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IMPORTANT EXPLANATORY REMARKS

The purpose of this study is to provide an overview of shale gas development in the

USA and to assess the implications of findings with regard to the prospects for
shale gas development in the EU by 2020 -2030. Particular emphasis is placed on
the environmental and social aspects of market -scale extraction of shale gas. Any
purely technological, techno -economic and regulatory aspects of sh ale gas
exploitation are beyond the scope of this study. Other European Commission

services, such as DG for Energy (ENER), DG for the Environment (ENV), DG for

Climate Action (CLIMA), and the Joint Research Centre itself have already
performed or are curre  ntly undertaking in  -depth analyses of those aspects of shale
gas.

The analysis is based on a critical review of a number of literature sources,
complemented by the authors 6analysis. Bibliographical references for literature , or
other sources where more information can be found on a given subject , are shown
in square brackets []. For the sake of simplicity, these references are numbered,

although the data and information sources themselves are listed in alphabetical

order.

Most of the background data and information were collected from publicly available
sources during the period June -November 2011. The study was finalised in January
2012. Input to the report was provided by t he European Integration & Regional
Competitiveness Foundation, Sofia , Bulgaria u nder Fee-Paid Contract No.
P2011017990KAVA / 14.09.2011.

The authors would like to acknowledge and thank the following individuals, listed in
alphabetical order , for their contribution : Jens Bartholmes (JRC), Constantin
Ciupagea (JRC), Steven Eisenreich ( JRC), Florence Limet (DG ENV), Marcelo Masera
(JRC), Jens Otto (JRC), and Mihai Tomescu (DG ENV).
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EXECUTIVE SUMMARY

The growing geopolitical concentration of conventional reserves of oil and gas in the

hands of a small number of countries has heightened concerns about the security,
reliability and aff ordability of energy supply worldwide. The risk of the Gas
Exporting Countries Forum becoming a gas cartel, with a largely overlapping
membership with the oil cartel, OPEC, has further spurred  the search for alternative
unconventional gas deposits. Amongst the different forms of unconventional gas,

the greatest progress  to date has been made on shale gas , thanks to major techno -
economic breakthroughs in the U S and the potential for exploitation elsewhere .

The impetus for and rapid development of the US sha le gas industry is attributable

to a suite of factors , including: 1) Good geological knowledge , which saved on
costs; 2) Long experience with shale gas exploration and exploitation, which led to
a step change in extraction technologies and economics; 3) Re latively low
population densities that allowed for intensive drilling across vast areas; 4) Private
property status of underground resources, which encouraged landowners to support
shale gas; 5) A diversified and highly competitive energy sector accommodat ing a
number of smaller and independent venture companies that continuously refin ed
shale gas technology, along with a large number of service companies; 6) Various
regulatory and tax incentives ; and 7) A liberalised gas market, where every
developer had a ccess to pipeline capacity to sell its gas. Growing security and
diversity of supply concerns and rising gas prices were also instrumental.

The rapid expansion of the US shale gas sector has spurred interest for shale gas
development in other regions poss essing shale deposits, including the EU. At the
same time, concerns regarding the broader economic, environmental and social
implications of developing a domestic shale gas industry have come to the fore.

Many of the factors for success in the US may be drawbacks in Europe. The key
disadvantages appear to be the high population densities, the scarcity of innovative

smaller players in the EU energy sector and the shortage of drilling equipment and

trained staff. The geological knowledge at EU level is frag mented , and the geology
itself seems to present more ofa challeng e than in the US. Experience of shale gas
exploitation is very limited . As underground resources are the exclusive property of
national governments , private initiatives are discouraged. The EU gas market and
pipeline infrastructure is still largely monopolised by large companies that dominate
the EU energy sector. EU gas imports are becoming increasingly diversified in a
situation of lower gas prices. The shale gas potential in the EU is gene rally
estimated as moderate, possibly compensating for declining indigenous
conventional production . EU shale gas will also be more expensive than US shale

gas as well as other feasible alternatives for the import of conventional and
unconventional gas sup  ply (e.g. from Arctic deposits)

The potential environmental externalities of current extraction technologies for

shale gas are often  viewed as the main threat to the future of the shale gas
industry. The most important environmental concerns regarding shale gas
production appear to be associated with water. The y are the following : 1) Large
freshwater demand. Although the absolute pressure of shale gas extraction on total

water resources may be modest, it could become severe in regions that are already
experienc ing water deficits. This is particularly important for the EU, wh ere water
availability per capita is relatively low ; 2) Contamination of freshwater , mostly by
methane and fine particles; 3) Underground and surface pollution by hazardous
chemicals , which are used as fracturing agents , and/or with heavy metals and
radioactive elements mobilized by fracturing water; 4) W astewater handling,
treatment and disposal . The s ustainable management of freshwater resources and
wastewater streams requires an excellent knowledge of geology, prudent
exploitation of shale gas deposits, full and complete disclosure of the chemical



components that are employed, cautious land -use planning, stringent building and
operational standards, and strict governmental control ove r operational safety and
security.

Apart from water, other potential environmental conflicts of industrial exploitation

of shale gas include : 1) Visual landscape disturbance; 2) Impact s on biodiversity
and natural con servation, particular ly potential con flicts with Natura 2000; 3)
Higher noise levels; 4) Worsened local air quality; and 5) Seismic concerns.

The greenhouse gas performance of shale gas is generally poorer than that of
conventional gas , but may be better than that of coal in favourable circu mstances .
This is largely due to fugitive methane emissions. There are cost - efficient
techniques, such as flaring and capturing (better) , which can significantly reduce
fugitive emissions. Maintaining high building, operational and post -operational
conserv ation standards is crucial , not only for cutting greenhouse gas emissions,

but also for limiting and eliminating other environmental externalities of shale gas

exploration and exploitation.

The application of state  -of-the -art technologies or alternative s hale gas extraction
technologies, such as using liquefied petroleum gas or liquefied carbon dioxide and

nitrogen instead of water as a fracturing me thod , may mitigate some, but not all of
these environmental challenges . However, these novel technologies ar e still at the
very early stages of development , and may bring other challenges, such as serious
safety and security hazards or a worsen ing in greenhouse gas performance. In any
event , given the typical long lead times for new technologies (e.g. it took
approximately 40 years for shale gas to commercialise) , these n ew technologies
may not reach industrial -scale application by 2030 I which is the time horizon of
this study - atleast in the EU

The socio -economic impacts of shale gas development, such as jo b creation, should
always be the subject of a comprehensive cost -benefit analysis on a case -by-case
basis, taking all direct and indirect consequences into account , whether they be
positive or negative. Since there is no industrial -scale production of shal e gasin the
EU at present, drawing up quantitative projections about the ir related potential
socio -economic impacts  is extremely challenging . Direct extrapolation of the North
American experience does not appear to be trustworthy, because of the large

dif ferences in geological, economic, social and regulatory conditions. Finally, not

many genuinely independent and reliable analyses on the social consequences of

shale gas exploitation were encountered in the course of the study.

