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Preface

Natural gas is a vital component of the world's supply of energy and an important
source of many bulk chemicals and speciality chemicals. It is one of the cleanest, safest,
and most useful of all energy sources, and helps to meet the world’s rising demand for
cleaner energy into the future. However, exploring, producing and bringing gas to the
user or converting gas into desired chemicals is a systematical engineering project, and
every step requires thorough understanding of gas and the surrounding environment.
Any advances in the process link could make a step change in gas industry. There
have been increasing efforts in gas industry in recent years.

With state-of-the-art contributions by leading experts in the field, this book addressed
the technology advances in natural gas industry. It consists of 21 chapters divided into
five sections which cover Natural Gas Resources, Production, Marketing &
Transportation, Utilization, and Combustion.

Section 1 consists of four chapters dealing with gas properties and reserves. It discusses
the geological and geochemical setting in natural hydrocarbon emissions, and
dynamics of natural gas hydrate system and shale gas development, in addition to
geopolitics.

Section 2 consists of seven chapters on the topic of technology of gas production. This
section deals with fluid-solid coupling numerical simulation on natural gas production
from hydrate. Also, it presents a review of state-of-the-art and recent developments of
unconventional gas production and technology. It provides an overview on basic shale
gas technology; assessment was addressed on the fundamental technologies that are
widely used for natural gas purification processes.

Section 3 has three chapters dealing with natural gas marketing and transportation.
This section outlines the recoverable reserves, demand, supply, transportation of
natural gas, and gas pricing and supply contracts. It also describes market options for
developing countries. In addition, the section discuses the elements of gas pipeline
network system, the variety of gas demand in a year, and mathematical model for gas
network.

Section 4 summarizes the latest catalysis technology and gas utilization in three
chapters. This section focuses on the development of novel channel monolithic
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reactors with meso-scale dimensions which can be coated with suitable metal oxide
and used for steam reforming of methane to produce syngas and hydrogen. This
section also describes the upgrading of existing and creation of new power production
technologies, which increase the efficiency of natural gas utilization and decrease the
harmful emissions to the environment. In addition, this section discusses the
utilization of nature gas in reforming processes using both methane and carbon
dioxide.

Section 5 describes the biggest consumption of gas - combustion for heating and
powder generation or driving motors. This section deals with the application of
natural gas in combustion engines and development of multi point injection system of
natural gas engine. In addition, it describes the influence of modified atmosphere on
natural gas combustion while defining the performance of gas turbine based on
database model.

I hope one will be able to find the latest information for his / her needs in this book.
Due to the constraint on time and very broad range of topics, there may be some
improper descriptions or errors in the book. The editors would be grateful to anyone
bringing them to their attention.

Dr. Hamid A. Al-Megren

Director of Petrochemical Research Institute,
Coordinator of Materials and Nanotechnology Sector,
King Abdulaziz City for Science and Technology, Riyadh
Kingdom of Saudi Arabia
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Shale Gas Development in the United States

Daniel J. Soeder
U.S. Department of Energy, National Energy Technology Laboratory,
USA

1. Introduction

Although natural gas has been obtained from organic-rich shales in the United States since
the first commercial gas well was produced in 1821 to provide gas light to four commercial
establishments and a mill in the small town of Fredonia, New York, large-scale shale gas
production is a recent phenomenon. Assessments of the geological and engineering
challenges of shale gas resources were performed in the 1970s and 1980s, as new domestic
energy sources were sought in response to an oil embargo imposed upon the United States,
and the resulting “energy crisis” that followed. The amount of natural gas present in the
shales was found to be significant, but commercial production had to await advances in
drilling and completion technology that came about in the 1990s. The new technology
allowed for the economic development of this resource in the 21st Century.

1.1 Basic shale geology

Shale is the name for a class of sedimentary rocks. The term shale refers to a rock that is
composed primarily of tiny grains of clay minerals and quartz, the mineral components of
mud. These materials were deposited as sediment in water, which was then buried,
compacted by the weight of overlying sediment, and cemented together to form a rock
through a process called lithification. Clay minerals are a type of sheet silicate related to
mica that usually occurs in the form of thin plates or flakes. As the sediment was deposited,
the flakes of clay tended to stack together flat, one on top of another like a deck of cards, and
as a result, lithified shale often has the property of splitting into paper-thin sheets. This is
called fissility, and it is an easy way to identify shale from other fine-grained rocks like
limestone or siltstone.

Because the grains of material that make up shale are so small, pore spaces between these
grains are equally small. Although shale can have porosity in the range of ten percent, the
pores and flowpaths are so tiny that it is difficult for any fluids in the pores, like gas, oil or
water, to flow out of the rock. Cracks or fractures are needed to for flowpaths.

Shale comes in two general varieties based on organic content: dark or light. Dark colored or
black shales are organic-rich, whereas the lighter colored shales are organic-lean. Organic-
rich shales were deposited under conditions of little or no oxygen in the water, which
preserved the organic material from decay. The organic matter was mostly plant debris that
had accumulated with the sediment. As these materials were buried deeply beneath
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younger sediments and subjected to intense heat and pressure over geologic time periods,
they became hydrocarbons, or what we know as oil, gas and coal.

A location with a good exposure of rock that is representative of the formation as a whole is
called the “type section,” and formation names are assigned by geologists after a nearby
geographic feature. Some well-known gas shales in the United States include the Marcellus
Shale, named for the village of Marcellus, New York (figure 1), and the Barnett Shale, named
for exposures in the valley of a creek called the Barnett Stream near Fort Worth, Texas
(Stamm, 2011).
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Fig. 1. Marcellus Shale type section near Marcellus, New York, showing natural fractures.
Rock hammer is 13 inches (33 cm) in length, tip pointed north. Photo by D.J. Soeder.

1.2 Natural gas in shale

Shale gas resources are huge. Estimates tabulated by Bruner and Smosna (2011) from
different authors on the size of the Marcellus Shale resource alone range from about 85
trillion cubic feet (TCF) to nearly 500 TCF of technically recoverable gas. (One TCF equals
about 9.3 billion cubic meters). The Utica Shale below the Marcellus may have even greater
reserves. Such numbers are of course built on many assumptions about the geology, gas
generating potential, gas in place, and percentage of recoverable gas, resulting in a wide
range of estimates. In nearly all cases, however, they are quite large when compared to
conventional gas reservoirs. The amount of gas consumed annually in the United States is
about 23 TCF, making the “hundreds” of TCF considered recoverable from domestic gas
shales a significant resource, no matter what the exact figure might be.
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To understand why the gas resources in these shale formations are so large, it is helpful to
review the manner in which oil and gas are created over geologic time periods. Rocks that
have the ability to produce hydrocarbons in commercial quantities with standard well
drilling technology are known as conventional reservoirs. The hydrocarbons present in a
conventional reservoir were usually created elsewhere, and migrated into the porous and
permeable reservoir rock, where they were trapped. Creating a conventional oil and gas
reservoir is a complicated process that requires a number of events to occur in a specific
order. These are: 1) source rock, 2) thermal maturity, 3) reservoir rock, 4) trap and seal, and
5) migration pathway. The rarity of all these things happening with precise timing and in
the proper sequence is the main reason oil and gas can often be quite difficult to find.

Source rock: Petroleum and natural gas were formed from decayed plant matter trapped
and preserved in fine-grained sediments. Two common sources of organic material were
algae or other water plants, and woody land plants. Some animals may have contributed as
well, but most fossil fuel is derived from ancient plant material, not dead dinosaurs. Decay
bacteria usually require oxygen, so if the dead plants settled to the bottom in water that
contained low levels of dissolved oxygen, the organic matter was often preserved and
buried under more sediment. These organic-rich sediments (later turned into rock) are
known as source rocks. Until recently, source rocks were not considered to be much good
for production, because they are generally made up of fine-grained, low permeability
materials deposited in quiet water environments, like black shale.

Thermal maturity: In addition to containing a few percent of preserved organic matter, the
source rock sediment had to be buried deeply, and subjected to heat and pressure within the
Earth to become thermally mature. Temperatures within the Earth increase with depth. This
is called the geothermal gradient and varies with location. In most places, the temperature
generally increases by about 25 degrees C with every kilometer of depth (Blackwell and
Richards, 2004). More deeply buried rocks were exposed to higher temperatures. Organic
materials, exposed to high temperatures over geologic time periods slowly break down
without oxidizing, turning organic carbohydrates into fossil fuel hydrocarbons such as coal,
oil and natural gas.

The thermal maturity of a gas shale is related to its burial history. For example, Lash (2008)
published an analysis for Devonian formations in western New York, determining that the
Marcellus Shale was initially buried rapidly beneath a thick wedge of sediments, then uplifted
and eroded by mountain-building before being buried again under more sediment derived
from the new mountains. Parts of the Marcellus Shale that were deeply buried were exposed
to temperatures above 175 degrees C for millions of years, thoroughly cooking everything in
the rock. Most measurements of thermal maturity on the Marcellus Shale place it quite high,
well beyond the liquid petroleum range. Dry methane gas is almost the only hydrocarbon
remaining in this shale, although some ethane is present in the western part of the basin.

Other shales with lower thermal maturity ranges do produce liquids along with the gas. A
shale in Texas called the Eagle Ford produces dry methane gas where it is deeply buried,
and significant natural gas liquids in shallower areas. Natural gas liquids are known as
condensate, which travels up the well as a vapor, but then condenses into liquid form under
the lower pressures and temperatures at the surface. Condensates such as propane and
butane are worth substantial money, and are eagerly sought by the petroleum industry.
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Reservoir rock: Conventional oil and gas production comes from reservoir rocks, which
consist of coarse-grained sandstones or limestones with significant porosity and high
permeability. These formations are too open and sponge-like to be good source rocks, but if
a source rock elsewhere is able to fill up the reservoir rock pore spaces with oil and gas, it is
easy to produce with conventional wells.

Trap and seal: In order to contain the gas and oil in a conventional reservoir rock, there
must be some kind of a trap, such as a fold or a fault, to create an underground structure
that acts as container of sorts to hold the hydrocarbons in the reservoir rock. To be effective,
the trap must also include an impermeable caprock to seal the reservoir and contain the
hydrocarbons within.

Migration pathway: Because the source rocks and reservoir rocks are usually completely
different formations, once the oil and gas have formed in the source rock, they need a
migration path to get from the source rock to a reservoir rock. This can be a fracture like a
fault that allows movement through the intervening rocks, or just tilted beds that will let
hydrocarbons slowly flow updip. Timing is everything: if the migration pathway is in place
before a reservoir rock is available, the oil and gas will be lost. On the other hand, if the
reservoir rock is present but no migration path ever develops, the reservoir stays empty.

In summary, a driller will end up with a dry hole in a conventional oil or gas reservoir if
any one of the five items described above is missing, or occurs out of sequence.

Gas shales are unconventional reservoirs. This means that they are significantly larger than
a conventional reservoir, but they are also much more difficult to produce. The shale acts as
both the source rock and the reservoir rock. The gas in the shale was created from organic
material deposited with the sediment, and was not required to migrate anywhere to be
trapped in a reservoir. However, because the gas has remained in the shale, it must be
produced directly from this fine-grained, impermeable rock, and that is not a simple task.

If the quality of most natural resources is plotted against the quantity, a triangle or pyramid
shape is typically produced, showing a small amount of high-quality resource, and
significantly larger volumes as the quality goes down (figure 2). The lower quality resource
is usually more difficult and expensive to produce, but if there is a technological or
economic breakthrough that makes it competitive with the higher-graded resource, the
production quantities can be enormous. This has happened with commodities like iron, coal,
gold, and timber, to name a few. For example, high purity drinking water from protected
springs or pristine mountain streams is in very limited supply. However, suppose a new
technology allowed seawater to be turned into drinking water of the same quality at a
similar cost, or better yet, cheaper. Supplies would suddenly expand greatly.

This is essentially what happened with shale gas. The application of new drilling and
hydraulic fracturing technology has allowed drillers to extract this gas directly from the
source rock at prices comparable to gas from conventional reservoirs.

The U.S. Geological Survey (USGS) has the responsibility for estimating oil and gas
resources in the United States, including shale gas. USGS hydrocarbon assessments are
based on mathematical models, which use an understanding of the geology of the rock unit
and the production characteristics of existing wells. The production data used by the USGS
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Fig. 2. The resource triangle illustrating the distribution of most natural resources, including
natural gas, when quantity is plotted against quality.

are the decline curves, or the fall-off in production over time, from a large number of gas
wells. Unfortunately, very little decline curve data have been made available, and
production from gas shales is so new that most of the wells have not declined very much
anyway. As such, calculations of the true size of the shale gas resource have been
problematic at best (Coleman and others, 2011).

The wide range of estimates for U.S. domestic shale gas resources is a clear sign that a better
understanding is needed of the processes that generate and store gas in the shale. Greater
rigor may also need to be applied to some of the assumptions used in the various estimates.
Discovering how the physical properties of the shale act to control the limits of gas content
would help to constrain the numbers and provide more accurate and realistic estimates of
gas in place, or GIP.

The amount of recoverable gas is always a fraction of the GIP, under the assumption that
100 percent of the gas will never be recovered, even under the best of circumstances.
Hydraulic fractures don’t contact every part of the formation, some pores may be blocked
with water or oil, and others may not be connected to flowpaths. The value for this fraction
varies from assessment to assessment, ranging from a low of about 10 percent up to 50
percent or even higher. In one of the classic publications on the resource, Engelder and Lash
(2008) stated that the Marcellus Shale GIP exceeds 500 TCF over an area encompassing parts
of New York, Pennsylvania, West Virginia, and Ohio. They assumed a technically
recoverable gas fraction of 10%, leading to a reserve estimate of 50 TCF. This caused quite a
stir at the time, because 50 TCF of producible gas from a single formation was more than
double the annual consumption of natural gas in the entire United States.

It has only gone up from there. More refined calculations by Engelder (2009) came up with
significantly higher estimates for GIP, and a 50 percent probability that the Marcellus Shale
will ultimately yield 489 TCF of gas, assuming a power-law decline rate, 80-acre well
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spacing, and 50 year well life. U.S. government numbers for Marcellus Shale recoverable gas
from the U.S. Energy Information Administration (EIA) are about 410 TCF (EIA, 2011). A
recent Marcellus Shale assessment by the USGS (Coleman, 2011) has concluded that the
median amount of technically recoverable gas from this formation is about 84 TCF, and it
may go as high as 144 TCF, but this is still quite conservative compared to some of the other
numbers out there. The EIA recently reduced their estimates to be more in line with the high
end numbers from the USGS.

Why is there so much gas in shales like the Marcellus? Most geologists agree that the gas
was derived from rich deposits of organic matter in the shale, formed from abundant marine
algae that grew and died in a shallow inland sea during the time of Marcellus Shale
deposition. Wrightstone (2011) suggests that the planktonic or floating marine plants were
fertilized by mineral-laden dust blown into the basin by trade winds off arid highland areas
to the east. Periodic dust storms from these deserts would have added fine particles of
quartz to the water in the enclosed basin, along with a host of mineral nutrients, including
iron and phosphorous. It has been known for some time that iron is an essential fertilizer for
algae. The dust-blown minerals could have fertilized an explosion of plant growth in the
water. Wrightstone cites documentation from a modern algae bloom that occurred in the
Tasman Sea after an Australian dust storm of epic proportions in 2009, and similar blooms
in the Atlantic Ocean from dust storms off the Sahara Desert. Under a microscope, a
significant part of the mineral matter in the Marcellus Shale can be seen to be composed of
small particles of quartz that are just the right size to have been carried by the wind.

Algal blooms concentrate a great deal of organic matter in the water column, and then
transport this organic matter to the ocean bottom when the plants die and sink. When these
blooms happen, bacteria trying to feed on large masses of dead algae rapidly remove any
residual oxygen from the bottom waters and create anoxic sediments, which preserve the
organic material. The anoxic muds were then buried, exposed to heat and pressure, and
generated copious amounts of methane gas.

2. History of U.S. shale gas investigations

Although the first commercial American gas well was hand-dug into Devonian-age shale in
Fredonia, NY by William Hart in 1821, serious shale gas studies did not begin in the United
States until the 1970s, in response to oil shortages that led to an “energy crisis.” This crisis
was actually a series of oil shocks precipitated by a Middle East war in 1973, and the Iranian
revolution in 1979. The energy shortages experienced during these episodes worried the
American public, and influenced U.S. foreign policy.

The Middle East war known variously among historians as the Yom Kippur War, the
Ramadan War, the 1973 Arab-Israeli War, or the Fourth Arab-Israeli War was fought
between October 6 and October 25, 1973. Lasting less than a month, it involved armies from
Egypt, Syria, Iraq and Jordan attacking Israel, followed by an Israeli counterattack, and
ended with a U.N. brokered ceasefire (Rabinovich, 2004). Both the United States and Soviet
Union enlisted the two sides as proxies, with the Soviets resupplying and supporting Egypt,
and the Americans airlifting material and providing intelligence support to Israel. US.
involvement led some members of the Organization of Petroleum Exporting Countries, an
oil cartel better known by its acronym OPEC, to call for an embargo on oil exports to the
United States. At a meeting of oil ministers in Kuwait on October 20, 1973, members of
OPEC declared a total embargo on American oil deliveries (Yergin, 1991).
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The oil embargo on the U.S. lasted until the spring of 1974. Although this was at a time
when significantly less than half of the oil used in the United States was imported, and not
all the member countries of OPEC had even joined in the embargo, the action still resulted
in severe shortages, long lines at gasoline stations when there was fuel available, and
consumer panic. The price of oil quadrupled almost overnight. The American driving
public, who had not worried about gasoline supplies since the days of fuel rationing during
the Second World War, were shocked and stunned.

The U.S. postwar housing boom had relocated many people into suburbs at long distances
from city centers. Suburban life meant that automobiles were required for nearly all
transportation needs. Fuel shortages and price hikes in the winter of 1973-74 raised the
prospect of being stuck with an empty gas tank in a useless car, and unable to carry out the
simplest tasks. In the rhetoric of the time, people demanded that something be done to
prevent America from being held “hostage” to imported oil. Many people thought that if the
United States could send men to the moon, we ought to be able to figure out how to fuel our
automobiles. The public outcry forced the government to act. The United States Department
of Energy (DOE) was formed from a number of smaller agencies as a cabinet-level entity of
the US. federal government under President Jimmy Carter on August 4, 1977. Along with
inherited responsibilities like running the national labs and maintaining the nation’s nuclear
weapons stockpile, a primary mission of the new DOE was to find technological solutions to
the energy crisis.

The second oil shock hit in 1979, during the Iranian revolution. The student protests that
eventually led to the fall of the Shah severely disrupted Iranian oil production, and
essentially curtailed exports for several months. Although the United States received only a
relatively small percentage of imported oil from Iran, the disruption to global supplies was
enough to precipitate a second oil shortage, with the same gasoline station lines and panic as
seen in 1973. The 1979 crisis was much shorter-lived, however, because Saudi Arabia and
other exporting nations were able to make up for the Iranian oil shortages and return
American imports to nearly steady levels (Yergin, 1991).

Schrider and Wise (1980) described some of the potential new domestic sources of fossil
fuel, including natural gas, being investigated by DOE. These included unconventional
gas resources such as coalbed methane, tight gas sands, gas dissolved in deep brines
under high pressures, and shale gas. There was no doubt that the production of these
would be a technical challenge, but if they could be exploited, the energy would help
displace imported oil. A number of scientific and engineering investigations were begun
on unconventional energy resources by the U.S. government, one of which was the
Eastern Gas Shales Project.

