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ABSTRACT
The substantial increase in shale gas production has allowed the United States to achieve selfreliance and greatly improved its energy security, and this has in turn had an influence on the
world economy as well as geopolitical developments. The U.S. Department of Energy estimate a
45% increase in total U.S. dry natural gas production, from 24.4 Tcf in 2013 to 35.5 Tcf in 2040.
The analysis in this thesis helps us understand technologies landscape and role of government and
industry in Shale Gas technology development.
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Chapter 1
Introduction
Oil plays a vital role in geopolitics and energy security of the world. The International Energy
Agency (EIA) estimates that the three largest oil producing nations as of 2012 were Russia (with
a share of 14% of world oil supply), Saudi Arabia (a share of 13.1%), and the United States (a
share of 12%) (EIA 2015). On the other hand, the Organization of the Petroleum Exporting
Countries (OPEC) estimates that they controlled 81% (an equivalent of 1,206 billion barrels) of
total crude oil reserves as of 2013, out of which 66% was located in the Middle Eastern countries
(OPEC 2015). It is evident that there is a mismatch between world oil producing and consuming
nations, which is particularly significant for the U.S. since it is a net oil importer. In order to
address this mismatch and improve its energy security, the U.S. government has for some decades
encouraged academia and the private industry to develop and exploit unconventional natural oil
and gas reserves. As a result the production from conventional onshore and offshore sources have
been declining while that for coalbed methane, tight gas and shale gas have been increasing
continuously over the last few decades. This trend in US gas production is shown in Figure 1
below:
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Figure 1: Trend in different types of gas production in the U.S., units of trillion cubic feet.
Source: EIA 2013, p. 78.

It can be observed that there has been a boom in production of shale gas from approximately
2005 onwards which has actually increased total US gas production – in fact the US DOE
estimates that there will be a 44% increase in overall production during 2011-2040. During the
same period, the share of shale gas will increase from 34% to 50%. If this boom in shale gas can
be sustained over the long term, it will have significant impact on US energy security and, by
extension, over world oil production and price levels.

A production boom in any sector, however, can only be sustained if several complementary
technological, economical and policy factors come together for companies to be able to exploit
oil reserves in a profitable manner in the long run. At present it is still not clear whether the
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present spurt in US shale gas production will continue over the next five years, particularly in
light of the response of OPEC and other conventional oil producing countries. OPEC has refused
to lower its own production for fear of ceding market share to US companies, and would prefer a
reduction in global oil prices so that the profitability of shale producers is impacted, eliminating
production from this source (Smith 2015).
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Chapter 2
Literature Review

2.1

Industry Structure in the US Shale Gas Development

2.1.1 The Role of Natural gas in the US Energy Portfolio
Natural gas supplies about 22% of the total U.S. energy demands. It is used as fuel for a wide
range of industries as well as for residential and commercial use, and it also is a feedstock for a
variety of products. As the worldwide consumption of natural gas is also increasing, the U.S.
needs to increase its energy security, and to decrease the outflow to foreign interest, by increasing
the natural gas’ role in the U.S. energy supply, in this way investing in the shale gas development,
that were proven successful in many geologic basins. Increasing natural gas’ role in the U.S.
energy supply would also result in lower Greenhouse Gases (GHG) emissions- an environmental
benefit, and would reduce the dependence on other fossil fuels. The availability of extensive
natural gas network makes it suitable as a backstop energy source, complementary to renewable
energy sources.

The U.S produced approximately 725 tcf of natural gas between 1970 and 2006, as it increased its
gas reserves by 6%. Between 1998 and 2007 the US natural gas production from unconventional
reservoirs has increased from 5.4 trillion cubic feet per year (tcf/yr) to 8.9 tcf/yr while accounting
for 46% of the total U.S. production in 2007.

According to the “Annual Energy Outlook 2013” (AEO2013), the energy end-use expenditures
(all energy, petroleum and natural gas) as a share of US gross domestic product (GDP) evolved
between 1970 and 2040 as shown in the Figure 2. Also, as shown in Figure 3 below, share of
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gross output, between 1987 and 2040. The energy end-use expenditures for natural gas declined
relative to GDP and gross output.

Figure 2: “The nominal expenditures as percent of US nominal GDP”
Source: (AEO2013)

Figure 3: “The nominal expenditures as percent of nominal gross output”
The primary energy use by fuel between 1980 and 2040 (given in quadrillion Btu in Figure 4)
shows the importance of the natural gas (NG) consumption, which will grow by about 0.6
percent per year from 2011 to 2040. The NG’s consumption growth depends on the increased use
of NG in generation of electricity, and in the industrial sector, at least through 2020.
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Figure 4: “The primary energy use by fuel 1980-2040 (quadrillion Btu)”
Source: (AEO2013)

U.S. total natural gas consumption is growing fast. According to AEO2013 it is estimated
following the reference case, a growth from 24.4 trillion cubic feet in 2011 to 29.5 trillion cubic
feet in 2040. The industrial and electric power sectors are the main triggers of that growth, as
shown in Figure 5. It is also estimated that the spot prices for natural gas will begin to start
increasing by 2015, from $3.98 per million Btu in 2011, to $7.83 per million Btu in 2040 (as
shown in Figure 6). The natural gas prices remained relatively low over the past twenty years due
to the domestic supply and the production obtained from the most productive and inexpensive
areas.
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Figure 5: “The natural gas consumption by sector, 1990- 2040 (in trillion cubic feet)”
Source: (AEO2013)

Figure 6: “The annual average Henry Hub spot natural gas prices, 1990-2040 (2011 dollars per
million Btu)”
Source: (AEO2013)

The future levels of NG prices depend on macroeconomic growth rates, which lead to increased
consumption, and expected rates of resource recovery from natural gas wells, which will decrease
in time leading to higher costs of production, among other factors. Even in these conditions,
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according to AEO2013, through 2040 the energy from natural gas will remain far less expensive
than the energy from oil. US exports of natural gas will exceed its imports by 2020 as shown in
Figure 7.

Figure 7: “The total US natural gas production, consumption and net imports, 1990-2040 (trillion
cubic feet)”.
Source: (AEO2013)

U.S. natural gas production is affected by world crude oil prices. The largest growth source in
U.S. natural gas supply is the shale gas production, as shown in Figure 8. In 2011 shale gas share
of total production was of 34 percent and it is estimated that the share will grow up to 50 percent
in 2040.
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Figure 8: “The natural gas
production by source, 1990-2040
(trillion cubic feet)”

Source: (AEO2013)

The Energy Information Administration (EIA) estimated in 2009 that the U.S. had more than
1,744 trillion cubic feet (tcf) of technically recoverable natural gas. The unconventional gas: shale
gas, tight sands, and coal bed methane accounts for 60% of the total onshore recoverable resource
(National Energy Technology Laboratory, Office of Fossil Energy, & U. S. Department of
Energy, April, 2009). The U.S. technically recoverable unconventional gas production in 2007
was of 19.3 tcf. In 2007, 6.63 tcf of natural gas were used industrially and the industrial demand
is expected to reach 6.82 tcf by 2030.

The U.S. unconventional gas daily production capacity by source given in Figure 9, the historical
data and projections up to 2018 shows the shale gas contribution to the overall unconventional
gas production.
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Figure 9: “The United States unconventional gas production by source, 1990-2018 (bcf/day)”
Source: “National Energy Technology Laboratory, Office of Fossil Energy, & U. S. Department
of Energy”, April, 2009

In the late 1990s only 40 drilling rigs were capable of onshore horizontal drilling; by the
beginning of 2008 in the U.S. the number of these rigs grew to 519, while, according to Harrison
(2007), the number of wells reached over 8,800. The U.S. estimated natural gas resources are
1.680 tcf to 2.247 tcf, values established using different assumptions, data and methodologies.
The development of shale gas plays is important for the United States as it means taxing a royalty
receipt of state and local government, economic growth (due to the increased activity in various
fields, starting with drilling industry, transportation, construction, and so on) energy security,
environmental benefits, and lower fuel prices.
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2.1.2 The US Shale Gas Basins
The United States have a wide distribution of shale containing natural gas, 26 geographic basins
being recognized sources of shale gas, as shown in Figure 10. According to Harper, (2008) the
first producing shale gas well was completed in 1821, near Fredonia, New York, while the first
field-scale shale gas development was the Ohio Shale in the Big Sandy Field of Kentucky during
the 1920s. Between 1860 and 1920s the early shale wells produced gas for the illumination of the
eastern U.S. cities close to the producing fields.

Figure 10: “The United States shale basins”
Source: “National Energy Technology Laboratory, Office of Fossil Energy, & U. S. Department
of Energy”, April, 2009

In the 1930s large diameter pipelines were laid across the country, making possible the large gas
volumes’ transmission from the central and southeastern fields to the cities all over the United
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States. The first hydraulic fracturing was performed in Kansas, in 1947. During the 1970s, 1980s,
and 1990s the first downhole motors were developed and used in “unconventional natural
reservoirs” deviated or horizontal drillings combined with larger fracture design, and rigorous
reservoirs characterization novel methods.

In 2004 the production of the Barnet Shale play overtook the production of the other plays, about
2 billion cubic feet (bcf) of gas being daily produced in The United States. The shale gas
production continues to increase. In Texas, the Barnett Shale play produced in 2008
approximately 6% of total natural gas productions in the lower 48 States. The total recoverable
gas resources in other four shale gas plays: the Haynesville, Fayetteville, Marcellus, and
Woodford, maybe over 550 tcf.

The daily production of shale gas (in MMcf/day) from each active shale gas play from 1998 to
2008 is shown in Figure 11. The biggest production belongs to Fort Worth Barnet play, while the
first six major producing shale plays are: Barnett, Fayetteville, Woodford, Antrim, Haynesville
and Bakken.
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Figure 11: “The daily production of the U.S. shale plays, 1998-2008, (MMcf/day)”
Source: “National Energy Technology Laboratory, Office of Fossil Energy, & U. S.
Department of Energy”, April, 2009

The most active shales in 2008 were the Barnett Shale, the Haynesville/Bossier Shale, the Antrim
Shale, the Fayetteville Shale, the Marcellus Shale, and the New Albany Shale.

The Antrim and New Albany Shales are shallower shales, producing significant volumes of
formation water. The Barnett Shale, Mississippian age shale bounded by limestone formations, is
centred in the area of Forth Worth, Texas, while the Fayetteville Shale is focused in rural north
central Arkansas area. The key characteristics of the most active U.S. shale gas plays shown in
Figure 12 , reproduces from the report “Modern Shale Gas Development in the United States: A
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Primer” provide comparison means to evaluate the different gas shale basins and to estimate the
technically recoverable resources that are likely to increase due to technology advances in time.
Figure 12: “The key characteristics of the most active U.S. shale gas plays”
Gas Shale
Basin
Estimated
Basin Area,
square miles
Depth, ft
Net
Thickness, ft
Depth to Base
of Treatable
Water#, ft
Rock Column
Thickness
between Top
of Pay and
Bottom of
Treatable
Water, ft
Total Organic
Carbon, %
Total
Porosity, %
Gas Content,
scf/ton
Water
Production,
Barrels
water/day
Well spacing,
acres
Original GasIn-Place, tcf
Technically
Recoverable
Resources, tcf

Barnett

Fayettevil
le

Haynesville

Marcellus

Woodford

Antrim

New
Albany

5.000

9.000

9.000

95.000

11.000

12.000

43.500

6, 500 8,500

1,000 7,000

10,500 13,500

4,000 8,500

6,000 11,000

600 2,200

500 2,000

100 - 600

20 - 200

200 - 300

50 - 200

120 - 220

70 - 120

50 - 100

~1200

~500

~400

~850

~400

~300

~400

5,300 7,300

500 6,500

10,100 13,100

2,125 7650

5,600 10,600

300 1,900

100 1,600

4,5

4.0 - 9.8

0.5 - 4.0

3 - 12

1 - 14

1 - 20

1 - 25

4-5

2-8

8-9

10

3-9

9

10 - 14

300 - 350

200 - 300

60 - 220

100 - 330

60 - 100

40 - 100

40 - 80

N/A

N/A

N/A

N/A

N/A

5 - 500

5 - 500

60 - 160

80 - 160

40 - 560

40 - 160

640

40 - 160

80

327

52

717

1.500

23

76

160

44

41,6

251

262

11,4

20

19,2

Source: “National Energy Technology Laboratory, Office of Fossil Energy, & U. S. Department
of Energy”, April, 2009

Where Mcf represent thousands of cubic feet of gas, scf - standard cubic feet of gas, tcf - trillions
of cubic feet of gas. Notes: # - for the Depth to base of treatable water data, the data were based
on depth data from state oil and gas agencies and state geological survey data; and N/A stands for
Data not available.
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In the US basins, the shale gas formation’s thickness is between 20 and 600 ft. (net); the shale gas
reservoirs’ depth is between 6,500 and 13,500 ft.; the production is between 2 and 10+ MMcfd in
the first year, and is followed by a steep decline of 65 to 80% in the next two years of the total
25+ years of production. In the same basin the geology may be varied.
Spacing intervals are:


Ranging from 60 to 160 acres per well in the Barnett Shale,



Ranging from 80 to 160 acres per well in the Fayetteville Shale;



Ranging from 40 to 560 acres per well in the Haynesville Shale;



Ranging from 40 to 160 acres per well in the Marcellus Shale;



Of approximately 640 acres per well in the Woodford Shale;



Ranging from 40 acres to 160 acres per well in the Antrim Shale; and,



Of approximately 80-acre between wells in the New Albany Shale.

In the U.S., similar to the development and production of oil and gas, the development and
production of shale gas is regulated under local, state, and federal laws that address every
operation’s aspect, including the design, spacing, location, operation, and wells’ abandonment, as
well as environmental activities and discharges, such as water and waste management and
disposal, underground injection, air emissions, surface disturbance, wildlife impacts, and worker
health and safety. For regulatory control purposes, the U.S. Environmental Protection Agency
(EPA) currently groups underground injection wells into five classes. Most injection wells
associated with shale gas production are Class II wells, being used to inject water and other fluids
into the gas-bearing zones to enhance the gas’ recovery, or to dispose of produced water. In time,
the horizontal well’s drilling cost followed a downward trend in all the exploited fields. Shale gas
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well’s production is consistent for over 10 years once it is stabilized. The benefits and the
uncertainty of the natural gas production, distribution and consumption influence the shale gas
development.
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2.2

The Evolution of Drilling Technologies in Shale Gas Development

The shale gas production has become economically viable only since the 2000s, due to advances
in cost-effective horizontal drilling, coupled with new advances in hydraulic fracturing
technologies, and the increases in natural gas prices. Shale gas development is a technologically
driven process for natural gas extraction from unconventional reservoirs. The typical shale play
exploitation proceeds through three distinct phases: the discovery stage when the initial data of
the reservoir is gathered; the drilling and reservoir evaluation, the operational stage designed to
maximize the reservoir contact and lower the cost per unit; and the production stage, focused on
optimizing the reservoir drainage (Halliburton, 2008).

The development of shale gas reservoirs currently includes the drilling and completion of both
vertical and horizontal wells. As the plays mature, an increasing number of horizontal wells
become necessary to optimize the recovery and well economics.

The horizontal drilling provides a larger exposure to a shale formation. The complete
development of a section having 1-square mile could require 16 vertical wells on separate well
pads, but from only one well pad six to eight horizontal wells can access the same reservoir
volume as these sections’ sixteen vertical wells (Parshall, 2008). In the gas shale plays, for their
initial development, the spacing interval for vertical wells averages 40 acres per well, while for
the horizontal wells the spacing interval is of approximately 160 acres per well. Therefore, a 640acre (1-square mile) section of land could be developed with a total of 16 vertical wells, or by a
total of 4 horizontal wells, drilled from only one single multi-well drilling pad. If multiple
horizontal wells are completed from a single well pad, that pad may require to be slightly
enlarged. Considering that this enlargement will result in a 0.5-acre increase of the pad, the area
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disturbed by 16 vertical wells would be more than 10 times the area of 4 horizontal wells which
produce the same resource volume.

The use of multi-well pads on the same play reduces the overall number of required well pads,
pipeline routes, production facilities, and access roads, thus minimizing the play’s overall
environmental footprint (Inglis, 1988). The project’s footprint overall reduction results in notably
less environmental footprint, that is particularly significant in certain critical locales and allows
for more prepared flexibility.

The fracturing fluid is designed for the target formation’s specific conditions. This fracturing
fluid is pumped under high pressure into the shale formation during the hydraulic fracturing
process, to generate cracks in the targeted rock formation. The natural gas will flow out of the
shale formation through these new cracks to the well in quantities large enough to ensure the
economic viability of the development.

The fracture fluids for the shale gas development are primarily water based fluids. Small
quantities of additives and sand proppant are added to the mixture based on geology. Over 98%
of the fracture fluid is water and sand, the rest, less than 2%, being a mixture of various chemical
additives in order to improve the fracturing effectiveness. Each treatment is a highly engineered
process. The water used for the shale gas development is less than 0.8% of the total water
resource used by basin. The biggest water use is related to other human activities or needs, such
as agriculture, electric power generation, and municipalities.
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After the fracturing, the well produces gas and water, a mixture of fracture fluid with natural
formation water that must be managed in order to protect the surface and ground water resources,
and also to reduce the future fresh water demand, to re-use and recycle it.

