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Executive summary
Introduction
The Environment Agency is the environmental regulator for unconventional gas operations in
England, including potential shale gas and coal bed methane installations. The Environment
Agency wants to be in a position to understand what the future industry may look like, if and
when the industry moves from its current exploration phase to commercial production. This
study will also assist the Environment Agency in its review of the regulatory framework for
the production phase.
The aim of this report is to improve the Environment Agency's understanding of the possible
future commercial development of shale gas and coal bed methane. The objectives are –
1.

To understand what a typical, developed operation will comprise & require,
including the additional processes and associated infrastructure beyond
exploration phase that will support this growth

2.

To model a range of development scenarios for the development of the industry
from the exploration to the production phase, in terms of both size of operation and
timescales;

The study has a number of limitations resulting from the project scope and availability of
evidence. The views and statements expressed in this report are those of the authors alone.
The views or statements expressed in this publication do not necessarily represent the views
of the Environment Agency and the Environment Agency cannot accept any responsibility for
such views or statements.
Commercial shale gas operations
Shale gas reserves consist of natural gas contained within relatively impermeable source
rock. This means that the gas does not migrate out of the source rock and into a reservoir,
as is the case with conventional gas reserves: instead, the gas remains in the shale beds in
which it was formed. This means that shale gas reserves are contained in rock formations
with much lower permeability than conventional gas reservoirs. Also, shale gas formations
typically cover a much wider lateral extent than conventional gas reservoirs.
The development of a shale gas well typically takes place in the following stages:


Stage 1- Well pad site identification and preparation



Stage 2- Well drilling, casing and cementing



Stage 3- Technical hydraulic fracturing



Stage 4- Well completion



Stage 5- Well production



Stage 6- Well/ site abandonment

The infrastructure likely to be associated with development of shale gas resources includes
the following:


Gathering and mains pipelines



Compressor stations



Gas processing and cryogenic plant for production of LNG



Water treatment infrastructure



Road connections to gas well pads and other facilities.
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These stages and the associated infrastructure and resource requirements (e.g. land use,
water usage and traffic impacts) are described in the study report. The report goes on to set
out examples of operational sites and fields in the US.
Commercial coal bed methane operations
In coal bed methane fields, methane is loosely bound to coal deposits and is held in place by
pressure exerted by water in the deposits. The water exerts pressure on the methane gas
that keeps it attached to the coal. In CBM production, a well is drilled into the coal seam and
water is pumped out to lower the pressure in the seam. Following the reduction in water
pressure in the coal seam, methane flows to the surface where it is piped to a compressor
station for distribution by pipeline. The report describes the stages of coal bed methane well
development, and the associated resource requirements:


Stage 1- Site preparation



Stage 2- Drilling



Stage 3- Production



Stage 4- Well/site abandonment

Industry growth scenarios
An analysis was carried out of how the unconventional gas industry in England may grow
from the exploration phase. This is to help the Environment Agency gain a preliminary
understanding of the size of industry it may need to regulate in the future and the timescales
involved. This will help the Environment Agency to carry out initial analysis and planning.
There are significant uncertainties facing the shale gas and coal bed methane industries,
which could have a significant impact on industry growth and development. These
uncertainties include the need for further knowledge about the geology of the UK's
unconventional gas resources, as well as the impact of potential changes to planning, the
economy, taxation and community benefits.
Given these uncertainties, the approach adopted was to develop a number of illustrative
future scenarios rather than to develop forecasts for industry growth. Three future scenarios
have been developed to outline a range of possibilities for the possible scale of the industry,
designed to represent low growth, medium growth and high growth. They have been
developed for both shale gas and coal bed methane. The scenarios should be viewed as our
current best estimate only, based on experience from the US, and recognising that the
situation in the UK may differ in key respects.
For shale gas, it was estimated that under the high US-style scenario, the total number of
wells drilled would be about 12,500 with a peak of 1,100 wells drilled per year. Under this
scenario, UK shale gas production at its peak could potentially reach 80 billion m3 per year,
approximately 89% of the UK’s current gas consumption. However, differences between the
US market, regulatory, environmental and geological conditions mean that this scenario is
highly unlikely to occur.
In the mid case scenario, total cumulative production would reach 133 billion m³ from around
3,100 wells. Under this scenario, production would peak at around 9.8 billion m³ per year,
around 11% of the UK’s current demand for natural gas. In the low case scenario, total
cumulative production would reach 12 billion m³ from a total of about 580 wells. Under this
scenario, production would peak at about 1 billion m³ per year, about 1.1% of the UK’s
current consumption. Consideration of gas price predictions indicates that the high and mid
case scenarios could potentially be commercially viable, whereas the low case scenario
seems unlikely to be commercially viable.
For coal bed methane, under the theoretical high scenario, it was estimated that total
cumulative production could reach 92 billion m³ from around 14,000 wells. Again, differences
between US market, regulatory, environmental and geological conditions mean that this
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scenario is highly unlikely to occur. Under the mid scenario, total cumulative production
could reach 28 billion m³ from around 1,080 wells. In the low case total cumulative
production would reach 9 billion m³ from a total of about 230 wells.
Likely rate of unconventional gas development in England
The technical challenges to enable economic development of shale gas have been largely
addressed in the US, although some aspects (e.g. water resource management and
wastewater treatment) may need to be further developed for the UK/European context. The
rate at which shale gas escalates from exploration to production will depend primarily on
economic, regulatory and local factors. The key variables include:


Permitting, leasing and other legal considerations



Experience of both operators and regulators of operating onshore oil and gas
installations in a regulated environment



Definition of the shale resource and availability of appropriate technology



Costs associated with extraction of unconventional gas: these depend on factors
such as the depth to the shale and the geology



Availability of drilling/fracturing infrastructure and technical expertise



Availability of gas treatment and distribution infrastructure



Revenues and profits



Local factors such as population density, planning requirements and public attitudes

For coal bed methane, if the patterns observed in North America and Canada are repeated, it
is likely that the industry may continue to emerge at a pilot level for a period of several years,
while the technical and regulatory issues are addressed. Intensive development with
increased production may then be expected to take place over a period of 3 to 10 years,
followed by an extended period of more stable production. The permitting, infrastructure and
local factors highlighted in relation to shale gas will also set similar constraints on the
development of the CBM industry in the UK.
Operator profile
In the US, exploration and development of shale gas resources has been led by the larger
companies. Some large companies have started to sell off their less productive wells to a
smaller operator who may be able to extract some profit from them, as a result of their lower
operating costs. In contrast, experience in the US is that the cost of installing a CBM well is
much less than a shale gas well. Consequently, smaller industry players have become
involved in developing CBM well resources from the beginning.
Recommendations
It is recommended that the Environment Agency maintain a watching brief on exploratory
activity expected to take place in the coming years, and carry out an update to the present
study at an appropriate time. It is recommended that this should be combined with a review
of recent developments in unconventional gas extraction in the US. This should cover the
key aspects relevant to the development of the industry and regulation/control of
environmental impacts, which include:


Trends in the use of multi-well pads



Trends in the length of horizontal wells and number of fracturing stages



Developments in hydraulic fracturing fluid volumes and constituents



New initiatives in water treatment and recycling

It is recommended that further analysis of the development of coal seam gas in Australia
may provide useful pointers to the potential development of the CBM industry in England.
Ref: Ricardo-AEA/R/ED58661/Issue Number 5

iv

Unconventional Gas in England: Description of infrastructure and future scenarios

Table of contents
1

Background ................................................................................................................ 1
1.1 Unconventional gas and rationale for the report ................................................. 1
1.2 The aim and scope of this report ........................................................................ 1
1.3 Shale gas and coal-bed methane ....................................................................... 3
1.4 Constraints and limitations ................................................................................. 4

2

Commercial shale gas operations ............................................................................ 5
2.1 Introduction ........................................................................................................ 5
2.2 Stages in shale gas development ....................................................................... 6
2.2.1
Stage 1- well pad site identification and preparation................................... 8
2.2.2
Stage 2- well drilling, casing and cementing ..............................................10
2.2.3
Stage 3- Technical hydraulic fracturing .....................................................14
2.2.4
Stage 4- Well completion ..........................................................................18
2.2.5
Stage 5- Well production ...........................................................................20
2.2.6
Stage 6- Well/ site abandonment ..............................................................21
2.3 Associated infrastructure ...................................................................................22
2.4 Resource issues ...............................................................................................25
2.4.1
UK shale gas development resource consumption ....................................25
2.4.2
Use of chemicals .......................................................................................26
2.4.3
Water ........................................................................................................26
2.4.4
Wastes ......................................................................................................27
2.4.5
Traffic ........................................................................................................28
2.5 Examples of operational sites in the US ............................................................29
2.6 Examples of operational fields in the US ...........................................................35

3

Commercial coal bed methane operations ..............................................................40
3.1 Introduction to Coal Bed Methane .....................................................................40
3.2 Coal Bed Methane Completion Methods ...........................................................41
3.3 Potential CBM practices in the UK ....................................................................44
3.3.1
Stage 1- Site preparation ..........................................................................45
3.3.2
Stage 2- drilling .........................................................................................46
3.3.3
Stage 3- production ...................................................................................50
3.3.4
Stage 4- Well/site abandonment ...............................................................52
3.4 Summary of resource issues .............................................................................53
3.5 Examples of operational sites in the US ............................................................54
3.6 Examples of operational fields in the US ...........................................................55

4

Industry growth scenarios........................................................................................57
4.1 Introduction .......................................................................................................57
4.2 Method ..............................................................................................................57
4.3 Scenarios for average shale gas production per well over time .........................58
4.3.1
Introduction ...............................................................................................58
4.3.2
Input parameters .......................................................................................60
4.3.3
Results ......................................................................................................61
4.4 Scenarios for shale gas well development.........................................................62
4.4.1
Scenario development ..............................................................................62
4.4.2
Results ......................................................................................................64
4.5 Shale gas commercial viability ..........................................................................66
4.6 Coal bed methane .............................................................................................67
4.7 Timescale for development and production .......................................................70
4.7.1
Shale gas ..................................................................................................70
4.7.2
Coal bed methane .....................................................................................70
4.7.3
Likely shale gas development in England..................................................71

Ref: Ricardo-AEA/R/ED58661/Issue Number 5

v

Unconventional Gas in England: Description of infrastructure and future scenarios

4.7.4
Likely CBM development in England .........................................................72
4.8 Operator profile .................................................................................................72
5

Recommendations ....................................................................................................73

Appendix 1: Chronological summary of use of hydraulic fracturing
Appendix 2: Glossary and Abbreviations
Table of Figures
Figure 1: Hydraulic fracturing at a Marcellus Shale horizontal well
5
Figure 2: Shale gas well during production phase
6
Figure 3: "Double" drilling rig
11
Figure 4: "Triple" drilling rig
11
Figure 5: Drilling mud system (blue tanks)
12
Figure 6: Possible well spacing unit configuration and well bore paths
13
Figure 7: Freshwater Impoundment
15
Figure 8: Site equipment during hydraulic fracturing
16
Figure 9: Well head and fracturing equipment
17
Figure 10: Aerial view of Marcellus Shale compressor station, surrounding well pads and connecting pipes (indicative) 21
Figure 11: Pipeline under construction
22
Figure 12: Mains pipeline following construction
23
Figure 13: Compressor Station
23
Figure 14: Majorsville gas compressor station and fractionation plant
24
Figure 15: Gas processing and cryogenic plant, Houston Pennsylvania
24
Figure 16: Shale gas drilling site near Glade Dam Lake, Pennsylvania, US
29
Figure 17: Shale gas drilling site near Slippery Rock, Pennsylvania, US
30
Figure 18: Example of a well pad (red arrow) located in an urban setting just outside Fort Worth, Texas
31
Figure 19: Drilling on the Barnett Shale
31
Figure 20: Drilling- Marcellus Shale (Northern)
32
Figure 21: Fracturing phase- Marcellus shale
32
Figure 22: Freshwater impoundment
33
Figure 23: Flowback phase, Barnett Shale
33
Figure 24: Flowback phase- Marcellus shale
34
Figure 25: Production phase- Barnett shale, Texas
34
Figure 26: Production phase- Marcellus shale, Pennsylvania
35
Figure 27: Bakken shale development
36
Figure 28: Bakken shale development- multi well pad
37
Figure 29: Developed shale gas field, Pennsylvania (24,000 ha)
38
Figure 30: Developed shale gas field, Pennsylvania (9000ha)
38
Figure 31: Distribution of well pads and freshwater impoundments, Pennsylvania
39
Figure 32: CBM well in the Powder River Basin
42
Figure 33: CBM well in the Cherokee Basin, United States
43
Figure 34: Horizontal drilling for CBM production
44
Figure 35: Combined vertical and horizontal drilling technique
45
Figure 36: Produced water storage tanks at a CBM development in the US
48
Figure 37: Ion exchange based water treatment facility, Powder River Basin, US
50
Figure 38: Example CBM well head
51
Figure 39: Compression engine at a CBM field in the US
52
Figure 40: Underground gas collection system for CBM
52
Figure 41: CBM well pad, Haslet, Texas
54
Figure 42: CBM well pad and water impoundment, Haslet, Texas
55
Figure 43: Coal bed methane field in Haslet, Texas
55
Figure 44: CBM field in Alabama
56
Figure 45: Average Fayetteville monthly well production
59
Figure 46: Well growth scenarios
64
Figure 47: Production scenarios
65
Figure 48: Average CBM production profiles in the Powder River Basin55 and decline curve (in red)
68
Figure 49: Number of CBM wells over time
69

List of Tables
Table 1: Primary Pre-Production Well Pad Operations
Table 2: Land take for a 25 square km development
Table 3: Resource estimates to deliver 9bcm/year for 20 years (adapted from Ref. 2)
Table 4: average well production decline curve parameters
Table 5: Average shale gas well EUR scenarios developed by JRC
Table 6: Well production scenarios
Table 7: OGIP and TRR estimates for shale gas reserves in England
Table 8: EUR and estimated cumulative production for England
Table 9: Break-even gas prices for scenarios and IEA natural gas price forecasts
Table 10: CBM TRR estimates and number of wells required

Ref: Ricardo-AEA/R/ED58661/Issue Number 5

7
9
25
60
61
62
63
65
67
69

vi

Unconventional Gas in England: Description of infrastructure and future scenarios

1 Background
1.1 Unconventional gas and rationale for the report
The Environment Agency is the environmental regulator for unconventional gas operations in
England. The Environment Agency wants to be in a position to understand what the future
industry may look like, if and when the industry moves from its current exploration phase to
commercial production. Despite limited current data, it was considered to be desirable to
have at least some working assumptions regarding potential future industry scenarios to
enable the Environment Agency to carry out initial analysis and planning. This study will also
assist the Environment Agency in its review of the regulatory framework for the production
phase.
For the purposes of this study, the term "unconventional gas" means shale gas and coal-bed
methane (CBM). Exploitation of shale gas and CBM typically requires the use of high
volume hydraulic fracturing techniques, as described in more detail below. Operators who
intend to explore for unconventional gas will require permissions from the Environment
Agency.1
At the time of writing, there are no permissions in place in England for the commercial
development and production of unconventional gas.
Over the past 15 years, the use of hydraulic fracturing to extract methane from deep shale
deposits has become established in the United States, as a method of gas production from
"unconventional" reserves. Unconventional reserves are defined in the UK context as gas
contained in rocks which may or may not contain natural fractures, which exhibit in-situ gas
permeability of less than 1 millidarcy (a different definition is used in the US).
The possibility of similar unconventional gas production is being considered in the UK, where
there are also shale deposits. Initial exploration using hydraulic fracturing was carried out in
north-west England in 2011,2 but this was suspended for a period while the possibility of
adverse seismic effects from fracturing was investigated. In December 2012 the
Government concluded from a study of seismicity that any effects from hydraulic fracturing
were minor and manageable, and exploratory activity was therefore permitted to resume.
Previous research for the Environment Agency described shale gas and coal bed methane,
as set out in Box 1 below.

1.2 The aim and scope of this report
The aim of this report is to improve the Environment Agency's understanding of the possible
future commercial development of shale gas and coal bed methane in England. The
objectives are –
1.

To understand what a typical, developed operation will comprise & require,
including the additional processes and associated infrastructure beyond
exploration phase that will support this growth

1

Environment Agency (undated), "Guidance Note: Regulation of exploratory shale gas operations,"
available via http://www.environment-agency.gov.uk/business/topics/133885.aspx; the Environment
Agency is also consulting on draft technical guidance at the time of writing (see

https://consult.environment-agency.gov.uk/portal/ho/climate/oil/gas?pointId=2582509)
2

Broderick J., et al: (2011), “Shale gas: an updated assessment of environmental and climate change
impacts.” A report commissioned by The Co-operative and undertaken by researchers at the Tyndall
Centre, University of Manchester, available via www.tyndall.ac.uk/shalegasreport

Ref: Ricardo-AEA/R/ED58661/Issue Number 5

1

Unconventional Gas in England: Description of infrastructure and future scenarios

2.

To model a range of development scenarios for the development of the industry
from the exploration to production phases, in terms of both size of operation and
timescales;

This scope of this report includes:
Shale gas and coal bed methane (CBM), but not underground coal gasification.
Development and commercial production phases, but not exploration
The views and statements expressed in this report are those of the authors alone. The views
or statements expressed in this publication do not necessarily represent the views of the
Environment Agency and the Environment Agency cannot accept any responsibility for such
views or statements.
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1.3 Shale gas and coal-bed methane
Box 1: Extract from previous Environment Agency research
1.2.3 Shale gas
Conventional natural gas reservoirs form when gas migrates toward the Earth’s surface
from organic-rich source rock and becomes trapped by a layer of impermeable rock.
Producers can access the gas by drilling vertical wells into the area where the gas is
present, allowing it to flow to the surface. Shale gas resources, however, are contained
within relatively impermeable source rock, meaning that the gas does not migrate out of
the source rock and into a reservoir where drillers can easily access it. The gas
remains in the shale beds, in which it was formed. This means that shale gas reserves
differ from conventional gas reserves in terms of two key aspects:
Shale gas formations are of much lower permeability than conventional gas reservoirs.
Shale gas formations typically cover a much wider lateral extent than conventional gas
reservoirs – for example, the Bowland Shale in northern England is widespread in the
Craven Basin, including the Lancaster, Garstang, Settle, Clitheroe and Harrogate
districts, south Cumbria and the Isle of Man; also in North Wales, Staffordshire and the
East Midlands (BGS 2012).
… Foreseeable shale gas extraction in the UK is likely to be from measures at depths of
1,000–1,900 metres (North UK Petroleum System Bowland Shale) and 3,500–4,700
metres (South UK Petroleum System Liassic Shale) (US EIA 2011).
The low permeability of shale gas plays means that horizontal wells paired with
hydraulic fracturing are required in order for natural gas recovery to be viable. The
typically extensive area of shale gas formations opens the possibility of extensive
development of large gas fields. This is in contrast to conventional gas extraction,
which has been localised in nature.
1.2.4 Coalbed methane
Coalbed methane (CBM) is formed through the geological process of coal generation.
It is present in varying quantities in all coal and like in shale gas formations it is trapped
within the strata – in this case within the coal itself with only 5–9 per cent as free gas. It
is exceptionally pure compared to conventional natural gas, with the coalbed gas
typically containing 90 per cent methane.
Hydraulic fracturing is sometimes used in CBM deposits to enhance extraction. The
process of hydraulic fracturing is as previously described but the effect on the coalbed
differs in the extent that the process results in what has been described as rock
‘breakdown’. This is because coal is a very weak material and cannot take much stress
without fracturing.
The process can fracture not only the coalbeds but also fracture surrounding strata
within or around the targeted zones. The process sometimes can create new fractures
but more typically enlarges existing fractures, increasing fracture connections in or
around the coalbeds.
For the purposes of this study, there are two key differences between shale gas and coal bed
methane. Firstly, formation water in the porous coal formations traps the methane and must
be removed to recover the gas. CBM production commences once the hydraulic pressure in
the coal formation is reduced. This introduces additional cost to the development of CBM
resources, and results in a delay between well drilling and gas production. Secondly, shale
wells in the US typically produce approximately ten times as much gas per well as CBM
wells. Consequently, new wells being drilled in the US are almost exclusively shale gas with
minimal current development of CBM wells.
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1.4 Constraints and limitations
This study is designed to provide an indication of the potential future development of
unconventional gas resources in England. The study has a number of limitations:
The majority of available technical, academic and economic evidence comes from the
development of unconventional gas resources in North America. Regulatory, economic and
social conditions in the UK may differ from North America and other countries and this may
impact on the future growth of the unconventional gas industry in England. Furthermore,
there is at present minimal information on the geology of unconventional gas reserves in
England. This limits the ability to develop robust forecasts for England, and so the approach
adopted in this study was to develop illustrative scenarios. The scenarios in this report
represent estimates of potential industry development based on currently available
information. Further development of the scenarios as more information becomes available
has been highlighted as an area for further research.
Future commercial unconventional gas operations in England may differ from those in North
America and other countries.
The study does not include an analysis of current or future UK economic conditions. The
state of the UK and global economy may have an influence on the timing and scale of
development of the shale gas industry in England. This should be borne in mind when
interpreting the results.
Resource constraints have limited the extent of research which could be carried out to
support this report.
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2 Commercial shale gas operations
2.1 Introduction
This section provides an understanding of the additional processes and infrastructure
required to move from the exploration phase to commercial development for shale gas
operations.
There has been onshore shale gas and oil extraction in the UK on a relatively small scale for
many years, notably at Wytch Farm in Dorset. Hydraulic fracturing has been carried out at
the Wytch Farm oil wells and at other sites, although the numbers of wells and quantities of
fluid used are lower than would be used for the larger-scale development of the UK’s shale
gas reserves. Consequently, this discussion is based on published data and reports in
relation to experience of commercial development of Marcellus shale gas in the US, which is
considered to represent the closest analogy to the UK. There are substantial uncertainties
regarding how the industry could develop in the UK, linked to aspects such as downstream
uses, taxation, planning, community issues.
A typical Marcellus shale well pad during the hydraulic fracturing phase is shown in Figure 1.
Figure 1: Hydraulic fracturing at a Marcellus Shale horizontal well
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Source: New York State Department of Environmental Conservation (DEC), 20113
Figure 2 shows a typical shale gas well during the production phase (i.e. following hydraulic
fracturing, completion and connection to gas collection infrastructure.)
Figure 2: Shale gas well during production phase

Shale gas well in production in the Marcellus area. The well head is seen in the middle of the
pad. To the right is shown separation equipment and tanks for storing produced water before
treatment (photo: Chesapeake Energy Corporation,
http://www.statoil.com/en/NewsAndMedia/News/2008/Pages/Chesapeake.aspx)

2.2 Stages in shale gas development
This section outlines the stages involved from well pad site identification through to well
completion, production and eventual site restoration, based on experience in the USA. Given
the possible different legal and planning framework in the UK, the procedures set out here do
not necessarily represent future commercial unconventional gas operations in England.
Much of this information in this section is based on work previously undertaken by a
consortium led by Ricardo-AEA,4 who utilised the New York State DEC document3 as a
primary technical reference. A summary of pre-production well pad operations is provided in
Table 1 below (adapted from New York State DEC, 2011). These are explored further in
subsequent sections.