2.1 U.S. Department of Energy Eastern Gas Shales Project

In 1975, the Energy Research and Development Administration, a predecessor agency to the
US. Department of Energy, initiated the Eastern Gas Shales Project (EGSP) to assess the
potential for a sequence of Devonian-age shales in the Appalachian Basin, as well as similar
rock units in the Michigan and Illinois Basins to produce large amounts of natural gas under
the proper conditions. The initial definition of proper conditions was to find organic-rich
black shales that contained abundant natural fractures. The organic matter in the black
shales would provide the gas, and the fractures would provide the flowpaths. Engineering
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experiments would seek to link the natural fractures through a series of man-made
hydraulic fractures, creating a network of high-permeability flowpaths through the shales.

Under DOE, the EGSP had 3 major components: resource characterization, development of
production technology, and the transfer of that technology to industry. The project was
managed by the DOE Morgantown Energy Technology Center (METC) in West Virginia,
which later became a campus of the present-day DOE National Energy Technology
Laboratory (NETL). Over a period of about 6 years, from 1976 to 1982, the EGSP used
cooperative agreements with drillers to collect oriented drill core from a variety of shale
units in the Appalachian, Michigan and Illinois Basins. Directional or “oriented” core was
necessary, because one of the major pieces of data being gathered was the strike and dip of
the natural fractures. Most of the EGSP cores came out of the Appalachian Basin, and many
of these were from the shallower, western side near the Ohio River. The shale sequence in
the eastern part of the basin is considerably deeper, and therefore more expensive to drill.
Only eight of the EGSP wells were drilled all the way down to the Marcellus Shale, and data
from those are now in high demand.

Cores were collected from 34 different EGSP wells in the Appalachian Basin, in formations
ranging from the Cleveland Shale to the Marcellus Shale. Three wells were also cored in the
Devonian Antrim Shale of the Michigan Basin, and seven wells into the equivalent New
Albany Shale in the Illinois Basin, for a total of 44. The locations of the EGSP wells in the
Appalachian Basin are shown in figure 3 (Bolyard, 1981).

™ @TN-9 _/ \

Fig. 3. Map locations of the DOE Eastern Gas Shales Project drill cores collected in the
Appalachian Basin between 1975 and 1981. Figure from Bolyard, 1981.
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As soon as the core was recovered, it was unloaded from the plastic sleeves used to line the
core barrel, washed to remove drilling mud, assembled, aligned, measured for length and
had depths marked on it. The cores were solid cylinders of rock, 3.5 inches (9 cm) in
diameter that weighed about ten pounds per foot (~15 kg per meter). The field crew then set
to work collecting and preserving samples, and creating a field description of the lithology,
noting in particular any gas shows, natural fractures or other features. The most time-
sensitive of the field samples were short segments of core designated for chemical gas
analysis. As quickly as possible, but certainly within two hours of the core reaching the
surface, these offgassing samples were hermetically sealed in steel cans. The cans were sent
to a chemistry lab in Ohio, where the composition of the gas was analyzed as it came out of
the rock. The final field task was to pack the core back up into the plastic liners and cap the
ends for transport to the EGSP core lab in Morgantown, WV.

Once the core arrived at the lab, it was laid out on tables, carefully pieced together, cleaned,
oriented and measured. Using the core orientation data and a circular plastic protractor,
north lines were drawn on the rock cylinders in permanent marker, which allowed for the
measurement of the orientation of any features or natural fractures encountered in the core
(figure 4).

Fig. 4. Black Cleveland Shale above gray Chagrin Shale in an EGSP core from Ohio, with
pyrite at the contact (2040.54 ft.). An orientation groove is visible to the right of the depth
marks; the vertical line on the front of the core marks north. Photo by Daniel J. Soeder.
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Cores were then processed for data collection. The lithology and color of the core were
described from bottom to top. Wet core surfaces were compared to standardized color chips
to determine color. Many so-called black shales are actually a yellowish black color similar
in tint to ripe olives. Only the Marcellus Shale was found to be a true charcoal black.
Correlations between organic carbon content, gas potential and “blackness” of the shale
were impractical, because once the organic carbon content reached a few percent, the shale
was black and didn’t get any blacker with more carbon (Hosterman and Whitlow, 1980).

Fractures were identified as natural or coring-induced, based on criteria defined by
Kulander and others (1977). Natural fractures were further classified as joints or faults.
Joints are fractures where the two walls have simply pulled apart. Faults are fractures where
the two walls have slid past each other; often leaving a polished, grooved surface behind
called a slickenside. The orientation of the natural fractures was measured using the north
directional line on the cores as a reference. The frequency of the coring- induced fractures
was counted, but little else could be done with them. It was hoped that they could at least
provide an indication of the brittleness of the rock, and a possible response to hydraulic
fracturing. Rock samples were collected from the cores for the various labs, agencies and
universities that had asked for them, and small wooden blocks were inserted into the core to
mark where each sample was taken from, and who had it.

The cores were photographed with a specially made rig that could trundle a camera down
the length of a core table. The photos were hand-pasted into albums and kept as a reference.
Sadly, many of these photos suffered water damage years later when in storage, and have
been lost. Gamma radiation readings were collected on the cores every foot (30 cm) using a
scintillometer for comparison with gamma ray logs collected downhole on a wireline tool.
Unfortunately, like the core photographs, the scintillometer readings have also been lost
over the three decades that have passed since the data were first collected.

Funding for the Eastern Gas Shales Project formally ended in 1992, but the budget had been
at relatively low levels since 1982. Despite the low funding levels, a number of cutting edge
engineering experiments were run on shale. An air-drilled, horizontal test well was
completed in the Huron Shale in December 1986 (Duda and others, 1991), which was drilled
with the intent of intercepting existing fractures and improving the efficiency of natural gas
recovery. Innovative logging techniques, directional drilling techniques, assessments of
reservoir anisotropy, liquid CO2 fracturing, and other new technologies were tried out on
gas shales during the last decade of the program. These studies greatly assisted industry in
the commercial development of shale gas a decade later.

By 2007, many of the old EGSP reports, publications and data tables were being eagerly
sought out by industry people interested in the potential of shale gas, and personnel at
DOE-NETL started getting numerous requests for copies. Many of these had been packed
away for years, or were quite rare. In response to increasing demands for information as
unconventional gas drilling expanded, the NETL library assembled nearly every relevant
document from the DOE unconventional gas program, some of which were literally down
to the last copy in the known universe. The documents were transferred into an electronic
format and placed on two DVDs, allowing hundreds of reports and scientific papers on
western U.S. gas sands, secondary gas recovery, eastern U.S. gas shales, methane hydrates,
deep source gas, and methane recovery from coalbeds to be carried in one’s pocket.
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There were many other aspects of the Eastern Gas Shales Project above and beyond the core
recovery and analysis activity, but that part of the work is described here because it would
later turn out to be an important factor in the decision to develop the Marcellus Shale gas
resource. Many of the other EGSP efforts, including drilling engineering and well design,
field tests on a wide variety of reservoir stimulation techniques, early attempts at computer
modeling, development of an assessment procedure and nomenclature for rock fractures, a
vast amount of gas chemistry and geochemistry analysis, and geological basin studies were
equally pioneering in the development of shale gas and other unconventional gas resources.

2.2 Institute of Gas Technology shale gas research

The Institute of Gas Technology (IGT), located in Chicago, Illinois is now known as the Gas
Technology Institute (GTI). It had been founded in 1949 as a research institute for the gas
utility companies, who were moving away from the use of manufactured or town gas, made
from coal and water, and replacing it with natural gas from oil wells that was being
pipelined up from the Gulf Coast. Town gas was extremely hazardous, consisting of a
mixture of carbon monoxide and hydrogen. Natural gas, on the other hand, is composed of
non-toxic methane, and it was abundant in the oilfields of Texas and Louisiana. Interstate
transmission companies were building thousand-mile pipelines from production areas on
the Gulf Coast to market areas in the Northeast and Midwest. In order to recoup some of the
costs of the pipelines and new distribution systems, the gas utility and transmission
companies wanted to encourage the use of more natural gas. IGT was initially founded to
conduct gas utilization research, developing new consumer appliances, and finding
additional commercial and industrial applications for natural gas. It wasn’t until the first
energy crisis in 1973 that IGT began a natural gas supply research program.

In the early 1980s, IGT had a subcontract with Sandia National Lab to analyze the core from
a DOE tight gas sand project called the Multiwell Experiment, or MWX. Tight gas sand is a
sandstone formation with reasonable porosity and a fair amount of gas in the pores, but
with permeability almost as low as that of a shale. It is an abundant gas resource in a
number of southern and western states in the U.S., and in western Canada. The challenge is
figuring out how to extract the gas economically. The MWX was a series of three wells
drilled relatively close together into the Mesaverde Formation in the Piceance Basin of
western Colorado. One of the wells was hydraulically fractured, and the other two were
observed for effects. The final part of the experiment was to drill an angled borehole across
the hydraulic fracture, and capture it in the core, which was done successfully.

The analysis of rock properties such as porosity, permeability, capillary entry pressure, pore
volume compressibility, pore size distribution and flowpath width are collectively known as
petrophysics. IGT developed a laboratory instrument to accurately measure the
petrophysical properties of tight sandstone core samples under pressure conditions
representative of the rocks at depth. The key was to maintain stable air temperatures inside
the apparatus, so gas pressures would not fluctuate due to thermal changes. Under these
steady temperatures, volume and flow measurements using gas were very accurate. The
apparatus employed a reference pressure stable to about one part in half a million, and it
could accurately measure gas flows lower than one millionth of a standard cubic centimeter
(gas at room temperature and atmospheric pressure) per second. This is equivalent to a
cubic centimeter of gas flowing from a rock over a time period of a million seconds, which is
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more than 11 %2 days. The reason for making this point is that the device was also used to
measure gas flow through shale. Some people have questioned whether such low flow
measurements could actually be made with this degree of precision, and the answer is yes.
The flows were measured with electronic sensors, and the apparatus was controlled by a
1980s version of a desktop computer, which in those days used cassette tapes to transfer
programs and record data. The device was named the Computer-Operated Rock Analysis
Lab or CORAL. It was described in detail at a Society of Petroleum Engineers (SPE) meeting,
and in a paper by Randolph (1983).

When the subcontract with Sandia National Lab expired, IGT received funding in 1983 directly
from DOE to do additional core analysis and experimental work with the CORAL, including
trying to measure simultaneous gas and water flow through tight sandstone cores. IGT
suggested that the CORAL could also be used to try collecting some gas permeability data on
EGSP shale core, because such permeability data were not in the literature. The DOE project
manager agreed, and supplied IGT with a list of “zones of interest” in many of the original
EGSP cores based on gas production or gas shows, correlation with gas-productive intervals in
nearby wells, successful stimulation results, and indications of high organic content.

At the end of active core collection in 1982, the EGSP core lab had been shut down, and the
shale cores were shipped to the state geological surveys in the state where they had been cut
for storage and safekeeping. Twenty-eight zones of interest were sampled by IGT from
thirteen cores in Ohio, Kentucky, New York, Pennsylvania and West Virginia.

In the end, IGT was only able to run two full loads of shale core in the CORAL. The device
had four core holders, so this was a total of eight samples in all. Six of the samples were
black Huron Shale, a member of the Ohio Shale, which was known to be gas productive in
southwestern WV. One of the Huron Shale cores in the first batch had cracked in the
coreholder, so core seven was a repeat run of another sample from this same well. Core
number eight was a Marcellus Shale sample from the EGSP WV-6 well.

The CORAL had been upgraded in anticipation of the shale analyses. The upgrades
included changing the flow directions of the air circulation system so temperatures of
critical components were more stable and returned to equilibrium more quickly, improving
the digitizing resolution with a better data logger, and rewriting the temperature control
software so it could predict when temperatures were nearing a setpoint and reduce power
to the heating coils beforehand, instead of overshooting and then having to correct. These
changes, driven by the desire to make measurements on shale, led to an overall
improvement in the performance of the apparatus and provided better data on all samples.

Small rock cylinders cut from the EGSP core samples for CORAL analysis were dried in a
controlled relative humidity oven to remove water from the rock without dehydrating the
clays. Proper drying under controlled relative humidity was important for obtaining useful
measurements (Soeder, 1986). Harsh drying, under high temperatures and/or in a vacuum
oven causes clay minerals to dry out and collapse, opening up pores and creating abnormal
permeability. Samples dried at 60°C under 45% relative humidity retain a layer of bound
water on clays and other hydrated minerals, although free water in the pores is removed.
Many analyses on a variety of tight sandstones and other rocks had confirmed this.

IGT core analysis on the eight samples of EGSP shale revealed a number of important
findings (Soeder, 1988). The first was that the Huron Shale samples contained small but
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significant amounts of petroleum in the pores, which blocked gas flow. Under low
differential pressures, no measureable gas flowed through these cores at all. At high
differential pressure, gas flow rates gradually increased over a period of hours before
leveling out. The data appeared to show that a liquid phase was being pushed out of the
pore system by the gas pressure, and gas permeability was slowly increasing as the
flowpaths were cleared of liquid. Dozens of tight sandstone measurements made on
samples dried under the same temperature and relative humidity conditions had never
shown any evidence of a liquid water phase in the samples. Yet all of the Huron Shale cores
showed some kind of liquid draining from the pores under pressure. The IGT analytical
chemistry lab placed a sample of the Huron Shale core in a tagged solvent and ran the liquid
through a gas chromatograph. The data revealed that the Huron Shale contained a light
paraffinic petroleum, typical of Appalachian Basin oils. It is important to note that a similar
analysis on the Marcellus Shale sample revealed that there was no oil present in this rock.

The discovery of oil blocking the pores of the Huron Shale helped explain some of the
erratic results of the earlier EGSP reservoir stimulation experiments. Many different types of
stimulations had been used, including hydraulic fracturing, explosives, and fracturing with
cryogenic liquids, gas and foam, among others. The results had been hit or miss at best -
some stimulation methods performed well on certain formations in certain locations, and
poorly elsewhere. There were not enough data to explain why this should be, and a 1982
report concluded that reservoir stimulation alone was insufficient to achieve commercial
shale gas production (Horton, 1982). This conclusion implied that the situation was a bit
more complicated than the old EGSP idea that any black shale will produce gas if
sufficiently fractured. With the finding that oil was blocking gas flow in the pores of at least
some shales, a few of the stimulation failures became more understandable.

The Marcellus Shale sample was measured by IGT in August 1984. Gas flowed through this
sample with remarkable ease, and excellent data were collected. The values for gas
permeability (reported as Kwo) were 19.6 pd (microdarcies) at 3000 psi net confining
pressure, and about 6 pd at 6000 psi net confining pressure (Soeder, 1988). The high
sensitivity of permeability to net confining stress (i.e. doubling the net stress reduced
permeability by more than two thirds) has implications with respect to production
drawdown and the expected economics of shale gas wells. Loss of flow under higher net
stress will be offset somewhat by increased gas slippage as pore pressures are lowered
during production. Shale gas has not been produced long enough for many wells to have
entered these stress and pressure regimes, but this is certainly a concern for the future.
Obviously, a lot more data are needed to understand the petrophysics of shale.

The CORAL apparatus at IGT was also capable of measuring the pore volume of a core
sample under representative net confining stress using a Boyle’s Law (pressure-volume
equivalence) technique. The device used a volume-calibrated, positive displacement pump,
and a sensitive differential pressure transducer to measure pore volumes with an accuracy
of 0.01 cm3. Porosity of the Marcellus Shale core was measured using nitrogen gas at two
pressures to check the validity of the data points. Instead of obtaining the same value for
pore volume regardless of pressure, significantly more nitrogen gas went into the sample at
lower pressure. This higher apparent porosity at low pressure is a sign that some of the gas
was being adsorbed. The phenomenon of adsorption occurs when gas molecules attach
themselves to electrostatic surfaces inside the pores. The nitrogen data prompted another,
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more thorough gas porosity measurement at a wider range of pressures using methane, the
main component of natural gas. These data showed that the amount of methane the
Marcellus Shale could hold was equal to 0.224 times the square root of the pressure. This is
called an isotherm in adsorption chemistry and defines an adsorption function. When these
data are plotted on a linear graph to show the volume of methane per volume of rock as a
function of pressure, the curve shown in figure 5 emerges. The curved line is due to
adsorption; if this was strictly a pressure-volume relationship, the line would be ruler-
straight. When this curve is extended out to the value of 3500 psi reported for the initial gas
pressure of the Marcellus Shale in the EGSP WV-6 well, where the core originated, the
calculation shows a gas-in-place value for this shale of approximately 26.5 standard cubic
feet of gas (scf) per cubic foot (ft3) of rock. This was an important piece of data, because the
National Petroleum Council (1980) had assessed the gas potential of Appalachian Basin
shales at just 0.1 to 0.6 scf/ft3. The IGT value of 26.5 scf/ft3 in the Marcellus Shale core from
EGSP WV-6 was an astounding 44 to 265 times greater than the NPC estimate. No one had
ever reported this much gas in a black shale before. The results were published in a DOE
report, and as an SPE journal article (Soeder, 1988).
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Fig. 5. Natural gas potential in the Marcellus Shale from methane porosity data measured as
a function of pressure. From Soeder (1988).

3. Production of shale gas

The people bewildered by all the drill rigs setting up across the Pennsylvania countryside
might be surprised to learn that the Marcellus Shale drilling did not simply come as a bolt
from the blue. After the end of the Eastern Gas Shales Project, the drilling industry
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continued to innovate with the development of new drilling technology and new hydraulic
fracturing techniques. The potential applications of these new techniques to the production
of shale gas were carefully scrutinized by George P. Mitchell, the co-founder of Mitchell
Energy, who had been involved with shale gas since the early days of the EGSP, drilling a
number of cooperative wells with DOE in Ohio. Mitchell was interested in the gas potential
of the Barnett Shale in Texas. Like the Marcellus and other shales, it was difficult to obtain
economical amounts of gas from vertical wells in the Barnett. Mitchell Energy tried a lot of
different drilling techniques and reservoir stimulation methods over a period of about 18
years, including massive hydraulic fracture stimulations, which did produce significant
flows of gas, but at very high cost.

The key to producing economical quantities of shale gas has turned out to be the ability to
drill and fracture horizontal boreholes through the rock, which contacts much more
formation volume than a vertical well. The typical black shale thickness of only a few
hundred feet (tens of meters) limits the amount of contact a single vertical well can have
with the rock. Drilling horizontally, however, allows the wellbore to remain within the
shale, and penetrate distances of thousands of feet (kilometers). The drilling is coupled with
hydraulic fracturing to create high permeability flowpaths into the shale. Instead of the
single hydrofracs done in vertical wells, the long horizontal boreholes allow for an entire
series of hydraulic fractures to be spaced a few hundred feet apart (figure 6). There can be
ten or more of these so-called “staged” hydrofracs in a horizontal borehole, resulting in
large volumes of gas production. Drilling costs for a horizontal Marcellus well are
approximately 2-3 times higher than for a vertical well, but the initial gas production can be
3-4 times greater (Engelder and Lash, 2008).