Although the prospect s for large -scale indigenous production of shale gas in the EU
are uncertain, the EU can still benefit from shale gas. The EU is already benefiting
from the shale gas boom inthe US  through the increased supply of liquefied natural
gas, which was originally dest ined for the US, and improved contractual conditions
for pipeline imports. A new generation of technologies for shale gas exploitation at

lower cost s and with smaller environmental footprint s could also make indigenous
shale gas deposits in the EU attracti ve in the longer term, beyond 2030. European
energy companies may also wish to investigate options for prospective shale gas
acquisitions outside Europe.

From the research point of view, the priority issues that need to be addressed in

the EU in the short -to-medium term include improved mapping of shale gas
resources across Europe and determination of: the extent to which the application

of best available technologies and practices can mitigate key environmental
concerns with hydraulic fracturing, in parti cular with regard to water use and
pollution; potential social and economic costs and benefits of shale gas
development; and the overall economic feasibility of shale gas development when

using best available technologies



1. BACKGROUND: WHY S HALE GAS BECA ME A TOPICAL ISSUE

The high ly volatil e world oil and gas prices over the past few years have
reawakened concerns about the security, reliability and affordability of energy
supply worldwide. Global energy markets have gradually become extremely
sensitive to events that sometimes have little to do with the energy sector. The

supply of core energy products (oil, gas, coal) is becoming concentrated in the
hands of a very limited number of countries. A large number of major energy -
supplying countries are expe riencing levels of political instability and varying

degrees of unpredictability

The geopolitical situation regarding gas supplyis becoming particularly complicated.
Although gas is more geographically dispersed than oil, the concentration of gas

reserv es is higher. While Saudi Arabia, Venezuela and Iran i the "top three" in the
world in terms of oil reserves 1 account for 44% of global oil reserves, Russia, Iran
and Qatar (the top three in gas reserves) actually control 53% of global gas

reserves [ 6]. Iran is amongst  the leaders in terms of both oil and gas reserves , with
10% and 16%  of global reserves respectively. Given recent trends, Russia, Iran and
Qatar might be the only large suppliers of gas worldwide by 2030. The geopolitical
implications of such a scenario could be extremely challenging, especially in the
light of the Fukushima nuclear disaster and the ongoing reconsideration of nuclear

power in Europe and worldwide.

The market situation for gas was further complicated by the creation in 2001 of the
Gas Exporting Countries Forum (GECF), which has grown stronger over time
Although the GECF is deliberately making efforts to distance itself from the image
of a gas cartel, the re are striking parallels wi th the OPEC oil cartel [ 71, 90]. Eight
members of OPEC (out of a total of 13') are also GECF members (out of a total of
14). In fact, OPEC already influences gas mark ets in two ways. First, in some
regions of the world, particularly in Europe, the gas price under long -term supply
contracts is indexed to the price of oil . As OPEC (still) has some control over oil
prices, it therefore also exercises some control over gas prices. Second,
technologically , oil recovery is accompanied by some degree of gas recovery
(associated gas). Hence, OPEC can directly contribute to gas supply | 62]. At
present, a large portion of associated ga s is wasted (flared). The oil producing
countries flare approximately 150 billion m 3 of gas per year , which is equivalent to
more than 5% of world gas production, 30% of EU gas demand and 75% of Russian

gas exports [ 3, 120]. Capturing and selling this gas is liable to have a tremendous
impact on the world gas market , especially in view of the verylarge amounts of gas
being flared in key oil and gas producing countries [3]. Russia alone accounts for

almost one third of all flared gas worldwide [3].

The GECF could potentially have an  extremely firm  grip on the market . The GECF
controls 73% of world gas reserves and 42% of world gas production [ 3] i
equivalent to OPECO6s ofhworldeoil production [ 6]. The greatest risk comes
from the GECF 6 ®xtended control i amountingto 85% - over the global flexible gas
trade in liquefied natural gas (LNG) [3]. The large overlap between GECF members
and top flaring countries [3] indicates that there is additional potential to boost
their combined supply power. Russia is a member of the GECF, despite the fact that
historical ly it has abstained  from OPEC membership.

Faced w ith such a prospect, the industrialised countrie s that possess modest gas
reserves have begun to look for alternative way s to secure their energy supply and
economic growth. Owing to progress in technologies, it has become cost -efficient to
exploit deeper and less abundant deposits of gas that are gener ally more

! Indonesia is still considered to be an OPEC member, although the country announced in 2008 that it
would leave the cartel.



challenging to extract I so-called #fAunconventional gas ". Of all the types of
unconventional gas, shale gas in particular has attracted attention. The rapid
expansion of the US shale gas sector has spurred interest for shale gas
development in oth er regions possessing shale deposits, including the EU. At the

same time, concerns regarding the broader potential economic, environmental and
social implications  (including potential impacts to human health) of developing a
domestic shale gas industry hav e come to the fore.
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COMPARISON WITH EU CONDITIONS
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yet developed on an industrial scale. Among the EU Member Sta tes, Poland appears
to be most optimistic about developing domestic shale gas resources. According to

US estimates [ 102 ], Poland holds the largest reserves of shale gas in the EU. The se
are distributed beneath a large area ( Figure 3), with the majority deemed to be
iprospect i veone hivhdredgdntegsions have been granted, mainly to US
companies including ExxonMobile, Chevron, ConocoPhilips, and Marathon Oil [45,
150, 153]. The first shale gas exploration project in Poland commenced in 2010.
Exploratory drilling is expected to yield better estimates of shale gas potential

within 4 -5 years, while large -scale production may be feasible within 10 -15 years
[114].

Figure 3: Proven (darker fields) and potential (lighter fields) shale gas deposits in
Poland [ 102]
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Besides Poland, a number of other EU Member States are deemed to have shale
gas deposits that may be economically exploitable T Figure 4. However, the
reserves in all these countries are noticeably smaller than in Poland. This fact
makes the large -scale ind ustrial production of shale gas uncertain in these
countries by 2030 T which is the time horizon of this study.

Figure 4: Shale Gas Basins of Western Europe % [102]
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2 Shale gas basins in the Eastern part of the EU (except Poland) are far less promising. The only basins

that have been assessed as having some exploitation prospect s are in the Baltic States. Romania and
Bulgaria ma y also h ave potential basins ( not yet assessed ). Significant availability is forecast in Ukraine
[102].




