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Public introduction
M4ShaleGas stands for Measuring, monitoring, mitigating and managing the environmental impact of
shale gas and is funded by the European Union’s Horizon 2020 Research and Innovation Programme.
The main goal of the M4ShaleGas project is to study and evaluate potential risks and impacts of shale gas
exploration and exploitation. The focus lies on four main areas of potential impact: the subsurface, the
surface, the atmosphere, and social impacts.
The European Commission's Energy Roadmap 2050 identifies gas as a critical fuel for the transformation
of the energy system in the direction of lower CO2 emissions and more renewable energy. Shale gas may
contribute to this transformation.
Shale gas is – by definition – a natural gas found trapped in shale, a fine grained sedimentary rock composed of mud. There are several concerns related to shale gas exploration and production, many of them
being associated with hydraulic fracturing operations that are performed to stimulate gas flow in the
shales. Potential risks and concerns include for example the fate of chemical compounds in the used hydraulic fracturing and drilling fluids and their potential impact on shallow ground water. The fracturing
process may also induce small magnitude earthquakes. There is also an ongoing debate on greenhouse
gas emissions of shale gas (CO2 and methane) and its energy efficiency compared to other energy sources
There is a strong need for a better European knowledge base on shale gas operations and their environmental impacts particularly, if shale gas shall play a role in Europe’s energy mix in the coming decennia.
M4ShaleGas’ main goal is to build such a knowledge base, including an inventory of best practices that
minimise risks and impacts of shale gas exploration and production in Europe, as well as best practices
for public engagement.
The M4ShaleGas project is carried out by 18 European research institutions and is coordinated by TNONetherlands Organization for Applied Scientific Research.

Executive Report Summary
This report reviews the existing knowledge on the carbon footprint of shale gas operations. The carbon
footprint is a way to quantify climate impact and in this report encompasses the total emissions of the
greenhouse gases (GHGs) carbon dioxide (CO2) and methane (CH4) over all life cycle stages (from gas
extraction to delivery and use). Different greenhouse gases can be compared by expressing the emissions
of each gas in CO2 equivalents based on their Global Warming Potentials (GWP). The available
knowledge on shale gas carbon footprint arises mostly from U.S. based studies and measurements. These
studies indicate the carbon footprint of generating electricity from shale gas ranges from 420-850 g CO2equivalents/kWh, close to the range reported for conventional gas (480-750 kg CO2-equivalents/kWh) for
the United States. In general, as combustion of gas in power plants generally contributes to about 80% of
total GHG emissions, differences in power plant efficiencies (combined cycle vs. single cycle) are by far
most important for the differences in carbon footprints. As a result, combustion emissions of shale gas
are indistinguishable from emissions from conventional gas. Omitting the combustion phase GHG emissions range between 7-27 g CO2-equivalents per MJ of gas delivered. Most of these emissions arise from
losses of gas during production (gas winning from wells) and preproduction (the preparation of the
wells). At the same time, these emissions are most uncertain over the gas life cycle because measurements show a wide range. In addition, emission estimates derived bottom-up (from equipment emission
factors) or top-down differ and indicate large uncertainties. Top-down assessments are made by measuring around and / or over a large production area and establishing in integrated overall source strength.
For comparison with other fossil sources, the fraction of shale gas from a producing well that is lost to
the atmosphere is important. A trade-off point is often suggested to be around 3% of well production. The
total production of a well is identified as one of the largest unknowns for the relative assessment of the
carbon footprint of shale gas. Mitigation options are available for most shale gas operations although
they are not always implemented (yet) due to cost constraints. The most prominent are Reduced Emission
or Green Completions (REC), where fugitive gas is captured and used instead of vented to the atmosphere. A second option is flaring of the gas, that reduces methane emissions by combustion to CO2.
D15.1 Carbon footprint from shale gas exploitation
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1

INTRODUCTION

1.1

Context of M4ShaleGas
Shale gas source rocks are widely distributed around the world and many countries have
now started to investigate their shale gas potential. Some argue that shale gas has already proved to be a game changer in the U.S. energy market (EIA 20151). The European Commission's Energy Roadmap 2050 identifies gas as a critical energy source for the
transformation of the energy system to a system with lower CO2 emissions that combines gas with increasing contributions of renewable energy and increasing energy efficiency. It may be argued that in Europe, natural gas replacing coal and oil will contribute to emissions reduction on the short and medium terms.
There are, however, several concerns related to shale gas exploration and production,
many of them being associated with the process of hydraulic fracturing. There is also a
debate on the greenhouse gas emissions of shale gas (CO2 and methane) and its energy
return on investment compared to other energy sources. Questions are raised about the
specific environmental footprint of shale gas in Europe as a whole as well as in individual Member States. Shale gas basins are unevenly distributed among the European
Member States and are not restricted within national borders, which makes close cooperation between the involved Member States essential. There is relatively little
knowledge on the footprint in regions with a variety of geological and geopolitical settings as are present in Europe. Concerns and risks are clustered in the following four
areas: subsurface, surface, atmosphere and society. As the European continent is densely populated, it is most certainly of vital importance to understand public perceptions of
shale gas and for European publics to be fully engaged in the debate about its potential
development.
Accordingly, Europe has a strong need for a comprehensive knowledge base on potential environmental, societal and economic consequences of shale gas exploration and
exploitation. Knowledge needs to be science-based, needs to be developed by research
institutes with a strong track record in shale gas studies, and needs to cover the different
attitudes and approaches to shale gas exploration and exploitation in Europe. The
M4ShaleGas project is seeking to provide such a scientific knowledge base, integrating
the scientific outcome of 18 research institutes across Europe. It addresses the issues
raised in the Horizon 2020 call LCE 16 – 2014 on Understanding, preventing and mitigating the potential environmental risks and impacts of shale gas exploration and exploitation.

