (SDGs). The SDGs recognize that ending poverty must
go hand in hand with strategies that build economic growth and address a range of social
needs, including education, health, social protection, and employment opportunities, while
tackling climate change and environmental protection (Fig. 4).

Figure 4. United Nations sustainable development goals (SDGs):
the blueprint to achieve a better and more sustainable future for all.

Out of 17 goals, an affordable and clean energy has been identified as an important goal to
ensure access to reliable, sustainable and modern energy for all. However, there is a need to
improve access to clean fuel and technologies, to use the ones related to fossil resources in
the least polluting way possible and to make further progress in integrating renewable energy
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into end-use applications in buildings, transport and industry. Public and private investment
in energy also needs to be increased and greater emphasis needs to be placed on regulatory
frameworks and innovative business models to transform global energy systems. In this
context, it is important that citizens are informed about energy capacity building, especially
in rural communities where these technologies are mainly used. Local communities are wellplaced to identify and respond to their needs, take proper initiatives and inform people in
order to achieve common goals such as the reduction of energy costs, CO2 emissions and
dependence on the national grid. To do so, they need to be well informed, and altogether,
local energy projects that lead to job creations and economic growth, will generate initiatives
to a low-carbon energy system based on trust (World Bank, Energy and development report
2000). However, different challenges have been identified that prevent to achieve these
goals, they are related to the social, political and economic dimensions.
S4CE defines a challenge as an obstacle or set of obstacles that must be overcome in order to
achieve a certain goal. A challenge relates to the situation of being confronted with something
that requires greater effort and determination to be successfully accomplished. In research,
challenges often involve an interdisciplinary approach covering the whole innovation chain,
from basic research to demonstration. A challenge-based approach should bring together
resources and knowledge across different fields, technologies and disciplines, including social
sciences and humanities. In geo-energy operations, several challenges exist, including the
society at large and its perception of renewable energy and of the clean use of fossil fuels;
the innovation needed to develop these sectors with the related costs; and the roadmap to
follow to secure these renewable energies in terms of sustainability, economy and
environment but also in terms of human security. In S4CE’s opinion, overcoming these three
challenges depends on access to knowledge, the flow of reliable information, communication
and the establishment of a trustful relationship. In what follows we recommend possible ways
forward to overcome some of the challenges we perceive in this field.
S4CE has identified several challenges, including:
 Public acceptability
 Misinformation
 Not-in-my-backyard sentiments
 Economic impact
 Costs associated with the technologies
 Monitoring and assessing the operations in the long term
 Quantifying the environmental impact of the operations.
S4CE has considered socio-economic dimensions, and it recognised that both positive and
negative economic impacts are related to geo-energy operations. Sub-surface operations for
geothermal or hydrocarbon energy are critical for a number of societal and political aspects.
For example, energy independence is among the top priorities for most countries in the world,
and low carbon economies are the stated goal of most developed nations. Most importantly,
however, it must be recognised that, when considering energy sources, most societal
concerns focus on the possible impacts on health and the environment. The exploration and
exploitation of new energy sources can lead to both positive and negative socio-economic
effects. New activities within a region, especially when undertaken on a large scale, are often
accompanied by injections of capital, income expectations and employment opportunities.
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However, it must also be recognised that negative effects often accompany economic booms
in the short term. These are often due to externalities, and include rising house/property
prices, increased crime, increase in traffic and related number of road accidents, and possibly
deteriorated health conditions due to increased pollution. It has also often been observed
that periods of intense growth can be followed by periods of economic decline (i.e. the boomand-bust cycle): this can occur when geological resources are depleted or because of price
depression.
Based on past and current experience, S4CE recommends that stakeholders need to be made
aware that long-term economic prosperity cannot be secured by short-term access to an
underground resource alone. Local communities and governments need to implement
corrective measures to counterbalance possible long-term negative effects such as using the
new high income to regenerate urban areas, providing special subsidies and training
opportunities for employees, investing in a diversified local economy. Unfortunately, there is
no exhaustive list of these mitigation measures, and tailor-made approaches would have to
be adapted to each geo-political reality.
Among technical challenges faced by sub-surface geo-energy operations, S4CE considers also
the costs of the technology and of the operations. Sub-surface geo-energy operations
continue to develop and mature. As new challenges arise, the community identifies and tests
technological solutions. Besides technological challenges, however, it must be recognised
that sub-surface geo-energy operations have a significant cost.
S4CE suggests that when deciding whether a sub-surface geo-energy operation should take
place in a given location (e.g., geothermal energy production, shale gas extraction, CCS, or
anything else) is acceptable, all stakeholders should really consider (1) the benefits, (2) the
risks and costs, and (3) what will the community forego once one operation is chosen.