The most common used mechanisms for the water management are the underground injection,
treatment and discharge, or recycling. New water treatment technologies that allow the reuse of
the water in many applications were recently developed.

Naturally occurring radioactive material (NORM) can be contained in low levels in some drilled
geologic formations, but their radiation cannot penetrate the steel used in pipes and tanks.
NORMs remain in the drilled rock pieces, in solution with the produced water or precipitates out
in scales or sludge. The exposure risk due to NORM is very small. Occupational Safety and
Health Administration (OSHA) requires radiation hazards to be evaluated, caution signs to be
posted and personal protection equipment to be provided by the employer when the radiation
doses could exceed the regulatory standards. When NORM concentrations are less than
regulatory standards, their disposal is done by approved methods for standard gas field waste.

During exploration and production activities emissions that may include NO2, particulate matter,
volatile organic compounds, methane, and SO2, commonly occur. These emissions are controlled
in the U.S. according to the U.S. Environmental Protection Agency (EPA) sets standards. The
ground water is protected by a combination of the installed casing and cast cement and by the
rock layers in between the fracture zone and the aquifers.

Between the modern shale gas development and the conventional natural gas development the
main differences are:
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•

The extensive uses of horizontal drilling: The horizontal wells ensure a greater reservoir

exposure than any vertical well, in this way optimizing the recovery and well economics. For
example, in the Marcellus Shale, a vertical well may expose 50 ft of formation while a horizontal
well, having from 2,000 to 6,000 ft of lateral wellbore in length extending, expose within the 50to 300-ft of the thick formation. Excluding the pad and needed infrastructure, a vertical well drill
may cost up to $800,000 while a horizontal well drill can cost $2.5 million or more, but 3 or 4
vertical wells can be replaced with a single horizontal well, in order to produce the same amount
of shale gas.
•

This technology has not introduced new environmental concerns, while the surface

disturbances and all the associated impacts to wildlife, dust, noise, and traffic were reduced in
fact; and
•

High-volume/large scale hydraulic fracturing, that has proved to be an effective

stimulation technique.

The availability and management of the water remain a challenge in some areas, but innovative
solutions allow the development of the shale gas. Drilling operations usually continue by
expanding the play boundaries outward; and, at the same time, operations may turn towards infill
drilling, in this way increasing the amount of recovered gas. The shale gas development without
compromising the neighborhood communities requires a combination of modern technologies and
the innovative use of best management practices (BMPs).

The new appropriate technologies, such as the use of directional lightning and sound barriers,
provide means to control daytime and nighttime visual and noise impact for many sites, being
applied on a case-by-case basis.
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The directional lighting provides the illumination of the well’s sites for the worker’s safety,
directing the light downward, in this manner shielding the surrounding area by limiting the
illumination of the neighboring residences, roads or other buildings.

Sound dampening technology and blanket-like enclosures from alternative building materials,
acting as an acoustic barrier, are used in both rural and urban settings to reduce noise from the
compressor facilities while drilling; directional or shielded lighting are used to reduce night-time
disturbance; pipelines are used for water transport to reduce heavy traffic; solar-powered
telemetry devices are used to monitor the production, thus reducing the number of necessary
visits to the site.

To maintain a healthy natural habitat in the development area, the drilling companies should
preserve the existing trees, provide landscape plans; plant trees and shrubs; and even enhance
the area by improving irrigation and lowering the requirements of maintenance, while
specifically designing the well pad, and, implicitly making its footprint as small as possible.

When trouble to wildlife habitats is obvious, the land disturbances will be alleviated by
implementing land recovery practices, restoring the land to its original conditions. In general,
mitigation measures are planned to protect and preserve wildlife depending on each project
feature, local characteristics, and the species that are potentially affected. However, the modern
shale gas development technologies are reducing the impacts so additional protective measures of
restoration will also be reduced. The timely land disturbance mitigation (e.g., reseeding, land
contouring, or re-vegetating) will minimize the natural habitats’ short and long-term disturbances
(United States Department of Agriculture and United States Department of the Interior, 2007).
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The drilling and hydraulic fracturing can create short-term increases in traffic volume, dust and
noise, which are usually limited to the foremost 20- to 30-day drilling and completion period
(Kennedy, 2000). The work schedules can be adjusted to help alleviate traffic congestion and
damage to road surfaces. The unpaved roads can be watered to reduce dust. The timing of some
operations can be adjusted and special sound barriers can be installed to reduce noise for the
neighboring communities. Another possibility is the construction of temporary or permanent
pipelines, to transfer the water to the well sites and from well sites to the disposal facilities. The
number of access roads and the associated traffic can be further reduced by coupling the
previously mentioned practices with the drilling of multiple directional wells from fewer pads.
The developers usually close maintenance agreements to compensate the local municipalities or
the owners for the road damage occurred because of their activities.
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2.2.1 Shale Gas Geology
Shale is a sedimentary rock. Shale formations are dominated by hydrocarbon rich consolidated
clay-sized particles containing clay, as well as quartz, calcite, dolomite, pyrite, siderite and other
minerals. Shales were deposited as mud in quiet waters such as tidal flats or deep water basins. In
these spaces the very fine-grained particles had fallen out of suspension, and had formed
sediments through their deposition. These naturally tabular clay grains also allowed the
deposition of organic matter (such as algae-, plant-, and animal-derived organic debris) in
between them (Davis, 1992). As these particles tend to lie flat, due to additional sediment
deposition, the thin laminar mud bedding solidified, and the sediments subsequently had become
compacted into thinly layered shale rocks having a limited horizontal permeability and a very
limited vertical permeability.

Freezy and Cherry (1979) affirm that typical unfractured shales have “matrix permeability on the
order of 0.01 to 0.00001 millidarcies”. Only over geologic expanses of time the trapped gas
would be able to move easily within the shale rock.

Gas reservoirs are classified as conventional or unconventional for the following reasons:
•

Conventional reservoirs –Sands (limestones) and carbonates (dolomites) contain the gas

in interconnected pore spaces, thus having a high permeability, which allow the gas to flow to the
wellbore. In conventional natural gas reservoirs, the gas is sourced from organic-rich shales
proximal to the sandstone or carbonate.
•

Unconventional reservoirs – The gas is often sourced from the reservoir rock itself,

having low permeability (tight) formations (such as tight sands and carbonates, coal, and shale,
being excepted tight gas sandstone and carbonates). These formations should be stimulated in
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order to create additional permeability and the preferred stimulation method for gas shales is the
reservoir hydraulic fracturing.

Shale gas is produced from low permeability shale formations that are also the natural gas source.
The natural gas is stored within the shale, or within the shale’s micro-pores, or it can be adsorbed
within the shale onto minerals or organic matter (Frantz & Jochen, 2005). The wells may be
drilled vertically or horizontally and most of them are stimulated through hydraulic fracturing,
being similar to other conventional and unconventional wells in terms of depth, production rate,
and drilling. The shale formation’s economic potential is evaluated by identifying the specific
source rock’s characteristics from a number of wells, the most relevant characteristic being the
total organic carbon (TOC), thermal maturity, and kerogen analysis.

The key parameters of any shale gas reservoirs are:
•

The organic content and its micro-porosity, which characterize the gas in place knowing

that the total porosity increases at higher Total Organic Carbon (TOC) content while TOC
decreases at higher restitution coefficient (Ro). Residual TOC (TOCres) of shale having a high
content of organic matter (TOC > 30%) requires no restitution at the high mature stage. (Qin,
Zheng, & Tenger, 2007).
•

The thermal maturity (showing the degree at which the organic metamorphism has

progressed; the value of Ro indicates if the gas is wet or dry). The maturity’s dependence on time
is approximately linear while the dependence of temperature on time is contiguous to exponential.
The most thermally mature shales contain only dry gas, while less mature shales contain wetter
gas, and the least thermally mature shales may contain only oil.
•

The variations of local lithology and faults’, karsts’, and water’s presence, which gives

indications on the well’s future productivity. For example the presence of brittle rock, which is
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fracturing like glass, is helping to maximize the extent of the induced fracture network, increasing
the well’s productivity.
•

The stress regime and over-pressure, which indicates the well’s spacing (of 80 acres on

average, in US basins) and the orientation of the pattern, while the hydraulic fracturing may
require fracturing agents of high strength.
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2.2.2 The Drilling Technology
Around 2500 BC the Egyptians used core drilling tools (brass tubes reinforced with diamond
grains) for the construction of the pyramids (Delleur, J. W., 2010).

In China, in 1700 BC, wells were manually drilled, using the percussion system with bamboo
poles, to depths of up to 800 feet. They extracted oil to burn it, to evaporate brine in order to
produce salt. (Totten, G.E., 2013). Wells having up to 200 feet and diameters up to 14 inches
were drilled by the Chinese between 600 and 260 BC (Lynch, A. J. & Rowland, C. A., 2005).
Their churn drill method of lifting and dropping a rod tipped with a metallic bit, which allowed
the drilling of a hole actually grinding only its outer section, appeared in Europe only during the
12th century.

At the time of the Roman Empire, the pump drill was used extensively. Pump drills involved both
the use of a vertical spindle aligned by a wood board, and a flywheel (Hall, A. R., Holmyard, E.
J., & Singer, C., 1967). Starting sometime between the ages of Roman and Medieval empires, the
auger, which used a rotary helical screw like today’s common Archimedean screw shaped bit,
was used for the drilling of larger holes.

In 1126, the Carthusian order monks achieved water drilling up to 1000 feet. Around the 13th
century the first hollow-borer tip was used. The use of the churn drill method, with a stick having
a piece of tubular shaped copper or other metal on its end, was more productive (Daumas, M. Ed.,
& Hennyessy, E. B., 1969). Before the 15th century, the brace and bit, a type of a two parts hand
crank drill, was invented.
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Oil wells were hand dug up to 115 feet deep, in 1594 at Baku, in Persia (Totten, G.E., 2013). The
first salt drilling was performed in Germany in 1810. In Pennsylvania, in the United States, oil
was produced in 1815 as a byproduct from brine wells. The first cable tool drilling was made in
Europe in 1825, and twenty years later Robert Beart obtained a patent on rotary drilling methods.

In Baku (then in the Russian Empire) at the Bibi-Eibat field an offshore drilling started up in
1846; near Baku, on the Aspheron Peninsula, two years later the first modern oil well was
drilled, using the dry percussion system with wooden rod. In 1854, at Bobrka, Poland, the first
European oil wells were drilled up to 30-50 meters depth. The first steam powered rig was built in
1856. Colonel Edwin Drake drilled the first oil well in Titusville, Pennsylvania, in 1859.

The first diamond coring was performed in 1863 in Switzerland. Berthold Pensky produces flash
point testers and other oil testing equipment in 1873. The first patent on a two cone bit was issued
in 1878. The New York state required the abandoned wells’ plugging, through the first formal
regulation, in 1879. S. F. Bowser produced the first gasoline pump in 1885, its tank of one barrel
having marble valves and wooden plungers.

A. J. Arnot and W. B. Brain, of Melbourne, patented the electric drill in 1889 and four years later
the drilling depths reach 2004 m (Arnot, & Brain, 1889). The first patent for horizontal drilling
was issued in 1891 to Robert E. Lee, for drilling a horizontal drainhole for a vertical well. The
first offshore drilling was performed in Santa Barbara, in 1897. By the end of the 19th century, the
hydraulic percussion drilling, in which the debris removal was done continuously by water
circulation, was largely used.
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In 1898, the American Society of Testing and Materials (ASTM) was founded. Captain Anthony
Lucas and Patillo Higgins first used rotary drilling in their Spindletop well in Texas for drilling
oil wells in 1901. The ASTM discussed the need for standards in the petroleum industry for the
first time on 22 October 1904.

In 1909 Howard Hughes Sr. patented the first roller cone for the rotary rock bit. Gilbert & Barker
produced curb pumps with measuring devices in 1911; while the Beman Auto Oil Can Co. was
selling the “New Improved Automatic Tank.”

The rotary system appeared in the early twentieth century in the U.S. The first rock bit was used
in 1908. The first rotary rig using a diesel engine was built in 1925, and four year later the first
use of bentonite as a drill mud was registered. In 1933 two Hughes engineers, one of whom was
Ralph Neuhaus, introduced the tri-cone bit as a new drilling tool. The horizontal drilling dates
back to the 1930s, as the first recorded true horizontal oil well was completed in 1929 near
Texon, Texas. H. John Eastman pioneered in directional drilling in 1934, when in the company
of George Failing he saved the Conroe, Texas, oil field.

The Interstate Oil Compact Commission (IOCC) was formed by Oklahoma, Texas, Colorado,
Illinois, New Mexico and Kansas in 1935, for the government’s intervention into the industry
supply-demand chain (National Energy Technology Laboratory, Office of Fossil Energy, & U. S.
Department of Energy, May, 2009).

In 1947 the first modern off-shore oil well’s drilling depths reached 17,000 ft, while in 1953 the
first hydraulic rig was produced and commissioned. The first drill ship was launched in 1955.
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Drilling depths of 31,358 ft were reached in Oklahoma in 1974, while the Kola Super Deep Hole
of 40,223 km is the deepest hole in Russia.

The Well’s Design and Construction
The technologies of the wells’ drilling evolved in time and the technologies used to drill shale gas
wells are similar to the conventional gas wells drilling techniques that are now considered the
industry standards (Azar & Robello, 2007).

In order to effectively manage the natural gas resource, and to efficiently drain it, due to the
shale’s low natural permeability, the vertical wells were required to be developed at closer
spacing intervals than the conventional gas reservoirs, thus the spacing intervals of vertical shale
gas wells are of 40 acres per well, or less. The current shale gas wells’ drilling and completion
include both vertical and horizontal wells, but the number of the horizontal wells grows as the
plays mature. That is the reason for which horizontal drilling has become the preferred method of
drilling in most of the shale gas plays in the U.S. Horizontal wells have been used in many areas
to access the remote shale gas resources from beneath the existing infrastructure, buildings,
environmentally sensitive areas, or other traits that could prevent the vertical wells’ use.

Once the site’s location has been established, the natural gas well drilling and completing consist
of several sequential activities which are largely described in the following sections.
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The Location’s Building and the Fluid Handling Equipment’s Installation
The area is prepared for drilling by following the steps listed below:


The site is prepared, being leveled with a bulldozer and/or a grader; all topsoil is removed
and stockpiled separately from subsurface materials for reuse; the roads and the access
ways, as well as the drainage structures are built up;



A below-ground-level cellar is excavated where the main borehole will be drilled; a
reserve pit and settling pits are excavated avoiding shallow groundwater areas and natural
watercourses, to be used for discharging of water, cutting or drilling fluid; closed-loop
drilling systems or line reserve pits with impermeable liners are recommended to avoid
contaminations;



The conductor, rathole, and mouse hole are completed, usually by the portable rig, or by
the most important rig after rigging-up. The conductor hole is the large diameter “starter
hole” lined with pipes, where required, having 10- to a few hundred feet, depending on
the neighboring geology. The rathole is the hole in the rig’s floor, lined with the casing
into which the Kelly is placed during hoisting operations; it is usually 30-35 feet deep.
The mouse hole is the thin bore hole under the rig’s ground, lined with a pipe, in which
the drill pipe joints are usually temporarily placed.

The Drilling Rig’s Setting up, the Ancillary Equipment’s Installation, and the Equipment’s
Testing.
Rigging up means placing and assembling the rig equipment parts (the substructure, rig floor,
mast/derrick, handrails, guardrails, stairways, walkways, ladders, power system, circulating
system, auxiliary equipment including the catwalk, pipe racks, pipes and drill collars. The rig
designs differ. Forklifts, rig up trucks, or cranes, depending on the rig’s size, are used to handle
the drilling equipment. Engines and aggregates power the mechanical rigs, while engines and
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generators power the electric rigs. The substructure is mounted and horizontally aligned. The
drilling nipple is welded to the conductor pipe in the cellar, and then a flow line is attached. The
setting up of the rig floor starts with the installation of the stairways and guardrails, and follows
with the setting in place of the draw works, the mounting of the engines, as well as the connection
to the draw works of the compound and associated equipment, including the electric cables
(lines). The mast’s bottom is elevated at the rig floor level and fastened. On the derrick stand the
crown section is secured, and the "A-legs" are raised and mounted. The monkey board is fastened
on the mast and the electric cables and all the other surrounding lines are secured while the mast
is elevated (Devereux, 1997). After a thorough inspection, the engines spool the drilling line onto
the draw works drum, raising the mast. The handrails, walkways, ladders, as well as the power
system are usually installed simultaneously with the setting up of the rig floor. The connections
between the power sources and all the machinery are coupled synchronously with the tanks,
which are hooked up before the engines’ start. Another crew usually rigs up the circulating
system. The mud tanks and mud pumps are set into their pre-settled position. The fluid lines are
linked, and the cables of the electrical line are joined together. Once the mast has been secured,
the remaining floor equipment is set into place. The safety guy lines are mounted on the anchors
and secured according to the safety requirements. The derrick emergency escape device is placed
in position on the mast and a throughout inspection of the complete rig is required before starting
the operation. Containment dikes, containment walls and drip pans are built around all qualifying
bulk liquid hydrocarbons and gas storage facilities. Suitable mufflers are mounted on the internal
combustion engines and loud compressor components. Other noise reduction techniques include:
the design and the fitting-out of the rig equipment and roads to take advantage of the topography
and the distance, the construction of engineered sound barriers or sound-insulated buildings, the
placement of tank batteries and other facilities offsite, and the use of remote well monitoring
systems that reduce vehicle traffic in the field and the associated noise. The diesel-fired drilling

32
equipment emits NOx, SOx and particles that contribute to air pollution. Many drilling contractors
are replacing the diesel engines using more eco-friendly equipment to reduce the air pollution.

