v (ERI‘éﬁ\ A,
-

Deliverable Number:
Work package number:
Deliverable title

Type
Dissemination Level

Lead participant
Contributing scientists and other personnel

Schedules delivery date from DOW
Actual / forecast delivery data

Comments (optional)

Deliverable summary text:

Submitted
Reviewed
Final submission

This project has received funding from the European Union’s Horizon 2020
Research and Innovation programme under Grant Agreement No. 636811

FracRisk

Reporting form

D7.4

WP7

Best Practice Document: Recommendations from
the FracRisk project for European legal
guidelines on Shale Gas development

Public

CsIC

Jesus Carrera, Christopher McDermott, Simon
Parry, Reinhard Jung, Gary Couples, David A.
Yoxtheimer, Katriona Edlmann, Holger Class,
Megan O’Donnell, Jacob Bensabat, Alberto
Guadagnini, Monica Riva, Silvia de Simone,
Ulrich Maier, Philippe Gouze, Gtz Bokelmann,
Alexandru Tatomir, Martin Sauter, Peter Suess

May, 31st, 2018
May, 31st, 2018

Draft

May, 31st, 2018

Click here to enter text.




Best Practice Document: Recommendations
from the FracRisk project for European legal
guidelines on Shale Gas development

Deliverable D7.4

Draft. May, 31,2018

Jesus Carrera, Christopher McDermott, Simon Parry, Reinhard Jung, Gary Couples, David A. Yoxtheimer, Katriona
Edlemann, Holger Class, Megan O’Donnell, Jacob Bensabat, Alberto Guadagnini, Monica Riva, Silvia de Simone,
Ulrich Maier, Philippe Gouze, Gtz Bokelmann, Alexandru Tatomir, Martin Sauter, Peter Suess

a

v Vv

This project has received funding from the European Union’s Horizon 2020
Research and Innovation programme under Grant Agreement No. 636811




Abstract

This report (Deliverable D7.4 of FracRisk) provides a summary of recommendations for best practices for shale gas
development oriented toward the provision of consistent regulation. Specifically, the report provides suggestions for
improving the 2014/70/EU “Recommendation on minimum principles for the exploration and production of
hydrocarbons (such as shale gas) using high-volume hydraulic fracturing” (EC, 2014). This report complements
Deliverable D7.3 (Parry, 2018), which concentrates on the legal aspects.

The report adopts the premise that hydraulic fracturing can be viewed as any other industrial activity, which should
be subject to regulations to ensure its safety to human and environmental health. While we concentrate on technical
issues, we also address social issues, on the basis of our personal interactions with various stakeholders, but without
specific social sciences support. Along this line and in view of the complexity and rapid evolution of the field we suggest
that collaborative setting, involving not only regulators and companies but also local communities, be adopted for the
application of regulations. We make technical suggestions for most aspects of the 2014 Recommendation. Specifically,
we insist on

1) The need for a step forward in Risk Assessment, making it a tool for effective risk management, including
extraction operations, monitoring and mitigation.

2) Monitoring is not so much oriented to measuring impact as to guarantee that operation proceeds as expected
and, if not, leads to corrective and mitigation actions, which should be explicitly included in future
regulations.

3) The need to acknowledge risks of induced seismicity.

4) The need for further research to improve modelling tools for real-time monitoring of reservoir properties
during production and early detection of anomalies, such as leakage events.
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1. Introduction

1.1 Motivation, scope and disclaimer.

This report provides a summary of recommendations for best practices for shale gas development oriented to the
provision of consistent regulation. It has been compiled from the findings within project FracRisk (www.fracrisk.eu),
as stated in the grant Agreement. We have incorporated some of the suggestions of projects SHEER (2018), M4ShaleGas
(2018a and b) and ; Heege and Cremer, (2018), and SHALEXENVIRONMENT (further involvement in the final version
would be appreciated), but the views expressed here are those of FracRisk.

The report, its authors and the project are in principle neither “pro”, nor “against” hydraulic fracturing (or “fracking”
as generally termed). In this report, we adopt the attitude that shale gas extraction using hydraulic fracturing can be
viewed as any other industrial activity, which should be subject to regulations to ensure its safety to human and
environmental health. As such, it should abide to all applicable regulations.

There is no specific binding EU regulation for hydraulic fracturing. Instead, the Commission issued a Recommendation
(EC, 2014), briefly summarized in Section 2, and urged Member States (MSs) to adopt it. However, there are a large
number of Directives that are of direct or generic applicability. The EC (2014) Recommendation lists them all in its
preamble. Especially relevant are the Directives: for granting hydrocarbons authorisations (EC, 1994); the Water
Framework Directive (WFD, EC, 2000); and its groundwater “daughter” (GWFD, EC, 2006a), the Extractive Waste
Directive (EWD, EC, 2006b), the Industrial Emissions Directive (IED, EC, 2010).

Details on related EU and member states (MSs) legislation are reviewed in Deliverable D7.3 of FracRisk (Parry, 2018),
which complements this report.

The term “best practices” document can refer to a broad range of concepts. Specifically, it often refers to a set of rules
and procedures on how to best perform specific tasks. Instead, according to the grant agreement, this document is meant
to support European legislation on hydraulic fracturing. We intend it to be incremental. That is, we take as reference the
EC (2014) Recommendation and provide suggestions on possible ways to improve it.

It is clear that the Recommendation and related EU directives cover a broad range of topics that are well beyond our
range of expertise, which concentrates on the disciplines of Geosciences. We are not prepared to address all relevant
issues in a “scientifically” rigorous way. How to constrain the scope of this document has been the subject of internal
discussion. An obvious option would have been to restrict the document to the scope of the project. However, we felt
that (1) the collective expertise is much broader than the project scope; and (2) during the project we interacted with
various stakeholders, which increased our understanding of the problems. Therefore, we opted for laying out our views

without restrictions, while using weaker forms of expression (“we suggest...”, “it is our view...”, or the like) for topics
beyond our expertise.

1.2 Background on hydraulic fracturing
Hydraulic fracturing (or, specifically, “high volume hydraulic fracturing”, HVHF) refers to the injection of fluids
(typically water with additives) so as to break the hydrocarbon containing rock, thus facilitating its extraction.
Depending on whether the hydrocarbon is natural gas (methane) or oil, the overall activity is termed “shale-gas” or
“shale-o0il”, emphasizing that the hydrocarbon is within shales, whose permeability is so low that extraction requires
fracturing.

Hydraulic fracturing is achieved by injection of a liquid under pressure via the wellbore to induce fractures in the
surrounding rock. The liquid "fracking fluid" consists of a finely adjusted mixture of mud's and chemicals and contains
a "proppant" to keep the factures open to permit flow of gas through the formation to the well.
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For shale gas recovery, the fracturing is undertaken within horizontal wells in stages over intervals of the horizontal
wellbore. The process generally breaks down into a sequence of activities, typically including, for every stage: (1)
intervals of the horizontal wellbore are packed-off and isolated; (2) the casing is perforated; (3) the wellbore is flushed,
first, with clean water and then with acidic water to dissolve cement adjacent to the perforations; (4) water is injected
and "shut in" and formation response data is collected; (5) fracture fluid without proppant is injected; and (6) proppant
is injected. This procedure is repeated for all stages of the horizontal well. After the well has been completed, fluid
pressure is reduced, which causes dissolved methane to form bubbles that flow to the wellhead, thus starting the
production period.

The typical steps in a shale gas extraction project are listed in Table 1.1, which also includes the standard two permit
stages: exploration and extraction.

Table 1.1: Typical steps in a shale gas extraction project.

Permit phase Activity Typical tasks
Exploration 1 Exploration Geological studies. Geophysics
2 Dirilling for estimation Vertical drilling. Cores to estimate
hydrocarbon content
3 Horizontal well drilling A few hundred meters lateral
4 Fracking. Production test Tests on effectiveness of hydraulic

fracturing and methane production

Exploitation 5

Final well pad construction

Host well heads, phase separation
devices, etc,. It may grow with time

6  Final well drilling It is a rather continuous operation. New
wells start drilling as the old ones start
producing

7  Fracturing and completion

8  Production May extend several decades

9  Closing and Cementation of wells. May include

decommissioning monitoring period

10 Abandonment Return to Public Administration

1.3 The problem

This document is largely based on the view that there is a conflict between two sides.

On the one hand, there is a large body of people who oppose fracking on the basis that it is dirty (risk of toxic water
spills), risky (microseismic activity, spills, traffic), bothersome (noise, traffic, impacts landscape), and that it contributes
to climate change. While there is some real basis for all these issues (some of these impacts will be revised throughout
this document), the truth is that numerous daily activities are more dirty, risky and bothersome (e.g., street traffic,
gasoline distribution, and a long etc.) and, yet, meet little opposition. These activities are subject to regulations that are
widely accepted (few question the need for traffic lights or for strict rules on the transport of dangerous substances),
which we feel contribute to acceptance of the activity itself. We doubt that strict regulations will help overcome
opposition because this opposition is largely based on mistrust, which contains an emotional component that can hardly
be addressed rationally. Still, it is clear that regulations must address all controversial issues.
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On the other hand, developers suffer from the “emotional” nature of much of the public opposition they need to
overcome. They complain that rules are often unclear and subject to too much subjectivity. Specifically, a company that
spent 20 M€ in a successful exploration phase, will not accept rejection for the production phase. This may lead to a lot
of time and effort lost in courts.