S4CE observes that in most permit applications for a licence to establish a sub-surface geoenergy operation, the applicant is asked to assess the expected impacts on the environment
and to describe the procedures planned for mitigating eventual accidents and reducing the
overall environmental footprint of the operation. It is extremely important to highlight the
need for dedicated multidisciplinary monitoring to jointly address the short- and long-term
risk associated with the most relevant potential hazards of field operations (e.g. induced
seismicity, air pollution and groundwater contamination). The community needs to perform
complex environmental monitoring before, during and after field operations. Before subsurface human activities start, monitoring allows for the quantification of background values,
whether natural and/or induced by pre-existing human activities. During the whole operating
period, monitoring allows for the distinction and continuous measurement of possible effects
of exploration/exploitation activity on soil, water and air and as well as variations in all the
monitored parameters, compared to the background values previously acquired and
estimated. Post-operational installation at the end of the monitoring period, potentially well
after operations have stopped, should only take place once a return to pre-injection
conditions has been achieved.
Life cycle assessment (LCA) is an important decision-support tool in environmental
management and is recognized by the European Commission, which has made it central to its
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approach for assessing the impacts of products and policies in the European Union. LCA
adopts a life-cycle perspective over a broad range of environmental issues. This wide
perspective (i) enables identification of trade-offs and (ii) avoids problem-shifting between
phases of the lifecycle or types of environmental impacts. Numerous LCA studies have been
performed on geo-energy technologies, including geothermal energy, carbon storage and
shale gas. Although LCA is intricately linked to the concept of sustainability, LCA results must
not be confused to assess the “overall” level of sustainability of a product or service, rather
LCA only addresses one of the three areas of sustainability: the environment. S4CE highlights
the importance of collaboration between LCA practitioners and industry.
In addition to LCA, multi risk assessment (MRA) is of the utmost importance to mitigate
possible impacts of risk posed by a given industrial project. The main objective of a multihazard/multi-risk assessment is to identify and to assess the rate (or the likelihood) of
occurrence of incidents, and their potential impacts on surrounding environment, considering
different hazards and their interactions. In general terms, one can split the multi-hazard
concept into two possible lines of applications, where multi-hazard assessment may be seen
as (1) the process of assessing different (independent) hazards threatening a common set of
exposed elements and (2) a means of identifying and assessing possible interactions and/or
cascade effects among the different possible hazardous events. The former perspective has
its main goal in the harmonization of the hazard assessment for the different threats.
Conversely, the latter, with its particular focus on the interactions between different risk
pathways, on the one hand, is a more demanding process and the most pertinent typology of
problem to be approached regarding the application of multi-risk assessments to geo-energy
technologies, on the other hand, it bounds even more the analysis with the specific project:
the hazard of a given feature, the risk pathways and their interaction are strictly related to
the specific characteristics of a specific project, its actual localization and its surroundings. An
in the case of LCA, the reliability of MRA’s results depends on the availability of reliable data,
specific for a project.
S4CE believes that it is important to develop procedure, software, or tool that allow
stakeholders to compare the environmental impact of different energy sources, normalised
for a unit of energy available to the public. Such tools would be extremely beneficial in
designing the portfolio of technologies that could be implemented by various countries,
including the European Union, in adopting energy policies, to identify the ‘hot spots’, those
activities within a technology, that are responsible for significant portions of the
environmental burden of a technology. Once the hot spots are identified, fundamental and
applied research can be focused on innovating the correspondent activities, towards reducing
the overall environmental footprint. This ambitious aim is not new, and in fact the
comparative evaluation of different impacts related to the exploitation of various energy
sources has been addressed by many studies over the last thirty years. It has recently become
of interest to assess simultaneously environmental, economic and also social impacts
associated with different energy systems because it is believed that such a comparison will
allow a consistent and transparent assessment of different energy alternatives, which is
needed to maintain a constructive dialogue with all stakeholders, including the public at large.
S4CE has applied these two approaches to quantify environmental risks within the subsurface geo-energy operations of interest: the multi-risk analysis, and the LCA.
While the development of LCA and MRA methodologies is advanced, one challenge to address
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is conceptual and ethical in nature: how can we educate the society at large, including
academics, general public, policymakers and industry, to the concepts of risk and hazards?
How can we ensure that data are available for the proper utilisation of these techniques?
It is often argued that, in order to achieve the social license to operate, operators should make
public all data obtained, so that complete transparency is maintained. While this principle is
certainly attractive, one must also take into account the reality of obtaining the data, as well
as that of interpreting them. Indeed, complex datasets can be utilized to convey misleading
information if not properly processed, interpreted, and understood. Full availability of data