1

EIA (2015). Annual Energy Outlook 2015 with projections to 2040. U.S. Energy Information Administration (www.eia.gov).
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1.1.1

Carbon Footprint of M4ShaleGas

Greenhouse gas (GHG) emissions to the atmosphere are critical to assess climate aspects of shale gas exploration and exploitation. The total of greenhouse gas emissions
over a products life cycle, e.g. from well exploration to electricity generation from gas,
is often referred to as carbon footprint. To sum all different gases contributing to climate change, they have to be expressed on a common scale. The Global Warming Potential (GWP) calculated regularly by the Intergovernmental Panel on Climate Change
(IPCC) is generally used for this purpose. The GWP is a measure of the cumulative radiative forcing over a given time horizon from a pulse emissions of any greenhouse gas
and is compared to that of CO2, which by definition has a GWP of 1. As lifetimes of
different GHG in the atmosphere vary, the choice of a time horizon is important for the
assessment of the relative GWP. The use of a 100 year time horizon is most common,
but the IPCC also provides GWPs for 20 and 500 years. Since CH4 has a much shorter
lifetime than CO2 its relative importance increases on the short time horizon (GWP 20)
and decrease on the longer time horizons (GWP 100 and GWP 500). To make an integrated assessment of the overall climate impact, emissions from all GHG (CH4 and
CO2) released during production and use are expressed in CO2 equivalent (CO2-eq)
emissions based on GWP 100.
The IPCC published a landmark study on the climate impact of various energy sources
in 2011. Its Working Group III Special Report on Renewable Energy Sources and Climate Change Mitigation (SRREN) (IPCC, 2011) presents an assessment of the literature
on the scientific, technological, environmental, economic and social aspects of the contribution of six renewable energy sources to the mitigation of climate change and compares them to conventional fossil fuels and nuclear energy. In support of the IPCC
(2011) SRREN report, the National Renewable Energy Laboratory (NREL) carried out
a comprehensive review of published life cycle assessments (LCAs) of electricity generation technologies. Of 2,165 references collected, 296 passed screens, described in
Moomaw et al. (2011), for quality and relevance and were entered into a database. This
database formed the basis for the assessment of GHG emissions from electricity generation technologies in the SSREN report. The result is summarized in Figure 1. The methodology is further documented in Moomaw et al. (2011). Here the IPCC 2011 report is
taken as a starting point.
The IPCC (2011) assessment and the summary in Figure 1 concludes that electricity
production using (natural) gas instead of coal produces far less carbon dioxide (about a
factor 2 less). The median, 25th and 75th percentile for gas and coal are far apart, however, the maximum for gas and minimum values for coal still overlap. Therefore, the
advantage of gas over coal is not undisputed, as leakage of CH4 (a potent greenhouse
gas) during exploitation could offset the advantage of gas over coal (Heath, et al.,
2014b; Weber and Clavin, 2012). The IPCC (2011) study does not separate between
shale gas and conventional gas partly because the use of conventional or unconventional
gas in electricity generation itself does not make a difference. But more important the
vast amount of literature discussing the high potential CH4 losses from shale gas exploration and exploitation was not yet published pre-2011.
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Figure 1 Estimates of life cycle GHG emissions (g CO2-eq/kWh) for broad categories of electricity generation technologies, plus some technologies integrated with CCS. Land use related net changes in carbon
stocks (mainly applicable to biopower and hydropower from reservoirs) and land management impacts
are excluded; negative estimates for biopower are based on assumptions about avoided emissions from
residues and wastes in landfill disposals and co-products. References and methods for the review are
reported in Moowah et al. (2011). Numbers reported in parentheses pertain to additional references and
estimates that evaluated technologies with CCS. Distributional information relates to estimates currently
available in LCA literature, not necessarily to underlying theoretical or practical extrema, or the true
central tendency when considering all deployment conditions. (Source: Figure SPM8 in IPCC, 2011b)

1.2

Study objectives for this report
A proper comparison of GHG emissions between shale gas and other energy sources,
specifically for Europe, will aid in assessing the CO2 footprint and potential impact on
global climate forcing. The main objective of M4ShaleGas WP15 is to provide recommendations for mitigating the CO2 footprint of shale gas operations at various spatial
scales in Europe. Additionally, this WP aims to compare the contributions of shale gas
and other fossil fuels to global climate change by calculating the CO2 footprint by fuel
type for comparable applications like electricity production or transportation. To this
end, we aim to compare emissions associated with the use of shale gas to conventional
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gas, liquefied natural gas (LNG), and coal. For specific applications like transport, oil
products will be included. A first step towards this objective is a review of current literature.

1.3

Aims of this report
Since gas produced from unconventional wells has roughly the same methane content as
that produced from conventional wells, combustion can be assumed to yield the same
climate effect (e.g. Stephenson, et al., 2011). The leakage of CH4 during exploration and
production of gas, however, may be substantially different. Therefore, the available information and international experiences from both North America as well as from Europe is reviewed to establish the CO2 footprint during different shale gas exploitation
phases (exploration drilling, production, transportation, etc.). GHG emissions resulting
directly from shale gas operations are estimated for vented emissions, emissions from
combustion of fossil fuels on site and fugitive emissions.
Recently a number of comprehensive reviews and assessments were published on the
exploration and exploitation of shale gas and the associated GHG emissions (e.g. Broderick, et al., 2011; Foster and Perks, 2012; Heath, et al., 2014b; Howarth, et al., 2012;
Weber and Clavin, 2012). This report aims to give a concise overview of the insights of
these studies without repeating too much of the extensive literature. Such a repetition
would be of low added value. Instead, we opt to liberally cite from these reviews to
make a rather compact, easy to digest review with a focus on lessons and knowledge
gaps for Europe. For a detailed, in-depth analysis of all literature we refer to the aforementioned studies.

1.4

Outline of this report
This report starts with a description of carbon footprints of shale gas in North America,
mainly the United States (Chapter 2), and proceeds with a comparison of these carbon
footprints to those from other fossil fuel sources (Chapter 3). Next, to validate bottomup process based assessments of carbon footprints, methane emissions can be assessed
top-down by measuring around and / or over a large production area. Results of studies
following this approach are summarized in Chapter 4. Lessons that can be deduced
about the European situation and expected differences in emissions between Europe and
North America are discussed in Chapter 5.