Diversity of suppl y: Due to the physical properties of gas, its transportation and

handling are more restricted compared to oil. For this reason, the import options
available to the US are very limited. Apart from pipeline imports from Canada, the

only feasible alternative is liquefied natural gas (LNG) - Figure 5. With the GECF 6 s
increasing power and its tight grip on the world LNG trade, such a growi ng
dependence on a potentially cartel -like supplier could have serious economic and
geopolitical implications. These concerns are likely to have speeded up the
development of the US shale gas sector.

Figure 5: Major gas trade movements the world in 2007 ® (billionm 3)[ 5]
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The EU is heavily dependent on gas imports, which currently account for 60% of

domestic consumption [35]. However, over the years , the EU has managed to
diversify its gas supplies to a considerable extent , although it s till imports around
40% of all its gas from Russia 1 Figure 6.

Figure 6: Breakdown of EU natural gas imports by origin in 2007 (%) [49]
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Currently, the EU imports its gas through pipelines from Russia, N orway, Algeria
and Libya, wh ereas LNG is shipped to Europe from Norway, Nigeria, Algeria, Libya,
Egypt, Qatar and Trinidad & Tobago. The EU is considering a number of additional

3 2007 marks the peak in US LNG imports.
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pipeline supply routes and LNG receiving terminals. Concerns about the d iversi ty of
supply in the EU compared to the US may, therefore, not provide a strong enough
impetus for the development of shale gas at EU level. However, t he potential
impact of shale gas on import dependence may vary from one EU Member State to
another . Accord ing to some analysts, under a high gas demand scenario shale gas
could reduce F r a n c ddpendence on gas import s by 40% by 2050, while Poland
could become self -sufficient in gas [17].

One indication of the changing structure o f EU gas imports was the first ever

importation i albeit small T of LNG from the US in 2010. US export s have been
made possible owing to the expansion of shale gas and the resulting oversupply in

the US market in particular . With the projected growth in US indigenous gas output,
there will be a steady drop in US gas import needs ( Figure 1) and the US may

become a (major) LNG exporter [  48]. Increasing numbers of LNG supply facilities ,
originally builtto cater for the US market, will most likely be available in the future

to other gas users around the world. The drastically reduced import needs in the US

have already led to the shift of considerable volumes of LNG, original ly destined for
the US, to the European market [ 43, 74, 87]. The increase in LNG supply has also
affected alternative pip  eline supplies and contracts, making them more flexible [ 68,
75, 101, 121], to the benefit of gas buyers. For example, Russia has had to lower

gas prices for the European market and to allow a fraction of its sales to be indexed
to spot gas market or regional market hubs , rather than to oil prices [ 79, 101].
Depending on the availability of LNG, the tendency to actually mak e gas contracts
fairer may become more pronounced in the future. The EU is often quoted as being
one of the main winners in such a scenario[ 43, 68, 74, 78, 79, 87]. Tosum up, the
EU is already benefiting significantly, although indirectly, from the US shale gas
boom.

Gas prices : Natural gas production from shale deposits is typically more costly than

conventi onal gas production. The accelerated development of shale gas in the US
coincided with - and was indeed triggered by - a period of rising (and generally
high) gas prices worldwide [ 74]. Between 1998 and 2005 , US gas prices
quad rupled T see Figure 7. Besides making gas projects more attractive, high gas
prices partially compensated for the initial capital -intensive mistakes = made due to
lack of experience (learning -by-doing) in the early s tages of development of the US
shale gas industry [ 74].

Figure 7: Average annual gas prices in different markets (US dollars per million
Btu, M Btu) between 1993 and 2010 6]
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In theory , the price of energy goes down in times of financial and economic crisis
However, this phenomenon was not so pronounced or has even been absent in the
past few years, mainly for geopolitical reasons.  World energy markets are likely to
become increasingly unpredictable [ 52, 90]. In a situation of financial and economic
uncertainty, it would be challenging to commit substantial and sustain ed
investment to less proven undertakings such as shale gas | 74]. Conventional
natural gas production is generally a more mature technology than shale gas
production . The major gas suppliers I the GECF and Russi a i may be in a position
to supply gas to Europe, atleast until 2030, at such (low) price levels so as to hold
back the development of indigenous EU reserves of shale gas [ 18, 75].

Geological knowledge of shale deposits . The US Geological Survey (USGS,
Www.usgs.gov_), a specialised scientific agency of the US Department of the
Interior, is a reference centre for high -quality geologic al data, information and
analysis for the US  and the rest of the world. Within the USGS, the Energy
Resources Program wundertakes Aito under stand t he
formation, accumulation, occurrence and alteration of geologically based energy
resources; to conduct scientifically robust assessments of those resources; and to

study the impact of energy resource occurrence and/or production and use on both
environment al and h109ja The domra lbutidno of the USGS to the
thorough understanding of shale gas geology in the US has been critical to the

success of the shale gas industry [ 126]. In particular , it has been crucial for
reducing extraction costs by facilitating targeted exploration activities.

Shale gas deposits in the EU are spread across large areas, often beneath several

Member States. The extent of geological knowledge at EU level is less advanced
than in the US [ 41, 44, 59, 74, 75]. There is no comparable, co nsist ent and
comprehensive EU geologica | repository, although Member States do have their
own geological services. In addition, EU geology in general seems to be more
complex [ 40, 59, 74, 76, 90, 117] i shale gas deposits tend to be smaller and
deeper [18]. The situation may differ considerably across the EU 71 in some areas ,
shale gas might be more easily extracted than in other areas . The main research
priorities _in this regard are to derive detailed information on the geoloqgi cal
characteristics of EU shale gas deposits _and how they influence the economic
feasibility of recovery.

Experience with shale gas exploration and exploitation : Although the US shale gas
revolution only spans the past decade, the very first attemptsto  develop shale gas
deposits in the US date back to the nineteenth century 7 Figure 8. Industrial -scale
exploitation of shale gas formations began almost 40 years ago, triggered by the

First Oil Shock (1973). Technologies were being continuously developed and
refined. This sustained and consistent process led to a step change in the techno -
economics of shale gas recovery in the 2000 & - Figure 1. Underpinned by the high
world gas prices ( Figure 7), this technological breakthrough resulted in a massive
increase in gas supply from shale deposits T Figure 1 [59, 76, 87, 98, 103].