3

New York State Department of Environmental Conservation (2011), “Supplemental Generic
Environmental Impact Statement On The Oil, Gas and Solution Mining Regulatory Program; Well
Permit Issuance for Horizontal Drilling And High-Volume Hydraulic Fracturing to Develop the
Marcellus Shale and Other Low-Permeability Gas Reservoirs,” Revised Draft, September 2011
4
AEA Technology (2012) “Support to the identification of potential risks for the environment and
human health arising from hydrocarbons operations involving hydraulic fracturing in Europe,” Report
for European Commission DG Environment

Ref: Ricardo-AEA/R/ED58661/Issue Number 5

6

Unconventional Gas in England: Description of infrastructure and future scenarios

Table 1: Primary Pre-Production Well Pad Operations
Operation
Access Road
and well pad
construction
Vertical Drilling
(may use
smaller rig than
subsequent
stages, or may
use larger rig
subject to
availability of
plant)
Preparation for
Horizontal
Drilling with
larger rig
Horizontal
Drilling

Preparation for
Hydraulic
Fracturing

Hydraulic
Fracturing
Procedure

Materials and
equipment
Backhoe loaders (i.e.
diggers), bulldozers
and other earth
moving equipment
Drilling rig, fuel tank,
pipe racks, well
control equipment,
personnel vehicles,
associated
outbuildings, delivery
trucks.

Activities

Duration

Clearing, grading, pit
construction, placement of
road materials such as
geotextile and gravel.
Drilling, running and
cementing surface casing,
truck trips for delivery of
equipment and cement.
Delivery of equipment for
horizontal drilling may
commence during late
stages of vertical drilling.

Up to 4 weeks per
well pad

Transport, assembly and
setup, or repositioning on
site of large rig and ancillary
equipment.
Drilling rig, mud
Drilling, running and
system (pumps,
cementing production
tanks, solids control, casing, truck trips for
gas separator), fuel
delivery of equipment and
tank, well control
cement. Deliveries
equipment, personnel associated with hydraulic
vehicles, associated fracturing may commence
outbuildings, delivery during late stages of
trucks.
horizontal drilling.
Rig down and removal or
repositioning of drilling
equipment including possible
changeover to workover rig
to clean out well and run
tubing-conveyed perforating
equipment. Wireline truck
on site to run cement bond
log (CBL). Truck trips for
delivery of temporary tanks,
water, sand, additives and
other fracturing equipment.
Deliveries may commence
during late stages of
horizontal drilling.
Temporary water
Fluid pumping, and use of
tanks, generators,
wireline equipment between
pumps, sand trucks, pumping stages to raise and
additive delivery
lower tools used for
trucks and containers downhole well preparation
(see Section 5.6.1),
and measurements.
blending unit,
Computerized monitoring.
personnel vehicles,
Continued water and
associated
additive delivery.
outbuildings, including
computerized
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Up to 2 weeks per
well; one to two wells
at a time

5 – 30 days per well

Up to 2 weeks per
well; one to two wells
at a time

30 – 60 days per well,
or per well pad if all
wells treated during
one mobilisation

2 – 5 days per well,
including
approximately 40 to
100 hours of actual
pumping
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Operation
Fluid Return
(Flowback) and
Treatment

Waste Disposal

Well Cleanup
and Testing

Materials and
equipment
monitoring equipment.
Gas/water separator,
flare stack, temporary
water tanks, mobile
water treatment units,
trucks for fluid
removal if necessary,
personnel vehicles.

Activities

Rig down and removal or
repositioning of fracturing
equipment; controlled fluid
flow into treating equipment,
tanks, lined pits,
impoundments or pipelines;
truck trips to remove fluid if
not stored on site or
removed by pipeline.
Earth-moving
Pumping and excavation to
equipment, pump
empty/reclaim reserve pit(s).
trucks, waste
Truck trips to transfer waste
transport trucks.
to disposal facility. Truck
trips to remove temporary
water storage tanks.
Well head, flare stack, Well flaring and monitoring.
brine tanks.
Truck trips to empty brine
Earthmoving
tanks. Gathering line
equipment.
construction may commence
if not done in advance.

Duration
2 – 8 weeks per well,
may occur
concurrently for
several wells

Up to 6 weeks per
well pad

½ - 30 days per well

2.2.1 Stage 1- well pad site identification and preparation
At the site identification stage the operator identifies sites to be used as well pads- well pads
are the areas that are concreted to support the necessary processes and engineering.
Site preparation activities consist primarily of clearing and levelling an area of adequate size
and preparing the surface to support movement of heavy equipment and heavy goods
vehicles delivering drilling equipment and delivering/removing fracturing fluids. Site access
routes need to be designed and constructed to link the well pad to local roads infrastructure.
Ground surface preparation typically involves staking, grading, stripping and stockpiling of
topsoil reserves, then placing a layer of crushed stone, gravel, or cobbles over geotextile
fabric. Site preparation also includes establishing erosion and sediment control structures
around the site, and constructing pits as needed for retention of drilling fluid and, possibly,
freshwater.
Land disturbance directly associated with high-volume hydraulic fracturing will consist
primarily of constructed gravel access roads, well pads and utility corridors. Well pad
equipment includes pits, impoundments, tanks, hydraulic fracturing equipment, reduced
emission completion equipment, dehydrators and production equipment such as separators,
brine tanks. Additionally, construction of pipelines would require land-take during the
construction and operational phases. Pipelines may be buried which could enable this land
to be returned to the previous use, or other beneficial use such as agriculture, sports facilities
or road verges.
2.2.1.1 Multi-well pads- size and spacing
Multi-well pads are now in widespread use for shale gas extraction in the US. This enables a
single pad to accommodate 6-10 wells,2 resulting in a lower land take impact and lower cost
to the operator, compared to the use of one well/pad for conventional production and
previously for unconventional production. This enables a single multi-stage horizontal well
pad to access approximately 250 hectares of shale gas play, compared to approximately 15
hectares for a vertical well pad. Average well pad spacing in the US is reported as ranging
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from 4 to 8 wells/square mile5. Such well pads are expected to cover an area of about 3
hectares, including access roads to well pads and incremental portions of utility corridors
including gathering lines and compressor facilities, and the access roads associated with
compressor facilities. Most of this area is needed to accommodate the equipment and
storage tanks/pits required for up to 30,000 m3 of make-up water, together with chemical
additives and waste water. Typical well pad area reduces to about 2 hectares during
production.46
The US Secretary of Energy Advisory Board (SEAB)6 reports that up to 20 wells have been
constructed on a single pad, and King7 reports that a single 2.4 hectare well pad is used to
collect shale gas from a 2,400 hectare area, although the construction of well pads with only
1 to 2 wells is still a widespread practice at present in some states in the USA.
The New York State DEC estimated that 3.6 hectares may be required per multi-well pad.3
This estimate of well pad area is consistent with a study carried out by the Nature
Conservancy8 who estimate that 3.6 hectares of forest land would be taken per well pad,
including roads and other infrastructure. The UK Institute of Directors estimated that 2.0
hectares of land may be required per multi-well pad.44 Assuming the most conservative
value of 3.6 hectares per multi-well pad, this suggests that approximately 1.4% of the land
above a productive shale gas reservoir may need to be used to fully exploit the reservoir.
Much of this land could be returned to other uses following well completion, but may need to
be available to enable re-fracturing to be carried out later in the lifetime of the well.
It is thought that shale gas development in the UK may operate with typically 10 well heads
per pad.2 The IOD developed a hypothetical “widespread development” scenario of one
hundred 10-well pads, with 4 laterals per well, but did not evaluate the land-take potentially
associated with this development scenario as a proportion of the land surface above the
exploited reservoir.44
2.2.1.2 Land disturbance
Land take can be minimised by setting a larger minimum well spacing. For vertical wells,
well spacing is typically 40 acres (16 hectares). New York State anticipates requiring
“spacing units of up to 640 acres (260 hectares or 2.6 sq km) with all the horizontal wells in
the unit drilled from a common well pad”. Installing 16 vertical wells to develop a 260 hectare
site would disturb approximately 31 hectares. The same site could be developed using a
well pad with four horizontal wells, requiring 3.2 hectare of land disturbance. Installing more
wells per pad would further reduce the required land area. The use of higher numbers of
wells could enable up to 5 square kilometres to be developed per pad as set out in Table 2.
Table 2: Land take for a 25 square km development
Spacing Option
Number of pads
Total Disturbance – Drilling/fracturing Phase
% Disturbance – Drilling/fracturing Phase
Total Disturbance – Production Phase
% Disturbance Production Phase

Multi-Well 2.5 sq km
10
30 hectare
(3 hectare per pad)
1.2%
(30 hectare /2,500 hectare area)
5 hectare
(0.5 hectare per pad)
0.2%

Multi-Well 5 sq km
5
22.5 hectare
(4.5 hectare per pad)
0.89%
(22.5 hectare/2,500 hectare area)
4 hectare
(0.8 hectare per pad)
0.16%

(Adapted from New York State DEC, 2011)
5

http://www.eia.gov/forecasts/aeo/table_15.cfm
Secretary of Energy Advisory Board (2011a), “Shale gas production sub-committee: 90 day report”,
Report to US Department of Energy, 18 August 2011, available via http://www.shalegas.energy.gov/
7
King GE (2012), “Hydraulic Fracturing 101,” Journal of Petroleum Technology April 2012 p 34 – 42.
Also presented as “Estimating Frac Risk and Improving Frac Performance in Unconventional Gas and
Oil Wells,” paper Ref. SPE 152596 presented at SPE Hydraulic Fracturing Conference, The
Woodlands, TX. February 2012
8
Nature Conservancy (2011), “Pennsylvania Energy Impacts Assessment Report 1: Marcellus Shale
Natural Gas and Wind,” available via
http://www.nature.org/media/pa/pa_energy_assessment_report.pdf
6
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The US SEAB also recommends the use of multi-well pads to reduce community impacts
such as traffic and new road construction6.
2.2.1.3 Access Roads, Storage and Utility Corridors
Further land is needed for supporting infrastructure including roads, pipelines and storage
facilities. In the US, these associated roads and facilities are estimated to account for on
average about 1.6 hectares of the land area associated with each well pad for the life of the
wells.46
Access roads are typically 6 to 12 metres wide during drilling and fracturing, and between 3
to 6 metres during production. Each 100 metres of a 9 metre wide access road adds 0.09
hectares to the overall area of a well pad site - industry estimates are about 0.1 hectares per
access road.46 During the construction and drilling phase, additional access road width is
necessary to accommodate stockpiled topsoil and excavated material along the roadway and
to construct sedimentation and erosion control features such as berms, ditches, sediment
traps or sumps, or silt fencing across the length of the access road. Some proposals include
a 3 metre right of way for the gas gathering line.
Utility corridors will include land for potential water lines, above or below ground electrical
lines, gas gathering lines and compressor facilities, with average per-well pad area estimated
as follows:46
0.5 hectares for water and electrical lines
0.7 hectares for gas gathering lines
0.3 hectares for compression (a compressor facility will most likely serve more than one well
pad so this estimate is for the incremental share assigned to a single well pad of a
compressor facility and its associated access roads.)
2.2.1.4 Truck movements during construction
It is estimated that the total number of truck movements during drill pad construction in the
UK could be approximately 135 one-way trips per well, or about 7% of the total truck
movements.2 This suggests approximately 500 – 800 truck movements for the development
of a 10 well pad. This number of movements would be observed over a pad construction
period of approximately 4 weeks. Truck movements are discussed further in Section 2.4.5.

2.2.2 Stage 2- well drilling, casing and cementing
Except for the use of specialised downhole tools, horizontal drilling is performed using similar
equipment and technology as vertical drilling. Wells for shale gas development using highvolume hydraulic fracturing will be drilled with rotary rigs. At a multi-well site, two rigs may be
present on the pad at once, but more than two are unlikely because of logistical and space
considerations. New York State DEC estimates that a maximum of four wells could be drilled
at a single pad in any 12 month period.
2.2.2.1 Drilling rigs
Wells for shale gas development using hydraulic fracturing in the US are drilled by rotary
rigs- these are typically either 12 to 14 metre “singles” or 21 to 24 metre high “doubles”.
These rigs can hold either one or two joined lengths of drill pipe. “Triple” rigs are over 30
metres high and may see increasing use for shale gas development.
Operators may use a single drilling rig for the entire wellbore or alternatively may make use
of two or three rigs in sequence- but only one rig can drill at any one time. Typically the rig
used for the vertical portion of the well bore is smaller than that used to drill the horizontal
section- a triple rig may be used for this purpose. The triple can have a mast height of up to
45 metres and a surface footprint with its auxiliary equipment of around 1300 square metres.
Auxiliary equipment includes tanks for water fuel and drilling mud, generators, compressors,
solids control equipment, choke manifold, accumulator, pipe racks, and an office space. Fuel
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storage tanks associated with larger rigs would need to be able to accommodate about
10,000 to 12,000 gallons.46
Examples of double and triple drilling rigs are shown in Figures 3 and 4.
Figure 3: "Double" drilling rig

Source: New York State DEC, 2011
Figure 4: "Triple" drilling rig

Source: New York State DEC, 2011
2.2.2.2 Drilling stages
The first drilling stage is to drill, case, and cement the conductor hole at the ground surface.
This process takes approximately 1 day, with the depth and size of the hole depending on
the ground conditions. A vertical pipe is set into the hole and grouted into place.
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The second drilling stage is to drill the remainder of the vertical hole. This can take up to 2
weeks or longer if drilling is slow or problems occur. A surface casing is constructed which
extends below the lowest aquifer and is sealed to the surface. Additional casing should be
provided for the surface layers and a further intermediate casing extends to the top of the
hydrocarbon-bearing formation. Cement is pumped between the intermediate casing and the
intervening formations to isolate the well bore from the surrounding rock, act as a barrier to
upward migration through this space, and provide support to the intermediate casing. The
third drilling stage is to drill the horizontal bore. Again, this stage would take up to 2 weeks
or longer if delays occur. This gives a total duration of the drilling stage of up to 4 weeks.
The production casing extends into the shale gas formation itself and along the horizontal
bore.
Once the casing cement hardens, shaped charges are pushed down the pipe to perforate the
pipework and cement layer at the required locations. In some cases, pre-perforated liners
are used. The last steps prior to fracturing are the installation of a wellhead which is
designed and pressure-rated for the fracturing operation. The system is then pressure
tested.
2.2.2.3 Drilling mud
Drilling mud is contained and managed on site through the rig’s mud system which includes
a series of piping, separation equipment and tanks. During drilling, cutting mud or circulating
mud is pumped from the mud holding tanks at the surface down the hole through the drill
string and the walls of the bore hole, where it enters the flowline and is directed to the
separation equipment.46 The mud is separated from drilling rock and recirculated for reuse in
the well. Sometimes drilling mud can be reconditioned for use in another well which may be
located on another well pad. An example of a drilling mud system is shown in Figure 5.
Figure 5: Drilling mud system (blue tanks)

Source: New York State DEC, 2011
2.2.2.4 Drilling formations
Several factors determine the optimal drilling pattern within the target formation but often
evenly spaced parallel horizontal bores are drilled in opposite directions from surface
locations arranged in two parallel rows. An example of how this may appear in practice is
shown below in Figure 6.46
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Figure 6: Possible well spacing unit configuration and well bore paths

Source: New York State DEC, 2011
It is estimated that a horizontal well drilled vertically to 2km and horizontally to 1.2km would
produce approximately 140 cubic metres of cuttings. A multi well site would produce this
quantity of cuttings per well2,46. The Tyndall Centre has applied these values to the UK
operator Cuadrilla’s planned well pads containing ten wells which may be expected to
generate some 1400 cubic metres of cuttings.2 Applying this estimate to the Tyndall Centre’s
estimate of 300 well pads in the UK gives 420,000 m3 of cuttings.
2.2.2.5 Management of drilling fluids and cuttings
Operators in the US use either lined reserve pits or closed-loop tank systems for managing
drilling fluids and cuttings from the drilling process. Closed loop systems can be
advantageous for the following reasons:
Reduced time and expense for reserve pit construction and reclamation
Limits surface disturbance associated with the well pad
Reduces water and mud additives required due to mud recirculation
Reduces mud replacement costs
Reduces waste
Reduces HGV traffic associated with transporting wastes
It is important to ensure proper storage and disposal of cuttings. Established procedures are
already in place in England for the management of waste from hydrocarbon extraction
activity, as required under the Mining Waste Directive. The introduction of wide scale shale
gas production in England would result in a significant increase in the quantities of potentially
contaminated material requiring storage, handling, treatment and disposal. Depending on
the nature of shales, this material may have elevated levels of radioactivity.
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2.2.3 Stage 3- Technical hydraulic fracturing
Once the well has been drilled into the shale formation and cased appropriately, fracturing
fluid is pumped into the well at high pressure. The proppant is forced into the fractures by
the pressured water, and holds the fractures open once the water pressure is released. For
conventional fracturing, the fracture pressure gradient is typically 0.4-1.2 psi/foot (0.09 – 0.27
bar/metre). For instance, for a typical conventional well, this would correspond to
approximately 500 bar, and pressures would generally be below 650 bar. The range of fluid
pressures used in high volume hydraulic fracturing is typically 10,000 to 15,000 psi (700 –
1000 bar), and exceptionally up to 20,000 psi (1400 bar). This compares to a pressure of up
to 10,000 psi (700 bar) for a conventional well.
The fractures allow natural gas and oil to flow from the rock into the well.
2.2.3.1 Water use during fracturing
Experience in the US is that each stage of the fracturing process uses around 1,100 to 2,200
cubic metres of water,2 with chemical additives adding around another 2% by volume
(approximately 180-580 tonnes per well). Each well can be expected to have a number of
fracturing stages along the length of the horizontal section. For a multiple well pad this value
may be multiplied by the number of wells.
Operators in the US withdraw water from surface or ground waters or alternatively they
purchase it from suppliers- for example municipalities with excess capacity in their systems,
or industrial operators who generate wastewater of sufficient quality. Transport of water to
the well pad is a key determinant of truck traffic and its distance travelled.
Water can be delivered to the site by truck from centralised storage facilities, or by pipeline
directly from the source. In the US, water is typically stored on site in 500-barrel steel tanks
which are similar in construction to those used to temporarily store flowback water.
In the UK it is likely that the preferred option would be to use water from local reservoirs2 and
transport this by pipeline to the wellpad where possible. It is likely that planning permission
would be required for a pipeline. It is likely that planning permission would be required for a
pipeline, thereby reducing the number of truck movements required. Operators in England
would need an abstraction licence from the Environment Agency if they wanted to abstract
water directly from surface water or groundwater.
US operators have indicated that centralised water storage facilities could be used to
withdraw water from surface waters under high flows conditions and store the water for future
use. These impoundments would be constructed from compacted earth excavated from the
impoundment site and compressed to form embankments. The impoundment would be lined
to prevent water loss. Such an impoundment could serve a network of well pads with a
radius of four miles- this would require an impoundment capable of storing several million
gallons of water and would have a surface area of around 2 hectares.46 Such an
impoundment is shown in Figure 7.
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Figure 7: Freshwater Impoundment

Source: New York State DEC, 2011
2.2.3.2 Fracturing additives
The main fluid additive is proppant, typically sand. The quantity required is typically up to 1%
of the volume of water. Transportation of sand or alternative materials is carried out by
HGVs. Storage and handling of sand can give rise to dust issues.
Other fracturing additives are typically transported to the well pad by HGVs which are usually
flat bed with 220 to 375 gallon high density polyethylene (HDPE) tanks holding the liquid
additive products. Dry additives are transported on flat-bed trucks in approximately 25 kilo
bags which are on pallets containing 40 bags each and shrink wrapped, or in five gallon
sealed plastic buckets. Smaller quantities of additives are normally transported in the side
boxes of the trucks.
Prior to use, the additives are stored on site in their containers and on the trucks used to
deliver them. Typically these would be stored in this way for up to a week prior to use.
Hoses are used to transfer the liquid additives from the storage containers to a truck
mounted blending unit- the transfer pumps may be located on either the delivery trucks or the
blender unit. Dry additives are poured by hand into a feeder system on the blender truck.
2.2.3.3 Typical hydraulic fracturing site equipment
Figure 8 shows the equipment at the site during hydraulic fracturing operations.
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Figure 8: Site equipment during hydraulic fracturing

Source: New York State DEC, 2011
Key:
1. well head and frac tree with
“Goat Head”

11. Frac additive trucks
12. Blender

2.