It is clear to us that, in addition to protecting human health and the environment, regulations need to address these
two conflicting views. But the situation is a bit more complex because public institutions, which have a dual
responsibility to protect but also to enable, are frequently unprepared to address all the issues required for permitting
and controlling. Worse, the technology evolves very rapidly. Commercial operators and the technical support they rely
on are typically well ahead of administrators and even academics when it comes to specialized issues. This is especially
true for hydraulic fracturing operations, where no one knows ahead of time exactly how they are going to be performed
(or even whether fracturing itself is feasible). If regulations are too specific, they might hinder improvements in both
efficiency and safety. Experience dictates that, in this type of environments, a collaborative attitude may be best for all
parties. An example is a self-regulatory 'goal setting' process in which regulators and companies jointly agree on the
goals, and then jointly define specific solutions/methods to achieve them. This approach has been advocated in the oil
industry (Taylor, 1993; Ledsome, 1994; Todd and Whewell, 1996). Given the social alarm, we propose here the
involvement of local communities in the goal-setting process.

1.4 Objectives

The objectives of this document are to improve the current knowledge base for understanding, preventing and
mitigating the potential impact of the exploration and exploitation through hydraulic fracturing (fracking) of significant
shale gas reserves found throughout Europe. The aim is to provide key scientific-based yet practical recommendations
aimed at minimising the environmental footprint of shale gas extraction through effective operation planning and
regulation, and to address public concerns.

2. The existing regulations and actions related to Shale Gas

Generally, the EU acquis (accumulated legislation, legal acts, and court decisions which constitute the body of European
Union law) is designed to bring a level of harmony to regulation across the community through appropriate and
proportionate requirements to mitigate and manage environmental risk by requiring that MSs (MSs) enact devolved
national laws (i.e., by transposing Directives into MS legislation). The general tone of these directives is "de minimis"
- as little as is needed to achieve the desired mitigation/management outcome. However, occasionally, a more
prescriptive approach is evident, which is inconsistent with the remainder of the acquis.

Regarding the management of subsurface hazards, the approach set out in Directive 2009/31/EC "on the geological
storage of carbon dioxide" is the only piece of the EU acquis that sets out detailed regulatory approaches for minimising
the risk of geohazards. Instead, regarding hydraulic fracturing (or, to be precise, “High Volume Hydraulic Fracturing”,
HVHF), only a “recommendation” was issued in 2014 (EC, 2014)

When considering the relative hazards and risks posed by CCS (Carbon Capture and storage) projects versus those posed
by shale gas and in general unconventional hydrocarbons (UH) projects requiring HVHF, there is an argument that the
latter may indeed present equal hazard and risk (if not more) than a CCS storage facility, regardless of the depth or the
scale of the particular project. This begs the question, shouldn’t shale gas, UH and HVHF projects be subject to the
same level of regulatory oversight as CCS, as the EC implicitly understands and appreciates that this level of detailed
regulation is possible and yields benefits?. Be as it may (responding this question falls well beyond the scope of this
document), we outline below the EC (1014) Recommendation and related legislation.

2.1 The 2014 Recommendation

There is no EU directive specifically for shale gas. Instead, on 22 January 2014 the commission issued the
“Recommendation on minimum principles for the exploration and production of hydrocarbons (such as shale gas)
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using high-volume hydraulic fracturing” (2014/70/EU). Given the incremental nature of this document, it is
convenient to summarize here those recommendations, as they are the initial reference. That is, any future
recommendations (it is hard to envision a Directive on shale gas) will probably be a modification of the 2014 ones.

1. PURPOSE AND SUBJECT MATTER: The Recommendation lays down minimum principles to support MSs
(MSs). MSs are encouraged to apply these principles.

2. DEFINITIONS. ‘High-volume hydraulic fracturing’” means injecting 1000 m* or more of water per fracturing stage
or 10 000 m* or more during the entire fracturing process into a well.

3. STRATEGIC PLANNING AND ENVIRONMENTAL IMPACT ASSESSMENT: MSs should prepare a strategic
environmental assessment (SEA), provide clear rules on possible restrictions of activities (e.g., protected areas,
minimum distances to residential areas, minimum depth limitations between the area to be fractured and groundwater),
ensure EIA, Public participation.

4. EXPLORATION AND PRODUCTION PERMITS: MSs should ensure permitting procedures consistent with EU
legislation:

(a) More than one competent authority is responsible for the permit(s)
(b) More than one operator is involved;
(c) More than one permit is needed for a specific project phase.

5. SELECTION OF THE EXPLORATION AND PRODUCTION SITE: MSs should ensure geological formation of a
site is suitable for the exploration or production. They should ensure that operators carry out a characterisation and
risk assessment (RA).

The RA should:

(a) be based on sufficient data to make it possible to characterise the potential exploration and production area and
identify all potential exposure pathways;

(b) be based on the best available techniques;

(c) anticipate the changing behaviour of the target formation, geological layers separating the reservoir from
groundwater and existing wells or other manmade structures;

(d) respect a minimum separation between the zone to be fractured and GW;
(e) be updated during operations whenever new data are collected.

A site should only be selected if the RA shows that fracking will not result in a direct discharge of pollutants into
groundwater and that no damage is caused

6. BASELINE STUDY
7. INSTALLATION DESIGN AND CONSTRUCTION
8. INFRASTRUCTURE OF A PRODUCTION AREA

9. OPERATIONAL REQUIREMENTS: MSs should ensure: best available techniques; water-management plans
transport management; capture gases for subsequent use, minimise flaring and avoid venting. Carry out fracking in a
controlled manner and with appropriate pressure management; ensure well integrity through well design, construction
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and integrity tests. develop risk management plans. Stop operations if there is a loss of well integrity or if pollutants
are accidentally discharged into groundwater, etc.

10. USE OF CHEMICAL SUBSTANCES MSs should ensure that: using chemical substances is minimised; the
ability to treat fluids is considered during the selection of the chemical substances to be used. MSs should encourage
operators to minimise water and use non-hazardous chemicals.

11. MONITORING REQUIREMENTS: MSs regularly monitor using the baseline study as a reference the
composition of fracturing fluid; the volume of water; fracking pressure; the composition of the emerging fluids; air
emissions of methane; the impact over existing infrastructures (wells...), ...

12. ENVIRONMENTAL LIABILITY AND FINANCIAL GUARANTEE
13. ADMINISTRATIVE CAPACITY
14. CLOSURE OBLIGATIONS

15. DISSEMINATION OF INFORMATION. MSs should ensure: (a) public dissemination by operators of chemical
substances and their concentrations and volumes of water intended and finally used for hydraulic fracturing; (b)
publication by the authorities of the number of wells completed and planned projects, baseline studies, the number of
permits granted, the names of operators involved and the permit conditions; (c¢) information by the authorities of
incidents and accidents, and the results of inspections, non-compliance and sanctions.

16. REVIEW. The recommendations end by (1) inviting MSs to follow these Recommendations and to inform the
Commission, so as to facilitate monitoring their application, and (2) committing to review the Recommendation’s
effectiveness and assess its actual application.

2.2 The 2016 Report
In accordance to the commitment established in Article 16 of the Recommendation (EC,2014), the Commission did
report on the effectiveness of Recommendation 2014/70/EU (EC, 2016).

The Report reviews the state of development of hydrocarbons using well stimulation and enhanced recovery
techniques in the EU. While few countries have granted shale gas permits, numerous have done so for coalbed methane,
tight gas (similar techniques as for shale gas) or for stimulation of conventional reservoirs.

The Report reviews the effectiveness of the Recommendation and notes that (1) only the UK has performed an SEA
(little surprise, given that only the UK is actively pursuing Shale Gas extraction); and (2) a non-enthusiastic following
of MSs of other recommendations for preventing, managing and reducing environmental impacts and risks, which again
comes as little surprise, given the paucity of SG activities in recent years.

As for other recommendations, the report insists on the transparency spirit of the Recommendation and on the need
to apply existing EU legislation: WFD, The Water Framework Directive, the Extractive Waste Directive (EWD), the
Industrial Emissions Directive (IED).

One conclusion of the report that is relevant to FracRisk advancements and to the spirit of this document is that “the
main risk management practices identified for shale gas could be equally applied to” tight gas, enhanced hydrocarbons
recovery or coalbed methane. In fact, if hydraulic fracturing is necessary, the risks associated with groundwater
contamination are potentially more significant for coalbed methane than for shale gas because many coalbeds are located
at shallower depths than shale, thus close to drinking water resources.