can be a double-edged sword, which can sometimes run counter to the objective of
transparency. One must also consider what access to data means for the economic success of
a private company.
S4CE has discussed the importance of private vs. public data, the quality of the data, and the
quantity of said data. There is no doubt that data are essential for sub-surface geo-energy
operations, both for continuing to advance the current technologies, for overcoming the
current hurdles, to lower the environmental footprint and also to make the operations more
profitable. Last, but certainly not least, making data available is important to maintain
transparency, an essential ingredient to achieve public trust. S4CE subscribe to the FAIR
principles that should guide data access (data should be Findable, Accessible, Interoperable
and Reusable). The consortium has adhered to the rules put forward by the European
Commission, and all our publication are publicly available. We have also published raw data
used for our LCA analysis, and the correspondent datasets are available via our website.
On the other hand, S4CE also recognises the challenge connected with data sharing
requirements. An ethical dilemma is therefore facing the community: how can we require
from companies sharing with their competition data acquired at large costs? Perhaps a way
forward is to allow for an embargo of a few years from the initial assessment of a new subsurface geo-energy operation, with the requirement of sharing data related to immediate
risks and environmental footprint during the operations.
The topic of data sharing has been particular important for the community investigating risks
related to seismic events. The research groups investigating the field often advocate open
access to comprehensive data descriptions of anthropogenic seismicity cases. This include
seismic data as well as relevant technological data, supplemented with appropriate geodata
(geologic, tectonic, geodetic etc.) describing the environment in which the studied
technological and seismic processes take place. Only such data composition gives chance to
establish and validate the complex relationships (i.e., models) between the causative
technological processes and the measured seismicity. Perhaps the way forward is to achieve
closer synergetic cooperation between academia and industry, taking into account the needs
and concerns of both parties. This collaboration could influence the direction of
anthropogenic seismicity research and would allow industry to benefit from innovative
solutions. Funding agencies should however be careful in maintaining a balance between
directly applicable and fundamental research, so that not to ‘pick winners’ among the
competing industrial interests.
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3.4 Summary of recommendations
The concept of sustainability has gained centre-stage attention in the 21st century. However,
it is not a new concept. In the 18th century, it was important to secure a reliable long-term
supply of wood as raw material in Europe. Thus, it was discussed to maintain a balance
between logging and reforestation. Although the concept of sustainability was initially limited
to ensuring the availability of raw materials, it has evolved significantly, and the United
Nations now define sustainable development as “development that meets the needs of the
present without compromising the ability of future generations to meet their own needs”.
Ambitious and catch-all, this definition is however also somewhat ambiguous. In fact,
sustainability today has a different meaning for different people and communities. While all
human activity should be sustainable, one should recognise that such a requirement can
introduce conflicts when different, competing stakeholders are considered. This becomes
apparent when one considers the economic development of the world, and its environmental
consequences. Are we, as a society, ready to accept that in order to preserve the
environment, our own standards of living should not improve further? To enable the
developing regions in the world to achieve standards of living comparable to those of the
Western world, are we ready to make sacrifices and stop our own growth?
This ethical consideration becomes important when applied to geo-energy operations. As
predicted by the International Energy Agency8, the economic growth in the next 20-40 years
will require more energy and resources. How can we secure and exploit these resources
without compromising the ability of future generations to meet their own needs? A recent
analysis (McGlade & Ekins, 2015) suggested that to limit global warming to 2C compared to
the average global temperature of the pre-industrial era, globally, one third of current oil
reserves, half of gas reserves, and 80% of current coal reserves should not be used from 2010
to 2050. Are we, as a global society, ready to comply with these limits? Is it possible that
carbon capture and sequestration processes, perhaps with the addition of carbon utilisation,
will allow us to sustainably use more of the existing fossil fuel reserves?
S4CE believes that it is important to emphasize the responsibility of scientists, but also
industries and policy makers to take necessary actions to secure a healthy and secure society.
Awareness of risks by all and how to prevent and mitigate environmental risks, environmental
protection, would enhance the resilience and well-being of societies. As a consequence, it is
our responsibility to apply ethical fundamental core values in line with the UN Sustainable
Development Goals.
Responsibility is one of the values that the human community accepts as universally
representative of individual and social good in terms of honesty, justice and respect for life
and the environment. The "imperative of responsibility" for future humanity published in the
1970s by the German philosopher Hans Jonas (1903-1993) became a principle and, as such, is
the precursor of the precautionary principle. Industries and researchers must ensure that,
particularly given present and future climate challenges, the effects of their actions respect
and protect the autonomy, dignity, integrity, and vulnerability of future humanity. This
conception of the ethics of the future designed in the 1970s was the basis for designing the
concepts of "common heritage of humanity", "sustainable development" and "future
8