Flow line (for flowback and
testing)

3.

Sand separator for flowback

4.

Flowback tanks

5.

Line heaters

13. Frac control and monitoring
centre
14. Freshwater impoundment
15. Freshwater supply system
16. Extra tanks

6.

Flare stack

7.

Pump trucks

8.

Sand hogs

9.

Sand trucks

17. Line heaters (Production phase)
18. Separator-meter skid
(Production phase)
19. Production manifold (Production
phase)

10. Acid trucks
Figure 9 shows a close up of the well head during hydraulic fracturing operations.
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Figure 9: Well head and fracturing equipment

Source New York State DEC, 2011
Key:
A. Wellhead and frac tree (valves)

E. Wireline lubricant

B. Goat head (for frac flow connections)

F. Crane to support wireline equipment

C. Wireline (used to convey equipment to
the wellbore)

G. Additional wells
H. Flowline (for flowback and testing)

D. Wireline blow out preventer
2.2.3.4 Refracturing
An operator may choose to re-fracture a well in order to increase the rate of gas production
and/or extend its operational life, if this is considered worthwhile. Well lifetime may be
between 10 years and 30 years46 or 40 years9. This is subject to considerable uncertainty at
present, with indications that well lifetime may be shorter than anticipated. Experience in the
US is evolving, and suggests that wells are likely to be re-fractured infrequently – potentially
once every 5 to 10 years, or not at all.46 For example, wells in the Barnett Shale in the US
9

US National Park Service (2009), “Development of the Natural Gas Resources in the Marcellus
Shale,” available via http://www.eesi.psu.edu/news_events/EarthTalks/2009Spring/materials2009spr/
NatParkService-GRD-M-Shale_12-11-2008_view.pdf
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typically benefit from refracturing within five years of completion though this figure can vary
depending on the circumstances. At present, there is little refracturing activity in the
Marcellus Shale. It is not clear whether this experience is transferrable to the European
context. A lifetime of up to 40 years suggests that wells may be refractured between zero
and four times during their operational lifetime.
The refracturing process will involve similar site equipment and duration of activity at the well
pad as the initial procedure.46 The Tyndall Centre estimated that the number of well pads
required in the UK to generate 10% of annual natural gas consumption would be reduced
from 297 to 259 if each well were refractured once, and assuming this resulted in a 25%
increase in productivity. Operators consider that the need for refracturing is likely to decline,
as standards of the original fracturing operation improve.

2.2.4 Stage 4- Well completion
Following the release of pressure, injected fracturing fluids are returned to the surface as
flowback. Hydraulic fracturing fluid is typically returned to the surface over a period of
several days2 to two weeks or more 10. Recovered fracturing fluid and produced waters from
wet shale formations are collected and sent for treatment and disposal or re-use where
possible. The latter can contain substances that are found in the formation, and may include
dissolved solids, gases (e.g. methane, ethane), trace metals, naturally occurring radioactive
elements (e.g. radium, uranium), and organic compounds.
2.2.4.1 Wastewater during well completion
During the production phase, the well is connected to the gas network. During the
exploratory phases in the US, the gas is collected and flared, although the preference is for
flaring to be minimised by connecting the well to the gas main as soon as this can be done.
The pre-production stages may last 500 to 1500 days at an individual well pad.2
Wastewater continues in many cases to flow to the surface from shale gas wells during the
well completion phase and during the production phase of the well. After the initial recovery
of hydraulic fracturing fluid, waste water usually consists of fluids displaced from within the
shale play (referred to as “produced water”) with decreasing quantities of hydraulic fracturing
fluid. Experience in the US is that between 0% and 75% of the injected fracturing fluid is
recovered as flowback 11,12.
As shale formations were originally laid down in marine environments, produced water tends
to be of high salinity. API13 reports that “water salinity can range from brackish (5,000 parts
per million (ppm) to 35,000 ppm TDS), to saline (35,000 ppm to 50,000 ppm TDS), to
supersaturated brine (50,000 ppm to >200,000 ppm TDS.” Hydraulic fracturing wastewaters
in Europe are expected to generally have a high salinity due to their predominant marine
origin, which may result in issues for disposal and re-use.
Preliminary data from exploratory test drilling in the north-west of England suggests total
sodium chloride levels in the range 23,000 ppm to 103,000 ppm.2 This covers a wide range
of salt contents, but at the upper level is of high salinity. Friction reducers are now available

10

US EPA (2011a) Office of Research and Development, “Plan to Study the Potential Impacts of
Hydraulic Fracturing on Drinking Water Resources,” November 2011, available via
http://www.epa.gov/hfstudy/
11
US Department of Energy, “Modern Shale Gas Development in the United States: A Primer.”
Produced with the Ground Water Protection Council. Prepared by ALL Consulting for US DOE Office
of Fossil Energy and NETL (April 2009). Available via http://www.netl.doe.gov/technologies/oilgas/publications/EPreports/Shale_Gas_Primer_2009.pdf
12
Webb C (2011), “Marcellus Water Beneficial Reuse Strategy,” Presented at Shale Gas Water
Management Marcellus Initiative 2012 on March 28, 2012. Available via:http://www.shale-gas-watermanagement-2012.com/media/downloads/17-christie-webb.pdf
13
American Petroleum Institute. “Water Management Associated with Hydraulic Fracturing (HF2),”
June 2010. Available via http://www.api.org
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which can be used in highly saline waters. A combination of technical developments and
commercial factors has resulted in increased wastewater recycling in the US.
2.2.4.2 Flowback volume
Each well on a multi-wellpad site could generate between 1,300 and 23,000m3 of flowback
waste fluid containing water, methane, chemicals and contaminants.2 For a six well pad this
would therefore represent around 7,900 and 138,000m3 for a single fracturing operation. If
the well required refracturing, similar volumes could be expected on each refracture.
2.2.4.3 Wastewater management and disposal
In the US, hydraulic fracturing wastewater may be stored in tanks or pits prior to disposal or
recycling (in the UK, storage of wastewater in pits would not be allowed). Hydraulic
fracturing wastewater is frequently disposed to well injection facilities, or following treatment
to surface waters. A proportion of these waters can be re-used in some cases, with
operators citing goals of up to 100% recycling.46 However, because recovery of fracturing
fluid is incomplete (typically below 75%), fresh water was reported as comprising 80-90% of
the water used at each well for high-volume hydraulic fracturing.46 The limiting factors on reuse are the salinity and presence of other contaminants, the volume of flowback water
recovered, and the timing of upcoming fracture treatments.46 Treatment reuse of the
flowback water on site reduces the number of truck trips needed to transport it to another
destination.
If flowback is to be treated only for the purpose of blending and re-use as a fracturing fluid it
may be appropriate to use chemical separation only, for example by precipitation of scale
forming metals.
The options for recycling are limited to some extent because of a build-up of salts and
contaminants in flowback fluid which ultimately makes the fluid unsuitable for use without
dilution. Arthur highlights the development of research and pilot-scale projects for flowback
water recycling14. This work has accelerated in recent years, with 67% of wastewater
generated from the Pennsylvania Marcellus Shale reported to have been recycled in the first
half of 2011, increasing to 77% in the second half of 2011.15 However, there is uncertainty
over the typical rate of recycling in the US, which may be significantly lower. At the time of
writing, as with other aspects of the operation of shale gas installations, requirements for
recycling of flow back fluid under European Union law are awaiting clarification.
A number of options are available for disposal of flowback water, subject to regulatory
approval:
Direct discharge to surface rivers and streams can affect water quality, particularly in the light
of the high salt content. This practice is banned in the U.S. and is unlikely to be permitted in
England under the Environmental Permitting Regulations 2010.
Waste water may be injected into disposal wells if such facilities are available and if it is not
prohibited by law. Injection of waste water into groundwater is prohibited, subject to some
exceptions, and is unlikely to be permitted in England, although disposal into geological
formations with no connection to aquifers may be permitted in certain instances.
Waste water may be treated in on-site facilities or in separate sewage works including
commercial facilities designed for treatment of produced water from wet shale formations.
Extensive desalination treatment, such as evaporation/distillation, allows discharge of the
treated water to surface waters. Less extensive chemical precipitation treatment is used to
remove suspended solids and divalent cations (magnesium, calcium, strontium, barium and
radium) to facilitate wastewater reuse.4

14

Arthur J.D., Bohm B., Coughlin B.J. and Layne M. (2008), “Evaluating the environmental
implications of hydraulic fracturing in shale gas reservoirs,” ALL Consulting
15
Yoxtheimer D (2012), “Flowback Management Trends and Strategies,” presentation at Shale Gas
Water Management Initiative, March 29, 2012, Canonsburg, PA
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Lechtenböhmer et al refer to the treatment of waste water as an issue that “may also
complicate projects” and cites an example in which the rate of disposal of gas drilling
wastewaters to the Monongahela River in Pennsylvania had to be reduced by 95% as a
result of non-compliance with water quality standards16.

2.2.5 Stage 5- Well production
Before gas production can commence, pipeline infrastructure must be developed to collect
natural gas for transfer to the existing natural gas pipeline infrastructure. Much of England's
shale gas resource is within 30 to 40 km of the national grid network, and consequently the
requirements for pipeline infrastructure can be expected to be less than has been the case in
the US.
In addition to the assembly of pressure-controlled devices and valves at the top of the
wellhead, production tree or “Christmas tree” equipment at the wellpad during the production
phase will likely include:46
An inline heater to for the first 6 to 8 months and during winter to prevent freezing
A two-phase gas/water separator
Gas metering devices (each well or shared)
Water metering devices (each well or shared)
Brine storage tanks (shared by all wells).
A well head compressor may also be added during later years and a dehydrator may be
present at some sites. Also, as discussed in Section 2.2.3 above, shale gas wells may be
refractured periodically during the operational lifetime of the well.
Produced gas flows from the wellhead to the separator through a flow line a few inches in
diameter. At the separator, water will be removed from the gas stream via a valve and sent
to the brine storage tanks. The gas then continues through a meter and then to the
departing gathering line which will likely follow the route of the wellpad access road. From
there it is transported to a centralised compression facility. A schematic of this process is
shown in Figure 10 below.
After initial flowback operations the well can be expected to produce brine though this may
only constitute as little as 10 barrels per day.46 Brine is typically stored on site before
removal by truck although it would be possible to transport by pipeline thereby reducing the
need for truck loading facilities. Brine disposal options described in the US include injection
wells, treatment in appropriate facilities, and road spreading.46
The necessary compression to allow gas to flow into a large transmission line for sale would
typically occur at a centralised site. Dehydration units would also be located at the
centralised compression facilities. Based on experience in the US it is estimated that a
centralised compression facility would service well pads within a 4 to 6 mile radius. The gas
pipeline infrastructure in the UK can be accessed at medium pressure as well as at high
pressure. This would enable gas to be transferred to the gas main with lower impacts
associated with high pressure compression (e.g. land take, noise, energy use, risk of
leakage) than would be the case in the US. The gathering system from the well to the facility
would comprise PVC or steel pipes, with the buried lines leaving the compression facility
being made of coated steel.46

16

Lechtenböhmer S, Altmann M, Capito S, Matra Z, Weindrorf W and Zittel W (2011), “Impacts of
shale gas and shale oil extraction on the environment and on human health,” Report to European
Parliament Directorate-General for Internal Policies, available via
http://www.europarl.europa.eu/committees/en/envi/home.html
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Figure 10: Aerial view of Marcellus Shale compressor station, surrounding well pads
and connecting pipes (indicative)

Source: © Google 2013
The image in Figure 10 shows a centralised compressor station located on the Marcellus
Shale at Washington County, Pennsylvania. The compressor station is shown in the centre
of the figure, together with well pads located within a four mile radius. An indicative pipe
network layout for the field is also shown, based on the assumption that the pipe network
follows the access roads to the well pads, and then follow existing roads and/or forest
clearings shown in the aerial photograph. The image shows 17 well pads within the lower
area estimate provided by NYSDEC, 2011. The suggested pipe network shown above is
approximately 16 miles in length. The length of the network may be somewhat less if more
direct routes from the well pads to the compressor station are available.
The pipeline route from the compressor station to the main transmission line is not clear from
the aerial photograph. In England, it would be expected that the pipeline would leave the
compression facility and join the National Transmission Network at the closest practicable
location.

2.2.6 Stage 6- Well/ site abandonment
When the well is no longer economic to operate, it is taken out of service temporarily or
permanently. Abandonment takes place in accordance with established procedures in the oil
and gas production industry. Abandonment procedures are in place for the conventional oil
and gas industry in the UK17. Abandonment procedures include the installation of a surface
17

Oil and Gas UK (2012), “OP071 - Guidelines for the suspension and abandonment of wells" (Issue
4), and "Guidelines on qualification of materials for the suspension and abandonment of wells" (Issue
1), July 2012, available via: http://www.oilandgasuk.co.uk
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plug to stop surface water seepage into wellbore. A cement plug is installed at the base of
the lowest underground source of drinking water to isolate water resources from potential
contamination by hydrocarbons or other substances migrating via the well bore. A cement
plug is also installed at the top of the shale gas formation.
Following completion, some of the land used for a well pad and associated infrastructure can
be returned to the prior use, or to other uses. However, well established natural habitats
cannot necessarily be fully restored following use of the land for shale gas extraction.
Consequently, it may not be possible to fully restore a site, or to return the land to its
previous status.46
There is generally little difference between conventional and unconventional wells in the
post-abandonment phase, with the exception of the presence of unrecovered hydraulic
fracturing fluids in the shale formations in the case of hydraulically fractured wells.

2.3 Associated infrastructure
The infrastructure likely to be associated with development of shale gas resources includes
the following:
Gathering and mains pipelines
Compressor stations
Gas processing and cryogenic plant for production of LNG
Water treatment infrastructure
Road connections to gas well pads and other facilities.
Photographs to illustrate infrastructure developed in support of the shale gas industry in
Pennsylvania and Virginia are provided below.
Figure 11: Pipeline under construction

Photograph: Noah Addis, PublicSource (www.publicsource.org)
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Figure 12: Mains pipeline following construction

Photograph: Fairfax County Virginia ("Pipeline Possibilities," presentation by J and DR Pew)
Figure 13: Compressor Station

Photograph: New York State DEC
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Figure 14: Majorsville gas compressor station and fractionation plant

Photograph: MarkWest Energy Partners LP (Presentation at Chickasaw MLP Conference,
December 2010)
Figure 15: Gas processing and cryogenic plant, Houston Pennsylvania
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Photographs: MarkWest Energy Partners LP

2.4 Resource issues
As can be seen from the previous sections, the stages in shale gas development are
dependent on the use of various resources such as water, fracturing additives and fuel. In
turn the processes generate (in addition to natural gas) waste streams such as flowback
water, brines, cuttings and drilling mud.

2.4.1 UK shale gas development resource consumption
The Tyndall Centre has conducted an analysis of likely resource use in the UK from the
development of shale gas wells which deliver 9bcm per year at peak production rates over a
20 year period, equivalent to 10% of UK natural gas consumption in 2010.2 Their resource
use estimates are summarised in Table 3 below (adapted from their report). The resource
impacts would occur over a period of time leading up to and during the 20 year peak
production period, and would be strongly dependent on the way the industry develops in
England. For example, if water can be provided via pipeline systems and/or recycled on-site,
this would result in significantly reduced truck movements.
Table 3: Resource estimates to deliver 9bcm/year for 20 years (adapted from Ref. 2)

Wells
Well pads
Cuttings volume (m3)
Water volume (m3)
Fracturing chemicals
volume (m3)
Wastewater volume (m3)
Total truck visits before and
during 20 year production
period

Assuming a single refracturing
on 50% of wells, delivering an
Assuming no refracturing
assumed 25% increase in
productivity
2,970
2,592
297
259
409,000
357,000
24,900,000
32,700,000
11,000
14,400
Low
3,600,000
2,140,000
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High
19,700,000
3,260,000

Low
4,790,000
2,700,000

High
25,800,000
4,130,000
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The accuracy and distribution of these resource requirements will depend on how the
industry develops spatially and technically in the UK.
For context, water use for all non-domestic uses in 2006/7 was estimated to be 1,540 million
m3.18 The estimated water requirement in Table 3 above for the 50% refracturing scenario is
equivalent to 1.6 million m3 per year. This is about 0.1% of total non-domestic water use, or
about 10% of the water used in mining/quarrying, or about 10% of the water used in
construction in 2006/7. Again for context, assuming each truck visit requires two 10 km
journeys, the highest truck movement number in Table 3 would result in approximately
4,130,000 vehicle kilometres per year. This is equivalent to approximately 0.017% of total
UK heavy goods vehicle mileage in 2012.19 While these impacts are relatively small on a
national scale, they could potentially be significant on a local scale.
The use of chemicals and water resources, wastewater disposal and truck movements are
discussed further in Sections 2.4.2 to 2.4.5 below.

2.4.2 Use of chemicals
Water and sand typically make up over 98% of the fracture fluid,11 with the rest consisting of
various chemical additives that improve the effectiveness of the fracturing process. Each
hydraulic fracture treatment is a highly controlled process designed to the specific conditions
of the target formation.
Many chemicals have been used across the hydraulic fracturing industry in the US.
However, only a small number of chemicals are used in an individual fracturing operation;
typically 6–12 chemicals, depending on the nature of the fluid used7.
The constituents of hydraulic fracturing fluids were examined by the US Environmental
Protection Agency (EPA)10, although it states this list to be incomplete given the lack of
information regarding the frequency, quantity and concentration of chemicals used. It
identifies a research activity to gather additional data on hydraulic fracturing fluid
composition, although acknowledges that this information may be seen as commercially
confidential by the companies using the fluids. The US House of Representatives
Committee on Energy and Commerce identified 2,500 hydraulic fracturing products
containing 750 chemicals in use between 2005 and 2009 in the US. These included 29
chemicals that were known human carcinogens, regulated under safe drinking water
legislation or listed as hazardous air pollutants under clean air legislation.
SEAB6 examines the issue of composition of fracturing liquids and notes that some US
States have adopted disclosure regulations for chemicals added to fracturing liquids.
Fracturing liquids used in England will be subject to authorisation by the regulatory
authorities, and there is a requirement for full disclosure of the chemicals by operators.
Operators will only be permitted to use chemicals which are assessed by the regulatory
authorities as being non-hazardous to groundwater in hydraulic fracturing.