2.3 Relevant directives
Legislation and regulatory practices in the EU and MSs with significant shale-gas reserves (United Kingdom, France,
Germany, Spain, Poland, Austria, Hungary and Romania) has been collated and compared with each other, and with
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legislation from some of the other first-world countries with mature shale-gas industries throughout the duration of
FracRisk. Findings are summarized by Deliverable D7.3 of FracRisk (Parry, 2018). Specifically, the report covers the
directives and other EU legislation that is relevant to Shale Gas, and how this legislation has been transposed by MSs.
Relevant directives are listed below (see also section 7 of the preamble to the Recommendation):

1. Council Directive 92/43/EEC of 21 May 1992 on the conservation of natural habitats and of wild fauna and flora

2. Directive 94/22/EC of the European Parliament and of the Council of 30 May 1994 on the conditions for granting
and using authorizations for the prospection, exploration and production of hydrocarbons

3. Council Directive 98/83/EC of 3 November 1998 on the quality of water intended for human consumption

4. Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 establishing a framework
for Community action in the field of water policy

5. Directive 2001/42/EC of the European Parliament and of the Council of 27 June 2001 on the assessment of the effects
of certain plans and programmes on the environment

6. Directive 2003/87/EC of the European Parliament and of the Council of 13 October 2003 establishing a scheme for
greenhouse gas emission allowance trading within the Community and amending Council Directive 96/61/EC

7. Directive 2004/35/CE of the European Parliament and of the Council of 21 April 2004 on environmental liability
with regard to the prevention and remedying of environmental damage

8. Directive 2006/118/EC of the European Parliament and of the Council of 12 December 2006 on the protection of
groundwater against pollution and deterioration

9. Directive 2006/21/EC of the European Parliament and of the Council of 15 March 2006 on the management of waste
from extractive industries and amending Directive 2004/35/EC - Statement by the European Parliament, the Council
and the Commission

10.Regulation (EC) No 1907/2006 of the European Parliament and of the Council of 18 December 2006 concerning the
Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH), establishing a European Chemicals
Agency, amending Directive 1999/45/EC and repealing Council Regulation (EEC) No 793/93 and Commission
Regulation (EC) No 1488/94 as well as Council Directive 76/769/EEC and Commission Directives 91/155/EEC,
93/67/EEC, 93/105/EC and 2000/21/EC

11.Directive 2008/98/EC of the European Parliament and of the Council of 19 November 2008 on waste and repealing
certain Directives

12.Regulation (EC) No 1272/2008 of the European Parliament and of the Council of 16 December 2008 on
classification, labelling and packaging of substances and mixtures, amending and repealing Directives 67/548/EEC
and 1999/45/EC, and amending Regulation (EC) No 1907/2006

13.Directive 2009/147/EC of the European Parliament and of the Council of 30 November 2009 on the conservation of
wild birds

14.Directive 2010/75/EU of the European Parliament and of the Council of 24 November 2010 on industrial emissions
(integrated pollution prevention and control)

15.Regulation (EU) No 994/2010 of the European Parliament and of the Council of 20 October 2010 concerning
measures to safeguard security of gas supply and repealing Council Directive 2004/67/EC (repealed by Regulation
(EU) 2017/1938)

16.Directive 2011/92/EU of the European Parliament and of the Council of 13 December 2011 on the assessment of the
effects of certain public and private projects on the environment

17.Regulation (EU) No 528/2012 of the European Parliament and of the Council of 22 May 2012 concerning the making
available on the market and use of biocidal products

18.Directive 2012/18/EU of the European Parliament and of the Council of 4 July 2012 on the control of major-accident
hazards involving dangerous substances, amending and subsequently repealing Council Directive 96/82/EC

19.Council Directive 2013/59/Euratom of 5 December 2013 laying down basic safety standards for protection against
the dangers arising from exposure to ionising radiation, and repealing Directives 89/618/Euratom, 90/641/Euratom,
96/29/Euratom, 97/43/Euratom and 2003/122/Euratom
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20.Regulation (EU) No 525/2013 of the European Parliament and of the Council of 21 May 2013 on a mechanism for
monitoring and reporting greenhouse gas emissions and for reporting other information at national and Union level
relevant to climate change and repealing Decision No 280/2004/EC

21.Recommendation of 22 January 2014 on minimum principles for the exploration and production of hydrocarbons
(such as shale gas) using high-volume hydraulic fracturing

22 .Directive 2014/52/EU of the European Parliament and of the Council of 16 April 2014 amending Directive
2011/92/EU on the assessment of the effects of certain public and private projects on the environment

23.Commission Directive (EU) 2015/1127 of 10 July 2015 amending Annex II to Directive 2008/98/EC of the European
Parliament and of the Council on waste and repealing certain Directives

24 Regulation (EU) 2017/1938 of the European Parliament and of the Council of 25 October 2017 concerning measures
to safeguard the security of gas supply and repealing Regulation (EU) No 994/2010

The point of this long list is to stress the complex and highly technical nature of the legal endeavour. Let this serve to
acknowledge that our proposals, many of which are also complex and technical (in an engineering and natural sciences
sense), are not meant to directly modify current regulations, but rather serve as suggestions for modifications by
specialists.

2.4 Hydrocarbons BAT (BREF)

Both the EC (2014) recommendation and the European Energy Security Strategy (EC, 2014b) contemplated the
establishment of a Technical Working Group for developing a Best Available Techniques (BAT) reference document
for upstream hydrocarbon exploration and production (Hydrocarbons BREF). The DG Environment initiated work in
July 2015. The scoping of the BREF and a gap analysis of existing guidance for both onshore and offshore hydrocarbons
techniques and practices were set out in a number of documents in the second half of 2015 and early 2016:

e (all for expressions of interest for the selection of experts for the technical working group for the hydrocarbons
BREF (EU Commission DG Environment - July 2015)

e Technical working group kickoff meeting and background paper (Amec Foster Wheeler - September 2015)

e (Gap analysis on existing guidance - initial assessment of data compiled by the subgroup (Amec Foster Wheeler
- December 2015)

e  Gap analysis subgroup meeting report (Amec Foster Wheeler - January 2016)

e Assessment of responses received result of the written procedure on the recommendations of the subgroup (EU
Commission DG Environment - February 2016)

No further documents have since been published by the EU. The Working Group is due to hold a final meeting in May
2018 to report on recommendations. It is coincidental that the H2020 programme of shale gas studies will release this
Best Practices document virtually simultaneously with the EU DG Environment Working Group recommendations.

The recommendations in this document are to be considered independent of and complementary to those of the EU
BREF Working Group recommendations (of which the authors of this study are in ignorance at the time of writing of
this report). However, preliminary discussion documents suggest little overlap.

3. Recommendations on pre-operation procedures to address impacts and risks

The exploitation of shale gas resources only occurs after a long and complex process undertaken by a commercial
operator. That process involves technical and economic assessments, along with activities that achieve compliance with
the relevant regulations. Similar to conventional hydrocarbon exploitation, this process progresses, over a considerable
time period, by passing through ‘stage gates’, with increasing levels of corporate commitment that are linked to
improvements in understanding and continuing checks on viability. We recommend that the design of the regulatory
framework for shale gas be based upon a similar concept of stage gates, which allow for the specification of varying
levels of effort and complexity as the process moves towards final authorisation to conduct drilling, testing, and
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stimulation operations. To a large extent, the difficulty in defining sensible regulations lies in acknowledging and
addressing the broad range of concerns from If there is a desire to enable shale gas exploitation to be conducted, in a
safe and economic fashion, the regulations need to account for the reality of how the decisions are made in companies
that seek to undertake shale gas exploration. The following sections set out relevant comments that warrant consideration
for inclusion within the design of pre-operation assessment procedures.

3.1 Public opposition and community engagement

Public opposition is, together with low hydrocarbons prices, the main barrier to shale gas developments. In addressing
public opposition, it may be convenient to distinguish between opposition by the general public and by local
communities. Regarding the former, we can say little other than support the transparency effort recommended by the
EC(2014). Franks et al. (2014) identify conflict as a way through which environmental and social risks are translated
into business costs. Recognizing that conflict will eventually imply a loss needs to be acknowledged by the hydrocarbon
industry. While large companies appear to have recognized this fact, small, “wildcat” entrepreneurs appear to be less
sensitive. It is not clear how to reflect this need in the regulations, but a track record in public engagement might save
conflicts to all parties.

Regarding local communities, we assume that their views will be variable from place to place, depending on their
confidence on government institutions and their understanding of, or access to, technical understanding of hydraulic
fracturing. In our own experience with talks to local communities where companies applied for exploration permits, we
have perceived that they felt a mixture of fear to the unknown and mistrust, both of which appear to be properly
addressed by the transparency efforts recommended by the EC (2014), but often not acknowledged by the MSs. Local
communities also appear annoyed by “I bear the impacts, they get the benefits”. Obviously, if true, it would be unfair
and unwise. Local people must benefit, which suggest recommending sharing direct benefit to the community, beyond
increased employment and payments to land-owners.

In this context, we must add that we have been impressed by social developments in Pennsylvania around the shale gas
industry: increased employment, both direct (by shale gas industry) and indirect (associated to the increased level of
economic activity), new schools for technical jobs (mechanics, technicians, etc.). While probably present at the
beginning, we did not detect opposition to shale gas industry. On the contrary, we felt that people were concerned that
the drop in oil prices might negatively affect the shale gas industry. This suggests that the strategic environmental
assessment (SEA) by MSs (EC, 2014) should probably be extended to include also social issues, so as to prepare
profiting from the likely changes associated to large shale gas developments.

But, probably, the only tool against mistrust is dialogue and understanding. Given the highly technological nature of
hydraulic fracturing, this requires a technical background that many local communities will lack. In such case, these
communities may need technical support for the interaction with not only the operator, but also the public entities
involved. This support, which can be costly, will rarely be affordable by local budgets. Therefore, we suggest that the
operator funds local communities to hire technical support.

3.2 Public entities engagement

The Public Administration is expected to play a number of, sometimes conflicting, roles. It is expected to protect the
environment, by enforcing environmental regulations. But it is also expected to protect industrial interests, as any other
economic activity. At the same time, it is expected to address public concerns. Typically regional governments have a
few public servants to deal with everyday environmental issues that span a broad range of issues (from Natural Parks to
pollution). Most of these problems are only marginally related to Shale Gas. Therefore, they will not be familiar with
all the legislation and recommendations. One of the lessons we learned at Pennsylvania was that the Public
Administration was initially overcome by shale gas issues.
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These observations support the above recommendation to extend the strategic environmental assessment (SEA) by MSs
to include not only social but also administrative issues, including the reinforcement of public entities. Also, training
may be needed and perhaps some form of accreditation at an EU level would assist MS regulatory authorities achieve a
common level of knowledge.