By contrast, shale gas exploration and exploitation are in the very early stages of
development in the EU. Both experience and infrastructure are scarce.
Experimental drillings have been conducted in several Member States, including the

UK, Poland, Germany and France. A major hurdle to EU shale gas exploration is the
insufficient availability of equipment (drilling rigs, in particular) and trained staff,

which is mainly due to the far smaller number of mid -stream services and service
companies than in the US. In theory , t his shortage could be overcome, but in any
event the catch ing-up process would be costly and time consuming. From the
energy industry perspective, the scarcity of equipment and personnel is quoted as a
major, if not the most important , bottleneck for shale gas development in the EU in
the foreseeable futu re[ 18, 19, 21, 41, 51, 59, 74, 86, 90, 95, 121].
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Population density : Shale gas deposits are typically less concentrated and are
distributed across larger areas than is the case with  conventional gas deposits.
Shale gas exploitation therefore requires higher density drilling over
correspondingly greater surf ace areas [ 21] compared to conventional gas
extraction. For example, almost 4 000 vertical and 7 000 horizontal wells were
drilled in the Barnett shale gas field between 1990 and 2008 [ 82]. Shale gas wells
also tend to become exhausted more quickly than conventional gas  wells [21]. The
productivity of horizontal wells declines particularly rapidly , i.e. by almost 50%
from th e first to the third year of operation [ 66]. The technological requirement for
more intens ive drilling to extract shale gas compared to conventional gas i nvolves
the increased likelihood of conflicts with altern ative land uses.

As Figure 9 shows, the US has a relatively low average population density T
namely 32 inhabitants per km 2 [26]. To date, most US shale gas production has
occurred in the Barnett shale gas field in Texas, where population density is only
slightly higher than the US average i at 38 inhabitants per km  %. Competition for
surface access or social opposition in this particular region has not significantly
affe cted the development of the industry . As production continues to expand into

far more densely populated areas, such as the Marcellus Shale gas field in the
North -East US, it remains to be seen what socio -economic impacts such
competition may have and how t hese can be resolved.

Europe is far more densely populated than the US , with 113 inhabitants per km
[26], although population densities vary both between and within Member States.
Given the intensive drilling over a large surface area and the substantial support
infrastructure  required for exploiting shale gas, high population densities may
present a major barrier to the large -scale development of shale gas extraction in
many parts of the EU[ 40, 41, 75, 111, 117, 121] due to the increased likelihood of
conflict with other land users. For example, the US Barnett shale gas field in

northern Texas consists of roughly 8 000 wells spread over a total area that is
comparable to the combined area of Bene lux (Belgium, the Netherlands and
Luxembourg) [ 114]. It should therefore be a priority research objective to map

shale gas reserves versus population densities and alternative uses of land in order

to identify a reas of potential conflict.
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Legal status of underground resources : Under US legislation, the property rights to
underground resources, including shale gas deposits, belong to landowners. US
landowners therefore have an economic interest in the development of shale gas
resources underlying their property via lease payments. In the case of the Barnett
field, shale gas often represents a key opportunity , if not the only economic
opportunity , for landowners to earn a reasonable return on property [ 59, 89, 113].

The property rights to underground resources in the EU are state -owned and
regulated at Member State level. Shale gas exploration and exploitation may

therefore go agai nst | a nd denoee mayd encountere rse ang s

oppos ition . It is difficult to predict the extent to which the interests of property

owners may present an obstacle to potential shale gas projects. Major issues arise
as to the kind of compensation schemes that might be envisaged to facilitate

accepta nce of shale gas development by the public , and at what cost in terms of
money and time[ 41, 51, 59, 90, 117, 121].

Energy sector structure : Historically , in the US, major energy companies have
concentrated their efforts on exploiting conventional gas reserves, wh ereas the
development of unconventional deposits was larg ely beyond their core sphere of
interest [ 21]. A number of smaller, more flexible and innovative independent
energy companies filled this gap. Their continuous and consistent research and
development of extraction techniques, a ssisted by rising gas prices ( Figure 7) has
done much to facilitate the advent of the large -scale commercial exploitation of

shale gas resources inthe US| 59, 79, 90].

Unlike the US energy sector, where there are many large and small players, the EU
energy sector is dominated by a few large companies. Their investment portfolios
sometimes include shale gas, but only as a minor ¢ omponent in the ir overall
diversification strategies. There are practically nos maller venture companies in the
EU that appear keen to pursue sustained and consistent investment in shale gas
technologies and deposits. On the other hand, the potential invol vement of big EU
energy companies in future shale gas exploration and exploitation could speed up

progress , due to their large capital availability and greater capacity to hedge

market risks in  the more regulated EU markets, as the next paragraph explains
[18, 21, 87, 95].
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Ownership/operation of pipelines and access to pipeline capacity : Every gas
producer in the US, regardless of size, can p lace competitive bids for pipeline
throughput capacity in a free market situation . The transport capacity is not
exclusively reserved for the pipeline owner or for a few short -listed large producers.
Such a market structure ensures that smaller, independen t shale gas developers
have a secured access to the gas market, thereby guaranteeing a channel to
reimburse their upstream investment. Without such a liberalised market structure,

the US shale gas boom would have been significantly impeded [ 59, 79, 90].

The EU gas market is currently far less liberal than that of the US. There are still a

number of limitations as far as access to trans port capacity is con cerned . Although
the physical infrastructure may be in place, it is not accessible to all operators | 21,
59]. The E U d®hird Gas Package [ 31, 33, 34] aim s to eliminate the remaining
restrictions in order to create a truly liberalised single market for gas. However, not
enough progress has yet been achieved at Member State level. Eighteen of the
twen ty -seven EU Member States face court proceedings for non -compliance with EU
internal energy market regulations [ 25]. Such market imperfections may
discourage investments in the development of shale gas by stakeholders -
regardl ess of their size - who do not possess pre -booked or guaranteed trans  port
capacity [ 90, 95, 121].

Regulatory framework for the exploration and exploitation of shale ga s: The US
shale gas industry is exempt from many federal regulations, leaving most of the
oversight to state governments [ 24, 61, 92, 103], which have at times been hard
pressed to keep up with the rapid growth of the industry . US state authorities have
generally been favourabl y disposed towards shale gas development as a means of
promoting economic development [ 37, 92, 113]. Support also included favourable
tax incentives for the upstream sector * [59]. This preferential tax treatment has
encouraged smaller and innovative independ ent companies to pursue shale gas
exploration and development [79, 90].

The current legislative framework in the EU was largely drafted for  the exploration
and exploitation of conventional gas depo sits. As observed by Geny [59], its
components , such as definitions, concepts and permit procedures , may sometimes
not correspond to the specifics of unconventional gas, including shale gas . For
example, the exploration and ex ploitation of a single shale gas field in Europe may
involve obtaining  several permits  through several different regulatory procedures if

the field is located beneath several (neighbouring) countries. These countries may

have quite different regulatory reg  imes, which can complicate and delay exploration
and exploitation. Furthermore, the exploration licences are typically granted for
strictly pre -defined blocks. Such a procedure may impede the quick and efficient
continuous search for layers that are richi n shale-gas, and make it even harder for
developers to obtain licences for blocks [ 59].