2.4.3 Water
The amount of water needed to drill and fracture a horizontal shale gas well generally ranges
from about 10,000 to 20,000 cubic metres,11 depending on the basin and formation
characteristics. One key to the successful development of shale gas is the identification of
water supplies capable of meeting the needs of a development company for drilling and
fracturing water without interfering with community needs.
After the drilling and fracturing of the well are completed, water is produced along with the
natural gas. Some of this water is returned fracture fluid and some is natural formation
water. Regardless of the source, these produced waters that move back through the
18

WRAP, “Freshwater availability and use in the United Kingdom,” Project code: RSC014-001,
November 2011
19
Department for Transport, “Annual Road Traffic Estimates: Great Britain 2012,” Statistical Release,
July 2013
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wellhead with the gas represent a stream that must be managed. In the US this water is
currently managed through a variety of mechanisms, including treatment and discharge at
commercial wastewater treatment facilities, underground injection, and recycling.11
Because of the longer well lengths, higher pressures and higher volumes of water are
required for horizontal hydraulic fracturing compared to conventional fracturing. The
quantities of water used depend on well characteristics (depth, horizontal distance) and the
number of fracturing stages within the well. A number of estimates of fracturing fluid
quantities were identified:
New York State DEC indicates that a single multi-stage well would typically use 10,800 to
35,000 m3 fluid per well.46
US Department of Energy reports that shale gas wells typically use 10,000 – 17,000 m3
water per well, with typically 4-5 stages per well. This information is referenced by US EPA10
The French Bureau de Recherches Géologiques et Minières (BRGM) suggests that
horizontal wells typically use 10,000 to 20,000 m3 fluid per well20.
The US SEAB suggests that a shale gas well requires 4,500 to 22,500 m3 fluid per well6.
While these estimates are in some respects inconsistent, in overall terms it was concluded
that horizontal shale gas wells can be expected to use typically use 10,000 to 25,000 m3 fluid
per well. The use of higher volumes of water in this way is known as high volume hydraulic
fracturing. This differentiates the use of hydraulic fracturing for unconventional gas
extraction from current conventional gas hydraulic fracturing activities in the UK and Europe.
High volume hydraulic fracturing requires significantly more water than current hydrocarbon
extraction techniques.
Water is required for fracturing operations when a well is first drilled and fractured.
Fracturing typically takes place in multiple stages along the horizontal section of a well, and
the overall duration of this operation would typically be 2 - 5 days.2 Preparation for hydraulic
fracturing includes arranging for delivery and storage of sufficient fracturing fluids, which may
take place over a period of 30-60 days prior to the hydraulic fracturing procedure. At a multiwell pad, the process of hydraulic fracturing with associated water use would be repeated for
each well, and this would typically be a continuous process for all wells in order to minimise
the period during which equipment is located at the well pad.
Flowback of water from a well typically takes place over a period of several weeks or months.
Techniques are being developed to enable the recycling and use of flowback water in
subsequent hydraulic fracturing operations, in order to minimise the use of water resources
and requirement for water disposal. The extent to which this is possible depends on the
salinity and contaminant levels in flowback waters. Until further information becomes
available, it is not possible to say with any confidence to what extent flowback waters from
shale gas wells in England could be recycled.

2.4.4 Wastes
Natural gas well drilling operations use compressed air or muds during the drilling process as
the drilling fluid. Compressed air may be used for vertical wells, and horizontal wells are
normally drilled with muds. The quantities of muds involved are likely to be greater for a
horizontal shale gas well than for a conventional vertical well of similar depth, although the
quantities would not be unusual in the context of wells encountered in the oil and gas
extraction industry. A well with a 1,200 metre horizontal section would give rise to
approximately 47 m3 of mud and cuttings from the horizontal section (adapted from ref 46). A
multi-well pad would give rise to this quantity of material from each well.

20

Bureau de Recherches Géologiques et Minières (2011), “Maîtrise des impacts et risques lies à
l’exploitation des hydrocarbures de roche-mère: enjeux, verrous et pistes de recherche,” Final report
ref. BRGM/RP-60312FR, September 2011
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Wells also produce cuttings which need to be properly handled. For example, a vertical well
with surface, intermediate and production casing drilled to a total depth of 2,100 metres
produces approximately 120 m3 of cuttings, while a horizontally drilled well with the same
casing program to the same target depth with an example 1,200 metre lateral section
produces a total volume of approximately 170 m3 of cuttings (i.e., about 40% more). A multiwell site would produce approximately that volume of cuttings from each well (adapted from
ref 46).

2.4.5 Traffic
The total number of truck movements during well drilling in the US is approximately 515 oneway trips per well, or about 26% of the total truck movements.46 This suggests approximately
5,000 truck movements during the drilling phase for a 10 well pad. The temporal distribution
of these activities is uneven, so the total number of trips during the heaviest period could be
as high as 250 per day (including lighter trucks). The maximum permitted weight of
articulated vehicles is slightly greater in Europe than in the US, and so the number of vehicle
movements may be slightly less.
New York State DEC also estimated the number of loaded truck trips per horizontal well
during completion. 100 truck movements per well are estimated to be needed for waste
water disposal. This figure reduces to 17 movements where pipelines are assumed to be
available for water and waste transport.
Broderick et al2 suggest that the data for New York combined with data in relation to
exploratory drilling in the UK “…suggests a total number of truck visits of 7,000-11,000 for
the construction of a single ten well pad." These movements are made up as follows:


Drill pad and road construction equipment

0.7%



Drilling rig

0.5%



Drilling fluid and materials

4.6%



Drilling equipment (casing, drill pipe, etc.)

4.6%



Completion rig

0.2%



Completion fluid and materials

1.8%



Completion equipment (pipe, wellhead)

0.5%



Hydraulic fracture equipment (pump trucks, tanks)

3.0%



Hydraulic fracture water

54.6%



Hydraulic fracture sand

2.3%



Flow back water removal

27.3%

This indicates that the majority of truck movements are forecast to be associated with the
transportation of water to the site, and the removal of flow back water from the site. If either
or both of these transfers can be carried out by pipeline, this would significantly reduce the
number of vehicle movements associated with well development. These truck movements
take place during the well pad development stages, with minimal truck movements required
during the operational phase unless and until a well is refractured. Broderick et al go on to
indicate that local traffic impacts for construction of multiple pads in a locality could be
significant because there would be ongoing truck movements associated with the successive
development of wellpads.
The estimates made by Broderick et al. are consistent with the Institute of Directors’ estimate
of 870 truck movements per well, assuming that water is transported by truck rather than
obtained from a mains supply.44
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2.5 Examples of operational sites in the US
Figure 16 below shows a typical shale gas site near Glade Dam Lake in Pennsylvania during
the drilling phase. The site comprises approximately 2.5ha of prepared surface and 0.4km of
access roads. The south west corner of the site is at a distance of approximately 650m from
the access road entrance. These site areas values agree quite well with those quoted in the
literature.
Figure 16: Shale gas drilling site near Glade Dam Lake, Pennsylvania, US

Source: © 2013 Google, image supplied by USDA Farm Service Agency
Figure 17 below shows a shale development near Slippery Rock Pennsylvania. The
developed area is consistent with the previous site and covers about 2.5ha and has 700m of
access roads. The image below clearly shows the drilling phase (note the shadow cast by
the in-situ rig).
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Figure 17: Shale gas drilling site near Slippery Rock, Pennsylvania, US

Source: © 2013 Google, image supplied by USDA Farm Service Agency
Both sites shown above are in areas of Pennsylvania that have not (at the time the images
were taken) been subject to intense shale gas development.
The following slides present aerial photos from Google Earth© of shale gas wells in the
Marcellus and Barnett formations in the US. The setting of the Marcellus Shale in
Pennsylvania is likely to be more representative of surface conditions and regulatory
approach in England. The Barnett Shale in Texas is in a more arid region, but provides a
useful model to the extent that some well pads in the Barnett Shale are located close to
densely populated urban areas.
These wells were identified by navigating to the general area of known shale wells based on
coordinates from Pennsylvania Department of Environmental Protection’s (PA DEP)
database and DrillingInfo's DI Desktop system. Areas of well development were scanned in
order to identify a selection of sites which represent all phases of the well development
process. The specific phase identified in each photo is based on the project team's field
experience and research.
Figure 18 shows an example of a well pad located in an urban setting just outside Fort
Worth, Texas.
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Figure 18: Example of a well pad (red arrow) located in an urban setting just outside
Fort Worth, Texas

Source: © 2013 Google
Figure 19 shows a Barnett shale well being drilled. Instead of using closed tank system, the
used drilling fluids are being stored in an open impoundment.
Figure 19: Drilling on the Barnett Shale

Source: © 2013 Google
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Figure 20 shows a well pad during the drilling phase. In this set up, cuttings are removed
from the drilling mud and recycled.
Figure 20: Drilling- Marcellus Shale (Northern)

Source: © 2013 Google
Figure 21 shows an example of a fracturing job in the Marcellus. Fracturing tanks may also
be stored on the same well pad where hydraulic fracturing takes place.
Figure 21: Fracturing phase- Marcellus shale

Source: © 2013 Google
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Figure 22 shows a freshwater impoundment in the Marcellus shale. Freshwater
impoundments are constructed for multiple well pads. After all wells in the area are
completed all impoundments are closed and filled in.
Figure 22: Freshwater impoundment

Source: © 2013 Google
Figure 23 shows a Barnett shale gas site during the flowback phase.
Figure 23: Flowback phase, Barnett Shale

Source: © 2013 Google
Figure 24 shows a typical Marcellus well pad with four wells during the flowback phase. The
produced water tanks are not yet installed.
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Figure 24: Flowback phase- Marcellus shale

Source: © 2013 Google
Figures 25 and 26 show Barnett and Marcellus shale well pads during the production phase.
Figure 25: Production phase- Barnett shale, Texas

Source: © 2013 Google
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Figure 26: Production phase- Marcellus shale, Pennsylvania

Source: © 2013 Google
These well pads are considered likely to constitute representative examples of the type and
size of well pad that could be expected in the UK. The site area and associated road
infrastructure should also be good indicators of typical additional infrastructure requirements.

2.6 Examples of operational fields in the US
It is of interest to ascertain the spatial nature of “typical” shale gas developments in the US to
inform a view as to how similar development may look in the UK if the industry progresses to
full production. It is generally expected that operators in England will use horizontal drilling
coupled with multiple wells from single well pads to minimise land disturbance.2
To this end we have consulted the FracTracker online resource (www.fractracker.org) which
holds numerous datasets that show the spatial development of shale gas industry in the US.
FracTracker is based upon the principles of crowdsourced geovisualisation that is applicable
for all stages of the problem-solving and knowledge building in geographic analysis. The
main components of FracTracker are: a data repository node, a mapping interface, and a
website that acts as a content-amalgamation front page.
The Fractracker image in Figure 27 shows the Bakken shale oil and gas field in North Dakota
in the United States21. Individual wells are shown as yellow dots, with drill paths shown as
yellow lines. The blue box covers an area of approximately 400km2- some 40,000ha. The
image provides a useful indication as to the density of wells for a shale gas and oil play- in
this example it can be clearly seen that where multi-directional drilling is performed, the
number of wells in a given area is greatly reduced.
Whilst it is recognised that this image is of a field that produces both oil and gas it provides a
useful illustrative example showing the benefits of multi directional drilling from a single well
pad.

21

http://maps.fractracker.org/?webmap=b27a81c0649c43438e834664613ff8f1
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For example in the lower left quadrant of the image, there are fewer well pads than on the
lower right quadrant. This indicates that the western side of the development appears to be
utilising multi-well pads whereas the east is more reliant on single well pads. The length of
the horizontal well sections are reasonably consistent through this field at around 2.5 to 3km
each.
Figure 27: Bakken shale development

Source: © 2013 Fractracker, © 2013 Bing
A close up of a multi-well pad from the image above is shown in Figure 28. The figure shows
the well paths (in yellow) in relation to the on-site production infrastructure.
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Figure 28: Bakken shale development- multi well pad

Source: © 2013 Fractracker, © 2013 Bing
In Pennsylvania, unconventional wells include wells drilled into both the well-known
Marcellus Shale and the emerging Utica Shale formations. Oil and gas wells shown are
marked as unconventional by the Pennsylvania Department of Environmental Protection
(PADEP) whose data is used by Fractracker in their GIS resource. The image below shows
a developed play near North Towanda Township, Bradford County, Pennsylvania22 and is
derived from PADEP data implemented in the Fractracker GIS interface.
The area shown in Figure 29 covers approximately 24,000ha and contains 56 drilled wells
(shown as yellow dots), which gives a well density of approximately one per 4km2. It is
unknown how many wells are currently drilled at each well pad.

22

http://maps.fractracker.org/?webmap=86932335aa684ec18a3362969f229c9c
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Figure 29: Developed shale gas field, Pennsylvania (24,000 ha)

Source: © 2013 Fractracker, © 2013 Bing
Other areas of the same field have a greater well density, in this example the area shown is
approximately 9,000ha or 90km2. In this instance (Figure 30) there are some 57 wells, giving
a well density of about one per 1.6km2. It is unknown how many wells are currently drilled at
each well pad.
Figure 30: Developed shale gas field, Pennsylvania (9000ha)

Source: © 2013 Fractracker, © 2013 Bing
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Figure 31 illustrates an example of wells located in remote areas of northern Pennsylvania.
This shot covers approximately 60 km2 and includes 20 well pads (red dots) and 4 freshwater
impoundments (blue dots). It is unknown how many wells are currently drilled at each well
pad.
Figure 31: Distribution of well pads and freshwater impoundments, Pennsylvania
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3 Commercial coal bed methane
operations
3.1 Introduction to Coal Bed Methane
This section provides an understanding of the additional processes and infrastructure
required to move from the exploration phase to commercial development for coal bed
methane. This discussion is based on limited data and published reports regarding
extraction operations and associated infrastructure in the US. However, as for shale gas,
there are substantial uncertainties regarding how the industry could develop in the UK.
During the second half of the 1990s Coal Bed Methane (CBM) production increased
dramatically to represent a significant new source of natural gas for many US states23.
In coal bed methane fields, methane is loosely bound to coal deposits and is held in place by
pressure exerted by water in the deposits. The water exerts pressure on the methane gas
that keeps it attached to the coal. In CBM production, a well is drilled into the coal seam and
water is pumped out to lower the pressure in the seam24. This allows methane to desorb
from the internal surfaces of the coal and diffuse into the cleat, where it is able to flow, either
as free gas or dissolved in water, towards the production well. Permeability (imparted mainly
by the cleat) is necessary to achieve CBM production. The natural permeability of coal
seams can be low, so some CBM wells are stimulated using hydraulic fracturing techniques
to improve connectivity between the borehole and the cleat system. Wells may have many
subsurface horizontal or multilateral sidetracks drilled from one surface location to penetrate
more coal.
Following the reduction in water pressure in the coal seam, methane flows to the surface
where it is piped to a compressor station for distribution by pipeline.
CBM development typically involves the necessary and unavoidable production of large
volumes of water from coal aquifers and appropriate use or disposal of this produced water.
As the water is removed from the coal seam, the amount of gas released increases as water
decreases.
Water removed from coal beds is known as produced water. The amount of water produced
in a CBM well is relatively high compared to conventional gas wells because coal beds
contain many fractures and pores that contain large amounts of water. Produced water
quality varies depending primarily on the geology of the coal formation. Typically more saline
water is produced from deeper coal formations. Produced water typically contains high
concentrations of dissolved solids, the majority of which is salts, such as sodium chloride.
Produced water may also contain other salts (metals, nitrates, nitrites) and trace levels of
chemicals such as benzene, toluene, and ethylbenzene.
Typically, CBM wells produce less gas than conventional wells. Because of this and the high
water volumes, the cost to dispose of the production water is a significant expense compared
to that of conventional development23.

23

ALL Consulting (2004) “Coalbed methane primer: new source of natural gas–environmental
implications” Prepared for: U.S. Department of Energy National Petroleum Technology Office
24
Department of Energy and Climate Change (2012), “The unconventional hydrocarbon resources of
Britain’s onshore basins- Coalbed Methane (CBM)” available from
https://www.og.decc.gov.uk/UKpromote/onshore_paper/Promote_UK_CBM.pdf
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CBM wells are drilled using similar techniques to those used for drilling conventional wells.
As with shale gas wells, hydraulic fracturing can be used to stimulate production in CBM
wells.
CBM production in the US in 2011 totalled about 1.8 trillion cubic feet (Tcf) of gas,
representing a slight reduction in production compared to 2007 to 2010.25 This represents
about 6% of the total of 28.5 Tcf of natural gas from all sources in 2011. CBM is considered
an important ongoing supply of energy by the US Department of Energy.
In 2010 the British Geological Survey (BGS) mapped the locations of CBM wells in the UK
and areas that may be of interest for future development (principally in central Scotland,
north Staffordshire, Cheshire, Humberside and south Wales). It was estimated that the UK
has total onshore CBM resources of 2,900 billion cubic metres. This is about one tenth of
the recently estimate of Original Gas in Place in the Bowland Shale.49
For CBM, several companies are at the pilot development stage, for example at sites in
Cheshire and North Yorkshire, but large-scale production in the UK is unlikely before 2016.26

3.2 Coal Bed Methane Completion Methods
CBM wells are completed in several ways, depending upon the type of coal in the basin and
fluid content23. Each type of coal (sub-bituminous to low-volatile bituminous) offer production
options that are different due to the inherent natural fracturing and competency of the coal
seams. The sub-bituminous coals are softer and less competent than the higher rank lowvolatile bituminous coals and therefore are typically completed and produced using more
conventional vertical well bores. The more competent higher rank coals lend themselves to
completions using horizontal and vertical well bores. Coals mined in the UK have been
bituminous coals, and consequently directional well bores may be appropriate for exploitation
of these resources.
Operators drill wells into coal-bearing formations that are often not as deep as those
containing conventional hydrocarbon reserves, particularly in the western US.28 In the
Powder River Basin, for example, some of the methane-bearing formations are shallow, at
300 metres or less below land surface, compared to conventional oil and natural gas well
depths averaging approximately 2,000 metres. CBM wells can often be drilled using water
well drilling equipment, rather than rigs designed for conventional hydrocarbon extraction,
which are used to drill several thousands of feet into typical conventional reservoirs.
In the UK, a planning application for CBM production has been submitted which refers to the
use of a combination of vertical and horizontal drilling27.
Well construction for any well drilling operation—including a CBM well—usually follows one
of two basic types: open hole or cased (Ref. 28 quoting NaturalGas.org website and ALL
Consulting23). For example, open-hole completion is widely used in Wyoming’s Powder River
Basin.23 In open-hole completions, the well is drilled but no lining material is installed, so any
gas can seep out all along the well into the wellbore for removal to the surface. In cased
completions, a lining is installed through all or most of the wellbore. These casings need to
be perforated or slotted to allow gas to enter the wellbore for removal to the surface. Openhole completions, which are less expensive than perforated or slotted completions, are used
more often in CBM production than in conventional oil and gas production, which use openhole completion only under certain limited circumstances28.

25

US Energy Information Administration (2013), " Natural Gas Gross Withdrawals and Production,"
http://www.eia.gov/dnav/ng/ng_prod_sum_dcu_NUS_a.htm.
26
http://www.parliament.uk/documents/post/postpn374-unconventional-gas.pdf
27
http://www.dartenergy.com.au/page/Worldwide/United_Kingdom/
28
U.S. EPA (2010), “Coalbed Methane Extraction: Detailed Study Report”
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A CBM well’s typical lifespan is between 5 and 15 years28, with maximum methane
production often achieved after one to six months of water removal. CBM wells go through
the following production stages28:


An early stage, in which large volumes of groundwater are pumped from the seam to
reduce the underground pressure and encourage the natural gas to release from the
coal seam. As water is pumped off the coal aquifer, increasing amounts of methane
are produced from the CBM wells. Water production is very high during the initial
stages of production, but declines as the water table is lowered in the coal seam;



A stable stage, in which the amount of natural gas produced from the well increases
as the amount of groundwater pumped from the coal seam decreases and new
fractures are dewatered23; and



A late stage, in which the amount of gas produced declines and the amount of
groundwater pumped from the coal seam remains low

Figure 32 shows a completion diagram of a typical CBM well in the Powder River Basin in
the US. Within the Powder River Basin, a typical well is drilled to the top of the target coal
seam and production casing is set and cemented back to surface. The coal seam is then
drilled-out and under-reamed to open up more coal face to production. The borehole and
coal face is then cleaned with a slug of formation water pumped at a high rate (water-flush).
In areas where the cleat or natural fracture system is not fully developed, the coal may be
artificially fractured using a low-pressure stimulation technique or cavitation23.
Once the well is completed, a submersible pump is run into the well on production tubing to
pump the water from the coal seam. The submersible pump is needed to pump the water
from the coal seam in order to desorb (release) the methane which is held in place by
formation water pressure and initiate production. The methane flows up both the casing and
tubing of the well and is sent via pipe to a gas-water separator at the compression station.
The methane is then compressed for shipment to the sales pipeline. In most areas only one
coal seam is produced in each well. Attempts at producing more than one coal seam per
well have been mostly unsuccessful due to the inherent problem of lowering the water level
in each coal seam independent of each other.
Figure 32: CBM well in the Powder River Basin

Source: Ref. 39
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The coals found in the eastern portions of the United States are often higher-rank medium- to
low-volatile bituminous coals. While these coals can be completed using open hole wells,
these coals are often drilled and cased to total depth to maintain the wellbore after fracturing
treatments. Wells are then perforated and stimulated to remove damage caused by drilling
and to enhance fracturing near the wellbore. Many of the coals from the Eastern US are
bituminous and require less water removal to initiate methane production.39 As such, several
coal seams are often perforated in a single borehole. Figure 33 provides an example of
vertical well bore completed in multiple coal seams from the Cherokee Basin in Oklahoma.
Figure 33: CBM well in the Cherokee Basin, United States

Source: Ref. 39
Eastern hard coals are often exploited by way of horizontal drain-holes from a single borehole. Each individual well may have up to 3,500-feet of lateral extent within a single coal
seam. Several laterals can be drilled from a single wellbore to exploit several seams, or to
take advantage of several cleat (fracture) trends. Each leg would not necessarily be
horizontal, but would closely follow the dip of the individual seam. Many of the coal seams
are often less than 5 feet thick, requiring the drilling contractor to exercise great care in
steering the drill bit.
Operators in Alabama, Arkansas, Oklahoma, and Virginia have made use of horizontal
laterals to enhance CBM production in a manner similar to that shown in Figure 34.39
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Figure 34: Horizontal drilling for CBM production

Source: ALL Consulting
The production of CBM from eastern coals is similar to the western coals except for the more
widespread use of horizontal wellbores and extensive use of fracturing to enhance
production. With the coals being of higher rank, the methane content per ton of coal is
typically higher, but requires additional enhancement to the natural fractures in many areas
to maximize production. Production rates of CBM depend upon local gas content of the coal,
local permeability of the coals, hydrostatic pressure in the coal seam aquifer, completion
techniques, and production techniques23.