Advances in horizontal drilling, or more accurately, directional drilling, came about in the
1990s, driven by the needs of deepwater offshore oil production. As offshore rigs moved
into deeper water, the engineering design of the platforms changed. Steel towers standing
on the sea bed had worked fine in shallower water, but drilling in thousands of feet of water
required the use of semi-submerged, floating platforms held firmly in place by tensioned
steel cables anchored into the seafloor. These platforms and their associated seabed anchor
facilities were expensive and complicated to rig up. The less frequently they needed to be
moved, the better.

Directional drilling was the answer. If a driller could bore a well directionally into one
reservoir pocket, and then drill another well in a different direction from the same location
to intercept a second reservoir pocket, a great deal of oil could be recovered without having
to move the rig. This need and the large sums of money behind it drove the development of
directional drilling forward in the 1990s. Some deepwater platforms now routinely drill as
many as 60 separate directional wells from a single location.

Directional drilling had been around for years, but there were two problems with it that
needed to be overcome: steering the bit and knowing where it was located. The first
technological advance in directional drilling was the downhole motor. Without the need to
turn the entire drill string from the surface, the drill pipe is much more flexible and can turn
relatively tight corners. The modern design uses hydraulic power, supplied by a slurry of
drilling mud pumped down the drill string under high pressure and through an impeller on
the downhole motor. The motor then turns the bit, which cuts the rock. The impeller, motor
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Fig. 6. Illustration of the combination of horizontal drilling and hydraulic fracturing
technology used for shale gas. Not to scale. (Modified from Soeder and Kappel, 2009).

and bit together are known as the “bottomhole assembly,” and it allows wells to be drilled
in virtually any direction, including horizontally. The drill bit is steered by using a bent
section of pipe near the bottomhole assembly to deviate the well away from vertical, by
changing the pressure being applied against the cutting face, or by varying the rotational
speed. Some advanced bits have thrust bearings controlled from the surface that change the
angle of the cutting head to provide precise control.

Advances in downhole position measurement using a combination of inertial navigation
with a gyroscopic compass and remote telemetry now allow drillers to more accurately
monitor the downhole location of their drill bit and the configuration of the borehole. Data
transmission methods vary, but usually involve digitally encoding the data and transmitting
it to the surface as pressure pulses in the mud.

The depth at which a directional wellbore changes from vertical to some other orientation is
called the kickoff point. The location in 3-dimensional space where the borehole is supposed
to intercept the producing formation is called the target. The radius of the curve used to
change the borehole direction from vertical to horizontal is called the build or the build rate.
The horizontal stretch of the borehole is called the lateral. The path of the lateral through the
target formation is called the trajectory.

Directional drilling in gas shale is laid out in patterns that look like the legs of a spider on a
map. The body of the spider is the drill pad. Multiple wells will originate from a single drill
pad, ranging from 6 to 10 or more in number. All of the wells start out vertical, and then
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from a kickoff point about 500 feet (150 m) above the target, build a curve. The trajectory
takes them down into the target shale in a direction that is usually perpendicular to the
trend of the most prominent natural fractures, or joints. Laterals can extend 5,000 feet (1.5
km) or more in length, and are often drilled parallel to one another at some optimal spacing
for the most efficient recovery of natural gas from the formation.

Because of the need to protect aquifers, the finished boreholes are lined with casing, held in
place by cement. Casing is made of heavy steel pipe, which screws together in
approximately 30-foot (10 m) segments. Each length of casing that is made up of joined
segments of a particular diameter is known as a string. There are several concentric strings
of casing in a well, with each successive casing string being smaller in diameter and
extending to a greater depth. As each string of casing is placed in the hole, cement is
pumped down through the center, and is distributed by a shoe at the bottom of the string so
that it oozes up into the annular space between the casing and the borehole wall. Enough
cement is pumped in to completely fill this annular space, and then left to cure. A proper
cement job is critical for sealing the casing and keeping it in place.

Different casing configurations are used in different climates, but in the Appalachian Basin
of North America, the following design is typical: The conductor casing is installed from the
surface to a depth of 30 to 60 feet (10-20 m) as a mechanical barrier to support the sides of
the hole in unconsolidated soil. This is the largest diameter string of casing used in a gas
well, usually about 24 inches (60 cm) in diameter. Inside the conductor casing, a second,
narrower casing string known as the surface casing (sometimes called the water or coal
casing) is run and cemented in place from the surface down to a depth of several hundred
feet below the deepest freshwater. The surface casing is 14 to 20 inches (35-50 cm) in
diameter and is used to isolate the gas well from the aquifers and coal seams. It is designed
to protect the groundwater by preventing any gas or oil from entering the aquifer, while at
the same time keeping groundwater from flooding the well. Regulations for fresh
groundwater protection tend to be conservative, and may require surface casing to be set as
deep as a thousand feet (300 m).

From the bottom of the surface casing, the main vertical, curved and lateral portions of the
borehole are drilled. Another string of casing, called the intermediate casing, is installed
through this part of the hole down to the kick-off point of the curved borehole, and cemented
into place. This casing is 9 to 12 inches (23-30 cm) in diameter, and its purpose is to keep the
borehole walls from collapsing and to prevent any gas and liquid in the rocks above the target
formation from entering the annular space of the well. A final string of well casing, called the
production casing, is installed in the finished hole. It is usually only about 5 inches (13 cm) in
diameter, and extends from the surface down the vertical hole, through the curve and along
the entire length of the lateral to the very bottom end or toe of the hole. It is cemented into
place through the production zone to the base of the intermediate casing, and serves to
channel all gas production directly to the surface, without any opportunities to go astray.

The completion process for the well begins by punching holes in a section of the lateral casing
in the production zone using shaped explosive charges on a wireline carrier. This perforation
of the casing creates contact with the reservoir. The holes and cement behind the casing are
cleaned using a 15% solution of hydrochloric acid. The hydraulic fracturing process begins by
pressure testing and calibrating all of the equipment. Water, chemicals and sand are mixed in a
blender and pumped downhole. As the hydrofrac begins, the pump rate is brought up slowly
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while pressures at the wellhead, downhole, and in the annulus behind the production casing
are carefully monitored. The frac fluid is pressurized until the breakdown pressure of the
formation is exceeded and the rock cracks open. The initial part of the frac is just water, called
the pad. It is followed by water mixed with sand pumped in as a proppant, to keep the
fractures open after pressure is released. A flow meter on the blender measures the volume of
fluid pumped downhole, and a densometer measures the amount of sand in the fluid.
Engineers watch the wellhead, annulus and bottomhole pressures, pump rate, fluid density
and material parameters throughout the frac. When the first stage of hydraulic fracturing is
finished, the pressure is released and a seal called a bridge plug is set into the production
casing to close off the perforated and fractured interval from the rest of the well. The hydraulic
fracture treatment is repeated in a second stage, which is then also closed off with another
bridge plug. The process continues until the last stage reaches the upper end of the lateral,
called the heel, and begins to curve up out of the shale.

After all the stages of fracturing have been completed, the bridge plugs are removed. Gas
pressure in the rocks is used to push the frac fluid out of the well during a procedure called
“blowback,” which is designed to remove as much of the liquid as possible. The expelled
fluid is diverted into a holding tank. Because the well is not yet on production, this
operation requires that the gas be burned-off or flared. The water being pushed out of the
well by gas pressure is called flowback fluid, and the flow of liquid can persist
intermittently for weeks. Once the gas production begins after the initial discharge of
flowback fluid, a production wellhead is installed along with a gas meter and connector line,
and the gas is sold to a transmission company. Most operators filter and recycle the
flowback fluid into the next frac to avoid the costs of disposal.

3.1 Development of shale gas resources

George Mitchell truly believed in the gas potential of the Barnett Shale, and would not give
up. Because of his determination, Mitchell Energy continued their field experiments in
Texas, eventually developing something called a light sand frac, which was more effective
on the shale at a lower cost than most other hydraulic fracture treatments. A rise in gas
prices in the mid-1990s improved the economics. By 1997, Mitchell had perfected the light
sand frac technique in vertical wells, and started trying it in horizontal wells. They began
successfully producing commercial amounts of gas from the Barnett Shale using horizontal
boreholes and staged hydrofracturing in the early 21st century.

In the summer of 2004, Southwestern Energy announced that the Fayetteville Shale in
Arkansas had many of the same characteristics that made the Barnett Shale gas productive,
which set off another gas drilling boom. Oil and gas producers familiar with the Barnett
Shale rushed to northern Arkansas to get in on the Fayetteville Shale. Similar drilling booms
followed soon afterward on the Haynesville Shale in the Arkansas-Louisiana-Texas border
region known as the ArkLaTex, and the Marcellus Shale in Pennsylvania.

The Marcellus Shale was developed in the southwestern corner of Pennsylvania by a
company called Range Resources, who remain a major producer in the area. In 2005, Range
was drilling a vertical well called Rentz#1 in Washington County, PA to test oil and gas
prospects in the Lockport Dolomite. This is a Silurian carbonate rock in the Appalachian
Basin, older than the Marcellus Shale and located below it. The Lockport was originally
deposited as a calcite-rich limestone, which was later altered into a different rock called
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dolomite (named after the Italian mountains where it is common) by magnesium-enriched
groundwater. The alteration process causes calcium carbonate (calcite) to recrystallize into a
magnesium/ calcium carbonate mineral also called dolomite (the rock is often referred to as
“dolostone” to distinguish it from the mineral). The mineral dolomite usually forms larger
crystals than calcite, giving a sugary texture to the formerly fine-grained limestone, which
creates porosity that may contain oil and gas. There is no guarantee that hydrocarbons will
be present, however. A mantra of all oil and gas geologists is that despite all the geology
and geophysics used for exploration, you never really know what’s down there until you
get down there, and the only way to get down there is to drill.

The Rentz well came back with poor gas shows from the target formation. Bill Zagorski, the
Range Resources geologist in charge of the well, was left wondering what to do with this
non-productive, dry hole. Zagorski found himself in Houston a few months later, trying to
sell an interest in developing a shale gas prospect in Alabama using Mitchell Energy’s
production technology, when he recalled that he had seen evidence of gas in the Devonian
shale section penetrated by the Rentz well above the Lockport Dolomite. Some of the
historical data he had researched when selecting the well location reported gas shows and
even a “blowout” in old drilling records, which he realized were at depths near the
Marcellus Shale (Durham, 2010). Zagorski researched what was known about gas resources
in the Marcellus Shale, which included finding many of the old DOE and SPE publications
on the subject from the EGSP work two decades earlier, and got the go-ahead from his
company to try a completion in the Marcellus.

Range Resources re-completed the vertical Rentz#1 well in the Marcellus Shale, and got a
significant return of initial gas production. Thus encouraged, they drilled the first few
horizontal Marcellus wells in 2006 with mixed results, but after some trial and error, Range
eventually applied a modification to the Mitchell Energy light sand frac called the slickwater
frac, which turned out to be an effective production technique that is now commonly used on
Marcellus Shale wells throughout the basin. The first successful horizontal Marcellus well,
Gulla#9, came online in 2007, returning an initial gas production rate of 4.9 million cubic feet
per day, which is quite exceptional for any gas well, and until then practically unheard of for a
gas shale. Zagorski considers Gulla#9 to be the “discovery” well for the Marcellus Shale, and
the one that started the play. Between 2008 and 2011, nearly 8,000 gas wells have been drilled
and hydraulically fractured in the Marcellus Shale in Pennsylvania and West Virginia.

In addition to the Marcellus Shale, gas production from the Barnett Shale in the Fort Worth
Basin of Texas is still going strong, as are the Haynesville and Fayetteville shales in
Arkansas. The Woodford Shale in the Anadarko Basin of Oklahoma is also being produced.
A new shale play getting started is the Utica Shale, an Appalachian Basin black shale that is
deeper and older than the Marcellus. The Utica actually covers more land area than the
Marcellus, extending farther into the northern, western and eastern reaches of the basin. It is
already being explored and produced in Canada along the St. Lawrence River in Quebec. In
eastern New York, it fills fault bounded valleys called grabens, sometimes to thicknesses of
several thousand feet. The Utica also extends farther westward than the Marcellus into
central Ohio. One advantage of producing gas from the Utica Shale is that it underlies the
Marcellus Shale in many parts of the Appalachian Basin, making “dual completion” wells
possible: i.e. two production targets from a single borehole.

Other shales of interest in the Appalachian Basin include the Rhinestreet and Ohio shales
above the Marcellus. In Utah, gas potentials of the Mancos, Manning Canyon, Paradox, and
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Pierre-Niobrara shales are being investigated. Alabama is looking into possibilities with the
Floyd Shale and the Conasauga Shale. Well-known, organic-rich shales like the Antrim in
the Michigan Basin, the New Albany in the Illinois Basin, and others are now being
reviewed for their gas potential. Even the black shales in some of the small, Triassic rift
basins along the U.S. East Coast are being evaluated for shale gas.

The Eagle Ford Shale in Texas produces significant natural gas liquids, or condensate, along
with the gas. The liquids are worth more money than gas, and hence are more attractive to
the petroleum industry, making the Eagle Ford the current “hot prospect” for shale drilling
in the U.S. The Eagle Ford ranges in depth from about 2,500 feet to over 15,000 feet (760 m to
4.6 km), which has taken the shale through a variety of thermal maturation windows, from
dry gas at the deep end through crude oil to “wet gas” at the shallower end. The Eagle Ford
has problems with what is called retrograde condensate, however. Under reservoir
pressures and temperatures, the natural gas liquids exist as a vapor phase, and come up to
the surface as such, condensing out in tanks at the well pad. When reservoir pressures drop
because of production, however, the vapors condense into liquids downhole, plugging up
pores in the shale just like the light oil in the Huron Shale did for IGT. Trying to figure out
how to produce both gas and liquid from such a reservoir without losing permeability is a
major engineering and technical challenge. The locations of major shale gas plays in the
United States (excluding Alaska and Hawaii) are shown on the map in figure 7 from the U.S.
DOE Energy Information Administration.

[ shale Gas Plays Basins
Plays
~—— Shallowest / Youngest
Deepest / Oldest

Source: Energy Information Administration based on data from various published studies.
Updated: March 10, 2010

Fig. 7. Location of shale gas plays in the contiguous United States. Source: U.S. Department
of Energy, Energy Information Administration.
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3.2 Shale gas world-wide

Gas and oil production from shales is of interest worldwide. Many countries who once
thought they were limited on conventional hydrocarbon reservoirs are finding black shales
and exploring them for gas and oil. Active drilling projects are underway or planned in
Britain, Canada, Ukraine, South Africa, several North African countries, and Argentina.
Mexico, Belarus, Poland, Germany, Brazil, Australia and China are also interested in shale
gas development. Once George Mitchell’s ideas about how to horizontally drill and
hydraulically fracture these rocks became known, the exploration of shale energy resources
took off nearly everywhere (figure 8).

Legend
I Assessed basins with resource estimate
“| ] Assessed basins without resource estimate
[ Countries within scope of report

[ Countries outside scope of report S

Fig. 8. Sedimentary basins worldwide containing significant shale gas resources.
Source: U.S. Energy Information Administration.

The resource numbers are enormous. Recent figures in some of the oil and gas trade journals
suggest that shale gas reserves worldwide could be greater than 6,000 TCF, or more than ten
to twenty times the amount of gas estimated for the Marcellus Shale, and possibly much
higher. The amount of drilling, core sampling and well testing that has been taking place in
most of these countries so far has been minimal, and data are sparse. Thus, most resource
estimates are little more than educated guesses. In many countries, the geological thickness
and extent of the organic-rich, black shale units are not known, so even educated guesses are
not possible. Countries like Poland and Germany, who import most of their natural gas, are
interested in developing domestic shale gas resources as a path to energy independence.
However, environmental concerns over shale gas and particularly hydraulic fracturing are
giving them pause. Environmental politics in the European Union are much stronger than in
America, and sensitivities are higher. Countries are looking to the United States for
environmental data and best management practices. Many are disappointed with the slow
progress of shale gas environmental research in the United States.
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4. Environmental concerns with shale gas

Development of shale gas is an industrial activity. Heavy machinery and serious equipment
are needed to install the pad, drill down to the appropriate depths, and create and frac the
long horizontal boreholes necessary for economic gas recovery. It involves a lot of material,
including gravel, water, sand and chemicals for the pad and the hydraulic fracturing
operations, along with many trucks to deliver all this to the well site. Installing the well
creates noise, mud and dust, and requires a large crew of hard-working people, who live at
the site for several days to weeks at a time. The drilling operations run 24/7, and create a
neighborhood nuisance with their work lights, constant racket, smelly exhaust and endless
activity. Having one of these sites near a home, school or business can be distracting,
inconvenient, annoying, and disruptive.

Not all of the environmental impacts of shale gas production are known. A significant
period of “baseline data” must be collected so the starting conditions are documented. Many
of the parameters needed to determine environmental impacts have not been measured,
because there has not been funding or time available to measure them.

Not all of the known environmental impacts are addressed under current regulations.
Because the shale gas phenomenon is occurring in places that are not considered traditional
oil and gas states, regulations that were largely designed for dealing with small drilling
operations are inadequate for the scale of activity associated with shale gas development.

Not all of the current regulations are being properly enforced. State agencies don’t have
enough personnel to be everywhere all the time to enforce laws across extensive shale gas
plays. Despite the huge upsurge in applications for drilling permits, the state oil and gas
agencies have been largely unable to add a significant number of additional personnel
because of tight budgets and other constraints.

Environmental impacts can be short-term or long term. Short-term impacts are related to
well construction, and include things like water withdrawals, flowback fluid disposal, lights
and noise from the drilling operations, effects of water impoundments on wildlife, and air
pollution. Most of these go away once the well is constructed and all the equipment moves
off, but they can be fairly intense during the drilling process. Long-term impacts are related
to the well and drill pad occupying the landscape, and include concerns like habitat
fragmentation, groundwater contamination from leaks or spills, the potential introduction of
invasive species, and the process of ecological succession as the open drill pad slowly fills
back in with vegetation. These factors are somewhat more difficult to quantify, and certain
concerns, like invasive species, may not show up for some time. The short term impacts tend
to be more acute, and the long term more chronic. Assessing both of these types of impacts
is important for understanding the overall environmental effects of the gas well.

An additional unknown is cumulative impact, which stems from the planned development
of the resource. Environmental effects from individual wells add up as more and more wells
are placed within a tract of land, eventually taking conditions across a threshold and
causing impacts much greater than the individual wells alone. At the rate the resource is
being developed, tracts of land that were only going to contain a few wells have
mushroomed into dozens. A problem with cumulative impacts is that it is difficult to tell
when a threshold has been crossed until it is too late. Assessments need to be made of the
number of wells an ecosystem or a watershed can tolerate per unit area.
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The five things that are the most susceptible to the potential environmental impacts of shale
gas development are air, water, landscapes, habitat and ecosystems. Quantifying the
impacts of shale gas wells on these receptors could help significantly with the improvement
of both environmental monitoring and management practices to minimize problems.

Air pollution during well construction and hydraulic fracturing is a concern because of the
large numbers of diesel engines needed to run heavy equipment. Some drill rigs are now
electric-hydraulic, drawing power from on-site generators running on natural gas supplied
by a nearby well instead of diesel. Air can also be contaminated by exhaust from compressor
stations needed to boost the gas up to pipeline pressures.