3.3 Permitting
The permitting process of each MS must conform to and implement the relevant substantive parts of EU law
(Regulations, Directives and Decisions) but each MS has an absolute discretion on how to do so. Each jurisdiction has
its own independent and unique permitting process, the design and operation of which lies beyond the immediate
jurisdiction of the EU. It is understood that the EU will only seek to legislate according to the overarching principles
governing legislative intervention and law-making, namely:

* "proportionality" - action of the EU shall not go beyond what is necessary to achieve the objectives of the treaties;
* "subsidiary" - decisions should be taken as closely as possible to the citizen;
* "margin of appreciation" - MSs have some discretion in how to interpret EU policy;

*"devolution of competence" - some EU law can be given effect and administered by transposition into national, regional
or local government laws and regulations.

It is therefore recognised that it is inappropriate to make specific recommendations regarding permitting in any specific
jurisdiction. In fact, there is currently a very wide range of interpretation of how EU law dictates due process within the
permitting process for shale gas projects in various MSs (Parry, 2018).

Having said this, it is convenient to make two notes. First, current permitting practices in most countries involve two
stages: exploration and exploitation. This procedure stems from traditional extractive practices that were acknowledged
by the Directive of 1994 (EC, 1994). Second, we feel that the procedure may not be adequate to protect the interests of
everyone. The exploration permit is almost automatic in some MSs. After getting it, the operator wishing to extract shale
gas, must do a number of quite expensive activities (including horizontal drilling, and fracturing tests). By the time the
company applies for the exploitation permit, it has already invested some 10s of M€. It is then that, theoretically, the
company informs public entities for the first time. At this stage, the company has to present a quite voluminous package,
including documents that range from EIAs and traffic permits to safety and exploitation plans. Public entities, probably
undermanned (recall section 3.2), must then digest and respond to all this documentation. And the response may make
requirements that make exploitation unfeasible. To make things worse, local communities, who have witnessed activity,
suffer uncertainty, which may cause public mistrust to grow to a point that makes shale gas extraction politically
unacceptable. This situation is dysfunctional to all stakeholders. Therefore, while acknowledging that specific
regulations would be inconsistent with the spirit of EU acquis, we feel that the recommendation and “enlightening”
nature of the 2014 Recommendation grants a suggestion to integrate an intermediate stage (or to extend the explotation
permit stage to a continuous information exchange phase).

This suggestion can be taken one step forward in the spirit of collaboration mentioned in sections 1.3 (“the problem”),
3.1 (“Public engagement”) and 3.2 (“Public entities engagement”).

To enable stakeholders (both industry and citizens) to grasp the extent of shale gas operations within the EU, it would
be convenient to demand MSs to report permits. These records can then be collated into a EU database (e.g., ECHO,
https://openecho.jrc.ec.europa.eu/)

3.4 Subsurface site characterization

The Recommendation (EC, 2014) is explicit about the need for proper characterization, but vague on specific
requirements. This contrasts with the demands specified in Annex 1 of the Directive on the geological storage of carbon
dioxide (EC, 2009), which includes a rather concrete list of studies to be performed. This is somewhat paradoxical
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because characterization of potential CO2 storage sites maywell be well be considered simpler than a comparable
investigation for a shale gas exploitation site (at least at the local scale). Furthermore, defining the level of prescription
for site characterization (as for many other activities) is not free of controversy. On the one hand, some (both in
companies and in governments) believe overly prescriptive regulations may inhibit innovation of concepts and
approaches whose goal is to achieve a practical yet robust assessment that suits the needs of the many stages of project
design. Thus, a reputable company must undertake many investigations that seek to reduce the uncertainties that are
almost unbounded at the start of the process. Many of the goals that will be part of the regulator’s approach will coincide
with similar goals in the company. One such goal concerns the characterisation of the subsurface. On the other hand,
the market is open to “less reputable” companies with short term objectives, for whom prescriptive regulations are
indeed needed.

Geological characterisation provides understanding about the configurations and properties of the natural subsurface
materials present within an area that is intended to be affected by Fracking. Risk analysis is based on parameter
estimations and uncertainty limits, which are used in forward numerical modelling that is able to calculate relevant
outcomes. This process understanding underpins the process of determining the hazards and the impacts on defined
targets, that is the propagation from a source via a pathway to a predefined target of a contaminant substance, or seismic
energy. The natural geological subsurface architecture provides the framework for such a model construction, and
similarly for deriving understanding of the likely commercially-relevant outcomes, such as gas flow rates and durations.
. While commercial operators will naturally emphasize characterization of the reservoir units that containshale gas, the
rock units above and below have to be similarly characterised in order to address the issues linked to the pathways that
are part of the risk assessment. The regulations should be formulated in ways that encourage best-practice in such
characterisations of the geology, while allowing opportunities to shape the regulations to suit the specifics of any shale

gas play.

It is recommended that the process of dividing the subsurface materials into units, be undertaken with a focus on
classifications based on parameters relevant to the mechanical, fluid or contaminant transport processes being
considered, and not purely on geological subdivisions. The identification of such units, which could be named THMC
facies (McDermott et al., 2006; Tenzer et al., 2010), is likely to be more useful than the classical method of simply
naming the rock units.

As part of a geological characterisation, especially in a new play, an operator might contemplate the value of drilling
a vertical pilot well to obtain measurements (perhaps mainly by wireline logging) and physical rock samples. As noted,
such information may prove valuable in the identification of rock units that could pose problems, so there are reasons
to formulate the regulations in such a way as to encourage such pilot holes. That encouragement might take the form of
a simpler way to meet the designs needed for addressing mandated monitoring requirements. This is an example of
‘looking forward’ so that both regulatord and industry operators can realise the potential value of making good
investments (such as pilot holes) that serve multiple purposes, but which might not happen if corporate decisions are
dominated by adversarial conditions.

Continuing this example: a pilot borehole could make a substantial contribution to the needed geological
characterisation, in a new play especially or even primarily. That well could potentially be used during fracking
operations as a ste to place vertical strings of geophones that contribute to the depth-precision of the micro-seismic
inversions. The same well could, depending on engineering considerations, continue to be used during production
timescales, as a site to monitor pressures or pore fluid contents of suitable rock units in the overburden. However, such
use is not without its own risk: that pilot well is one additional potential leak pathway; if it is used for pressure
measurements, that application requires deliberate compromises of the annular seals of the well; in order to sample
fluids in the rock units, the well has to provoke local pore pressure reductions, which represent possible causes of
pollution movement that would not exist without the test.

In short, the recommendation is to approach the design of the regulatory framework for the pre-operational
assessment phase in such a way that unintended negative consequences are avoided. However, there may be
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opportunities to realise unexpected positive benefits that arise from fore-sighting how the needs of one aspect may prove
to enable added value further down the chain of regulation and operational co-existence.

A similar comment can be made about pre-frac investigations in the lateral borehole section(s). The goal here is to
detect permeable faults and to investigate the natural fracture system, which is in the best interest of all, but which is
difficult because the well is cased immediately after fracking.

In regions with a poorly regulated hydrocarbon industry or with a legacy of hydrocarbon activity before 1960 we
recommend detailed site surveys to identify abandoned wells and structures. Many wells were drilled before
comprehensive record keeping and regulation and their abandonment status is unknown. A recent study of
Pennsylvanian hydrocarbon industry wells estimated that the majority of abandoned wells are undocumented (Kang et
al., 2016) and that there could be up to 750,000 abandoned legacy wells (Kang et al., 2016). Magnetic surveys are often
purported to be able to identify undocumented abandoned wells that have steel casings. But the experience of FracRisk
members points that the effectiveness of these surveys is doubtful. Methane concentration surveys can identify leaking
undocumented abandoned wells. Leakage rates will be higher in abandoned wells in areas of gas production than oil
production.(Kang et al., 2016). In areas with a high risk of abandoned wells, this risk will be reduced if the shale gas
formations are deeper than the historically hydrocarbon producing formations.

3.5Risk assessment

Risk assessment (RA) is demanded in all regulations. What is not regulated is how risk should be assessed. We fear
that risk is assessed in such a qualitative fashion (simply assigning a 0-10 category to each event) that its usefulness is
very limited. What we are arguing for here is a more formal probabilistic RA. Recommendations on best practices were
already formulated by Jackson et al. (2011) for fracking operations, following the observation of elevated methane
concentrations in fracked boreholes. Some initial attempt in assessing the risks involved in hydraulic fracturing
operations had been presented by Ewers et al. (2012) in Germany. The so-called information and dialogue process was
to analyse the risks associated with fracking, looking at the hydrogeological environment, surface operations, the
chemical compounds involved, as well as their toxicological effects on humans and the environment. The general public
as well as numerous stakeholders were involved having learned from previous experience. The group came up with a
number of recommendations for safe operations as well as research issues to be tackled. One of the main findings was
the specification of a minimum overburden for fracking operations (Lange et al. 2013; Kissinger et al. 2013), which was
later on taken up by regulating agencies in regulation acts in Germany. Yet, we discourage such concept in this document
and rely more on site specific conditions and risk assessment to define the safety of fracking.

Project SHEER (2018) formulates risk in a very broad context, using the ‘PESTLE’ analysis (PESTLE standing for
Political, Economic, Social, Technological, Legal, and Environmental) which should be useful. In FracRisk, we
propose a quantitative RBCA (Risk Based Corrective Action) approach. This approach facilitates the eventual definition
of quantitative thresholds of risk and uncertainty, which we feel should be introduced into the EU environmental acquis
to assist the harmonisation of EU citizens’ rights across different activities. RBCA also promotes RA as a pro-active
tool, as it forces everyone to think about not only passive failures, but also accidents and mistakes, and the actions that
need to be taken to prevent them and, if they occur, correct and mitigate their effects. Each event (not only impact
pathways, but also any other negative impact) is analysed through a site model in a quantitative manner. The model
allows quantifying the probability density function (pdf) of consequences and, thus, the expected value of losses
(economic, social and environmental). This way, the extent of monitoring (reducing uncertainty) and mitigation
(reducing the impact of faults) can be properly assessed.