D 15.1 Carbon footprint from shale gas exploitation
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2
2.1

CARBON FOOTPRINT ASSESSMENTS OF SHALE GAS
North American life cycle assessments

Several studies employed life cycle assessment (LCA) to estimate the carbon footprint
of (electricity generation using) shale gas in the United States. Often the explicit aim
was to compare shale gas GHG emissions to those from electricity from conventional
natural gas (CG) and/or coal. Most studies distinguish the following life cycle stages:
production/extraction, processing, transmission and combustion in power plants. Preproduction emissions related to well exploration (not always included) and drilling and
completion are either included in the production stage or reported separately. Table 1
summarizes results of these studies. In a 2012 study, AEA (Foster and Perks, 2012) visually compared results from different studies (Figure 2), showing carbon footprints are
generally around 60 - 70 g CO2-eq/MJ and dominated by combustion. Total carbon
footprints for electricity generation reported for combined cycle power plants in Table 1
(as low as 40 g CO2-eq/MJ) are lower. For comparison, carbon footprints of conventional natural gas are shown in Appendix 1. Note that country-specific footprints in Table 1, Figure 2 and Appendix 1 refer to domestic natural gas.
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Table 1 Carbon Footprints for electricity generation (CF, g CO2-eq/kWh), domestic shale gas delivery to the plant (at plant, g CO2-eq/MJ and as percentage of total carbon
footprint (% total)), and domestic shale gas production (g CO2-eq/MJproduced) from literature.
Play

CF

low

high

Origin range

at
plant

%
total

Combustion
Efficiency (%)

Production

Laurenzi & Jersey (2013)

Marcellus

466

450

567

80% CI

14

22

50.2 (HHV)

9

Stephenson et al. (2011)

general

499

6.8

11

47.6 (LHV),
43 (HHV)

2

Burnham et al. (2012)

Marcellus,
Barnett,
Haynesville,
Fayetteville,
averaged
EURs

700

Jiang et al. (2011)

Marcellus

490

Weber & Clavin (2012)

based on
other

Heath et al. (2014a)

Barnett

Hultman et al. (2011)

generic

Dale et al. (2013)

Marcellus
including
tight sand,
Haynesville,
Uinta, others

Reference

Howarth et al. (2011)
Skone et al. (2011)
E
Heath et al. (2014b)

D

Based on

F

600

F

850

technology
differences

B

454

540

90% CI

500

F

674

F

95%CI

440

420

510

high and low
EUR

632

480

730

technology
differences

420

430

B,

528

F
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20

78

2
(0.1-9)

F

26

15 (1120-22
F
21)

18

2.01 (0.71-5.23)
(CH4 only)

37-50 (LHV)

2
(0.2-5)

51 (HHV)

1

F

440

F

1.5 (0.8-2.5) +
5.6 (8.9-6.5)

EUR, venting well
equipment, workover,
recovery and processing efficiency, CH4
A
content in raw gas
preproduction: production rate, well
lifetime
preproduction: well
completion
EUR (from EIA averages), composition relevant if areas in field
are largely deviating
from average

CG, coal,
gasoline,
diesel, km
(passenger
car, bus)
CG, coal,
LNG, none

CG, coal

49

F

750

2 (production
only)

Main contributors to Compared
CF
to…/for…
EUR, gas engines, need
Coal
for processing
EUR, fugitive production emissions, need
CG, coal
for workovers

33.7-50.5

792

F

470

F

33.1
(33.0-33.5) for
boiler,
47 (39-55) for
combined cycle

Losses form well
production (%)

3.6-7.9

min-max of

70
270

CG, coal

0.1
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CG, coal
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other

harmonized
studies

tion for
(re)completion, well
lifetime (recompletion), emission factor
for liquids unloading

CI: confidence interval; CC: combined cycle; EUR: expected ultimate recovery
A: For Conventional gas liquids unloading was also found important, shale gas was assumed to be dry;
B: Results are reported per MJ burned and were calculated assuming 50% efficiency;
C: Weber& Clavin list the most important contributors to variation in CFs over the studies: 1. number of well workovers per well lifetime (primarily shale gas), 2. fugitive emissions rate
at the wellhead (conventional and shale gas), 3. estimated ultimate recovery (i.e., total produced gas) of the well (primarily shale gas), 4. completion and workover emissions factor
(primarily shale gas), 5. liquid unloading emissions factor (conventional gas), and 6. fugitive emissions at the gas processing plant (conventional and shale gas);
D: Howard et al. use a GWP of methane of 33 in contrast to other studies
th
E: Heath et al. use GWPs from the IPCC’s 5 Assessment Report, whereas other studies are based on AR4 numbers.
F: approximate numbers due to reading from figures.
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Figure 2 Total life cycle GHG emissions for shale gas (g CO 2/MJ combusted using GWP 100 from the
IPCCs fourth assessment report) from literature (Source: AEA report (Foster and Perks, 2012)).

Often, sources of natural gas or methane (its main component) are distinguished according to the source of emission:
 Vented emissions of methane and CO2: Vented emissions are intentional. Examples include: release of gases during flowback, and release for safety reasons and
during certain maintenance operations. Vented emissions can generally also be
flared, resulting in CO2 instead of methane emissions – and a lower global
warming potential; these emissions occur mainly during production, but also
during maintenance of transmission infrastructure (e.g. Moore, et al., 2014)
 Emissions from combustion of fossil fuels on site (mainly CO2): These emissions come from engines (such as diesel engines used for drilling, hydraulic
fracturing and natural gas compression) and from flaring of shale gas;
 Fugitive emissions: These emissions are unintentional gas leaks and are difficult
to quantify and control. There are various potential sources of fugitive emissions, including leaks from valves, well heads and onsite accidents or accidental
releases. During the literature review gaps in knowledge will be identified and a
first indication and commentary on representativeness for Europe will be given.
Several authors also investigated which life cycle parameters contribute most to the variation in estimated carbon footprints. Although varying endpoints are investigated, electricity generation is often included (well-to-wire). Other endpoints considered include
the combustion in vehicles (well-to-wheel) or the provision of MJs of gas to power
plants or fuel stations (well-to-gate, well-to-tank). See Figure 3 for a distinction of these
life cycle stages. In this report, carbon footprints are generally reported on the level of
the original studies. If possible, several stages are extracted from literature or calculated
for comparison (Table 1). In general, as combustion of gas in power plants generally
contributes to about 80% of total GHG emissions, differences in power plant efficien-

D 15.1 Carbon footprint from shale gas exploitation

Copyright © M4ShaelGas Consortium 2015-2017

Page 11

cies (combined cycle vs. single cycle) are by far most important for the differences in
carbon footprints. However, combustion emissions are non-distinguishable between
shale, conventional and other sources of natural gas. Therefore, sources of upstream
emissions are more important in the context of this report. These relate mainly to the
(pre-) production and processing stages. Preproduction includes site preparation (placement of infrastructure, such as well pad, drilling rig and for transport requirements),
drilling, hydraulic fracturing, well completion and waste and waste water treatment as
summed in the AEA report (Foster and Perks, 2012).