https://www.iea.org/
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generations" nowadays extended to “climate justice” and “subsidiarity”. But the relative
importance of these values varies considerably from one society to another, and there is little
consensus on which values should be privileged over others (Schneider et al. 2019).
These ethical values should increasingly become an empirical and theoretical object of
sustainability research and should be addressed and integrated into a systematic and
reflective manner (Schneider et al., 2019, Barbier et al., 2018).
S4CE has developed ethical recommendations that can be summarised in the following list:


Ensure trustful relationships in a multiple stakeholder’s environment



Achieve and maintain social acceptability



Establish societal engagement to achieve sustainability



Maintain best practice in the transfer and dissemination of knowledge



Invest in education and multi-disciplinary training for all age groups



Establish and maintain international collaborations



Develop new technologies and invest in an ethical way

Details concerning these recommendations are provided in our upcoming publication.

4 Conclusions and future steps
During the execution of the S4CE consortium, a formal procedure has been established and
implemented to provide ethical oversight on all operations related to the consortium. For example, a
procedure to vet all publications from the consortium has been put in place and has been successfully
implemented. The same procedure has been implemented for every deliverable submitted to the
European Commission. Transparency has been maintained in all aspects of the consortium
management, including the submission of a no-cost extension, which was needed to mitigate the
consequences of the Covid-19 pandemic.
Work Package 2 was assigned the role of ensuring that ethical procedures were followed. S4CE
established an Ethics Advisory Board to provide recommendations, and all advisory board members
have provided oversight and support during our consortium meetings and workshops. An expert in
ethics has also been hired in the second part of the consortium, and has been responsible for launching
a collaborative effort to translate the best practice established within the consortium into a
publication, which includes the consortium recommendations towards establishing and maintaining
high ethical standards in the deployment of geo-energy operations.

As a result of this internal dialogue, the S4CE consortium have addressed ethical concerns
within the general area of the exploitation of sub-surface geo-energy operations. The
sustainable development of the world requires energy, as well as environmental stewardship.
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The two needs are not necessarily antagonistic, but careful decisions and compromises need
to be agreed upon among the various stakeholders. S4CE proposes several suggestions
developed as result of roundtable discussions among the S4CE partners and early career
researchers, which took place at the second annual meeting of the consortium, in Salerno,
Italy, in September 2019. It should perhaps made clear that S4CE strongly recommends that
all regulations in each of the country in which sub-surface geo-energy operations are to be
conducted should be respected and followed by the practitioners. It would be useful if these
regulations were consistent within a region such as the European Union, to maintain a
levelled playing field.
We hope our recommendations will serve as a roadmap for the implementation of strategies
for the sustainable development of sub-surface geo-energy operations across the world.
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