Bottom up RA provides assurance that multiple combinations of natural geological features, industrial activity, and
physical processes are assessed and that the most likely combinations leading to a potential hazard have been identified.
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Top down RA identify from existing experience environmental impact which is known to have occurred through
unexpected events. Thorough RA for public confidence must include both top down and bottom up RA procedures.
Multi-tier RA procedures provide increasing certainty as procedures are developed to avoid higher risk combinations.
Publically available databases detail both bottom up and top down risk analyses facilitating initial scoping and site
generic RAs informing necessary detailed site specific RAs

Modelling for RA involves different sub-tasks, building a static model of the site, choosing a forward model to
simulate the physical processes and to quantify consequences of events, and a applying a (stochastic) model to evaluated
risk. The forward model needs to represent the state-of-the-art with respect to the specific demands of identified
governing processes related to expected consequences. We propose to link the stochastic model with the forward model
and to evaluate the pdf of certain consequences, aiming at an improved understanding of the influence of the forward
model’s input parameters. We consider it helpful to distinguish sub-scenarios where processes at the source, along a
pathway, or inside a target can be studied with specific adaption of the forward model’s complexity, while at the same
time benefitting from a consistent analysis of pdf’s, e.g. with respect to parameter sensitivities or probabilities of
consequences, from the source over the pathway to the target.

Quantification of probability associated with a given target environmental performance metric (or event) must
include an appropriate appraisal of uncertainty at different levels, also uncertainty arising from conceptual modelling of
the (hydro)geological and geochemical system as well as its implementation in mathematical formulations (or models).
As such, there might be multiple models, which can be admissible and usable to depict a given scenario. In this context,
it is clear that predictions and analyses of uncertainty grounded on a unique conceptual model are prone to statistical
bias and underestimation of uncertainty (caused by under-sampling of the model space). As such, it is imperative to
employ an approach to characterize subsurface flow and transport that quantifies uncertainty propagation due to
incomplete knowledge of (eventually competing) processes (and the ensuing mathematical rendering) and of the
geological system within which these processes take place. Additionally, quantification of uncertainty must also take
into account the level of knowledge about the parameters embedded in each of the (possibly multiple) models employed.
This is true regardless the quality and quantity of data which can be available. To do so, one should employ appropriate
sensitivity analysis and uncertainty quantification techniques. These should include prior information on the site to
constrain the probability distribution characterizing model input parameters and/or boundary conditions. The result
should be the quantification of the relative importance of each model parameter on (a) the whole probability distribution
of the target output or (b) the main statistical moments (i.e., mean, variance, skewness, and kurtosis) governing the shape
of such a probability distribution. This enables to characterize the way model parameters are influential to probabilities
associated with extreme events (e.g., very high or very low values of concentrations).

Moreover, since the site model should be updated as monitoring information comes into place, the assessment of risk
evolves naturally. This facilitates not only responding quantitatively, but also operational decisions on how to frac or
whether to repeat fracking stages. For this latter reason, we assume that shale gas companies do formal RAs (or cost
analyses). What we are arguing for here, is the need to extend these analyses to environmental and human health impacts
and to make them public.

One could identify four key processes are bearing most of the risk in shale/oil gas development:

Seismicity induced by the pressure and volume of injection during hydraulic fracturing;
Uncontrolled scape of chemicals during hydraulic fracturing;
Uncontrolled scape of gas/oil during the production phase ;

Lol

Seismicity induced by the injection of wastewater (not necessarily near the reservoir).

In FracRisk we have developed a platform for RA of shale gas based on the Risk-Based Corrective Action (RBCA)
paradigm that is widely used in the world for RA of groundwater and or soil pollution. This approach relies on the
assumption that a source of risk resulting from the activity under scrutiny requires treatment only if there is a pathway
connecting the source to a sensitive receptor and with a potentially harmful impact intensity.
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There is no doubt that, for these processes, this is a suitable approach for shale gas or oil and it should be an excellent
candidate for the RA platform (regardless of the implementation format developed in FracRisk).

Risk sources and receptors are relatively well identified and have a relatively low degree of uncertainty. Risk sources
should be well-known and well-documented, by receiving from the contractor clear data and information on the
operation of the reservoir. This would include injection pressure during fracturing and the chemical composition of the
injected fluid during the hydraulic-fracturing phase.

This is not the case of the pathways. The calculation of pathways requires the integration of complex geological
structures and processes (multiphase flow, reactive transport, geomechanical interaction). Models for the simulation of
pathways are highly demanding in terms of both computing time and modelling (human) resources, as these models are
complex to set and operate; yet the construction of complex models is unavoidable to incorporate realistic geological
information and all the processes involved. We advocate the use of surrogate models (simple mapping models that
represent the results of the complex model).

In FracRisk we adopted such an approach but its wider deployment will require far more work in order to cover a
wide spectrum of geological settings, parameter values and operating conditions.

3.6 Baseline

The EC (2014) Recommendation is quite explicit about the need and methods for determining “the environmental
status (baseline) of the installation site and its surrounding surface and underground area potentially affected by the
activities” and it’s reporting to “the competent authority before operations begin”. Using the items of EC (2014), we
recommend the following best practice for determining a baseline for:

(a) Quality and flow characteristics of surface and ground water:
(b) Water quality at drinking water abstraction points:

In order to evaluate potential water quality impacts from shale energy development at water abstraction points, it is
critical to establish pre-drilling baseline water quality conditions. The baseline water quality data can be compared to
post-development data if a suspected release of contaminants from shale energy operations were to occur. Collecting
both upgradient and downgradient surface water and groundwater quality samples in proximity to shale development
areas is necessary as part of establishing baseline conditions. Ideally collection of pre-development data over a period
of time will allow for a more robust characterization of baseline water quality conditions. All water withdrawal points
within a 1000 meter radius of shale operations should be monitored, as well as other points that are logical based on site
specific geologic and topographic conditions. Osborne et al. (2011) showed in a systematic study elevated levels of
methane surrounding the fracking borehole. Sampling methods should be chosen to ensure that representative water
quality simple are collected for the parameters at the frequency noted below.

To determine a baseline understanding of the water quality at drinking water abstraction points samples must be
taken on a quarterly basis for 12 months prior to commencement of operations and analysed for relevant drinking water
parameters. These should include - but are not limited to - measuring concentrations of the following inorganic
compounds: Ammonia, Aluminium, Antimony, Arsenic, Boron, Bromate, Bromine, Cadmium, Chromium, Chlorine,
Cobalt, Copper, Cyanide, Fluoride, Iron, Lead, Manganese, Mercury, Nickel, Nitrate, Nitrite, Radium, Selenium, Silver,
Sodium, Sulphate, Vanadium, Zinc (see table below). Preferably, organic and inorganic chemical components (additives
to fracturing fluid, etc.) to be utilised in operations should be tested for in drinking water wells prior to commencement
of operations.

Other field parameters to monitor for to establish baseline water quality conditions in relation to shale operations
include pH, total dissolved solids, and conductivity.
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(c) Air quality:

Oil and gas operations generate potential air quality contaminants during the drilling, fracturing and production
phases. Primary contaminants during the drilling and fracturing operation are largely related to diesel fuel and gasoline
emissions from equipment. Potential exists for methane, other lighter hydrocarbons, and volatile organic compounds
(VOCs) to be released during drilling operations, as well as during well completion and flowback activities. In order to
reduce emissions during the well drilling process, companies can utilize natural gas or even electric powered drilling
rigs that reduce fuel burning emissions. During completion phases of work, “green completions” can be used with
special equipment that separates gas and liquid hydrocarbons from the flowback that comes from the well as it is being
prepared for production. The gas and hydrocarbons can then be treated and used or sold, avoiding the waste of natural
resources that cannot be renewed. The VOC emission reductions from wells, combined with reductions from storage
tanks and other equipment, help reduce ground-level ozone in areas where oil and gas production occurs.

To determine a baseline understanding of the air quality surrounding unconventional hydrocarbon extraction sites
samples must be taken on a quarterly basis for 12 months prior to commencement of operations and analysed for relevant
air quality parameters. These should include - but are not limited to following meteorological data; temperature,
atmospheric pressure, wind speed and vector, NO, NO2, NOx, O3, PM1, PM2.5, PM4, PM10, CH4, CO2, H2S, SO4.
Where elevated CH4 concentrations are found 613CH4 should be measured, in order to attribute a source to the methane
prior to exploration or extraction activities occurring.

A model that can be implemented to quantify oil and gas operations emissions at a national scale is the US
Environmental Protection Agency’s “bottom-up approach”. This approach assigns emission rates per facility or
component including compressor stations, and pipelines, or an average emission per event such as a well completion or
liquids unloading. These emission rate factors can then be multiplied by nationwide activity data containing the number
of components or events associated with each emission factor, and a total emission rate is produced for the country. This
bottom-up approach is a practical methodology for estimating emissions over a large scale but has limitations as it
depends on the quality and quantity of its emission factors and activity data as well as variability in time and with
equipment. Collectively these factors make it difficult to adequately describe the mean emission rates, allowing for
significant errors in the emission factors which accumulate and can lead to significant errors in total emissions estimates.
In order to account for this potential bottom-up estimate error, a top-down approach may be made by collecting samples
sufficiently down wind and high enough in the atmosphere, such as with the aircraft mass balance technique, which has
been performed at many different oil and gas fields to characterize natural gas emissions in the US. This methodology
is able to capture estimates over a large region, though it remains difficult to attribute the emissions to any individual
source as the data are aggregated. Therefore atmospheric observations may include other sources of methane unrelated
to unconventional shale operations, such as landfills, wetlands, livestock, coal mining, and many other smaller sources.
As an example, using a top down approach in combination with modeling optimization in the Marcellus shale, a
weighted mean natural gas emission rate from unconventional production and gathering facilities of 0.36% of produced
methane was estimated (Barkley, et al, 2017). In addition, site specific air quality sampling can be conducted by
continuous samplers at surface or tower locations downwind from facilities, however meteorological conditions must
be carefully considered when collecting these types of samples. Canister samples for a variety of contaminant classes
such as VOCs, NOx, SOx, particulate matter, and others can be sampled as grab or composite samples.