• Transport of
feedstock

DOWNSTREAM

• Exploration
• Production
• Gathering
• Processing

Transmission & Transport

MIDSTREAM

UPSTREAM

Production
& Processing

• Transmission
• Storage
• (Distribution)

Well-to-tank, well-to-gate

Final CFP
assessment
- kWh electricity
- km transport
- MJ heat

Tank-to-wheel,
gate-to-wire

Well-to-wheel, well-to-wire
Figure 3 Gas Life cycle stages and elements

The expected ultimate recovery (EUR, or production rate and well lifetime) as indicator
of the total production of a gas well is consistently identified as influential for total carbon footprint per MJ gas delivered. In life cycle assessments, carbon footprints are calculated per unit of final product, e.g. MJ gas delivered or kWh electricity generated. All
emissions occurring over the life cycle (regularly or incidentally) are attributed to this
final product. Well preparation and completion activities that occur once or a few times
during well lifetime are distributed over the total production to be attributable to one
MJ. Therefore the total production influences the amount of GHG attributed to each
output (the higher the production, the lower the GHG emission per unit output). Additionally, the expected ultimate recovery is generally unknown (and estimated with uncertainty) beforehand. Gas leaks can occur at the wellhead, during well drilling and notyet productive amounts of gas are flared during well completion. Workovers are required for most wells to keep the productivity level, accompanied by repetition of emission releases during this stage. These activities are also generally identified as important
for emission estimates (also MacKay and Stone, 2013): either the frequency of workovers or the amount of emissions per workover. Hydraulic fracturing during completion
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and workover is required for some conventional wells and for all shale gas wells. Liquid
unloading emissions and whether they occur are also important contributors to total
emissions, because of relatively high emissions per event. Some authors do not include
liquids unloading for shale gas because shale gas is assumed to be generally dry (in contrast to conventional gas) (Burnham, et al., 2012), but others do (e.g. Laurenzi and Jersey, 2013). Finally, the implementation of emission reduction measures can change total
emissions. The amount of gas combusted in gathering compressors has also been stated
as an important parameter (Laurenzi and Jersey, 2013). For processing emissions in
particular the gas composition, defining the need for processing, was found to be important. Table 2 summarizes these sources according to life cycle stage and type of
emission.
Table 2 Main contributors to emission ranges from literature in Table 1.

Combustive

Fugitive

Gathering engines

Fugitives at wellhead

Preproduction

Production
Processing
Transmission

Vented/Flared
Well completion &
Workover
Liquids unloading
Expected ultimate recovery
Gas composition

ICF International (2014) lists as the main sources of vented and fugitive emissions in
the U.S. inventory: well completions (vented or flared) and workovers (but occur seldom) for wells with hydraulic fracturing. These are followed by sources that are common to shale and conventional gas: equipment leaks, pneumatic pump venting, venting
during liquids unloading and dehydrator vents. Equipment/transport emissions are also
considered relevant.
With an eye on estimating emission for the UK, the Tyndall Center (Broderick, et al.,
2011) summarizes the main emission causes distinguishing between combustive and
fugitive or vented emissions as listed below.
Combustion emissions include:
 Well pad construction (prime mover: diesel engine or reciprocating engines or
grid to provide power to rig), mainly depending on depth and number of wells.
 Horizontal drilling: mainly depends in ‘width’ (assuming same relations as vertical drilling), 18.7 liters diesel per m drilled are provided as indication of fuel
use.
 Hydraulic fracturing: transport and source of water and chemicals (mainly depends on truck ton-kilometers).
 Well production: processing composition dependent.
Fugitive and vented emissions are summarized as follows:
 For pre-production depend on (CO2 contaminated) flowback, pipeline availability, escape of dissolved methane (mainly from open pits, less from tanks). [This
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can be improved as voluntarily in the U.S. STAR program by gas liquid separation.]
 Well completion emissions (large & uncertain): 260,000m3 per well completion
are suggested based on EPA numbers, a larger emission than for conventional
well workovers.
Related to a unit output from a well, particularly pre-production emissions are influenced by the total well production or the Expected Ultimate Recovery.
Allen et al. (2013) measured emission rates for 190 onshore natural gas sites in the
United States (150 onshore production sites, 27 well completion flowbacks, 9 well unloadings, and 4 workovers) in 2012 and found emission lower, higher and comparable
to EPA emission factors. For equipment not measured in their study, Allen et al. use
EPA estimates to arrive at total emissions at the national level. From this level, the authors estimated that 0.42% of natural gas gross production leaked to the atmosphere,
which is lower than in the 2013 U.S. EPA GHG National Inventory estimate for 2011
(0.49%). In detail, they found for the separate emission sources:

Emissions for well completions using reduced-emissions flowback procedures
are less than estimated in the U.S. EPA inventory;

Workovers: lower than EPA estimates due to more control (catch and sell),
they also had a lower emissions potential;

Liquid unloading: very variable, could be high, activities could be underestimated, emissions could be overestimated;

Routine well site operation: pneumatic controllers & pumps, statistically significant differences between production regions identified (higher than EPA emission factors).
The emission potential after end of life of wells is seldom investigated. 3 million abandoned oil and gas wells can be found in the U.S. (Kang, et al., 2014). The authors measured methane emissions from abandoned wells in Pennsylvania with a median of 0.27
kgCH4/well/d, which was factor of 1000 higher than controls. Kang et al. (2014) estimate methane emissions from abandoned wells to be ∼0.3–0.5% in 2010 and 0.1–0.2%
in 2011 of gross gas withdrawal in Pennsylvania. This is substantially different from the
European situation as will be discussed in Chapter 5.

2.2 First footprint assessments for European shale gas
The AEA (Foster and Perks, 2012) conducted a hypothetical life cycle assessment for
electricity generation from shale gas for Europe. Data were largely derived from U.S.
based studies. No site-specific data were included due to the early stage of the assessment. Local differences were taken into account via sensitivity analysis. On a life cycle
basis, they found carbon footprints of 409 gCO2-eq /kWh - 472 gCO2-eq/kWh. Figure 4
shows results for the pre combustion stages only as combustion dominates the total
footprint including sensitivities. Pre combustion emissions were most sensitive to expected ultimate recovery and completion emissions management. The data used by the
AEA (Foster and Perks, 2012) and the sensitivity scenarios employed are shown in Ap-
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pendix 2. In general, their results were in line with literature, given their base case was
in-line with current U.S. practices. Mainly, shorter transport distances were assumed to
reflect the European situation. Additionally, processing emissions were lower than in
U.S. based studies as these were based on UK numbers. These differences, however,
were also found for conventional gas.