The Hole Drilling
The preparation of the drilling fluid (“the mud”) is required before starting the drilling. The
drilling fluid is used to cool and grease the bits, while it is removing and transporting the cut rock
fragments to the surface. The mud also compensates the formation pressure preventing the
blowout of the well due to the premature entering of formation fluids into the well. The drilling
fluid precludes the openhole from crack-up (Azar & Robello, 2007).

The pipes are elevated from the pipe rack (or the catwalk) with the catline usually, or with the
help of the air hoist hydraulic winch. The pipes are positioned in the mouse hole and the first drill
bit is fastened to the bottom hole drill collar attached to the Kelly. The bit at the end of the drill
string is gradually drooped down through the rotary table. The drilling fluid pumps start. The
crew checks for leaks and breaks and only after the inspection the rotary table is employed. The
sharp, chiseled bit is lowered to the bottom and the drilling operation begins: the bit is
rotationally driven into the rock. The used bit is replaced according to the drilling program.

There are many different types of drill bits that facilitate the different types of formations’
breakage, the three main types of drill bits being:


The blade or drag bit, which is made out of steel and tungsten; it is suitable for
unconsolidated formations.



The steel tooth rotary bit, which was invented in the 1900s, which crushes and
chips various rock formations; it is used for the majority of the drilling projects.
The long-tooth roller cone bit is preferred for softer formations while the short-
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toothed bit was considered the best for hard ones. Aiming to improve the steel
tooth rotary bit’s abrasive effects, the granite and/or quartzite was recently
replaced by tungsten carbide. The conventional drill bit has three movable cones
containing teeth made of tungsten carbide steel and sometimes industrial
diamonds. The drill bits range usually from 3¾ inches (9.5 cm) to 26 inches (66
cm) in diameters. The most commonly used sizes are 17½, 12¼, 7 7/8 , and 6 ¼
inches (44, 31, 20, and 16 cm).


The diamond and polycrystalline diamond bits (Figure 13), which have a layer of
industrial diamonds over the carbide insertions. These bits are used to crush the
hardest formations, because they are harder than all the conventional steel tooth
rotary bits.

Figure 13: “Drill bit”
Source: Baker-Hughes Drill bit Catalog. 2009

The main systems of a rotary drilling rig (Figure 14) are:


The prime movers system, consisting of one to four or more engines (commonly diesel
engines) connected to the generators. Gas engines, as well as reciprocating turbines, are
also used, depending on the site circumstances, to ensure the power for engines,
compressors, pumps, site lighting, and water line requirements. The electrical power is
then distributed around the rig site, to the rig components. Most rotating rigs nowadays
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need 1,000- 3,000 horsepower, while shallow drilling rigs may have need of as little as
500 horsepower. The power is primarily used to rotate the drill bit.

Figure 14: “The Rotary drill rig”

Source: Merriam-Webster. Visual dictionary online, 2013.


The hoisting tools consist of the tools used to raise and drop the equipment that may go
into or come out of the well. The hoisting equipment includes the derrick (the tall towerlike structure made of steel 'I' beams that extend vertically from the well hole and that has
a steel floor as substructure), the cables and pulleys, the draw works ( the hoist
mechanism which has a brake system), the crown block, the traveling block and the hook
and wire rope. The derrick is erected on the substructure which supports the rig floor and
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rotary table and provides work space for the equipment on the rig floor. The drill line
passes from the draw works to the top of the derrick. From there it is sheaved between the
crown block and traveling block and then it is clamped to the rig floor by the deadline
anchor. The whole string of pipe must be raised to the surface in furtherance of changing
the bit. The draw works control the cable drums during the lifting of the elevators and
swivel. The draw works gear (transmission) system gives the driller a wide choice of
speeds for hoisting the drill string. The make-up cathead, placed on the driller's side, is
used to spin up and tighten the drill pipe joints, while the breakout cathead, located
opposite the driller's position on the draw works is used to loosen the drill pipe when the
drill pipe is withdrawn from the borehole.


The rotating equipment consists of the swivel, kelly, rotary table/top drive, drill string
and bit. The swivel hangs from the drilling hook by means of large bail, or handle. The
swivel continuously and freely rotates the drill string which has the bit, which cuts off the
rocks, deepening the wellbore, at its end. The drilling fluid is introduced into the drill
stem through a gooseneck connection on the swivel, which is connected to the rotary
hose. The drill string is composed of pipe-long sections which are joined and unlinked
during the drilling process according to the needs. The drill pipe and drill collars have
threaded connection on each end. Whenever the drill stem is suspended by the traveling
block and drill line, the entire load rests on the derrick. When a ‘top-drive’ system is
used, the swivel is replaced by the power swivel. The Kelly is square or hexagonal and
engages the Kelly bushing which fits into the master bushing from the rotary table.



The circulating equipment whose main objectives are the cooling and greasing of the drill
bit while removing cuts and debris. The drilling fluid, which is circulated down through
the well hole, is coating the walls of the well with a mud cake. On reaching the surface
again, the drilling fluid is filtered to recover the reusable fluid. The mud exerts sufficient
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hydrostatic pressure on the formation preventing walls from caving, and reducing the
friction between the hole and the drill string while delivering the hydraulic energy to the
formation under the bit (International School of Well Drilling, 2008).

While drilling, the tubulars’ handling is a repetitive process. The crew hoists the drill string with
the draw works until the Kelly is out of the rotary table and then the driller shuts down the mud
pumps. The floor hands position the slips around the pipe’s joint, and then, above and below the
connection, the tongs are latched onto the tool joints. The pipes are joined using the Kelly and the
tongs to twist the joint. The draw works is elevating the Kelly to hitch up the joint. The joint of
the suspended pipe is guided and lowered with the slips. The joints are fastened together using
either the pipe spinner, spinning chain, or Kelly spinner’s help. The lifting of the Kelly and
string facilitates the removal of the slips.

The rotary table as well the drill string are stopped from rotating while the pipes are broken out
with the help of the tongs, catheads, and the rotary table or kelly spinner which are gyrating the
drill string. At the operation end the mud pumps are restarted, the slips are removed, and the
drilling is resumed, the bit being slowly lowered back to bottom, to continue to deepen the hole.
For each pipe connection the same steps are repeated.

The process of removing and/or replacing the pipes from the well, whenever it is necessary to
change the bit or the drill string pieces, or whenever certain tests in the wellbore are required, is
called the tripping. The tripping out starts with the setting of the slips around the drill stem,
followed by the breakout of the Kelly and its fixing into the rathole. The elevators are attached by
the crew to the elevator links and then are latched onto the pipe. The elevators are unlatched and
the pipe’s stands are guided into the fingerboard by the derrickman from the monkey board. The
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elevators are then slowly lowered and attached to the next pipe’s stand. The crew breaks out the
pipe and, after breaking the connection, the pipe is spun out using the rotary table. The stand is
raised and pushed around to the pipe racking area. The tripping out process and tripping in
process comprise essentially the same steps in reverse order. The tripping in starts with the
elevators rising; and then its latching onto the pipe by the derrickman from the monkey board.
The following steps are the pipe’s moving to the rotary table: the joining of the pipes, the pulling
and setting of the slip and the unlatching of the elevators. The process is repeated for all the
stands. The Kelly is picked up and attached to the drill string. The circulation is broken, and the
drilling is resumed. The core samples are cut from the formation by means of a core barrel and
are examined in specialized laboratories (Inglis, 1988). The drilling of a typical gas well consists
of several cycles of drilling, running casing and cementing the casing in place to ensure isolation,
the steel casing being installed in sequentially smaller sizes inside the previous installed casing
string.

The Hole’s Logging.
The hole logging produces information on all crossed formations, including the subsurface
formations in the wellbore’s actual depth and thickness, which allows the installation of the
casing strings in the exactly right position to achieve the well’s design objectives and the casing
and cement isolation benefits. After the hole drilling is completed, and before the casing’s
installation and the beginning of the cementing operations, the operation called well logging takes
place, by running in the drilled hole, on an electric cable, electrical sensors and other instruments
(Devereux, 1997). The open-hole logging is carried out prior to setting casing and is used for
locating and evaluating the hydrocarbon producing formations. The geologists select the types of
logs that follows to be run in a well at the well’s designing time. The well logs are used as critical
data gathering tools, during the formation evaluation and the well design and construction
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optimization. In order to assess the well’s integrity during its construction along with the well
logs various mechanical integrity and hydraulic pressure tests can be used. The common logging
tools used for evaluation include the following log types:


Gamma Ray—the device detects the naturally occurring gamma radiation.



Resistivity— the device measures the electrical resistance between the probes placed on

the logging tool in the wellbore. Usually three to ten resistivity logs are ran, depending on the
distance between the probes. The investigation’s radius is increased with the distance between
these probes.


Density—the device measures the formation’s bulk density, and its porosity, by

inference.


Caliper—the wellbore’s diameter physical measurement device. The caliper is used to

calculate the actual hole size and wellbore’s volume, necessary in the cement job’s design. Other
logging tool types are available and may be run according to each case specific basis.

The Running, Cementing, and Logging of the Casing.
The pipe’s casing is usually larger in diameter and longer than the drill pipe. The casing is used to
line the hole periodically throughout the drilling process. The casing running starts with the
surface casing, continues with the intermediate casing, and ends with the production string, which
is ran during well completion. These steel casing and cement multiple layers are required to be
specifically designed and installed in order to protect the groundwater, including the fresh water
aquifers, and to ensure the overlying formations’ isolation from the producing zone. The fluids
(water, mud, and gas) produced from the well must travel inside the well conduit directly from
the producing zone to the surface, as the casing runs, and the cement placement provide barriers
preventing the fluid’s migration.
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The drill string is used to drill the well. It consists of a drill bit, drill collars (the heavy weight
pipe located just above the bit to puts weight on it), and the drill pipe (Azar & Robello, 2007).
The drill string is assembled and ran into the hole, while suspended from the drilling derrick or
mast, on the surface. The drill string is rotated using the turntable (the rotary table), top drive
unit, or the downhole motor drive. In the first drilled hole, the conductor pipe is installed or
driven into place, like a structural piling.

The following sequentially deeper drilled holes are used to install the surface casing, intermediate
casing (when necessary), and the production casing, in this way the well’s shallow portions have
multiple concentric steel casing strings installed, as shown in Figure 15.
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Figure 15, a, b, and c: “The typical vertical and horizontal gas well schematic (casing
zones and cement programs)”
a

b

Source: “National Energy Technology Laboratory, Office of Fossil Energy, & U. S.
Department of Energy”, April, 2009
c. Source: API, 2009

Specialized casing handling tools, such as the casing elevator, spider, casing tong or casing
stabber, are necessary to run the casing to the pre-determined depth. The intermediate casing
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strings number and the appropriate drilling fluid selection are determined by each drilled well’s
geologic conditions likely to be encountered (Devereux, 1977). The various compressive,
tensional, and bending forces, as well as the collapse and burst pressures are endured by the
casing while running in the hole and during certain phases of the well’s life. For example, the
cement column exerts hydrostatic forces during cementing operations on the casing; after
cementation certain subsurface formations exert collapsing pressures on the casing; and
subsurface pressures on the casing exist regardless of the hydrocarbons’ presence. The steel
casing strings assure the zonal isolation and integrity of the wellbore, in this way requiring that
the casing design and running to be carefully executed technical processes. The casing is threaded
on each end, and has a coupling installed to join it to the next pipe. The continuous casing
“string” that isolates the hole is formed by screwing together several casing joints, while applying
the proper amount of torque. Applying too much torque overstresses the connection determining
its failure, while applying too little torque will lead to a leaky connection.

The casing and coupling threads used in shale gas wells should meet the API standards that cover
their design, manufacturing, testing, and transportation. The casing must meet strict requirements
for tension, compression, burst resistance, collapse, quality, and consistency, as the casing should
withstand the production pressures, hydraulic fracturing pressure, corrosive conditions, and other
factors. The used or reconditioned casing should also be tested to ensure that it meets the same
API performance requirements as the newly built casing. The threads from specialized suppliers
must also pass rigorous testing and should adhere to API qualification tests applicable subsets.

In the borehole the conductor and the casing strings are cemented in place. The cementing is a
fully designed and engineered process and oilfield cements are engineered products. The goal of
the cementing is the complete displacement of the drilling fluid by the cement realizing the
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cement interfaces’ good bonding between the drilled hole and the casing immediately above the
hydrocarbon formation, without any voids, thus preventing the migration paths. The casing’s
cementing provides zonal isolation between different formations, as well as the well’s structural
support.

The cement maintains the well’s integrity throughout its life and constitutes a part of the
corrosion protection for the casing. The cement must be placed around the casing in a complete
annular filling, with tight cement interfaces between the casing and formation, and at the proper
height above the drilled holes’ bottom.

The casing hardware includes the float equipment (for example the scratcher, guide shoe, and
float collar), centralizers, cement baskets, (top and bottom) wiper plugs, and stage tools (Azar, &
Robello, 2007). The centralizers help to center the casing in the hole in this way providing for the
good mud removal and cement placement. The casing centralizers are devices that are attached to
the outside of the casing, allowing the cement to completely annularly fill the casing in a
continuous sheath. The cementing critical areas are the casing shoes, production zones, and
groundwater Aquifers.

The standardized centralizers are classified according to their design in: the bow-spring design,
the rigid blade design, and the solid design. The centralizers’ selection, number and placement
within vertical and deviated wellbores are determined according to API RP 10D-2 and API TR
10TR4 guidelines. To optimize the needed centralizers’ number and their placement various
computer programs can be used.
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The service companies are carrying out the cement testing procedures. The cement slurry is
designed in order to meet the following specific parameters that depend on the site-specific
geologic conditions: slurry density, thickening time, free fluid; fluid loss control; compressive
strength development; fluid compatibility (cement, mix fluid, mud, spacer), as well as
sedimentation control; static gel strength development; expansion or shrinkage of set cement; and
mechanical properties (Poisson’s Ratio, Young’s Modulus, and so forth).

The cementing is accomplished by pumping the cement slurry down the casings’ inside, and
circulating it back up the casings’ outside. To minimize the cement mixing with the drilling fluid
during the pumping, the top and bottom rubber wiper plugs are used.

Usually, the cement placement is a two-stage process. In the first stage a “lead” cement of lower
density is used, and in the second stage a higher density and compressive strength “tail” cement is
used to isolate the critical intervals in the well.

During the cementing process, the casings’ rotation and reciprocation allow the scratchers to
remove the excess wall cake in order to give the cement a better bond. An example of “a typical
casing and cementing program for horizontal shale well” is reproduced from the report “Bull
Mountain Unit Master Development Plan.“, in Figure 5 (Bureau of Land Management, U.S.
Department of the Interior, 2012).
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Figure 16 “The typical casing and cementing program for horizontal shale wells”
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The " downhole schematic of a cement job in progress” reproduced from API, 2009 is illustrated
in Figure 16.
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Figure 17: “The downhole schematic of a cementing operation in progress”

Source: API, 2009
After the casing’s cementing, the “cased-hole” logs are ran inside the casing in order to determine
the exact location of the casing, and casing collars, and to check the quality of the cement job. Its
results show if the well drilling construction is adequate and achieves the desired design
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objectives, and serve as input data in well integrity and seals subsequent checks over the well
productive life. The common logging tools used include the following log types:


The gamma ray,



The collar locator - the magnetic device which detects the casing collars, and,



The cement bond log (CBL) - the acoustic device that measures the cement

presence and its bond or seal quality between the casing and the formation by transmitting a
sound or vibration signal, and recording the amplitude of the arrival signal. Large amplitude
acoustic arrival signal shows that the cement does not surround the casing, as the energy remains
in the pipe. A much smaller amplitude arrival signal shows that the casing has a good cement
sheath filling the annular space between the casing and the formation. The acoustic energy was
absorbed due to the “acoustical coupling” of the casing with the cement, which creates the desired
isolation.


The variable density log, (VDL) - is a device that displays the acoustic signal

wave train commonly with the CBL. The display shows the cement operation key features, such
as top of cement and the location of the casing collars. VDL is using the data derived from the
previous run well logs. For example, during the well perforation, the gamma-ray detector is ran in
the hole with the perforating guns, in order to have the exact location with regard to the
formations of the perforating guns’, location which is determined by comparison with the
openhole gamma-ray response. The CBL-VDL is the most commonly used type of cement
evaluation tool (Azar & Robello, 2007).
Other cement evaluation tool types are available and can be used depending on each cementing
program. Information regarding the current various cement evaluation tools types are available in
API TR 10TR1.
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The quality of a cement job can be fully evaluated only by using the drilling reports, drilling fluid
reports, cement design and related laboratory reports, open-hole log information (including
caliper logs, cement placement information from the centralizer program, or placement
simulations), cased-hole log and job logs information, as well as the results of mechanical
integrity tests and various hydraulic pressure tests performed on the well, and other information
in conjunction.