3.3 Potential CBM practices in the UK
A different drilling technique has been proposed for use in the UK by Dart Energy27. This
appears to be similar to drilling techniques employed in the US29 and Australia30. They drill a
vertical well and a "surface to in-seam well" (SIS well) to produce gas from the coal seams
and bring it back to surface in a controlled manner. Firstly, a vertical well is drilled to
approximately 100m below the lowest targeted coal seam, this operation takes around 14
days to complete.
During the process of drilling an SIS well, the rig drills down towards the targeted coal seams
and, when the trajectory reaches the coal seam, it drills horizontally within the coal towards
the vertical borehole previously drilled approximately 400m away. The SIS well will intersect
the vertical well, and will then continue drilling horizontally along the coal seam for up to
1000m in the coal. This drilling process can be continued in other target coal seams at
different depths branching off from the initial SIS wellbore. These additional wellbores will all
intersect the vertical production well. In the U.S., the vertical production well is situated close
to the point where the directional borehole first becomes horizontal. The horizontal borehole
intersects the vertical well, or a lateral leading from it, and then continues for lengths up to
1,525 m (5,000 ft)30.

29

ERG (2007) “Final Site Visit Report CNX Gas Company LLC Upper Appalachian Basin Coalbed
Methane Operations” available at www.regulations.gov
30
USEPA (2009, “Coal Mine Methane Recovery:A Primer” available from http://nepis.epa.gov
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The process of drilling a horizontal SIS well is approximately 90 days working a continuous
24 hour drilling programme. A schematic of the technique is shown in Figure 35. It would
appear that application of this technique would allow the use of several horizontally drilled
well pads intersecting a single vertical production well.
Figure 35: Combined vertical and horizontal drilling technique

Source: USEPA, 2009
There are CBM developments at various stages in the UK and the supporting documents
offer a good insight into the processes that will be involved. One of the more advanced
applications is by Dart Energy for a site in Lethan Moss, Falkirk, Scotland27. As this is a UK
development at quite an advanced stage it is a useful case study to ascertain site
preparation, completion, production and abandonment practices that are likely to occur in the
UK if CBM develops.
The site in Airth comprises well drilling sites and a Gas Delivery and Water Treatment Facility
(GDWTF) which will discharge under consent to the Firth of Forth. Gas will be exported to
the grid from the GDWTF.
The processes outlined below are indicative of those that might be applied at a UK CBM site.
Many of the processes involved are similar to those employed in shale gas developmentswe have tried to avoid unnecessary duplication in the explanations below by referring the
reader back to previous sections where appropriate.

3.3.1 Stage 1- Site preparation
The site preparation methods used will be very similar to those employed for shale gas
developments as outlined previously. The site will have topsoil removed to a depth of about
300mm with soil normally being used as bunds around each site. A load bearing surface is
then created by first lining the cleared area and filling with aggregate material thereby
creating a load bearing surface.
A small pad of concrete is then created at an area sufficient to accept the load of the drilling
rig, with some smaller pads sometimes being installed to support other ancillary equipment.
A ditch is usually dug around the perimeter to limit the ingress of surface waters.
Access tracks are created to the well pads using the same techniques. It is expected that
access road and utility corridor requirements will generally be similar to those outlined
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previously for shale gas developments. Completion of a well site would be expected to take
between two to four weeks.
It is thought that the well pads for CBM development should be smaller in size than those
required for shale gas development- largely due to the reduced need for hydraulic fracturing
and associated equipment. In this instance individual well pad size may be in the order of
4,000m3 (0.4ha) though it is possible that more pads would be required in a given area to
exploit the CBM resource due to the drilling techniques used. If hydraulic fracturing is
required (though there are no UK applications we are aware of that intend to do this) the well
pads would be expected to be of similar size to those outlined for shale well pads.
In the US estimates of well pad spacing indicate wells spaced one every 40 to 320 acres (16
to 130ha).28 Another US estimate of CBM well spacing is between 2 to 20 wells per square
mile (one every 13 to 130ha)31. It is not clear what range might be expected in the UK
context and will largely depend on the nature of the CBM field being exploited and the drilling
technique employed. The use of multi-well pads with horizontal drilling (e.g. Z-Pinnate
drilling technique) can enable more extensive areas of the coal seam to be accessed, and
reduce the time needed to dewater a coal seam and commence gas flow.32
It appears to be more common to use a technique that involves drilling a vertical well (for
production of gas and water), and intersecting this with one or more horizontal wells
originating from well pads a few hundred metres away29. In this instance, though the well
pads might reasonably be expected to be quite small, they could be quite numerous.
In their Environmental Statement for the Airth CBM field, Dart Energy state that they will
require 12.2ha of land which includes 14 well sites (5 vertical production wells, 9 horizontal
intersecting wells), access roads and a water/gas treatment facility33.
It is worth noting that there is no consensus as to the drilling techniques that will prevail in the
UK if the industry develops- it is likely the techniques used will be very specific to the CBM
play being developed.

3.3.2 Stage 2- drilling
If vertical wells are developed for CBM (assuming no fracturing will be used) it is expected
that similar techniques would be used to those employed during the early stages of drilling
for a shale gas development- probably making use of smaller drilling rigs outlined previously.
If horizontal drilling is used larger drilling rig of a similar type to those employed in shale
developments could be expected. It is expected that the storage requirements for the rigs
would be similar to those previously described.
It is expected that a CBM vertical well would take a similar amount of time to drill as the
vertical portion of shale wells (around 14 days), though horizontal drill paths can take up to
90 days to complete based on 24hr drilling of four laterals (2 weeks per lateral plus 2 weeks
vertical drilling)27. It appears likely that UK CBM developers will use a combination of these
two approaches.
For well stability, it is common for steel pipe casing to be inserted and cemented in place to
form an impermeable barrier to protect aquifers. When the well is complete, tubing and a
submersible pump are inserted in the wellbore and the pumping of the water held in the coal

31

http://www.eia.gov/forecasts/aeo/assumptions/pdf/oil_gas.pdf
http://www.westbay.com/~/media/Files/resources/oilfield_review/ors09/sum09/coalbed_methane.pdf
33
RPS (2012), “Environmental Statement: Proposed development for coal bed methane production,
including drilling, well site establishment at 14 locations, and development of inter-site connection
services, site access tracks, a gas delivery and water treatment facility, ancillary facilities,
infrastructure, and associated water outfall point, Letham” prepared for Dart Energy; available from
http://www.falkirk.gov.uk/services/development/planning/development_management/planning_applicat
ion_and_decisions/planning_application_and_decisions.aspx
32
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matrix is started (dewatering). This in turn releases the pressure holding the gas in place and
the gas begins to travel up the annulus to the compressor34.
As the depth of the vertical wellbore increases, its width decreases to approximately 6 inches
in diameter. The width of the horizontal borehole is also approximately 6 inches wide.
UK operators report that drilling fluids would include such components as water, brine,
drilling starch, and in some cases biodegradable viscosifiers33.
It is expected that the management of drilling mud and cuttings would involve similar
practices to those outlined for shale development previously.
3.3.2.1 Produced Water
As discussed in Section 4.1 above, development of CBM resources requires the disposal of
large quantities of saline water which may contain a range of trace chemicals. A single CBM
well can discharge thousands of litres of produced water per day, and may discharge
produced water for 5 to 15 years.
Typically, the deeper the coal bed, the less the volume of water in the fractures, but the more
saline the water becomes23. In general, CBM produced water is characterized by elevated
levels of sodicity35, sodium, barium, iron, bicarbonates, and electrical conductivity. The
concentrations of each of these constituents will vary for any given water source depending
on factors such as coal seam depth, peat metabolism processes, aquifer recharge, etc., and
in some cases will require treatment prior to use. In general, most CBM water is of better
quality than waters produced from conventional oil and gas wells36.
Water disposal and treatment costs are an important aspect of the CBM industry since the
volume of water produced is significant, especially during initial production operations. A
range of treatment technologies is under development with the aim of providing cost-effective
practical options for produced water use.
It should be noted that although CBM wells produce more water in the initial stages of
development, it is necessary to continually pump water from the play to maintain gas flows.
In the United States the US Geological Survey report produced water volumes ranging from
25 to 400 barrels/day/well (4.7 to 76 m3/day/well) in CBM wells depending on location36. The
lowest volume wells were located in Colorado/New Mexico and the highest volume wells
were in Wyoming/Montana. Causes of variations include the duration of CBM production in
the basin, original depositional environment, depth of burial, and type of coal36.
One prospective UK operator has quoted produced water volumes of up to 300m3 per day33
for a field with nine production wells, with water treatment plant being sized to accommodate
much greater flows- equating to a flow of around 33m3 per well. The operator in question
has designed a great deal of spare capacity into their water treatment solution to deal with
uncertainty in produced water volume.
Clearly produced water volumes are greatly dependent on location so it is not possible to
provide a value that will apply across the UK. Detailed hydrological investigations will be
required at all development sites to characterise flows at each location and to inform
treatment strategies.
In a DECC analysis24 it is reported that early drilling at the Airth field in Scotland led to
produced water flows beginning in early 1994. The water rate declined from 260 barrels per
day (~31m3/day) to 30 barrels per day (~3.6m3/day) by early 1995. The produced formation
water was put into road tankers and disposed of in the nearby Firth of Forth. Total dissolved
solids (TDS) were about 20000 mg/l at Airth, and iron had to be removed prior to disposal24.

34

Dart Energy “Drill sites, rigs & production sites” available from
http://www.dartenergyscotland.co.uk/downloads.html
35
The term “Sodicity” refers to the concentration of sodium relative to other ions in the water
36
US Geological Survey (2000), “Water Produced with Coal-Bed Methane”
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Experience in the US is that the cost of handling produced water from CBM wells varies from
less than a cent per cubic metre of water to more than 10 cents per cubic metre. This can
add significantly to the cost of gas production. In some areas, the volumes of water
produced and the cost of handling may prohibit development of the resource36.
Preliminary estimates based on US EPA survey data indicate that approximately 47 billion
gallons of produced water are pumped annually from coal seams across the United States.37
Approximately 45% of those produced waters are directly discharged to waters, for a total
national discharge of 22 billion gallons per year. The UK CBM industry will produce much
less water, in view of its smaller scale, but volumes will still be significant and will need to
meet regulatory standards set down by the Environment Agency.
All CBM operators need a system for gathering and transporting produced water. CBM
produced water from individual wells is often gathered via a pipeline system to transport the
water to a centralised storage system (see Figure 36) and then to either a treatment system
or the final disposal location.
Figure 36: Produced water storage tanks at a CBM development in the US

Source: ERG, Fort Worth Natural Gas Air Quality Study38
In the US, the final destination of CBM produced water may include the following39:
1. Discharge – Either direct discharge to surface water or indirect discharge to a
municipal wastewater treatment plant
2. Zero discharge – this might include evaporation/infiltration; underground injection;
land application with or without crop production; wildlife watering; or other
miscellaneous uses
Produced water may be treated prior to disposal depending on the concentrations of
constituents in the produced water, the final disposal method, and the end use. For example,
produced water with high levels of total dissolved solids (TDS) may require treatment by Ion
Exchange or Reverse Osmosis prior to surface water discharge to remove salts.
3.3.2.2 Wastewater treatment
Treatment techniques are not widely used in the US, and no more than minimal levels of
treatment may be necessary for the water to be usable. The main water management
treatments and practices used in the US to date are as follows:30
Reverse Osmosis - Reverse osmosis (RO) of brackish produced water involves the use of a
permeable membrane to separate fresh product water and waste brine streams. Each pass
through the membrane can halve the salinity of the product water. Hence, the performance
of an RO system depends on the requirements for product water chemistry. A typical RO

37

http://water.epa.gov/scitech/wastetech/guide/cbm_index.cfm
ERG, "Fort Worth Natural Gas Air Quality Study," Final Report, July, 2011
39
ALL Consulting (2003), “Handbook on Coal Bed Methane Produced Water: Management and
Beneficial Use Alternatives”
38
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system involves processing produced coal seam water to generate fresh product water and a
small waste stream of highly saline water for disposal.
Ion exchange- this technology removes positively charged ions (cations) such as sodium
from CBM produced waters and concentrates them into brines. This technology can only be
used for wastewaters with lower TDS levels. Approximately one percent of the CBM
produced water treated is concentrated into a brine wastewater for re-injection in a disposal
well. The concentrated brine is typically stored on site until there is enough for a truck load.
It is then transported to a commercial disposal facility.
3.3.2.3 Wastewater management
In the US the following wastewater management practices are in operation. Future practices
in England may differ depending on regulations and the cost and availability of management
methods.
Surface discharge - Surface discharge is the least expensive of the water disposal options.
Zero discharge methods include utilisation in industrial or mining processes, crop irrigation or
animal watering, depending on water quality. Industrial or mining applications include ore
washing, power plant cooling, drilling/fracturing fluid, and dust suppression. Depending on
the end-use, some degree of clean-up of the water may be required.
Impoundment / evaporation - Disposal of produced water in evaporation ponds is a simple
process, involving constructing and maintaining a shallow, impermeably lined pond with a
large surface area, introducing produced water into the pond, and allowing the water to
evaporate. Depending on the salinity of the produced water and evaporation rates, the
accumulated salt deposits within the pond must be removed. If produced water is of
sufficient quality, impoundment ponds can also be used for beneficial uses such as
fishponds, livestock and wildlife watering ponds or recreation.
Underground re-injection – In the U.S., water must be re-injected to a depth at which the reinjected water’s salinity matches that of the aquifer into which it will be pumped. For
example, CBM produced water in the Powder River Basin of Wyoming and Montana is
relatively fresh, so shallow re-injection wells are typically only 90-300 m (~300-1,000 ft) in
depth.
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Figure 37: Ion exchange based water treatment facility, Powder River Basin, US

Source: US EPA Site Inspection Report.40

3.3.3 Stage 3- production
When completed production wells are tested for gas production and taken to the production
phase- wells may then remain in production for 20 to 30 years. In CBM wells in the US, gas
is produced by a pump at the bottom of the well which dewaters the coal seam, and releases
the gas which flows up the same well, although separate vertical wells may be used for gas
recovery (see Figure 35). Following drilling and commissioning of the well the well pad can
be reduced in size. Similar site reductions can be expected as for shale well pads in the
production phase. A typical well-head is shown in Figure 38.

40

USEPA Coalbed Methane Site Visit Report, Powder River Basin, WY, EPA Docket Number EPAHQ-OW-2004-0032
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Figure 38: Example CBM well head

Source: US EPA Site Inspection Report41
The practices involved in the forward management of produced gas will be very similar to
those outlined previously for shale gas developments. Broadly speaking, gas will be
transported off-site along pipework to a treatment/compression facility where it can then be
distributed to the grid network
On site-equipment during production will also be very similar to that found in shale
developments, and will include items such as:
Well head and valve tree, water/gas separator
Produced water pipework and valves
Produced gas pipework and valves
Parking area
Gas produced from CBM wells requires dehydration to remove the water vapour in the gas,
and is usually compressed 2 to 3 times before it reaches the sales line23. The CBM first
passes through a field compressor unit (see Figure 39), typically a rotary screw compressor
that will increase the gas to 70-80 psig. At this pressure the gas flows through a gathering
system on its way to the sales compressor. The sales compressor boosts the pressure to
approximately 1200 psig. UK gas main pressure is up to 85 bar(g), equivalent to
approximately 1200 psig.

41

USEPA Final Site Visit Report, Coalbed Methane Operations Gillette, WY, EPA Contract No. 68C01-073, Work Assignment 0-06
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Figure 39: Compression engine at a CBM field in the US

Source: ERG, Forth Worth Natural Gas Air Quality Study38
Following this stage the CBM in the sales line is transported locally or regionally to end-user
sites, which are metered. Gas processing plants installed on the pipelines typically in
conjunction with sales compressors treat the natural gas and remove unwanted CO2 and
water vapour23. A schematic of a typical underground gas collection and distribution system
is shown in Figure 40.
Figure 40: Underground gas collection system for CBM

Source: USEPA, 2009

3.3.4 Stage 4- Well/site abandonment
It is expected that site abandonment activities will be the same as those outlined for shale
gas developments.
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3.4 Summary of resource issues
As can be seen from the previous sections, the stages in CBM gas development are
dependent on the use of various resources such as water, drilling chemicals and fuel. In turn
the processes generate (in addition to natural gas) waste streams such as flowback water,
brines, cuttings and drilling mud.
In the main the resource issues associated with CBM development could reasonably be
expected to be similar to those previously outlined for shale gas fields, with some exceptions:
Water consumption- generally speaking water consumption should be lower per well during
CBM development unless hydraulic fracturing is utilised (no planned UK instances of this
were found during this study). The volumes of fluid used for CBM fracturing are typically 200
m3 to 1500 m3 per well10. As CBM fracturing typically takes place across multiple stages in a
directional well, this amounts to less than 1,000 m3 per stage.
Traffic- HGV movements should be similar as for shale development during well pad and
access road/utility corridor construction, and drilling as the site and infrastructure
development requirements are broadly the same- though well pads for CBM may be smaller
and more numerous. Truck traffic should be much lower overall during the final stages of
drilling and completion provided hydraulic fracturing is not employed- much of the HGV traffic
at this stage in shale development relates to delivery of water and fracturing additives. If
produced water is stored and transported off site by truck the number of HGV trips will
increase dramatically- information from a UK prospective operator suggests water will be
stored onsite and transported by tractor to a nearby treatment facility33.Truck movements for
the development of that facility (based on 14 drill sites) are estimated at around 3000 during
construction, drilling and site reduction- but this does not include movement of produced
water by tractor33.
Use of chemicals- CBM development should be less chemically intensive than shale
development assuming hydraulic fracturing is not employed. Any chemicals used could be
expected to be similar to those used in conventional drilling operations. If hydraulic fracturing
is required, the chemicals used in CBM extraction could be expected to be similar in nature
to those used in shale gas wells.
Water generation- produced water volumes are significant for CBM developments and
appear to be highly dependent on the nature of the field being exploited but appear to be in
the range of about 30 to 80m3 per well per day based on a combination of DECC24, USGS36
data and operator assessment33.
Other wastes- Natural gas well drilling operations use compressed air or muds during the
drilling process as the drilling fluid. Compressed air may be used for vertical wells, and
horizontal wells are normally drilled with muds. The quantities of muds involved are likely to
be greater for a horizontal shale gas well than for a conventional vertical well of similar depth,
although the quantities would not be unusual in the context of wells encountered in the oil
and gas extraction industry. We would expect that the cuttings generated would be of a
similar order to those from shale wells with the depth, possible horizontal length and number
of drill paths being the main determining factor in quantities of cuttings generated. Based on
the data presented for shale developments, it could be expected that a vertical CBM well
might generate in the order of 30m3 of cuttings assuming a depth of about 1km. If horizontal
drilling is employed the cuttings generated by these the horizontal component of the wells will
be similar to those for horizontally drilled shale wells- about 47m3 based on 1.2km horizontal
section. For the technique proposed by Dart Energy quantity of cuttings could be estimated
according to the number of laterals drilled and scaled according to their length)- perhaps for
example yielding a few hundred m3 of cuttings per vertical well plus a SIS well with four
laterals.
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3.5 Examples of operational sites in the US
The image in Figure 41 shows a CBM well pad and associate equipment at the production
stage in Haslet, Texas. The well pad covers an area of approximately 1.27ha.
Figure 41: CBM well pad, Haslet, Texas

Source: © 2013 Google
The image in Figure 42 shows a well pad and water treatment pond in Haslet, Texas. In this
instance the well pad covers an area of 0.87ha, the water treatment pond covers an area of
1.37ha but it would be expected to serve many well pads in the area.
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Figure 42: CBM well pad and water impoundment, Haslet, Texas

Source: © 2013 Google

3.6 Examples of operational fields in the US
The image in Figure 43 shows a CBM field near Haslet, Texas in the US. The area shown
covers approximately 3.4km2 (340ha) and contains 23 well pads and a water impoundment.
Well pad density is therefore in the order of one well per 0.15km2. Some of the well pads
have multiple well heads but it is not clear whether horizontal drilling is employed at these
pads.
Figure 43: Coal bed methane field in Haslet, Texas

Source: © 2013 Google
The aerial view in Figure 44 shows the large scope of CBM development along the Black
Warrior River in Walker and Tuscaloosa counties in Alabama. The image shows an area
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approximately 8.4km2 (840ha) and contains 36 well pads. Well pad density is therefore in
the order of one well per 0.23km2. It is not possible to ascertain whether the wells are drilled
horizontally or vertically.
Figure 44: CBM field in Alabama

Source: © 2013 Google
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4 Industry growth scenarios
4.1 Introduction
This section provides a model of how the unconventional gas industry in England may grow
from the exploration phase. This is to help the Environment Agency gain a preliminary
understanding of the size of industry it may need to regulate in the future, and the timescales
involved.
There are significant uncertainties facing the shale gas and coal bed methane industries,
which could have a significant impact on industry growth and development. These
uncertainties include the need for further knowledge about the geology of the UK's
unconventional gas resources, as well as the impact of potential changes to planning, the
economy, taxation and community benefits.
Consequently, the approach adopted was to develop a number of illustrative future scenarios
rather than to develop forecasts of industry growth. Three future scenarios have been
developed to outline a range of possibilities for the possible scale of the industry, which are
designed to represent weak growth, medium growth and strong growth. These scenarios
have been developed for both shale gas and coal bed methane. The scenarios should be
viewed as our current best estimate only drawing on limited available in existing reports.
They are based largely on experience from the US, recognising that the situation in the UK
may differ in key respects.