Water issues include potential impacts to water supply, water quality, and damage to small
watersheds. These were described in a USGS publication by Soeder and Kappel (2009). The
large volumes of water needed for a staged hydraulic fracture have the potential to impact
local supplies. Many drillers now build large, central impoundments that they fill during
times of high streamflow and low demand. Standards for the quality of water used in a frac
have also been relaxed since drillers realized that swelling clays are generally not a problem
in thermally-mature gas shales. They no longer require drinking water quality supplies for
frac fluid. Recycled flowback and raw water from local streams is often used. Recycling the
recovered high salinity flowback fluid into the next frac has lessened water quality concerns
considerably. Still, the risk of spills and leaks, the potential for toxic metals and
radionuclides to oxidize and leach from drill cuttings, and the movement of stray gas
through aquifers remain water quality concerns. Small watersheds risk potential damage as
drillers build five-acre drill pads and service roads. A great deal of equipment, supplies and
vehicles have to be transported into and out of a drill site. Construction of roads alongside
small streams often does not take stream hydrology into account, changing the flow regime
and altering the aquatic ecosystem. Other watershed concerns include the potential for
chemical spills, seepage of contaminants through shallow groundwater, erosion and
sediment issues, and worries that high salinity flowback water could cause major mortality
in aquatic ecosystems if released into a stream.

Habitat and ecosystem impacts near shale gas wells are both short-term and long-term.
Short term impacts are related to the construction process itself, caused by the effects of
lights, noise, activity levels, vehicle movements, and chemical exposure on local flora and
fauna. Long term effects include re-occupation of the drillpad area by displaced plants and
animals, species succession, potential impacts of structures and facilities on ecosystems,
habitat fragmentation, and the possible establishment of invasive species. Many of these
impacts are being assessed in a study being carried out in Pennsylvania (Soeder, 2010).

One of the popular concerns expressed about hydraulic fracturing is that the fractures may
break upward into overlying aquifers, and contaminate groundwater with formation brines
and dangerous chemicals. There are a number of physical reasons that make this highly
unlikely; including the length of time the fracturing fluid is under pressure, the volume of
fluid injected, the behavior of stress fields near the surface, and flow gradients once the well
is in production. It is doubtful that the fluid will climb a mile or more against the force of
gravity to contaminate a freshwater aquifer.

Geophysical data support the notion that hydraulic fracture heights remain well below
freshwater aquifers. A technique called “microseismic monitoring,” originally developed by
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DOE and Sandia National Laboratory is used to determine the positions of hydraulic
fractures in the ground. The method uses a string of sensitive microphones known as
“geophones” that are suspended in a borehole near the frac location. The crackling sound
emitted by the breaking rock is detected by the geophones and the arrival times of the
sound at the different sensors are carefully measured. These data are then used to
triangulate the progression of the frac over time. The vertical geophone string lowered into a
well is said to be accurate to within a few cm on the height of the fracture. A graph from
Fisher (2010) using microseismic data to compare the height of Marcellus Shale hydraulic
fractures with the depth of the deepest aquifer reportedly producing drinking water on a
county by county basis is shown in figure 9. In no case do the fracture heights approach
within several thousand vertical feet (km) of the aquifers.
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Fig. 9. Microseismic-measured height of hydraulic fractures in nearly 400 Marcellus Shale
frac stages in numerous wells, plotted against the depth of the deepest freshwater aquifer in
each county. For the figure, the fracs were sorted from deepest on the left to shallowest on
the right. Data courtesy of Kevin Fisher, used with permission.

5. Conclusions

Organic-rich black shales contain significant amounts of energy in the form of natural gas,
which may be large enough to make the United States energy independent for the first time
since the 1950s, and finally bring to an end the so-called “energy crisis” of the 1970s. The
size of the gas resource has been known or suspected for many years from government
studies like the Eastern Gas Shales Project, but the technology needed to economically
recover the gas was not developed until the 1990s. Mitchell Energy persisted with gas
production attempts on the Barnett Shale in the Fort Worth Basin of Texas until they finally
found a successful combination of horizontal drilling and staged hydraulic fracturing that
allowed the recovery of large amounts of shale gas at economic costs. Range Resources was
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the first to apply the Mitchell-developed technology on the Marcellus Shale in 2007, and
started the current play. Shale gas development continues in the U.S. and worldwide.

The shale gas recovery process is not without environmental concerns. Environmental
impacts on the Marcellus Shale include potential effects on air, water, ecosystems and
habitat, some of which are known and others of which are still being studied. Improved
drilling practices, such as frac fluid recycling, are reducing these impacts. There is reason to
believe that all environmental impacts and indicators will be identified eventually, and
properly regulated.
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1. Introduction

Natural-gas hydrate systems are solid-state light-hydrocarbon accumulations which are
encountered in the permafrost and the continental margins. They are stable under high-
pressure and low-temperature conditions and represent the major hydrocarbon volume on
earth (Kvenvolden, 1988). Gas hydrates consist of a polycrystalline structure where a light
hydrocarbon is trapped within a water lattice. The nature of the hydrocarbons is strongly
related to their origin which is either microbial (also called biogenic) or thermogenic.
Microbial gas-hydrate systems contain hydrocarbons produced by bacteria and archaea.
There are primarily methane with a very small amount of ethane and eventually propane
(Max, 2003). Others non-hydrocarbon compounds like hydrogen sulphur and carbon
dioxide are also present. In the case of microbial gases, the hydrates are formed at or near
the gas production area. Owing to the very high-methane content, these hydrates are
commonly called methane-hydrate systems.

Beside the microbial gas-hydrate systems, there are hydrate accumulations which are
connected to a petroleum system (Max, 2003). Thus, the hydrate-forming gases have a
thermogenic origin. They come from deep subsurface reservoirs of hydrocarbons,
may contain hydrocarbons from methane to Cs+, and migrate to the shallow sediment where
the pressure and the temperature are favourable for hydrate nucleation and growth.
Heavier hydrocarbons like isobutane, isopentane, neopentane can be trapped into the water
lattice.
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Since the beginning, investigations on natural-gas hydrates connected to or in relation
with a petroleum system have held a prominent position in geosciences as they have been
considered as a geohazard for the petroleum industry (Kvenvolden, 1999; Kvenvolden,
2000; Sloan and Koh, 2008). Now natural-gas hydrate systems are seen as a potential
energy resource, and investigations are shifting mainly towards the study of the gas-
hydrate production. This corresponds to a second period in the young history of natural-
gas hydrate systems. However, the production of all hydrate accumulations is not
economically viable and the scientific insights gained up to now from studies of gas
hydrates as a geohazard is of immense value for the understanding of the behaviour of
such complex systems. Therefore, applied research on gas hydrates will still be focused on
both fields of interest. Beside, the industrial interests, there is a debate on the
destabilisation of natural-gas hydrate systems and their contribution to climate change
(Henriet and Mienert, 1998; Krey et al., 2009; Maslin et al., 2010; Yamamoto et al., 2009). In
fact, if this huge amount of methane bound into the hydrates is released and reach the
atmosphere, it would certainly impact on the climate by raising the temperature as
methane is a greenhouse gas. However, there is an ongoing scientific debate about the
likelihood for important quantity of methane being released from oceanic hydrates to
reach the atmosphere (Reagan and Moridis, 2008).

Whatever the scientific and industrial purposes, the study of natural-gas hydrate systems
now involves more and more multidisciplinary approach. Fortunately, thanks to the ever-
increasing deep-sea technology development, scientists are able to recover well-preserved
samples from different types of geological setting, perform several kinds of analysis and
obtain more accurate measurements. More specifically, development of seismic techniques
also allows a better visualisation of hidden structures underneath the hydrate
accumulations (Collett et al., 2010; Paull and Dillon, 2001; Plaza-Faverola et al., 2010). The
resulting data of all those techniques and analyses are gathered, integrated and combined to
advance our understanding on natural-gas hydrate systems.

Geochemistry plays an important role in the understanding of a natural-gas hydrate
system (Paull and Dillon, 2001). It allows the chemical identification of the different
materials involved in the hydrate formation as well as the determination of their origin.
Such information enables us to constrain the hydrate formation, accumulation and
destabilisation processes, and therefore geochemistry contributes to a large part in the
description of the system’s dynamics. This chapter is dedicated to the application of a
series of geochemical analyses to describe a natural-gas hydrate system located on the
Western High, in the Sea of Marmara, offshore Turkey. It has been discovered during the
Marnaut scientific expedition in 2007 on the R/V L’Atalante. The collected hydrate
samples were porous and had a strong smell of oil. The sediment associated with the
hydrates was also stained with oil, which strongly suggests a possible link with a
petroleum system, possibly with the Thrace basin. Since this expedition in 2007, two
others ones dealing with the study of this hydrate system, Marmesonet in 2009 and
MARMARA 2010 in 2010, were undertaken. Here, we gather the data from literature,
mainly from Bourry’s article (Bourry et al., 2009), along with newly generated ones to
provide a description of the geochemical dynamics of the Sea of Marmara natural-gas
hydrate system.
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2. Geological setting

The Sea of Marmara is a 210 km long and 75 km wide intracontinental sea on a waterway
between the Mediterranean Sea and the Black Sea. It is lined in both the North and the South
by Turkey and is extended over a surface of 11, 500 km2. The Sea of Marmara is divided into
three pull-apart basins, these are from West to East Tekirdag basin, Central basin and
Cinarcik basin with a maximum depth of 1,152 m, 1,265 m and 1,273 m respectively. The
basins are separated by NE-rending ridges, the Central High and the Western High, which
were probably generated by shear strength and transpression controlled by the overall
strain of the North Anatolian Fault (NAF) (Okay et al., 1999). The Sea of Marmara is also
crossed by branches of the the North Anatolian Fault, a plate boundary between the
Anatolian and the Eurasian plates (Le Pichon et al., 2001). This fault zone is one of the most
active and the most dangerous amongst the European faults. It is composed of several
segments, which have undergone several major earthquakes during the twentieth century.
The last major ones are 1999 Izmit and Duzce earthquakes (Barka et al., 2002; Gasperini et
al.,, 2011; Utkucu et al., 2003).

Stratigraphic analysis of Late Quaternary sediments of the Sea of Marmara indicates that it
was a freshwater lake during the last glacial period 12 kyr 14C Before Present (BP) (14.7 ka
BP) (Aksu et al., 2002; Cagatay et al., 2000; McHugh et al., 2008; Vidal et al.). After its re-
connection with the Mediterranean about 12 kyr 14C BP the sea level in the Sea of Marmara
rose in tandem with the global ocean. The mixing of the anoxic lake deep water and
oxygenated marine surface water caused the precipitation of authigenic carbonates (Reichel
and Halbach, 2007). A sapropelic sediment layer was deposited between 11,500 and 7,000 yr
BP under suboxic bottom water conditions. Following marine flooding, two sapropelic
sediment layers were deposited during 10,600 - 6,400 and 4,750 - 3,200 a 14C BP under
suboxic bottom water conditions. (Cagatay et al., 1999, 2000).

Our area of interest is the Western High, situated between Tekirdag and Central basins. It is
a complex geological feature along the northern branch of the NAF, characterized by a mud
diapir. A carbonate and a hydrate mounds as well as active cold seeps with gas bubbling to
the seafloor are the major features which have been identified at this area (Tryon et al., 2010;
Zitter et al., 2008).

3. Experimental section

Three gravity cores, MARM_1, MARM_2 and MARM_3, were used for this study as
illustrated in Figure 1. MARM_3, with a length of about 100 cm, collected during the
Marnaut scientific expedition, was the only core full of gas hydrates that were sampled and
analyzed. MARM_1 and MARM_2, with a length of 248 cm and 418 cm respectively, were
collected during the MARMARA 2010 cruise, did not contain any massive hydrates. The
location of these cores was chosen from multichannel seismic profiles and previous studies
of the site. MARM_1 and MARM_2 were immediately cut into segments of 1 m length and
stored at 4 °C prior to being sampling. MARM_1 was used as reference core as it was
located away from the gas vent and did not show any visual evidence of neither hydrates
nor released gas bubbles. Gas bubbles were also sampled directly from a gas vent on the
seafloor close to MARM_2 by the manned submarine Nautile during the Marnaut cruise and
has been studied by Bourry et al. (2009).
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Fig. 1. General map of the Sea of Marmara indicating the locations of major features, the
coring sites on the Western High and the natural gas fields.

3.1 Core analyses

On shore, the cores MARM_1 and MARM_2 were scanned using a medical X-ray CT
Scanner Philips, model MX 8000 3rd generation. The complete scan for each entire 1 m length
section was performed in about 10 minutes and consists of more than 1,000 slides of 2 mm
thick took every 1 mm. The core sections were then split in two halves, working half and
archive half, for further sampling and analyses. The archive halves were analysed using a X-
ray fluorescence (XRF) core scanner from Aavatech to determine variations in its bulk
chemical composition (Richter et al., 2006).

3.2 Gas hydrate sampling and analyses

The gas-hydrate specimens had a diameter of about 8 cm. As shown in Figure 2, the
hydrates had a well-defined yellow colour and were mixed with a small amount of
sediment. The hydrates as well as the sediment were completely stained with oil (Figure 2),
with a yellow colour which is a consequence of the presence of the oil. All recovered pieces
were stored in liquid nitrogen at 77 K to avoid further decomposition before being analysed
in the laboratory.
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Fig. 2. Pictures of the recovered gas-hydrate specimens. The hydrates were massive and
mixed with oily sediment.

For the analyses of the hydrate-bound gases, small pieces of hydrates were allowed to
dissociate in a 20 mL glass tube which was previously evacuated. The gases were extracted
from the hydrate samples using a gas extraction set-up (Charlou et al., 2004), and the
hydrate water was collected and stored in another 20 mL glass tube. The resulting gases
were also transferred into 10 mL glass tubes at a pressure ranging between 2 and 3 bars. Gas
composition determination was carried out at the Laboratoire de Géochimie et Métallogénie
of [IFREMER.

For gas compositional analysis, the glass tubes were directly connected to a 6-port sampling
valve of a 7890A Agilent gas chromatograph coupled with an Agilent 5975C quadrupole
mass spectrometer detector (GC-MS). A custom-made instrument was used. It is equipped
with a TCD-FID-mass detector and two capillary columns, Pora PLOT Q and molecular
sieve, which can be put in series for the analysis of both hydrocarbons and permanent gases
such as nitrogen and oxygen from the air. The analyses were performed with a temperature
program running from 313 K to 500 K. Helium was used as a carrier gas. Both the TCD and
FID were used for quantitative analyses while the mass spectrometer detector was used for
a qualitative purpose. In the latter case, the compounds were identified using the NIST(02
mass spectral library and only those giving a confidence in the identification exceeding 90 %
have been selected and listed. The response of the TCD and FID were calibrated using a
commercially-prepared gas mixture from Air Liquide. Considering the reproducibility of
the gas chromatography measurements, the uncertainty in the calibration and the correction
to eliminate the admixture of air, we estimated the accuracy in the composition
measurement to be within + 3 % of the molar fraction. The lower detection limit is estimated
to 0.05 nmol for the hydrocarbons.

Isotopic measurements were carried out with a gas chromatography-isotope ratio-mass
spectrometer (GC-IR-MS) at Isolab Laboratory, the Netherlands. The 813C values and the 6D
are reported as parts per thousand (%) relative to the Vienna PeeDee Belemnite Standard
(VPDB) and the Vienna Standard Mean Ocean Water (VSMOW) respectively. The
uncertainty in §°C and 8D are given as * 0.1 to 0.3 %o and £ 1 to 3 %o respectively.

3.3 Pore-fluid sampling and analyses

For each section of MARM_1 and MARM_2, the pore fluids have been sampled for chemical
analyses using the Rhyzon® soil moisture samplers. This is an innovative water extraction
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technology on which the sampler consists of a hydrophilic, porous polymer tube of 2.5 mm
in diameter and 50 mm length. The tube is introduced into the sediment from one end, and
is permanently connected to a vacuum tube of ~10 mL from the other end where the pore
fluid is collected. The samplings were performed with a resolution of about 20 or 30 cm.
Alkalinity was measured on ship directly after the sampling. Thus, 1 mL of pore fluid was
sampled and analysed by direct titration with ultrapure 0.1 N HCl in an open cell.

The major dissolved elements were analysed by ionic chromatography using a Dionex ICS-
2000 instrument equipped with ACS autosampler. For the analyses of sulphate and chloride,
an AS-17C column of 250 mm in length and 4 mm in diameter was used with a 4 mm ASRS
suppressor. The detection limit was 1.5 ppm and 5 ppm for the sulphate and the chloride,
respectively. For all cations, an Ionpac CSI12A column of 250 mm length and 4 mm in
diameter was used with a CAES suppressor. The detection limit was 0.1 ppm for all species.
All peak areas were quantified against equivalently diluted International Association for
Physical Sciences of Oceans (IAPSO) standard seawater; the latter was analysed at the
beginning of each run. The estimated accuracy on the concentration measurements is within
+ 3 % of the mole fraction for all ions.

The strontium isotope ratio measurements were carried out using a Neptune multi-
collector inductively coupled plasma mass spectrometer (MC-ICPMS) from Thermo
Scientific. A volume of 125 pl of sample was taken and mixed up with 1 mL of nitric acid 5
Nin a SAVILLEX beaker placed on a hotplate at 373 K overnight. The residual phase was
reacidified with 0.5 mL of nitric acid at 3 N, then loaded onto a column containing a
preconditioned crown ether cation exchange resin Sr Spec from EICHROM. The column
was previously washed with 2 mL of distilled water (Milli-Q), then 1 mL of nitric acid 3
N. The elution was done with 2.5 mL of nitric acid 3 N and the Strontium collection with 4
mL of nitric acid 0.01 N followed by 1 mL of distilled water. After a new evaporation step,
the solid-state sample was dissolved in 0.5 mL of a mixture of nitric acid 2%. The row
results were normalized using the NIST 987 standard and we came up with accuracy
better than 0.00004.

3.4 Sediment sampling and analyses

The sediment was sampled within 1 hour after splitting the core sections. Slides of 2 cm
thickness were taken with a resolution of 10 cm. The collected samples have been analysed
using both X-ray fluorescence and X-ray diffraction techniques (XRF, XRD). X-ray
fluorescence was used in order to quantify the bulk chemical composition, i.e the present
major, minor and trace elements in order to complement the XRF core-scanner analysis
whereas X-ray diffraction enabled the identification of the various mineral phases as well as
the evaluation of their ratio. The preparation of the sediment samples was as follows: the
samples were finely crushed in powder and then dried overnight in an oven at 110 ° C. For
the identification of the mineral phases by XRD, a part of the prepared powder was directly
taken, put in a sample holder where the surface sample was made flat by using a glass slide,
then analysed.

