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Jasmin Cooper, The University of Manchester, 2017
Submitted for the degree of Doctor of Philosophy

Abstract

This research assesses the impacts of developing shale gas in the UK, with the focus of
determining whether or not it is possible to develop it sustainably and how it could affect
the electricity and gas mix. There is much uncertainty on the impacts of developing shale
gas in the UK, as the country is currently in the early stages of exploration drilling and the
majority of studies which have been carried out to analyse the effects of shale gas
development have been US specific. To address these questions, the environmental,
economic and social sustainability have been assessed and the results integrated to
evaluate the overall sustainability. The impacts of shale gas electricity have been
assessed so that it can be compared with other electricity generation technologies (coal,
nuclear, renewables etc.), to ascertain its impacts on the UK electricity mix. Life cycle
assessment is used to evaluate the environmental sustainability of shale gas electricity
(and other options), while life cycle costing and social sustainability assessment have
been used to evaluate the economic and social sustainability. Multi-criteria decision
analysis has been used to combine the results of three to evaluate the overall
sustainability.

The incorporation of shale gas into the UK electricity mix is modelled in two future
scenarios for the year 2030. The scenarios compare different levels of shale gas
penetration: low and high. The results show that shale gas will have little effect on
improving the environmental sustainability and energy security of the UK’s electricity mix,
but could help ease energy prices. In comparison with other options, shale gas is not a
sustainable option, as it has higher environmental impacts than the non-fossil fuels and
conventional gas and liquefied natural gas: 460 g CO,.g, is emitted from the shale gas
electricity life cycle, while conventional gas emits 420 g CO,.gq and wind 12 g CO,.g,. The
power plant and drilling fluid are the main impact hot spots in the life cycle, while hydraulic
fracturing contributes a small amount (5%). In addition to this, there are a number of social
barriers which need to be addressed, notably: traffic volume and congestion could
increase by up to 31%, public support is low and wastewater produced from hydraulic
fracturing could put strain on wastewater treatment facilities. However, the results indicate
that shale gas is economically viable, as the cost of electricity is cheaper than solar
photovoltaic, biomass and hydroelectricity (9.59 p/kWh vs 16.90, 11.90 and 14.40 p/kWh,
respectively).

The results of this thesis show that there is a trade-off in the impacts, but because of its
poor environmental and social ratings shale gas is not the best option for UK electricity.
The results also identify areas for improvement which should be targeted, as well as
policy recommendations for best practice and regulation if shale gas were to be
developed in the UK.
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Chapter 1. Introduction

1. Background

Shale gas is natural gas extracted from high porosity, low permeability sedimentary rock
deep beneath the earth’s surface. Due to the rock from which it is extracted from and the
extraction technique required, it is classified as an unconventional gas reserve. The topic
is contentious largely due to its environmental and social impacts but it could significantly
impact the global energy (and related) sector(s). Its extraction in a way that is sustainable
will be key for its future development, especially in countries outside the US. This thesis
considers how sustainable extraction in the UK could be, with a focus on its use for
electricity generation taking into account various environmental, economic and social
aspects. To introduce the topic, the following sections provide relevant background
information, followed by the aim of the research and the methodology applied to achieved
it.

1.1. Shale gas and how it is extracted

The gas formed from the decay of prehistoric flora and fauna, on which sediment was
deposited on top burying it deep underground (Demirbas, 2010; Mokhatab and Poe,
2012). The pressures and temperatures at these depths caused the organic matter to
decompose and form natural gas. Both fauna and flora are needed to create natural gas;
flora on its own results in the formation of coal while fauna results in oil (Demirbas, 2010) .
The combination of tectonic movements and changes in sea levels (Figure Al in Appendix
A) are the reasons why natural gas reserves are found both on and offshore. Globally,
there is an estimated 6,606.4 trillion cubic feet (tcf) of gas remaining in conventional
reserves in 2014 (BP, 2014). The gas extracted from conventional reserves is known as
conventional gas; the name derives from how minimal reservoir simulation is needed as
the gas is free flowing. Shale gas reserves are estimated at 7,201 tcf (Kuuskraa et al.,
2013) and are geographically abundant, with 48 countries identified (so far) to have
reserves, as shown in Figure 1 (Huda, 2014; Kuuskraa et al., 2013). The surveying of
geology to identify potential deposits is a recent development, so it is possible that in the
future more countries could be identified to have reserves (Kuuskraa et al., 2013). An
important factor about the location of reserves is that they are located in countries with
little or no conventional reserves (Poland and Spain) and countries with depleting
conventional reserves (UK, Algeria and Canada) (EIA, 2014). This alone could potentially
affect (energy) geopolitics, as over 50% of conventional reserves are located in three
countries: Russia, Iran and Qatar, with particular significance to Russia because of
relations with Europe (Austvik, 2016; Sherr, 2016).
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Natural gas can be described as either conventional or unconventional (Mokhatab and
Poe, 2012). The prior is produced from ‘conventional’ wells; high porosity, high
permeability (1,000 uD) rock, such as sandstone (Stephenson et al., 2011). The latter, on
the other hand, is produced from ‘unconventional’ wells; high porosity, low permeability
(<10 pD) rock, of which shale gas, coal bed methane and tight gas are examples
(Mokhatab and Poe, 2012; Stephenson et al., 2011). Another characteristic that
differentiates the two is the extraction technique used. Conventional wells do not need to
be stimulated in order to produce gas. Conversely, unconventional gas can only be
extracted if the well is stimulated (Mokhatab and Poe, 2012). In the case of shale gas, this
is carried out by hydraulically fracturing the rock to increase its permeability, in addition to
creating a network for the gas molecules to travel through, as illustrated in Figure 2
(Mokhatab and Poe, 2012). Shale gas wells also require horizontal drilling as this
increases the surface area of rock exposed, as well as the gas bearing strata being thin
(~100 m) (Clark et al.,, 2013; Mokhatab and Poe, 2012). It should be noted that
conventional gas can also be extracted using hydraulic fracturing (increase reservoir

productivity) and horizontal drilling (access difficult to reach reservoirs).

To drill a well, the vertical section is first drilled and lined. The well is drilled to a depth of
274 m (900 ft) above the shale layer before turning at an angle to create the horizontal
section, as shown in Figure 2 (Clark et al., 2013). The horizontal section cuts through the
shale layer, which is typically over 2,000 m beneath the surface (Clark et al., 2013). The
top 457 m (1,500 ft) of the vertical section is lined with steel casing and cement, as is the
curved and horizontal section (Figure A2 in Appendix A) (MCOR, 2010). The top section
consists of three levels of casing: conductor, surface and intermediate, which are for
protecting the water table and any deep saline aquifers from being contaminated with
fracturing fluid (Koppelmann et al., 2012; MCOR, 2010). The bottom section consists of
only one layer of casing and is primarily for controlling fracture formation (Koppelmann et
al., 2012). The casing is perforated so that each fracture sequence created stems from a
perforation, allowing gas to flow from the rock into the well (Clark et al., 2013;

Koppelmann et al., 2012).

The fractures are created by hydraulic fracturing. This involves pumping high pressure
fracturing fluid into the well. The fluid pushes its way through the perforations into the
rock, creating a network of fractures (Clark et al., 2013; Koppelmann et al., 2012). The
fluid used depends on the rock geology, mineralogy and physical properties but typically a
mixture of water (90-95 vol%), sand (~5 vol%) and chemical enhancers (<1 vol%) is used
(Koppelmann et al.,, 2012; Montgomery, 2013), commonly referred to as slickwater
(Montgomery, 2013). The sand acts as a proppant, whose main purpose is to keep the

fractures open after hydraulic fracturing has been completed (Montgomery, 2013).
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Figure 2: A graphical illustration of shale gas extraction by hydraulic fracturing.
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The chemical enhancers improve the fluid’s performance, such as friction reducers and
stabilisers (Montgomery, 2013). Alternatives to slickwater include oil and alcohol based
fluids, foams and gels (Montgomery, 2013). Also, polymers, walnut kernels and ceramic
particles can be used as proppants instead of sand (Montgomery, 2013; Zoveidavianpoor
and Gharibi, 2016). However, slickwater is the most commonly used fracturing fluid
because of its low cost and effectiveness, despite the high water requirements; 11,000-
19,000 m® water is required, which is sourced from local water bodies (stream, rivers,
lakes and groundwater) (Clark et al., 2013; Freyman and Salmon, 2013; Montgomery,
2013). The well drilling and hydraulic fracturing stages are two of the seven stages
required to establish a shale gas well and two of the nine stages in the shale gas
electricity life cycle. More details of the life cycle can be found in Section Al.ll in Appendix
A and Chapter 3.

1.2. Conventional gas and shale gas

Conventional natural gas is one of the main primary fuels used in the world (IEA, 2015b)
because it is used by households, industry and for electricity generation (IEA, 2015b). In
2013, gas accounted for 21.4% of global primary energy (coal 28.9%, oil 31.1%, nuclear
4.8% and renewables 13.8%), which is a large growth from 40 years prior when it
contributed 16.0% (IEA, 2015b). More significantly, in the same 40 year period, global
primary energy consumption has more than doubled from 71,000-157,000 TWh (IEA,
2015b). This rise is largely driven by electricity, for which consumption has grown nearly
four-fold (IEA, 2015b). However, the overall electricity mix has changed little since 1973,
as shown in Table 1, with fossil fuels accounting for 75.2% of electricity in 1973 and
67.4% in 2013 (IEA, 2015b).

Table 1: Comparison of the global electricity mix in 1973 to 2013 (IEA, 2015b).

Electricity fuel 1973 (%) 2013 (%)
Coal 38.3 41.3
Oil 24.8 4.4
Natural gas 12.1 21.7
Nuclear 3.3 10.6
Hydro 20.9 16.3
Other renewable 0.6 5.7

Natural gas is a cleaner fuel than coal (and oil), emitting half the CO, and insignificant
amounts of particulate matter and other pollutants in comparison to coal (Huda, 2014;
Kuuskraa et al., 2013; Mackay and Stone., 2013; Tobin et al., 1999). Therefore, it has
been suggested that natural gas can be used as a bridge fuel to transition electricity from
coal-intensive to low-carbon (IEA, 2011; IEA, 2015a; McGlade et al., 2014).However,

natural gas has a finite availability which is relevant to the issue of energy security. As



previously mentioned, over 50% of the world’s conventional gas reserves are located in
three countries. In addition to this, a large percentage of the gas consumed globally is
traded (BP, 2014); mostly by trans-country/continental pipelines with a growing
percentage as liquefied natural gas (LNG) (BP, 2014). LNG in the context of this thesis
refers to conventional LNG; conventional gas which has been liquefied and transported
via cryogenic ship instead of transported through gas pipelines. The large quantity of gas
traded can result in high gas prices in countries dependent on gas imports. For example,
the Asian gas market is highly dependent on imports and consequently the prices are the
highest in the world (BP, 2014). Another issue of energy security is dependency of supply.
In Europe, four countries (Lithuania, Estonia, Finland and Latvia) are dependent on
Russia for all their gas, while nine (Bulgaria, Slovakia, Hungary, Slovenia, Austria, Poland,
Czech Republic, Greece and Turkey) rely on Russia for at least 50% of their gas (Lucas
and Miller, 2014). In total, some 29 countries in Europe import gas from Russia (BP, 2014;
Lucas and Miller, 2014). Therefore, tensions between Russia and EU countries (over
Crimea and Syria) and Turkey (which shot down a Russian bomber accused of entering
Turkish airspace and the Russian ambassador to Turkey was killed by a Turkish
policeman) could threaten gas supplies to most of Europe and put strain on alternative
sources such as Dutch and Norwegian gas and LNG (BP, 2014; Girit, 2016; Sherr, 2016).

The above issues are some of the main motivations for developing shale gas exploration
outside the US; to increase energy security by easing gas prices and strengthening
security of supply. The latter will become increasingly important in the future as electricity
consumption is expected to more than double by 2050, because of increasing living
standards in developing countries and expected electrification of heating, transport and
cooking (DECC, 2010; Frei et al., 2013). Therefore, as conventional gas resources are
depleting, shale gas is regarded as an important fuel for meeting future energy needs
(Armor, 2013).

Since 2008, the US is the only country extracting shale gas on a commercial scale
(Kuuskraa et al., 2013). This is because they were the first country to actively seek out
exploiting it, following Federal-funded research into unconventional oil and gas extraction
in the 1980s (Litten, 2011; Taylor and Lewis, 2013). However, it was George Mitchell who
pioneered its extraction by his use of combining hydraulic fracturing with horizontal drilling
in 1999 (Riley, 2013). Since then, the growth of shale gas extraction in the US has been
rapid, as can be seen in Figure 3, with a ‘boom’ in extraction in 2008/2009 (Conti et al.,
2013). The US Energy Information Administration (EIA) estimates that by 2040, domestic
gas production in the US will reach over 33 tcf, an increase of nearly 40% on 2012
production (Conti et al., 2013). Also, by 2040 shale gas will account for 50% of gas
domestically produced (Conti et al., 2013). As a result of the rapid growth in production,

the US has shifted from being a net gas importer and in 2016 started exporting gas as
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LNG (Crooks, 2016). The US is expected to become a net gas exporter by 2020 (Conti et
al., 2015).
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Figure 3: Domestic gas production in the US, historic (1990 to 2012) and predicted (2013
onwards) (Clark et al., 2013).

In addition to this, the growth in gas production has led to a drop in gas prices and
greenhouse gas (GHG) emissions from the electricity sector, the latter because the
growth in gas production has led to a growth in gas-fired electricity generation, which has
replaced coal (EIA, 2013). Also the US chemicals and manufacturing industries are seeing
a renaissance, as low gas prices mean manufacturing and chemical production is cheaper
than in other countries (PwC, 2011; PwC, 2012). Natural gas is used as a fuel in industry
and as a feedstock in the production of fertilisers (ammonia). The by-products of gas
extraction, natural gas liquids such as ethane, propane and butane, are also valuable
feedstock in the chemicals industry. Ethane, in particular, is essential for the production of
ethene/ethylene, which is used in the production of pharmaceuticals and synthetic fabrics
(PwC, 2011; PwC, 2012).