4.2 Method
There are huge variations both in estimates of the quantities of shale gas available in
Europe42 and on the likely costs of building shale gas wells in Europe.43 Even the longerterm economic viability of shale gas in the USA with several years of large-scale production
experience is subject to controversy. Development in Europe is likely to be more constrained
than in the USA for a number of reasons. Regulatory controls may be specified in order to
address environmental and public concerns. Regulatory controls will need as a minimum to
be sufficient to meet existing European and UK environmental legislation, and it is possible
that additional controls may be imposed.
Consequently, the industry growth scenarios presented here were largely constructed by
scaling data from the USA. However, production and growth scenarios as well as associated
costs are strongly dependent on geology, and there is at present minimal information on
geological conditions in UK shale formations - eg depth, thickness and gas yield from UK
formations. The scenarios set out in this report are therefore subject to considerable
uncertainty.
For shale gas, two key inputs were used to develop the industry scenarios: shale gas
production per average well over time; and the number of shale gas wells developed over
time. This was benchmarked against estimated gas reserves in England.
Three scenarios were developed, which were designed to represent “low,” “mid” and “high”
forecast growth, adopting a similar approach to that used in reports recently published by the
42

UKERC (2012), UKERC Response to the Energy and Climate Change Committee’s Call for
evidence on the Impact of Shale Gas on Energy Markets : Part 2. Available at:
http://www.ukerc.ac.uk/support/Inputs+to+Policy
43
JRC (2012), Unconventional Gas: Potential Energy Market Impacts in the European Union, JRC
Scientific and Policy Reports. Available at:
http://ec.europa.eu/dgs/jrc/downloads/jrc_report_2012_09_unconventional_gas.pdf
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Institute of Directors (IOD)44 and the Joint Research Centre.43 The scenarios developed
below draw on the work carried out in the IOD study, and other reports. The “low” scenario
used low-range assumptions, where needed, to develop estimated gas reserve size,
production rates and numbers of wells. The high case was designed to represent similar
development of shale gas in England to that seen in the US, even though this scenario is
most unlikely to occur in the UK. The “high” scenario used high-range assumptions for the
relevant parameters, drawing particularly on experience in the US, where the growth of shale
gas has been at a much higher rate than is forecast for the UK for a number of reasons.
Consequently, actual production in England is expected to be well below the “high” or “US
style” growth scenario.
The mid case was based on industry well drilling forecasts which appear to be optimistic.
The low case drew on UK experience of new energy infrastructure.
It is conceivable that economic circumstances may transpire such that investment in the
development of shale gas becomes unattractive for the industry or investors. For example,
the existence of alternative sources of natural gas at similar or lower cost or with less
business risk would be expected to constitute a strong discouragement to investment in
development of shale gas resources. Relatively low gas prices in the UK and world markets
would generally tend to discourage investment in unconventional gas resources or other
sources of energy. Under such circumstances, there would be effectively a "zero growth"
scenario. This scenario has not been addressed further in this report, which focuses on the
potential consequences of development of shale gas resources.
From data on the average estimated costs of building and operating a shale gas well, a
break-even gas price was also calculated for each average well production profile.
For CBM, market development scenarios were developed on the basis of high, mid and low
estimates of the proportion of CBM which may prove to be recoverable. Again, these
scenarios were based on limited published data and reports relevant to experience in the US,
and are consequently subject to significant uncertainty.

4.3 Scenarios for average shale gas production per well
over time
4.3.1 Introduction
Shale gas production declines rapidly within the first few months of operation. Future
production of a well and estimated ultimate recovery (EUR) of a well is typically calculated
using decline curve analysis. Typically, a hyperbolic curve is statistically fitted to available
production data (such as the data from Figure 45) and extrapolated to an assumed lifetime of
30-40 years. Individual well production profiles can be very heterogeneous, whereas overall
production rates across many wells can be better characterised.

44

Institute of Directors, “Getting shale gas working,” Infrastructure for Business 2013 #6
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Figure 45: Average Fayetteville monthly well production45

Note: 60 MMcf per month means 60 million cubic feet per month, approximately equivalent to
60,000 cubic metres per day.
Operator estimates suggest the following gas production rates from a new well in the
Marcellus shale:46
Year 1: initial rate of 92,000 to 250,000 m3/day declining to 32,000 to 100,000 m3/day
Years 2 to 4: 32,000 to 100,000 m3/day declining to 14,000 to 35,000 m3/day
Years 5 to 10: 14,000 to 35,000 m3/day declining to 8,000 to 16,000 m3/day
Years 11 and after: 8,000 to 16,000 m3/day declining at 5% per annum.
The lower range of these production rates are consistent with the data for Fayetteville Shale
shown in Figure 45.
Industry standard practice is to model the decline in gas production over time using a decline
curve, although the applicability of this approach to shale gas has been challenged (Ref. 43
p.48-49 and Annex A). This approach was adopted in the recent Institute of Directors
study.44 The decline curves derived are typically of the following form:

Where:
q is the monthly production
qi is initial production in the first month

45

Mason, C. (2012), Well production profiles to assess Fayetteville gas potential revisited. Oil & Gas
Journal 5 July 2012.
46
New York State Department of Environmental Conservation (2011), “Supplemental Generic
Environmental Impact Statement On The Oil, Gas and Solution Mining Regulatory Program; Well
Permit Issuance for Horizontal Drilling And High-Volume Hydraulic Fracturing to Develop the
Marcellus Shale and Other Low-Permeability Gas Reservoirs,” Revised Draft, September 2011
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Di is the initial monthly decline rate
b is the hyperbolic coefficient describing the form of the curve.
The three key parameters are thus qi, Di and b. The Estimated Ultimate Recovery (EUR) is
the sum of monthly production from the start of production until it is no longer viable to
continue operating the well. The lower the value of b, the more rapidly the production rate
approaches a non-viable level.

4.3.2 Input parameters
The appropriate values for b and as a result the EUR tend to be subject to controversy.
Because of the fairly short production history of shale gas wells, it is uncertain whether
production will follow the expected path, and whether wells will actually operate over several
decades. Table 4 summarises the assumptions of conventional decline curve analysis for
the Fayetteville shale45 and for several shales from Berman and Pittinger (2011)47 who
represent a pessimistic school of thought on shale gas reserves (Ref 43 p50). Table 4 also
includes assumptions reported by the IOD.
Table 4: average well production decline curve parameters

Source

Mason
(2012)45

Berman
and
Pittinger
(2011)47

IOD44

Play

Fayetteville

Year

qi = initial
production
(million
m3/month)

Di =
nominal
decline
rate
(1/month)

2008

1.56

0.14

1.15

52

2009

1.67

0.11

1.45

86

2010

1.90

0.12

1.36

88

2012

1.90

0.13

1.5

91

n/a

0.06

0.56

32

n/a

0.03

0.66

38

n/a

0.11

0.25

85

Estimated
low

1.78

n/a

Estimated
mid-range

2.21

n/a

Estimated
high

2.63

n/a

Fayetteville
Barnett

Average
over time

Haynesville

Estimated
values for
UK

b = decline EUR/lateral
exponent (million m3)

68
0.8436

91
113

Berman and Pittinger argue that in the case of shale gas, initial production is not an
appropriate predictor of future production, and make their estimate based on a two-step
approach whereby a hyperbolic decline curve is applied about a year from initial production.
Moreover, they argue that production profiles showing average production history in a play
are biased for two reasons. Firstly, non-performing wells are closed only after a few months
or years and only the high-performing well remain (survivorship bias). Secondly, production
increases from well re-fracturing which requires additional capital investment also distort the
average.

47

Berman, A. and Pittinger, L. (2011), U.S. Shale Gas: Less Abundance, Higher Cost. Available at:
http://www.theoildrum.com/node/8212
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The JRC (2012) (Table 3-10) provided average EUR values for 26 unconventional gas
fields in the US. This gives a range of EUR values between 3.4 and 147 million m3 per well.
The 5th percentile value is 5.1 million m3 per well, the median value is 37 million m3 per well,
and the 95th percentile value is 147 million m3 per well. Lower values are associated with
smaller gas fields, and it is assumed that relatively low producing wells in smaller fields
would not be pursued in the UK. Table 5 shows the assumptions for average EUR per well
adopted by the JRC.43
Table 5: Average shale gas well EUR scenarios developed by JRC

EUR/Well
(million m³)

Optimistic

Most likely

Conservative

85

57

21

These values are rather lower than the estimates developed by the IOD. The JRC estimates
are consistent with the data reported by Mason (2012)45 and Berman and Pittinger (2011)47.
It is considered that the IOD estimates are likely to be optimistic in terms of the estimated
recovery per lateral, in view of the lower estimates produced by a number of sources. For
example, the IOD report uses a b-value which is higher than those indicated by Berman and
Pittinger. This means that the IOD study assumes a relatively slow rate of decay of
production rate, whereas the decline may be more rapid in practice. Both the IOD study and
this analysis assume a well lifetime of 20 years, by which time the production rate can be
expected to be 5% – 10% of the initial production rate, or less if a lower b-value is adopted.
In many cases, it would not be economic to operate the well at this level, and it would be
expected that a significant proportion of wells will close before this point, and/or refracturing
would be carried out.
JRC (2012)43 provides a range of shale gas cost and production scenarios for Europe. The
costs cover well pad development (including survey and permitting costs), well drilling,
hydraulic fracturing, completion, provision of supporting infrastructure, and ongoing
operational and maintenance costs. Decommissioning costs for shale gas and CBM
developments are normally considered as being part of up-front permitting costs. Operators
in the US are normally required to provide a bond to ensure that gas wells can be properly
decommissioned, in the event of the operator being unable to meet these costs. The
decommissioning costs are typically a small fraction of the costs associated with well drilling
and hydraulic fracturing, reflecting the primary decommissioning requirements to seal the
well with concrete, and remove top-hole structures.
The IOD report envisages that a single well may be used multiple times – that is, with
multiple lateral legs, to allow shale gas reserves at a range of depths below ground level to
exploited. This would be particularly relevant to the exploitation of the relatively thick lower
Bowland shale formation identified by the BGS. The IOD envisages a scenario in which four
laterals are taken from each well, alongside a scenario with one lateral per well. The
technology for drilling multiple laterals is not well established in the US, and additional
research and development may be needed to enable this approach to be adopted in the UK.
For the purposes of this report, it was assumed that multiple laterals would not be used. If
multiple laterals can be applied in the Bowland Shale, this would reduce the number of wells
required and potentially reduce the number of well pads. However, the use of multiple
laterals from a single well would not affect the extent of hydraulic fracturing required to obtain
a given quantity of gas.

4.3.3 Results
Based on the data from Table 3 and Table 4, three scenarios for average production per well
were constructed (Table 5). The values for qi, Di and b were chosen such that EURs
matching the JRC (2012) “conservative” and “most likely” scenarios were obtained. For the
high well production case, values of qi, Di and b were chosen such that the EUR matching
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the IOD (2013) high scenario was obtained. The mid case resembles the decline curve
analysis of Mason (2012)45 while the low case uses a pessimistic b-value resembling the
analysis of Berman and Pittinger (2011).47
Table 6: Well production scenarios
High well
production

Mid well
production

Low well
production

qi = initial production (million m³/month)

3.00

1.90

1.30

Di = nominal decline rate (1/month)

0.152

0.13

0.09

1.5

1.1

0.30

20 years

20 years

20 years

113

57

21

b = decline exponent
Well lifetime
3

EUR (million m )

4.4 Scenarios for shale gas well development
4.4.1 Scenario development
This section describes the development of possible scenarios for the development of the
shale gas industry in England over time. As discussed above, it is conceivable that
economic circumstances may transpire such that investment in the development of shale gas
becomes unattractive for the industry or investors. This "zero growth" scenario has not been
addressed further in this report.
Three scenarios were developed, which were designed to represent “low,” “mid” and “high”
forecast growth. The “low” scenario used low-range assumptions where needed to develop
estimated gas reserve size, production rates and numbers of wells. Similarly, the “high”
scenario used high-range assumptions for these parameters, drawing particularly on
experience in the US, where the growth of shale gas has been at a much higher rate than is
forecast for the UK for a number of reasons. Consequently, actual production in England is
expected to be well below the “high” or “US style” growth scenario.
The first step was to estimate the size of the prospective areas and technically recoverable
resources. ARI (2011) defined two prospective areas for shale gas development in the UK:48
the Bowland Shale in Northern England covering an area of about 25,400 km2 and a small
410km2 area in the Weald basin in southern England. Original gas-in-place (OGIP) was
estimated by ARI to be 2,700 billion m3 in the former area, and 57 billion m3 in the latter.
UKERC (2012) used the assumption of a recovery factor between 15% and 40% to estimate
technically recoverable resources (TRR) from the OGIP figures.42
More recently, updated estimates of gas reserves in the carboniferous Upper Bowland shale
were published by the British Geological Society on behalf of DECC.49 This study found that
the unit can be separated into two distinct intervals, with different geological characteristics.
The upper unit is relatively well categorised, but the potentially much larger lower unit is
much less explored. The report notes the presence of large-scale slumps and a complex
geological structure in the lower unit which may present challenges for shale gas exploration
and production.

48

Advanced Resources International (2011), 'World Shale Gas Resources: An Initial Assessment of
14 Regions Outside the United States', (Washington, DC: Advanced Resources International Inc,
2011).
49
Andrews, I.J. 2013. “The Carboniferous Bowland Shale gas study: geology and resource
estimation.” British Geological Survey for Department of Energy and Climate Change, London, UK.
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The estimated gas-in-place for the combined upper and lower units was 23 trillion m3 (low
range) – 38 trillion m3 (mid range) – 65 trillion m3 (high range). The BGS commented that
“only with further shale gas exploration drilling and testing over an extended period, and
optimization of the extraction process, will it be possible to determine whether this identified
shale gas prospectivity can be exploited commercially…” The BGS study does not make
estimates of gas recovery. The IOD used a range of recovery rates of 5% to 25% of OGIP to
estimate total recoverable resources, although these values were derived prior to the
publication of BGS comments on the nature and prospectivity of the Bowland Shale. In view
of these comments, it is considered that recovery rates of 5% to 15% are more realistic.
Recovery rates of 5%, 10% and 15% were therefore used to develop estimates of total
recoverable resources based on the new BGS gas-in-place estimates
Table 7: OGIP and TRR estimates for shale gas reserves in England
Estimates based on BGS data49
UKERC and
ARI
BGS low-range BGS mid-range BGS high-range
estimates48,42
OGIP
OGIP
OGIP
OGIP (trillion m3)

2.76

23

38

65

TRR low (trillion m3)

0.41

1.17

1.88

3.23

TRR mid (trillion m3)

0.70

2.33

3.76

6.46

TRR high (trillion m3)

1.10

3.50

5.64

9.69

In the high “US style” growth scenario the number of wells over time on the Marcellus shale
in Pennsylvania between 2005 and 201150 was scaled by the ratio of TRR in the Marcellus
Shale to the mid-range TRR estimate for the Bowland Shale in England of 3.76 trillion m3.
This scenario was designed to simulate a case where the growth of wells is economically
viable, largely investor-driven, and relatively unconstrained by regulation or public opposition,
as has been the case for much of the US shale gas field development. The year-on-year
trend in numbers of wells after 2020 was extrapolated on the assumption of a reduction in
the previous year’s change in well numbers of 4 percentage points each year, such that
cumulative production of these wells over a 30 year lifetime is approximately 40% of the midrange estimate for TRR in England.
The Marcellus shale is located in a temperate climate and is subject to water and wastewater
regulations that would resemble the UK context more closely than other US shale plays.
However, UK shales are typically thicker than the Marcellus shale with a more complex
geological structure, which would tend to increase the uncertainty of the model - e.g. by
requiring the adaptation of existing techniques to maximise the recovery of gas. Also, it is
likely that the industry in England will face greater regulatory requirements and more
constraints on development due to typically higher population densities and public concerns
than that envisaged by this scenario, thereby making this growth scenario less likely.
The lower population density and existence of a longer-established onshore conventional
hydrocarbon production industry in Pennsylvania suggest that this approach sets a
reasonable upper bound to the well growth scenario. However, as drilling and completion
technologies develop over the next 5 - 10 years, there may be increasing divergence from
the Pennsylvania model.

50

Data on the number of new unconventional wells from the Marcellus shale in Pennsylvania by
drilling commence date (SPUD-date) was collected from the Carnegie Museum of Natural History
Pennsylvania Unconventional Natural Gas Wells Geodatabase, available at:
http://www.carnegiemnh.org/powdermill/gis-wells.html
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For the medium growth scenario, the estimated numbers of UK wells over time from
Douglas-Westwood51 was lagged by three years, consistent with the IOD’s view that
production is unlikely to start before 2016/7. In this scenario, numbers of wells drilled were
extrapolated from the Douglas-Westwood estimates from 2024 onwards. It was assumed
that all wells identified by Douglas-Westwood would be located in England.
The low growth scenario adopted a similar approach to the high-growth scenario, but used
the low TRR estimate as a starting point. This scenario also drew on experience in the UK to
date with onshore wind turbines, using this experience as a model for a relatively new energy
technology subject to significant public and political opposition. The ratio of electricity
generated from onshore wind in the UK relative to Germany in recent years was 14% in 2006
increasing to 18% in 2012. ; The UK has a 10% greater economic potential for onshore wind
than Germany.52 In the case of onshore wind turbines, this indicates that regulatory and
public acceptance issues have resulted in only 15% of the potentially economic resources
being developed. This finding was adapted to the case of shale gas, on the basis that a
plausible scenario would be that 15% of potentially economically viable wells would
ultimately be drilled, due to regulatory and public acceptance constraints.