Figure 4 Life cycle GHG emissions from electricity using shale gas – pre-combustion stages only (g CO2eq/kWh). Source (Foster and Perks, 2012)

Stamford & Azapagic (2014) conducted a life cycle assessment of electricity generation
from shale gas in the UK, mainly based on data from Cuadrilla (exploration phase) and
extended by data from other sources, such as the ecoinvent database. They estimated a
carbon footprint of 462 gCO2-eq/kWh, with a range from 402-1102 gCO2-eq/kWh –
with a higher upper end than found by (Foster and Perks, 2012). For the UK, it is expected that fracking fluid composition will be disclosed, flowback will be stored in
closed tanks and green completions will be employed. Data used by Stamford & Azapagic (2014) for a base case and sensitivity analysis are shown in Appendix 3. Figure 5
shows their results for shale gas compared to other energy sources. They found shale
gas carbon footprints slightly higher than those of North Sea gas and slightly lower than
LNG. The high range in Figure 5 is mainly caused by a low expected ultimate recovery.
If the expected ultimate recovery is low, all the emissions in the exploration phase increase, thereby increasing the overall GWP per kWh. Stamford & Azapagic (2014) conclude:
The results of this research highlight the need for tight regulation and further
analysis once typical UK values of key parameters for shale gas are established, including its composition, recovery per well, fugitive emissions and
disposal of drilling waste. (Stamford and Azapagic, 2014)
However, the assessment of Stamford and Azapagic is not undisputed and according to Westaway et al. (2015) overestimates the environmental impact of
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shale gas in the UK / EU, mainly due to low expected ultimate recovery assumptions and assumptions on legislations that due not reflect UK / EU stringent
standards.

Figure 5 Carbon Footprints of electricity from shale gas, conventional gas, coal, nuclear, offshore wind
and PV. Source: (Stamford and Azapagic, 2014)
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3

COMPARISON TO OTHER FOSSIL ENERGY SOURCES

Compared to conventional gas (CG), production of shale gas involves horizontal, next
to vertical drilling (leading to more combustion-related emissions), more intensive hydraulic fracturing, which leads to emissions related to chemical and water needs (transportation and treatment) and to fugitive CO2 emissions from flowback (Broderick, et al.,
2011; Stephenson, et al., 2011), see also Figure 6. The main differences between CG
and shale gas as summarized by Moore et al. (2014) are:
“First, extraction of unconventional natural gas often requires directional
or horizontal drilling. Second, well-completion (hydraulic fracturing) procedures for unconventional natural gas are much more extensive than for
conventional wells. Third, unconventional natural gas wells typically have
a sharper production decline curve and a less well constrained total volume of natural gas recovered per well (based on both economical and
practical constraints).”

Figure 6 Simplified natural gas life cycle for the U.S. showing differences between shale and conventional gas. (Source: Stephenson et al., 2011: http://pubs.acs.org/doi/ipdf/10.1021/es2024115).

In the light of climate mitigation, the question arises whether the combustion efficiency
benefits from applying shale gas instead of other fossil energy sources (in particular
coal for electricity generation) could be outweighed by upstream emissions of methane,
as methane is a more potent GHG than CO2.
“Assessments relevant to life cycle GHG emissions of shale gas are more
recent, mostly conducted in the context of the use of gas for electric power
generation. Results of these studies, as reported in their abstracts and reflected in the media, reveal very different conclusions about the climate
implications from use of these fuels: from shale and conventional gas having higher life cycle GHG emissions than coal, to shale gas having greater
emissions than conventional but less than coal, to conventional gas having
greater emissions than shale gas and both less than coal.” (Heath, et al.,
2014b)
In summary literature tends to point to the conclusion that use of shale gas is beneficial
compared to coal, but comparable to conventional natural gas. Shale gas could be either
higher or lower than the latter (overlapping uncertainty ranges), largely depending on
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the origin of the shale gas and the conventional gas because the gas does not have to
come from the region or country where it is used. Delivered gas that needs other
transport than pipelines generally has a higher carbon footprint due to the need for compression to liquids (COWI, 2015; Faist Emmenegger, et al., 2007). The existing ranges
in CNG are discussed later and illustrated in Figure 7.
Several authors have estimated a trade-off point where life cycle GHG emissions of gas
fired electricity would be higher than those of coal due to emissions during fuel provision. Heath et al. (2014b) concluded from harmonized LCA studies that this point
would be at about 3.2% of a total wells lifetime production lost to leakages/ venting/
flaring. Jiang et al. (2011) report these emissions to amount to 14%. Alvarez et al.
(2012) estimate leakage from production through transmission must not exceed 3.2%.
Zhang et al. (2014) report this trade-off point to be about 4-5% if an average coal fired
power plant is compared to an efficient natural gas power plant. Cathles et al. (2012)
estimate leakage rates must be 10-15% for gas to present no (short term) advantage over
oil and coal. Schwietzke et al. (2014) conclude 10% (8.5% including climate feedback)
for 100 years.
Sanchez and Mays (2015) and Howard et al. (2012) summarize several studies that report upstream losses. Values range from 0.42-10% for conventional and unconventional
natural gas sources. Bouman et al. (2015) cite a lower range of 0.006–2.75% of natural
gas production (Burnham et al., 2012). Schwietzke et al. (2014) in global modelling
studies based on atmospheric methane measurements estimates a upper bound for current fugitive emission rates of 5% (on average).
For our European focus we can derive the carbon intensity from using conventional gas
and other fuels than shale gas from a recent study by COWI (2015) for the European
Commission DG Energy. The GHG emissions attributed to each life cycle stage of
(conventional) gas use in COWI (2015) are presented by the three stages represented in
Table 3. For the different gas streams arriving in Europe a detailed calculation has been
done for the three different stages as shown in Appendix 4. Figure 7 illustrates the range
for well-to-tank (CNG) gas streams depending on the origin and production conditions.
Figure 7 shows that although the differences in carbon intensities between producing
regions are dominant (can be 100%), differences between receiving regions in Europe
are still substantial (up to 20-30%). Table 4 shows the countries belonging to each EU
region in the COWI study. The COWI study relied on an adaptation of the GHGenuis
model for estimating carbon intensities of delivered gas. Information on this and other
carbon footprint modelling tools for natural gas are summarized in Appendix 5.
Table 3 Life cycle stages distinguished in the COWI study.