The remaining powder was transformed into both fusion beads and compressed powder
pellets for XRF analysis. The fusion beads allow for accurate measurements of major and
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minor element content (i.e. mass concentration > 0.1 %) while the compressed powder pellet
is used for the analysis of trace elements (mass concentration < 0.1 %). The fabrication of the
fusion beads was as follows: the powder was calcinated under air at 1,050 ° C in a platinum
cup for 1h 30 (Loss of Ignition, LOI which corresponds to the loss of carbonate and sulphite
ions). After removal and cooling, the sample was crushed a second time. A precise amount
of 0.50000 g was taken and mixed with exactly 9.000 g of flux of 90 % lithium tetraborate
(LiB4O7) and 10 % of lithium fluoride (LiF). Then, 500 mL of lithium bromide solution
(250g/L LiBr) is added by pipetting, and the mixture was dried again. It was then placed in
a gold-platinum crucible and put in the oven at 1,050 ° C for 15 min. Finally, the resulting
solid solution was removed from the oven and re-homogenized to remove all bubbles. The
crucible was put back in the oven for 10 min. at 1,050 °C and subsequently cooled at ambient
temperature. After cooling, the fusion beads were ready for analysis. The powder pellets
were made by mixing 4 g of sediment sample with 0.4 g of wax (Hoechst type C). The
resulting mixture was introduced into a mould and was compacted using a hydraulic press
at10 T/cmz2.

The wavelength dispersive X-ray fluorescence spectrometer used here was a S8 TIGER,
BRUKER-AXS. The X rays are absorbed by the sample, which thereafter emits wavelengths
characterizing its composition. The instrument was calibrated using certified reference
material (El Maghraoui et al., 1998). The X-ray diffraction analysis was performed with a
diffractometer D8 ADVANCE BRUKER-AXS with Bragg-Brentano geometry, using CuKo
radiation with Ni filter at 35 kV and 25 mA and angle from 5° to 70° 26.

4. Results and discussion
4.1 Composition and origin of the hydrate-bound gases and the gas bubbles

Bourry et al. (2009) carried out isotopic, compositional and structural analyses of both the
hydrate sample and the gas bubbles collected on the Western High. This work has provided
the basic genetic characteristics of the hydrates and the related gases. The results from this
work showed that the hydrate-bound gases and the gas bubbles have a thermogenic origin.
With about 90 % methane and the remaining gases being heavier hydrocarbons and carbon
dioxide, the molecular composition of the gas bubbles was representative of most of
conventional natural gas. Our new measurements on the hydrate sample are in agreement
with their values for both the isotopic and molecular compositions (Table 1). The hydrate-
bound gases contain 65.2 % methane, and a high amount of propane and isobutane
(respectively 18.6 % and 9.2 %). The mass detector of the GC-MS allowed us to detect
cyclopentane, cyclohexane, 3-Methylpentane, 2-3-DiMethylbutane, benzene, Methyl-
Cyclopentane and Trans 1-4-DiMethyl-cyclohexane in the hydrate-bound gases. Those
compounds have not been quantified and are presumably in small amount; therefore they
are not taken into account in the hydrate composition in Table 1. As can be calculated from
Table 1, the C1/(C2 + C3) ratio is slightly above 3 and 24 for the hydrates and the gas
bubbles, respectively. This is also indicative of thermogenic gases. These results are in
coherence with the yellow tint of the recovered hydrate specimens, reflecting the petroleum
fingerprint. Figure 3 summarises the genetic characterization of both the hydrate-bound
gases and the gas bubbles. The CD diagram, based on the carbon and hydrogen isotopic
composition of the methane (Schoell, 1983; Whiticar, 1994), indicates a thermogenic gas
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Gas hydrate sample Gas bubbles (after Bourry et al., 2009)
Components % Mole fraction 8113)CD](3;)0 211\3/[1)0(‘/@; ffalz/t[iooli S13C (%o PDB)
C1 65.2 -43.7 -222 90.90 -44.4
2 1.5 -23.5 -106 1.23 -25.7
C3 18.6 -21.6 -146 2.50 -21.1
iC4 9.2 -27.8 -163 0.93 -28
nC4 0.18 - - 0.15 20.1
neoC5 0.049 -25.2 -199 0.0034 -
iC5 0.037 -26.2 - 0.31 -25.3
nC5 - - - 0.010 -18.9
Co+ 0.22 - - 0.0017 -
CO2 5.1 +27.3 - 3.90 +29.1

Table 1. Molecular and isotopic compositions of the hydrate-bound gases and the gas bubbles
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Fig. 3. a) Plot of hydrogen and carbon isotope compositions for the gas-hydrate sample
indicating a thermogenic origin of methane (diagram modified after Schoell, 1983), b)
Relationship between the stable carbon isotope composition (813C) of CHy vs. CoHg for the
hydrate-bond gases and the gas bubbles. CH; and C;Hg have a thermogenic origin (diagram
modified after Bernard, 1978), c) Relationship between methane carbon isotope composition
vs. ethane and propane molecular composition (diagram modified after Bernard, 1978). (e)
gas-hydrate sample, (w) gas bubbles.
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which is close to the boundary with the geothermal, hydrothermal and crystalline zone,
while both Bernard diagrams (Bernard et al., 1978) plot the hydrate-bound gases and the gas
bubbles well inside the thermogenic zone. Thus, the natural gas of the Western High comes
from at least one hydrocarbon reservoir.

The unique petroliferous area present nearby is the Thrace basin. It is the major gas producing
province of Turkey which extends to the northern part of the Sea of Marmara (Giirgey, 2009;
Glrgey et al., 2005; Hosgdrmez and Yalgin, 2005; Hosgormez et al., 2005). Therefore it is likely
that the natural gas comes from deep-subsurface hydrocarbon reservoirs of this basin and
feeds the Natural-Gas Hydrate Occurrence Zone (NGHOZ) of the Western High. Accordingly
the gas bubbles and the hydrate-bound gases could share the same source rock.

A large amount of research investigations based on geology, petroleum geology,
stratigraphy, geophysics and petroleum geochemistry have been carried out to better
understand and describe the Thrace basin petroleum system (Coskun, 1997; Coskun, 2000;
Giirgey, 2009; Giirgey et al., 2005; Hosgormez and Yalgin, 2005; Hosgormez et al., 2005; Sen
Samil et al, 2009). Hosgomez et al. (2005) have combined isotopic and molecular
composition analyses of light alkanes along with basin modelling in order to determine the
source rocks of the hydrocarbon fields discovered there. Their results agree and complement
those of Giirgey et al. (2005). Overall, they showed that (1) the thermogenic gas in the Thrace
basin could come from two different types of source rock: a mature source which consists of
a mixed type of organic matter (marine and terrestrial), and another which is an early
mature source with marine organic matter, (2) the gas can be classified in three groups:
Group I consists of pure thermogenic gases generated by a mixed type of organic matter.
Group 1I is the result of mixing of a fraction of the thermogenic gases from group I with
microbial gases. Group III is a mixture of at least two different thermogenic gases, one being
the thermogenic gases of Group I and the other one is a marine source rock, (3) there are two
potential source rocks for the studied natural gas fields: the Hamitabat formation (Middle
Eocene) and the Mezardere formation (Upper Oligocene), (4) the Hamitabat formation is the
source rock of K-Marmara natural-gas field, which consists of pure thermogenic gases while
the Mezardere formation is the source rock of thermogenic portion of the natural-gas fields
containing both thermogenic and microbial gases.

The gas bubbles from the Western High might be genetically linked to one of these source
rocks, or be independent of the onshore petroleum systems. Some similarity in molecular
composition has been highlighted with the studied gas fields, especially with the K-
Marmara natural-gas field (Bourry et al., 2009). The latter consists of pure thermogenic gases
(Figure 4b). However, when applying the Chung’s diagram (Chung et al., 1988) to both the
hydrate-bound gases and the gas bubbles, it appears that they consist of a mixture of
thermogenic and microbial gases (Figure 4a) as we came up with a concave down curve
instead of a straight line as for pure thermogenic gases. Amongst all natural-gas fields
studied by Hosgormez and Yalgin (2005), three fields, Tekirdag, Karacali and Hayrabolu,
contain a mixture of thermogenic and microbial methane like the gas bubbles (Figure 4b).
All three fields also have the same source rock which is the Mezardere formation. Therefore
they or their source rock may also be considered as a potential candidate for the source of
the hydrate-forming gases and the gas bubbles.

Figure 4b shows that the gas bubbles and the hydrate-bound gases have a source rock which
is isotopically heavier (~-15 %o) than the natural-gas fields (-21 %o). The difference between
the two projected source rocks could be due to the heterogeneities in the precursor kerogen,



38 Advances in Natural Gas Technology

1/n
0 0.2 0.4 0.6 0.8 1

Carbon isotope Ratio (%o)

—— Hydrate sample
—@— Western High gas bubbles

1/n
0 0.2 0.4 0.6 0.8 1

-40 | — & Hydrate sample

—@— Western High gas bubbles
——<— Theoritical thermogenic line

| — ¢ —KMarmara (Gurgey et al., 2005)
-50 - - &- - Tekirdag (Gurgey et al., 2005)
Karacali (Gurgey et al., 2005)
Hayrabolu (Gurgey et al., 2005)

Carbon Isotope Ratio (%o)

Shift due to Microbial
Contribution

-60

Fig. 4. Gas plot model based on the reciprocal of the carbon chain length against the 513C of
the respective hydrocarbons (after Chung et al., 1988). a) The non-linearity of the curve is
indicative of mixing between thermogenic and microbial gases. b) Comparison between the
Western High gases and three natural-gas fields of the Thrace basin.

or the gas generation mechanism (Pohlman et al., 2005). One can also see that the projected
pure thermogenic methane of all gases matches with the thermogenic methane from the K-
Marmara natural gas. Thus, we believe that a portion of the methane of all the natural-gas
seeps presented here comes from the same source rather than the K-Marmara natural gas,
namely the Hamitabat formation. However, the origin of the remaining portion is still
elusive.

Table 1 shows that the isotopic signature of carbon dioxide for the studied gases differs a
lot from that of the previously mentioned natural-gas fields and this may be a key for the
interpretation of the gas source. The positive value of &13C of carbon dioxide for both the
hydrates (+27.3 %o) and the gas bubbles (+29.1 %o) contrast with the negative values
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(-9.9 %o, -11.5 %o, -8.5 %o) of the respectively Tekirdag, Karacali and Hayrabolu natural-
gas fields (Hosgormez et al., 2005). Hence, it is unlikely that the gas bubbles may come
from directly those natural-gas fields. 313C-enriched CO,, with values above +5%o, are
typically due to secondary methanogenesis following hydrocarbon biodegradation
occurring in petroleum reservoirs or during secondary and tertiary migration (Etiope et
al., 2009b). The secondary methanogenesis increases the 813C of residual CO; (previously
produced by anaerobic oxidation of heavy hydrocarbons) which may easily exceed +10%o
(Etiope et al., 2009b; Pallasser, 2000). Petroleum biodegradation process is a phenomenon
that was neglected in the past, but today it is considered to affect a large fraction of
conventional oil reserves (Dimitrakopoulos and Muehlenbachs, 1987; Head et al., 2003;
Jones et al., 2007). Such a biodegradation typically modifies also propane and other n-
alkanes isotopic values, leading to large isotopic separations between successive n-alkanes
and high C2/C3 and/ or iC4/nC4 ratios (Etiope et al., 2009a; Etiope et al., 2009b; Waseda
and Iwano, 2008). Therefore, the isotopic and molecular compositions of the gas bubbles
and the hydrate bound-gases show that they meet the requirements of seeps which have
undergone a biodegradation at the reservoir level along with a secondary methanogenesis
(Etiope et al., 2009b).

The application of the model developed by Berner and Faber (Berner and Faber, 1996) to the
different natural-gas seeps leads to the same conclusions (Figure 5).
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Fig. 5. Genetic characterization of the gases based on the 313C of the couples propane- ethane
and methane- ethane (modified after Berner and Faber, 1996).

The shift towards heavier 33C for the propane indicates that the gases are biodegraded
(Figure 5a). The source rock is primarily type II kerogen and the generated gases reflect
overmaturity (Ro >1.7). This is consistent with the generation of oil as well as gas in the oil
window (Berner and Faber, 1996). Figure 5b presents the level of mixing of microbial
methane with the thermogenic one. In the case of both the gas bubbles and the hydrate-
forming gases, this shift downwards represents the microbial contribution which is due to
the methanogenesis following the biodegradation.
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Following the analyses presented above, it is likely that the origin of both the hydrate-bound
gases and the gas bubbles studied here is the source rocks supplying the same thermogenic
gases that the onshore natural-gas fields. However the hydrocarbons accumulated
underneath the Western High underwent a biodegradation, which is not observed for the
onshore-fields. It seems that both the Hamitabat and the Mezardere formations could
contribute to the supplying of the gases as both formations have reached the expected
maturity level for the gas generation. These formations could first supply a reservoir in
which biodegradation of oil and methanogenesis occur. The latter process leads to the
production of microbial methane at the reservoir level. However the occurrence of these
combined processes, biodegradation/ methanogenesis, requires a reservoir at a depth of less
than 2000 m and a temperature between 343.15 and 353.15 K (Giirgey et al., 2005).

Presently, it is not possible to link the gas bubbles as well as the hydrate-bound gases to any
known offshore reservoirs, and unfortunately there are no available geologic cross sections
or published stratigraphic columns for the offshore southern Thrace basin. Petroleum
exploration has been made at the southwestern part of the Thrace basin, onshore as well as
offshore in Sea of Marmara. After drilling several wells, it turned out that all of them were
dry (Sen et al., 2009). A specific study and reconstruction of the Thrace basin sedimentary
formations towards the Sea of Marmara should be made, starting from seismic data. It
would be essential to verify the position and setting of the formations and the eventual
occurrence of reservoirs in the Sea of Marmara.

4.2 Hydrate formation driven by gas/fluid migration and associated mineralization
4.2.1 Gas migration and hydrate formation

The study of the gas bubbles and the hydrate-bound gases revealed that both have primarily
a thermogenic origin. By applying the CSM-GEM model (Sloan and Koh, 2008), it has been
showed that the gas bubbles are representative of the hydrate-supplying gases (Bourry et
al., 2009). The abundances of propane and isobutane along with methane are diagnostic of
structure II (Sloan and Koh, 2008), and that has been confirmed by Raman spectroscopy
(Bourry et al., 2009). However, the inclusion of heavier hydrocarbons such as the identified
cyclo-Cs+ and Methyl-Cy+ suggests the possibility of having structure H (Lu et al., 2007;
Sassen et al., 1999). Moreover, owing to the presence of a large amount of propane and
isobutane, at that depth and temperature conditions, the hydrate accumulation is well inside
its thermodynamic stability field. Thus, its destabilisation would occur by a dissolution
process in the pore fluid rather than by a dissociation with release of gas bubbles (Sultan et
al., 2010). Therefore, it is likely that the gas bubbles sampled nearby are the manifestation on
the seafloor of the natural-gas migration from deep-hydrocarbon reservoirs through the
fault system of the Western High.

Figure 6 represents the 3D images obtained from the X-ray CT scan analysis of the recovered
cores MARM_1 and MARM_2. The uppermost segments of both cores, segments with a
length of 48 cm and 18 cm for MARM_1 and MARM_2, respectively, have not been scanned.
A network of cracks where gases and fluids can migrate and accumulate characterizes both
cores. The first scanned segment of MARM_1 (Figure 6, MARM_1 a) and a’)) contains a
“light” sediment which was quite difficult to image in 3D. Thus, Figure 6 MARM_1 b)
represents the core liner with no possibility of seeing through. The image (a’)) represents a
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Fig. 6. CT scan images along with core photography of MARM_1 and MARM_2.

front view of the said core-segment which clearly show a lighter sediment and scattered
with some concretion-like phases. The second scanned segment of MARM _1 is characterized
by a very black sulphidic sediment at its lower part (from 238 cm to the end) which is
located right underneath a denser carbonate-rich layer of about 8 cm thick (from 230 cm to
the 238 cm) captured in the 3D image (Figure 6, MARM_1 b)). It is most likely that the
carbonate-rich level represents the lake/marine transition and the dark sulphidic sediments
below are the lacustrine sediments. This is strengthened by the sulphur and the manganese
profiles, as well as the iron concentration and the LOI from Table 3. The manganese profile
presents two maximum peaks in concentration at 30 cm and 230 cm, respectively. The latter
depth also corresponds to the minimum in concentration of iron and a maximum in sulphur
in the sediment for MARM_1 (Table 2). Such a behaviour is often related to the
incorporation of manganese into the carbonate mineral found at that depth under oxic
bottom sea water (Calvert and Pedersen, 1993; Schaller et al., 1997a; Schaller and Wehrli,
1996). The minimum in iron concentration could be explained by the formation of either Fe-
colloidal particles as a low level of pyrite was detected (Schaller et al., 1997b). The
photography (Figure 6, MARM_1 b)) shows that the dense layer has a lighter grey-colour.
Although dense, after splitting the section it turned out that this layer does not present any
evidence of visible concretions. As illustrated in both the profiles of Figure 9 and Table 2, the
calcium, strontium and barium exhibit a peak at about 230 cm which is probably related to
the presence of carbonate mineral phases. Table 3 confirms the presence of calcite at this
level. In the case of MARM_2, the positions of the different holes, bivalves and concretions
in the photography of each segment are in good agreement with the resulting 3D images.
The first section is characterized by the presence of bivalves with a build-up mainly at its
lower part, while section 2 and 4 contained a large amount of carbonate concretions which
were sampled after splitting the core. MARM_2 was taken near the gas seep and the crack
network is a record of intense gas ebullition at this site. Each associated photography also
shows a highly disturbed sediment where the concretion deposits are found. Furthermore,
overall the XRF analyses showed high concentrations of Si, Al, and Fe which are ubiquitous



42 Advances in Natural Gas Technology

in clay minerals (Tables 2 and 4). This is strengthened by the XRD analysis where several
group of clay, such as kaolinite, smectite, illite and chlorite groups, have been identified in
significant amounts (Tables 3 and 5). The results are also consistent with the previous
sedimentology work carried out in this area (Bayhan et al., 2001). Usually natural-gas
migration through faults in such a clay-rich marine sediment leads to the formation of
massive, nodular or vein-filling hydrates (Holland et al., 2008; Paull and Dillon, 2001).