Well design and construction focus around the used casing strings: the conductor, surface,
intermediate, and production. Because of the varying geologic conditions, the well design and
construction is not uniform across the shale gas basins; but the general principles of groundwater
protection through zone isolation are maintained.

The casing setting depths are determined in the drilling plan, each casing string depth being
critical in assuring the isolation, as well as in meeting the regulatory requirements, while
achieving the well system integrity needed to support the following drilling operation, and to
contain the pressures that might occur inside the well. The actual casing strings length is adjusted
during the drilling process, based on the actual measurements and data from the logs results, drill
cuttings analysis and pressures and drilling loads analysis.

The cement is required to be placed back on the surface on each casing string only in some cases
specified in the well design and addressed by the regulations (Devereux, 1997).
The cement surrounding the casing shoe should have a compressive strength of over 500 psi, and
should reach 1200 psi in 48 hours, at the bottom wellbore’s conditions, after the cement is set and
prior to commencing further operations of drilling or completion. However, for production
casing, the cement should be adequate to withstand the anticipated hydraulic fracturing pressure,
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fact that is proven through the specific pressure tests. Except the conductor casing, all the other
casing strings should be pressure tested prior to the “drill out” operation, depending on the casing
string, depth, and other factors.

The conductor casing is the first casing installed within the well, serving as the well’s foundation,
isolating the shallow groundwater and holding back the unconsolidated surface sediments, while
protecting the subsequent casing strings from corrosion as well as structurally supporting some of
the wellhead’s load. Harder and more consolidated rocks are below the conductor casing. The
conductor steel casing is inserted into the drilled hole and cemented in place according to the well
design and using the proper cementing practices. Another used method is to “hammer” the
conductor casing into place, the casing being driven directly into the ground, similar to structural
piling for buildings or bridges. The conductor hole is usually drilled using air, freshwater, or
freshwater-based drilling fluid. The conductor casing’s setting depth depend on the nearby water
well’s depth (Jackson, 2001).

During the conductor casing cementing, the cement is placed back on the surface by using
ordinary pumping methods, or by running a small diameter pipe between the conductor casing
and the hole and pumping the cement around the surface pipe outside. This cementing method is
often called a “top job” or “horse collar.”

After the conductor pipe cementing, the surface hole is drilled using air, freshwater, or
freshwater-based drilling fluid to a predetermined depth, and the surface casing is ran into the
hole and cemented in place, to ensure the groundwater aquifers protection, through its isolation,
and to contain the pressures which might arise during the subsequent drilling process. The surface
wellbore depth is set from a few hundred feet up to 2000 feet deep or more, taking into
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consideration the deepest groundwater resources and the requirements of the subsequent drilling’s
pressure control. The surface casing should be set at least 100 feet below the deepest groundwater
aquifer encountered while drilling the well.

The surface casing should be cemented from the bottom to the top, in order to completely isolate
the groundwater aquifers. In the cases in which the cementation from bottom to top is not
possible or required, the cementing across all groundwater aquifers (a “top job” that will provide
the required isolation objectives) is recommended.

Unique geologic conditions may not permit the surface casing to be run deep enough to
completely isolate the groundwater aquifers or preclude from surface casing at all. In these cases,
additional strings or a combination of surface, intermediate, and/or production casing are used
and cemented, to achieve the needed isolation.

A casing pressure test is necessary after the surface casing cementing and prior to drilling out, to
determine if the casing integrity is adequate, and a formation pressure integrity test (a “shoe test”
or “leak-off test”) is recommended right after the drilling out of the surface casing along with a
few feet of the new formation below the surface casing shoe. These tests results may impose
remedial measures to be undertaken.
The intermediate hole’s drilling and intermediate casing running serve to ensure the borehole
stability and integrity by providing protection against abnormally pressured subsurface
formations and by isolating the unstable subsurface formations. The intermediate casing string
may be unnecessary in some cases, determined by the geological setting prior to drilling or by
measurements and data collected during the drilling process.
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The intermediate casing is not required to be cemented back to the surface, in order to provide the
adequate isolation, especially where the groundwater aquifers are fully protected by the surface
casing string and cement, but the cement should be extended above all exposed underground
sources of drinking water (USDWs) or all hydrocarbon bearing zones. Some attempts to cement
the intermediate casing back to the surface resulted in lost circulation. CBL and/or other
diagnostic tools are ran to determine the cement’s integrity and a casing pressure test is usually
conducted to verify if the casing integrity is also adequate to meet the well design and
construction objectives.

A formation pressure integrity test (a “shoe test” or “leak-off test”) is recommended right after
the drilling out of the intermediate casing along with a few feet of the new formation below the
surface casing shoe. If the test results of this test indicate a failure, remedial measures are
required in order to maintaining the well’s integrity.

The production casing hole is the final drilled hole. After the production hole drilling and
logging, the production casing is ran to the well’s total depth and cemented in place, according to
the casing and cementing program.

The Artificial Lift and Surface Production Equipment’s Installation
Once the well reached its designed depth, the formation is tested and evaluated. The test results
are used to establish the future actions regarding the well (its completions, or plugging and
abandonment. The casing is cemented with a view to complete the well production. The drilling
rig is moved to another site and is replaced by a service rig. The Christmas tree (Figure 18) is
positioned to start the production after the usual drill stem test (DST) is performed.
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Figure 18: “Christmas tree”

Source: Oil and gas equipment. Petal. 2011

The DST is a procedure to determine the productive capacity, pressure, permeability or extent (or
a combination of these) of a hydrocarbon reservoir. The zone of interest is isolated with
temporary packers, and one or more valves (Figure 19) are
Opened to produce the reservoir fluids through the drill pipe and allow the well
to flow for a time.

Figure 19: “Gate valve with non-rising stem”
Source: Oil and gas equipment. Petal. 2011

Then the operator kills the well, closes the valves, removes the packers and trips the tools out of
the hole. Depending on the requirements and goals for the test, it may be of short (one hour or
less) or long (several days or weeks) duration and there might be more than one flow period and
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pressure buildup period. The last type of casing string that is run into the well from the bottom to
the top, and therefore the smallest in diameter, is the production or oil string. The production
string is run directly into the producing reservoir. A production liner can also be used. This casing
provides the zonal isolation between the producing zone and all the other subsurface formations,
and serves as a transportation route for the hydraulic fracturing fluids pumping from the surface
into the production formation without affecting the other geologic horizons in the well, as well as
for other stimulation techniques. The production casing contains the inserted downhole
production equipment (serving as a secondary barrier for the tubing, packer, and so forth, in the
completion step), while it internally contains the hydrocarbon production from the production
zone.

The production string cementing is usually not brought completely to the surface. The geologic
setting, well design, and wellbore conditions determine the options for cementation. The
cementing of the production casing to the surface is usually taken into consideration if the
intermediate casing is not installed. The tail cement is usually brought at a minimum of 500 ft.
above the highest formation that will be hydraulically fractured in order to achieve the required
subsurface isolation between the zones.
A production casing pressure test is recommended prior to the perforating and hydraulic
fracturing operations, in order to determine the casing integrity’s adequacy. A CBL and/or other
diagnostic tools will also be used to verify the cement integrity’s adequacy. Any evidence of
failure will impose the remedial of the cementing operations.

The wells are usually producing through the more efficient tubing inserted down inside the
production casing. The production tubing has a smaller-diameter than the production casing and
is removable. The tubing joints are connected together with couplings to make the tubing string
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up. The tubing is run into the well in the same way as the casing. The tubing elevators lift them
from the rack. On the rig floor level the tubing sections are assembled by means of the power
tongs. A novel technology allows the production of continuous coil tubing, without joints, which
is placed inside the production casing.

The production flow starts by washing in the well and mounting the packer. The well is washed
in; the water or brine is pumped to remove the drilling fluid. If the washing in is not starting the
well flowing, the well is unloaded, through the well’s swabbing in a way the brine is partially
removed. After the unloading and before setting the packer the gas is pumped under highpressure into the well.

The well stimulation and artificial lift are the alternative ways to start the well’s flow. The beam
pumping unit can be installed when the well does not produce adequately. The surface pumping
units (beam pumping units or pumpjack) which have walking beams, balanced by cranks are the
most common equipment of artificial lift in an oilfield. A sucker rod pumping system includes
the prime mover, the gear reducer, which reduces the speed of the prime mover to a suitable
pumping speed, the pumping unit, which translates the rotating motion of the gear reducer and
prime mover into a reciprocating motion, the sucker rod string, which is located inside the
production tubing and which transmits the reciprocating motion of the pumping unit to the
subsurface pump, and the subsurface pump. Of the four available types of beam pumping units,
three are reciprocating the motion through the walking beam, while the fourth is reciprocating it
by winding a cable through a rotating drum. The beam pumping unit’s role is to change the
engine’s circular motion to the pump’s reciprocating motion. The pumping units are brought in
disassembled, and include large heavy metal pieces that are further assembled onsite.
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The gas production is measured by orifice meters or other approved methods. The produced water
disposal is made through subsurface injection; lined or unlined pits, discharge into surface
channels or impoundments properly fenced, netted, caged or covered, or other permitted methods.

After the production starts, further services, requiring specialized equipment, which is transported
in and rigged up by specialized crews, are necessary. The servicing includes:


The transporting and rigging up of the equipment. In order to prepare the work
area before starting the servicing operations the drilling rig is moved out of the
site, which is then flattened. The workover rig is positioned and rigged up over
the well after its anchoring. The rig is stabilized and horizontally aligned either
manual or hydraulic. The guy lines are unrolled and the mast is then erected into
its place. The work platform is equipped for the service operations.



The general servicing. All wells require maintenance and service on the surface
or down-hole equipment. An important part of today's petroleum industry is the
work done on the existing wells to restore or increase their production. The wells
which produce below their full potential require service or workover. The
maintenance activities during the use of any workover/service rig are: the
removing of the horsehead and wellhead, as well as the pulling and running of
rods and tubing. The pumping unit horsehead is removed to gain access to the
wellhead equipment (Figure 20), and the wellhead is removed from the casing
flange for these maintenance activities.
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Figure 20: “Wellhead”
Source: Oil and gas equipment. Petal. 2011

The sucker rod string is pulled out of the hole in order to service, repair, or
replace the rods or pump. The process of removing the rods from the well is
called pulling rods, while the process of replacing rods in the well is named
running rods. For the packer replacing, tubing leak locating, or tubing plugging,
the pulling tubing is needed.


Special services. Special services such as wireline operations, well logging,
perforating, cementing, stimulation, swabbing, hot oiling, snubbing or coil tubing
running, are support well drilling and servicing operations that employ
specialized equipment and workers. The coordination between all personnel is
critical; therefore, these special services operations are prepared during a pre-job
meeting attended by all personnel on the job site with a view to establish the
special precautions, review the responsibilities, and to coordinate the operations
which are to be performed.
The wireline operations such as the logging, fishing, swabbing, bailing, or
perforating, include slick line and electric line operations. The logging tools
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which are mechanical, electric, radioactive, or sonic, helps to diagnose the hole
and formation’s properties. The perforating equipment tools are assembled to the
site and then run down into the well. The gun shoots the holes into the casing
which will allow the gas flowing through the casing to the surface. Usually, the
distance of the rock breakage caused by an explosive charge is about 30 times the
diameter of the shot hole, which means that the rock breakage distance is below
10 feet (≈3m.). During perforations, the water within the existing fractures which
intersect a shot hole is accelerated to greater distances, producing the disturbance
of the fine sediments, which leads to water turbidity. The cementing and
pumping operations are performed in conjunction with servicing operations such
as casing, squeezing, and zone isolations. The cement is mixed and pumped into
the well according to each job specifications. The usual well stimulation
techniques are the pumping of acids, other energized fluids (such as carbon
dioxide or liquid nitrogen), or various chemicals which improve the formation
flow characteristics. Asphyxiation, extreme temperatures, or pressure releases
are the hazards connected with the well stimulation process.

The act of cleaning the well bore by extracting the mud with the help of the wire
rope and cup assembly is called the swabbing. The hot oil unit’s role is to
circulate the heated fluid into the piping, tubing, casing, or tanks for many
reasons, among which is the removal of paraffin and tar-based oils. The tubing
string’s control while running it in or out of the well bore under pressure is called
the snubbing.


The workover. The workover activities on a production well include remedial
operations such as sand cleanout, liners and casing repairing, side tracking, plug-
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back and well recompletion, aiming to increase the production. The sand is
cleaned by removing the sand buildup inside the hole. The casing and the liners
are damaged in time, holes or fissures occurring due to corrosion, abrasion,
pressure, or other coercions. Their repairing is essentially the same and the
procedures are the same for both. The packer that is guided down the well locates
the holes in the casing. The drilling fluid is pumped above the packer monitoring
the pressure. Any pressure’s loss attests the holes in the casing presence. The
main methods for repairing the casing are: the cementing squeeze, liner patching,
casing replacing, liner adding, and collapsed casing opening. The drilling of the
directional hole which gets around any damage or irremovable obstruction in the
well such as the collapsed casing is called side tracking. The length of the wells’
horizontal sections is extended through the side-tracking. This operation is also
accomplished to deepen or horizontally relocate the well’s bottom in another
direction. The window is realized inclined above the obstruction by means of a
whipstock or bent housing. Cement occludes the well below the window, starting
the digging of the new hole in the same manner as any well after the liner’s
setting. The plug-back operations, which can be made using tubing or a dump
bailer, shut off any flow from below the plugs by cementing the hole. The plugback is performed before any well abandonment or side tracking.

A well is abandoned when the well cannot be productive (is a dry hole), or reaches the end of its
useful life. The process starts with the casing as well as other materials removal and recovering
after the wellhead removal. The casing is cut off and withdrawn before the plug-back is made, in
pursuance of the avoidance the fluids’ migration between the different formations or to the
surface, and, then, the surface is reclaimed.
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The Drilling Rig and Ancillary Equipment Removing and the Casing Perforation.
The removing of the drilling rig and ancillary equipment is made before the casings’ perforation,
in furtherance of granting the maximum interim re-contouring and re-vegetation of the well
location

The well completion is the last cycle of the well’s construction. It includes perforation, hydraulic
fracturing and other stimulation techniques.

The “open-hole” completion of the horizontal wells is the variant casing setting to the total well’s
depth through the production formation, where the production casing bottom is installed at the
productive formation’s top or at the top of the well’s open-hole section, having the tail cement
extended above the top of the confining formation which limits the fracture’s vertical growth. In
this way, the well’s production portion is the horizontal hole portion entirely within the
production formation. A short section of steel casing running up into the production casing, below
the surface, may also be installed, when necessary. In the open-hole portion a slotted or preperforated steel casing called “production liner” can be alternatively installed. These casings are
usually not cemented into place.

The drilling and completion of a well is usually accomplished in six to twelve weeks of work
around the clock, depending on the planned depth and site conditions. The water vapors and other
gases are removed onsite from the shale gas before entering the pipelines. At the compression
station the odorless gas is pressurized and mercaptan is injected as an odorant, in order to allow
the detection of gas leaks.
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The Well’s Stimulation by Hydraulic Fracturing.
The hydraulic fracturing is a well stimulation technique that has a history dating back to the
1950s. The shale formations have a limited porosity doubled by a low permeability due to their
fine grains with few interconnected pores. In order to produce the shale gas from such reservoirs
the individual fluid molecules should find their way through the natural tortuous path to the well.
Without using any stimulation technique, the low rate of gas production cannot justify the well’s
costs.

The individual gas molecules located far away from the wellbore can find their way quicker
through the newly created fractures to the well. The fractures are covering less than 0.1% of the
total rock formation volume. Between the fracturing process and the formations’ faulting is a
handy association that helps the optimization of the field development. The statistical analysis
and fractal methods are used to determine the fracture’s distribution. Extensional faults are
determined by the direction of drag along and deformation’s dip, which follows the fault plane
direction while dips in its opposite direction, in horizontal bores.

The hydraulic fracturing process practically increases the production formation’s exposed area
and opens new high conductivity paths between the remote targeted hydrocarbon bearing
formations and the wellbore. The gas will flow more easily from the formation rock, through
these artificial created cracks, to the wellbore. The hydraulic fracturing treatments are uniquely
designed by highly specialized professionals and are carried out using state-of-the-art software
programs. Before the stimulation a pre-treatment quality control and a fracturing fluid testing are
usually performed.
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The high pressure fluids’ movement in horizontally layered formations tend to be a horizontally
spread out rather than a vertically one, due to the low permeability of the rock. The vertical
fractures are likely in soft clay-rich formations, where the fractures are rapidly self-sealed due to
the overlying formations’ high loading. The hydraulic fracturing fluids based on saline water have
a higher density than freshwater, fact that limits their movement upward to the surface or into the
aquifers strata.

For the shale gas well’s hydraulic fracturing, the typical current completion options include a
cemented liner having a perforated cased hole to produce multiple gas collection zones, with
plugs set ( Figure 21) for each zone’s isolation (which are afterward drilled out in order to
produce the shale gas), and open-hole completion systems. The required equipment also includes
fluid storage tanks, as well as equipment for proppant transportation, blending, or pumping, and
ancillary equipment such as hoses, piping, valves, and manifolds.