Upstream
Fuel production and recovery

Midstream
Feedstock transportation

Natural Gas processing
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Downstream
Gas distribution, transmission
and storage
Fuel dispensing
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Table 4 Countries per region of the EU as defined in the COWI modelling study.

EU South-West
Spain
France
Portugal

EU North
Denmark
Ireland
Finland
Sweden
United Kingdom

EU Central
Belgium
Czech Republic
Germany
Estonia
Latvia
Lithuania
Luxembourg
Hungary
Netherlands
Austria
Poland
Slovakia

EU South-East
Bulgaria
Greece
Croatia
Italy
Romania
Slovenia

Figure 7 Spread of Carbon Intensity (CI) for well-to-tank (CNG) gas streams for EU regions (COWI,
2015)
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4

REGIONAL ASSESSMENTS OF ATMOSPHERIC METHANE
AND ITS SOURCES

As discussed and cited in the previous section, the ranges of bottom-up estimated emission ranges vary widely. Another way of assessing emissions is using top-down assessments. Top-down assessments are made by measuring around and / or over a large production area and establishing an integrated overall source strength. Literature suggests
discrepancies between bottom-up and top-down might indicate uncertainties in inventories of 50-100% (Miller, et al., 2013; Moore, et al., 2014).
Sullivan and Patslev (2012) state that lack of knowledge on flowback duration and production rate lead to a large variation in reported emissions. They calculated potential
emission per play with 9 days flowback and minimum and maximum production rate
per play and a high and low value for well lifetime and conclude that due to hydraulic
fracturing a fraction of 0.39-0.99% of the expected ultimate recovery is lost. The authors highlight that
“Significant opaqueness surrounds real world gas handling practices
in the field, and what proportion of gas produced during well completions is subject to which handling techniques. Diverse opinions on this
question exist even within the gas industry.”
Their estimation of ‘current field practice’ includes that 70% of potential fugitives are
captured, 15% vented, and 15% flared (factor 4 lower than all vented) based on the reasoning that capture pays.
While 4-9% leakage has been observed in some fields (Figure 8), EPA currently estimates 2.4% (Tollefson, 2013) as an overall figure balancing the high and low observed
leakage rates. Moore et al. (2014) highlight also differences between regions, implying
it is difficult to establish a representative overall estimate from a limited number of regions.
“Previous techniques have used either bottom-up inventories of the
smallest scale of contributions or top-down apportionment of observed
large-scale regional enhancements over a complex area to identify the
source of the enhancements. Although the latter suggest that the leak rate
may be higher than what bottom-up inventories have allocated, they give
little to no information about where in the upstream production process
these leaks occur, thus hampering the interpretation of these data for bottom-up inventories or mitigation purposes.” (Caulton, et al., 2014)
Caulton et al. (2014) restate that authors have found EPA emissions estimates as overor underestimation: 1.5-3 times the national inventory from measurements (McKain, et
al., 2015; Miller, et al., 2013); and themselves find higher emissions from drilling Phase
in Pennsylvania, whereas Peischl et al. (2013) find local sources assessed bottom-up via
CO/CH4 ratio results generally consistent with the California emission inventory. They
explain differences found by others between bottom-up and top-down by “the addition
of CH4 emissions from natural gas pipelines and urban distribution systems and/or geo-
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logic seeps and from the local oil and gas industry”. The latter is also confirmed by
Petron et al. (2014) who from daily measurements estimate that “the fraction of gross
natural gas production from oil and gas wells lost to the atmosphere in Weld County in
May 2012 is 4.1 ± 1.5%.”
Peischl et al. (2015) established top-down estimates of CH4 leak rates using airplane
flights with air masses sampling over three of the largest shale gas plays in the U.S. and
quantified the net CH4 emissions using a mass balance method. The one-day natural gas
leak rates from all three shale gas plays were ranging between 0.3%–1.5% of total production. This was substantially less than previously established for several other plays
(Figure 8). The shale gas plays studied by Peischl et al. (2015) accounted for over 50%
of the total shale gas production in 2013 and hence provide a highly relevant estimate.
Since the top-down method provides an integrated estimate, it is unknown why the loss
rates vary so much between plays. Several potential reasons include 1) a trend towards
cleaner operations due to implementation of green or reduced completions (REC) and,
2) the extent to which oil and gas exploration is mixed in the study area. CH4 losses at
oil fields tend to be higher because gas is not the desired commodity.

Figure 8 Top-down atmospheric measurements to quantify CH4 leak rates from regions of natural gas
extraction (Source Peischl et al., 2014).

D 15.1 Carbon footprint from shale gas exploitation

Copyright © M4ShaelGas Consortium 2015-2017

Page 21

5

POTENTIAL DIFFERENCES BETWEEN EUROPE AND
NORTH AMERICA

For several reasons, life cycle GHG emissions in other regions could differ from those
found in the United States. These are related to several steps in the gas life cycle.
Differences related to legislation are:
 Venting vs. flared emissions: legislation differs between countries and could
lead to reduced methane emissions if more flaring (as opposed to venting) is
compulsory; or if even more beneficial options are available or made compulsory (capture and reuse). TNO concludes that in general, mitigation technologies are available but not always cost-efficient. Legislation is more strict in Europe (Heege, et al., 2014).
 Pipeline transport: pipeline maintenance frequency and pipeline material can
differ between countries (Council of Canadian Academies, 2014) influencing
leakage rates: In general in Canada lower emissions are found due to other
rules (venting and flaring), technologies and different pipelines (In the U.S.
more cast iron pipelines are used that leak more). This is also supported by
Moore et al. (2014) who state, the presence of older cast-iron distribution
mains was the strongest predictor for the leaks that they observed (r2 = 0.79, P
< 0.00148). Pipelines are likely better maintained in Europe, too (Heege, et al.,
2014).

Compressor, engine and pneumatic device emissions: these emissions are influenced by maintenance regimes and the type of fuel used. For instance,
pneumatic devices for pressure control and valves are generally driven by natural gas in the United States and by air in the Netherlands, automatically leading
to lower leakage (Heege, et al., 2014). Diesel-driven equipment will have higher combustive emissions than equipment fueled by electricity or natural gas.