4.2.2 Geochemical processes associated with the hydrate accumulation

Hydrate accumulation in marine sediment is also associated with several biogeochemical
processes (Boudreau, 1997; Luff and Wallmann, 2003; Schulz and Zabel, 2000; Wallmann et
al., 2006). The analysis of selected elements from both the pore fluids and the sediment often
provides useful indication on the occurrence of these processes, and accordingly helps in
constraining the origin of the pore fluid which is involved in the formation and
accumulation of the natural-gas hydrates. Figure 7 represents the pore-fluid profiles of
selected dissolved-species. The analysis of the bottom seawater have not been made,
however it is reasonable to assume that the composition is very close to the value found in
the upper part of the cores. In Figure 8, the alkalinity and strontium isotope profiles of the
pore fluid are shown along with the Mg/Ca and Sr/Ca ratios in the sediment and the pore
fluid. The two cores exhibit very different pore-fluid profiles reflecting the heterogeneity of
the system. The chloride concentration range from 475 mM to 655 mM for MARM_2 with a
large scattering while MARM_1 presents a relatively constant concentration value with
depth (~ 610 mM). The scattering for MARM_2 suggests the occurrence of hydrate
dissociation and the value of 475 mM is indicative of pore-fluid freshening due to this
dissociation. For both cores, the dissolved sulphate decreases with depth. Along with
methane, sulphate in pore-fluid is involved in the early diagenesis of marine sediments.
Two chemical reactions lead to a depletion of sulphate concentration in anoxic conditions
(Berner, 1980; Bhatnagar et al., 2008; Bhatnagar et al., 2011; Borowski et al., 1996; Borowski et
al.,, 1999; Reeburgh, 1976):

e  The microbial sulphate reduction (Martens and Val Klump, 1984). This process can be
summarized in the following reaction:

2 (CH,0) + SO;” — 2 HCO;+H,S 1)

¢ The anaerobic oxidation of methane (AOM) by a consortium of microorganisms which
consumes methane for their energy (Boetius et al., 2000) such as:

CH,+S03”—HCO; +HS™ +H,0 )

Equation (2) occurs at the sulphate-methane interface (SMI) in the sediment column which is
characterized by high upward flux of methane and downward flux of seawater sulphate. This
is the case on the Western High where methane-rich gas bubbles and natural-gas hydrates
have been sampled. MARM_2 shows a linear decrease in the sulphate profile which is typical
of the occurrence of sulphate reduction coupled with the anaerobic oxidation of methane
(Hensen et al., 2003; Joye et al., 2004; Orcutt et al., 2004; Pohlman et al., 2008; Treude et al.,
2003). The SMI is located at about 120 cm and corresponds to the depth where the sulphate
concentration drops sharply to a value close to zero. Thus, below the SMI corresponds to a
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sulphate-free zone but rich in methane. The strong steep sulphate gradient from the seafloor to
the SMI is a consequence of important upwards hydrocarbon fluxes (Borowski et al., 1996;
Hensen et al., 2003). This is in agreement with the gas seep discovered there, as seep is a visible
clue of intense upwards methane migration. The AOM process is very often associated with
carbonate precipitation because it induces an increase in the total alkalinity (TA), which is
directly related to the carbonate and sulphite ion concentrations of the pore fluid (see equation
II). Once the pore-fluid saturation is reached, the carbonate formation begins and this is
generally accompanied with variations in both pore-fluid and sediment profiles of Ca, Mg, Sr.
Accordingly, the study of the latter elements provides useful information on the carbonate
diagenetic processes (Karaca et al., 2010; Ussler III et al., 2000). While it is observed a quite
constant pore-fluid composition with depth for MARM_1, MARM_2 exhibits a decrease in Ca
down to the SMI, then an increase up to about 250 cm depth followed by another decrease.
The concentration of Mg constantly increases with depth for MARM_2. Moreover, one can see
in Figure 8 that the TA of MARM_1 is constant with depth. However for MARM_2, the TA
linearly increases to a shallow inflection at the SMI, then keeps increasing gradually with
depth. The above lines of evidence suggest the occurrence of authigenic mineralization
accompanied with mainly Ca removal from the pore fluid down to the SMI. This is consistent
with carbonate precipitation. Here, the Mg profile exhibits an increase in concentration with
depth. Mg is much more concentrated in modern seawater than Ca, thus the concentration-
depth profile of the former is less sensitive to carbonate precipitation. Figure 8 shows the
Mg/ Ca in both the sediment and the pore fluid as a function of depth for both cores, in both
the sediment and the pore fluid. Beside the three points higher than 1 in the sediment which is
presumably due to the presence of bivalves, these Mg/ Ca curves are nearly the conjugate of
each other for both cores, i.e the ratio decreases in the pore fluid when it increases in the
sediment. This is a consequence of authigenic carbonate precipitation that is typical for marine
hydrate and methane-rich regions. Above the SMI, Ca in pore fluids drops sharply by calcite
precipitation giving rise to the increase of Mg/ Ca ratio in pore fluid and the decrease in the
sediment, while below, the precipitation of Mg-rich minerals leads to the reciprocal behaviour.

The more common Mg-rich minerals encountered on a methane-rich sediment are the
dolomite, high-Mg calcite and siderite. However, dolomite represents less than 5 %
weight of the mineral identified in MARM_2 whereas siderite has not been identified.
Therefore, the Mg has probably been incorporated in the calcite. The increase with depth
of the TA from the SMI to the lowest part of MARM_2 (Figure 8) could be a manifestation
of upwards migration of fluids with high alkalinity, like hydrocarbon-reservoir brines
migrating along with the gas bubbles. This would mean that a part of the pore fluid come
from depth. The analysis of the radiogenic isotope of strontium can help us in
constraining the sources and sinks of the fluid because its isotopes do not fractionate
during geochemical processes (Kastner et al., 2008). As illustrated in Figure 8, MARM_1
has a fairly constant strontium isotope value with depth which is close to the modern
seawater value (~0.7092). For MARM_2, the fluid becomes less radiogenic with depth by a
substantial amount. The value at its lowest part seems to be stabilized at ~0.70877.
Therefore, these results strengthen the hypothesis of a deep source contribution of fluid.
However, we do not have any other isotopic value available to compare with in order to
better constraint the pore-fluid origin. An accurate determination of strontium
concentration with depth combined with measurements on other geologic materials like
the carbonates would help in gaining insights into the deep fluid source. That has to be
considered for the continuation of this study.



Advances in Natural Gas Technology

44

*
*
[ J ¢ ®
.I
L4

%

Sk [ S

Ww / wnissejod

*
*
L 2 ..
4

L g

*

*
([ ]

®

i

r 0sv
r oov
r 0s€
r 0oe
r 0sz

r ooz

0oL 06 08 0L

Ww / wnisauBepy

0S oy 0z Sl

, %

* ° P4
0 0
0

S *

oL S 0

Nw / wnides

L 2
[ ]

*

* *
L 4 ° [ ] i .0.
+0

r osv

r oov

r ose

r 00g

rose

r 00z

rosik

°
°

)

009 00!

0SS S

Ww / wnipog

ooy oy 0g 0z (13 0 00L 009

Ww / ajeyding

005
Wuw / @pliojyd

[[u4 00€

wo / yydeq

wo / yydeq
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5. Conclusion

Natural-gas hydrate systems have been studied for decades from both fundamental and
industrial interests. The fundamental researches were stimulated by those who want to
advance knowledge in the carbon cycling of the ocean, the importance of hydrates for living
methanogen-communities or its role in marine slope failure and climate change. Beside,
because for a long time it has been considered as a geohazard for the petroleum industry,
the applied researches were chiefly orientated to considering natural-gas hydrate systems as
a geological structure which needs to be localized, described and taken in consideration into
their seafloor-installation optimisation software. Now the game is changing and the major
industrial impetuses come from future applications to methane production and/ or carbon-
dioxide sequestration. However, whatever the issue to deal with, it is essential to use a
versatile approach combining field data, lab experiments and modelling if we want to
achieve a high level of understanding of the system. It is only after completing this work
that we will be able to provide reliable prediction on the evolution of a natural-gas hydrate
system upon either heating by hot reservoir fluid flowing through a pipeline, large-scale
CO;, injection or large-volume methane extraction by natural or anthropogenic perturbation.

In this chapter, we intended to concisely present the geochemical formalism relevant to the
study of natural-gas hydrate systems, and its contribution to the overall understanding of
such systems. Based on the Western High example in the sea of Marmara, we have
proposed a geochemical description of the dynamics of a hydrate accumulation zone by
constraining as far as we can the origins of both the hydrate-forming gases and the
associated pore-fluid. Therefore, three intimately related materials have been used in this
approach: 1) the hydrate samples, especially the gases which are bound into the hydrates
and which seeps to the seafloor, 2) the pore fluid which consists of the hydrate-coexisting
phase and the source of the hydrate-water, 3) the sediment which is the geological matrix in
which the hydrates are formed and interacts.

At the end of our study, the following conclusions have been drawn:

e The natural gas feeding the NGHOZ is of thermogenic origin and has undergone
methanogenesis following biodegradation in subsurface. This natural gas certainly
shares the same source rock than the predominantly-thermogenic gas fields of the
Thrace basin. However, up to now there are no discovered gas fields meeting the
methanogenesis following biodegradation requirements in the Thrace basin.

e The gas, especially the methane, is not only involved in the hydrate formation, but also
in the associated AOM process. In fact, part of the methane reacts with the dissolved
sulphate above the hydrate accumulation zone. This reaction releases carbonate ions
which leads to the precipitation of authigenic carbonates under saturation of the pore
fluid. The resulting pore-fluid and sediment profiles reflect the spatial heterogeneity of
this geochemical process.

e The X-ray CT scan analysis of the core segments in combination with the XRF and the
XRD analyses of targeted sediment samples enabled us to evaluate the spatial
distribution of bivalves and carbonate concretions. The results show that bivalves are
buried in the upper part of the sediment where the gas bubbles have been sampled. A
high concentration of carbonate concretions is also found at the same site but
distributed below.

Finally, this example enables us to better appreciate the geochemical contribution in the
overall understanding of the natural-gas hydrate system. However, it is important to keep in
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mind that each natural-gas hydrate system is unique, and only a multidisciplinary
investigation combined with a multi-analyses approach can lead to a reliable interpretation.
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1. Introduction

When speaking of energy in this first decade of the century, references are still mandatory
oil or natural gas, as both accounts for about 60% of the global energy matrix. This energy
demand global and regional scale has two outstanding features: on the one hand the growth
of demand is increasing and, on the other hand supply is stagnant and in some cases
declining. According to a 2007 report by the U.S. Energy Department is expected that the
global primary energy demand increase, between 2004 and 2030 - by 57% which implies
duplicate the energy consumption in the brief period of 26 years.

To meet this consumer expectations oil production should increase by 42%, natural gas 65%
(reaching a figure of 163 trillion cubic feet or equivalent to 29,000 million barrels of oil) and
coal by 74%. These increases in theory are almost impossible to materialize into reality
because there is a continued contraction in supply, except for occasional new discoveries as
in the case of Brazil, where extraction is difficult, and also requires large investments, and
time for deployment.

The evolution and perspectives of Latin American regional gas market integration is usually
analyzed from the point of view of Economics. This paper instead tries to explain its present
state and perspectives by means of a geopolitical approach. The main conclusions (that
result from a Master in Policies and Strategy thesis elaborated by the author, entitled “The
strategic role of gas as a critical variable of the national and regional energy system”!) enable
to advance in the analysis of this regional problematic in which the introduction of global
actors determined great scale changes. Beginning in 2004 as a binational crisis centered in
Argentina and Chile, it became a regional and global one after the active participation of
France and Russia.

The development of countries like Argentine and Brazil depend to a large degree on the
provision of gas from Bolivia, a country with great amounts of reserves but scarce levels of
infrastructure investments. Thus, though long term contracts have already been signed, the
actual volume of supply remains uncertain.

Since the Argentina crisis of 2004, with regional effects that still continue, the security of
regional energy supply, emerges as a key issue to be considered in the Continental Security

1 Mg Ana Lia del Valle Guerrero, thesis of Masters in Policies and Strategies “the strategic roll of the gas
like critical variable of the national and regional energy system”, 2006, National University of the South,
Bahia Blanca, Argentina.
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Agenda. In spite of the existence of abundant reserves of gas in different countries of the
region, like Venezuela, Bolivia and Peru, several facts have caused the gas regional crisis
that this paper intends to explain from a geopolitical point of view. The particular situation
of the resource gas will be analyzed, in the region whit respect its use and availability,
emphasizing the effect of political decisions that causes the regional gas crisis.

The methodology of work based its arguments on non experimental investigation of
corelational transactional type, by means of which, it is possible to analyze the problems of
power supplying produced in the region - from 2004 to 2011- the period analyzed in the
temporary scale.

The critical conditions of gas on regional scale derive from the decisions with respect to the
use of a resource, conditioned by its territorial specificity - it is in a country and not in
another one. Beside, the use of gas is more subjected to political decisions of the States that
own the resource than to economic decisions, since some countries still base their decisions
of supply of the resource on unresolved historical and geopolitical conflicts.

The main objective of this paper is to make a valuation and to have a deep knowledge of
conflicts around energy-focuses on natural gas- from a South American geopolitical
perspective; which emphasizes the interactions society/territory, in the regional scale. It is
done from a - holistic and multi-factor - geopolitical perspective that tries to surpass the
predominant economics vision.

Knowing that the gas reserves in the region are important and the internal consumption of
South American countries is different. It is undeniable the necessity to work out a regional
strategy with the objective of satisfying demands in order to avoid futures conflicts. For this
it is required to make infrastructure investments and to get financial sources, which need a
greater degree legal security that guarantees the participation of international organisms.

In South America, the geopolitics of gas presents a superposition of scenes that contrast
projects with realities, and integration processes together with increasing conflicts that
generate instability and fragmentation. Consequently, to promote a strategic alliance among
States, approaching the issue from a global perspective, is a true priority for South America.
This would have to be built with the participation of those actors who demand the resource
and those who offer it within the region.

If the South American energetic integration were obtained, the region would be in the
position to obtain financing its own future energy growth to future, and supplying a part of
the needs to the rest of the world. The geopolitical analysis allows to understand the gas
crisis in South America as product of a changing reality and to interpret the complexity and
dynamics of existing social, political and economic processes. It also allows understanding
the uncertainties and the possibility of new geopolitical situations in a regional space in
which the reality is being constructed in daily routine.

This chapter consists of three parts, the first performing a global approach by region, from
the economics point of view, in terms of natural gas resource -based on the last report of
June 2011- from BP Statiscal Review of World Energy 2011. The second part presents an
explanation -from different approaches- of the changes in geopolitics. Finally, the third part
-as a synthesis - focuses on the analysis and explanation of the Geopolitics of Gas in South
America.
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2. The natural gas resource situation in 2011

To get an updated picture of the global energy situation focusing on natural gas, Statiscal BP
Review of World Energy 2011 (June 2011), presents some numbers that show the state of
resource from different points of view. First, from the point of view of consumption, there
was an overall increase of 7.4% (the largest increase since 1984), U.S. presents a historical
record of consumption growth of 5.6% in the period 2009 / 2010 and an increase in the same
period in Russia (6.3%), China (21.8%) and India (21.5%). However, the greatest increases in
consumption at a global level took place in South America led by Peru with 56%, followed
by Chile with 51% and Brazil with 33.8% increase in consumption.

2.1 Global approach by region (economic point of view)

From the point of view of production, there was a similar growth in consumption of 7.3%
globally. Some highlights are on growth 2009/2010: 30.7% increase in the production of
Qatar and the largest at a global level growth is 108.4% in production in Peru. Furthermore,
there is also respect to global production in 2010 that the United States (19.3%) moved from
the first placed on the production on Russia (18.4%) and the significant decline in
production in Canada (5%) for the fourth consecutive year.

In addition, increases of 10% in terms of trade, with a 22.6% increase in shipments of LNG,
are highlighted in particular Qataris LNG shipments with a growth of 53.2% and the
increase of Russian exports by pipeline. The graphs in Figure 1 shows that, from a historical
point of view, taking into account the variations in the period 1980-2010 there is a declining
trend in the Middle East, beyond being the largest producing region and possess the highest
ratio reserves / production. The reserves of the other regions do not show large variations in
its production, giving a total horizon reserve of 58.6 years.

It should be emphasized that the countries that occupy the top 3 worldwide in terms of
proved reserves: Russia (23.9%) Iran (15.8%) and Qatar (13.5%) accounting for 53.2% of
world reserves of natural gas and if we add the 15 first positions 84.5% of total reserves. In
this context, the South American region represents only 4% of world reserves, with a ratio
production / reserves of 45.9 years.

At regional level and analyzing especially the situation in the South American region as
shown in table 1, we can see a stagnation in consumption in Argentina but you must
remember that internal consumption in Argentina is from the 70's the highest of South and
Central America and even the second highest in the world which represents 1.4% of world
consumption, so it cannot grow more. It is also remarkable how growing consumption of
natural gas in the period -2009/2010- in several countries in the region for example, in Peru
(56.0%), Chile (51%) and Brazil (33.8%) .

The table 2 shows how are the proved reserves at regional level and notes that in the ratio
reserves / production Peru appears whit reserves for 48.8 years followed by Brazil (28.9)
and Bolivia (19.5). It should be noted that there is not data available for Venezuela who has
the largest reserves in the region but not yet exploited. They are used for reinjected into oil
production. Concerning Argentina has proved reserves to 8.6 years, although other studies
consider a lower number of only 6 years.
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Source: Statiscal BP Review of World Energy 2011 (June 2011)

Fig. 1. Reserves / production ratio by region, year 2010 and History 1980-2010

Consumption
Charge 2010
2010 cver share
Billion cubic matras 2000 2001 2002 003 2004 2005 2008 2007 002 2000 2010 008 of total
Argantina 2 411 303 446 448 0.4 e L] 4.4 a3 433 04% 14w
Brazil 2.4 112 141 158 18.8 18.7 208 211 248 19.8 265 338% Q8%
Chile 85 7.3 74 20 8.7 g4 78 4& 27 21 47  B1.0% Q1%
Colombia 53 6.1 6.1 6.0 6.3 6.7 7.0 74 78 a7 9.1 3% 03%
Ecuador 0.3 0.2 02 0.3 0.2 04 0.7 05 05 0.5 05  -6.0% .
Paru 0.3 0.4 0.4 05 0.9 18 18 27 24 25 54 E&.0% 0.2%
Trinidad &Tobago 106 11.6 127 14.4 134 15.1 202 203 2148 209 2.0 5.5% 07%
“enezusla 79 296 224 262 284 274 5 206 215 308 0.7 0.6% 1.0%
Other 5. & Cent. America 18 2.3 2.4 a1 2.9 23 39 45 47 5.1 (i} 9.9% 0.2%
Total S, & Cent. America 96.0 100.7 102.1 107.9 117.5 1229 1355 134.6 141.3 135.1 1477 9.3% 47%

Source: Statiscal BP Review of World Energy 2011 (June 2011)

Table 1. Natural gas consumption in the region of Central and South America

Proved reserves
Atend 1990  Atend 2000 At end 2009 |, At end 2010 T
Trillian Trillicn Trillion Trillion Trillian

cubic cubic «cubic cubiz cubic Share RFP

metres metres metres Teet metres of total ratia
Argantina 07 0.8 0.4 122 03 0.2% 8.6
Bolivia 0.1 0.7 0.7 99 03 0.2% 195
Erazil 01 0.2 0.4 147 04 0.2% 289
Colombia 0.1 0.1 0.1 44 01 01% n.o
Paru 0.3 0.2 0.4 125 04 0.2% 488
Trinidad &Tobago 0.3 0.6 0.4 1258 04 0.2% =L
Wenezuela 34 4.2 E1 197 55 29% *
Other 5. & Cent. America 0.2 0.1 0.1 13 01 * 224
Total 5. & Cent. America 5.2 6.9 15 2616 74 4.0% 459

Source: BP Review of World Energy Statiscal 2011 (June 2011)

Table 2. Proved reserves of natural gas in the region of Central and South America
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Concerning to production, stands out the change in the relationship 2009/2010 to Peru with
an increase of 108, 4% followed by Brazil with 23% and 16.8% in Bolivia, while Argentina
shows the main decrease with a -3.0% despite continuing representing 1.3% of world
production.