Overall, the main motivation for developing shale gas resources is because of the
economic success the US has experienced. However, shale gas is a contentious topic, in
particular with regards to its impact to the natural environment (Koppelmann et al., 2012).
Cases of water contamination and earthquakes caused by hydraulic fracturing activities
and the emission of GHGs and other air pollutants are some of the main arguments

against its development (Koppelmann et al., 2012; Moore et al., 2014). In the US, cases of

0
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water contamination have been found to be the result of wastewater spills and cases of
chemical and methane migration to groundwater have been detected (Jackson et al.,
2014; Loh et al., 2015; Osborn et al., 2011). Toxic chemicals found in wastewater are a
cause for concern to residents living close to well sites, as studies have found illnesses
such as headaches and nausea to increase with proximity to well sites (Adgate et al.,
2014; Bamberger and Oswald, 2012). This has been attributed to increases in traffic and
diesel powered equipment, as well as wastewater pits (Adgate et al., 2014; Bamberger
and Oswald, 2012; Brown et al., 2015). In the case of wastewater pits, toxic vapours of
chemicals such as benzene are though to have resulted in people living close-by feeling ill
(Brown et al., 2015). Furthermore, cases of livestock deaths and birth abnormalities have
been recorded on farms close to well sites because of animals drinking water from springs

contaminated with wastewater (Bamberger and Oswald, 2012).

Despite the mounting evidence on the harmful effects to people and the environment as
highlighted above, countries outside the US are keen to exploit their shale gas reserves in
the belief it could boost their energy security. The UK is one of these countries and is
currently the most advanced country in Europe regarding shale gas development
(Stephenson, 2016). The UK Government wants to encourage exploration because of
dwindling North Sea oil and gas production, which has led to the UK being a net importer
of gas since 2004 (DECC, 2016). Poland is also keen to develop shale gas but poor test
results have led to major investors pulling out (Buckley, 2015; Williams, 2015). Other
European countries are also contemplating development, such as Spain, but others, such
as France, Germany and Bulgaria, have banned it or have moratoria in place because of

environmental concerns (Rosenbaum, 2014; EIA, 2014).

In the long term, the future of shale gas development will depend on whether it can be
extracted sustainably, at minimal environmental, economic and social cost. Its future and
sustainability implications will also depend on what fuel/energy source it displaces in the

energy mix. The following section discusses the latter, focusing on the UK.

1.3. Energy mix in the UK

The UK depends on natural gas for 31% of its primary energy needs and 42% of
electricity generated (BEIS, 2017b). The electricity mix has shifted from heavily coal

based to be more varied, as shown in

Table 2. Despite this, the electricity mix still contains a large percentage of fossil fuels

(53%) and as recently as 2014 28.2% of electricity was generated from coal (

Table 2). The UK Government announced in February 2016 that all coal fired power

stations are to be closed by 2025 (Mason, 2015), in order for the UK to meet its legally
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binding carbon reduction target of 80% by 2050 relative to 1990 (UK Parliament, 2008).
However, as coal accounts for a significant fraction of the country’s electricity generation

capacity, there will likely be a gap in installed capacity.

Table 2: The UK electricity mix between 1980 and 2016 (DECC, 2014; BEIS, 2017b).

Fuel type 1980 (%) 1990 (%) 2000 (%) 2010 (%) 2014 (%) 2016 (%)
Coal 83.4 69.1 30.9 28.1 28.2 8.6
Qil 3.0 6.2 2.5 1.5 1.4 1.7
Gas 0.0 0.1 39.0 47.7 29.2 41.7
Nuclear 12.1 19.0 21.1 15.5 17.1 19.3
Renewables 15 1.7 2.7 6.8 18.1 235
Imports 0.0 3.9 3.8 0.7 6.0 52

The UK nuclear industry is lagging in development, with all currently operating power
stations to be taken off line by 2030 and the first new power station not expected to be
brought on line (after a delay to construction) until after 2025 (World Nuclear Association,
2016). Also, nuclear power is inflexible, meaning it is good for base load generation but
not for meeting peak demand (Elliot, 2007). Solar and wind are intermittent options, so are
not well suited for either base load or peak demand generation (POSTnotes, 2014).
Hydroelectricity is flexible, making it suitable for both base load and peak generation but
schemes are limited to specific locations which have been exhausted (Shiklomanov and
Rodda, 2003). Biomass has issues associated with food crop competition and public
acceptance and has limited flexibility because dispatch times can be long (Lofthouse et
al., 2015; Canadian Electricity Association, 2006; House of Lords, 2008), so it is not ideal
for meeting peak demand. On the other hand, natural gas is a flexible electricity source
which is quick to bring online (Moniz et al., 2011). In addition to this, it is the UK’s largest

electricity source, as shown in

Table 2 (DECC, 2014; BEIS, 2017a). Therefore, gas will be important for bridging the

electricity mix from high coal to low carbon.

However, as mentioned earlier, the UK is a net gas importer, with 53.6% of gas consumed
imported in 2016 (BEIS, 2017a). The imports are from a humber of countries (Figure 4),
with Norwegian pipeline (65.2%) and Qatari LNG (21.1%) being the biggest suppliers
(BEIS, 2017a). Other large suppliers to the UK are Dutch (8.9%) and Belgium (2.9%)
pipeline imports. It should be notes that all gas consumed in the UK in 2016 is
conventional gas. The large and increasing dependence and volume of imports is the
main motivation for developing shale gas in the UK; to alleviate gas import dependence

and increase energy security.
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Figure 4: UK gas imports in 2016 by country. Gas imports are either by pipeline (Belgium,
The Netherlands and Norway) or as liquefied natural gas (LNG) (BEIS, 2017a).

1.4. UK shale gas

Shale gas development is in the exploration stage in the UK. The British Geological
Survey (BGS) estimate that the country could have 1,300 tcf in resources (gas volume in
place) (Andrews, 2013). If only 10% is recoverable, it would be enough to meet the
country’s entire gas requirements for 50 years (based on 2012 consumption) (DECC,
2013d; DECC, 2014), which is another motivation for pursuing shale gas development.
Currently development is focused primarily in the Bowland-Hodder shale play. This covers
a large area in the north of England, stretching from south of Nottingham to the North
Yorkshire Moors and could hold 450 tcf in reserves (gas volume that is recoverable)
(Andrews, 2013).

Test well drilling in the UK started in 2010 and since then, a total of six test wells have
been drilled, of which one has been hydraulically fractured in Fylde (Preese Hall)
(Cuadrilla Resources, 2015; Gosden, 2014; Third Energy, 2016). In August 2017
preparations began for the drilling of the seventh test well, which is also poised to be the
second well to be hydraulically fractured (Gosden, 2017). The Government has introduced
special tax rates for developers to encourage investment and drilling, as well as setting up
a national college to ensure there is no potential skills gap (HM Treasury, 2013; HM
Treasury, 2014). However, there is strong opposition to the development of shale gas,
both locally and nationally, and progress has been slow in terms of exploration drilling. In
the US, over 4,300 wells were drilled in 2012 (Wang and Xue, 2014); over 700 wells have

been drilled in China up to 2015; more than 2,100 wells have been drilled in Canada up to
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2011 (Becklumb et al., 2015; Oil & Gas 360, 2015). The slow progress in the UK is the
result of complex application procedures, involving many permits and stakeholders
(DECC, 2013c). The UK Government has recently amended bills to speed up the
application process, allowing horizontal drilling below protected sites and giving local
councils up to 16 weeks to make decision on applications (Baroness Kramer, 2014; Clark
and Bounds, 2015). Whether these amendments will have any impact on the rate of
progress is yet to be seen. In addition to this, a charter was established such that local
communities will benefit from shale gas extraction (Cronin, 2013). The social and
economic impacts from shale gas have been estimated to be modest with regards to job
creation, reaching a maximum of 72,000 and capital investment totalling £33 billion (Lewis
et al., 2014; Taylor and Lewis, 2013).

In spite of the US’s economic success, the impacts of shale gas development and
extraction outside the US are uncertain, as is discussed in the next chapter. The degree of
transferability of the economic impacts and the effect on the environment in other
countries are mostly unknown. This is because no other countries are extracting shale gas
on a commercial scale. There has been much speculation from lobbyists about the
benefits to the UK economy and employment, but the effects of shale gas on the country
are unknown as the UK has no shale gas industry and is years, maybe decades, from
establishing a mature industry. Overall, it is uncertain how shale gas development could
affect the UK. This is because there have been no comprehensive studies which

considered environmental and social concerns alongside economic benefits.
2. Aims and objectives

To address this knowledge gap, the aim of this work is to assess the sustainability of UK
shale gas. In particular, the research focuses on shale gas used for electricity generation
as a bridge fuel towards a low-carbon energy mix. Taking a life cycle approach, shale gas
electricity is evaluated based on its environmental, economic and social sustainability from
‘cradle to grave’ and compared with other electricity generation options in the UK, such as

coal, nuclear power and renewables.
The specific objectives of this work are:

e to assess the life cycle environmental, economic and social sustainability of shale gas
production and use for electricity generation;

e to compare shale gas electricity with other electricity options currently available to the
UK;

e to assess the impact of shale gas utilisation in power generation on the impacts of UK
grid electricity via future scenarios;

o to identify areas of improvement in the shale gas electricity life cycle; and



e to make recommendations for the sustainable production and utilisation of UK shale

gas.

As far as the author is aware, this is the first attempt of a full life cycle sustainability
assessment of UK shale gas and shale gas in general, integrating environmental,

economic and social aspects. The main novelty of this research includes:

e assessment of the environmental, economic and social impacts of shale gas extraction
and use for electricity generation, in the UK, on a life cycle basis;

e integration of the environmental, economic and social sustainability using multi-criteria
decision analysis to appraise the overall sustainability of shale gas electricity;

e evaluation of the impact of shale gas on the sustainability of UK electricity by
developing future scenarios and comparing this with the current grid mix;

e comparison of the overall sustainability of shale gas electricity with other electricity
options for the UK, to identify how sustainable it is relative to the other options; and

¢ identification of areas for improvements in the shale gas electricity life cycle.
3. Thesis structure

This thesis is presented in the alternative format as a collection of five papers which are
presented in chapters 2 to 6. Two papers have already been published in the peer-
reviewed journal Energy Technology (chapters 2 and 3) and the other three (chapters 4 to

6) are pending submission to appropriate journals.

Following the overview of the research methodology in the next section, paper number 1
in Chapter 2, presents a literature review and a critique of the shale gas literature,
considering economic, environmental and social aspects. Chapter 3 (paper number 2)
presents the results of the environmental life cycle assessment of shale gas electricity in
the UK. Here, shale gas is also compared with other electricity options as well as its
impact on the current and future electricity mix in the year 2030. The life cycle economic
sustainability of shale gas electricity is considered in Chapter 4 (paper number 3) in terms
of its competiveness with other electricity options and potential impact on a future
electricity market. Chapter 5 (paper number 4) presents the results of the social
sustainability assessment, taking into account a range of indicators, including
employment, health and safety and energy security on a life cycle basis where applicable.
The results of the environmental, economic and social sustainability assessments from
papers number 2 to 4 are then integrated in paper number 5 in Chapter 6, to evaluate the
overall sustainability of shale gas electricity relative to the other UK electricity options. The
final chapter (Chapter 7) summarises the results and conclusions of this work and
provides recommendations for the shale gas industry and policy makers, as well as

suggestions for future research.
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4. Methodology

In this work, a number of steps have been taken to evaluate the sustainability of shale gas
production and use for electricity generation; these are shown in Figure 5 and are outlined
in the sections below.

Goal and scope definition

|

Identification of sustainability issues and definition of
indicators

| |

Identification of electricity
generation options

! I

Definition of scenarios

Life cycle sustainability assessment

Environmental Economic Social
assessment assessment assessment
Multi-criteria decision Data quality

analysis assessment
Conclusions and recommendations

Figure 5: The methodology used for the sustainability assessment of shale gas production

and use for electricity generation in the UK.

4.1. Goal and scope definition

The first step in this research is to define the goal and scope of the study. As outlined in
Section 2, the goal of the study is to assess the life cycle environmental, economic and
social sustainability of shale gas production and utilisation and to integrate these to
evaluate its overall sustainability, focusing on the use of shale gas for electricity
generation. The scope is from ‘cradle to grave’. As the focus is on the generation of
electricity, its distribution, transmission and end use are not considered, as shown in
Figure 6. A more detailed description of the system boundaries of shale gas and the other
electricity options can be found in chapters 3 to 5, as well as in figures A3 to A9 in
Appendix A. The functional unit used is the ‘generation of 1 kWh of electricity’in the power
plant and it is assumed that the power plant is fuelled with only shale gas. A shale gas
well has a production life span of 30 years and the power plant a life span of 25 years. It is

assumed that 4,000 shale gas wells will be drilled in the UK over a period of 15 years, with
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a maximum annual drilling rate of 400 wells. A well refers to a horizontal well. The wells
will be situated on well sites called well pads; a well pad contains 40 wells. The well pad
will have ten vertical (parent wells) wells drilled, from which each will have four horizontal
branches. A well is hydraulically at the beginning of its life and can be re-fractured later on
to increase productivity. Hydraulic fracturing of the lateral section of the well occurs in
stages; typically 1,000 ft (304 m) at a time (Clark et al., 2013). However, as the option to
re-fracture a well (and how many times) is up to the operator and it is uncertain how many
times a well will be re-fractured, only one hydraulic fracturing event is considered in this
work.

The environmental sustainability assessment has been conducted using life cycle
assessment (LCA); the economic sustainability assessment conducted using life cycle
costing (LCC) based on levelised cost of electricity; the social sustainability assessment
conducted using numerous indicators to assess various impacts to society as a result of
shale gas extraction and utilisation for electricity generation. The indicators chosen for
these assessments (discussed in more detail in the next section) have been selected as
they have been used in previous similar studies or are subjects of interest as highlighted
in the literature. The effect of shale gas on the electricity mix (discussed in detail in
Section 4.4) has been considered in future scenarios by altering the level of shale gas

penetration in the gas/electricity mix.

The system boundary shown in Figure 6 has been used for the LCA, LCC and social
sustainability assessment. However, the full system boundary could not be used for all the
chosen indicators. For two of the economic indicators, a ‘cradle to gate’ and ‘gate to gate’
system boundary has been used (see Section 4.5.2 for more details). For the social
indicators, the full system boundary could not be applied to all the chosen indicators and
‘cradle to gate’ or ‘gate to gate’ system boundaries have been used (see Section 4.5.3 for

more details.
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Figure 6: Life cycle system boundary considered for electricity options.