(d) Soil condition:
(e) Presence of methane and other volatile organic compounds in water and soil:

As noted above it is critical to establish pre-drilling baseline water quality conditions for a variety of parameters,
including both inorganics (summarized above) and organic parameters (summarized here). Appropriate sampling and
analysis protocols are important to ensure water quality sampling results are accurate, especially with volatile organic
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compounds as they have the potential to “off gas” during sample collection and underestimate the actual concentrations
in water samples. It is typical to used properly preserved 40-mL vials with septa seals in the caps to ensure representative
samples. Based on site-specific conditions, wells, springs and other water abstraction points within a 1000 meter radius
of shale operations should be monitored on a quarterly basis for a year prior to shale development in a given area
(Osborne et al. 2011). Collecting both upgradient and downgradient surface water and groundwater quality samples in
proximity to shale development areas is necessary as part of establishing baseline conditions. Sampling points such as
wells should be properly purged to allow fresh groundwater to be collected. The following organic parameters are
suggested to establish baseline water quality conditions: methane, ethane, propane, benzene, toluene, ethylbenzene,
xylene, glycols.

Emerging trends in water quality monitoring include new application of analytical tools where oil and gas operations
are suspected to have impacted water resources or for baseline monitoring. As methane migration became a concern in
various shale plays in the US, the industry and regulators have applied carbon and hydrogen isotope analysis to methane
and ethane to aid in determining if the gas is biogenic or thermogenic. The baseline concentrations of methane in
groundwater should be established prior to commencement of operations over a minimum period of 12 months. Methane
concentrations should be quantified over this period and if concentrations above 2mg/1 are found, analysed for 813C
and 818D to derive their source, and sampled temporally and spatially within the proposed working area to establish a
robust baseline. Furthermore, methane to ethane ratios should be obtained if methane concentrations are found to be
above 10mg/l. If the gas is thermogenic, it may be possible to further determine what formation the gas came from to
aid in remediating leaking gas wells. Two-dimensional gas chromatography coupled to time-of-flight mass
spectrometry (2-D GC TOFMS) can be applied where a range of organic compounds are suspected to have impacted
water resources but conventional analytical techniques are not designed to detect and identify the contaminants. An
example of applying 2-D GC TOFMS to identify uncommon organic compounds occurred in Bradford County,
Pennsylvania where several residential wells were impacted by methane migration, but also produced foam that could
not be resolved by regulators. A team of Penn State researchers collected groundwater samples and discovered a wide
range of organic acids, hydrocarbons, and 2-butoxyethanol, a drilling fluid additive, which may have leaked into the
aquifer during drilling activities (Llewellyn et al, 2015).

In addition, regulatory agencies may have their own regional surface or groundwater quality monitoring programs.
An example would be the Susquehanna River Basin Commission’s (SRBC) Remote Water Quality Monitoring Network
in Pennsylvania, which involves installation of over 60 water quality monitoring stations (temperature, pH, dissolved
oxygen, conductivity, and turbidity) throughout the river basin in areas of shale energy development. This monitoring
program allows for early detection of changes in basic water quality which can be further investigated if there is a
significant acute water quality change, while also allowing long-term trends to be assessed. The SRBC data are uploaded
and publicly available on the SRBC’s website (http://mdw.srbc.net/remotewaterquality).

(f) Seismicity: A baseline should be determined for seismicity, to define the background rate of earthquake
occurrence (frequency-magnitude distribution).

(j) Existing wells and abandoned structures: See Section 3.4

3.7 Monitoring
The EC (2014) Recommendation is also quite explicit about monitoring. While we find that the Recommendation is
appropriate, we find it somewhat “passive” (i.e., waiting for something bad to occur). Instead, we propose adopting
“Active Monitoring” strategies that allow anticipating and provide early opportunities for correcting and/or mitigating
the damage (See section 3.10). Besides monitoring effects near the site and at the surface in general (visual, chemical
monitoring, water composition, air quality, etc) monitoring of the subsurface should also be performed: in seismicity-
prone areas, as identified in the baseline studies, this concerns particularly induced seismic events caused by the
subsurface operation. This activity should be monitored, and compared with baseline data. Other potentially useful
quantities include electrical conductivity and surface deformation (see also Caffagni and Bokelmann, 2016). It is
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recommended to consider setting up a data flow which collects monitoring data with reasonable latency, perhaps in real
time, and which makes it accessible to the public.

Further, monitoring should also include the following activities:
Monitoring vertical fracture growth

The event of fractures reaching freshwater aquifers is physically unlikely (see Deliverable D3.6) because of the
distribution of horizontal and vertical stresses, but raises public concerns and needs to be addressed. In order to monitor
and locate induced seismic events it is common practice to install geophone strings in the horizontal sections of the
boreholes. With this arrangement the depth of induced seismic events is not well-determined though. A case study in
the Utica (Cipolla et al., 2018) shows that the apparent fracture height (indicated by the spatial distribution of micro-
seismic events) increased by more than a factor of 5 from about 135 m to about 700 m when a portion of the geophone
string was placed in the vertical section of the monitoring well. This extreme uncertainty in fracture height is an intrinsic
weakness of geophone arrays consisting of just one or two parallel horizontal strings. When vertical fracture confinement
is considered relevant a vertical seismic observation borehole in the central part of each wing of a well pad should be
mandatory.

Gas-production and pressure monitoring during the production period

During the production phase, a monitoring system should be able to provide information on the possible escape of
gas away from the capture zone of the production area. Yet, the capacity of detecting leakage from the recorded pressure
and gas flow rate versus time has not been clearly demonstrated so far. This is challenging concern specifically in the
case of low (but continuous) rate leakage. Obviously the quality of the pressure and gas flow rate data is a key issue, as
well as the accurate reporting of all the operations that may have change the boundary conditions, such as modifying
the pressure loss at the well head for adapting production to commercial constrains or for maintenance operations.
Reliable modelling tools for processing and analysing pressure and gas flow rate curves in real-time, such as developed
in Fracrisk WP2, must be available for early warning of possible changes of the reservoir properties.

The produced gas volume and the flowing wellhead pressure of the production wells should be monitored and
reported on a monthly base like it is done in unconventional gas-wells in Pennsylvania since 2015 (PA Dep. of Environ.
Protec.). These data allow to determine the hydraulic conductivity of the hydraulic fractures (Jung, 2017) and may also
be used to identify the outer boundary conditions.

A more reliable but costly method to determine the outer boundary conditions is to determine the actual reservoir
pressure by monitoring the pressure build-up at reservoir-depth during regular or occasional shut-in periods.

3.8 Induced Seismicity

Direct felt induced seismicity (i.e. seismicity induced by hydraulic fracturing) was believed unlikely both because
(1) sedimentary rocks, which host hydrocarbons, are not critically stressed usually (Vilarrasa and Carrera, 2015); and
(2) the impact of hydraulic fracturing is quite local (de Simone et al., 2017). However, a 2.3 magnitude seism was
induced in the UK in 2011 (Clark et al., 2014). While the magnitude was small, it was felt by the population. Also in
2011, 116 microseisms with magnitudes ranging from 0.6 to 2.9, were induced by hydraulic fracturing of a well in
Oklahoma (Holland, 2013). 77 earthquakes with magnitudes up to 3 were associated to active hydraulic fracturing
operations in Ohio (USA) in 2014 (Skoumal et al., 2015). A large number of earthquakes, with magnitudes reaching
4.5, have been associated to hydraulic fracturing in Canada (Atkinson et al., 2016; Schultz, et al., 2017). The magnitude
of these earthquakes is, in general, moderate, far smaller than the earthquakes induced by waste water (including flow
back water from hydraulic fracturing) injection (Rubinstein et al, 2015; Ellsworth, 2013). The mechanism suggested for
the largest magnitude earthquakes (magnitudes around 4) is similar to the one suggested for the Oklahoma waste water
injection induced earthquakes. Namely, it is believed that they were caused by increase of pressure in the critically
stressed basement of the Canadian Western Basin, which is seismically active (Bao et al., 2016; Schultz et al., 2017).
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The summary of this discussion is that, in general, notable induced seismicity should not be expected: the vast
majority of hydraulic fracturing operations do not induce any felt seismicity, which appears to be restricted to isolated
cases or critically stressed regions. Still, the very fact that it has occurred (recurrently in the case of Canada) implies
that the need for (1) a thorough seismic RA and (2) careful monitoring and operation rules to prevent induced seismicity
must be explicitly demanded by the regulations.

3.9 Chemical Additives

A large number of different chemicals are introduced into the shale reservoir to facilitate hydraulic stimulation. The
composition of injection fluid is a field of rapid development, Compositions differ among companies and sites or
geological conditions. A trend is visible towards the use of less hazardous components and more economic utilization
in general (e.g., fluid recycling). A compilation of categories of chemicals, their most important known constituents and
their physico-chemical properties and guideline concentrations, is available in the FracRisk project compiled to a
publicly available database.