Production®
Charge 2010
Billion cubic metres. 2000 2001 2002 2003 2004 2008 2008 2007 2008 2008 P e
Argentin 4 3401 31 410 444 LA 448 LT 143 401 3% 13%
Balivia a2 47 43 64 98 MA 129 13B 143 0 23] 144 168% 04%
Brazil 75 11 82 100 no om0 M3I o M2 137 N7| 144 5% 05%
Colombia 59 6.1 6.2 &1 6.4 6.7 70 75 a1 WE] M3 T2% 04%
Paru 03 04 04 05 04 15 18 27 14 35 12 1084%  02%
Trinidad &Tobago 145 18R 180 23 W3 30 34 |0 3|3 06| £4 0 44% 13%
\Bnazuela 278 186 84 B2 B4 W4 NE WME 00 7| BE 07%  08%
Othar 5. & Cent. Amarica 14 35 34 31 il 14 41 39 37 32 29 89% 0%
Total 5. & Cent. Amarica 002 1045 1067 1187 1317 1386 1511 1525 1576 1618 1812 6% 50%

Source: BP Review of World Energy Statiscal 2011 (June 2011)

Table 3. Natural gas production in the region of Central and South America

Finally, can be performed a comprehensive analysis based on data provided by the report of
Statiscal BP Review of World Energy June 2011 to know the current situation by region,
considering the following parameters for 2010: reserves tested, production, consumption
and ratio reserves / production.

First, in figure 1 and then in table 4,we emphasized that the most favored region considering
all parameters is the Middle East with a horizon of the world reserves of 40.5% , a
consumption (11.5%) below the production (14.4%) and a ratio reserves / production over
100 years. In this region there are countries that occupy the top positions in terms of
reserves, Iran (2 °), Qatar (3 °), Saudi Arabia (4 °), total nearly 63% of reserves in the region.

This distribution of reserves clearly shows two concurrent phenomena, concentration and
fragmentation. By one hand there is a spatial concentration of proved reserves in a small

Proved .. .. Ratio reserves
. N Production in Consumption in .
Region reserves in % N o / production
% 2010 % 2010 .
2010 in years
South and
Central 4,0 5,0 47 45,9
America
Europe and 33,7 32,6 35,8 60,9
Eurasia
Middle East 40,5 14,4 11,5 +100
Africa 7,9 6,5 3,3 70,5
Asia Pacific 8,7 15,4

Source: Authors' calculations based on data from BP Statiscal Review of World Energy 2011
Table 4. Comparison by regions, 2010.
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number of countries in the Middle East region, while on the other hand, this also implies a
spatial fragmentation in the distribution of global resources, since the gas resource has
territorial specificity, is in a territory and not in others, it gives power to its possessor.

In above table 4 in different colors can be seen the degree of difficulty faced by each region,
in red the most engaged and in yellow the best positioned and green ones that may be
future resource providers. This situation also represents global and regional asymmetries
between the countries that own the resource and those which must import and therefore
competition between producers and consumers. From the point of view of future conflict
scenarios outlined in the first place, the North American region with proved reserves of
5.3% of the world (second lowest), with production and consumption within the highest in
the world 26% and 26.9% respectively and the lowest ratio reserves / production in all
regions of 12 years.

United States and Canada are in this region and occupy 1st and 3rd places respectively -in
terms of worldwide production- (remember the mentioned at the beginning of this chapter
about declining production in Canada during the last 4 years as an additional problem).
Both scenarios show that in spite of being top producers are also important consumers
United States in the first place and Canada in the 6th. This situation, combined with this
region possess the lower reserves from all regions, makes envision a future of growing
dependence on supplies from this region to other regions. Consequently, also generates
vulnerability from the point of view of energy security. Particularly, United States would be
most affected, considering its status as a global economic power where energy is
indispensable to maintain growth.

Other region that can be observed -with future problems- corresponding to Asia Pacific it
has 8.7% of global reserves and consumption (17.9%) above the production (15.4%) with a
ratio reserves / production of 32.8 years, one of the lowest worldwide. A further problem
that complicates this situation is the tendency to growth consumption in the region. This
area has two of the most populous countries in the world, such as China and India, whit
economies in continuous growth.

From the point of view of reserves, in this region are countries that occupy positions 12th to
15th at the world. They are: Indonesia, Australia, China and Malaysia. China is in 7th place
and Indonesia 9th from production and from consumption worldwide China is ranked 4th,
Japan 5th and India 8th. Certainly and beyond any discussion mentioning Japan, China and
India in the same region, means to mention the leading economic powers and the necessity
of rising consumption will surely, as well as problems to ensure a fluid supply.

European region and Eurasia at regional level are in an apparent balance between
production (32.6%) and consumption (35.8%), with a ratio reserves / production over 60
years. However, it is remarkable that the whole region depends on the supply of a single
large supplier, Russia and to a lesser degree from Norway, which creates vulnerability and
dependence of most of European countries on Russian gas.

Africa region shows consumption (3.3%) below its production (6.5%) and a high ratio
reserves / production (70.5 years). Economic and political history of the region shows
dependency on their colonizers and indiscriminate exploitation of their resources. Therefore,
the possibility of placing on the market for its production is limited by previous situations of
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States involved because these issues will determine future policy decisions in relation to the
use of gas resources, which will go beyond just economic issues.

Finally, analyzing data from the region of Central and South America is one of the regions
with lower consumption (4.7%) and production (5%) while the ratio reserves / production is
in third place with 45.9 years. It may be noted further that, the main gas reserves in the
region belonging to Venezuela remains untapped and that new oil discoveries in Brazil have
not yet went into production. Moreover, Bolivia, the second country in reserves in the
region, is not exploiting its full potential for lack of investment in infrastructure and Peru
began to do as noted in the production growth of 108.4% over the period 2009/2010. All the
foregoing indicates that production capacity is still not fully used in relation to its reserves
and consumption.

To end, making a comparison among regions at a global level, it can be conclude that in
spite of the region of Central and South America presents the lowest share of global reserves
with 4% of total generation that has the greatest potential production because their main
reserves have not yet been exploited and it presents a low consumption and a ratio reserves
/ production high. Therefore, this region is positioned as one of the future areas supplier of
the resource gas.

Consistent with this point of view, which is not mostly accepted on these days, appeared in
the journal Foreign Policy, an opinion of Amy Myers Jaffe2, director of the Forum of
Energy's Baker Institute, Rice University entitled "Goodbye, OPEC" where she argues that
OPEC will lose much of its power in the late 2020 because ".. the Americas, not the Middle
East, will then the global energy capital," says this change will be technological and political
factors (growing regional instability in Africa as it generates drops in production). In the
case of South America, include technological changes such as new horizontal drilling
techniques for the Shale gas in Argentina with third global reserves, and plus advances for
extraction in the pre-salt layer deep, in Brazil. Undoubtedly, this situation has not gone
unnoticed by the big powers like China and the United States; they have already started
negotiations with Brazil for the future use of their resources and have increased their
presence in the region, as well as Iran, France, Spain and Russia among others.

It is argued that, since for any country is crucial to ensure plentiful supplies of energy, any
action that could reduce the flow would threaten vital interests of national security, thus
considered oil and gas as strategic natural resources at a moment of rising global energy
demand against a stagnant offer. In the region, each state need to guarantee the supply of
energy to its population, but this makes it necessary to reach agreements to solve both
conflicts among countries and internal conflicts as in Argentina (the government has to
decided either to supply energy to its population, or to export to Chile) and in Bolivia
(government has to fulfill contracts either with Brazil or with Argentina). Therefore, to
ensure providers is a priority for States to guarantee its Energy Security. To understand how
the countries can obtain this security, geopolitics is an important factor but first it is
necessary to know its evolution so that is explain in the next point.

2 Published in el NuevoHerald.com "Oppenheimer: The new oil center in the world" Thursday September
29, 2011.Accessed on line http://elnuevoherld.com/2011/09/28/v-print/1034152/oppenheimer-el-
nuevo-ce...consultado30/09/2011
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3. Geopolitics and their different approaches

First part of work was focused on reserves, production, consumption and trade since an
economic point of view. This second part shows the geopolitical point of view as another
way to approach reality. In order to understand needs to be done a brief summary of the
changes in the field of study of Geopolitics and the causes that motivated them, so you
could understand the Geopolitical of Latin-American Gas.

3.1 Geopolitical
A definition that contains the basic features of Geopolitics is the following:

"Geopolitics is the science that studies the mutual relations, influences and actions between
the State and Space, to provide knowledge or political solutions" (Marini, 1985,44).
Additionally, "The geopolitical space is the geographical area within which act reciprocally
geographic and political factors to be studied and resolved" (Marini, 1985, 45)

In summary, Geopolitics focused politically geographical space, through a harmonious
relationship between Geography and Politics. Based on the article developed by
Hutschenreuter (2008)? about the evolution of the concept Geopolitics one can extract some
central ideas. "... From the twenties, but particularly since the thirties, geopolitics, became an
idea and practice of territorial expansion based on ultra-national, racial and military (Nazism)
and was associated with a form of exercise of state and interstate power that dragged the
nation to the status of war. Then, the scheme involved a granite bipolar geopolitical division of
nations into spaces or spheres of influence ..."(Hutschenreuter, 2008:2)

3.2 Geoeconomics

However, in contrast to years following World War II, when the term (but not its exercise)
was banned from the discussions, at the beginning of the new order
international Geopolitics began a shy return from the seventies and eighties, with the rise of
regional blocks returned from the hand of the geoeconomics. (Hutschenreuter, 2008:3). In
the 90 highlights the Geoeconomics, focused more on trade and economic issues than
political ~and  territorial. =~ Geoeconomics, establishes  relationships  between
Geography and Economy, through the prominence of use of natural resources from a
country by political action of States. Such if the great powers dispute for control of energy
sources and those considered critical minerals like oil and gas. The variety, volume and
quality of these natural resources are the primary basis for assessing the economic and
political power of Nation?.

Later, geopolitics became a multi-thematic discipline more than a specialized type of
geopolitics, a change that virtually meant the dissolution of the discipline. That is, the
denaturation of a discipline that always characterized by its multidisciplinary nature,

3 Albert Hutschenreuter. The gates of the twentieth century geopolitics. This introductory article is part of an
ongoing investigation. Working paper 04-In Program CAEI Geopolitical Argentine Center of
International Studies.

Online www.caei.com.ar/es/programas/ geopolitica/04.pdf

4 Briano, Justo "Geopolitics and American Geostrategy." Military Club Ed. Buenos Aires. 1972. p: 79.
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though without ever losing its substance which was originally the incidence and
consequence of the geographical factor in the political development of States.
(Hutschenreuter, 2008:3)

But geopolitics is not only faced the phenomenon of distorted, but the same disregard, as
the most conclusive sign of globalization is manifested in the weakening of the territorial
factor in the world of states, for instance, in the disappearance of the national borders, the
death of distance, the erosion of physical sovereignty of States, not including a geopolitical
territory. Thus gave rise to a new form of state increasingly central and territorial,
decentralized and virtual: the disappearance of geographical and territorial state would
disappear one of the historical causes of the clashes, which had been the struggle for land or
spaces. (Hutschenreuter, 2008:4). However, geopolitics was also affected by globalization
characterized by the weakening of territorial factor, and the disappearance of national
borders, who transformed it into geopolitics without territory.

3.3 Critical geopolitics

Critical Geopolitics arises then as a new geopolitics, which focuses on political power and
ignores the geographical factor. The critical geopolitics is interested in all kinds of rivalries
over territory and tries, from discourse analysis, see how enters practices of public and
political actors in past and present scenarios. The nature "criticism" of this vision represents
a reflection on the ways in which the geopolitical issues are represented and circumstances.
Rather than traditional geopolitics research focused on geostrategy in terms of planning and
results critical geopolitics is aimed to the examination of the ideas that precede them, their
circumstances and their expression at the level of state discourse ... and provides a platform
that aims to be valid for all levels of spatial analysis, not only international affairs but in its
intrasocial globalization framework (Barton, 1997:17-18 Castro, 2006:191)5.

At the last stage, with the advent of globalization, the idea of deterritorialization and the
development of critical geopolitics is remove one of the fundamental basis of geopolitics,
territorial component. Within this context of change appears the Posgeopolitics, marked by
the consequences of the implementation of neoliberal economic model that can penetrate
into other spaces through a deregulation of markets that facilitates the opening of economies
and get the same results but without the use of military power. It is also more a relationship
between Economics and Politics, with the Territory.

3.4 New geopolitics of energy

In this context of change of discipline arises another change related to the focus on a
particular conflict, but linking global geographical space with individual one who has a
specific natural resource with political decisions of resource use, that is known as the New
Geopolitics of Energy proposes to go beyond geoeconomics issue, Michael Klare (2003),
argues that ". .. in this world after the cold war, wars for resources are not acts of God, or
unrelated, on the contrary: they are part of a broader geopolitical and interconnected. Future
wars will be for the possession and control of resources needed by modern industrial

5 Lyndon, A, Hiernaux, D (eds.) 2006-Treaty of Human Geography, Chap.8, Castro, P. Geography and
Geopolitics, pp. 187-199.Ed.Antrophos, Mexico.
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societies to function. Then emerges in this framework, a new geography of conflict, which
has mapped a strategic area where political boundaries do not count but the concentrations
of resources®. "

In a later book Klare (2008:18)7 argues that ".. The global fear energy shortage is
accompanied by a New Geopolitics of Energy. Within the international system of power that
is being constituted can expect that the struggle for energy exceeds all other considerations,
international leaders to go to extremes to secure energy supplies in their countries. the oil
(and natural gas) will being primarily a business class that is bought and sold on the
international market to become a preeminent strategic resource in the world, whose
acquisition, production and distribution will absorb more and more time, effort and
attention of governments and military leaders. "

Another component to emphasize in this New Geopolitics of Energy is the resurgence of the
State's presence in front of business and private interests in the pursuit and domain of
energy resources that would be one of the core dynamics of world affairs in the coming
decades. In particular case of South America, appears as a resurgence of nationalism, as is
shown by process of resources nationalization in Bolivia, Venezuela and Ecuador.

The proposal to analyze South American Geopolitics of Gas, through a holistic or integrative
geopolitical point of view, arises to recover the contributions of these different tendencies in
the discipline. Therefore, this paper recognizes the existence of classical geopolitics
components, like presence of States and their political decisions in the area; Geoeconomics
with its emphasis on presence of natural gas resource. Also analyzes discourses of
Presidents, Ministers of Economy, Energy or Defense and political decisions of States as
propose Critical Geopoliticis. Finally, from the perspective of the New Geopolitics of Energy
recovers the analysis of each component in the global level and put them at the particular
context of the South American region.

From geopolitical and strategic point of view, acquire relevance relations between the States
involved and the political decisions of use from resource natural gas. The location of the
resource also acquires importance, in a certain territory and not in others - there lies the
specificity of the territory - and to this, its value as a strategic resource has to be added the
high degree of incidence in the economic development of a given country due to its direct
use of energy in industrial, residential and commercial activities. Coinciding Isbell argues
that "... today, the raw material for energy-particularly oil and potentially natural gas, have
emerged as one of the important variables in the global geopolitical context. Although Latin
America has relatively few energy resources, compared with Middle East or Russia, but in
their own regional context, could achieve self-sufficiency and energy independence. This
region represent a direct source of energy supply for the United States and play a very
important role in the world energy geopolitical game"(Isbell, 2008:2)8s.

From a geopolitical perspective and according to modern Strategy, a concept that handles
international relationships focus on power relations among States, involving relations

¢ Klare, M (2003) "Resource Wars. The future scenario of global conflict, " pgs: 261/262, Ed Trends. Spain.

7 Klare, M (2008) Planet thirsty, dwindling resources. The New Geopolitics of Energy. Urano. Barcelona
Espafa.

8 I sbell, P (2008) Energy and Geopolitics in Latin America, Working Paper No. 12/2008, Real Instituto
Elcano. Espana.
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between means and ends®. That generates dependency relationships where the power is
perceived in terms of degree as States depend on the purpose of other actors. Possesses the
resources or technology gives power to those who possess them and generates a
dependence relationship of those consumers’ countries.

3.5 New geopolitics of energy in South America

This context explains that, new geopolitics of energy in South America, have key players in
global scale, such is the case of Iran, France, China, (which own the resource, technology
and capital needed for investment in infrastructure) and they appear together with regional
actors such as Venezuela, Bolivia and Brazil. There is also the apparent contradiction
between go away from the United States to avoid dependency and the need to approach to
others global players with whom they also create dependency relationships by transfer of
technology to expand their bases of power (as in the case of relations France - Brazil, which
aims to develop nuclear submarines to control their new discoveries in the pre-salt).

Also, from a geopolitical perspective, the achievement of energy for region self-sufficiency
in the medium and long term, is becoming more evident if you observe the conflicts that
arose between the countries of the region from 2004, for example, Argentina, Chile, Bolivia,
Argentina, Bolivia, Brazil, among others and the solution was search for the supplies from
outside the region by use of LNG tankers, ships and regasification. Situation led the region
to have a dependency on supply from abroad, which creates a situation of energy
vulnerability, in some cases, dependence on others or both simultaneously; such is the case
of Argentina.

In this context, there are two geopolitical views on the relationship between Energy and
Security. The first, related to State security and international competition to secure the
possession of resources that are considered strategic because that empowered the State. The
second is located above the national level and worries about security, development and
welfare of society at regional and global levels through processes that promote energy
integration. Beyond what is desirable, the reality is the prevalence of first point of view?0.

In the case of South American in particular, process of nationalization of resources
generated a territorialization of politics, produced as a result of decisions and political
alliances between states- centered not on the market but political power that is exercised on
a territory - leading to territorial dynamics of uncertainty and instability in energy at
regional level, which threatens regional development and improved quality of life of the
people involved in the process.

Usually, when you mention the strategic role of gas as a critical variable in the regional
energy system, one thinks about the scarcity of the resource or infrastructure investments
and passes unnoticed geopolitical component as determining the critical value of the
resource, while decisions of resource use in South America is determined based on existing

9 Delamer, G. (2005) "Strategy, for Policy, Company and Security ". Naval Institute Publications. Buenos
Aires. Argentina.

10 Adapted from Elsa Cardozo NEW SOCIETY 204 (2006) Regional democratic governance and the role of
(dis) integrated energy pp.: 136 to 149.

Online http://dialnet.unirioja.es/servlet/articulo?codigo=2380895.
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political issues rather than on economic grounds. Also, do not forget that the State's role is to
act as a guarantor of energy security which would enable safety and welfare of the societies
involved.

Into this new global energy order, proposed on basis of possession gas or oil are two main
actors of the Cold War but with different roles. Main loser, Russia emerges as a leading
energy supplier to Europe and Asia. While the United States, winner of this confrontation
appears increasingly dependent on external suppliers of energy and therefore more
dependent and vulnerable. In this new geopolitical scenario, add two actors with the fastest
growing economies in the world, China and India becoming significant competitors in the
search for energy reserves, to ensure global growth. In this context, the presence of China
and Russia in the South American region is already notorious, especially in its relations with
Venezuela, Bolivia and Brazil.

Also, in South American scenario has been produced the two major changes in the growth
of global reserves. First, the great discoveries of hydrocarbons in Brazil, in the pre-salt area,
that position not only as a country that achieved its energy self-sufficiency but also as an
energy resource surplus country, added to its growing economic and political presence as
an emerging country with one of the largest surface extensions and large population, adds a
significant improvement in global positioning. Also, the final certification of oil reserves in
Venezuela in 2010 (remembering that in many cases is associated with gas field) who listed
this country first in the world reserves, above Saudi Arabia.

Principal countries providers of resources try to maximize the benefits and advantages it
gives them this position within the new world energy order, which some call "resource
nationalism" that could be defined as the management of energy flows according to the vital
interests of the state, trying to convert the latent power and political advantage. Then the
goals are still available to the respective governments and in some cases are used as
instruments of foreign policy (Klare 2008: 34-35). These companies are increasingly involved
in all stages of the circuits of production, transportation and marketing of products, either
gas or oil.