4.2. ldentification of sustainability issues and definition of indicators

The next step is to identify sustainability issues relevant to shale gas and to translate
these into appropriate sustainability indicators to be used for the assessment of its
sustainability. As indicated in Table 3, 11 environmental, three economic and 14 social
indicators have been used to address the environmental, economic and social
sustainability issues identified in the course of this research. These were identified
through available literature, as discussed at length in Chapter 2. The environmental
indicators are those typically used in life cycle assessment (LCA), which has been carried
out to evaluate the environmental sustainability of shale gas and other electricity options.
To estimate the environmental impacts, the CML 2001 (Centrum Milieukunde Leiden,
Environmental Centre Leiden) method has been used; comprising 11 indicators which are
given in Table 3. This method is one of the most widely used in the LCA literature
(Azapagic et al., 2011). The economic sustainability has been evaluated considering the
life cycle costs of shale gas and other electricity options; levelised, capital and fuel cost
are also considered. These are typical indicators used in evaluating the economic
sustainability of electricity options (Mundada et al., 2016; Santoyo-Castelazo and
Azapagic, 2014; Stamford and Azapagic, 2012). The social sustainability indicators have
been chosen based on the findings of the literature review (Chapter 2) which helped to
identify the pertinent social sustainability issues. The environmental, economic and social
indicators are discussed further, in the subsections on LCA, LCC and social sustainability
assessment. Prior to that, the following two subsections outline the other electricity

options and future scenarios considered.
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4.3. ldentification of electricity generation options

In the third step, alternative electricity options, which shale gas can be compared to, are
identified. The UK electricity mix has been used to select the technologies: conventional
gas, liquefied natural gas (LNG), coal, hydroelectricity, nuclear power, wind, solar
photovoltaic (PV) and biomass (DECC, 2013d; DECC, 2014). It should be noted that
conventional gas refers to gas produced domestically in the UK from the UK Continental
Shelf. Conventional gas pipeline imports are not considered as the only difference
between pipeline imports and domestic gas is the longer transport pipeline. Also, oil used
for electricity generation is not included because it contributes less than 2% to grid
electricity (DECC, 2014; DECC, 2013a). The system boundaries for each of the options

can be found in Chapter 3 and figures A3 to A9 in Appendix A.

Table 3: Sustainability indicators used in this work.

Sustainability Sustainability Indicators Units?®
aspects issues
Environmental Resource Abiotic resource depletion kg Sb.gg.
depletion (elements)
Abiotic resource depletion (fossil)  MJ
Acidification potential kg SO..gq.
Emissions to air, Eutrophication potential kg PO43'_Eq.
water and land Freshwater aquatic ecotoxicity kg DCB.gq.
potential
Human toxicity potential kg DCB.gq.
Marine aquatic ecotoxicity kg DCB.gq.
potential
Ozone depletion potential kg CFC-11kg,.
Photochemical oxidant creation kg CoHagq.
potential kg DCB.gq.
Terrestrial ecotoxicity potential kg CO,.gq.
Climate change Global warming potential
Economic Costs Levelised cost of electricity pence
Capital cost pence
Fuel cost pence
Social Employment Direct employment Person-years

Health and safety
Nuisance

Public perception

Local
communities

Infrastructure and
resources

Local employment”

Gender equality”

Worker injury

Noise”

Traffic increase®

Public support

Media impact®

Spending on local suppliers®
Direct community investment”
Diversity of fuel supply
Wastewater treatment®

Land use®

Regulatory staff requirements?®

%
Injuries
dB

%

%

%

%

& per kWh electricity generated for all environmental and economic indicators and two social indicators (Direct employment

and worker injuries).

b Shale gas extraction only.
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4 .4. Definition of scenarios

Following the identification of electricity options, possible future electricity mix scenarios
are defined. The year 2030 has been selected for the future scenarios as shale gas is not
expected to reach commercial scale extraction until after 2020 (Lewis et al., 2014). In
order to model the 2030 electricity mix and the effects of shale gas resources, the 2030
gas mix is also modelled. For this, two gas mix scenarios are considered: high shale gas
penetration (28.4%) and low shale gas penetration (4.5%) (Williams et al., 2011). This
allows the impact of shale gas on the electricity mix scenarios to be modelled. The 2012
electricity mix is considered as a baseline because when this project started, data for the
2012 electricity mix was the most recent available. The gas and electricity mix scenarios

can be found in chapters 3 to 6.

4 .5. Life cycle sustainability assessment

The fourth step in the methodology is the life cycle sustainability assessment, which itself
is made-up of five steps. These are outlined in the following sections. Assumptions and
data sources are discussed in more detail in chapters 3 to 6, as well as in sections Alll to
AVIII in Appendix A.

4 5.1. Environmental sustainability assessment

As mentioned earlier, life cycle assessment (LCA) is used to evaluate the environmental
sustainability of shale gas and the alternative electricity options. The LCA has been
carried out following the methodological guidelines in the ISO 14040 and 14044 standards
(ISO, 20064a; I1SO, 2006b). The functional unit is defined as the ‘generation of 1 kWwh of
electricity’ and this is used for all the electricity options and the electricity mix scenarios.
The LCA has been carried out using GaBi v.6 software and the CML 2001 impact
assessment method (thinkstep, 1992-2016; Heijungs et al., 1992) has been used to
calculate the environmental impacts. The impacts calculated are listed in Table 4. For a
description of the LCA methodology and details on how the impacts are calculated, see
Section AlV in Appendix A. Further details on how LCA has been used for this study, as
well as data and assumptions, can be found on Chapter 3, Section AV in Appendix A and
Appendix B. The LCA results are presented in Chapter 3, where further details and
assumptions can also be found. The full life cycle system boundary has been considered

for all the environmental indicators.
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Table 4: LCA indicators used to assess the environmental sustainability. Indicators are those calculated using the CML 2001 impact assessment method.

Impact category

Description

Abiotic depletion potential
(elemental) (ADP,)
Abiotic depletion potential
(fossil) (ADPy)

Acidification potential (AP)

Eutrophication potential
(EP)

Human toxicity potential
(HTP)

Freshwater aquatic
ecotoxicity potential
(FAETP)

Marine aquatic ecotoxicity
potential (MAETP)
Terrestrial ecotoxicity
potential (TETP)

Global warming potential
(GWP)

Ozone depletion potential
(ODP)

Photochemical oxidant
creation potential (POCP)

The depletion of abiotic resources i.e. fossil fuels, metals and minerals, measured in kg antimony equivalent or MJ for
fuels.

The potential of acid deposition from sulphur dioxide (SO,), NO, and ammonia (NH3) measured in kg SO, equivalent.
The potential of nutrients to cause over-fertilisation of water and soil, measured in kg phosphate (PO,*) equivalent.

The release into air, water and soil of substances toxic to human health, measure in kg 1-4-dichlorobenzene (DCB)
equivalent.

The release of substances toxic to aquatic and terrestrial environments, measured in kg DCD equivalent.

The potential for climate change is measured by the GWP, which is a measure of the amount of heat trapped by
atmospheric greenhouse gases (GHG). The total GWP of the different GHG is measured in kg CO, equivalent.

The potential for emissions of ozone depleting substances (ODS) to deplete the ozone layer, measured in kg
trichlorofluoromethane (CFC-11 or R-11) equivalent.

The potential of volatile organic compounds (VOCs) and nitrogen oxides (NO,) to generate photochemicals or summer
smog, measured in kg ethylene equivalent.
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4.5.2. Economic sustainability assessment

Life cycle costing (LCC) has been used to assess the economic sustainability of shale gas
production and utilisation for electricity generation, as well as to compare it to the other
options. The LCC methodology proposed by The Department of Energy and Climate
Change (DECC) (DECC, 2013b) has been followed for these purposes. In addition to the
LCC, the levelised, capital and fuel costs (cost of shale gas to the power plant or cost of
fuel to the power plant) are used to assess the economic viability of shale gas electricity
relative to the other options. These indicators have been selected because they have
been used in previous energy economic sustainability studies (Mundada et al., 2016;
Santoyo-Castelazo and Azapagic, 2014; Stamford and Azapagic, 2012). The economic
indicators are defined in Table 5. Further details on the LCC methodology, as well as data

and assumptions, can be found in Chapter 4, Section AVI in Appendix A and Appendix C.

The levelised cost of electricity indicator considers the full ‘cradle to grave’ life cycle as
shown in Figure 6. The capital cost and fuel cost indicators consider ‘gate to gate’ and
‘cradle to gate’ system boundaries, respectively. A ‘gate to gate’ life cycle is considered
for the capital cost indicator and considers only the capital cost required to construct the
power plant. A ‘cradle to gate’ life cycle is considered for the fuel cost indicator and
considers the costs required to produce shale gas (capital cost of well site and operation
and maintenance costs) as well as cost to transport the gas to the power plant. All three
economic indicators have a functional unit; the generation of 1 kWh of electricity in the

power plant.

Table 5: LCC indicators used to assess the economic sustainability.

Impact category Description

Levelised cost of electricity The ratio of total cost inputs to total electricity generated
by the power plant over its lifespan. Measured in
pence/kWh.

Capital cost The ratio of total capital cost of the power plant to the total
amount of electricity generated by the plant over its
lifespan. Measured in pence/kWh.

Fuel cost The ratio of the total cost of fuel to the power plant to the
total amount of electricity generated over the plants
lifespan. Measured in pence/kWh.
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4.5.3. Social sustainability assessment

The social sustainability assessment has been conducted based on life cycle thinking
(Azapagic et al., 2011) . This has been carried out using the 14 indicators given in Table
6. These indicators have been selected following the findings of the literature review
(Chapter 2). For further details on the social sustainability indicators and the methodology
followed, see Chapter 5, Section AVII in Appendix A and Appendix D. A ‘cradle to grave’
life cycle is considered for three of the indicator (direct employment, worker injuries and
direct community investment) while for others a ‘cradle to gate’ system boundary is
considered. The indicators: local employment, noise, traffic land use conflict, media bias,
regulation, gender equality and spending on local suppliers, consider the stages of site
exploration and development to gas extraction. Public support and diversity of fuel supply
consider the stages from gas extraction to power plant utilisation. Wastewater treatment

considers only the gas extraction stage.

The indicators direct employment and worker injuries also have a functional unit and are
calculated per kWh or electricity generated. The other 12 indicators do not have a

functional unit.

Table 6: Social sustainability assessment indicators used to assess the social

sustainability.

Impact category Description
Public support Net public support for an electricity option.
Worker injury The ratio of total injuries (based on statistics) which could

occur over the life cycle of a electricity option to the total
amount of electricity generated by the power plant. Measured
in injuries/kWh.

Direct employment The ratio of the total number of full-time jobs created in each
stage of an electricity options’ life cycle, to the total amount of
electricity generated by the plant. The employment generated
takes into consideration the duration of jobs as well as the
total number of jobs created. The jobs created by operators
are considered. Indirect and induced jobs created in the
supply chain have not been considered, as well as jobs that
would be created by the need to regulate or inspect
operations. Measured in person-year/kWh.

Local employment The percentage of jobs created in the shale gas electricity life
cycle which could go to local residents.

Diversity of fuel The security of energy supplies taking into consideration the

supply amount of fuel produced indigenously and the amount

imported from abroad. The countries from where fuel is
imported from are also taken into consideration.

Noise The amount of noise, measured in decibels (dB), generated
by activities common in shale gas development. Equivalent
continuous sound level is considered.
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Table 6. (Continued)

Impact category

Description

Traffic increase

Land use conflict

Wastewater treatment

Media bias

Regulatory staff
requirements

Gender equality

Spending on local
suppliers

Direct community
investment

The percentage increase in traffic and road congestion
expected as a result of bringing a shale gas well into
operation.

The overlapping of land which could potentially be drilled for
shale gas with sites of cultural and scientific value and
importance. Measured using a binary overlap approach. The
impact of setback distances and buffer zones have not been
considered as they would have added additional complexity to
this analysis and could not be incorporated in the method
used for the binary overlap. The aim of this indicator is to
identify visually any potential conflicts in land use.

The amount of wastewater generated by a shale gas well over
its lifespan and the impact this could have on wastewater
treatment facilities. This takes into consideration the treatment
plant’s processing capability.

The presence of different shale gas development
stakeholders on popular social media platforms. Measures
how much online visibility and presence different stakeholders
have online in social media and gives a measurement of the
type of information most widely available to social media
users.

The identification on whether the UK has adequate staffing
numbers for regulating a UK shale gas industry was
determined by calculating the number of inspectors needed
per shale gas well drilled. This was then compared with the
number of inspectors currently employed for inspecting UK oll
and gas wells.

The ratio of male to female workers in the UK oil and gas
industry. This was used to identify whether gender equality is
an area in which shale gas could help improve.

The percentage of capital spent by shale gas operators which
could go to local suppliers and businesses.

The amount of money given to local communities by the
operators in the shale gas electricity life cycle. Shale gas
operators will give £100,000 per well site and 1% of shale gas
sales revenue, as defined in the community charter, to
communities close to well sites. Gas distributors and power
plant operators can invest and fund community projects and
events in communities close to power plants or compressor
stations. The total amount given to communities is calculated
as a percentage of the total revenue of the operators. The aim
is to measure the spread of wealth/revenue between
operators and local communities.
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4.5.4. Multi-criteria decision analysis

The results of the three sustainability assessments have been integrated using multi-
criteria decision analysis (MCDA) to evaluate the overall sustainability of shale gas
electricity and the other options. MCDA is a useful tool for problems with multiple and
conflicting criteria, and when numerous options need to be considered and ranked on their
performance (Azapagic and Perdan, 2005a; Azapagic and Perdan, 2005b). In this work,
the simple multi-attribute rating technique (SMART) has been applied using the Web
Hierarchal PREference (Web-HIPRE) software (Mustajoki and Hamalainen, 2000) . This
method is based on a linear additive model and it involves scoring the sustainability
criteria (indicators) in order of importance, followed by rating the options on a scale of zero
to one and calculating the overall scores for the options, so that they can be ranked on
their sustainability (Barford and Leleur, 2014; Edwards, 1977; Edwards and Barron, 1994).
To do this, the options are first rated based on their performance in each indicator on a
scale of zero to one, which is then converted into a score via value functions, which are
mathematical functions used to convert preferences into numerical values (see Section
AVIIl in Appendix A for details). The option which has the worst performance is given a
rating of zero while the best performing is given a rating of one. The remaining options are
given intermediate ratings based on their performance in a particular sustainability
indicator. When all the options have been rated, the criteria and indicators are weighted
relative to their importance/preference. In the SMART method, the least important criterion
is allocated a score of ten (Barford and Leleur, 2014) with more important criterion given
higher scores, in order of their importance. In the base case, each criterion is given the
same score (ten) and shifts in importance are analysed in a sensitivity analysis. The
option which scores the highest is deemed the most sustainable option and vice versa.
Further details on the SMART methodology can be found in Chapter 6 and appendices A
and E.

4.5.5. Data quality assessment

To assess the validity of the LCA, LCC and social sustainability results and to identify data
improvements for future work, a data quality assessment has been carried out. This is
particularly important because of the lack of actual field data for shale gas exploration in
the UK. The pedigree matrix method is used for these purposes and has been applied to
the LCA, LCC and social sustainability assessment data. As indicated in Table 7, the
pedigree matrix grades the quality of data on a number of criteria on a scale one to five
(Althaus et al., 2007; Weidema et al., 2013). In this work, the data is graded for each
characteristic using this scale and the scores added up to give the overall data quality

score. These are then averaged to calculate the average data quality for each of the three
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sustainability aspects (environmental, economic and social). More details on the data

quality assessment can be found in Chapter 6 and Appendix E.