Abandoned wells: Dutch rules regarding management of abandoned wells are
more strict than in the U.S. (Heege, et al., 2014), where many wells remain(ed)
hardly covered (Kang, et al., 2014; New York State Department of Environmental Conservation, 2014).
Other differences arise from differences in geology and geography:
 Layer position of shale gas: combustion emissions caused by drilling are expected to increase with well depth and width (Broderick, et al., 2011). This
may lead to higher emissions from European shales if gas fields are located
deeper.
 Gas composition and pipeline gas specifications directly influence processing
emissions. In Canada more CO2 and H2S were removed from Horn River and
Montney shale than from conventional gas (Council of Canadian Academies,
2014). No general picture can be drawn on conventional versus shale gas composition or versus gas compositions in the U.S. and Europe. These are likely
shale or location dependent.
 Europe is generally more densely populated than the U.S. or Canada. Siting of
extraction sites in relation to where the population lives can lead to other regulatory requirements and public perceptions.
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More wells per pad can lead to efficiency increases (as found for the UK compared to the U.S., (Broderick, et al., 2011)).

Some reports focus specifically on the situation in one European country. Tyndall (Broderick, et al., 2011) report summarizes lessons from the U.S. for UK shale gas exploitation. They identify from literature major contributors to variation in emissions from
shale gas, as described in section 2. They highlight horizontal drilling and hydraulic
fracturing as main differences to conventional gas, mainly related to water and chemical
transport and treatment. Differences between studies of shale gas footprints are mainly
related to flowback emissions and well productivity that are also said to contribute most
to the footprint. Re-fracturing increases both, however, the exact relations are unknown.
For the Netherlands, a report by TNO for Dutch ministry of Economic Affairs (Heege,
et al., 2014) concludes that technologies for emission reductions, such as flaring or capture and reuse are available, but not always cost-effective. If no norms apply, implementation of such techniques becomes a cost consideration. The report did not investigate
specific individual techniques, but the authors state that no life cycle stages were identified where large leakages are unavoidable. Large leakages still do exist, because the
spread in emissions as observed in the U.S. is very large with many low emitting wells
and few wells with very high emissions. Preventing of venting during production is
identified as important contributor to emissions reductions. For example, Heege et al.
state for compressor losses: Dutch guidelines prescribe emission reduction techniques
from compressors that can also be applied for shale gas.
The AEA (Foster and Perks, 2012) investigated differences between shale and conventional gas and which characteristics influencing the carbon footprint of shale gas in the
U.S. would likely also apply in Europe:
 Concerning lifetime, AEA (Foster and Perks, 2012) summarizes “Shale gas
wells initially produce a large amount of gas (the free gas in the rock) but this
reduces rapidly, typically over a period of several years. The average economic
lifetime of wells, which will be influenced by the price of gas, is likely to be 10 15 years. A study of actual production rates in the Barnett Shale found that the
average well lifespan is 7.5 years. For the Marcellus shale gas industry, it is estimated that the production rate will decrease by 80% in the first five years and
by 92% by 10 years, falling another 3% per year thereafter.”
 Shale requires more infrastructure than conventional (more drilling, more
transport).
 Site drilling estimates should be applicable for Europe, although pressure may
be higher to reduce the area of land used due to population density and political
pressure.
 Emissions from well drilling and pumping from diesel-fired engines depend on
depth. Emission calculation methodology should be transferable to Europe.
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5.1

Emissions from water transport are very site specific due to dependence on
availability, regulations and mode. Transport by truck is generally assumed in
LCA studies.
Resource use such as chemicals, cement, steel are hard to compare between locations/wells, only chemicals are expected to be very different from conventional.
For wastewater treatment and energy use, the emission factors are generally applicable, but should include country situation.
Well completion emissions are uncertain/variable, techniques are transferable to
Europe, but policy measures are unknown.
Production and processing emissions are expected to be comparable to conventional gas.
Few data are available on abandonment, CO2 would mainly arise from cement
for sealing.

Mitigation options

AEA (Foster and Perks, 2012) summarizes best available techniques for GHG emission
reductions. For site-selection these mainly include efficient use of resources and
transport minimization.
For well drilling, next to efficiency and safety, alternative fuels (gas or electricity) for
combustion engines could be considered. This is also true for (in particular re-) fracturing when gas is available as fuel. Green or reduced emissions completions (REC) entails
the separation of the solid (sand), fluid (water) and gas (natural gas) phases of the flowback to be able to process and sell the otherwise vented gas. If not possible (due to low
pressure or high concentrations of inert gasses) or not compulsory, gas could be flared
instead of vented. EPA assumes that for the U.S. 90% of the currently emitted gas could
be recovered this way. Emissions from storage tanks for produced water (from volatilization of the gasses in the liquids with temperature or pressure changes) during production can be reduced using vapour recovery units (about 95% reduction), the alternative again is combustion. Use of desiccant (not glycol) dehydrators for dehydration reduce drying emissions.
For pneumatic devices as controllers in separators, storage tanks and dehydrators, high
bleeding can be replaced by low bleeding and better maintenance, with an effectiveness
of about 90% (but not everywhere possible). Selling the saved methane has a higher
price than the extra costs of low bleeding. For compressors, better reciprocating compressors (with replacement of rod packaging system) can be chosen than centrifugal
compressors (with dry seals). Leak reduction via leak detection and reduction programs
can have efficiencies of 45-96%. In Europe, gas pressure might be less a problem, because no shallow sources such as coalbed methane are expected. However, processing
facilities and equipment for green completions might not be locally available (yet).
Current industry recommended practices for hydraulic fracturing in the U.S. can be
found in (API, 2009). Further, MacKay & Stone (2013) mainly recommend REC and
early warning monitoring during production and end-of-life for low emission shale gas
in the UK. ICF International (2014) and Foster and Perks (2012) suggest income from
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extra salable methane would exceed costs of REC. Mitigation measures for the most
contributing activities in the U.S. are listed in Appendix 6 (from ICF International).
GAO (2010) states that available measures like these, that capture emissions from completions, liquid unloading or venting from pneumatic devices and optimization of
plunger lifts could reduce vented and flared emission of natural gas in general in the
U.S. by about 40% (see also Appendix 6).