Figure 21: “The plugs on the perforated case hole”

Source: Kennedy, 2010
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The service companies provide equipment specialized for the hydraulic fracturing process’
monitoring and control. The centrifugal pumps deliver the premixed gel from the frac tank to the
blender tub where the turbine meter measures the suction rate. In the blender tub the sand is
delivered by the sand augers, at a measured rotation per minute (RPM). Both the blender tub and
sand augers are driven by the deck engine. From the blender tub (having the level continuously
measured) the resulted mix, called “slurry”, is drawn by centrifugal pumps and delivered through
the triplex pump and through the wellhead into the well, at a “slurry rate” measured by a turbine
meter.

All the measured data are gathered via serial cables into the computer supervising the job.
Sophisticated software is used to design the hydraulic fracture treatments, to monitor and control
the process’ progression and fracture geometry in real time. The parameters continuously
monitored during the stimulation are: the surface injection pressure (psi), slurry rate (bpm),
proppant concentration (ppa), fluid rate (bpm), and proppant rate (lb/min). These parameters are
used to improve the future computer models for fracturing treatments.

The pressure is usually measured at the pump, in the pipe between the pump and the wellhead,
and in the annular space between the production casing and the intermediate casing that has not
been cemented to the surface. Any unexplained pressure deviation indicates the type of the
problem. If leaks occur in the casing string, the operation is shut down. On the intermediate
casing annulus a relief valve is mounted, which is set so that the pressure exerted on the casing
would remain below the casing working pressure rating.

All the sources of water are tested and analysed before the well’s drilling. Subsequent tests are
made to monitor and control any changes during the well’s drilling, completion, or applied
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stimulation. The changes in water quality and composition can be traced to determine the
source’s changes that may or may not be related to the development activities. The tiltmeters have
been used since the 1980s to map the hydraulic fractures. Initially, the tiltmeters were used only
to measure the hydraulic fracture direct propagation, but their sensitivity was improved in time,
and now, these devices are measuring the change in the inclination in the surface of the earth as
small as a nanoradian.

The microseismic mapping, a new technology, allows the microseismic events associated with the
hydraulic fracture growth to be monitored in three dimensions in real time. The geophone array is
placed in the observation well, and makes a map of the resulting microseismic events utilizing the
fracturing process energy for the mapping.

The fracturing fluid is pumped at high pressures into the production casing, and through the
perforations into the targeted formation. The rocks within the targeted formation are fractured and
the formation is “broken down”. During the injection, due to the propagation pressure or
extension pressure, the fractures grow and propagate. During the fractures’ propagation, a
proppant, usually sand, is added into the fluid, to keep the fractures open after the pumping and
pressure is stopped.

During the operation fluid leak-off may happen, as a part of the fracturing fluid enter into the
formation micro-pores or existing natural spaces or small fractures opened and propagated into
the formation by the induced pressure. The fractures propagate along the path of the formation
with the weakest resistance, in the direction perpendicular to the least stress. The vertical
direction is the overburden direction due to its lying above the earth’s weight, which is the least
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principal stress at depths of less than 2000 feet. Prevalently, the cracks are parallel to the
formation’s bedding plane.

At depths of over 2000 ft., the stress in the vertical direction grows by approximately 1 psi/ft.,
inducing fractures perpendicularly, in the vertical orientation. The upper confining zone stops the
fractures vertical growth by possessing either sufficient strength or elasticity to withhold the
injected fluids pressure.

The production casing can be exposed to high pressure only during hydraulic fracturing and a
high pressure “frac string” may be used to isolate it. The “frac string” will be removed after the
stimulation.

All equipment, including the high-pressure lines between the pump trucks and the wellhead, are
tested prior to the beginning of the hydraulic fracture treatment. Any possible leaks are
eliminated. The hydraulic fracturing process is called the “treatment” or the “job” in the field.
The stages of a hydraulic fracture treatment are:


The pad- the fluid pumping initiates the fractures that propagate into the

formation. Only small quantities of sand are added in short spurts for the perforations’ abrading
or fully opening. The pumped fluid volume will also cover the leak-offs. Usually an extended
pre-pad stage pumping, named “mini-frac”, is used for diagnosis. The “mini –frac” reveals the
necessary adjustments to the job.


The proppant stages- The sand sieved to a particular size, used as the common

proppant, it is added in the fluid. Some specialized proppants include sintered bauxite or ceramic
proppant.
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The displacement- the sand is flushed by the fluid just above the perforations,

emptying the pipes, and pushing the sand into the new formed cracks. The fluid may be plain
water without additives.

The hydraulic fracturing process is done in multiple cycles in the horizontal wells, starting from
the bottom of the productive interspaces’ top. In the Annex 1 is presented the “Completion
report” number 5500-FM-OG0004b of February, 2011, containing the required information
regarding the well number 3H from Pennsylvania. The report shows that there were performed
perforations in 12 stages and stimulations in 17 stages, and gives the main data on the operations
and used fluids and additives.

The Well’s Control, Performance and Integrity Monitoring
The well control consists of an active component- the monitoring activities of the drilling fluid
pressure, and a passive component - the blowout preventers (BOPs). In normal drilling
operations, primary well control is achieved by hydrostatic pressure: the weight of the drilling
mud counterbalances pressure from the reservoir, while the BOP stack serves as a secondary
means of well control.

The goal of the monitoring activities is to ensure that the mud pressure is exceeding the
underground fluids pressure and sufficient to oppose them in the well hole, in order to avoid any
borehole instability, kick or blowout during the drilling operations. The underground fluids are
the gas, water, and/or oil under pressure (at the formation pressure). The drill bit, drill collar,
annulus, drill pipe, Kelly and swivel are parts of the drilling fluid circulating system. The mud
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circulates through the fluid return line after its return to the surface, passing by turn through the
shale shaker, desander, desilter and degasser in his way back to the mud tank. The suction line
moves onward the mud, the pump circulating it through the discharge line, stand pipe, rotary hose
and swivel, all the way back to the kelly and into the drill pipe.

An entry of formation fluids (gas, oil or water) into the wellbore during drilling is called a kick
while the uncontrolled flow of formation fluids from the wellbore is called a blowout. The mud
level growth may point out the progress of a kick. The mud float level gage and the automatic
alarm sounds mounted on the modern rigs show the overcoming of the pre-setted level of the
mud. The circulating system functions continuously in order to maintain the well control.

The blowout preventers (BOPs) are stacked equipment, grouped in furtherance of the well
control, having the role of impeding a blowout. Most blowout preventer (BOP) stacks (Figure 22)
contain at least one
annular BOP at the top
of the BOP stack, and
one or more ram-type
preventers below.
Figure 22:
“Blowout Preventer
Stack”
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The annular BOP is a large valve used to control wellbore fluids. In this type of valve, the sealing
element resembles a large rubber doughnut that is mechanically squeezed inward to seal on either
pipe (drill collar, drill pipe, casing, or tubing) or the openhole. The ability to seal on a variety of
pipe sizes is one advantage the annular blowout preventer has over the ram blowout preventer.
While not considered as reliable in sealing over the openhole as around tubulars, the elastomeric
sealing doughnut reinforced with steel ribs or inserts is required by API specifications to seal
adequately over the openhole as part of its certification process. BOPs are shutting off the
wellbores, in this way obstructing any fluids’ escape and holding off the blowout.

The configuration of the stack preventers is optimized to provide maximum pressure integrity,
safety and flexibility in the event of a well control incident. The pressure test is always performed
after the BOPs placing, with a view to ensure the equipment’s sealing and integrity. It is common
to have an annular preventer or two on the top of the stack since annulars can be closed over a
wide range of tubular sizes and the openhole, but are typically not rated for pressures as high as
ram preventers. The BOP stack also includes various spools, adapters and piping outlets to permit
the circulation of wellbore fluids under pressure in the event of a well control incident.

The annular BOPs are sealing the space between the drill pipe string and the wellbore while the
ram-type BOPs commonly available in single-, double-, triple- and quad-ram configurations
ensure the wellbore’s sealing. A ram BOP essentially is a valve that uses a pair of opposing
pistons and steel ram blocks. The inner and top faces of the ram blocks are fitted with elastomeric
seals or packers that seal against the ram blocks, between each other, against the drill pipe
running though the wellbore, against the ram cavity, and against the wellbore. Outlets at both
sides of the BOP body are used for link to choke and kill valves and piping. The alternative of
using the BOPs stack is the assembling of the kill line valve along with the choke line valve.
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During a kick, the drilling fluid is directed through the kill line valve, being averted by the BOP
from the hole to the choke manifold, during kicks. The system of valves that circulates the
drilling fluid in and the kick out is called the choke manifold. This device acts automatically in
response to kicks or blowouts. The accumulator provides the energy for operating the BOPs.
The BOPs, accumulator, and choke manifold are all mounted, connected and tested after the
cementing of the surface casing.

The Reclaiming of the Drilling Location.
The reclaiming of the drilling location is made through the removal of the no longer needed parts,
as well as the no longer used equipment. The rigging down operation is carried out in the rigging
up’s opposite order (Devereux, 1997). The reclamation planning is made prior to well’s
construction.

These activities may be conducted multiple times during the well drilling and completion. The
well design’s ultimate goal is to ensure the environmentally sound and safe shale gas production,
by containing it inside the well, without leaks through or between any casing strings, while
protecting the groundwater resources, and isolating the productive formations from the other
formations, as well as by the hydraulic fractures and of other stimulation operations’ proper
execution. The contingency plans should be in place to mitigate and/or eliminate the risk failure
owed to unplanned events, as well as to ensure the people and the environment’s protection.

The drilling fluid is circulated continuously down through the drill string and up through the
space between the drill string and hole, while drilling, to remove any residual gases and to
condition the mud. The drilling fluid serves to lubricate the drilling assembly, to maintain the
well’s pressure control, to remove the drilled rock cuttings, and to stabilize the hole. The drilling
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fluid is a mixture of water, clays, and various additives, designed and carefully monitored in order
to achieve the drilling goals.

The most frequently drilling fluids are water-based; these muds are being based on fresh or salt
water. The oil-based muds, or synthetic materials based muds that are oleaginous oil-like, are
used in specific conditions. Novel vegetable esters, ethers, olefins, synthetic paraffins, or
alkylbenzenes, are used among others as such synthetic materials. Air and foam fluids (less dense
than the previously mentioned drilling muds) are used in drilling wells, in certain situations.

The more significant additives used for the muds are: weighting materials, such as barite (barium
sulfate), or hematite (Fe2O3) in oil-based muds, inhibitors of corrosion (the commonly used are
the iron oxide, zinc carbonate, zinc chromate, and aluminum bisulfate), dispersants (like iron
lignosulfonates), flocculants (usually acrylic polymers, that group together the suspended
particles which follows to be extracted), surfactants, such as fatty acids and soaps, biocides,
usually organic amines, formaldehydes, or chlorophenols, which are eliminating bacteria
reducing also the drilling mud’s souring, and fluid loss reducers such as starch and organic
polymers which limit the drilling mud loss.

All the operations are stressing the drilling rig, making the maintenance a required ongoing
activity. The inspection, the fixing as well as servicing the draw works, wire rope, tongs,
catheads, air hoists, rotary, mud pumps (Figure 23), pop-off valve, hoses, hose connections, belts,
shale shakers, and guards, are regular activities.
Figure 23: “High pressure mud pump”
Source: Oil and gas equipment. Petal. 2011
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The drilling line, is regularly verified, lubricated, glided, replaced and cut. The wire ropes are also
visually inspected, according to the maintenance schedule. All the connections are analyzed and
substituted when needed. The electric motors and engines are repaired regularly. All guards are
settled in place and periodically checked. The motors electrical connections are kept sealed.

The Horizontal Wells Drilling and Completion Technology.
The drillings with large deviations are the bore holes with gradients towards the vertical line
higher than 600 on a significant length of the path. The deviated wells are classified in:


Long radius wells, that have a radius, R, of over 1500 feet, requiring a rigid tool
length of around 70 feet and reaching a horizontal section of up to 3000 feet ,



Medium radius wells, that have a radius of around 200 feet, imposing a rigid tool
length of around 20 feet, and reaching a horizontal section of up to 1500 feet,



Short radius wells that have a radius of around 15 feet, which allows a rigid tool
length of around 5 feet and reaching a horizontal section of up to 600 feet.

The wells being drilled vertically to the “kick-off” point and gradually redirected to run afterward
substantially horizontally within the targeted oil or gas producing formation are named horizontal
wells (Inglis, 1988). The horizontal wells’ execution involves, firstly, performing a vertical
drilling to a known depth, the kick-off point (KOP– the point of changing the drilling direction),
then followed by the growth of tilt (build-up) – the divergent portion – until the productive layer
is achieved, and finally by the horizontal drilling on the projected length that can be of up to
8,200 feet (≈2,500 m). The horizontal section allows a contact with the shale formation, much
more important than for vertical drilling. From KOP, the trajectory begins with deflection rates
towards the vertical of 10° / 100 feet (≈30 m) - 20° / 100 feet; in practice, this means that the
starting point in changing the KOP direction is about 328 feet (≈100m) to 656 feet (≈200 m)
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above the horizontal section). In the U.S., horizontal sections lengths of bore holes usually vary
between 3,300 feet (≈1,000 m) and 6,500 feet (≈2,000 m), but there have been cases where these
lengths have reached even 40,000 feet (≈12,000 m).

The vertical portion of any horizontal well is drilled in the same way as the vertical wells, while
the horizontal portion of the hole is drilled using a down hole motor that turns the drill bit. The
down hole motors are “steerable”, being directionally controlled within the target formation from
the surface, while working due to the drilling fluid hydraulic pressure. The conductor, surface,
intermediate and production casing strings are the same as those for vertical wells. A drilling
technology which used the electromagnetic telemetry to directionally drill horizontal wells was
developed in the 1990s.

The horizontal wells usually improve the production performance for shale gas producing
formations, allowing the development of resources with a reduced number of wells compared to
the required number of vertical wells needed to cover the same play (Helms, 2008). From a single
surface location multiple horizontal wells can be drilled, in this manner, the cumulative
development operation surface impact would also be reduced. However, to drill and maintain the
horizontal wells is significantly more expensive than drilling and maintaining vertical wells.

The hole created into the reservoir through the casing or liner, hole which is called a perforation,
creates the communication to the production casing inside, in this manner ensuring the gas
production. The most frequently used method utilizes charges of jet perforating guns loaded with
specialized shaped explosive that are detonated. The jet of the very hot, high-pressure gas
instantaneously vaporizes the steel pipe, cement, and formation found in its path, resulting in an
isolated (by the cement) tunnel connecting the production casing inside to the formation. The
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cement above and below the production casing’s outside additionally isolates the production zone
itself.

The method of introduction of the column’s casing inside the directed wells designed intervals
and their cementing performance are difficult due to the constructive features of the wells and
columns, the profile of intervals, the particularities of the tubing and cementing operations, as
well as due to the well’s conditions (the wellbore wall’s instability). The shape of freshly dug
intervals affects the column introduction. The column’s shoe contacts the well’s bottom generator
at the crossing path between the vertical and the curved section and starts entering into the curved
sector. Above the shoe, the bending moment, and the compression compelled by the axial
structure of the0 column weight surmounts the stiffness of the column, which is forced to share
the well’s interval range.

In the deviated sector, where the slope is gradually increased, the axial constituent which pushes
the column within the well must be increased while the normal constituent due to the friction
force must be lowered to realize the column’s introduction. The column’s introduction may stop
if the vertical section of the well is small and its deviated portion is long. The top driver pushes
the casing column within the well when the force of the crane’s hook is negative. The empty
column’s bottom is introduced in the highly deviated known section in the furtherance of the
weight reduction, which lowers the normal component, and therefore the friction force. Partially
empty columns are introduced carefully, according to the program, as forces are changing along
with the well’s tilt.
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The kneeling, the correction of highly curved large sections, the detritus complete evacuation,
and the mud conditioning are important issues in approaching the highly slanted sectors, the main
goals being the reduction of the friction coefficient and the discontinuance of the unstable
development. During directional drilling, the arranging of the shoe, the adaptation of the floating
socket, the securing of the first casing with special resins or by welding the positioning of the
centralizers, the disparage of the heads, or the filling of the column are also important. The wall’s
instability is a time-dependent development, which demands the reduction of the period lasting
between the extraction of the bit and the introduction of the column within the uncased spacing.
The sticking of the column on the adjacent wellbore’s wall is the main problem while casing a
highly slanted sector that may happen either on the superior column’s generator in the gradient
generator growth section position, or on the lower column’s generator inside the regularly slanted
spacing or in the tilt decreasing area. The column’s contact on the wall, cannot lead by itself to
grip. The danger appears while the column remains motionless for a little while, time in which the
mud film is fleeing the column-wall contact surfaces. A normal column’s clamping force appears
due to the uncompensated pressure difference, when the drilling fluid film does not protect the
column-wall contact surfaces. In the permeable formations places, the tightly-hold well-wall
contact is expanding the column in the drilling fluids’ cake, which augments over time through
the continuous filtration, determining the growth of the column-wall contact surface. Above the
productive layer (the penultimate interval) the area is completely sealed by the cement paste
placed to fill and strengthen all spaces. The cementing of the area is providing improved security
during the carrying out of the hydraulic fracturing.