4.6. Conclusions and recommendations

Following the sustainability assessment and ranking of the different electricity options,
conclusions on whether or not shale gas resources are a sustainable option for UK
electricity can be drawn, in addition to recommendations which can be used by regulators
and shale gas operators on how to improve its sustainability. These can be found in
Chapter 7.
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Table 7: Pedigree matrix characteristic and grading criteria used for assessing data quality (Althaus et al., 2007; Weidema et al., 2013). This table lists the

generic grading characteristics. For the specific grading characteristics, refer to Table E2 in Appendix E.

Grade
Characteristic 1 (High) 2 3 4 5 (Low)
Reliability Verified based on Partially verified based Partially verified based Verified estimates Non-verified
field/lab measurements  on field/lab on estimates
measurements
Completeness Representative of all Representative of most Representative of some Representative of very Unknown
sites for adequate time sites for adequate time sites over an adequate few sites and over an representativeness

Temporal
correlation
Geographical
correlation
Further
technological
correlation

Sample size

period
Data relatively new

Area of study

Data from operator

Large (>100)

period
Data a few years old

Large area
study are

Data not from operator
but for same technology

including

Large-medium (>20)

time period
Data over ten years old

Area similar to study
area

Data for similar
technology

Medium (>10)

adequate time period
Data over 15 years old

Area with some
similarities to study area
Data for different

technology with similar
processes

Small (>3)

Unknown age

Completely different
area

Laboratory scale data

Unknown

8¢
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Chapter 2. Shale gas: A review of the economic, environmental

and social sustainability

This paper was published in the journal Energy Technology in April 2016 with the

following citation:

Cooper, J., Stamford, L. and Azapagic, A. (2016), Shale Gas: A Review of the
Economic, Environmental, and Social Sustainability. Energy Technology, 4: 772-
792.

http://dx.doi:10.1002/ente.201500464

This paper presents a literature review and synthesis of the environmental, economic and
social literature written about the impacts of shale gas development. Tables and figures
have been amended to fit into the structure of this thesis. The status of Germany in Table
8 has also been updated. The results presented in Chapter 3 (a published paper) of this
thesis were included as part of the literature reviewed in Section 3 of this paper. To fit into
the structure of this thesis, references to this paper have been removed and figures 9 and
10 have been amended for the removal of this reference. Also, Section 6 of this paper
listed recommendations (for government and industry) drawn from the literature reviewed.
These have been moved to Chapter 7 (thesis conclusions and recommendations) to fit
into the structure of this thesis. The thesis author is the main author of the paper and is
the one who read and collated the information for the review paper and wrote the original
manuscript. The co-authors are the supervisors of this PhD project and contributed
towards the paper by reviewing the original manuscript and requesting additional data and

information not present in the original manuscript.
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Abstract

The growth of the shale gas industry in the US has raised expectations that other
countries could boost domestic gas production, leading to lower energy prices and
improved energy security. However, the degree to which the US experience is
transferable to other countries is uncertain. Furthermore, the sustainability implications of
shale gas development remains largely unknown. In an attempt to find out if and how it
can be exploited in a sustainable way, the economic, environmental and social aspects of
shale gas extraction and development are reviewed. These include costs, energy security,
employment, water and land pollution, greenhouse gas emissions, earthquakes and public
perception. The literature suggests that it is possible to develop shale gas in a sustainable
way, but its future will depend on the industry being able to address the environmental
concerns, the political will to see the industry through to maturity and public support, with

the latter most likely being the biggest determinant.

Key words: economic costs; energy security; life cycle assessment; social sustainability;

shale gas
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1. Introduction

Recent estimates of large shale gas reserves across the globe (Kuuskraa et al., 2013)
have raised expectations for cheap energy and improved security of supply, particularly as
the consumption of natural gas is expected to triple by 2035 (IEA, 2011; IEA, 2014a; IEA,
2014b). Estimations show that shale gas could add 7,201 trillion cubic feet (tcf) to global
gas reserves; by comparison, conventional gas reserves are estimated at 6,606 tcf (BP,
2014; Kuuskraa et al., 2013). A critical factor in gas consumption is that 73.5% of gas is
traded (68% by pipeline and the rest as liquefied natural gas (LNG)), which means that
there is a high dependency on imports in many countries (BP, 2014). For example,
countries such as Japan and South Korea import all their gas, whereas the UK relies on
imports for 55% of its demand (BP, 2014; DECC, 2013b; IEA, 2014a). A high dependency
on imports can lead to high energy prices. For instance, the 2012 gas prices in Japan and
the UK were US$15.89 and US$8.97 per GJ, respectively (BP, 2014). By contrast, the
price of natural gas in the US, which is almost self-sufficient in this fuel, was US$2.62 per
GJ (BP, 2014). The latter is a direct consequence of the exploitation of shale gas in the
US, which is still the only country to produce it commercially on a large scale, despite 47
other countries having reserves (Kuuskraa et al., 2013). As shown in Table 8, 31 of these
are or were actively looking into exploiting their reserves and are at different stages of
development. The remaining 16 are undecided on whether or not to develop shale gas,
either because their (estimated) resource is small or because their conventional gas

reserves are much larger (Russia).

However, shale gas is controversial, with many people being opposed to it because of
various sustainability issues associated with its exploitation and utilisation (Sovacool,
2014). In many cases, the environmental legacy associated with it overshadows the
economic benefits, including groundwater and drinking water contamination as well as
earthquakes (Koppelmann et al., 2012). This is due to the combined use of horizontal
drilling and hydraulic fracturing to extract it from rock deep in the ground, which requires
the use of water and chemicals (see Figure 7). Social and economic concerns have also
been raised, including noise, increased traffic and possible conflicts of interest associated
with royalties from mineral rights. As a consequence, shale gas has been banned in some

countries, notably, France and Bulgaria (see Table 8).
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Table 8: Current state of shale gas development in countries that have considered its exploration® (EIA, 2014a; Huda, 2014; Kuuskraa et al., 2013).

TS

Country Estimated Technically Current status Motivation
reserves recoverable
(tcf) (tcf)®
Algeria 3,419 707 Starting: plans announced but To meet growing domestic needs and to fulfil long-term contractual
no drilling export obligations to Europe. However, domestic production is in
decline.
Argentina 3,244 802 Exploration To reduce reliance on gas imports and mitigate recent interruptions to
exports (to Chile and Uruguay).
Australia 2,046 437 Small scale Large LNG exporter, with long-term contractual obligations. Potentially,
there could be an increase in domestic consumption if there was a
switch from coal to gas electricity owing to a carbon tax on coal (which
has since been withdrawn).
Bolivia 154 36 Not currently active, but To meet more easily contractual obligations to export to Argentina and
considering and discussing Brazil.
development

Brazil 1,279 245 Not currently active, focusing on To reduce dependence on imports, which is increasing (by 27%
pre-salt and offshore activities between 2011 and 2012).

Bulgaria 66 17 Banned Heavily dependent on gas imports (93%) from Russia; also heavily
reliant on coal for electricity, so any plans to reduce coal dependence
could increase gas capacity and demand.

Canada 2,413 573 Small scale The fifth largest exporter of natural gas and plans to export LNG, but
conventional production is declining. There is currently a moratorium on
hydraulic fracturing in the province of New Brunswick.

Chile 228 48 Not currently active, but To reduce reliance on imports (currently 100% of gas is imported).

considering

China 4,746 1,115 Small scale To satisfy increasing demand from all sectors and phase out coal to
improve air quality. Have been dependent on gas imports since 2007.

Colombia 308 55 Exploration To increase domestic production, increase exports, meet domestic

needs and alleviate growing demand from power sector (owing to
hydroelectricity shortages).



Table 8: (Continued)

Country Estimated Technically  Current status Motivation

reserves  recoverable
(tcf) (tcf)®

Denmark 159 32 Initial stages of exploration A net gas exporter and exports expected to increase as domestic
demand is expected to decrease owing to the Government pledge to be
fossil fuel independent by 2050.

Egypt 535 100 Exploration, one test well Disruptions to exports because of a decline in domestic production and

(Amoun NE-3) drilled large growth in domestic demand. This has resulted in gas being
diverted from export to the local market.

France 727 137 Banned A net gas importer, with growing demand from energy and industry
sectors.

Germany 80 17 Banned Dependent on gas imports, of which a significant fraction comes from
Russia. Coal makes up a large portion of electricity mix, so gas capacity
may increase in the phasing out of coal.

Hungary 19 Exploration since 2005 Net gas importer, mostly from Russia. Gas provides a large portion of
primary energy demand and expect to increase as a result of new gas-
fired power plants being built and planned.

India 584 96 Exploration; test drilling A net gas importer with expensive LNG contracts as domestic
production is declining. Gas is used largely in the electricity sector, but
disruptions in supply meant they had to switch to coal in 2011.

Libya 942 122 Evaluating reserves: activity To increase gas capacity in the power sector to free up oil for export

slow owing to political unrest and to improve LNG trade, which is now sold on the spot market owing
to failure to meet long-term contracts.

Mexico 2,223 545 Exploration To reduce imports of gas (mostly from the US) in the face of increasing
demand (mostly owing to power generation).

Morocco 95 20 Not currently active, but Heavily reliant on gas imports as 80% of gas is imported.

considering. Public not
convinced but industry (Shell)
interested.
Pakistan 586 105 Starting exploration; core Highly dependent (49%) on gas for primary energy. Domestic

sample analysis in the US

production recently fallen; import dependence is expected to increase.
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Table 8: (Continued)

Country Estimated Technically  Current status Motivation
reserves  recoverable
(tcf) (tcf)®
Paraguay 350 75 Not currently active, but To exploit its large resources and export to neighboring countries
considering (despite current lack of gas infrastructure and demand).
Poland 763 148 Exploration Heavily dependent on gas imports (mostly from Russia) and coal for
electricity generation.
Romania 233 51 Exploration; moratorium from Reliant on Russian imports to meet gas needs, as domestic production
2012 to 2013 has been on a decline since 1983.
Saudi Arabia 600 600 Exploration since 2013 To increase domestic use, to shift power generation to gas to free up oil
for export. There are no plans to export gas.
South Africa 1,559 390 Exploration; moratorium from Heavily dependent on imports (from Mozambique) and want to reduce
2011 to 2012 their reliance on coal for electricity.
Spain 42 8 Starting exploration: permits No domestic conventional gas production and all gas consumed is met
issued but no drilling by imports. As a result of the financial crisis in 2008, there was a shift in
the electricity mix to coal, with incentives to boost domestic coal mining.
Plans to phase out coal could increase gas capacity.
Tunisia 114 23 Currently considering Heavily dependent on imports and electricity predominately from gas
developing but no decision (97%).
made as of yet.
UK 134° 26 Exploration A net importer of gas and gas capacity for electricity is increasing as
coal is being phased out.
Ukraine 572 128 Exploration, test drilling from Net importer of gas (from Russia). Gas is also a main primary fuel so
2012 they want to diversify their supply to reduce dependence on Russia.
us 4,644 1,161 Commercial To reduce reliance on imports and become energy self-sufficient.
Started exporting LNG in 2015.
Venezuela 815 167 Beginning exploration To decrease imports and meet growing demand from industry. Roughly

16% of electricity is generated from oil, so increasing gas capacity will
increase the amount of oil available for export.

€9

#The table lists only those countries that have considered development of shale gas. The remaining 16 which have reserves but are undecided are not included.
® The volume of gas that can be extracted with current knowledge and technology. 1 trillion (10*?) cubic feet= 28 billion (10°%) cubic meters.
“The number is the estimation made by the EIA; the British Geological Survey (BGS) estimate the UK to have 1300 tcf in reserves (Andrews, 2013).
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Figure 7: Typical profile of a shale gas well. The well consists of a vertical and horizontal
section. The latter is hydraulically fractured with a mixture of water, sand and chemicals to

release the gas from the shale.

Much has been written and discussed about different sustainability issues associated with
shale gas exploitation. However, most literature and discussions focus on one or two
aspects at a time, resulting in a lack of an overall picture as to how shale gas affects
different issues, both positively and negatively. Therefore, this chapter sets out to provide
a comprehensive overview of the economic, environmental and social sustainability of

shale gas, with the aim of synthesising the findings in the literature.
2. Economic aspects

As the US is the only country to produce shale gas on a large commercial scale, this
section first examines various economic aspects associated with shale gas here before

looking at other regions.

2.1. The US experience

2.1.1. Direct impacts

In the US, domestic natural gas production has grown rapidly (Figure 8), from 17.8 tcf in
1990 to 24 tcf in 2013, and is predicted to reach 33.1 tcf by 2040 (Conti et al., 2013).
Since 1990, some 43 tcf of shale gas has been produced and in 2013 over 35% of natural

gas produced came from shale. The reserves are located in the lower 48 states, with
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production primarily in six main shale plays: Barnett, Eagle Ford, Fayetteville, Haynesuville,
Marcellus and Woodford (Conti et al., 2013; EIA, 2011). The large scale and rapid growth
in production have created significant employment. As shown in Table 9, total direct,
indirect and induced jobs in 2010, created because of the development of shale gas, was
over 600,000; this is predicted to exceed 800,000 in 2015 and 1.6 million by 2035
(Fullenbaum et al., 2011). The sector also contributes significantly to the gross domestic
product (GDP) and tax revenue, in 2010 estimated at US$76.9 million and US$18.6

million, respectively (Table 9).

The large-scale production of shale gas has also led to a sharp drop in gas prices (Figure
9); since 2008 the wellhead price (wholesale minus transport costs) decreased by 54%
and, on average, residential, commercial and industrial gas prices dropped by 20% (EIA,
2014b). The (break-even) cost for wells (Table 10) has also decreased, making them
more profitable. For example, in the Haynesville shale play, the (break-even) cost of new
wells has fallen by over 40% since 2013 and is 18% lower than the Henry Hub spot gas
price (Malik, 2015).

Prior to the ‘shale boom’, the US was expected to become a net importer of gas and
constructed 11 LNG import terminals (CNLG, 2014). However, these are now being
converted for export and, as of April 2013, 32 applications had been made to export LNG,
with approved exportation volumes totalling 9.3 billion cubic feet per day, which is more
than double the UK’s daily domestic production of natural gas (Arora and Cai, 2014; Office
of Fossil Energy, 2013). Despite this, it is currently unclear what impact LNG exports will
have on the domestic and international markets, but it is expected that US LNG will be
important in meeting energy demands in Asia, which could lead to a rise in domestic gas

prices as a result of growing demand (IEA, 2011).
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Figure 8: Historical and predicted future shale gas production in the US from 1990 to 2040
(Conti et al., 2013).