Concerns about the security and diversity of energy supply , on the other hand, are
putting growing pressure on the EU. In view of these co ncerns, the European
Commi ssi on has stated i n its vision for
development of EU indigenous fossil fuel resources, including unconventional ° gas,
exists and the role they will play must be assessed in_all objectivity 0 [124]. In
keeping with the subsidiarity principle, the Commission has not earmarked any

specific form of unconventional gas, because the choice of fuel mix remains the
4 The Intangible Drilling Cost (IDC) Expense Rule has had a partic ularly strong positive impact on shale

gas pioneers. IDCs which are incurred during drilling and initiating production (such as wages, supplies,
contractor services, etc.) and for which there is no salvage value, account for 70% of total well
development ¢ osts. According to the IDC Expense Rule, if IDC are expensed, they are deducted against
tax liability in the year in which they are incurred instead of being distributed across future years. In this
way, smaller companies secure enough cash to re -investin to shale gas development[  79].
*Authorsé underlining
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sovereign domain of the EU Member States. The European Council has further

devel oped the Commissiondés proposal and called for
potential for sustainable extraction and use of conventional and unconventional

(shale gas and oil shale) fossil fuel resources | 27]. The  Transport,
Telecommunications and Energy Council later re -af firmed the European Cou
position, but added that fAin order to further enhan

potential for sustainable extraction and use of conventional and unconventiona I
(e.g. shale gas, oil shale) fossil fuel resources should be assessed, in accordance

with existing |l egislation onl4]elmthi$ comextmanots pr ot ect i or
European Commission services, such as the DG Energy (ENER ), DG Environment
(ENV), DG Climate Action (CLIMA) and DG Joint Research Centre (JRC), are
currently conduct ing comprehensive analyses to ascertain the extent to which
current legislation in the EU is conducive to the development of shale gas
resources, and what modifications might be necessary in order to ensure that any
such development is sustainable. Nevertheless, to date there is no dedicated
legislative framework for shale gas development at EU level. Concurrently , the EU
has put forward ambitious alt ernative energy goals for renewable energy sources

[30] and energy efficiency

The above analysis suggests that the role of indigenous shale gas in the future
energy mix of the EU may not be so decisive for European and world gas markets
compared to the role of US shale gas. Such a hypothesis is underpinned by various
independent estimates (  Figure 10 and Figure 11 ), which come to rather similar
conclusions that shale gas depo sits in the EU are much smaller than US deposits.

The EUO s s bfatmeeassumed global shale gas reserves ranges between 4%
[Figure 10] and 11% [ 102], which is larger than the correspon ding EU share of
1% of world conventional gas reserves. However , it does not appear large enough

to evolve into a gas game  -changer for the EU  as it did for the US| 86, 117 ], unless
very high gas prices  (above 8.0 -9.0 USD/MBtu [ 19, 75, 121]) continue for a long
period of time [ 18]. Moderatingt he impact of indigenous shale gas exploitation for

the EU as a whole would be a minor consideration [29, 17]. However, t he potential
contributions  of shale gas may differ considerably from one Member State to
another [161]. Some recent scenarios predict that shale gas might contribute 5%
of EU production and 2 -3% of EU consumption in  the coming decades [ 29]. Other
countr ies in the world, such as Canada and China [ 41, 49, 68, 82, 87, 90], may be
better positioned than the EU for shale gas exploitation.

Figure 10 : Regional distribution of tight sand and shale gas resources [3]
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Figure 11: Projected total global natural gas production, including shale gas
production, in 2030 , in bilion m 3 [82]
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Summary:  The impetus for and rapid development of the US shale gas industry is
attributable to a suite of factors , including : 1) Good geological knowledge that
helped reduce costs; 2) Long experience with shale gas exploration and
exploitation, which  led to a step change in extraction technologies and eco nomics;
3) Relatively low population densities that enabl ed intensive drilling across large

areas; 4) Private property status of underground resources, which motivated
landowners to support shale gas; 5) Diversified and highly competitive energy

sector which accommodates a number of smaller and independent venture
companies that continuously refin ed shale gas technology, along with a large
number of service companies; 6) Various regulatory and tax preferences, which

helped to rapidly kick -start the shale ga s industry; 7) A liberalised gas market,

where every shale gas developer had access to pipeline capacity to sell its gas. The
growth of the US shale gas industry has also been facilitated by the growing
security and diversity of supply concerns and rising gas prices .

Many of the factors for success in the US are likely to be experienced as drawbacks
in Europe. The key disadvantages in Europe appear to be the high population
densities, the lack of innovative smaller players in the EU energy sector and the
shortage of drilling equipment and trained staff. The geological knowledge at EU

level is fragmented and the geology itself seems to be more challenging than in the

US. There is very little experience of shale gas exploitation. Underground resources

are the exclusive property of national governments , with the result that private
initiatives  are discouraged. The EU gas market and pipeline infrastructure is still

largely monopolised by big companies that dominate the EU energy sector. EU gas
imports are  becomi ng increasingly diversified against a back drop of lower gas
prices. The shale gas potential in the EU is generally estimated to be modest. EU
shale gas will also be more expensive than US shale gas
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3. ENVIRONMENTAL DIM ENSIONS OF SHALE GAS
EXPLOITATION

Until recently , the environmental implications of shale gas exploration and
exploitation received little consideration . With the accelerated development of shale

gas production, these externalities are starting to  attract greater attention.
Concerns abo ut the safety and environmental compliance of shale gas production
were, in part, triggered by the 2010 B ritish Petroleum & sDeepwater Horizon oil
platform incident in the Gulf of Mexico [74, 89]. The US Department of Energy has
ordered a comprehensive assessment of challenges, including the environmental
challenges , of extended shale gas development [ 88, 104]. The US Environmen tal
Protection Agency is also investigating the issue. All of these initiatives are driven
by the growing realisation that shale gas development may be hampered by
environmental concerns  inthe future [44, 45, 47, 54, 59, 75, 76, 89, 90, 92].

The assessment of environmental risks is even more relevant to the EU, where
sensitivity about the environment is generally great er than in the US [ 86, 87].
Several studies have  been carried out or are underway on this matter . A recent

report by the Oxford Institute of Energy Studies [ 59] provides a general overview

of the EU regulatory framework and contains a regula tory analysis for several EU
Member States ( the Netherlands, Germany, Poland). A study, produced at the
request of the European Parliament [ 29], provides a brief overview of potential
environmental issues related to shale gas d evelopment within the current EU
regulatory framework. Amongst its conclusions, the study identifies serious gaps in

the existing EU legislative frameworks that could potentially appl y to shale gas
development. In particular, the study has noted that the t hreshold for the
Environmental Impact Assessment of gas projects is currently set at 500 000 m 2 of
gas extraction per day, which is well above any feasible industrial yield of shale gas

in Europe . The European Environment Agency has also discussed the pote ntial
environmental implications of shale gas, in particular as far as contamination of
ground and surface water is concerned [28]. Other relevant studies include reports

from the Tyndall Centre for Climate Change Research and the European Centre for

Energy and Resource Security [ 96, 75]. Various European Commission services, in
particular DG Environment (ENV) and D G Climate Action (CLIMA), are also carrying
out detailed studies on the environmental and regulatory implications of potential

large -scale shale gas extraction in the EU. The following analysis aims to
summarise the likely environmental concerns of shale gas exploitation in the EU
from a broader sustainability p erspective.