4.4.2 Results
Applying these assumptions provided the following well growth and production scenarios:
Figure 46: Well growth scenarios
14000

Cumulative number of shale gas wells

12000

10000

High "US style"
8000

Mid
Low

6000

4000

Scaled based on Marcellus
Wells 2005-2011
Douglas-Westwood UK well
forecast

2000

0

51

Douglas-Westwood, “Unconventional Gas: World Production & Drilling Forecast 2011-2020,” quoted
by PGNiG, “Will Poland led the shale revolution in Europe?” Presentation by M Karabula to World
Shale Gas conference and exhibition, Houston Texas, 7-11 November 2011
52
European Commission 2009, “Europe's onshore and offshore wind energy potential,”
http://www.eea.europa.eu/publications/europes-onshore-and-offshore-wind-energy-potential
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The outcome of this approach is that the number of wells in the “medium” growth scenario is
4 to 5 times higher than in the “low” scenario, and the number of wells in the “high US style”
scenario is 4 to 5 times higher than in the “medium” scenario. The “low” and “medium”
growth scenarios are relatively close in absolute terms.
The annual production scenarios are summarised in Table 8.
Table 8: EUR and estimated cumulative production for England
High “US style”
Mid scenario Low scenario
scenario
EUR/Well in million m³

113

57

21

Peak number of wells drilled per year

1,104

220

51

Total number of wells drilled, assuming a
single lateral from each well

12,478

3095

580

80

9.8

1.00

Cumulative production in billion m³ from
2013 to 2035

1,040

133

11.8

Cumulative production in billion m³ total
over full well lifetimes assuming 30 year
lifetime

1,480

182

12.3

Peak annual production rate (billion m3
per year)

For context, the IOD estimated a peak production rate of 39 bcm/year in the “High” scenario,
with a total production volume in the “High” scenario of 420 bcm by 2035. The higher
quantities in the “High US style” scenario in the present analysis broadly reflect the increase
in estimated reserves set out in the BGS report compared to those available to the IOD. The
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estimates in Table 8 are also broadly consistent with other forecasts cited in the IOD report.
The IOD cites a study by the Energy Contract Company which sets out low/medium/high
scenarios for Bowland Shale gas annual production of 19, 33 and 49 billion cubic metres
respectively.
The IOD report quoted Bloomberg New Energy Finance (NEF) projections for UK shale gas
peak production rates of between 21 and 41 billion m3 per year.53 The Bloomberg NEF
report pointed out that drilling costs are likely to be far higher in the UK than in the US, and
concluded that UK shale gas production would be unlikely to lead to a substantial drop in
prices, requiring a wholesale price of at least 45 pence per therm to be commercially viable.
The Tyndall Centre estimated2 that around 300 multi-well pads would be required in the UK
to deliver 9 bcm/yr of gas (10% of UK annual consumption) from the UK’s shale plays
(assuming no refracturing). This was estimated to require construction of around 130 to 150
wells per year. This is close to the peak production rate in the mid-range scenario above,
which we estimate to be delivered by the construction of around 200 wells per year. The
Tyndall Centre also provides a scenario based analysis of Cuadrilla Resources’ future plans
for the Bowland Shale. Over 16 years the low, medium and high development scenarios
represent some 190, 400 and 810 wells being required located on well pads with ten wells
each and sited for a duration of between 6 and 16 years.
The development of the shale gas wells indicated in Table 8 would require a total land take
of approximately 4,400 hectares for the “High US Style” scenario, 1,080 hectares for the
“Medium” scenario and 200 hectares for the “Low” scenario. This land would be required
during the well pad development, drilling, hydraulic fracturing and completion stages only:
land take during the operational phase would be lower. These estimates assume 10 wells
per well pad, without allowing for the possibility of multiple laterals from a single well. More
wells per pad, and/or the use of multiple laterals would result in a lower total land take.
Conversely, fewer wells per pad would result in a higher total land take.
UK natural gas consumption is currently about 90 billion m³ per year.54 This means that
under the high “US style” scenario, UK shale gas production at its peak could potentially
meet approximately 89% of the UK’s current gas consumption. The total number of wells
drilled would be about 12,500. However, for the reasons set out in section 4.4.1 above,
differences between US market, regulatory, environmental and geological conditions mean
that this scenario is highly unlikely to occur.
In the mid case total cumulative production reaches 133 billion m³ from around 3,100 wells.
Under this scenario, production would peak at around 9.8 billion m³ per year, around 11% of
the UK’s current demand for natural gas. In the low case total cumulative production would
reach 12 billion m³ from a total of about 580 wells. Under this scenario, production would
peak at about 1 billion m³ per year, about 1.1% of the UK’s current consumption.
The limitations of these scenarios noted in Section 1.4 should be borne in mind when
interpreting the findings of this analysis.
For context, as noted above, the Tyndall Centre developed estimates based on the
production of 9 bcm/yr of shale gas (10% of UK annual consumption).

4.5 Shale gas commercial viability
An analysis was carried out based on the estimated costs of development of shale gas wells
in the UK, in order to identify the gas price which would be required for development of shale
gas resources to be worthwhile. Estimated costs of well development were taken from the
JRC study.43 These estimates were developed using a bottom-up approach, by developing
53

Bloomberg New Energy Finance, Is UK shale all it’s fracked up to be?, February 2013
http://about.bnef.com/press-releases/uk-shale-gas-no-get-out-of-jail-free-card/
54
Energy Information Agency website (accessed 2013),
http://www.eia.gov/cabs/united_kingdom/Full.html
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individual Optimistic/Most likely/Conservative cost estimates for various cost components of
the drilling and fracturing procedures and infrastructure requirements. The JRC analysis
included some cost figures from the US, but took account of expected differences in cost for
Europe compared to the US. It was concluded that these figures provide a good indication of
the range of uncertainty in costs. For the reasons discussed above, the high/mid/low
scenarios for shale gas production are also considered to give a good indication of the
margin of uncertainty in cost. Consequently, the results of this analysis shown in Table 9
provide a good representation of the range of uncertainty around economic viability of the
industry.
Table 9: Break-even gas prices for scenarios and IEA natural gas price forecasts
Break-even price for natural gas ($/m3 or £/m3)
Based on:

High “US style”
scenario

Mid scenario

Low scenario

Optimistic well cost

$11.02

£7.30

$14.47

£9.58

$21.13

£13.99

Most likely well cost

$22.29

£14.76

$29.26

£19.38

$42.72

£28.29

Conservative well cost

$61.16

£40.50

$80.29

£53.17

$117.23

£77.64

IEA European natural gas price forecast
2015

2020

2025

2030

2035

New Policies scenario in US

$37.53
£24.85

$39.24
£25.99

$40.60
£26.89

$41.62
£27.56

$42.65
£28.25

Current Policies scenario in
US

$38.21
£25.30

$41.28
£27.34

$44.01
£29.15

$45.72
£30.28

$46.74
£30.95

450 Scenario in US

$37.19
£24.63

$36.85
£24.40

$35.48
£23.50

$34.12
£22.60

$32.75
£21.69

Based on 1.51 USD to GBP
This analysis indicates that shows that the high and mid case scenarios could potentially be
commercially viable in the light of the IEA’s European gas price predictions, whereas the low
case scenario seems unlikely to be commercially viable.

4.6 Coal bed methane
As for the shale gas case, an average production profile function for CBM has been
developed, although data for this are less readily available. Swindell (2007) provides data on
average production profiles of over 6,000 wells in the US Powder River Basin.55 This
indicates a delay between well drilling and gas production, which is due to dewatering of the
formation in order to allow gas to flow, as described in Sections 1.3 and 4.1. The average
EUR of these CBM wells is approximately 6.6 million m³ per well. This is around an order of
magnitude lower than EUR from an average shale gas well. An average production profile
scenario was derived from the data provided by Swindell (2007) which yields the same EUR
as the average value for the dataset (Figure 48). This value was used to develop the
“theoretical high” scenario for CBM.

55

Swindell, G. (2007). Powder River Basin Coalbed Methane Wells-Reserves and Rates. Paper
presented at Rocky Mountain Oil & Gas Technology Symposium, April 2007, Society of Petroleum
Engineers.
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Dart Energy (Forth Valley Ltd) envisages an EUR of 25 to 40 million m3 per well from 10 new
wells close to Falkirk, for which permission has been sought to drill.56 The relatively low gas
yield from CBM wells is one of the key factors constraining the commercial development of
CBM resources. These values were used to develop the “medium” and “low” scenarios for
CBM.
Figure 48: Average CBM production profiles in the Powder River Basin55 and decline
curve (in red)
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Three scenarios were developed for CBM well growth. Jones et al.57 estimated that there is
close to one trillion m³ of CBM in areas of the UK with seam gas contents and resource
densities suitable for exploitation but that it is “highly unlikely that more than 3% of this could
be recovered”. Harvey and Gray,58 however, find that more recent US experience shows
that 30% may be recoverable in some circumstances, and estimate that 10% of the UK
reserve could be developed, giving a total UK production estimate of 290 billion m³. This is a
theoretical projection rather than an estimate based on operational experience. Therefore, a
theoretical high case scenario was developed on the basis that 10% of CBM reserves could
potentially be recoverable. A mid case was developed based on 3% of gas recoverable, and
for the low case, 1% was assumed recoverable.

56

Dart Energy (Forth Valley) Ltd, “Response by Dart Energy (Forth Valley) Ltd (“The Appellant”) to
Letters of Representation Sent to the DPEA,” August 2013, available from
http://www.dartenergyscotland.co.uk/images/documents/183526.pdf
57
Jones NS, Holloway S, Creedy DP, Garner K, Smith NJP, Browne MAE and Durucan S (2004). UK
Coal Resource for New Exploitation Technologies. Final Report. British Geological Survey
Commissioned Report CR/04/015N
58
Harvey and Gray (2012), The unconventional hydrocarbon resources of Britain’s onshore basins –
Coalbed Methane (CBM), Report by DECC and the British Geological Survey (BGS)
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Table 10: CBM TRR estimates and number of wells required
Low
scenario

Parameter
UK CBM in areas with mean seam gas content
>7m3/tonne and resource density >1 x 106m3 ha-1
(Jones et al. 2004: p139) (Billion m³)
Of which in England (in Billion m³)
Assumed proportion of CBM reserves recoverable
TRR (Billion m³)
EUR per well (million m3 per well)
Required number of wells

1%
9.2
40
230

Mid
scenario
978

919
3%
28
25
1080

Theoretical
high scenario

10%
92
6.6
14000

It is assumed that the number of wells required to extract the TRR as specified in Table 10 is
reached in 2035. The growth in the number of wells up until 2035 was modelled as a curve of
the form (Figure 49):

Where NT is the number of wells in year T
N2025 is the number of wells in 2025
t is the number of years after 2025 = T-2025
Figure 49: Number of CBM wells over time
14000

Cumulative number of CBM wells drilled
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Further information on development of CBM industry is available from the Australian market
place. It may be worthwhile carrying out an evaluation of data on the development of CBM in
Australia (where it is known as "Coal Seam Gas) as a follow-up to this study.
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4.7 Timescale for development and production
4.7.1 Shale gas
An indication of timescales for moving from exploration to development and production can
be gained from experience with regard to development of the Marcellus shale in
Pennsylvania. A more extensive chronology of shale gas development in the US is provided
in Appendix 1.
Pennsylvania has been producing onshore oil and gas for over 100 years. Consequently,
there was an existing oil and gas well permitting infrastructure in place prior to the shale gas
boom. The Marcellus formation had been identified as a "reservoir rock" (i.e. the source of
conventional gas reserves) for many years. The US Geological Survey reviewed the early
development of this resource as follows:59
"In the mid-1980s, the Institute of Gas Technology (IGT) in Chicago performed some
laboratory analyses on Eastern Gas Shales Project shale samples (Soeder, 1988). Published
IGT lab measurements found that a “gas-in-place” value for the Marcellus Shale at pressures
representative of production depths may be as high as 26.5 standard cubic feet of gas per
cubic foot of rock (Soeder, 1988). This greatly exceeded earlier gas-in-place estimates for
Devonian shale by the National Petroleum Council (1980), which ranged from 0.1 to 0.6
standard cubic feet of gas per cubic foot of rock. Although IGT analyzed only one sample of
Marcellus Shale, the large volumes of gas now being produced from this formation
substantiate the early discovery of significant gas reserves."
The development of commercial production of this resource was dependent on the
development of horizontal drilling combined with hydraulic fracturing, alongside attractive gas
prices for the industry.
The combination of horizontal drilling and hydraulic fracturing was developed in the Barnett
(TX) formation in the late 1990s. As noted in Appendix 1, the first economical well was
drilled in the Marcellus in 2003, with drilling escalating very rapidly in the years after that. By
2008 there were 19 companies holding leases in the Marcellus.60
Hence, in the US, the period from development of appropriate technology to the drilling of the
first economic well in the Marcellus shale was approximately 5 years. It took a further 5
years for the boom in shale gas development in the Marcellus to be fully under way.

4.7.2 Coal bed methane
The most advanced CBM developments are in North America and Australia.61
The development of CBM in the US started in the Black Warrior Basin, Alabama in the
1970s. It took about 10 years to develop the required technologies and prove the economic
performance. By the mid-1980s, there was an active drilling programme in the basin.
Following this, drilling commenced in the San Juan Basin in the mid-1980s, with production
peaking in 1999. Since 2000, the Powder River CBM field has been one of the most active
plays in the US market. The federal government estimates that there will eventually be
27,000 CBM wells drilled in the basin.
The first attempts to develop CBM projects in Australia began in the late 1980s and early
1990s. Early developments targeted shallow seams which were not found to be economic.
However, a number of smaller companies companies persevered with CBM development
through the 1990s, developing bespoke solutions for the specific geological conditions of

59

http://geology.com/articles/marcellus-shale.shtml
INTEK Inc, "Review of Emerging U.S. Shale Gas and Shale Oil Plays," Dec 2010 p. 6.
http://www.eia.gov/analysis/studies/usshalegas/pdf/usshaleplays.pdf
61
Fox-Davies Capital, "Coal Bed Methane Sector Overview," January 2007, available from
http://www.fortune-oil.com/upload/Fox-Davies%20Capital%20CBM%20Sector%20Overview.pdf
60
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each project. CBM production accelerated from 2000, with a fourfold increase in production
between 2000 and 2003.
In Canada, CBM development did not commence until 2000, with the first commercial
production in 2003. The industry is currently in the early stages of development.

4.7.3 Likely shale gas development in England
The technical challenges to enable economic development of shale gas have been largely
addressed in the US, although some aspects (e.g. water resource management and
wastewater treatment) may need to be further developed for the UK/European context. The
rate at which shale gas escalates from exploration to production will depend primarily on
economic, regulatory and local factors. This makes it difficult to compare the historical case
in Pennsylvania to what could happen in the UK. The key variables include:
Permitting, leasing and other legal considerations: Pennsylvania had a permitting system in
place, although this system had to evolve to accommodate the new requirements. An
established pollution control system is already in place in England to cover the exploration
phase for unconventional gas. The Environment Agency is reviewing this to consider whether
adaptation or further regulation is needed for the commercial production phase (see also
regulatory analysis in Ref. 4).
Regulatory experience of onshore oil and gas installations. It would be necessary for the
regulators to develop the appropriate skills and resources to regulate commercial operations
and for the operators to understand how the regulations would apply to their regulated
installations and activities.
Definition of the shale resource: in Pennsylvania there was a lag between identification of the
resource and production, because the drilling and hydraulic fracturing technology was
developing. Because this technology already exists, development in the UK could potentially
proceed more quickly in situations where geological conditions are comparable to those
encountered in the US.
Costs: Well development, drilling, completion, and hydraulic fracturing costs depend on
depth to the shale and the geology. Drilling companies are developing technologies to
reduce the cost of drilling and the effectiveness of hydraulic fracturing, so the per well costs
will be lower in the future than they are now.
Available infrastructure: for the industry to develop rapidly, large numbers of drill rigs and
service companies may be required to carry out drilling, fracturing and completion of wells.
The US has hundreds of drilling rigs capable of installing horizontal wells. In contrast, the UK
does not have ready access to drilling rigs, and there may be a global shortage of expertise
and equipment if the development of shale gas resources takes off worldwide. Additionally,
the following downstream infrastructure must be in place, which requires another set of
permitting requirements plus time to construct, especially the plants:
o

Battery compression stations (serves a group of wells, but likely to be
relatively quick to install)

o

Main compression stations (serves a group of initial battery compression
stations)

o

Gas processing plants (one plant might serve 100 wells at one time, with a
construction cost of c.£5 million plus)

Available infrastructure (cont.): the Marcellus region in the US had oil and gas infrastructure
in place from conventional resource development which allowed shale gas exploitation to
ramp up quickly. Nevertheless, a number of large pipeline projects are under way to support
further expansion of the industry in Pennsylvania. Oil and gas infrastructure (e.g. gas
pipelines, refinery plant etc) is in place in the UK, although the relevant plant is located with
the aim of serving the North Sea oil and gas fields. While it would take time to develop the
full range of supporting infrastructure in the locations required for development of shale gas
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resources in England, this will be a less significant issue for the UK than was the case for the
Marcellus shale because of the pre-existing infrastructure and smaller geographical area.
Revenues and profits: this depends on the price of gas but also on the royalties paid to the
owner of the mineral rights and taxes paid to the local, regional, and federal governments.
During the early stages of the Marcellus boom, gas prices were very high and Pennsylvania
had a low tax structure. Gas companies were also likely to have paid a relatively low price
for land leases in advance of the main boom in shale gas. These factors worked together to
accelerate the development in Pennsylvania. It is likely that development of shale gas
resources in England would have a less favourable financial profile, although may still be
commercially viable (see Section 2.6). A less financially favourable climate would tend to
result in a slower pace of development, other factors being equal.
Local factors: there are many differences in setting between the shale gas fields in the US
and the potential shale gas development areas in the UK, even considering Pennsylvania
which is considered likely to present the closest analogue to the UK. The population density
of Pennsylvania is about one quarter of that of England, and consequently the control of
impacts on neighbouring populations is likely to be a more significant constraint on
development of unconventional gas in England. Local planning requirements differ to those
in Pennsylvania and elsewhere in the US, and are likely to be typically more demanding in
the UK. Local water resources may be a significant factor. Public acceptance of oil and gas
infrastructure may be lower in England due to the absence of a widespread established
onshore oil and gas industry. Finally, in the US, property owners retain the rights to mineral
resources obtained from their land. In contrast, in England, mineral resources are the
property of the state. This reduces the incentive for property owners to facilitate the
development of shale gas resources on their land. These factors all tend to indicate that the
development of shale gas resources in England can be expected to take place at a slower
rate than the development of the Marcellus shale and other shale gas fields in the US.

4.7.4 Likely CBM development in England
For coal bed methane, if the patterns observed in North America and Canada are repeated, it
is likely that the industry may continue to emerge at a pilot level for a period of several years,
while the technical and regulatory issues are addressed. Intensive development with
increased production may then be expected to take place over a period of 3 to 10 years,
followed by an extended period of more stable production. The permitting, infrastructure and
local factors highlighted in relation to shale gas in Section 2.8.3 above will also set similar
constraints on the development of the CBM industry in the UK.

4.8 Operator profile
In the US, exploration and development of shale gas resources has been led by the larger
companies. Some large companies have started to sell off their less productive wells to a
smaller operator who may be able to extract some profit from it, as a result of their lower
operating costs.
In contrast, experience in the US is that the cost of installing a CBM well is much less than a
shale gas well. Consequently, smaller industry players have become involved in developing
CBM well resources from the beginning.

Ref: Ricardo-AEA/R/ED58661/Issue Number 5

72

Unconventional Gas in England: Description of infrastructure and future scenarios

5 Recommendations
As emphasised throughout this report, there are considerable uncertainties in forecasting the
economic development of unconventional gas industry in England, and in describing the
nature of the installations that may require regulation. Consequently, the approach taken in
this study was to develop illustrative scenarios.
Significant exploratory activity can be expected to take place in the coming years, and it is
anticipated that this may provide useful information to enable forecasts of the scale and pace
of development of the industry to be developed with more confidence. It is recommended
that the Environment Agency maintain a watching brief on this exploratory activity, and carry
out an update to the present study at an appropriate time. It is recommended that this
should be combined with a review of recent developments in unconventional gas extraction
in the US. This should cover the key aspects relevant to the development of the industry and
regulation/control of environmental impacts, which include:


Trends in the use of multi-well pads



Trends in the length of horizontal wells and number of fracturing stages



Developments in hydraulic fracturing fluid volumes and constituents



New initiatives in water treatment and recycling

It is recommended that further analysis of the development of coal seam gas in Australia
may provide useful pointers to the potential development of the CBM industry in England.
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Appendices
Appendix 1: Chronological summary of use of hydraulic fracturing
Appendix 2: Glossary and Abbreviations
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Appendix 1 – Chronological summary of use of
hydraulic fracturing
This section provides a summary of the technological development of high volume hydraulic
fracturing for shale gas and tight gas extraction. The majority of information is from North
America, but key dates for the development of hydraulic fracturing in Europe are also
included. Summary adapted from Ref. 4.

Vertical wells
1821: The first gas well (8 metres deep) in the U.S. was completed in Fredonia, New York
in Devonian-aged shale. This and similar early supplies of natural gas were derived from
shallow gas deposits that were easy to drill and from natural gas seeps62.
1860s: Nitroglycerin was used to stimulate shallow, hard rock oil wells in Pennsylvania, New
York, Kentucky, and West Virginia, U.S. Referred to as oil well “shooting” and was done to
break up the oil-bearing formation to increase flow and recovery of oil63.
1920s: The first field-scale development of shale gas was from the Ohio Shale in the Big
Sandy Field of Kentucky, U.S. 62.