Table 9: Contribution of shale gas to the US economy in 2010(Fullenbaum et al., 2011).

Direct Indirect  Inducted Total
Employment (no. of jobs) 148,143 193,710 259,494 601,348
GDP (million US$) 29,182 22,283 25,283 76,880
Tax revenue (million US$) 9,621% 8,825° 161° 18,607

#Federal tax revenue
P State and local tax revenue
° Federal royalties
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Figure 9: Changes in gas prices in the US from 1922 to 2012(EIA, 2014b).
2.1.2. Indirect impacts

The sharp drop in gas prices has led to its price decoupling from that of US oil and
international gas (Webber, 2012). This is significant because elsewhere gas prices are set
relative to oil and changes in the price of oil are often mirrored in gas prices. The US has
bucked this trend: between 2009 to 2012, oil prices rose while gas prices fell (EIA, 2015).

As a result of having lower gas prices, the US is an attractive location to industry, in
particular, chemicals and manufacturing. This can be seen in the recent investments
made by large chemical companies, such as DOW Chemical and Sasol, to build new
production sites in the US. DOW is investing US$4 billion in building new facilities in
Texas and Sasol US$8.1 billion in Louisiana (Gilbert, 2012; Lauletta, 2014). Investments
and projects such as these were made possible by the fact that gas prices are three to six
times lower there than in other developed countries; thus, it is expected that the
production of commaodities will shift increasingly to the US (BP, 2014). This has the added
benefit of cutting transportation costs for the world’s largest consumer of commodities.
The boost to industry is estimated to be worth billions, including US$72 billion in
investment by 2020 (ACC, 2011). In addition to industrial growth, lower fuel costs will
create savings in production, estimated at US$11.60 billion by 2025 (PwC, 2011; PwC,
2012).

The reinvigoration of industry is predicted to create one million jobs by 2025, which, when
combined with employment generated from shale gas development itself (and its supply
chain), could total more than two million jobs (PwC, 2011; PwC, 2012). Overall, this will

lead to gains in GDP as total employment rises. Furthermore, because more commaodities
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will be produced domestically, goods and services will likely be cheaper and spending will

increase, again boosting GDP.

However, the recent slump in oil prices has put a question mark over the future of shale
gas (and oil) production in the US. Wells that produce ‘wet gas’ (containing heavier
hydrocarbons) are more profitable than those that produce ‘dry gas’ (mostly methane), as
the liquids produced, such as ethane and propane, are more valuable than methane (FT,
2016). The price of the liquids is set relative to oil, so a drop in oil prices will cause a drop
in the price of the hydrocarbon liquids; therefore, decreasing the profitability of these
wells. Despite this, the USA shale gas industry is showing signs of resilience against the
low oil prices because the rate of new well drilling has not been hit as badly as expected
(Oil prices, 2015). This is believed to be because of technological advancements, such as
drilling multiple and longer horizontal wells from a single vertical well and lower cost of

materials (steel and cement).

2.2. Other regions

Outside the US, shale gas activity is much smaller in scale and lagging behind in
development (Table 10), so that economic impacts in other countries can only be
estimated. Large oil and gas companies have invested heavily in regions seen as
promising, but only a few of these have analysed the economic significance of shale gas
(Table 10). When comparing the estimated production cost to the US cost, it can be seen
that, in comparison, shale gas is much more expensive to produce in other countries

because of the lag in development.

As mentioned previously, the main motivation for developing shale gas in most regions is
to increase energy security. Asia and Europe are the biggest importers of gas, with the
Asian market having the highest gas prices (BP, 2014). Therefore, diversification of the
gas mix is important for achieving a sustainable gas supply. However, another motivation
is to sustain or grow industrial activity in general or in the case of net exporters, such as
Canada, Australia and Algeria, to fulfil long-term export contracts, despite declining

conventional reserves (Table 8).

The low gas prices in the US pose risks to some countries, such as the UK and Germany,
because of companies importing feedstock from the US instead or relocating there. An
example of this is INEOS, the largest chemical company in the UK, which is importing US
shale gas ethane for its Grangemouth refinery because it is 75% cheaper than UK North
Sea ethane (Gribben, 2014). However, if the UK were to develop shale gas, domestic
ethane production could increase, resulting in ethane being cheaper than US imports,
which is the main reason for INEOS’s decision to buy a £640 million share in UK shale

gas licenses (Moylan, 2014). Therefore, it can be seen that, in addition to energy security,
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shale gas can also be important to industrial countries if they are to retain and grow their

manufacturing capacity and capability.

To encourage investment into shale gas, some countries have introduced tax incentives.
In the UK, the Government is currently offering a reduced tax rate for operators to
encourage investment, as well as a shale gas fund and community charter (BIS, 2013;
Cronin, 2013). The then Chancellor of the Exchequer, George Osborne, announced in the
2014 Autumn Statement a “new long term investment fund from tax revenues from shale
... to capture the economic benefits ... for future generations” (HM Treasury, 2014). More
recently, to speed up the planning process for shale gas development the Government
has ordered local authorities to make decisions on planning applications within 16 weeks,
at most, or otherwise the planning process will be taken out of their hands and centralised
(Clark and Bounds, 2015). Other countries have reformed their energy market to increase
foreign investment. For instance, in Mexico reforms mean private companies can now bid
for oil and gas exploration licenses (‘Ronda Uno’), ending the monopoly of state-owned
PEMEX (Fowler, 2014).

Despite these reforms, many countries are facing obstacles in their development of shale
gas. Barriers include gaining public support (see Section 4) as well as various political and
technical issues. Countries in which the government controls the gas market, such as
China, face the problem of uncompetitive market conditions because of a monopoly by
national corporations or government-set gas prices being too low (Yunna et al., 2015).
Technical barriers, on the other hand, stem from two issues: i) many countries lack the
infrastructure, skills and expertise of the US; and ii) each shale gas well is unique and can
present specific problems. This makes shale gas development capital intensive because
much research and development (R&D) and exploratory work is needed for test wells and
drilling. Furthermore, each well site will require different equipment (for drilling, hydraulic
fracturing, gas treatment and waste management) and in many countries the construction
of new infrastructure will be required to develop shale gas successfully. Consequently, the
capital required is too high for many private companies (Bolton and Foxon, 2014; Tian et
al., 2014; Yunna and Yisheng, 2014).
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Table 10: Estimates of costs, investment and revenue for developing shale gas in other

countries in comparison to the US.

Country Estimated economic impacts?

Australia Estimated that production costs are US$4.76-7.14 per GJ; by
comparison the wholesale gas price is US$3.17 per GJ (Cook et al.,
2013).

Canada Estimated that in New Brunswick shale gas would require US$1,606

million in investment to generate US$1,184 million in GDP and 5,078
jobs per year between 2015 and 2020 (Jupia Consultants Inc., 2014); in
Quebec US$5.9-17.7 billion is required in investment to generate
US$27.8-83.3 billion in GDP and 293,000 to 880,000 jobs (Mersich,

2013).

China® Some US$1.16 billion has already been spent on surveying and
exploration (Chou, 2013).

Germany Investment costs are estimated at US$7.5-28.4 billion, which would

generate 114,782 to 431,700 jobs (direct, indirect and induced); the
average production cost is estimated to be US$9.35 per GJ, which is
higher than the cost of Russian gas imports (US$8.77 per GJ) (Bonetti,
2014).

Poland Predicted that US$7.1 billion would be required in investment,
generating US$6.2 billion in revenue and 15,000 direct and 204,000
indirect jobs (Cylwik et al., 2012).

UK Estimated that some US$50 billion in investment is required, creating
32,000 to 74,000 jobs (AMEC, 2013; Lewis et al.,, 2014; Taylor and
Lewis, 2013).

us Cost (break-even) of producing shale gas ranges from US$2.37-6.47

per GJ (Berman and Pittinger, 2011; BNEF, 2013; Malik, 2015; Moniz et
al., 2011; Weijermars, 2013).

#The original values reported for different countries converted to US$ (2015) by using the inflation rate (consumer price
index (CPI)) for each country and exchange rates as follows: AUS$1=US$0.73, CPI (2013-2015): 8.71%; CAD$1=US$0.72,
CPI (2013/14-2015):3.3% and 1.36%; €1=US$1.10, CPI(2014-2015):1.59%; PLN1=US$0.26, CPI(2012-2015):1.21%;
£1=US$1.49, CPI(2013-2015):1.61% US values updated using the CPI (2011-2015) of 8.6%.

®The original value reported in US$. The inflation rate for China was not available so the US inflation rate, CPI (2013-2015):
3.63%, was used instead.

In addition, poor test results have been highlighted in the literature: test wells have been
found to be less productive than expected and this has had major repercussions for
several countries. For instance, major oil and gas companies, such as Exxon Mobil and
Chevron, have pulled out of projects in Poland and Romania, significantly slowing down
shale gas development there. In China, the Government had to cut its cumulative
production target from 3,530 bcf by 2030 to 1,060 bcf (Cheng, 2014; Chou, 2013). This
emphasises the fact that, as indicated in Table 10, development of shale gas may still be

uneconomical for many countries outside the US.
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3. Environmental aspects

Shale gas extraction is a relatively new process and, as a result, the earliest studies of its
environmental impacts date from 2009/2010. Despite this, a large number of studies have
been conducted, focusing mostly on the direct (local) impacts of hydraulic fracturing.
There are also several life cycle assessment (LCA) studies, but most of them considered
only greenhouse gas (GHG) emissions and climate change. As far as the author is aware,
only one LCA study (besides the LCA conducted as part of this thesis; see Chapter 3)
estimates a full range of impacts normally considered in LCA; the paper by the
supervisors of this project (Stamford and Azapagic, 2014). This is based on UK conditions
and provides life cycle impacts of electricity produced from shale gas in comparison to
other electricity technologies. This and other studies are reviewed in the following
sections, considering in turn impacts on the three environmental media: air, water and

land.

Note that, inevitably, some of the environmental impacts also straddle social and
economic aspects of sustainability, such as climate change and earthquakes, but for the
purposes of this review, they are considered in this section with cross references to the

other aspects of sustainability, as relevant.

3.1. Air emissions and impacts

Impacts considered in this section are those associated with air emissions. As mentioned
above, GHG emissions have been studied most often in the literature, so this section
starts by considering these first. This is followed by other gaseous emissions and their

impact, including acidification, ozone layer depletion and photochemical smog.
3.1.1. GHG and climate change

The extent to which shale gas contributes to climate change is currently unclear.
However, it is often suggested that using shale gas to replace coal for electricity
generation will decrease GHG emissions. In the US, electricity generation from coal
decreased from 2,016 TWh in 2007 to 1,514 TWh in 2012 (EIA, 2013). During this period,
generation from natural gas (including shale gas) grew from 897-1,226 TWh and CO,
emissions from the electricity sector fell from 2,426-2,029 Mt. Therefore, it could be
argued that the widespread deployment of shale gas has helped to reduce GHG
emissions in the US. However, the boom in shale gas has depressed coal prices, which
has likely contributed to the increase in coal-fired electricity production in Europe

(Broderick and Anderson, 2012). In the UK, for instance, the share of domestic electricity
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generation from coal increased from 29.5% in 2011 to 39.4% in 2012, the highest since
the mid-1990s (DECC, 2013a).

Nevertheless, there is a general agreement in the literature that electricity from shale gas
has lower life cycle GHG emissions and related climate change impacts, estimated as the
global warming potential (GWP), than electricity from coal. The GWP of shale gas
electricity reported in the literature ranges from 411-1,115 g CO,.g,./kWh, with an overall
average across the studies of 506 g CO,gq/KWh, as indicated in Figure 10. By
comparison, the impact from coal electricity varies from 837-1,130 g CO,.g,./kWh (Mackay
and Stone., 2013). The wide variation in the GWP of shale gas electricity is due to
different technologies assumed for electricity generation (combined or single cycle gas
turbine) and related differences in the efficiency, as well as the assumptions for fugitive
methane emissions and the time horizon over which the GWP is estimated. For example,
considering shorter time horizons (20 years instead of the more common 100 years) can
lead to a higher GWP of shale gas electricity than of coal (Howarth et al., 2011), as the
potency of methane to cause climate change is much higher in the short term (Stoker et
al., 2013).

Regardless of the time horizon, methane emissions can significantly affect the GWP of
shale gas. Sources of methane include fugitive emissions from equipment, pipelines and
flowback water, as well as gas vented or flared during drilling and well completion (Brandt
et al., 2014; Caulton et al., 2014; Ekstrom, 2014; Howarth et al., 2011; Jeong et al., 2014;
Karion et al., 2013). Some studies have suggested that methane emissions of up to 12%
of total gas production could negate any benefits of switching from coal to shale gas
(Howarth et al., 2011; Karion et al., 2013; Stanek and Bialecki, 2014; Wigley, 2011). Other
studies which considered energy transition scenarios with high methane emissions also
concluded that the GWP of shale gas is similar to that of coal (Busch and Gimon, 2014;
Levi, 2013; McGlade et al., 2014). However, these studies were largely based on
estimates, whereas the results of a field study measuring methane emissions at well sites
found them to be lower (Allen et al., 2013).

Various mitigation strategies can be employed to minimise methane emissions, including
‘green’ well completion (in which gas is separated from wastewater and utilised rather
than vented or flared), reducing the amount of gas flared and vented during the production
process and using infrared cameras to locate and minimise fugitive emissions (BP, 2012).
In such cases, emissions are low enough for the GWP of shale gas to be comparable to
those of conventional gas and LNG, making fuel-switching away from coal effective
(Figure 11). However, even with very low methane emissions, the GWP of electricity from
shale gas is several orders of magnitude higher than that of nuclear power and renewable

power.
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Figure 10: The global warming potential (GWP) of shale gas used for electricity
generation. Combined cycle gas turbine (CCGT)(Broderick et al., 2011; Burnham et al.,
2012; Clark et al., 2011; Dale et al., 2013; Forster and Perks, 2012; Hultman et al., 2011;
Jiang et al., 2011; Laurenzi and Jersey, 2013; Mackay and Stone., 2013; Stamford and
Azapagic, 2014; Skone et al., 2011; Stephenson et al., 2011; Weber and Clavin, 2012);
single cycle gas turbine (SCGT) (Burnham et al., 2012; Clark et al., 2011; Hultman et al.,
2011; Skone et al., 2011; Stephenson et al., 2011; Weber and Clavin, 2012). Data labels
refer to the central GWP values and the error bars to the minimum and maximum values

reported in the literature.