The method of geosteering, rotary steerable systems, automation technology for directional
drilling, as well as the reel well drilling are the current guidance technologies that use bottom
engines and measurement-while-drilling devices. These assemblies ensure a smaller volume of
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the drilled cuts waste, minimize the tripping activities, and limit the fluid losses. Special measures
regard the prevention of the wall’s stability loss during the casing operations’ progress. The wells
curved, deviated and horizontal intervals are consolidated.

The rigidity and length of the columns’ slanted sectors are causing problems during their
introduction, demanding the prevention of the column’s trapping in highly deviated or horizontal
spaces, the columns’ centering during the cementing completion by employing buffer fluids, such
as cement paste having a specially designed recipe that ensure the cement’s resistance at the
subsequent wells’ operations.
During shale gas drilling operations the common complications are:
 The bending of the steel pipes, especially in the curved zone of the wells; it is
avoided by properly using the steering tools.
 The pipe’s and casing’s integrity failure; it is countered by using the fitted API
standard pipes and casing, as well as by eliminating the casing mixture between
sources during the well’s drilling. The casing program is prepared according to
the pressure levels so that the casing can support the wellbore’s conditions.
 The steel casing’s perforation, caused by the cyclical stress due to repeated
exposure to high pressure during hydraulic fracturing or perforations. A better
quality steel casing solves it.
 The fracturing through intermediate casing, that support a lesser pressure; it is
prevented through a better casing program.
 The failure of the surface valve that leads to the loss of control during the
fracturing jobs; the rigorous checking of the valve before the fracturing job and
the keeping of a back-up valve on-site prevent it.
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2.2.3 The Hydraulic Fracturing Process
Halliburton, in Texas, pioneered the hydraulic fracturing process in the 1990s. It involves the
pumping of the fracturing fluid into the well at high pressures. The fractures are hydraulically
initiated and the cracks are immediately filled and enlarged with solid propping materials, in
order to remain open after the pressure drops, as the cracks stay open only for a while without the
proppant. The fracture treatments are exposing the shale to the pressure differences that
contribute to the gas flowing into the drilled bore. The process is staged, targeting each
formation’s portion separately. During each stage the fluid is pumped through the already made
perforation clusters (usually 2 to 4 perforation clusters for every 500 feet lateral section), then a
plug is set. After moving up the hole, new perforations are made, and the fracturing process is
repeated. The move, the perforation and the fracturing represent one stage. For wells having over
2000 feet of lateral bore a four stages fracturing process reach around 10% of the rock formation.
The percentage can be improved by taking into consideration the directions of the fractures,
through the fracture modeling for the optimal fractures’ spread and the microseismic fracture
mapping for planning the further explorations.

The fracture modeling software is used to design the process of fracturing according to the
specific formation’s geology. During the hydraulic fracturing the fractures propagate for hundreds
of feet into the surrounding formation. Their natural tendency is to close themselves rapidly. The
width of the propped fracture is of a fraction of an inch. The fracturing process is usually
designed to develop cracks growing out in angles that move transversal away from the drilled
hole. The typical fractures propagate horizontally about 500 to 800 feet away from the well,
surrounding it, and vertically for the formation’s thickness. Recently, cracks that are running
parallel to the drilled bore, and growing in large longitudinal fractures, are designed instead of
multiple transversal fractures. Once the process is finished, the remaining fracturing fluid is
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usually recovered and recycled or disposed according strict regulations. Initially highly viscous
gels were used for fracturing the conventional rock formations.

For the first time the “slickwater”, a more diluted, low-viscosity water based fluid, was used as a
fracturing fluid in deep shale formations in Barnet Shale play. The slickwater density allows the
fracturing fluid to leak out of the fractures into the shale, increasing the pressure in the natural
micro fractures, therefore inducing shear-slips and cracks. The micro-seismic event’s locations
show what reservoir portion was stimulated during the fracturing jobs. Between the natural gas
deposits and the groundwater, there are many layers of different formations, including
impermeable layers of rocks which constitute barriers to the vertical propagation of any kind of
fractures.

Base fluid
Water is generally used as the base fluid for fracturing jobs. To drill and fracture a horizontal
shale gas well the generally needed amount of water ranges between 2 and 4 million gallons,
depending on the shale formation characteristics. About 90% of the fracturing fluid is water. The
freshwater is the most commonly used. In some areas, when it is more convenient, waste waters
or recycled flow-back are also used diminishing the freshwater consumption. Two new methods
replaced the freshwater with either liquefied carbon dioxide or liquefied petroleum gas (LPG),
containing mostly propane (over 90% of the LPG). By using these methods, the water
consumption is decreased, as well as the need of contaminated water treatment and disposal.

Additives.
The most common used additives are gelling agents ( that thickens the water in the furtherance of
suspending the proppants), cross linkers (various polymers that are maintaining the fluids’

76
viscosity at high temperature), friction reducers (polymers that are reducing the pipe friction
pressure during slickwater fracturing operations), breakers (acids are used to pre-fracture the
rocks by dissolving the minerals), surfactants (that increase the fluid’s viscosity) and nonemulsifiers, as well as biocides. The additives’ content of the fracturing fluid is of about 0.5%.
Each fracturing operation is unique due to the various geological conditions, wells’ depth, and
formation and water characteristics, demanding specific adapted recipes. The fracturing fluids
usually contain three to twelve additives, each having a specific engineering purpose. These
additives are commonly utilized in other industries, being contained in food and beverages, in
cosmetics,

in

household

cleaners,

in

detergents,

disinfectants,

medical

equipment,

pharmaceutical, and so on.

Proppants
The most common used proppant is the sand. Typically white sand is used for shale formations.
In special conditions brown sand, low density ceramics, resin-coated sand, or sintered bauxite are
also used. The proppants’ content of the fracturing fluid is of about 9.5%.The most important
challenges of the fracturing mixtures are the transporting of proppants’ to the fractures and the
maintaining of the solids in the suspension, as these proppants are settling out of the water easily.
Some technologies are using free-solids fluids that leave the sand in suspension longer, ensuring
the fractures permeability.

A typical shale fracturing fluid contain “water and sand 99.51%, acid 0.123%, friction reducer
0.088%, surfactant 0.085%, potassium chloride 0.06%, gelling agent 0.056%, scale inhibitor
0.043%, pH adjusting agent 0.011% , breaker 0.01%, crosslinker 0.007%, iron control 0.004%,
corrosion inhibitor 0.002% and antibacterial agent 0.001%” (American Exploration and
Production Council , 2010).
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In the US basins, the typical shale fracturing basic materials used per stage, reproduced from the
report “Shale gas challenges / Technologies over the asset life cycle”, are shown in the Figure 25.

Figure 25: “The typical shale fracturing basic materials per stage”

Source: Kennedy, 2010
Where: *Xf represent the fracture half length, estimated; SW - Slickwater, and OH Openhole

The chemicals used for the fracturing fluids are stored in tanks at the drilling sites. Some wells
have enclosed steel tanks to store the produced water and the backflow, other wells have lined or
unlined open evaporation pits. The wastewater is an important byproduct of the process. Most of
the wastewater volumes produced by conventional and unconventional gas wells is injected deep
underground, as 10 to 70% of the fracturing fluid returns to the surface in the first month after the
stimulation. The public disclosure of the used chemicals is required on a site-by-site basis, to
enable the limiting of any environmental or health risk. The representatives of different
specialized bodies carefully monitor every aspect of the process.

By using the hydraulic fracturing the natural gas resources are recovered better, fewer wells are
drilled, lesser waste volumes are produced and smaller surfaces are disturbed, while the local
production and economy grow. In the report of the National Energy Technology Laboratory,
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Office of Fossil Energy, and U. S. Department of Energy from April 2009 is mentioned that the
mixtures used for fracturing operation have a wide range of constituents, established according
the targeted formation’s characteristics, the available source of water and specific preferences. In
Figure 26 are shown the main compounds used in gas shales’ hydraulic fracturing.

Figure 26: “The fracturing fluid additives, main compound and common uses”
Additive Type

Main Compound(s)

Purpose

Diluted Acid (15%)

Hydrochloric acid or
muriatic acid

Biocide

Glutaraldehyde

Help dissolve minerals and
initiate cracks in the rock
Eliminates bacteria in the
water that produce corrosive
by-products

Breaker

Ammonium persulfate

Corrosion Inhibitor
Crosslinker

Common Use of Main
Compound
Swimming pool chemical and
cleaner
Disinfectant; sterilize medical and
dental equipment

Bleaching agent in detergent and
Allows a delayed break down
hair cosmetics, manufacture of
of the gel polymer chains
household plastics
Prevents the corrosion of the Used in pharmaceuticals, acrylic
N,n-dimethyl formamide
pipe
fibers, plastics
Maintains fluid viscosity as
Laundry detergents, hand soaps,
Borate salts
temperature increases
and cosmetics
Polyacrylamide

Friction Reducer
Mineral oil
Gel

Guar gum or
hydroxyethyl cellulose

Iron Control

Citric acid

KCl

Potassium chloride

Oxygen Scavenger Ammonium bisulfite

Water treatment, soil conditioner
Minimizes friction between the
fluid and the pipe
Make-up remover, laxatives, and
candy
Thickens the water in order to Cosmetics, toothpaste, sauces,
suspend the sand
baked goods, ice cream
Food additive, flavoring in food
Prevents precipitation of metal
and beverages; Lemon Juice
oxides
~7% Citric Acid
Creates a brine carrier fluid
Low sodium table salt substitute
Removes oxygen from the
Cosmetics, food and beverage
water to protect the pipe from
processing, water treatment
corrosion
Maintains the effectiveness of Washing soda, detergents, soap,
other components, such as
water softener, glass and
crosslinkers
ceramics

pH Adjusting Agent

Sodium or potassium
carbonate

Proppant

Silica, quartz sand

Allows the fractures to remain Drinking water filtration, play
open so the gas can escape
sand, concrete, brick mortar

Scale Inhibitor

Ethylene glycol

Prevents scale deposits in the Automotive antifreeze, household
pipe
cleansers, and deicing agent

Surfactant

Isopropanol

Used to increase the viscosity Glass cleaner, antiperspirant, and
of the fracture fluid
hair color

Source: “National Energy Technology Laboratory, Office of Fossil Energy, & U. S. Department
of Energy”, April, 2009
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Usually, a well has about 25 fracture stages, after which a portion of the used fluid is flowed back
soon after the end of the operation. Extensive research looks for better ways to treat the backflow
water. Only a single portion of the well is hydraulically fractured at a given time. The flow-back
water from the hydraulic fracturing jobs contains water, salts, and other chemicals, similar to the
saline brines coming from conventional petroleum wells. The saline brines have been discarded
through deep injection wells. The reverse osmosis, a method to separate the fresh water, is used
for the desalination of the brines, but the concentrated residual brine still contains contaminants,
which need a proper disposal.
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2.2.4 The Fracture Treatment Monitoring Methods
The fracture treatment monitoring used methods are


Surveys of conventional temperature and tracer, to gather data near the well-

bore vicinity regarding the ‘traced’ fluids and proppants.


The sensing of distributed temperature (DTS) through optic fibre.



The logging of production through spinner surveys, flow and temperature

surveillance.


The micro-seismic monitoring, during fracture treatment in near real-time, and

further, while managing treatment and post-treatment analysis.
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2.2.5 The Life Cycle Stages of a Shale Gas Investment
The life cycle stages of the shale gas investment are: the exploration, evaluation, development,
production and rejuvenation (Kennedy, 2010).

Exploration
The main challenges during the exploration phase are to determine the reservoir’s potential and
economic value, its architecture and the extent of the field well placement, along with its
characterization. To achieve these goals technologies such as reservoir analysis, evaluation of the
formation, reservoir’s geo-mechanics, geochemistry, petro-physics, and seismology, as well as
the economic evaluation are used. During this phase the land licenses are acquired, and seismic
surveys and other geo-physical tests are conducted.

Evaluation
In the evaluation phase the main provocation is to validate the reservoir’s economics, while a
development plan for the field is generated, and the optimizing or refining of the completion is
designed. These challenges are overcome by using the previously mentioned technologies.

Development
During the development phase, the main desideratum is the minimization of the drillings costs
and environmental impact, followed by the completion and fracturing design optimization. The
overcoming of these challenges is made through the well design and drilling, hydraulic fracturing,
and well completion optimized technologies, doubled by environmental protection methods and
technologies, including the use of optimized drilling fluid programs and centralized dewatering
systems. The optimization outcomes are: a reduced number of drilling days, a better use of the
equipment and services, a better wellbore placement, a reduced rig-time, a real-time detection of
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the adjacent formations resulting in a reduced number of wells per site, having a lower risk
associated, an increased production and higher incomes obtained with reduced overall costs.
During this phase well pads are constructed according the approved plans, the drilling is made,
and the well’s completion is performed.

Production
The main requirements during the production phase are the maintaining of production rates, and
the fulfillment of the gas pipeline’s specifications, while reducing the environmental risk, scaling,
corrosion and microbial contamination. The techniques used in the stimulation involve the
selection of the best fit fracturing and production chemicals, doubled by the environmental
technologies and methods. The necessary water is stored in lined and/or unlined open earthen
pits. The water sources are wells (supplying fresh water), city’s network (supplying chlorinated
water), rain, stagnant or stream water (such as ponds, lakes, rivers, and so forth), and re-used
process water. The open pits foster the development of various bacteria and algae, which will
influence the microbial corrosion, hydrogen sulfide generation, and radioactive scale deposits
building-up. A proper chemical program will include surveys, and the best selection of the
process suitable chemicals (biocides, scale and corrosion inhibitors, surfactants, oxygen
scavengers, clay stabilizers, and so forth), as well as their continuous monitoring, testing, treating,
reporting and optimization. Water eco-management and chemical injection rates optimization are
also necessary. This phase starts when the hydraulic fracturing has stimulated the gas release into
the well. The flow-back water (the remaining fracturing fluid) is collected, treated and reused or
dispensed.
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Rejuvenation
In the rejuvenation phase the main challenges are the reduction of production decline, the
remedial, recompletion, and work-over of wells, which are overcome by using the wells’
chemical and mechanical remediation, re-stimulation through re-fracturing (as the stress regime
changes during the production), and re-completion technologies such as coil tubing interventions,
re-entry and fill in drillings, or multilateral drillings. The well’s production has a declining rate
over time that requires the formation’s re-stimulation through another hydraulic fracturing
operation. The process is repeated until the gas is exhausted, when the well follows to be
abandoned. Before the abandonment the wells are sealed and capped, in order to prevent
migrations between aquifers strata and the residual gas escape. The rejuvenation stage has a
lifespan of up to 30 years, depending on the formation characteristic conditions.

For shale gas reservoirs the conventional modeling and analyses are not effective, as their
complex characteristics and gas flow regime greatly increase the difficulty in predicting the
production profiles and wells’ placement, the recovery, and even the design of the fracturing
programs or completions (Kennedy, 2010). Shale Engineering employs an integrated
multidisciplinary approach to the analysis and design optimization programs for drilling,
completion and stimulation of shale gas reservoirs, as well as to determine its potential and
economic evaluations.

The best evaluation available suites provide real-time data on rocks’ porosity and permeability,
water saturation, mineralogy and shale lithology, TOC, thermal maturity level, adsorbed and free
gas-in-place (GIP), as well as the characterization of the fracture, the static and dynamic geomechanical properties of the rocks, the pressure gradient, the stress regime, the siliceous index,
and the Sidewall Core (SWC) Analysis.
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GIP’s value depends on the reservoir “burping”, hydraulic stripping, faulting, or uplift (Hartman,
et al., 2008). The GIP volume can be empirically estimated through the direct method using the
formula:
(1)
where A represent the drainage area, h- the reservoir thickness, ρ- the bulk density, and
Gct - the total gas content.

The indirect method assumes that the total gas storage capacity is equal with Gct. Total Gas
Content analysis provides information for adsorption isotherm analyses. Within the shale matrix,
the primary sorbent is the organic material, but the adsorbed gas storage mechanisms are not yet
very well understood, as the porosity within shale is located either mainly in the organic matter
fraction and/or in the water saturation within the inorganic fraction.

Additional Dean Stark analyses on crushed rock are required in order to determine the potential
free gas storage capacity (Luffel, Guidry, & Curtis, 1992).

The modeling and analysis in the pre-drilling phase are necessary for establishing the stability
management of the wellbore and comprehensive well planning, to predict the pore pressure, and
for determining the in-situ stress (Kennedy, 2010).

Geo-mechanics models are useful for the design of completion and hydraulic fracturing (the
propagation, its stages, and perforations), and for establishing the wells’ placement.
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The development of a “Shale Gas Factory” implies the drilling of more than 10 wells on the same
pad, to ensure shared rig access, and mud pits, common skid-mounted fracturing-pumps, gas
conditioning and compression, or gas export. The footprint would be reduced and fit for a
common solids and waste purpose eco-center.
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Chapter 3

Problem Statement
The United States has been at the forefront in the development and possession of the
appropriate technology for harnessing and exploiting shale gas. Hydraulic fracturing
remains the most potent and viable method for extracting vast quantities of natural gas
from shale formations in the United States (Lutz, Aurana and Martin 647). Nevertheless,
hydraulic fracturing employs huge quantities of fresh water, which is ultimately polluted
by toxic chemical contaminants at the end of the process (Lutz, Aurana and Martin 648).