A conflict arises between operators and their technical support, who argue for proprietory rights on fluid composition,
and monitoring needs (chemical analysis only yield concentrations of specifically analysed species, so that they need
know in advance which components they should analyse). Therefore, a clear disclosure of chemical constituents is
needed.

Processes that may decrease the hazard of introduced chemicals are biodegradation and chemical decomposition.
Biodegradation is very hard to predict and is generally reduced in frack fluids by biocides or the high temperatures in
reservoirs at temperatures above 122°C or roughly 3000 m depth. Chemical degradation, on the other hand, generally
proceeds more rapidly under higher temperatures and has the potential to be predicted by thermodynamic considerations.

The waste produced by hydraulic fracturing varies greatly in volume depending on (1) the volume of fluid injected,
(2) local geological characteristics that control water retention in the subsurface such as imbibition and extent of fracture
network, and (3) well length. Between 200 m® and 5000 m*® fluid are required for drilling and then between 2000 m3
and 30000 m3 is typically required for fracturing. Anywhere between 10 and 70 % of this fluid can return to the surface
after fracturing as waste, with altered chemistry from interaction with the rocks and fluids at depth.

As part of the FracRisk project (Deliverable 5.9), model analyses have been carried out to understand the shale-
hydraulic fracturing fluid-brine chemical interactions during fracturing operations as well as their impact on releasing
chemical elements from the shale into the produced water and flow-back water. Idealized hydraulic fracturing fluid
composition was simulated based on a real field data from Marcellus shale. Several model calculations were performed
considering inorganic additives, to understand the process and to identify the parameters enhancing metal release from
the shale during the fracturing process. A second set of simulations used reactive transport modeling in order to identify
the most toxic and mobile organic additives and to consider the transport times to shallower parts of the formation, in
case of accidental release.

These studies show the importance and complexity of the chemistry of fracking fluid fluid/chemical additives
behavior in the subsurface and provide illustrative examples. As a general best practices recommendation, it is important
that in each case, great care is taken to carefully consider and analyze the possible effects of the specific chemicals used,
in the specific geological setting in question.

The chemical properties of this waste are controlled by the base chemistry of the fracturing fluid, the geochemistry
of the rock, and the fluid chemistry of any formation waters residing in the pore space, with potential influence from the
chemistry of residual drilling fluid. Initially the fluids that ‘flowback’ after fracruting reflect the geochemistry of injected
fluids and any mixing with residual formation brine. Fluids produced in the longer term can be highly saline (50,000 —
250,000 mg/l, or 2 - 10 times the salinity of sea water) and contain a mixture of dissolved contaminants such as heavy
metals, organics, hydrocarbons, salts, fracturing additives and naturally occurring radioactive material leached from the
rock.Once at the surface, wastewaters can be diluted and reused in subsequent fracturing operations, treated and
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discharged to local water courses or reinjected into the subsurface for permanent geological disposal. Stringent
management of this waste is required to ensure that it is stored, transported, treated and disposed of in a way that
minimises the operational need for fresh water, maximises the efficiency of the processes and reduces any risk posed to
the environment. Reduced use of fresh water and reduced risk of spills during transport can be achieved through
recycling. While recycling is increasing (it is reaching 25% of the total use in Pennsylvania), there is much room for
improvement.

Our work has highlighted that;

1.

The contaminants in the waste could have detrimental impact on the environment if released in an
uncontrolled way (as seen from numerous examples in the US).

The legality and suitability of injecting these wastewaters for underground geological disposal in the EU is
generally discouraged, which we support, but also poorly defined.

Facilities for treating wastewater from hydraulic fracturing are limited in Europe, as specialized facilities are
likely to be required.

It is generally accepted that the most problematic components of the wastewater to treat are the salinity and
the naturally occurring radioactive substances, but there is no unanimous view among FracRisk members on
this issue, some believe radioactivity of flowback to be a lesser issue, while some organic compounds are
more concerning. What is clear is that further research and development for developing effective treatment
methods is required.

The energy intensity of existing methods for removing the extreme salinity within these wastes means that
treatment can be expensive (up to £1,000,000 per well in the UK). In numerous cases (e.g., near the coast)
saline water free of toxic compounds can be disposed of without a significant environmental impact. We
encourage “goal-setting” negotiations to seek ways to dispose of saline water.

Overall, there is a lack of consideration in current legislation and environmental planning for wastewater
management from hydraulic fracturing.

3.10 Mitigation and correction
Perhaps the most surprising lack of the Recommendation (EC, 2014) is the absence of specific recommendations on
mitigation and correction measures. While regulations should aim to faultless operation, it is evident that errors do occur.
Operators should include actions to mitigate the most damaging accidents. These include for instance the spill of fluids

stored at the surface or gas (or fracking fluid) leakage because of damaged well or uncontrolled fracture extent out of
the shale reservoir. Examples of mitigation measures to address this kind of events include:

1)

2)

3)

Pump-injection systems in overlying aquifers to contain the spread of spills of injection fluids at the well pad
or breaches in the well casing. In essence, the concept consists of a pumping well, which is part of the monitoring
system and allows monitoring possible incidents over a broad region, and an injection well downstream (Fig
3.5.1). To be effective, the system must operate continuously during the well construction and fracturing stages.
Restore sealing properties of the well. O&G industry techniques developed a large portfolio of techniques for
restoring damaged well based on Portland-type cement injection, packers systems and steel or composite
patches.

Sealing plans for too long fractures. The installation of procedures and means dedicated to remediate to potential
leaks caused by uncontrolled extensive fracking is probably a key issue for future regulations, but the portfolio
of adapted and mature techniques for this aim is presently empty. Portland-type slurry displays high viscosity
and is probably not applicable to seal fracture in shales (especially fractures filled with proppant). Low viscosity
injectable fluids capable of self-solidifying when emplaced in the fracture are required. When aged, the sealing
product must display chemical and mechanical properties ensuring long-lasting low permeability of the medium
independently of the nature of the fluids in contact and ideally having viscoelastic properties for avoiding failure
in case of mechanical deformation and pressure variations. This issue was investigated in the frame of the
FracRisk project. For instance, a low cost, low-viscosity organosilicate fluid, self-solidifying in the form of a
hard hydrogel was formulated and successfully tested at laboratory scale. This emerging research open the door
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of proposing new technologies usable for leakage remediation, but also for retrieving the natural low
permeability property of the reservoir when abandoning the production site at the end of the exploitation period,
so reducing the risk of leakage for future exploitation of the reservoir.

We are not arguing here for regulating the need for these actions but for considering them in a proper probabilistic
RA. Considering their cost, and the losses they might imply ( Franks et al., 2014), their implementation may be beneficial
to all in specific cases. For instance, a hydraulic confinement system should probably be in place if a high permeability
aquifer system is present at shallow depths near the site. In such cases, remediation after a spill should be immediate
and there would be no time for drilling remediation wells. Notice that such a confinement system should also serve to
capture stray gasses (in which case stripping would be needed prior to reinjection) and for groundwater quality
monitoring.
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Figure 3.1: Hydr_aulic confinement of spills from well-pad area or from breaches in the shale gas well. Note that the system
would also capture stray gas emissions and serve for monitoring.

4. Recommendations on operations

We only address well drilling and fracturing operations. Other issues (transportation, traffic, noise, etc.) are not
addressed here.

4.1 Well head pad

The well pad or well head area (“production area” in the Recommendation of EC, 2014) is the area that hosts most
activities during well construction. As such, it is somewhat crowded and busy during such period but relatively empty
(except for some tanks and pipe connections) and generally quiet during the long production period afterwards. Most
near-surface incidents associated with fracturing operations are located in this area. Therefore, we find it somewhat
surprising that the Recommendation is not more explicit about protection measures in these places. This lack probably
reflects that it should be treated as any other industry (and it does look like a chemical industry installation) and be
subject to emissions, safety and environmental protection regulations. However, we feel that this may not be sufficient
to address public concerns and a more explicit treatment is granted.

4.2 Well construction and protection

A well creates a potential new pathway for liquid and gas movement vertically across the rock units. Such flows may
not even originate due to activities in that well, as known in e.g. Pennsylvania, where gas from elsewhere migrates along
intermediate-depth rock units and then is able to move to shallow aquifers via unexpected pathways associated with the
well. The pathways linked to a well can occur because of poor design or implementation of the drilling and completion
plans, or due to intentional absence of cement over the rock units not thought to be at risk. There is also potential that
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drilling-linked rock deformation within the rocks (perhaps out to radial distances on the order of less than a metre) may
have created pathways that are not addressed by normal casing/cementing practices, or due to effects that accumulate
over time (such as repeated pressurisation/depressurisation cycles inside the casing, thermal loads, etc). The naive idea
that all casing should be cemented may not always be the solution, since the presence of the cement may make it
impossible to address new issues that become identified later. We believe that the Recommendations should
acknowledge the issue of along-well pathways, and instruct relevant authorities to work with the commercial operators
to develop agreed practices for each play that account for the known situations and the lessons that are learned during
exploitation. There are many examples of this interactive approach around the world, which works because both
operators and regulators seek the same outcome: limiting inadvertent pollution. This same approach would be
appropriate for the design of play-specific regulations or guidance on completion practices for the in-reservoir intervals
of wells. Different subsurface situations may require fully-cemented casing with perforations, or slotted liners, or some
other engineering solution. The Recommendations should reflect the variety of real situations, and permit regulators and
operators to develop acceptable solutions that are assessed in light of experience. The guidance should promote a non-
adversarial discussion with operators about the use of post-completion testing to assess whether there is evidence of
unexpected hydraulic connectivity, but this discussion needs to be aware that a test may induce pathways, so the design
and implementation of measures that seek to provide assurance of integrity need to be appropriate for each play and
reflect knowledge of the current technology capabilities. The Recommendations should anticipate the outcomes of
current initiatives in professional bodies who are developing guidance for well abandonment, an issue that will have to
be covered by shale gas regulations, and which deals with many of the same issues that are of concern during drilling
and production timeframes.