One other issue that is important, but has so far been largely neglected in the estimates of
the GWP of shale gas is land-use change (LUC), related to the removal of vegetation to
construct well pads, access roads and pipelines. To date, only one study has considered
GHG emissions from LUC, finding that the GWP of shale gas can increase by up to ten
times, depending on the type of soil (Bond et al., 2014). For example, developing shale
gas on grassland would emit 1.21 g CO,.g,./MJ of gas, whereas development on peat
soils would lead to 13.41 g CO,g,./MJ (central case). This is because soils act as a
carbon sink and if disturbed, through land clearance or other activities, releases carbon
into the atmosphere as carbon dioxide and methane. As peat tends to store more carbon
than other soil types, it also releases higher amounts than other soils. By comparison,
total life cycle emissions excluding LUC are estimated at 1.66-2.89 g CO,.g,./MJ (Bond et
al., 2014).

63



3.1.2. Other air emissions and impacts

Various air pollutants are emitted during the extraction of shale gas, including volatile
organic compounds (VOCs), nitrogen oxides (NO,), alkanes, alkenes and silica particles
(Armendariz, 2009; Colborn et al., 2014; Lyon and Chu, 2011; Mulloy, 2014; Myers and
Poole, 2014; Olaguer, 2012; OSHA, 2014, Zavala-Araiza et al., 2014). The equipment
used onsite is the main source of these emissions, in particular, compressors, condensate

tanks and gas pipelines (Armendariz, 2009; Ekstrom, 2014; Sommariva et al., 2014).

The release of hydrogen sulphide (H,S) during extraction is an important concern that has
not been well studied. H,S is a major hazard because it is poisonous to humans and is
corrosive; the latter also means that it could corrode equipment and pipelines, releasing
further H,S and other chemicals into the environment. Incidents have been recorded in
which the delayed release of H,S has occurred following fracturing activity (Pirzadeh et
al., 2014), but what causes this is unknown. However, it is hypothesised that chemicals
used in fracturing fluids may be reacting with H,S and microorganisms in the rock
formation, leading to the release of H,S (Pirzadeh et al., 2014; Cluff et al., 2014).

Measuring air emissions is a difficult task as variations in weather conditions
(temperature, wind speed and direction, humidity, etc.) affect the measurements, as do
nearby external sources of emissions, such as traffic and farming activities. A further issue
is that most of the activities, such as well pad preparation, drilling and hydraulic fracturing,
are episodic. This means that to establish whether these activities are affecting air quality,
comparisons to baseline data need to be made, but these are typically not available.
Inventory data are available for the US with estimates of pollutants emitted from shale
gas, but field measurements have found the actual emissions to be significantly higher or
lower than these estimates (Allen et al., 2013; Macey et al., 2014; Sullivan, 2014).
However, most field studies cover short time periods (e.g., one day) and use low
frequency monitoring, so that they are not fully representative (Anirban et al., 2014;
Teasdale et al., 2014).

Emissions from shale gas extraction can be mitigated through the use of best available
technology (BAT) and best practice. These include the use of ‘green’ well completion, not
allowing gas to be vented or flared and detecting and fixing leaks in equipment and
pipelines (Koppelmann et al., 2012; Mackay and Stone., 2013). Similar improvements in
technology and regulation in the oil and gas sector have led to significant reductions in
emissions compared with those in the 1980s/1990s (Field et al., 2014; Petron et al.,
2012). Therefore, it is imperative to encourage or enforce the adoption of BAT and best

practice in the shale gas sector.

64



Various other air pollutants are emitted in the rest of the life cycle of shale gas, causing air
related impacts, such as acidification, ozone layer depletion and photochemical smog.
Note that, strictly speaking, acidification is a water and land related impact, but because it
is caused by air emissions of NOy, SOy, H,S and NHjs, for the purposes of this review, it is

considered in this section.

As mentioned earlier, only one LCA study has considered environmental impacts other
than the GWP. The results are summarised in Figure 11 for the ten impacts considered in
addition to the GWP (the results for the latter can also be found in Figure 10). As can be
seen in Figure 11, the values for the impacts range widely. For example, the acidification
potential (AP) is 7.5 times higher than conventional gas (Stamford and Azapagic, 2014).
However, in the best case, shale gas has an AP comparable to conventional gas and

lower than solar photovoltaic (PV). In the worst case, it is four times higher than coal.

The onsite combustion of diesel used for driling and other equipment is the main
contributor to the AP, as well as the removal of H,S from raw gas (sweetening). Therefore,
if the extracted gas is low in H,S and the onsite equipment is powered from the electricity
grid, this impact would be greatly reduced (Stamford and Azapagic, 2014). However,
nuclear power and wind would have a lower AP (Figure 11).

In addition to acid gases, activities in the life cycle emit ozone-depleting substances,
largely because of leakages of halon 1211 associated with pipeline transport (halons are
used as fire retardants and coolants in various processes related to gas pipeline use and
maintenance). However, these emissions are comparable to those from conventional gas,
which in general has high ozone layer depletion potential (ODP) in comparison with the
other options (Figure 11). For example, nuclear power and offshore wind have an ODP
around 25 times lower than natural gas, including shale gas (Stamford and Azapagic,
2014). In the worst case, the ODP of shale gas is 85 times higher than wind (Stamford
and Azapagic, 2014). Also, as indicated in Figure 11, the central ODP value is

comparable to solar PV.

A further air related impact, photochemical oxidants creation potential (POCP), also
known as photochemical smog, is due to leakage of VOCs during the sweetening process
and emissions from onsite equipment. In the worst case, shale gas is 98 times worse than
conventional gas and 18 times worse than coal (Figure 11). This is due to the venting of
gas during well drilling and completion, assuming that all gas is vented. Therefore, gas
venting regulations (such as the requirement for ‘green’ completions) are critical to reduce
this impact (as well as the GWP). In comparison with other electricity technologies, shale
gas has a much higher POCP: three times greater than solar PV, 26 times higher than
offshore wind and 45 times higher than nuclear power (Figure 11). In the best case, shale

gas is preferable to coal but wind and nuclear power are much lower.
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3.2. Water use and impacts

Of all environmental issues, water related impacts associated with shale gas are the most
widely studied and discussed, not only in the literature but also in the media; this issue is
also one of the main objections by the public to shale gas, as discussed below. The
section starts with an overview of water use and its potential contamination during shale
gas extraction, followed by life cycle impacts associated with the discharge of various

pollutants into water bodies along the supply chain.
3.2.1. Water use

One of the main arguments of those opposed to shale gas is that the high water
requirements will increase stress on water supplies, particularly in water-scarce areas.
However, in comparison with some other fuels, the water footprint of shale gas is lower
(see Table 11) (Clark et al., 2013; Laurenzi and Jersey, 2013; Mekonnen et al., 2015;
Scanlon et al., 2014). Similarly, when the water consumption per net energy recovered is
considered, shale gas outperforms other fuels as shown in Table 11 (Goodwin et al.,
2014).

Nevertheless, in absolute terms, the quantity of water required for hydraulic fracturing is
large (up to 25,000 m®), constituting 86% of direct water required for shale gas extraction
and 56% of the overall consumption in the shale gas life cycle (Freyman and Salmon,
2013; Jiang et al., 2014). Undoubtedly, an increase in the scale of production will increase
water consumption in a watershed. However, it is unclear how much of this can be
attributed to shale gas alone since other activities, such as power plants and farmland,
need to be taken into consideration when assessing water levels in a watershed (Pacsi et
al., 2014; Scanlon et al., 2014).

66



L9

20 23 2 :
8 — © : — N [Te}
4.0 - X m Shale gas T Conventional gas OLNG & Coal ®Nuclear EWind 2 Solar m\__j\ L 4
35 -
3.0 - ,_,
25 -
2.0 -
15 - ) +
77 E
10 - 7
%
Z
7
05 - i
7 . =
00 - i ‘ Lo i ‘ i % ‘ 4 ‘ h i / ‘ I:[A 1 ) i)
ADP ADP fossil AP EP FAETP GWP HTP MAET ODP POCP
elements [x10 MJ] [x10 g [9 PO,gq] [x100 g [kg CO,g,] [x10049 [x100 kg [x100 ug [x0.1¢g
[Mg Sb.g,] S0, DCB g, DCBg,] ~ DCBgl — Rllg] CiHigq]l ~ DCBg]

Figure 11: Life cycle environmental impacts of electricity from UK shale gas in comparison to other electricity options (Stamford and Azapagic, 2014). All

impacts are expressed per kWh of electricity generated. LNG is imported from Qatar.

[ADP.: abiotic depletion of elements; ADP;: abiotic depletion of fossil; AP: acidification potential; EP: eutrophication potential; FAETP: freshwater aquatic ecotoxicity potential; GWP: global warming potential; HTP:
human toxicity potential; MAETP: marine aquatic ecotoxicity potential; ODP: ozone layer depletion potential; POCP: photochemical ozone creation potential; TETP: terrestrial ecotoxicity potential.]



Table 11: Water footprint of different fuels and electricity options (Clark et al., 2013;
Goodwin et al., 2014; Laurenzi and Jersey, 2013; Mekonnen et al., 2015; Scanlon et al.,
2014).

Fuel Water footprint (m®TJ)? Water intensity (m*/TJ)°
Shale gas 9-90 3-14

Conventional gas 1.4-3.9 6

Conventional oil 22-601 11-172

Shale oil 162-1,580 -

Oil sands 337-1,050 60-147

Coal 17-674 4-69

Uranium 19-569 4-69

Biomass 52,000-535,000 11,000-125,000

#Comprises the volume of fresh water (surface, ground and rain) and volume of water polluted.
® The ratio of net water consumption to net energy recovery.

To mitigate the impact of water consumption, the development of regionally appropriate
solutions is important. This may include regulating water withdrawals, using brackish
water instead of freshwater and recycling/reusing water (Grant and Chisholm, 2014;
Mauter et al., 2014; Rahm and Riha, 2012; Wang et al., 2014).

3.2.2. Water contamination

Hydraulic fracturing is carried out using a fracturing fluid, which is typically a mixture of
water, sand and chemical enhancers (Figure 7). The latter is used to improve the fluid’s
performance, for instance, preventing scale and corrosion in the well casing and
maintaining the fluid’s viscosity (Cuadrilla Resources, 2017). Friction reducers, such as
surfactants and polymers (natural and synthetic), make up the majority of the chemical
components used in fracturing fluids and are used to reduce the friction of the fluid, so that
it can be pumped in at a lower pressure while maintaining a high flow rate. Biocides
(applied to Kill bacteria in the water), on the other hand, are used in lower concentrations
but are more hazardous (Cuadrilla Resources, 2017; FracFocus, 2014; Thurman et al.,
2014). However, all chemicals are toxic to some extent, although some are much more

hazardous than others (Table 12).

The use of biocides (e.g., glutaraldehyde and quaternary ammonium chloride) and acids
(e.g., hydrochloric and formic) in fracturing fluids are a cause for concern to the public
because of possible contamination of water sources (Moore et al., 2014). In the UK,
disclosure of the composition of fracturing fluid is compulsory and this information must be
made available on operators’ websites (Cuadrilla Resources, 2011). In the US, it is
voluntary and data are stored in the national chemical registry for fracturing fluid
(FracFocus, 2015). However, although US operators disclose this information, patented
chemicals are protected, which means that they can be listed as ‘Trade Secret’ (Gamper-

Rabindran, 2014; State of Louisiana Department of Natural Resources, 2011).
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Studies assessing the toxicity of fracturing fluid are scarce and, to the author’s knowledge,
only four have been carried out to date. Material safety data sheet information and the
European Union’s Regulation No. 1272/2008 have been used to assess the toxicity
(Colborn et al., 2011; Gordalla et al., 2013). Hazard indices can also be calculated for
different chemical formulae, providing a useful way of assessing the contribution of each
component to the overall toxicity (with biocides being a major contributor); this, in turn,
allows for less toxic formulations to be produced and used (Riedl et al., 2013; Schmitt-
Jansen et al., 2012).

Table 12: Common chemicals used in fracturing fluid (FracFocus, 2014).

Chemical Purpose Hazard
Hydrochloric acid Dissolves mineral and Corrosive and toxic
initiates rock fractures
Polyacrylamide Reduces friction of fluid Harmful and toxic
Ethylene glycol Reduces friction of fluid Harmful and carcinogenic
Ammonium persulphate Delays breakdown of the Oxidising and toxic
fluid
Sodium chloride Delays breakdown of the Irritant
fluid and prevents clay
swelling
Methanol Prevents pipe corrosion and Flammable and toxic
reduces friction of fluid
Formic acid Prevents pipe corrosion Flammable and corrosive
Glutaraldehyde Kills bacteria in the water Corrosive and toxic
Quaternary ammonium Kills bacteria in the water Corrosive
chloride

In addition to fracturing fluid, drilling fluid is also used to extract shale gas and is more
toxic because of the large quantities of substances, such as barite, that it often contains
(Colborn et al., 2011). However, the volume of drilling fluid is small in comparison to the
volume of fracturing fluid: 750-7,600 m® versus 3,000-21,000 m*® (Caenn et al., 2011;
Jiang et al., 2014).

The spent fracturing fluid and produced water (water contained within the gas reservoir)
become wastewater, commonly referred to as flowback water. This has been found to be
more problematic than fracturing fluid because it contains dissolved materials such as
naturally occurring radionuclides (NORMs) and bromide (Gordalla et al., 2013). However,
the concentration of NORMs in flowback water is lower than in other sources (e.g. in the
medical and mining sectors) and is normally not considered to be hazardous to human
health (Almond et al., 2014). Nevertheless, because the composition and concentration of
NORMSs depend on the mineralogy of the shale formation, it is important to understand the

relationships between different groups of elements to the mineralogy; this allows more
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accurate predictions of water contamination associated with shale gas extraction
(Chermak and Schreiber, 2014).

Water contamination associated with flowback water can occur if it is treated in a
conventional wastewater treatment plant. This is because the chemicals used in fracturing
fluid, as well as the high levels of bromide and total dissolved solids in produced water,
are not normally handled in conventional wastewater treatment plants. This could result in
chemical reactions between the chemical components and disinfectant agent in the
treatment plant, leading to the formation of unwanted disinfectant by-products and an
overload of existing infrastructure, as the quantity and chemical content of the wastewater
exceed existing processing capacity and capability (Grant and Chisholm, 2014; Parker et
al., 2014; Schnoor, 2014; Vikram et al., 2014). The latter would likely result in wastewater
not being fully treated, which, if discharged into rivers, could affect toxicity and nutrient
levels in aquatic and terrestrial ecosystems. These problems could be made worse by any
reuse or recycling of water, which may be practiced to reduce water usage (as mentioned
in the previous section). One way of getting around this would be to treat the water onsite

through desalination prior to reuse, but this has cost implications (Shaffer et al., 2013).