The United States attempts to establish a sustainable, environmentally friendly and costefficient methods and techniques for exploiting the shale gas resources through technical
studies, acceleration of innovations and development of patented technologies and
processes for exploration and financing the studies. The United States government have
attributed the success of shale gas innovation to the early involvement of the government
through the Department of Energy (DOE) in supporting research and providing
incentives for the development of advanced and patented technologies for extracting the
shale gas resource. It is in the interest of this thesis, using the text-mining methods and
investigation of evidence from patent data, to substantiate the claim by the United States
government that the success of the shale gas industry is attributed to the early
involvement of the Department of Energy through funding and research support.
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The patent analysis will also help to determine the status, milestones and trends in
patented technologies for shale gas development in the United States. The citations from
the patents would also provide important insights on how the patents started, who started
them and the source of funding for the shale gas technology. It will provide an
opportunity for understanding the role of the government, scientists and industry in the
development of sustainable and patented technologies for the development of shale gas in
the United States.
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Chapter 4

Methodology
The patent analysis for this research was done in 2 parts:


Doing a search to find relevant scientific articles from SPE related to shale patents
and then gathering the necessary information on those patents from USPTO and
then analysis them.



Using AcclaimIP, which is a program used for patent analysis, to gather patents
with governmental interests and then analyzing them.
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4.1 Scientific Literature Patent Analysis Methodology

For the purpose of ensuring validity and reliability of the data, only patents that have
been mentioned in peer-reviewed SPE’s journal articles between 1975 and 2015 shall be
utilized in the patent analysis. To obtain the relevant peer-reviewed SPE journal articles, I
used the keywords and Boolean operator “shale AND patent” and then used appropriate
filters to ensure the collection of complete, accurate and reliable data for establishing a
valid framework.

I then did a complete search of the relevant patents collected on the patent database
available from the United States Patent and Trademark Office (USPTO) between 1975
and 2015 to get addition information on those patents for the purpose of analysis. For the
purpose of this study, the analysis of patents shall be limited to the United States in order
to narrow the scope and understand the developments due to the fact that the United
States has been on the forefront in fostering innovations in this field.

For the purpose of analyzing only relevant patents, it was necessary to obtain patents that
have been previously reviewed in published SPE journals from
https://www.onepetro.org/. Onepetro is a unique library of technical documents and
journal articles serving the oil and gas industry.
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To retrieve the articles that reviewed these relevant patents, I used keywords and Boolean
operator “Shale AND Patent” then did a manual screening of query results to ensure the
collection of complete, accurate and reliable data.

The search was restricted to peer reviewed SPE journal articles published between 1975
and 2015. The table below provides the journals and its related shale gas technology
patents in the United States.
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Query result

SPE PAPER

PATENTS
REVIEWED

PAPER
SOURCE

Induction Log Analysis

4739255

SPE Formation Evaluation

6880633

SPE Journal

of Thinly Laminated
Sand/Shale Formation

Numerical Simulation of
the In-Situ Upgrading of
Oil Shale

New Water-Based Muds 4830765

SPE Drilling Engineering

for Tertiary Shale
Control
Improved Core Recovery 4492275
4638872
in Laminated Sand and

Journal of Petroleum
Technology

Shale Sequences

Environmentally

5403820

SPE Drilling &
Completion

6375803

Oil and Gas Facilities

Acceptable Water-Base
Mud Can Prevent Shale
Hydration and Maintain
Borehole Stability

Mechanical Vapor
Recompression for the
Treatment of Shale-Gas
Flowback Water
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Hybrid Bits Offer
Distinct Advantages in
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The patent numbers retrieved from the SPE technical papers are then searched on USPTO
to gather further information on those patents for analysis. Patents are critically reviewed
and duplicates removed. This information gathered contains, the patent name, patent
number, Patent Assignee, Number of Citations, Government related citations if any, and
the technological field the patent belongs to. This information can be seen on the annex
excel file.
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4.2 AcclaimIP Patent Analysis Methodology

I used AcclaimIP, which is a patent research software to analyze government related
patents. I used query, “SPEC/SHALE AND GOVERNMENT RIGHTS” to get a list of
all patented technologies that are related to shale, which also had some sort of
government funding in its invention.

This search yielded 230 patents, I then based my insights on the analyzed information I
got.
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Chapter 5

Patent Analysis from Scientific Literature
The patents obtained from USPTO are then reviewed to get the most relevant related to
Shale. A detailed analysis of the relevant information gathered from the full text of the
patents on the USPTO website is then performed. The following are the different
analyses done and their corresponding observations.

104
5.1 Patent Trend Analysis
YEAR

PATENT COUNT

1977

2

1979

1

1980

1

1981

1

1982

2

1984

4

1985

6

1986

3

1987

5

1988

2

1989

5

1990

6

1991

1

1992

2

1993

2

1994

3

1995

1

1996

1

1997

1

1998

1

2000

2

2001

1

2002

3

2003

2

2004

2

2005

2

2006

1

2008

3

2009

2

2010

1

105
2011

1

2014

3

Fig 27. Number of Patents per Year

This is an analysis on how patent filing has progressed with time. From the graph, it
looks pretty sturdy. The most significant part of this illustration is the time frame between
1982 and 1992. We observe some significant increases. This coincides with the time
when the US Government gave tax incentives and regulatory exemptions for new and
improved oil and gas techniques (wiseman, 2015). These tax credits motivated innovation
and as such we see a significant increase in patent filing during this period.
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5.2 Assignee Analysis
ASSIGNEE/INVENTOR

PATENT COUNT

Institution

1

Shell

2

Individual

3

Chevron

4

Baker Hughes

7

Halliburton

9

Schlumberger

9

ExxonMobil

10

SME

28

Fig. 28. Assignee Patent Distribution

From this analysis, we can see that Small and Medium Sized Enterprises(SME) own a lot
of the Shale Gas Technology patents but nevertheless, combining the main oil and gas
industry players, Shell, Chevron, Baker Hughes, Halliburton, Schlumberger, ExxonMobil
still show that these Oil/gas giants still contribute a lot to the advancement of technology
in Shale Gas development. We can attribute the significant contribution of SMEs to the
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efforts of Government in encouraging research through tax incentives which created a
conducive and cost effective environment for them to invest in shale gas technology
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5.3 Technology Distribution Analysis

The technologies that contributed to the success of shale gas extraction include:


Seismic Imaging Technology: This includes all new and improved technology
that aid in locating areas with abundant Shale Gas deposits and to also identify
faults in shale formations.



Drilling Fluids Technology: This includes technology including friction reducers,
proppants, slickwater fracturing, cross-linked fluids that aid in the fracturing
process.



Wellbore Technology: This includes all well downhole tools and well tubular
goods and all other well monitoring technology.



Waste treatment Technology: A major problem in Shale Gas production is the
waste that it produces. It is therefore necessary to curtail this problem by making
technological advancements that improve methods of waste treatment including
water treatment



Directional Drilling Technology: This includes hydraulic fracturing technologies
as well as all state of the art drill bits as well as technology that enable directional
drilling capabilities.
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YEAR

SEISMIC IMAGING
1977
1979
1980
1981
1982
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
2000
2001
2002
2003
2004
2005
2006
2008
2009
2010
2011
2014

0
0
0
0
0
0
0
1
0
1
0
0
0
0
0
0
0
0
1
0
1
0
0
0
1
0
1
0
0
0
0
0

DRILLING FLUIDS TECH WELLBORE TECH
1
0
1
1
1
0
3
2
0
0
1
0
0
0
0
1
1
1
0
0
1
0
1
0
1
1
0
1
2
1
0
2

WASTE TECH
1
0
0
0
0
1
2
0
4
1
3
6
1
1
1
1
0
0
0
0
0
0
0
2
0
1
0
1
0
0
1
0

0
1
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0

DIR. DRILLING TECH
0
0
0
0
1
2
1
0
1
0
1
0
0
1
1
1
0
0
0
1
0
1
1
0
0
0
0
1
0
0
0
1
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Fig.29 Tech Field Trend

No. of Patents

Tech Field Trend
7
6
5
4
3
2
1
0
1977198019821985198719891991199319951997200020022004200620092011

Year
SEISMIC IMAGING

DRILLING FLUIDS TECH

WASTE TECH

DIR. DRILLING TECH

TECH FIELD
SEISMIC IMAGING TECH
DRILLING FLUIDS TECH
WELLBORE TECH
WASTE TREATMENT TECH
DIRECTIONAL DRILLING TECH

TOTAL
6
22
27
3
15

Figure 30 Patent Tech field distribution

WELLBORE TECH
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The patent distribution is pretty even across board. We can see significant spikes for all
the core Shale Gas Technologies in the late 80s and early 90s. This coincides with the
time when the US Government gave tax incentives and regulatory exemptions for new
and improved oil and gas techniques (wiseman, 2015). These tax credits motivated
innovation and as such we see significant increase in filing during that period.

From the above figure, we can also see that there’s a huge market for Wellbore
technology and Drilling fluids technology which makes sense since they’re among the
main drivers and it looks like those technologies keep improving.
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5.4 Intellectual Property Analysis

The patent numbers retrieved from the SPE technical papers are then searched on USPTO
to gather further information
DIRECTIONAL DRILLING TECH
TOP ASSIGNEES PATENT COUNT
ExxonMobil
1
Schlumberger
1
Baker Hughes
3
Halliburton
3
SME
4

Fig. 31 Intellectual Proper In Directional drilling tech

SME’s have the most patents in Directional drilling technology followed by Halliburton, Baker
Hughes, Schlumberger and ExxonMobil. Directional drilling technology is the single most
important technology in the success of shale gas development. It’s good to see that the majority
of companies are much invested in this.
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SEISMIC IMAGING TECH
TOP ASSIGNEES
PATENT COUNT
U of Minessota
ExxonMobil
Shell
Chevron
Schlumberger

1
1
1
1
2

Fig. 32 Intellectual Property in Seismic Imaging Tech

There doesn’t seem to be much activity among the top assignees in Seismic Imaging Technology,
this could only mean that companies are not much invested in this technology as compare to the
others. I imagine that as time goes on more companies are going to invest in building up on this
technology since it’s very important in making fracking more efficient.
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DRILLING FLUIDS TECH
TOP ASSIGNEES PATENT COUNT
Schlumberger
1
ExxonMobil
2
Baker Hughes
4
Halliburton
6
SME
8

WELLBORE TECH
TOP ASSIGNEES PATENT COUNT
Shell
1
Chevron
2
Schlumberger
5
ExxonMobil
6
SME
13

Fig. 33 Intellectual property in Drilling fluids tech

Fig. 34 Intellectual Property in Wellbore Tech
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From the graphs, we can see that Wellbore technology and Drilling fluids technology are
the main technology drivers considering the number of patents issued overall. SMEs
seem to be the most active because of the government incentives which make it more
profitable to them in improving the technologies and enabling them to be active players
comparable to the major players like Exxonmobil and such which have a lot of capital.
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5.5 Government Funding Analysis

GOVERNMENT
Government Funded
Not Government Funded

NUMBER OF PATENTS
10
63

TECH FIELD
SEISMIC IMAGING TECH
DRILLING FLUIDS TECH
WELLBORE TECH
WASTE TREATMENT TECH
DIRECTIONAL DRILLING TECH
YEAR
1976-1985
1986-1995
1996-2005
2006-2015

YES

TOTAL
6
22
27
3
15

NO
2
4
2
3

15
26
13
8

Fig. 35 Patents with Government Funding
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Fig. 36 Government Funding Trend by Year Range

Fig. 37 Government Funding Trend by Tech Field

This part of the analysis shows the government involvement in funding relevant
technologies that helped to improve shale gas development in the USA.
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I used citations from the original patents retrieved to see if there were any patents cited
that had any government involvement in terms of funding. I came up with 10 patents that
had some kind of government sponsorship out of 73 total patents which is just a mere
14% approximately. Off the bat, this shows that majority of the current technologies
present was as a result of independent energy companies that sought to invest in Shale
gas technology.

From the graph, we can also see that government funded technology started in the later
parts of the 80s which is when the Department of energy(DOE) sponsored programs were
in much effect.

From the graph, we can also see that the government had the most emphasis on
improving well bore technology followed by drilling fluids technology then seismic
imaging technology. There isn’t much of a discrepancy between government involvement
in Seismic imaging as compared to independent energy companies probably because
there was DOE seismic imaging program in 1988 which shows how important it is to the
government.

However, there isn’t much of Waste treatment technologies being funded by government
which is appalling since the main drawback of Shale gas development has been its waste
production which many people protest.

119

Chapter 6

Patent Analysis from AcclamIP Software
I used AcclaimIP, which is a patent research software to further analyze government
related shale patents.

I queried keywords, “SPEC/SHALE AND GOVERNMENT RIGHTS” to get a list of all
patented technologies that are related to shale, which also had some sort of government
funding in its invention.

This search yielded 230 patents, I then based my insights on the analyzed information I
got.
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6.1 Filing Trend Analysis

The search on AcclaimIP yielded 230 government funded patents. This is an illustration
of the patend trend as seen on the software.

Fig.38 Patents by Publication date

From the graph, we can see significant spikes in numbers from 2005 onwards. This can
be clearly attributed to the Energy Policy Act being passed in 2005 by the U.S.
Government, which authorized loan guarantees for new and environmentally friendly
technology.
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6.2 Patent Assignee Analysis

The illustration above shows the top 10 assignees that received some sort of funding from
the U.S. Government for developing shale technology. On top of the list is Shell Oil with
37.8%. Shell being one of the largest and most innovative oil companies in the world, it
seems fit that the U.S. government will want to collaborate with them in advancing Shale
Gas Technology.
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6.3 Technology Distribution Analysis

Fig. 40 Technology distribution Analysis

The illustration above shows the technology distribution of Government funded patents
in terms of theirs CPC classes:
E21B43

Methods or apparatus for obtaining oil, gas, water, soluble or meltable
materials or a slurry of minerals from wells

E21B36

Heating, cooling, insulating arrangements for boreholes or wells, e.g.
for use in permafrost zones

C10G1

Production of liquid hydrocarbon mixtures from oil-shale, oil-san

C10G2300

Aspects relating to hydrocarbon processing covered by groups
C10G1/00 - C10G99/00

Y10T29

Metal working

C09K8

Compositions for drilling of boreholes or wells; Compositions for
treating borehole remedial operations

E21B47

Survey of boreholes or wells

B32B15

Layered products comprising a layer of metal

E21B7

Special methods or apparatus for drilling

B32B1

Layered products having a general shape other than plane
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Chapter 7

Discussion and Recommendations
7.1 Role of Government Policies

The technological innovations that led to the shale gas production spurt had their genesis
much earlier, in joint research and development efforts by the U.S. government and
private oil companies. In response to the oil shortage facing the nation during the 1970s
and later, the government adopted a policy of tax credits and incentive pricing, thus
enabling smaller companies to take calculated risks and invest in technology research for
extracting oil from unconventional sources. The National Energy Technology Laboratory
(NETL) spent significant amounts of federal funding on fossil energy development
programs, and its spending on fossil-fuel research increased ten times from $143 million
in 1974 to $1.41 billion in 1979 (NETL 255). The Natural Gas Policy Act, passed in
1978, created a pricing mechanism to incentivize production of gas from unconventional
sources including tight gas, methane gas and later shale gas. A key technology, that of
micro-seismic fracture mapping and hydraulic fracturing (popularly known as fracking),
which was first successfully employed in the Michigan and Appalachian basins, was
developed as a result of these government incentives (National Research Council 195).
The Sandia National Laboratories originally developed 3D micro-seismic imaging for use
in coal beds, but this was found to be exceedingly useful in the prospecting of shale gas
plays. Later, the department of energy (DOE), the gas research institute (GRI), the energy
research and development administration and other government institutions, together with
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private players, continued to spend significant amounts on research and development
throughout the 1980s and the early 1990s, leading to the exploitation of the Eastern gas
shales (the Michigan, Illinois and Appalachian basins) and creation of the U.S. shale oil
boom.

One of the key initiatives undertaken by the DOE was the gas shales development
program, and this had a major role in development and demonstration of the “massive
hydraulic fracturing” (MHV) technology that is employed in most shale gas extractions
today. MHV is a technique that uses complex fluids and proppants (such as cross linked
gels and low density ceramic materials) in order to release very large quantities of gases
deposited in tight sands and other unconventional reservoirs (Yew and Weng 198). This
is shown in Figure 41 below:
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Figure 41: The technology of MHV and the role of the US government in
developing it. Source: Shellenberger, Nordhaus, Trembath and Jenkins 4.