Integrity of the casing and of the cemented annulus

A major concern in the public is that natural gas, fracturing fluids, and formation water containing high
concentrations of dissolved solids may travel through leaks in the casing or along the cemented annulus from the
reservoir into fresh water aquifers. This problem is not specific for shale gas wells but is relevant also for conventional
gas wells. Because of its importance high industrial standards exist for the proper design, installation, and cementation
of the casings. Problems with the casing and the cemented annulus can to a high degree be prevented by technical
measures like pressure testing of the annulus after cementation, repeated cement bond logs, and control of the drilling
and service companies, processes that are well developed and used in the industry.

A casing problem specific for shale gas wells results from the fact that much higher volumes of relatively cold frac-
fluid is pumped into the well. During flow-back a hot or at least warm fluid is produced. This change in temperature
induces high thermal stresses in the casing and the cement. These stresses are of course calculated and considered in the
design of the casing and cementation. Nevertheless the safety margins may be small and there remains a risk that these
stresses may exceed the strength of the casing and more likely of the cement especially in very deep boreholes (Burri et
al., 2011). A measure to continuously monitor the integrity of the cement and to block upward migration of natural gas
in case that the cement has been damaged is to leave an uncemented section in the annulus below the intermediate casing
for continuous pressure monitoring during and after the frac-tests and to cement this section when necessary.

In deep or hot boreholes pre-heating of the frac-fluid may be considered in order to limit the thermal stresses and to
prevent damage of the cementation. The integrity of the cement after the frac-operations has to be proofed by using the
most modern and sensible techniques (e.g. high precision temperature logs or acoustic noise measurements during shut-
in periods).

Completion of the lateral sections

In most cases the lateral section of the boreholes will be cased and cemented. The preferred completion scheme for
the fracking operations is actually prop and perf. In combination with the limited entry technique it is a cost- and time-
effective way of creating multiple hydraulic fractures during a single fracking operation. A homogeneous distribution
of the total flow to the individual fractures or perforation clusters of the stage however is often not reached due to the
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abrasive action of the proppant-loaded frac-fluid. A proppant-free frac-fluid (water or natural brine) is much less
abrasive and would result in a more even distribution of the flow-fractions and in more even fracture sizes and heights.

A disadvantage of creating multiple fractures during a single fracking operation by whatever method is that the total
injection flow rate (up to 0.4 m3/s) and the resulting friction pressure losses in the tubing are very high. For this reason
friction reducers are commonly mixed to the frac-fluid. For a proppant-free fracking technique this should be avoided.
One should therefore limit the number of fracs or perforation clusters per stage or choose a method where each fracture
is created individually (e.g. the ball and sleeve method).

The limited entry technique obviously favours the formation of fracture strands (densely spaced almost parallel
fractures) instead of single discrete fractures. It is likely though not proven that a fracture strand has a lower hydraulic
conductivity than a corresponding single fracture. On the other hand a fracture strand has the advantage of a larger
surface area for gas-production from the formation. But due to the dense spacing of the fractures this is only a short term
advantage. Concerning their potential environmental impact there is little difference between fracture strands and
discrete single fractures. To find the most suitable perforation technique is above all a matter of the operator but it may
also an objective of research projects.

The well should be cemented prior to hydraulic fracturing. Remember Pennsylvania

Immediately after fracturing, the section should be hydraulically tested to determine connectivity and, if connected,
sealed.

4.3 Hydraulic fracturing

Hydraulic fracturing is an expensive process that is subject to economic and practical evaluations within any
commercial operator, along with strong considerations for safety — of both personnel, equipment, the community and
the environment. Service providers and operating companies work together to innovate and to learn lessons. The US
experience reveals that each play involves different approaches and challenges, and that the designs evolve very quickly.
Recommendations need to acknowledge that the commercial operators and the technical support they rely on are
typically well ahead, in terms of understanding, compared to academics and regulators. Thus, the guidance needs to
capitalise on this inherent self-interest to invent ways in which the regulatory framework is not rooted in old ideas via
regulatory processes that inhibit improvements in both efficiency and safety.

The conceptual understanding of hydraulic fracturing is evolving. For decades, it was widely believed that the basic
process was ‘settled’. Research reported in FracRisk, for example, progresses that understanding, and even challenges
some of the long-held beliefs. It is important that the Recommendations do not seek to impose too-simple rules that are
derived from previous understanding, but instead to foster improvements in practice that take advantage of new ideas
and better analysis of operational data that is obtained. Again, operational regulations are highly likely to need to be
tailored to each play, and the regulatory process needs to be developed in a way that comprehensively engages the
industry along with independent participants.

Proppant or proppant-free frac-technology?

A proppant-free fracking technology has been applied with great success in granite to create Hot-Dry-Rock- or
Enhanced-Geothermal-Systems (MIT, 2006; Jung, 2013). Highly and permanently conductive fracture systems of
enormous size had been created by injecting large volumes of clean water or natural brine in order to hydraulically
connect boreholes over distances of up to 700 m. The success of the proppant-free fracking concept has been explained
by a self-propping effect resulting from the misfit of the opposite fracture surfaces after fracture opening and shearing
(Jung, 1989). Proppant-free waterfrac-tests in two geothermal wells in the Northern German Basin (Tischner et al.,
2015) demonstrated that self-propping is also effective in hard sedimentary rock at great depth (Triassic claystone at 4
km).
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A literature survey performed as part of the FracRisk project revealed that obviously no serious attempts were made
in the oil- and gas-industry to investigate the applicability of a proppant-free frac-technology in unconventional oil- &
gas-reservoirs. Early tight-gas studies (Mayerhofer et al., 1997, Walker et al., 1998) discussed this possibility by
referring to the “self-propping effect” but finally state that “In general though, the industry discarded the idea”. The
term “waterfrac” invented during this time has been misleadingly used since then for slickwater frac-tests with
comparatively low proppant concentrations, which is the standard shale-gas fracking procedure of today. The above
statement seems to be valid until today and may explain why no hydraulic conductivity data for un-propped shale gas-
fractures were found in the vast shale-gas literature. Even reliable conductivity field data of propped shale-gas fractures
are sparse (Ehlig-Economides et al., 2012, Mayerhofer et al., 2006, Cipolla et al., 2018). A comparison between the
latter and those of un-propped hydraulic fractures in granite and claystone shows that the hydraulic conductivity of
fractures created with water or natural brine without proppants exceed the hydraulic conductivity of propped shale-gas
fractures by far (Jung, 2017). It seems therefore justified to favour and to support the development of a proppant-free
fracturing technique for shale-gas reservoirs in Europe.

A proppant-free frac-technique requires less chemical additives; basically those that prevent biofilm growth and
formation damage (e.g., KCI to prevent swelling of clay minerals). At the same time it is technically simpler and cheaper.

Limitations for fracture size and/or height

It is generally accepted that shallow groundwater aquifers are not at risk because the upper fracture tips (as indicated
by the spatial distribution of seismic events recorded and located during the frac-operation) have a distance on the order
of a thousand metres or more to the lowermost fresh water aquifer. This argumentation ignores the fact that fractures
may unintentionally rise or grow upward by buoyancy (Pollard & Muller, 1976). This mechanism may become relevant
during shut-in periods of the production phase when the fractures are filled with the low density natural gas. One should
therefore not look for a distance criterion nor for a criterion on fracture size, fracture height, maximum fluid-volume or
flow rate. One should rather look for a criterion, which is based on barriers for vertical fracture growth. These barriers
are stress barriers or permeable layers. Their presence, location and effectiveness are site specific and should be
investigated in the vertical pilot-hole (s. above). A rational and practicable criterion could be that the operator has to
show that a certain barrier will not be surpassed during the frac-operations and the first years of production and they
should be obliged to demonstrate this by seismic monitoring and by pressure monitoring in the permeable barriers.

The EC (2014) Recommendation emphasizes pressure control. This might be interpreted as to suggest that controlling
pressure might suffice to ensure safe operation. It is well known that such an implication is false. In fact, a sustained fall
in pressure while injecting at a constant rate may indicate that the fracture has connected to a high permeability zone,
possibly an aquifer. The same may be indicated by a sustained increase in flow-rate at a controlled pressure. Therefore,
we suggest that the regulation be more explicit on the need to monitor both pressure and flow rate during hydraulic
fracturing.

5. Conclusions

With the sole exception of UK, shale gas work has slowed down dramatically throughout Europe. This probably reflects
public opposition and the low price of hydrocarbons. Both may change. Before this occurs, it would be convenient to
have a Directive or, at least, an upgraded Recommendation that addresses (much in the “enlightening” role of many EC
Directives and Recommendations):

1) Public concerns and acknowledges the right of local communities to benefit directly from shale gas extraction.

2) The need for a step forward in Risk Assessment, making it a tool for effective risk management, including
extraction operations, monitoring and mitigation.

3) The fact that monitoring is not so much oriented to measuring impact as to guarantee that operation proceeds
as expected and, if not, adopting corrective and mitigation actions, which should be explicitly included in
future regulations.
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4) The need to acknowledge induced seismicity risks.

5) The need for further research for improving modelling tools for real-time monitoring the of reservoir
properties during production and early detection of anomalies, such as leakage events.

6) The need for further research for being able to hold a portfolio of leakage remediation techniques that can be
implemented rapidly

7) Improving modelling tools for real-time monitoring the of reservoir properties during production and early
detection of anomalies, such as leakage events.
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