Another source of water contamination is from hydraulic fracturing itself, with fracturing
fluid and/or produced water traveling through the fracture network to groundwater and
surface water bodies. However, the probability of a fracture created during hydraulic
fracturing extending from the shale layer upwards to an overlying water aquifer is
considered to be low; this is because the shale layer is typically 2,100 m below the
surface, whereas the maximum height of an upwardly propagating hydraulic fracture is
around 600 m (Davies et al., 2012).

Nevertheless, cases of water contamination have been reported and three routes of
exposure identified: stray gas; spills, leaks and illegal dumping/disposal; and accumulation
in disposal sites (Vengosh et al., 2014). However, research into the relationship between
shale gas activity and water contamination is conflicting and inconclusive as different
studies have both found and refuted a relationship (Boyer et al., 2011; DiGiulio et al.,
2011; Orem et al., 2014). Elevated concentrations of chemicals, including heavy metals,
have been found in drinking water wells in active shale plays (see Table 13), but the
results have been critiqued (and rebutted) because of inconsistencies in datasets and
data sample sizes (Fontenot et al., 2014; Fontenot et al., 2013; McHugh et al., 2014).
Methane and produced water contamination have also been found and linked to faults in
well integrity and cementing (Davies et al., 2014; Fontenot et al., 2013; Osborn et al.,
2011; Vengosh et al., 2013; Warner et al., 2012). However, this has also been countered,

because of disputes over the origin, with pre-existing networks from old oil and gas wells
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complicating the assessments (Davies, 2011; Jackson et al., 2013; Molofsky et al., 2011,
Osborn et al., 2011; Vengosh et al., 2013; Warner et al., 2012).

It has been established with noble gas tracers that faulty well casing and cementing are a
cause of groundwater methane contamination (Darrah et al., 2014). It has also been found
that pre-existing fractures are not a pathway for (significant) produced water migration
(Kohl et al., 2014). This was supported by a review of onshore and offshore oil and gas
wells, which found that failures in well integrity caused water contamination (Davies et al.,
2014).

Table 13: Chemicals found in groundwater in active US shale gas plays (Edstrom
Industries, 2003; Fontenot et al., 2013; Orem et al., 2014; Osborn et al., 2011; Oram et
al., 2011).

Chemical Detected concentration  Water safety limits (US)?
Methane 0.30-50-40 mg/L 2 mg/L
Total organic carbon 1.20-5,804 mg/L 0.05 mg/L
Arsenic 2.20-161.20 pg/L 10 pg/L
Total dissolved solids 200-1,900 mg/L 500 mg/L
Strontium 66.20-18,195 pg/L 4,000 pg/L
Selenium 10-108.70 pg/L 500 pg/L
VOCs Below detection limit 5 pg/L to 10 mg/L
Radon® 775.10 pCilL 15 pCi/L
:S_ource:_ Edstrom industries.

Picocuries.

One additional subject that is particularly unclear is the situation regarding abandoned and
orphaned wells (Davies et al., 2014). This is important because these wells are more likely
to be ill plugged and decommissioned, as it is not clear who is in charge of the
abandonment activities and end-of-life monitoring to ensure their integrity has not been

compromised.

In summary, existing literature provides an inconclusive evaluation of the effect of shale
gas on water contamination. On one hand, evidence exists of contamination and
chemicals greatly exceeding safety limits near active shale plays. On the other hand, this
is unlikely to have originated from proper industrial practice and may or may not be
associated with prior unrelated activity (few baseline data comparisons). One suggested
approach that would greatly increase clarity in this area is to use boron and lithium
fingerprinting to determine whether contamination is due to hydraulic fracturing (Davies,
2011; Warner et al., 2014).

Despite the high uncertainty over whether shale gas is likely to cause water
contamination, a range of mitigation strategies could be used to prevent it (Wang et al.,

2014). Baseline data, continuous monitoring over the well’s lifetime and adaptive
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management can reduce the likelihood of exposure, while chemical fingerprinting can be
used to identify the source of contamination (Grant and Chisholm, 2014; Warner et al.,
2014; Rahm and Riha, 2014). Given public concerns over this issue, greater transparency
must be exercised, particularly in relation to the composition of patented chemicals in

fracturing fluids.
3.2.3. Impacts from water contamination

As discussed in the previous section, there are several exposure routes by which water
could be contaminated during hydraulic fracturing. In addition, water is polluted by other
activities in the life cycle, leading to various impacts on aquatic organisms. These include
eutrophication as well as freshwater and marine eco-toxicity. As for the air related
impacts, only one LCA study has considered water related impacts of shale gas on a life
cycle basis and their findings are discussed next.

As shown in Figure 11, the estimated eutrophication potential (EP) of electricity from shale
gas, in the central case, is broadly comparable to conventional gas lying between offshore
wind and solar PV. In the worst case, it is on par with coal and is four to 71 times worse
than nuclear power, wind and solar PV. In the best case, the impact from shale gas is
three times higher than nuclear power. The NO, emissions from diesel generators used
for drilling and other equipment is the biggest contributor to the EP. The next highest
contributor is the disposal of drilling waste because of phosphorus (naturally occurring in

soil) being extracted during drilling.

Freshwater and marine ecotoxicities are also largely caused by the disposal of drilling
waste on land (common practice, as discussed in the next section). This is mainly due to
the chemical stabilisers used in drilling fluids. However, when assuming the worst case,
the freshwater ecotoxicity potential of shale gas electricity is over two times lower than
coal (Figure 11). In the central and best cases, shale gas is comparable to conventional
gas and is up to an order of magnitude better than nuclear power, offshore wind and solar
PV.

A similar pattern is found when comparing shale gas electricity to the other options for
marine ecotoxicity: nuclear power, offshore wind and solar PV are 1.6-7.8 times worse in
the central case, while coal is 45 times worse. On the other hand, shale gas is five times
worse than conventional gas (central case in Figure 11). In the worst case, it is still better

than coal, but up to 10 times worse than the other options.
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3.3. Land use and impacts

The impacts to land relevant to shale gas are land use, terrestrial ecotoxicity and

earthquakes, as discussed below.
3.3.1. Land use

To construct a gas well, an area of land needs to be cleared to place the equipment and
allow access to the drilling site. The area needed for this will depend on the site, but
typically 2-3 ha (1 ha = 10* m? of land is required per well pad (AMEC, 2013). By
comparison, an open-pit coal mine takes up 2,000-3,000 ha, a wind farm with 20 turbines
requires 0.6-28.5 ha and a solar farm takes up 0.4-40.5 ha (Denholm et al., 2009;
RenewableUK, 2015; Singh, 2004; Solar Trade Association, 2015). Thus, the area
occupied by shale gas is comparable to those of wind and solar and significantly smaller
than coal.

As mentioned in Section 3.1.1, the above activities will inevitably lead to LUC, causing
changes to vegetation and possibly fragmentation of woodland and forest, in turn,
affecting surface runoff (Slonecker et al., 2012; Soeder et al., 2014). Furthermore,
depending on the site, roads may have to be constructed to allow equipment and
materials to be transported (Moore et al., 2014; RSPB, 2014). All of this may also affect
local ecology, but the effects are still largely unknown, apart from a few studies. For
example, one study has suggested that specialised species and habitats around well pads
are most at risk because of land and food-chain fragmentation (Brittingham et al., 2014). It
has also been found that noise pollution from compressors at well sites affects animal
behaviour (Barber et al., 2010; Barber et al., 2011). Although such studies can help with
mitigation plans, certain activities and characteristics are unique to the region where shale

gas extraction is taking place, making it difficult to foresee all ecological impacts.

The area occupied for shale gas extraction can be reduced through the use of multi-well
pads, which have a surface footprint (and water use) per well two to four times lower than
that of single-well pads (Manda et al., 2014). Reducing the surface footprint also helps to
reduce depletion of abiotic resources, such as metals and minerals, required for the
construction of wells (Stamford and Azapagic, 2014). However, the area available for
shale gas extraction will depend on nearby land uses, as well as on policies such as
setback distances, which can reduce the actual area available by as much as 31% (Blohm
et al., 2012). This could lead to patches of land, rather than whole areas, being available
for drilling subsequently worsening habitat fragmentation through the combined effects of

the patches themselves and their associated roads for transport to and from the site.
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3.3.2. Terrestrial eco-toxicity

A further issue associated with shale gas extraction is terrestrial eco-toxicity, largely
because of the disposal of the drilling waste, which contains toxic components such as
barite. Landfiling and land spreading are the most common routes, with the latter
involving the spreading of waste onto agricultural land. The LCA study mentioned
previously found that the terrestrial eco-toxicity potential of electricity from shale gas, in
the central case, is 26 times higher than conventional gas. This impact is also higher for
shale gas than electricity from coal, nuclear power, wind and solar PV by two to 4.5 times
(see Figure 11). This is mainly due to the land spreading of drilling waste and the
subsequent deposition of heavy metals and barium into soil. In the worst case, shale gas
is 33-428 times worse than the other options. However, if the drilling waste is landfilled,
terrestrial eco-toxicity is around a third lower than LNG and an order of magnitude lower
than solar PV, offshore wind and coal. These results indicate the importance of
sustainable waste management for reducing the terrestrial eco-toxicity potential of shale
gas.

3.3.3. Earthquakes

The induction of earthquakes from shale gas activities has raised a lot of public concern
(Koppelmann et al., 2012). Tremors are believed to be caused by fractures created during
hydraulic fracturing extending to pre-existing stress lines in the rock, resulting in a slip
(Johri and Zoback, 2013). However, as seen in Table 14, they are not unigue to shale gas
in the oil and gas industry. They are also much smaller in magnitude than those related to
other activities, for example, coal mining and reservoir impoundment for hydroelectric
projects. The magnitude of the tremors caused by hydraulic fracturing is such that they
are typically not felt or felt but cause little damage. Similarly, the number of recorded
tremors is much smaller than that for other activities, with three earthquakes having been
caused by shale gas activities; British Columbia (Canada), Lancashire (UK) and
Oklahoma (US) (Davies et al., 2013; Hitzman et al., 2012).

However, an increase in shale gas activity could worsen the risk of further earthquakes as
a recent study found a link between the increase in the frequency of wastewater injections
and the frequency and magnitude of earthquakes (Rubinstein et al., 2014). This could
lead to negative impacts to the natural environment and people through damage to
property and habitats, as well as distress and anger to the people affected (van der Voort
and Vanclay, 2015). Despite this risk, anthropogenic earthquakes can be mitigated
through the use of seismic monitoring. One such use is in the form of a traffic-light
monitoring system (Table 15), through which tremors are constantly measured during

hydraulic fracturing and onsite activity is directed accordingly.
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Table 14: Magnitude of earthquakes induced or believed to have been caused by human

activities by shale gas fracturing and other industrial activities (Davies et al., 2013).

Activity Measured magnitude®
Hydraulic fracturing for shale gas 1.0sM,<3.8
Mining (coal etc.) 1.6=M,<5.6
Oil and gas field depletion 1.0sM,<7.3
Water injection for secondary oil recovery 1.9sM;<5.1
Reservoir impoundment 2.0sM,=57.9
Waste disposal 2.0sM,=s5.3
Academic research boreholes 2.8=M,<3.1
Solution mining 1.0sM.s5.2
Geothermal operations 1.0sM.=4.6

#My:local magnitude, also referred to as the Richter magnitude. Magnitudes are measured magnitudes.

Table 15: Traffic-light system for monitoring the potential for earthquakes recommended
by the Royal Academy of Engineering (Koppelmann et al., 2012).

Colour  Magnitude Action

Green M. <0 Continue activities.

Amber 0=M=1.7 Continue but under caution; injection rate may be reduced until
seismicity reduced.

Red M1.7 Activities stopped.

4. Social aspects

Social impacts from shale gas activity vary widely, but are closely related to the economic
and environmental impacts discussed in the previous sections. The following key social

aspects are examined: creation of employment, health and safety and public perception.

4.1. Creation of employment

The total number of jobs created by shale gas clearly depends on the scale of activity. A
single-well pad generates, on average, 20-30 direct jobs, but indirect and induced
employment in the supply chain and other sectors have been estimated to be much larger,
as discussed in Section 1 with respect to employment in the US (Regeneris Consulting,
2011). In the UK, it is estimated that the annual number of direct jobs will peak at 6,100,
with 32,000-74,000 jobs created in total (AMEC, 2013; Lewis and Taylor, 2012; Lewis et
al., 2014; Taylor and Lewis, 2013). To put this into perspective, the latter is roughly
enough to reduce the UK’s unemployment by between 1.5-3.4% (ONS, 2014). This is
similar to the experience in the US where around 150,000 were employed in the shale gas
industry (production stage) in 2010, which is equivalent to 1% of the then unemployed

population (U.S. Census Bureau, 2012).
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The average salary in the industry is high, with workers earning £36,000-£160,000 (Lewis
et al., 2014). Together with the creation of jobs, this can potentially benefit local areas
where shale gas is produced. However, this is assuming specialised and experienced
workers are locally available. This may not necessarily be the case, so workers may need
to be brought in from elsewhere. This is also the case in the US, where workers are
brought in from other states and instead of relocating, commuted long distances between
home and work (Jacquet, 2014; Schafft et al., 2014).

In addition, the generation of new employment in shale gas could help with gender
inequality issues endemic in the oil and gas industry: for example, in the UK female
employees make up only 3.7% of the total workforce in this sector. In Australia it is 13%
and in Canada 21% (McGrath and Marinelli, 2012; Oil & Gas UK, 2011). By contrast, in
the US 46% of new oil and gas jobs were filled by women in 2013 (Czebiniak, 2014). In
spite of this, there have been no studies to examine in more detail issues related to

employment equality.

4.2. Health and safety

The production of shale gas can pose a risk to well site workers, as well as people living
close by and elsewhere in the supply chain, when considering a life cycle perspective.
Safety risks to workers include accidents onsite, ranging from minor injuries to fatalities. In
comparison to other industries, based on the records for the US and UK, the oil and gas
industry (including shale gas) has a lower accident rate than mining, construction and
agriculture (Bureau of Labor Statistics, 2015; HSE, 2015). This is because of stringent
safety regulations and measures put in place in these countries to ensure the safety of
workers at oil and gas sites (OGP, 2013). However, in some other regions, particularly in
developing countries, safety records and regulations may not be as good and worker
safety remains a concern. Beyond the site boundaries, safety risks to people living close
by include accidents related to increased traffic around the site as well as explosions and

fire in case of operational failures (Graham et al., 2015).