Introduction of horizontal wells
1929: The first horizontal well was drilled in Texas, U.S64.
1930s: Began injecting acid into the well to etch away the rock to form fractures that would
leave a free flowing channel to increase productivity63.
Early 1940s: Development of short-radius drilling tools that could drill 6 to 9 metre radii for
horizontal distances of 30 to 150 metres to allow for multiple laterals (typically 4 to 8) in
various directions around the vertical well bore to increase the productivity of oil wells in
California, U.S65.

Fracturing techniques
1947: First experimental use of hydraulic fracturing (5 m3 of naphthenic-acid- and palm-oilthickened gasoline, followed by a gel breaker) occurred in Hugoton Field, Kansas, U.S. to
unclog oil-bearing rock formation from drilling mud in a 700 metre well by Stanolind Oil –
based on research conducted by Floyd Farris63.
1949: Stanolind Oil introduced hydraulic fracturing commercially, licensed exclusively to
Halliburton Oil Well Cementing Company as the Hydrafrac process, after receiving a patent
for the technology63.
Halliburton conducted the first two commercial fracturing treatments in Stephens County,
Oklahoma, U.S. and Archer County, Texas, U.S. using crude oil, gasoline, and sand on
March 17, 1949 63.
In the first year of its license, Halliburton treated 332 wells that resulted in an increased
production of 75%63.

62

ALL Consulting, LLC. “Modern Shale Gas Development in the United States: A Primer.” Produced
with the Ground Water Protection Council. Prepared for US DOE Office of Fossil Energy and
NETL. April 2009.
63
Montgomery C.T. and Smith M.B., “Hydraulic fracturing: history of an enduring technology,” Journal
of Petroleum Technology, December 2010.
64
Harper J.A., “The Marcellus Shale—An Old “New” Gas Reservoir in Pennsylvania,” Pennsylvania
Geology Vol 38, pp2-13, 2008.
65
Journal of Petroleum Technology, “Frontiers of Technology - Horizontal and Multilateral Wells,” July
1999.
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1950s: Development of large-scale hydraulic fracturing began in Texas62; the term “largescale” is not defined, but reflects the use of vertical wells and hence does not constitute high
volume hydraulic fracturing).
Halliburton’s treatment with Hydrafrac increased to more than 3,000 wells per month during
the mid-1950s63.
The fluids used in the early 1950s were refined and crude oils because they were
inexpensive, which allowed companies to use larger volumes for fracturing. They were lower
viscosity than the original gel fracturing fluid that was used, which allowed companies to
inject them at lower pressures. However, they did not carry sand well because of the low
viscosity, so higher fluid injection volumes were necessary, although at volumes of less than
5 m3 per fracture treatment, well below the levels currently used63.
Using crosslinked water-based gel and viscous refined oil required large size propping
agents rather than sand63.
1953: Development of water as a fracturing fluid, which led to development of gelling
agents63.
1960s: Developments in the fracturing fluid began with patents issued for crosslinkers and
gel breakers. Companies began adding surfactants to minimize emulsions with the formation
fluid and adding potassium chloride to minimize the effect from clays. Clay-stabilizing agents
were also developed to enhance the effectiveness of potassium chloride63.
10/1962: Loyd Kern with Arco received the first patent (US Patent 3058909) on guar
crosslinked by borate63.
12/1964: Tom Perkins was granted the first patent (US Patent 3163219) on borate gel
breaker63.
“Improving the crosslinkers and gelling agents have resulted in systems that permit the fluid
to reach the bottom of the hole in high-temperature wells prior to crosslinking, thus
minimizing the effects of high shear in the tubing…”63.
Improvements to lower the viscosity of the fracturing fluid allowed companies to use higher
concentrations of sand. In the recent years, the sand concentrations have increased with
improvements to pumping equipment and fracturing fluids63.
Pumping fracturing fluid injection rates increased to around 20 bbl/min (approximately 2
m3/min) in the 1960s63.
Mid 1960s:
Computer programs were developed to display the shape of the fracture
system in two dimensions rather than using complex charts, nomographs, and calculations to
determine the amount of fracturing fluid and sand to inject. However, these computer
programs were unable to predict fracture height63.
1968: The first 500,000 pound (200 tonne) fracture was carried out by Pan American
Petroleum Corp. in Stephens County, Oklahoma, U.S.63.
The first cross-linked gels were developed in 1968. When the crosslinkers are added to
linear gels, the gels become very viscous, which allows more proppant to be transported in
the fluid. Crosslinker reduces the need to thicken the fluids, but requires the use of a
breaking agent to break the cross-link. The use of crosslinker is expensive, but it improves
performance from a hydraulic fracture treatment66.
Early 1970s: The use of metal-based crosslinking agents were added to water-based
fracturing fluids for high temperature applications63.

66

US Environmental Protection Agency, “Evaluation of Impacts to Underground Sources of Drinking
Water by Hydraulic Fracturing of Coalbed Methane Reservoirs, Final Report,” Ref. 816-R-04-003,
2004.
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1976: Othar Kiel introduced high-rate pumping that created “hesitation” or “dendritic”
fractures (Montgomery, 2010). The dendritic fracture method forms a fracture that branches
in many directions. After one small fracture has been created, the well system is placed on
production for a very short time to reverse the stress in the formation. Additional small
fractures along the main fracture are thought to form due to this reversal of stress. This
procedure of fracture-relaxation is continued to develop a Dendritic-shaped fracture (Office of
Technology Assessment, 1977 p38). These enable pump rates of more than 100 bbl/min
(approximately 10 m3/min) to be used for shale gas extraction63.
1983: First gas well was drilled in Barnett Shale in Texas, U.S. by Mitchell Energy. The well
was a deepening of a well that was drilled in 1981 to evaluate potential in a shallower
limestone formation. Because the cores from Mitchell Energy’s Barnett well had a similar
profile to the cores from wells in Appalachian Devonian Shales, Mitchell began deepening
additional Barnett Shale wells67.
Early 1980s
Germany68.

Hydraulic fracturing in vertical wells carried out at Soehlingen field,

1985: First medium radius (20°/30 metres) horizontal well was drilled65.

High volume horizontal fracturing
1986: High volume hydraulic fracturing was first used in the Barnett Shale in Texas, U.S. by
Mitchell Energy using a gel fracturing fluid. A typical design used approximately 1800 m3 of
water and 600 tonnes of sand67.
1980-1990s: Cross-linked gel fracturing fluids developed and used in vertical wells 69.
1989 Mobil North Sea conducted the first hydraulic fracture stimulation of a North Sea oil
well70.
1992: First horizontal well drilled in Barnett Shale by Mitchell Energy67.
1991: Orientation of induced fractures identified69.
1995: Barnett Shale production gas reached commercial levels (more than 2 mmscf/day or
55,000 m3 per day) using hydraulic fracturing technology (these are some of the early
Barnett Shale vertical wells)71.
1996: Microseismic post-fracturing mapping developed69.

Use of high volume horizontal fracturing for shale gas
1997: Mitchell Energy conducted the first test with a slickwater (also called light sand frac)
fracture treatment on a Barnett Shale well. Mitchell Energy’s early slickwater fracture
treatments had around 3,600 m3 of water and 90 tonnes of sand. Mitchell Energy found that
the slickwater fracturing fluid improved production from wells that were within 500 to 600
metres because the slickwater was opening natural fractures based on micro-seismic
fracture mapping; compared to gel fracturing fluid that only increased production from wells
that were very close to each other67.
67

Givens N and Zhao H (2005) “The Barnett Shale: not so simple after all,” available via
www.beg.utexas.edu/pttc/archive/barnettshalesym/notsosimple.pdf.
68
Ehrl, S.K. Schueler, Mobil Erdgas-Erdoel GmbH., 2000. “Simulation of a Tight Gas Reservoir with
Horizontal Multifractured Wells,” SPE European Petroleum Conference, 24-25 October 2000, Paris,
France
69
New York State Department of Environmental Conservation (2009), “Supplemental Generic
Environmental Impact Statement On The Oil, Gas and Solution Mining Regulatory Program; Well
Permit Issuance for Horizontal Drilling And High-Volume Hydraulic Fracturing to Develop the
Marcellus Shale and Other Low-Permeability Gas Reservoirs,” Preliminary Revised Draft, September
2009
70
Clancey, B.M., Mobil North Sea Ltd. 1990. “Hydraulic Fracture Stimulation of Permeable North Sea
Oil Wells,” European Petroleum Conference, 21-24 October 1990, The Hague, Netherlands
71
Halliburton, “U.S. Shale Gas - An Unconventional Resource. Unconventional Challenges,” 2008.
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1998: Mitchell Energy conducted the first refracturing treatment on a well that was originally
drilled and completed in 1995. The refracturing treatment was using a slickwater fracturing
fluid67.
1998 – 2000s South Arne formation (Danish sector of the North Sea) developed since 1998
with horizontal wells and multi-stage hydraulic fractures.
1999-2000
Multi-stage hydraulic fracturing in horizontal wells performed in Soehlingen
field, Germany68.
2002: Multi-stage slickwater fracturing of horizontal wells69.
2002-2003:
extraction72

Emergence of high volume hydraulic fracturing for commercial shale gas

2003: First economical Marcellus Shale horizontal well with hydraulic fracturing was drilled
by Range Resources Corporation in Pennsylvania62. Range Resources drilled additional
producing test wells to experiment with horizontal drilling and fracturing using the Barnett
Shale play in Texas, U.S. experience73. Range Resources began producing from the
Marcellus in 200562.
2005: Increased emphasis on improving the recovery factor69.
2007: Use of multi-well pads and cluster drilling69.
2009 First multi-stage horizontal fracturing of a tight gas reservoir in Europe carried out in
the Dutch sector of the Southern North Sea74.
2009 Tight gas formation with low permeability (c.0.001 mD) in Hungary stimulated using
hydraulic fracturing75.
2010: Exploratory drilling commenced for shale gas in Sweden, and for shale gas and
coalbed methane in Germany
11/2010:
Exploratory hydraulic fracturing carried out by Cuadrilla Resources Ltd at
Preese Hall, North-west UK
8/2011:
EPA Office of Air and Radiation (OAR) issued proposed New Source
Performance Standards (NSPS) and National Emission Standards for Hazardous Air
Pollutants (NESHAP) regulations for the oil and natural gas sector (76 FR 52738). Among
other things, the proposed regulations will control releases of volatile organic compounds
and, incidentally, methane emissions from well completions, including hydraulic fracturing.
8/2011:
US energy corporation Halliburton completed the first high-volume hydraulic
fracturing of a shale gas well in Poland on behalf of the state-owned Polish Oil and Gas
Company76.
2012: Netherlands: Wintershall starts production from K18-Golf Tight Gas Field77. Forecast
technological developments
2020: Approximately 4000 shale gas wells forecast to be drilled in Europe during this year75.
72

Secretary of Energy Advisory Board (2011a), “Shale gas production sub-committee: 90 day report”,
Report to US Department of Energy, 18 August 2011, available via http://www.shalegas.energy.gov/
73
Harper J.A., “The Marcellus Shale—An Old “New” Gas Reservoir in Pennsylvania,” Pennsylvania
Geology Vol 38, pp2-13, 2008.
74
Schrama E, Naughton-Rumbo R, van der Bas F, Norris M, Shaoul J (2011),“First True Tight Gas (<
0.1 mD) Horizontal Multiple Fracture Well in the North Sea,” SPE European Formation Damage
Conference, 7-10 June 2011, Noordwijk, The Netherlands
75
Shaoul JR, Spitzer W, Dahan MW, (2011). “Case Study of Unconventional Gas Well Fracturing in
Hungary”, SPE EUROPEC/EAGE Annual Conference and Exhibition, 23-26 May 2011, Vienna,
Austria.
76
PGNiG, “Will Poland led the shale revolution in Europe?” Presentation by M Karabula to World
Shale Gas conference and exhibition, Houston Texas, 7-11 November 2011
77
Natural Gas Europe website (accessed 2012), http://www.naturalgaseurope.com
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Appendix 2 – Glossary and Abbreviations
Abandonment

API
ARI
Aquifer

Barrel
BAT
bbl/year
bbl
Bcf
bcm
BRGM
BGS
CBM
Coalbed methane
Completion

Compressor station
Condensate
Conventional reserve

Darcy
DECC
DOE
Directional drilling

EPA
Economically recoverable
reserves
EUR
ELGS

To permanently close a well, usually after either logs determine
there is insufficient hydrocarbon potential to complete the well,
or when it is no longer economically viable to maintain
production. An abandoned well is plugged with cement to
prevent the escape of methane to the surface or nearby aquifers
American Petroleum Institute
Advanced Resources International
A zone of permeable, water-saturated rock material below the
surface of the earth capable of producing significant quantities
of water.
A volumetric unit of measurement equivalent to 42 US gallons
or 0.159 m3
Best Available Techniques
barrels per year
barrel
Billion cubic feet. A unit of measurement for large volumes of
gas. 1 Bcf is equivalent to 28.3 million m3
billion cubic metres
Bureau de Recherche Géologiques et Minières
British Geological Survey
coalbed methane (see below for definition)
A form of natural gas extracted from coal beds. The term refers
to methane adsorbed onto the solid matrix of the coal.
The activities and methods of preparing a well for production
after it has been drilled to the objective formation. This
principally involves preparing the well to the required
specifications; running in production tubing and its associated
down hole tools, as well as perforating and stimulating the well
by the use of hydraulic fracturing, as required.
A facility that increases the pressure of natural gas to move it in
pipelines or into storage.
Liquid hydrocarbons that were originally in the reservoir gas and
are recovered by surface separation.
A high permeability formation (greater than 1 millidarcy)
containing oil and/or gas, which can be more readily extracted
than hydrocarbons from unconventional reserves. The term
‘conventional gas’ is not always used in accordance with this
technical definition, particularly in the US where a different
definition is commonly used, and care must be exercised in the
use and interpretation of this term.
A unit of permeability. Permeability is the ability of fluids to flow
through rock or other porous media.
Department of Energy and Climate Change [UK]
Department Of Energy (US Federal)
Deviation of the borehole from vertical so that the borehole
reaches and penetrates a productive formation in an optimum
alignment, although not necessarily horizontally.
Environmental Protection Agency
Technically recoverable petroleum for which the costs of
discovery, development, production, and transport, including a
return to capital, can be recovered at a given market price.
Estimated Ultimate Recovery
Effluent Limitations Guidelines and Standards
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Field
Flare
Flowback fluids
Formation

Fossil methane / fossil
fuel
Fracking or fracing
(pronounced ‘fracking’)
Green completion
GDWTF
High volume hydraulic
fracturing

Horizontal drilling

Horizontal leg

Hydraulic fracturing fluid
Hydraulic fracturing
IEA
IGT
JRC
Mcf
mD
MMcf
NESHAP
NSPS
OAR
ORD
OGIP
OW
Operator
PGNiG
Petroleum
ppm
PSIG
Produced water
Proved reserves

REC

The general area underlain by one or more pools.
The burning of unwanted gas through a pipe.
Liquids produced following drilling and initial completion and
clean-up of the well.
A rock body distinguishable from other rock bodies and useful
for mapping or description. Formations may be combined into
groups or subdivided into members.
A natural fuel such as coal or gas, formed in the geological past
from the remains of living organisms.
Informal abbreviation for ‘hydraulic fracturing’.
See reduced emissions completion
Gas Delivery and Water Treatment Facility
The stimulation of a well (normally a shale gas well using
horizontal drilling techniques with multiple fracturing stages) with
high volumes of fracturing fluid. Defined by NYSDEC (2011) as
fracturing using 300,000 gallons (1,350 m3) or more of water as
the base fluid in fracturing fluid.
Deviation of the borehole from vertical so that the borehole
penetrates a productive formation with horizontally aligned
strata, and runs approximately horizontally.
The part of the wellbore that deviates significantly from the
vertical; it may or may not be perfectly parallel with formational
layering.
Fluid used to perform hydraulic fracturing. Includes the primary
carrier fluid, proppant material and all applicable additives.
The act of pumping hydraulic fracturing fluid into a formation to
increase its permeability.
International Energy Agency
Institute of Gas Technology
Joint Research Centre
Thousand cubic feet (equivalent to 28.3 m3).
milliDarcy (see Darcy)
million cubic feet (equivalent to 28,300 m3)
National Emission Standards for Hazardous Air Pollutants
New Source Performance Standards
Office of Air and Radiation
Office of Research and Development
Original Gas-in-Place
Office of Water
Any person or organisation in charge of the development of a
lease or drilling and operation of a producing well.
Polskie Górnictwo Naftowe i Gazownictwo SA (Polish Oil and
Gas Company Ltd)
In the broadest sense. the term embraces the full spectrum of
hydrocarbons (gaseous, liquid, and solid).
parts per million
Pound-force per Square Inch Gauge
Liquids co-produced during oil and gas wells production.
The quantity of energy sources estimated with reasonable
certainty, from the analysis of geologic and engineering data, to
be recoverable from well-established or known reservoirs with
the existing equipment and under the existing operating
conditions
reduced emissions completion (see definition below)
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Reduced emissions
completion (also known
as green completion)

Reservoir (oil or gas)

RO
Reservoir rock
SEAB
SGE
SIS
Shale oil

Shale

Show
Slickwater fracturing (or
slick-water)
Spudding
Stage

Stimulation
Tcf
TDS
Technically recoverable
reserves
Tight formation
Tight gas
tpy
TRR
Unconventional gas

A term used to describe a practice that captures gas produced
during well completions and well workovers following hydraulic
fracturing. Portable equipment is brought on-site to separate
the gas from the solids and liquids produced during the highrate flowback, and produce gas that can be delivered into the
sales pipeline. RECs help to reduce methane, volatile organic
compound and hazardous air pollutant emissions during well
clean-up and can eliminate or significantly reduce the need for
flaring.
A subsurface, porous, permeable or naturally fractured rock
body in which oil or gas has accumulated. A gas reservoir
consists only of gas plus fresh water that condenses from the
flow stream reservoir. In a gas condensate reservoir, the
hydrocarbons may exist as a gas, but, when brought to the
surface, some of the heavier hydrocarbons condense and
become a liquid.
Reverse Osmosis
A rock that may contain oil or gas in appreciable quantity and
through which petroleum may migrate.
Secretary of Energy Advisory Board
Supplemental Generic Environmental Impact Statement
Surface to In Seam
Oil shale, also known as kerogen shale, is an organic-rich finegrained sedimentary rock containing kerogen (a solid mixture of
organic chemical compounds) from which liquid hydrocarbons
called shale oil can be produced. Crude oil which occurs
naturally in shales is referred to as ‘tight oil’.
A sedimentary rock consisting of thinly laminated claystone,
siltstone or mud stone. Shale is formed from deposits of mud,
silt, clay, and organic matter
Small quantity of oil or gas, not enough for commercial
production.
A type of hydraulic fracturing which utilises water-based
fracturing fluid mixed with a friction reducing agent and other
chemical additives.
The breaking of the Earth’s surface in the initial stage of drilling
a well.
Isolation of a specific interval of the wellbore and the associated
interval of the formation for the purpose of maintaining sufficient
fracturing pressure.
The act of increasing a well’s productivity by artificial means
such as hydraulic fracturing or acidising.
trillion cubic feet, equivalent to 28.3 billion m3
Total Dissolved Solids
The proportion of assessed in-place petroleum that may be
recoverable using current recovery technology, without regard
to cost.
Formation with very low (less than 1 millidarcy) permeability.
Natural gas obtained from a tight formation
tonnes per year
Technically Recoverable Reserves
Gas contained in rocks (which may or may not contain natural
fractures) which exhibit in-situ gas permeability of less than 1
millidarcy. The term ‘unconventional gas’ is not always used in
accordance with this technical definition, particularly in the US
where a different definition is commonly used, and care must be
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USDA
US EPA
Well pad

Well site

Well bore

Wellhead

Wildcat well
Workover

Zone

exercised in the use and interpretation of this term.
US Department of Agriculture
US Environmental Protection Agency
A site constructed, prepared, levelled and/or cleared in order to
perform the activities and stage the equipment and other
infrastructure necessary to drill one or more natural gas
exploratory or production wells.
The area directly disturbed during drilling and operation of a gas
well.
Includes the well pad and access roads, equipment storage and
staging areas, vehicle turnarounds, and any other areas directly
or indirectly impacted by activities involving a well.
A borehole; the hole drilled by the bit. A well bore may have
casing in it or it may be open (uncased); or part of it may be
cased, and part of it may be open.
The equipment installed at the surface of the well bore. A
wellhead includes such equipment as the casing head and
tubing head.
A well drilled to discover a previously unknown oil or gas pool or
a well drilled one mile or more from a producing well.
Repair operations on a producing well to restore or increase
production. This may involve repeat hydraulic fracturing to restimulate gas flow from the well
A rock stratum of different character or fluid content from other
strata.
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