Freshwater consumption : Consumption of freshwater for high -volume hydraulic
fracturing is often cited as a primary drawback of current shale gas extraction
technologies [ 21, 68, 77, 86, 87, 92, 98, 121]. The US Environmental Protection
Agency (EPA), mandated by Congress, has launched a comprehensive study of the
freshwater footprint of shale gas production [ 108]. The final results of this study
are expected by 2014 [  81].

The Nor th American experience suggests that there may be wide variations in the
use of freshwater i1 ranging from 1 500 to 45 000 cubic metres per well [29]. These
variations depend on the particular geology and structure of the field in question

[112]. Wells may also require re -fracturing during their lifetime  in order to improve

production rates[ 29, 96]. Some wells may bere  -fractur ed uptotentimes|[ 29].

Current estimates of the scale of water use for shale gas exploitation are

contradictory. For example, according to one source, water use for shale gas
exploitation in the Barnett shale gas field accou nts for roughly 25% of the total
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water demand

for Texas county ° [29], while another source suggests that water

usage accounts for only 0.1  -0.8% of total water use across US shale gas regions -
Figure 12 [16, 103].
Figure 12 : Comparative water usage in major shale plays [ 77]

Shale gas plays Public Industrial / | Irrigation Livestock | Shale gas

supply Mining

Barnett, TX 82.7% 3.7% 6.3% 2.3% 0.4%
Fayetteville, AR 2.3% 33.3% 62.9% 0.3% 0.1%
Haynesuville, LA/TX 45.9% 13.5% 8.5% 4.0% 0.8%
Marcellus, NY/PA/WV 12.0% 71.7% 0.1% <0.1% <0.1%
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Only nine EU Member States possess larger freshwater resources per capita than

the US, which has 9344 m?® per capita per year [ 119] i Figure 14. The
environmental (and social) implications of water use for shale gas exploitation

needs to be assessed carefully , on a case -by-case basis. While the overall water
footprint of shale gas production  might be negligible in terms of national per capita
water resources, on a local scale the production of shale gas could have a
substantial impact on freshwater supply. If exploitation occurs in areas where local
populations are already experiencing water deficits, the incremental pressure on

available water  resources could be severe [ 59, 77, 96, 98, 103]. Seasonal

varia tions in water supply should also be taken into account [ 16].
Figure 14 : Freshwater resource s per capita in EU Member States based on a 20-
year average (1 000 cubic metres) [62]
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Freshwater pollution : Another environmental concern associated with current shale

gas technologies that is being widely discussed is the potential pollution of
freshwater resources [ 21, 50, 51, 68, 87, 88, 92, 96, 98]. The majority of all the
incidents reported  as a result of drilling shale gas well s in the US from 2005 -2009

are related to contamination of ground and surface waters ( Figure 15). The extent
to which the risks of such pollution are manageable is a matter of ongoing debate.
Potential risk mitigation measures include excellent geological knowledge, strict
compliance with safety and security prescriptions, and the applicati on of state -of-
the -art technologies (seismic, drilling, fracturing, gas capturing, etc.) that are

properly run by well -trained and experienced technical and manage rial staff [ 22,

77, 87,103, 121].

Figure 15: Widely reported incidents involving shale gas well drilling in the US ,
2005 -2009 [77]

Type of Incident Number % of total
Groundwater contamination by natural gas or drilling fluid 20 47
On-site surface spills 14 33
Off-site disposal issues 4 9
Water withdrawal issues 2 5
Blowouts 2 5
Air quality 1 2
An excellent knowledge of geology is the major prerequisite in order to avoid
groundwater contamination when exploring and exploiting shale gas fields. This is
main ly required to map the location of shale gas layers in relation to  underground
aquifers. In by far the majority of cases to date , the shale gas layer was located
beneath underground aquifers [ 9, 20, 77] i Figure 16 (left). However, it is
possible to have shale gas layers that are above ( Figure 16, right) , or even at the
same level (including bordering) as underground aquifers.
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Figure 16 : Shale gas formations located beneath (left) and a bove (right)
underground aquifers

HYDRAULIC FRACTURING

(Water Esarng Formation)

Sources: http://coto2.wordpress.com/ http://crudeoiltrader.blogspot.com/

The hazards with respect to  groundwater contamin  ation in these three cases are
different. In the first case, the risk arises from failure of drilling or fracturing
equipment and facilities, e.g. damaged insulation at the aquifer level or fracturing

water spill age on the surface. The insulation could fai | not only due to improper
construction or installation, but also as a result of seismic activity [ 9]. In the
second case, the hazard arises from highly permeable rocks between the upper
shale gas layer and the lower undergroun d aquifer. Here it is important that the
geological analysis should reveal the type, composition and characteristics of the
(various) rocks above , and sometimes below , the shale layer. The third possible
case 1T where the shale gas layer border s underground aquifers 1 combines the
risks of the first two cases and adds another I namely the direct underground
mixing between fracturing fluid and freshwater. Due to this combination of risks,
the third case, if found, would most likely be inappropriate for the environmentally
acceptable exploration and exploitation of shale gas deposits.

The two most common types of freshwater pollution associated with shale gas
extraction are methane contamination and particulate contamination. Pollution may
also occur as aresu It of the introduc tion of fracturing chemicals 1 Figure 15.

Methane contamination of freshwater is often reported in association with coal and

natural gas extraction [ 29, 59, 61, 77, 83, 87, 94]. Isotope evidence allows us to
distingu ish between biogenic  methane ’ and thermogenic methane ® (from shale). A
recent US study [114] analysed methane ° contamination in groundwater from 60
groundwater wells ( from 36 to 190 metres  in depth) in northeast Pennsylvania and
upstate New York. Wellswer e sel ect ed f raceas offsbhate gas exelditation

(at least one water well within 1 km of agas well) -aoti ieeonareas (no g:
well within 1 km of a water well), many of which ha d been earmarked for shale gas
drilling. Methane was detected in 51 of these 60 water wells (85%), irrespective  of
gas industry operations. Thermogenic methane concentrations were substantially

higher (on average, by 17 times) in wells in active areas as compared to those in
non -active areas. Methane in tap water presen ts a potential fire and explosion
hazard. Use of best -available technologies and practices can minimi se methane
leakage into groundwater | 77, 87].