5.2

Policy recommendations

ICF International (2014) highlights the importance of legislation as different approaches
in different U.S. states lead to different emissions. Details of U.S. legislation and upstream gas cycle emissions are discussed by Bradbury et al. (2013). Additionally, they
highlight the importance of reporting for policy development, but also the openness of
reporting (of venting and flaring ratios) to enable peer and public pressure. In detail,
they derive the following recommendations for a European shale gas policy:
 Communication and sound research for perception and risk mitigation;
 Continuous monitoring over all stages;
 With results openly disclosed;
 Development of requirements for proper equipment usage;
 Clearly define where flaring/venting is allowed in extraordinary cases;
 Play-based regulations and attention for cumulative risks;
 But flexible enough for play difference (e.g. low pressure);
 Coordination throughout regulatory layers.
They derive preferred EU policy measures:
 Voluntary approach to reduced on-site fugitive emissions;
 Shale gas included in Industrial Emissions Directive (IED);
 Shale gas included in Environmental Impact Assessment (EIA) directive;
 Specific framework for shale gas);
In a modelling study, the social and environmental (carbon footprint and air pollutants)
consequences of these options are assessed. From a GHG reduction point of view stringent regulation (framework or IED) is preferred and has co-benefits for air pollutants.
Hardly any changes for economic/social indicators were found for any policy scenario,
because the measures have a low impact on shale gas production costs.
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6

CONCLUSIONS AND SUMMARY
The available knowledge on shale gas carbon footprint arises mostly from U.S. based
studies and measurements. These studies indicate the carbon footprint of generating
electricity from shale gas ranges from 420-850 g CO2-equivalents/kWh, close to the
range reported for conventional gas (480-750 kg CO2-equivalents/kWh) for the United
States. In general, the combustion phase (of gas) in power plants contributes about 80%
of total GHG emissions. Therefore, differences in power plant efficiencies (combined
cycle vs. single cycle) are by far most important for the differences in carbon footprints.
As a result, combustion emissions of shale gas are indistinguishable from emissions
from conventional gas. This can substantially cloud the discussion on CFP from shale
gas. It implies, for example, that shale gas produced from a relatively high leaking production site could still have an overall lower CFP than shale gas produced from a lowleakage production well, provided that the former is burned in a more efficient gas-fired
power plant. To avoid this complicating issue, CFP from various gas production sites
(conventional and unconventional) are to be compared from well –to- gate.
When not taking the combustion phase in consideration, GHG emissions range between
27 g CO2-equivalents per MJ of gas delivered. Most of these emissions arise from losses
of gas during production (gas winning from wells) and preproduction (the preparation of
the wells). At the same time, these emissions are most uncertain over the gas life cycle
because measurements show a wide range. In addition, emission estimates derived bottom-up (from equipment emission factors) or top-down differ and indicate large uncertainties. Top-down assessments are made by measuring around and / or over a large
production area and establishing in integrated overall source strength. For comparison
with other fossil sources, the fraction of shale gas from a producing well that is lost to
the atmosphere is important. A trade-off point is often suggested to be around 3% of
well production (Heath, et al., 2014b). The total production of a well is identified as one
of the largest unknowns for the relative assessment of the carbon footprint of shale gas.
Mitigation options are available for most shale gas operations although they are not always implemented (yet) due to cost constraints. The most prominent are Reduced Emission or Green Completions (REC), where fugitive gas is captured and used instead of
vented to the atmosphere. A second option is flaring of the gas, that reduces methane
emissions by combustion to CO2. As can be seen from the American experiences introduction of REC and in general more legislation or “good practices” such as avoiding
operating of pneumatic valves on shale gas has resulted in lower leakage rates in recent
years (2014-2015) compared to earlier shale gas exploration. Nevertheless, the variation
between different plays remains large (0.2 – 4%) and is still not well understood.
At present only two attempts to make a CFP assessment for Europe exist. An early
study from 2012 (Foster and Perks, 2012) largely builds on U.S. data to perform a hypothetical life cycle assessment, including sensitivity assessment to account for the uncertainties when extrapolating between continents. The LCA by Stamford & Azapagic
(2014) mainly builds on company data from explorative wells in the UK. Both studies
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report a median CFP of 460/470 g CO2-equivalents / kWh, with a total range from 4021102 g CO2-equivalents / kWh. These ranges mainly derive from gaps in knowledge.

6.1

Preliminary identification of knowledge gaps

One of the aims of the M4shalegas project is to identify gaps in knowledge for shale gas
exploration and use in Europe. For assessment of the carbon footprint of shale gas delivery in Europe, the following preliminary list of gaps (Table 5) has been identified in
the current report, and in particular the life cycle studies of shale gas described in Section 2.2. Further research will focus on identifying the relative importance of these uncertainties for a European shale gas footprint.
Table 5 Preliminary list of knowledge gaps with respect to carbon foot print of shale gas exploration and
exploitation

Knowledge gaps that prohibit a proper estimation of the carbon foot print of
shale gas exploration and exploitation in Europe
What are realistic ranges of production per well by shale formation in Europe (shown
important in all studies)?
What will be the depth and width of specific well in Europe;
How much water will be needed for fracking and how will it be transported to the well
site and from which source? Which type of water treatment will be chosen and what
would be realistic (ranges of) percentages of water reuse at European well sites?
Will information be available on which chemicals will be added to the fracking fluid
and in which amounts?
Should shale gas from European sources be considered or is it also expected to be imported and how and from where?
Will the use of REC techniques be compulsory in all of Europe or if not, in which
countries?
What are the gas compositions at various European plays?
How many Re-fracturing (workover) events will be employed on average or for a specific well and what are the effects of these re-fractures on overall production?
What will be realistic ranges for the number of wells per pad? These will influence the
requirement of land and other possibly shared facilities.
How far will water, materials and gas be transported? These distances seem of low
influence.
Which disposal will be chosen or mandated for drilling waste in European countries?
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Glossary
CC – Combined Cycle
CCS – Carbon Capture and Storage
CFP – Carbon Footprint
CG – Conventional Gas
CI – Confidence Interval
CNG – Compressed Natural Gas
EUR – expected ultimate recovery
GHG – Greenhouse gas
GWP- Global Warming Potential
HHV – Higher Heating Value
IPCC – Intergovernmental Panel on Climate Change
LCA – Life Cycle Assessment
LHV – Lower Heating Value
LNG – Liquefied Natural Gas
REC – Reduced Emission Completion
SC –Single Cycle
SG – Shale Gas
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