On the regulatory front, the environmental protection agency (EPA) found after an
extensive study that the use of MHV is not associated with contamination of the ground
water table, and in particular concluded that hydraulic fracturing does not harm
underground drinking water. The study was published in 2004, and it is to be noted that
oil companies began to use MHV for largescale shale gas extractions from approximately
2003 and onwards (Rahm 2977). The discussion so far clearly indicates that federal
research programs, incentives and a favorable regulatory front led to the expansion of the
shale gas industry, resulting in a tripling of production volumes from 2009 to 2012. It is
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evident that meeting the EIA shale gas production targets for the next thirty years would
require a continuation of the favorable government policies that have been witnessed so
far. In response to the research question of whether production can be sustained for the
next decade, one of the recommendations of this research is that government encouraged
innovations and investments in research much continue in order to achieve continuous
lower technology costs. In addition the government should be able to provide tax
incentives and a somewhat favorable environmental regulatory framework so that shale
gas extraction continues to remain viable in the short to middle term future.
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7.2 Role of Evolving Technologies

It should be remembered, however, that many of the shale gas production technologies
that are currently being used, for example three dimensional seismic imaging and
horizontal drilling, were initially developed for conventional oil exploitation. The
development of the Barnett shale gas play by Mitchell Energy that actually led to the
current boom, in fact, occurred without government incentives because the company had
sufficient financial resources. It was able to sell its land and mineral rights, along with the
technologies and innovations that it had developed, and thus successfully showed a way
for technology monetization. Therefore another key factor in the U.S. shale gas volume
increase is the way technology has been developed by large oil industry players, and it
would be worthwhile to evaluate this factor more closely.

Mitchell Energy was initially one of the largest gas producers in the U.S. and a
diversified company involved in every stage of exploration and production of natural gas.
It did not approach the GRI initially for fear that its investments in large tracts of land in
the Barnett play would become public knowledge. Instead, it decided to rely on its earlier
expertise in the MHV process and improve it, thereby producing a number of
innovations. As an example, instead of using foam fracturing and a fracture half-length of
less than 1500 ft. that were in common use at that time, Mitchell used the so-called slick
water fracking process which utilized small quantities of sand as proppant and large
quantities of water as the fracking fluid. This resulted in significant cost savings for the
company without any significant loss of well productivity. The technology is commonly
used today especially in deep well extractions, where the water is mixed with small
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amounts of friction reducing agents such as polyacrylamides and detergents in order to
increase flow velocities (Graves 101).

Another significant technology improvement made by private players was in horizontal
drilling, but this occurred in incremental steps and involved a large number of oil
companies. Between 2000 and 2010 many companies began to drill horizontal wells,
many pf them in high risk areas that had low fracture barriers; even though some of these
failed, a rapid increase in the number of wells and better understanding of drilling
requirements led to a 3-3.5 times production increase of shale gas between 2003 and
2010. Three dimensional seismic data played a crucial role in obtaining the necessary
geological data (Steward 186).

Shale oil and gas production technology developments so far have been broadly of two
types, in situ or underground and ex situ or above ground. While ex situ shale processing
and discarding was used earlier, recently in situ techniques are being preferred by shale
gas producers due to a number of advantages, including lower energy requirement, ability
to recover gas from deeper layers, elimination of waste handling requirements, and lower
carbon dioxide emissions. It has been estimated that in situ processes lead to lower
greenhouse gas (GHG) emission during three stages of shale gas production: during the
retorting of shale oil and gas for generating unrefined hydrocarbons and crude shale oil;
during upgrading and refining of crude shale oil to refined hydrocarbon fuels; and during
combustion of the refined fuels in vehicles (Mulchandani and Brandt 1633). In addition
many pilot studies have indicated that gas produced using in situ techniques has superior
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properties than those produced using ex situ techniques, because of the lower heating
requirements in case of the former.

Several variants of in situ retorting processes have been developed by Shell and Chevron,
and these include the use of reactive fluids, internal combustion, introduction of
externally heated gases, conduction of fuel through walls, and others. An example of
these new technologies and their demonstration is the Shell in situ conversion process
(ICP), which it would be worthwhile to analyze in terms of overall energy requirements
and potential GHG emissions.

Briefly, the Shell ICP is a novel process in which underground shale deposits are heated
for an extended period of up to 2 years using electricity. This converts kerogen, the
fossilized organic material in the shale deposits, into oil and gas which can then be
extracted using conventional production methods, and the shale coke is left behind in the
original deposit. The process can be especially useful, according to Shell’s estimates, if it
can be operationally demonstrated and made commercially feasible with respect to the
Green River formation in the Rocky Mountains region of the US since this area contains
approximately 50% of all known shale deposits in the world as of today and has 5-40%
kerogen deposit by weight (Hendrickson, 1975). Although the reserve has been estimated
to hold up to 1500 gigabarrels of oil equivalent, many geologists have doubted these
estimates because no commercially viable technology for extracting the oil and gas has
been demonstrated yet – this makes the Shell ICP technique a crucial factor in
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determining whether future shale gas productions from the Green River formation and
other similar deposits will be viable or not.

Shell began researching the ICP process after obtaining three leases, each approximately
160 acres, as part of a research and development program initiated by the Bureau of Land
Management – a fact that emphasizes the importance role played by government policies
in creating production sustainability, as discussed in the previous section. The process
was developed by Shell to have four stages – creation of a freeze wall around the
production area (also called the production cell); heating, or retorting, the shale within the
cell by applying electrical resistance; conversion of kerogen by heating it to its
decomposition temperature and pumping the converted oil and gas up to the surface; and
remediation of the production well by flushing residual mobile hydrocarbons from th
earth and thawing the freeze wall. The process is shown in Figure 42

Figure 42: Configuration of the ICP Shell technique using electrical heating.
Source: Brandt 7491.
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ICP has been tested at both pre-commercial and commercial projects at the sites obtained
by Shell, and a perusal of the patents filed shows that there are several important steps to
be followed for successful production. As with conventional gas recovery, ICP begins
with siting and preliminary operations – for example at one of its test site Shell found
deposits to be located under 270 m of inert overburden and having a thickness of 320 m.
Due to this depth larger cells were found to be more efficient, but it is evident that surface
topography, subsurface heterogeneity, and drilling density will significantly affect cell
sizes in other shale gas production sites. The freeze wall construction requires circulation
of refrigeration through annular well casings at -40oC and leads to the formation of
vertical walls of frozen wall over a 1 year period; it has been observed that lower coolant
temperatures create thicker walls and wells can as a result be drilled with more separation
from each other. One of the features of ICP is that the freeze walls have to be maintained
during the life of the project because they are crucial in isolating the cell, preventing
hydrocarbon escape, and seepage of groundwater into the cell. The heating stage is
another crucial one for determining the viability of the production process and it has a
small margin of error – if temperature is increased at 3oC per month the kerogen
conversion can be completed at 300oC, but if heating rate is increased to 3oC per day then
kerogen conversion is completed only at 350oC; as a result energy requirements change
substantially and the produced gas may no longer remain commercially viable. Along
with heating another important process parameter is pore pressure, and this should
become higher than the lithostatic pressure (that is created by overlying strata) during any
stage of production. It is known that, in general, shale gas yield decreases if the retorting
of kerogen requires high pressure, low temperature, and an extended period of heating.
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Experiments conducted by Shell so far indicate that the ICP parameters are near the
optimal operating envelope with respect to all three of these factors, which indicates the
possibility of satisfactory production volumes using the technology if it can be deployed
in a commercially successful manner. However, the actual gas production estimates using
this technology are proprietary. It has been independently estimated that the ICP
technique yields 1.2-1.6 times more energy, in the form of refined liquid fuel, than is
inputted (Shell claims this ratio to be almost 3) (Brandt 7493). Estimates of total energy
input/output figures for shale oil and gas production using the ICP technique are shown in
Table 1 below:
Table 1: Energy input/output calculations for shale oil and gas production per ton
using ICP. Source: Brandt 7492.

Using the above figures, net energy ratio (NER) for the low case is 1.6 and for the high
case it is 1.2 (NER is calculated by dividing net output, or row 16, by net input, or the
sum of rows 1-15 except row 11). The external energy ratio (EER) values are,
respectively, 15.8 and 2.4 for high and low cases (EER is calculated by dividing row 16
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by all rows that measure external energy E). An advantage of ICP is that it yields high
quality feedstock of greater than 30 API gravity which can be used as jet and motor
gasoline with a minimal amount of processing. In addition it has a low water requirement
of less than 3 barrels per barrel of oil and gas produced, and is therefore less
environmentally damaging than many other gas production techniques.

A somewhat similar technology that is being developed is Electrofrac by ExxonMobil, in
which shale deposits are first fractured horizontally and then filled with an electrically
conducting liquid that acts as multiple heating elements. The conducting material is
calcined petroleum coke or a specialized variant and opposite electric charges can be
applied by placing heating wells in rows parallel with horizontal wells that intersect
below ground. The technology was developed after evaluating a number of processes, as
a result of which the company found that kerogen can be converted into oil and gas with
high efficiency by linear heat conduction from the planar elements that result from
horizontal drilling. The planar heaters allow the drilling of less number of wells than the
ICP process, while the process of hydrocarbon expulsion from the deposits remains
largely unaffected even when pore stresses keep increasing (Crawford et al 6). On the
other hand the Electrofrac technology has not yet been able to demonstrate an effective
confinement system for liquid and gas flows (groundwater and produced oil and gas) in
and out of the production wells in a manner that the ICP freeze wall technique has. It has
been noted that orientation of fractures is an important factor in the success of this
technique, and companies will need to create basin wide geo-mechanical models in order
to assess whether commercial Electrofrac operations in a particular reserve will be viable
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or not. Such models need to account for erosion mechanisms, topography and plate
tectonics, and they must be calibrated using fracture simulations, borehole breakout and
ellipticity observations, and fracture tests in order to determine the depths at which
orientation is to be changed from vertical to horizontal for each individual location
(Symington et al. 6). A typical geo-mechanical model created for predicting is situ
stresses and required fracture orientation is shown in Figure 43 below:

Figure 43: Geo-mechanical required for fracture orientation in Electrofrac
process. Source: Symington et al. 7.
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Another promising in situ technology for shale oil and gas extraction is Chevron's
Technology for the Recovery and Upgrading of Oil from Shale (CRUSH), developed in
collaboration with the Los Alamos National Laboratory. Although it isolates production
wells in a better manner than the Electrofrac process by the creation of pockets of
fracture area, the process is controversial from an environmental viewpoint because
kerogen decomposition and conversion to oil and gas is achieved by the use of heated
carbon dioxide (Yi et al. 1082).

The trend of technology development has continued during the last 5 years, and this has
been a crucial factor in increasing production levels. A recent example is the
development of radial drilling technology, which many industry observers suggest has
been one of the factors that led to a five times increase in shale gas production between
2007 and 2012 – from 2 trillion cubic feet (Tcf) to 10 Tcf (Golden and Wiseman 966).
Radial drilling, as shown in Figure 31 below, is essentially the creation of multiple small
bore outlets from the main well at different depths. The bore diameter is usually between
5-50 millimeters, and they are used to introduce high pressure fluid jets laterally into the
rock formation. The technology is also applied in conventional oil production for well
stimulation, water re-injection and steam introduction into tar sands. A number of
variants of the technology, some of them patented, are now being used with great efficacy
in shale oil extraction
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Figure 44: Application of radial drilling in shale formations. Source: Ragab 104.

The technologies described above are, of course, being complimented by frequent
improvements in a host of allied infrastructure development, such as very hard
polycrystalline drill bits, newer transportation techniques for drilling rigs, the use of
flexible tubes that are gradually replacing traditional well pipes, and others. The
discussion indicates that technology development, through government research
programs and grant of funds, as well as through industry research, has played a
significant role in the U.S. shale gas boom. It is evident that private players will need to
continually invest heavily in further research, and be able to leverage government
policies, if the boom is to be sustained into the next decades.
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7.3 Role of Economics and Political Factors

Many experts have argued that even a confluence of technological and policy
environment would not have resulted in the gas production boom had it not been for a
confluence of equally essential economic and political factors. This becomes evident
when one observes that the indigenous oil industry of the U.S. approximately followed
global peaks and troughs in oil prices, but there was a gradual decline till at least the
2000s which indicated an overall decline in oil and gas reserves within mainland U.S. In
addition energy prices had declined during the period 1985-2000, leading to a fall in
share of extraction of oil and gas from 4.3% to 0.6% of the GDP over the same period
(Brown and Yucel 2013). However, energy prices began increasing from 2005 onwards
and this coincided with a spurt in shale gas production because increased prices allowed
small as well as large producers to make profits and recoup their investments, thus
attracting more investments in this sector. Production increased by 33% between 2005
and 2013, and during this same period Brent Crude prices increased from $47/bbl to a
peak of $145 during 2008 and, after a period of decline, to above $120 in 2012 (Kilian
2015). In fact oil prices consistently remained above $100/bbl throughout the period from
2010 (the year from which the global economy began to recover from recession) to the
middle of 2014, attracting significant investment flows into the shale gas extraction
industry and leading to the spurt from 2012 onwards.

The shale gas boom, however, has had several effects on the U.S. economy, consumption
and policy fronts, and a complex interaction of these factors will determine the state of
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the shale gas industry in the next few decades. The consumption and supply patterns of
gas and oil in the U.S. as of 2014 are shown in Figure 45 below:

Figure 45: Consumption and supply of gas and oil from different sources, current
and projected. The U.S. is projected to become a net exporter of gas from 2015 and
onwards. Source: CBO 2014, p. 9.

The consumption trends as shown above indicate that supply and demand conditions in
the next few years will lead to continued increase in production of shale gas if the current
atmosphere of supportive technology and policy factors continues. The Congressional
Budget Office (CBO), working under the United States Congress, estimates that natural
gas will be only 30% of the prices that they would have attained by 2040 if the shale gas
revolution did not occur (CBO 2).
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Other than a consideration of world oil prices, a discussion of the future viability of shale
gas production also requires consideration of capital costs and energy requirements. An
earlier survey by the RAND Corporation noted that producing a barrel of oil from shale
deposits using the retort process requires $70-90, and this includes setting up the retort
plant, mining, support equipment, and reclamation of spent shale. The study further noted
that continuous production and resulting economies of scale could reduce production
costs to $30-40 after achieving 1 billion barrels output, or to $35-45 within a span of 12
years (Bartis et al. 16). However, as noted in the previous section, the earlier ex situ
process is gradually being supplanted by in situ processes, and this has recently led to a
drastic change in the economics of shale gas production.

With respect to capital costs, it is well known that initial investments are substantially
higher in Greenfield technologies for conventional as well as shale gas production. The
Alberta shale gas production complex utilized a number of first generation technologies
and processes in order to yield more than 1 million barrels/day and the capital costs are
estimated to be $8-12 bn. at 2005 prices (Bureau of Land Management A-104). With
respect to variable costs, the energy returned on energy invested (EROEI) analysis is still
ambiguous for the shale gas industry due to fast changing technologies and largely
proprietary data. While EROEI values for conventional gas production are reliably
known to be approximately 20:1 at the wellhead and lower at production facilities, the
corresponding values for shale gas facilities are lower. As discussed in the previous
section, the Shell ICP technology shows an EROEI value of up to 16:1, but it is yet to be
employed in a large deposit on a commercial basis. Another important consideration in
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gas production is water usage. While water requirements are higher for ex situ production
processes due to mining and reclamation requirements, it has been estimated that even the
newer process technologies would require 105-315 million barrels of water per day for
producing up to 2.5 million barrels of oil per day. In case of in situ production this water
requirement includes process heating, retorting, refining, dust control and other costs.
Capital costs for these quantities of water have been estimated to be as high as $1.8-4.2
bn. (Bolonkin, Friedlander and Neumann 236). Keeping these costs and recent
developments in mind, the US DOE estimates that full production of shale gas and oil in
the US would bring down costs to $30-40/barrel. Evidently, shale gas production using in
situ processes can be profitable and sustainable in the long run if world oil prices
maintain a minimum level of $50 or above.

On the other hand, the project increase in shale oil and gas, and consequent self-reliance
of the U.S. in the energy sector, will have deep repercussions on international oil prices
and politics. Brent Crude prices have declined sharply to near $50/bbl levels from late
2014 and onwards, and major international suppliers, including OPEC, have refused to
cut production levels (thereby increasing prices) for fear of ceding market share to shale
oil and gas producers. In addition one may also speculate that current low prices actually
help U.S. and E.U. policies with respect to the embargo imposed on Iran as well as the
attempt to control Russian expansions into Kiev. As stated at the beginning of this paper,
oil and gas are inextricably linked with international politics and shale gas production
will also, to an extent, be affected by U.S. foreign policies and international responses to
them.
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The discussion indicates that a sustained increase in shale gas production into the coming
decades depends to a large extent on helpful economic conditions as well as on the
technological and policy conditions discussed earlier. The current slump in oil prices will
likely reduce investment flows into the sector (as is being expected by OPEC and other
international suppliers), and prices need to stabilize near $50/bbl or above in order for gas
producers to remain profitable and continue to investment. The shale gas industry is
critically dependent on development of new technologies, and the resources required for
such research are not likely to be generated if the current low price environment
continues.
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Chapter 8

Conclusion
There has been a spurt in production of shale oil and gas in the US, which has almost led
to its becoming self-reliant in the energy sector. A significant finding of this paper is that
research has often led to the development of technologies in conventional oil
explorations, and those have later been found to be useful in shale gas production. This
brings out the second factor, that of technology. Research by government agencies as
well as by private players have led to the development of crucial technologies which
contributed to the recent boom. These technology developments have to be continued,
and they have to be supported by a non-restrictive environmental regime. The third
factor, economy, is related to the change of prices, and the latter is in turn determined to a
large extent by the international environment.
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