” Biogenic methane is produced by subsurface bacte ria and is a common natural source of methane gas

in groundwater aquife  rs used for water well supplies.

8 Thermogenic methane gas is produced at greater depths through high pressure and temperature

processes and is characteristic of deep oil & gas reservoi rs that conventional energy wells tap into

° Consisting of dissolved -gas concentrations of methane , higher -chain hydrocarbons  and hydrogen
isotope ratios of methane
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The good news is that gas producers are in deed int erested in minimising methane
leaks into water , as such leaks represent a direct loss of income for them. Novel
technologies are deemed capable of capturing up to 90% of the methane that is
dissolved in water [ 77, 87]. However, t hese extra methane -capturing facilities
involve an extra cost for shale gas producers. So far, t he methane contamination of
freshwater / tap water has been largely ignored in the US [59], but it m ay be
regulated in the future  *°,

Particulate contamination of ground and surface water may result from seismic,
drilling or fracturing activities. Fine particles may be removed from impacted water

by means of treatment, but this will involve an additional cost to water treatment
facilities and their operators. The severity of particulate contamination will be
context specific, as it is influenced by a combination of geological, groundwater

resource and extraction practice variables. This issue would probabl y also vary in
severity according to  both water scarcity and population density. Particulate
pollution of freshwater resources is prohibited under e  xisting European legislation
[12].

Chemical additives account for 0.5 -2% of fracturing fluid [ 29, 77, 96]. These
chemicals serve a variety of purposes ( Figure 17). Despite t heir low relative
inclusion rate, some chemical additives may p resent health and environmental

risks, even when present in small concentrations. Given the large volumes of
fracturing fluids used, the absolute volume of chemicals deployed will be high ,

despite the low inclusion rate. For example, fracturing a single well using 15 000
cubic metr es of water i nvolves the use of 75 to 300 cubic metres of chemical
additives. Some of these chemicals will return to the surface in flow -back water at
the end of the f racturing process, while the balance will remain underground [ 68,

84, 87, 96, 110].

Figure 17 : Typical fracturing fluid additives [ 77]

Purpose Chemical Common use
Clean up damage from initial | HCI Swimming pool cleaner
drilling, initiate cracks in rock
Gel agents to adjust viscosity | Guar gum Thickener in cosmetics,
toothpaste, sauces
Viscosity breakers Ammonium persulfate, Bleach agent in detergent
potassium, sodium and hair cosmetics
peroxydisulfate
Biocides Gluteraldehyde, 2,2- Medical disinfectant
dibromo3-
nitrilophopionamide
Surfactant Isopropanol Glass cleaner, antiperspirant
Corrosion inhibitor N, n-dimethylformamide Pharmaceuticals
Clay stabiliser Potassium chloride Low sodium table salt
substitute

According to a US survey [  110], shale gas developers use 652 chemical products in

hydraulic fracturing, 29 of which are regarded as toxic substances. Many fracturing
fluid additives are relatively commonplace substances that have a number of
alternative applications. Other chemicals are hazardous, even in small

concentrations|[ 84, 96, 110].

0 If recommended by the conclusions of the ongoing EPA study on the potential impacts of hydraulic
fracturing on drinking water resources [ 108 ], due by 2014.
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Figure 18 provides a

list of the top

ten substances of concern

that are currently

used in hydraulic fracturing in the US, along with their absolute and relative

frequency. Methanol

is the compound that
followed by ethylene glycol. M

ethanol is a high

appears to be the most widely
ly toxic compound that is fully

soluble in water. Very small concentrations in drinking water may cause blindness
and even death. Methanol can be ingested orally and via the skin, and
detect. It is also a strongly
steel -made

an almost invisible flame, which makes
increase the risk of accidental breakdown of

corrosive agent and may
fracturing fluid infrastructure [

Figure 18:
hydraulic fracturing in the US

it difficult to

8, 106].

Top ten most frequently used chemical
Carcinogens, Safe Drinking Water Act

. Source :

it burns with

components of concern in

used,

(SDWA) regulated chemicals and Hazardous Air Pollutants (HAP) risks [110]
Chemical Component Chemical Category No of products | % in total
1. Methanol (Methyl alcohol) HAP 342 52
2. Ethylene glycol (1,2- HAP 119 18
ethanediol)
3. Diesel™ Carcinogen, SDWA, HAP 51 8
4. Naphthalene Carcinogen, HAP 44 7
5. Xylene SDWA, HAP 44 7
6. Hydrogen chloride HAP 42 6
(Hydrochloric acid)
7. Toluene SDWA, HAP 29 4
8. Ethylbenzene SDWA, HAP 28 4
9. Diethanolamine (2,2- HAP 14 2
iminodiethanol)
10. Formaldehyde Carcinogen, HAP 12 2

A review of the chemical additives used
identified 22% as having one or more

in New York State for hydr aulic fracturing
of the following

properties of concern: toxic
to be

to the aquatic environment or human health; carcinogenic or suspected
carcinogenic or; mutagenic or having reproductive effects. The list of substance

includes: Isopropyl alcohol,
propylbenzene (cumene),

based solvents containing aromati
[29, 96]. Many of these compounds may be regulated under EU
protection, REACH and biocides because
29, 96].

health and the environment [

Naphthalene,

Acrylamide, Benzene,

Tetrasodium,

Ethyl

of the ir high potential for

Benzene,

Iso

Ethylenediaminetetra
acetate, 2 -butoxy ethanol (ethylene glycol monobutyl ether), ethylene oxide, oil

¢ substances, and hydroxylamine hydrochloride
legislation on
affect ing human

The preservation of the environment, including taking precautionary measures,

may be hampered by the lack of information

substances that are

as to the exact compounds and
being used as fracturing fluid additives. Shale gas developers

and chemical companies typically do not disclose the full list of shale gas fracturing

compounds , as this is considered

to be a nissue of corporate confidentiality [

87, 92, 96, 110]. Fracturing additives are specifically chosen and tuned to certain

geology (rock composition),

with the result

that a shale gas company may use a

long list of substances even for the development of a single field. In view of the
differenc es between North American and European geologies, the experience with

fracturing additives

Wastewater treatment and disposal

in the US may be of little relevance to the EU

: Current hydraulic fracturing technolog

context [ 96].

shale gas extraction generate large volumes of wastewater that is potentially

harmful to the environment [

1 Diesel contains benzene, toluene,

68, 77, 87, 90, 92, 96, 98, 110, 112]. It usually

ethylbenzene , and xylenes.
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contains chemical additives used in fra cturing and dissolved substances from
subsurface materials. Depending on the particular geology of the shale deposit,
wastewater may also contain heavy metals and naturally occurring radioactive
materials (NORMS) that are leached from shale beds [ 29, 84, 87, 90, 92, 96, 103].
In the latter ca  ses, special water handling and treatment considerations will apply.