The health risks to workers on well pad sites are well documented and include silica
exposure, inhalation of gases, such as VOCs, NO, and H,S, as well as exposure to noise
(Mulloy, 2014). These risks, in particular silica and gas inhalation, can lead to chronic
illnesses, such as chronic obstructive pulmonary disease, lung cancer and cardiovascular
problems (HSE, 2013; MDH, 2015; United States Department of Labor, 2015). However,
these are caused by long-term exposure, so are less likely to occur if proper measures
are taken to protect workers. Acute illnesses, on the other hand, are more likely to occur
as they are caused by short-term or accidental exposure. Acute ailments include

dizziness, headaches and eye and respiratory irritation (HSE, 2013; MDH, 2015; United
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States Department of Labor, 2015). These risks can be mitigated by implementing
appropriate  measures, such as personal protective equipment and using efficient
equipment onsite. However, accidents can still happen despite protective measures, as
demonstrated by recent fatalities on US shale gas well sites that occurred during
equipment testing and maintenance work (Arenschield, 2014; Garcia, 2014; Mulloy,
2014).

The health risks to workers are also applicable to residents living close to well sites, but
guantitative studies on the impacts to public health are lacking in the literature. As a result,
there is little guidance available on how to mitigate risks to residents living in close
proximity to well sites. On the other hand, qualitative studies on perceived health impacts
abound, which suggests that there is a link between ill health and shale gas production
(Ferrar et al., 2013; Rabinowitz et al., 2014; Steinzor et al., 2013), with people surveyed
reporting a wide variety of physical (nhausea, nosebleeds and headaches) and mental
(stress and anxiety) ailments (Table 16). Stress and anxiety have been commonly
associated with oil and gas production, but often because residents felt that they are not
being listened to (Ferrar et al., 2013; Rabinowitz et al., 2014; Steinzor et al., 2013; van der
Voort and Vanclay, 2015). Thus, it seems that certain health problems may be related to
communication, engagement and perception rather than physical phenomena. However,
most studies are based on self-reported surveys with no professional medical diagnosis of
symptoms. The sample sizes are also small and the studies have been conducted over
short periods. Thus, long-term studies on the effects of shale gas production on human
health are still needed as there are many uncertainties and unanswered questions
(Jackson et al., 2014).

Table 16: Health symptoms reported by residents living closed to shale gas wells (Ferrar
et al., 2013; Rabinowitz et al., 2014; Steinzor et al., 2013).

Physical symptoms Mental symptoms
Rashes, sores and blisters Depression

Burning eyes Difficulty concentrating
Joint swelling and muscle aches Memory loss
Headaches Sleeping difficulties
Coughs Anxiety

Dizziness and chest pains Stress

Nose bleeds

There have been no fatalities among residents living near well pads, but there have been
numerous reports of pet and livestock deaths as well as birth abnormalities in farm
animals (Bamberger and Oswald, 2012; Lisak, 2015). This is important because

bioaccumulation is a risk/exposure pathway as it is possible for toxins to build up and
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travel up through the food chain, which could affect humans. However, currently there is a

lack of studies that consider these aspects.

On a life cycle basis, the LCA studies mentioned earlier found that, in comparison to coal
and solar PV, electricity from shale gas has a lower human toxicity potential, by 6.6-10.6
times (Figure 11) (Stamford and Azapagic, 2014). It is only in the worst assumed case
that shale gas exceeds the human toxicity potential of coal power (by 17%). As for the
other ecotoxicities, the main cause of this impact is land spreading drilling waste owing to
the toxicity of barite.

4.3. Public perception

Public perception has been identified as a major obstacle in shale gas development
(House of Lords, 2013), but it is difficult to measure robustly because it can be influenced
by many factors. For example, survey results in the UK have found awareness, measured
as the number of people who know what shale gas and hydraulic fracturing are, to have
increased in recent years (Figure 12), but results are conflicting and inconclusive (Castell
et al., 2014; DECC, 2015; O'Hara et al., 2015). This is because many people associate
shale gas with earthquakes, water contamination and cheap energy. However, many
people are unsure of its GHG emissions and whether or not it can be described as a
‘clean’ energy source. The survey data indicate that there is public support for shale gas,
which could be linked to the association with cheap energy. On the other hand, surveys
also identified that a large proportion of people are unsure of their stance, being neither
for, nor against it (Castell et al., 2014; O'Hara et al., 2015).

Conversely, similar surveys in the US have found that the majority of Americans are
unfamiliar with shale gas, being either unclear on what it is or completely unaware of it
(Boudet et al., 2013). However, this could be because the US is much larger than the UK,
as results varied from state to state (Boudet et al., 2013). States with a history in oil and
gas, such as Texas and Pennsylvania, typically have a higher proportion of people in
favour, whereas states such as New York, New Jersey and California, which do not have
a related history, are more likely to oppose shale gas development (Carroll, 2014; Eaton,
2013; Freyman and Salmon, 2013; Rahm, 2011).

The high uncertainty and variation in public stance could be the result of media coverage.
Anti-fracking protesters and demonstrations have featured heavily in the media, such as
the Barton Moss and Balcombe protests in the UK and the demonstrations in southern
Algeria, which could have affected public opinions about shale gas (Gall, 2015; Tarver,
2013). In some countries, the coverage is balanced, with both pro and anti-shale gas
stories being covered. However, in others it is polarised, for example, in Poland, where

media depiction is strongly pro-shale gas (Jaspal et al., 2014). An interesting finding is the

78



connotation associated with the word ‘fracking’, which is frequently used by the media.
The word has been found to have negative meaning, whereas ‘hydraulic fracturing’ is
more neutral, which suggests that media can unknowingly influence perceptions (Climek
et al., 2013; Evensen et al., 2014; Muehlenbachs et al., 2013).
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Figure 12: Public awareness of shale gas in the UK (Castell et al., 2014; DECC, 2015;
O'Hara et al., 2015).

The way shale gas is regulated will affect public attitudes and willingness to accept it. In
many countries, existing oil and gas regulations are currently thought to be sufficient, but
new legislation is being introduced to tackle problems associated with shale gas that have
arisen or could arise. However, the introduction of new legislation takes time. In March
2015, the Obama administration issued new federal regulations for hydraulic fracturing but
this comes nearly 10 years after the shale gas ‘boom’ (Davenport, 2015). Similarly, the UK
Government revised its Infrastructure Bill in late 2014 to include legislation for hydraulic
fracturing, but this is four years after the first shale gas well was drilled (Baroness Kramer,
2014; HM Government, 2015). Moreover, existing and newly proposed regulations have
been criticised by parties from both sides of the argument, with industry arguing that they
will slow down the rate of drilling and environmental groups arguing they are not doing
enough to protect people and the environment. Therefore, it is important that shale gas is

regulated in a way that meets the expectations of all stakeholders.

Given the importance of regulation for public perception, an effective shale gas industry
requires full compliance with regulations and oversight by independent regulatory bodies.
Loopholes in regulation and self-regulating are not seen favourably by the public. The
former includes protection from the disclosure of patented chemical used for hydraulic

fracturing in the US, which was strongly criticised by environmental groups (House of
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Lords, 2014). Similarly, amendments to EU and UK legislation to try to close loopholes
have been met with disapproval: in the EU, legislation exempted shale gas from tougher
environmental rules (it does not fall under all relevant permits) and in the UK, the
Infrastructure Bill was recently amended to allow ‘passing any substance through, or
putting any substance into deep-level land or infrastructure installed in deep-level land”,
which enables operators to use any chemicals they wish. Both of these have received

fervent criticism from environmentalists (Baroness Kramer, 2014).

This is why it is crucial that public engagement and communication is carried out carefully,
avoiding miscommunication and building trust. Shale gas remains a sensitive issue and
the fact that some people hold very strong, inflexible views either for or against it needs to
be taken into account (Raimi and Leary, 2014). Governments and industry in countries
new to unconventional onshore oil and gas will have to work harder if they want to win
public support as they have no previous experience in the industry and the public is
unsure of what to expect. As discussed above, evidence from the US suggests that
regions with a track record in onshore extraction tend to show greater acceptance. It may
be appropriate for some of these countries to integrate shale gas development plans into
large schemes and plans, such as national energy goals (House of Lords, 2013). This
could be beneficial as it would put shale gas into a broader context so that people can see

how it fits in with the country’s energy needs.
5. Further discussion and policy implications

Overall, shale gas has had a considerable impact on the US economy, particularly on gas
prices and the reinvigoration of its chemicals and manufacturing industries (EIA, 2014b;
PwC, 2011). These economic benefits are one of the main drivers for other countries
wanting to exploit their shale gas resources, but many face issues associated with lack of
experience in onshore gas production and particularly hydraulic fracturing. Therefore, it is
uncertain whether other countries could replicate the economic success of the US, as it is
likely that large capital investment and extensive R&D would be needed to develop the
industry successfully on a commercial scale. As suggested in the literature, it may be that
it is still too early for some countries to develop the resource as investment may exceed

the revenue generated (Table 10).

Similar to most extractive processes, shale gas is associated with many environmental
issues. However, the majority of existing literature considers shale gas alone rather than
in comparison with other fuels. This should be a key area of future focus, as the impacts
associated with hydraulic fracturing are not unique to it. Coal mining, for instance, has
been known to induce seismic tremors; its tailings and other waste products are also toxic.

Canadian oil sands have led to forest fragmentation and habitat loss because of dynamite
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charges (for seismic surveys), road construction and other mining processes
(Woynillowicz, 2007). Conventional oil and gas extraction has been associated with water
contamination and hydraulic fracturing can be used in conventional wells to increase
productivity. Air pollutants are also associated with conventional gas production as
conventional and shale gas production differs only in horizontal drilling and hydraulic

fracturing.

This suggests that many of the major environmental issues associated with shale gas
extraction can be mitigated, if not prevented (Jackson et al., 2014; Wang et al., 2014). The
use of best practice and BAT, as opposed to standard practice, can help to protect people
and the environment (Uth, 2014). Developments in policy and practices could then be
used and adapted in mitigation schemes in different countries, as well as for new related
energy technologies. The latter might include, for instance, enhanced geothermal
systems, which involve hydraulic fracturing and carbon capture and sequestration, which
has been linked to CO, emissions from its migration to the surface through fractures and

channels in the rock (Moors, 2014).

Shale gas has the potential for substantial positive socioeconomic impact. This includes
significant direct and induced employment, which could give a large boost to local
communities, provided that workers are not imported from elsewhere. This boost in
employment could also help with equality issues, such as gender, ethnicity and age.
However, there are a number of interrelated barriers that need to be addressed, including
environmental impacts as well as public perception, understanding and engagement
(House of Lords, 2013). There are many stakeholders involved in the supply chain, which
makes compromising complex as not everyone will be happy with the end result. More
research into understanding the impacts on human health and public opinion is needed,

especially outside the US and EU.

The economic, environmental and social implications of shale gas extraction-as
summarised above-are all deeply influenced by policy. Therefore, it is important that
appropriate legislation is implemented and is reinforced and regularly reviewed. Had
policy and regulations in the US been more stringent in the early days of shale gas
development, it is possible that many of its impacts and some public opposition that
followed in other countries might have been prevented. For example, the exclusion of
hydraulic fracturing from the Safe Drinking Water Act in the US fuelled concerns of water
contamination by toxic chemicals, as it exclusion means that chemicals used in hydraulic
fracturing are not regulated (Gamper-Rabindran, 2014). On the other hand, the US
Government’s role in initial R&D through the Unconventional Gas Research Program
(1976-1992) and the Eastern Gas Shale Project (1976-1997) helped to develop domestic
skills, technology and research (Wang and Krupnick, 2013b; Wang and Krupnick, 2013a).
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Therefore, the US experience could be useful for other countries in formulating shale gas
policies to avoid the negative impacts of shale gas development and improve public

perception.

However, the geographical abundance that makes shale gas an attractive option in terms
of energy security also leads to difficulties in creating a standard set of policies: each
country and region in possession of reserves has different oil and gas production history,
geography, geology and economic circumstances. Despite this, there are specific polices
that could be homogeneous in many of these countries, such as long-term monitoring of
air and water quality, as well as gathering good baseline and background data for all
potential exploration sites. The disadvantage of such recommendations is, of course, the
time and expense required: if the owner/operator must pay, this may put off many from
investing in what is already a high-risk venture. Therefore, there is a need for collaboration
between industry, government and academia to collect data and communicate with the
public. There is also a need for more adequate funding to strengthen the implementation

of regulation and prevent understaffing of regulators.

Additionally, it is important to include shale gas in long-term energy policies, particularly
because recent years have seen international shifts in energy policies toward the
reduction of GHG emissions (UNEP, 2012). For many countries, this means reducing coal
capacity and increasing gas, but this does not necessarily translate into reduced GHG
emissions: if gas were to replace renewable and nuclear capacity, then the benefits would
be negated. For this reason, policies and incentives must be put in place to develop other
low-carbon energy sources alongside any shifts in gas (Bistline, 2014; Newell and Raimi,
2014). In a global shale-boom scenario, it is also possible that overall energy consumption
could increase (the ‘rebound’ effect), again negating any emission reductions. Therefore,
shale gas can only be exploited within a cogent framework of climate change mitigation

policies.

Many new regulations that have been introduced are economically motivated because
most governments believe current environmental legislations for conventional oil and gas
are sufficient (Government of Alberta, 2014; European Commission, 2014). However, this
has been countered by many arguing that the extent of hydraulic fracturing and other
unigue activities cannot be managed with current legislation because it predates shale

gas exploitation.
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6. Conclusions

This review has considered the economic, environmental and social sustainability of shale
gas. The findings suggest that significant sustainability trade-offs may be needed if shale
gas were to be developed on a large scale, but some of this may be due to uncertainties
because of a lack of data. Despite the uncertainties, some facts associated with shale gas
development are well established. For example, poor well integrity, faulty or inadequate
equipment and poor regulation are the cause of many of the sustainability impacts; these
issues can be resolved by the implementation of best practice and BAT, whereas better
regulation of activities and improved transparency can ease social concerns and help to
build trust.

The impact of shale gas on the US economy has been significant as a result of lower
energy prices. However, many countries with shale gas reserves lack the skKills,
knowledge and infrastructure of the US, leading to doubts about the economic viability of
shale gas outside the US. This uncertainty is also mirrored in social acceptance and
perception. Other social impacts associated with it are unclear because studies on topics
such as employment opportunities, human health and public engagement are limited and
often specific to the US. There is, however, more information on the environmental

impacts which have been researched more extensively.

In the meantime, this much is clear: the future of global shale gas development will
depend on a combination of the industry demonstrating environmentally sustainable
practice, the level of political will to see development through to maturity and public

support, with the latter most likely being the biggest determinant.
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