Managing bulky amounts of wastewater from shale gas extraction in a greenfield

site, often remote from any existing water treatment facilities, could require
substantial incremental inv  estment , even if the shale gas is produced near to
existing industrial or municipal sewage facilities . Existing facilities are typically
rated at a given flow with a certain reserve that would probably not be sufficient to

absorb the huge wastewater stream s from shale gas production. Building extra
sewage facilities (pipes, stations) to meet the shale gas input could be very
expensive and challenging in an area that has already been populated by other

industrial users

So far, t he wastewater issue has attr acted relatively little  attention in the US,
because the relevant legislation has been fairly liberal [ 24, 77, 110]. Underground
storage, and deep well i njection of wastewater in particular , is (still) allowed [ 21,
77, 92, 112]. The collection of wastewater for subsequent trea tment is a more
sustainable, but also  a more expensive option i Figure 19. In the EU, there are
very strict rules for wastewater management, which include treatment, discharge,

control and sanctions. Handling large volumes of fracturing water from shale gas
development in compliance with EU regulations may impose significant extra costs

on shale gas developers. Shale gas exploitation may not be feasible in areas where
no sustainable and legally compliant solution for wastewater can be found.

Figure 19:Ashale gas flow —bagk lagoon, Greene County, PA

-
o =

Source: http://skunkinthewoodpile.com/

There is also a risk of  the accidental spill age of water from fracturing operations
[92, 96]. The probability of such an accident per shale gas well is in principle
comparable to that for similar conventional gas well s. However, the cumulative risk
of ac cidental spillage due to technology failure or malfunctioning is greater for shale
gas due to the larger number of wells that have to be drilled compared to those for
conventional gas. Spills can also be caused by natural phenomena, e.g. pit overflow

due t 0 heavy rain fall. The larger overall volume of wastewater need ing treatment
also carries a greater risk of breakdown[ 47, 59, 68].

Alternatives to hydra ulic fracturing : In view of the important environmental hazards
of hydraulic fracturing, v arious alternatives are currently being investigated. These
include substituting diesel with mineral or plant oil, reusing wastewater (flow -back
water), using treated acid mine drainage (AMD) water , and replacing water with
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liquefied petroleum gas (LPG) or liquefied carbon dioxide (CO ») as a fracturing
component [ 70]. Al though these technological alternatives seem to solve some of

the probl ems of hydraulic fracturing, they may present other techno -economic and
environmental trade  -offs, including :

1 Recirculation of water reduce s total freshwater demand , but it risk s blocking the
fractures in gas -containing layers with large amounts of substanc es (e.g.
barium, calcium, iron, magnesium, manganese) that were washed out during
previous circulations [ 70]. The flow -back water either needs to be cleaned
before re -injection, or should be mixed with freshwater in order to re duce the
concentration of contaminants.

1 The use of treated acid mine drainage (AMD) water from idle coal mines may
also reduce the demand for freshwater [ 70]. The necessary pre  -condition is that
sufficient volumes of AMD water should be available within a reasonable
distance of the shale gas site. Otherwise, the high transportation costs of
bringing AMD water to the shale gas site could rule the scheme out.

 The main advantage of using LPG instead of water for fracturing is that no
waste stream (wastewater) is generated, as the LPG used is recaptured [ 70]. ,
However, LPG is highly flammable and involves significant fire and explosion
hazards. Small fires can be extinguished with dry powder, but large f ires should
only be tackled by properly trained fire  -fighters. LPG is heavier than air and, in
the event of a leak , vapour may accumulate in confined spaces and low -lying
areas, present ing health and safety hazards. High concentrations have
anaesthetic pro pertie s. Exposure to very high concentrations may result in loss
of consciousness, convulsions and even asphyxiation. As LPG tends to build up a
static charge when transferred by pipelines , itis essential t hat vessels used for
receiving and transfer, including the pipelines , should be earthed [7, 107].

i The main advantage of using liquid CO , instead of water for fracturing is the
much higher yield (up to five times higher ) of natural gas[ 70]. Nevertheless, it
may be difficult to justify the free flow of liquefied CO > (sometimes mixed with
Nitrogen (N ;) in order to avoid ice formation in wells ) in a carbon -constrained
environment (such as the EU), due to the risk of leakag e. The issues with
CO,/N, quality (purity) and its impact on transport and storage infrastructure
and equipment, as well as with the sufficient availability of CO 2IN
transportation infrastructure , further undermine the feasibility of this option
[125]. CO ,/N, tests to date have been carried out mostly in Canada

All except the first of these novel technological alternatives to traditional hydraulic
fracturing are still in the early stages of research and development. Even if s ome of
them prove to be successful, their implementation at scale is unlikely before 2030 1
which is the time horizon of this study T especially in the EU

Biodiversity and natural conservation . Shale gas development entails intensive
surface activity, la rgely concentrated on well -pads and supported by networks of
roads, utility lines and pipelines. Particularly during the well drilling and fracturing

phase, truck traffic to service well sites is heavy , and noise nuisance can be
considerable. The d evelopme nt of shale gas resources in the EU may therefore be

constrained in areas where biodiversity and natural conservation priorities are high.

The Natura 2000 ecological network of protected areas , which builds upon the Birds
Directive (1979, codified 2009 [ 32]) and Habitats Directive (1992 [ 11]), is the
corner stone of the EU 6 sature and biodiversity policy. It includes more than 26 000
sites and covers almost 18% of the EU land area. It is noteworthy that a significant
share of shale deposits coincides with protected areas in the EU i Figure 20,
compared to Figure 4 [59].
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Figure 20 : Natura 2000 map of Europe  **

Source: Adapted from the European Environment Agency i Data and Maps portal

Local air_quality : Emissions from shale gas exploitation may include NO «,» Volatile
organic compounds (VOCs), partic ulate matter, SO ,, and methane [ 88, 103].
Emissions arise as fugitive releases of fracturing chemicals and as combustion -
related emissions from equipment used for drilling and fracturing. As Figure 18
shows, the most widely used chemical additives in hydraulic fracturing are
hazardous air pollutants. Worsen ing air quality, as illustrated in Figure 21, ranks
among the most frequent complaints of loca | residents affected by shale gas
development [ 92].

Seismic _activity  Drilling and hydraulic fracturing activities may lead to low-
magnitude earthquakes [ 39, 59]. Two su ch seismic events were recently linked to
shale gas exploration in the U nited Kingdom [46, 56], while similar incidents were
reported in Texas in 2008 and 2009. The severity and prob ability of this hazard
should be carefully assessed on a case -by -case basis, depending on actual geology

and specific local conditions .

2 | egend: Birds Directive sites, Habitats Directive sites, Sites - or parts of site s - belonging to
both Directives
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