A resurgence of behaviors "statist" regarding energy resources is a consequence of dependence
the States from hydrocarbons in a context of shortage of production that generates threats to
energy security and life quality of people in the most developed, while highlights conditions of
vulnerability and dependence on the major consuming countries. All these economies-
traditional and emerging grow up and compete for the same energy sources.

Further reality to be faced when speaking of the New Geopolitics of Energy is that it will
remain dependent on increasingly scarce resources and higher demand since despite the
efforts of scientists around the world trying to substitute these resources. Reality is that none
energy consumer country can replace these resources on a large scale. Regard the report of
the U.S. Department of Energy 2007 as these fuels will continue to meet global energy needs
-even in 2030- around the 87% (DoE / EIA, IEO 2007, Table 2, p.85).

Another scenario arises; the countries that have the resources but are not in conditions of
defend it against pressure from rich countries but poor in energy resources. This situation is
clear in Africa. However, in South America face that possibility also Brazil move forward in
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its nuclear program and develops a nuclear submarine -with French support- to protect his
recent discoveries in the presal from external aggression. Related to this situation and the
possibility of signing strategic alliances with States that have technology, weapons or
knowledge arises in the region presence of global players such as Russia, France, Iran and
China among others. Faced with this change in region United States reactive the 4th Fleet to
protect its interests in the region with a power that, any Latin American country can
withstand.

Competition for energy is intensified and considers that, owning energy is a factor that
rivals with the military power; Russia is a clear example of this situation. The real possibility
of transforming the natural gas from a strategic resource to a tactical one (which could be
used as a tool of economic domination over other countries) was observed specifically on 1
January 2006, when Russian President Vladimir Putin put in check the European continent.
In one of the coldest winters in its history, cut off gas supplies to Ukraine, the main
distributor of resources from Russia, but far from its political ideology. Remembering the
Cold War tactics, it became apparent that gas resource use represented an element of
pressure and power - not military but economic - hence the idea of natural resource use as a
strategic weapon.

A growing demand against a standing offer, both at global, regional or local level, certainly
generate greater competition among energy-consuming nations, and those owners or
producers of resources. Meanwhile, not all countries will be able to acquire these resources,
high costs generated by the shortage, with the resulting consequences on the quality of life
of the population.

Meanwhile, other countries with resource but which has less support have taken other
measures such the proposal of Venezuela and Bolivia to create a "natural gas OPEC" or non-
traditional alliances like the one held between China and Russia to reduce the weight of the
United States. Experts suggest that every new barrel that is added to global reserves will be
more difficult and expensive to extract than the last, will be deeper underground, farther
from the coast in hazardous environments or in regions most susceptible the conflict, more
hostile. It is probable that this same scenario is repeated in most existing fuels, including
coal, natural gas and uranium.

If one analyzes from an energy perspective the reality of Latin America, focusing on gas
resources, South American countries are a territorial space characterized by contradictory
conditions on one side, have a variety of renewable energy resources and nonrenewable,
that would mean the possibility of regional energy self-sufficiency, whereas on the other
hand, reality shows that several countries in the region have a situation of dependence on
external supply sources located at large distances and in other cases, energy vulnerability
becomes more apparent as we move into the twentieth century, product demand growth
against a standing offer for lack of investments in infrastructure and exploration tasks.

The most urgent energy problems it faces today the South American region is to supply
natural gas fluid, predominant in the regional energetic matrix. That is aggravated by the
absence of long-term public policies in this area, or the historical unpredictability that have
occurred in some countries, such is the case of Argentina, who behaved like a country with
large gas field and leading to overexploitation. Therefore, it becomes evident the need for
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strategic decisions for the region considering to achieve energy security to ensure the
development and welfare of future generations, compared to a situation of vulnerability and
dependence on energy in the region.

4. Geopolitics of gas in South America

The changes in South American energy sector between 2004 and 2011 - focused on the use of
gas - show situations that move from a bilateral conflict to a regional issue with the
subsequent incorporation of global actors outside the region. These processes of change can
be glimpsed through the application of geopolitical approach from different sides who
allow us to perceive the complex power relations that exist between actors outside the
region of global level - such as Russia, Iran and France - with key regional players - Brazil,
Venezuela and Bolivia, through a series of non-traditional partnerships that arise as a result
of changes in regional and global scenario where contrasting new integration processes
globally with growing conflicts causing instability and fragmentation in regional and global
level.

4.1 New geopolitics of energy -focused on gas natural - in South America

The geopolitical analysis allows us to understand the South American Gas Crisis as a result
of a reality - changing and uncertain, and to interpret the complexity of the existing dynamic
in the social, political and economic level. We also understand the power relations that are
established for the emergence of new geopolitical situation in regional and global space,
where reality is being constructed every day.

South America has abundant renewable energy resources and nonrenewable energy self-
sufficiency that would enable the region and avoid dependence on uncertain supplies from
abroad. However, the reality shows a situation in which, for historical and geopolitical
conflicts existing inadequate policies and decisions, lack of long-term vision in the region
have created situations of vulnerability and dependency and the possibility of disappear
energy self-sufficiency in the region beyond the existence of reserves in quantity and variety
of pipeline constructed and supply agreements signed between the countries

The sum of different factors detailed in this paper allows us to anticipate in the short term, a
new crisis in the region in the period 2015-2020, if the necessary measures are not taken to
reverse the current situation and creates a lack of energy security in the region. Geopolitical
and Strategy, allows a differential analysis of energy security scenarios that goes beyond
dominant economic view because they are political and not economic decisions which
sometimes define the actions taken by States. In Latin America, particularly in South
America, there are four main geopolitical trends concerning the use of natural gas:

1. An increased use of gas resources in relation to the rising price of oil and its minor
effects on the environment and the massive installation of combined cycle power plants.

2. Increasing LNG trade growth both globally and regionally, making it possible to
emerge from the constraints involving pipelines and that also allows the resource to get
anywhere in the world.

3. Nascent proposal, supported by Venezuela and Bolivia, to form a gas group OPEC-style.
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4. Potential trend, but ever closer, is the possibility that natural gas becomes a commodity
like oil.

4.2 Analysis of the situation by country

Analyzing the case of South America, Chile has been one of the countries that quickly came
to use of LNG from the supply conflicts with Argentina in 2004 and in 2010 led to the arise
the possibility of exporting gas to Argentina through existing pipelines from the country
and exporting country imported despite having no recourse but regasification plants
installed in its territory.

In the region, geopolitical and strategic situation that arises is the need for each State to
ensure the flow of energy supplies to its population. This requires the signing of agreements
to overcome conflicts of interest that arise between players in the region, and internally
within each state, for example, in Argentina provide its population or exported to Chile,
Bolivia meet contracts with Brazil or Argentina as well as ensuring the domestic supply.
Most South American countries are faced with the challenge of implementing policies and
strategies that put them safe from possible energy crisis. Against this background, the
various governments chose to perform different actions:

ARGENTINA: made a complex pattern of staggered withholding exports of oil and
derivatives that led to overexploitation of resources and lack of investments. Added to this
Argentina’s energy matrix has 90% of depends on oil and gas. However, the two
productions fall, almost continuously, since 1998. Probably, Argentina is one of the countries
most affected by the energy crisis and move from being an exporter to being a net importer
of energy, especially LNG. Currently, subsidies to the energy sector grew 63% in 2010, the
National Administration expense subsidies spent amounted to $ 48,032 million, which
represents a 47% more than what was spent in 2009. The other bet is on the exploration and
exploitation of thigt gas and shale gas reserves discovered in a "megafields" of
unconventional gas in Neuquen basin, the argentine President announced in December
2010, that they would expand the gas reserves of 6 to 16 years. Their main problems to be in
production are infrastructure investments, the highest price, use only for industries and
pollution that it generates.

CHILE: has been one of the countries that quickly came to the use of LNG from the conflict
with Argentina supply in 2004 and in 2010 led to the emergence of the possibility of
exporting gas to Argentina through existing pipelines from the country and exporting
country imported despite having no resource but regasification plants installed in its
territory. Also, 53% of the energy matrix is represented by the hydroelectric system is
affected by droughts that prevented from operating at full capacity. Response to the crisis
has been the development of coal plants by 2015 it is expected that this technology
represents almost 30% of the matrix of the SIC, the main electrical system of the country
(three times the current share). Another strategy has been the installation of regasification
plants that allow to bring resouce from anywhere in the world and is already thinking about
export natural gas to Argentina. On November 13 in 2009, Chile!! was signed the decree that

11 Tecnoil journal report of January 27, 2011 as reported by the Argentina Association of Budget and
Financial Administration (ASAP)
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allows the sale of liquefied petroleum gas (LPG) to Argentina and from there to other
countries such us Uruguay, Paraguay and Brazil, the sale could be from 2010 or 2011, when
Argentina bring its legal framework. Argentina would thus supplier to consumer.

PERU: tries to change his energetic matrix and stop using the petroleum products to exploit
the Camisea natural gas, oil field discovered by Shell in 1983. Furthermore, the idea of an
energy ring that communicates with Chile and from there to Argentina was dropped and
resumed some contacts with Petrobras regarding the installation of refineries in the country.
However, this year Peru exported 165 000 metric tons (MT) of natural gas (LNG) that will
occur in the plant operating Melchorita Peru LNG consortium, it is projected that this year
there will be about 52 shipments LNG around the world. Besides natural gas production has
increased from 327 million cubic feet per day to around 700 million, confirming its strongest
growth in global production of 108% between 2009/2010.

BRAZIL: it is one of the least affected by rising oil prices since they already achieved self-
sufficiency oil and also with the new discoveries of oil will be a surplus from the energetic
point of view and have greater potential to prevent energy crises and regional own once you
get rid of the volatile gas shipments from Bolivia. It has an energy matrix with 46.6% of
energy from renewable resources (the average is 13%). Added to that, the use of sugar cane
is the second energy source after oil and this is another resource that leads us away from
dependency. Natural gas consumption in 2010 increased 35.5% increase compared to 2009
with a daily average of 52.9 million cubic meters, said the association of gas distributors in
the country. One factor for this growth was the heaviest use of thermoelectric plants using
natural gas as fuel, since the increase in consumption in this sector was 171%. Among
regular, the largest increase in industry which increased its consumption by 20.15% while
household consumption grew 7.2% and 6.26% commercial'2.

BOLIVIA: it has the second largest reserve of gas in the region, and its largest supplier.
Political instability and legal uncertainty prevented him from consolidating his position for
the lack of investment in infrastructure to exploit that resource. Including conflict has
domestic supply since the nationalization of hydrocarbons by itself does not generate
wealth, foreign investments are needed if the country does not have the financial resources
to become profitable and generate revenue from there that can be distributed among the
population. Bolivian Fiscal Oilfields (YPFB Corporation) will spend more than $ 43.2 million
in exploration work and exploitation of hydrocarbons in the perspective of a 15% increase in
oil production, natural gas and associated liquids in the department Cochabamba. The state
oil company president, Carlos Villegas!3, announced that from this amount 24 million
dollars is earmarked for operating tasks in order to optimize local production and more than
$ 18.3 million in exploration for new reserves hydrocarbons.

VENEZUELA: it has the largest reserve of gas in the region but there is the feature that does
not export gas to the region due to the lack of pipelines and regasification plants including

12 On January 27, 2011 was signed this agreement and the Argentine Minister de Vido said that "the goal
is to achieve greater exchange. Integration is very important, symmetry, which is going to go to work. It
will at some point if a country is about something and the other will need to see how they complement.
In this context, it might sell or buy gas, depends on the situation. For example, trade with Brazil we
work very well "

13 According to the publication of the journal Tecnoil of February 8, 2011.
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the paradox that imports gas from Colombia. PAVSA reduced 61% their investment goal for
2011 according to the provisions of the Oil Sowing Plan 2010-2015 which was designed in
2009, after changing the deadlines and goals of the original 2005 project. The tax burden
from the Venezuelan oil industry on the remains, and is reflected in the forecasts of
investment and social contribution. The current plan includes investments of 252 billion
dollars, of which PDVSA will provide 197 billion dollars to move toward four strategic
objectives: accelerating development of the Orinoco Oil Belt to add 2.8 million barrels a day
production for the year 2030, the development of offshore gas to satisfy the domestic market
and export to key markets, furthering the country's overall socialist development and
territorial balance, and the absolute sovereignty over the oil and gas resources!4.

In summary, concrete actions are only observed in some countries such as Chile and Brazil,
with the difference that their interest is to secure its own energy supply, regardless of the
recognition of the need for a strategy for achieving Supraregional Energy Security to allow
the development of the region. Consequently, the two countries with the largest reserves of
gas but no investment in infrastructure, increasing political instability and without legal
certainty, such is the case of Bolivia and Venezuela to varying degrees, are creating
vulnerability in the region such as Brazil and Argentina, dependent on gas from Bolivia, but
with no assurance of continuous supply, despite the long-term contracts already signed.
Argentina meanwhile, decreased exports to Chile and increased imports.

5. Conclusion

The survey of the energy potential of South American countries is a necessary step for a
sustainable exploitation of resources to enable the use of all energy alternatives available to
the region. Vulnerability is the counterpart of energy security to any country aspires and to
avoid it is necessary joint actions conducive to regional integration.

The Americas region has enough variety and quantity of renewable and nonrenewable
resources in the region without having to rely on sources outside the region. Victor
Bronstein!5, Director of the Center for Energy Studies, Politics and Society (CEEPyS) argues
that "Latin America as a region and beyond the particular situation of each country energy
self-sufficient. Then, the process of integration is important because the threshold of a new
global energy crisis, the struggle will be for the price, but by the appeal "Ensuring a reliable
supply of energy in America is the responsibility of governments. Therefore, governments
should intervene to manage risks and avoid supply disruptions and as in reference to costs.
The measures range from subsidies to producers or consumers of energy, to the signing of
international conventions. Ensuring Energy Security is a State obligation, but recognition
that this cannot be obtained in isolation and affirm the need to firm agreements.

In sum, the geopolitical landscape of energy in the South American region in 2011, focused
on the gas resource, shows important changes:

ARGENTINA loses its position as a leading gas exporter in the region, as well as their
ability to self-sufficiency due to declining reserves and lack of investment in exploration

4 According to a report in the journal Tecnoil of January 11, 2011.
15 Roca, M. (2010) "We are on the verge of a global energy crisis, Victor B." In DEF .Ed TAEDA, No. 64 p: 88.
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and infrastructure tasks. His current dependence of LNG is evident when one considers
that consumed 8 million cubic meters per day in 2009 with an estimated 270 to 320 million
dollars. Can be reached the paradox of imported gas (LNG) from Chile, his old top
consumer. Purchases of LNG began in 2008 with 8 ships as a transitional situation for the
winter season, but in 2010 reached 21 ships and by 2011 anticipates the arrival of another
46 ships. On the last trip of the president to Qatar signed an agreement to import 20
million m3 per day to replace Venezuelan fuel oil, Infrastructure Minister Julio de Vido
said the Qatar LNG is cheaper because it is transported in freight double-sized vessels
and is better in environmental terms than Venezuelan fuel oil. Argentina has gone from
being an exporter of energy to be a country dependent on imported energy resources
(LNG, fuel oil, fuel) in 2010 was a net importer of oil after two decades of self-sufficiency
and is vulnerable from point of view of the high costs to be paid to ensure the provision of
these resources, oil purchases abroad increased from 76.8% of 1858 million in 2009 to
3,283,000,000 in 2010, according to a report published by the Sectorial Economic Research
Center (ICE). Moreover, the alternative of unconventional gas exploration potential still
have not been tested for their reserves, or made the necessary investments in exploration
and production tasks.

BRAZIL is the biggest winner in the region, thanks to huge discoveries of oil and gas
resources in the shelf made during 2007 / 8 and with a plan in place that will allow the
rapid acquisition of the resource in 2015 would become a surplus country in energy
resources (gas, oil, hydro, alternative energy). However, despite being oil self-sufficiency
since 2007, in the short term shows vulnerable by their dependence on the uncertain supply
of gas from Bolivia, in this regard, José Sergio Gabrielli, president of Petrobras, said wells in
6 years, new discoveries in the Brazilian continental shelf go into production, which would
be achieved, in 2015 - get the gas self-sufficiency and achieving independence from unsafe
gas supplies from Bolivia, thus exceeding its vulnerability.

CHILE, can also be a winner, because, before the gas supply crisis in 2004 adopted the
necessary measures, like betting to LNG regasification plants and install that let in 2010, be
able to feed itself and even export surplus the resource. His condition is a clear example of a
country dependent but not vulnerable, given its regasification plant and sourcing safe and
varied, but away from countries that do not generate vulnerability. In addition, he resumed
investment in hydropower and coal and also took preventive measures energy rationing.
VENEZUELA, BOLIVIA AND ECUADOR, are energy-exporting countries and
nationalizing their reserves to increase its negotiating leverage with large multinationals in
order to earn more income derived from oil and gas, but generating conflicts over legal
certainty for investors, as a result, they do not make the necessary investments in
infrastructure and this affects their growth potential.

BOLIVIA is another of the losers in the region, being a central actor for the regional
energy supply started to have serious difficulties in complying with treaties agreed with
Brazil and Argentina. The nationalization of the hydrocarbons generated that the
companies concerned in their interests not to perform the necessary investments in
infrastructure to ensure higher production that would allow her time to meet the agreed
volumes of supply contracts. This is a special case of vulnerability and dependence
because it depends on the one hand, of investments in infrastructure made by other third
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countries and the sale of its gas to countries like Argentina and Brazil. Despite having
signed long term supply contracts with these countries, cannot be enforced by the lack of
investment in infrastructure, thus being in a vicious cycle that cannot leave despite having
abundant reserves of gas resource.

VENEZUELA is also far from being the lead actor that was in 2008 with his proposal of
the Southern Gas Pipeline, the fall in oil prices reduced its income. Also, climate issues as
a severe drought seriously affected its hydroelectric resource dependent and uncovered
its shortcomings and lack of investment in infrastructure to avoid a dependence on
climate, the more even with large oil resources. However, the fact he mainly oil
dependence creates extreme vulnerability of the country's GDP from the exportation
resources. Oil Minister Rafael Ramirez said that Venezuela has a volume of country's oil
reserves 297,000 million barrels, which would be the first country with the largest proved
oil reserves, ahead of Arabia, with 266,000 million barrels, and countries like Iran or
Kuwait, according to the Organization of Petroleum Exporting Countries
(OPEC).However, it has problems of lack of investment in infrastructure as well Bolivia.
Despite having the largest gas reserves in America these are not exploited and maybe it
should think in the short and medium term export through LNG ships since the idea of
South Pipeline had many obstacles to become possible. So far, only Venezuela provides
fuel oil to Argentina and despite being the country's largest gas reserves in America, NO
PROVIDE GAS TO THE REGION.

The entry of global players in the region, including Russia, France, China, Iran and Spain
(with investments in Venezuela and Argentina through Repsol-YPF), due to the presence of
abundant natural resources demonstrates the need for consumers to ensure the provision of
them to not be vulnerable and also need for resource holders to ensure the ability to
effectively protect, through deterrent military equipment. It seeks to obtain the transfer of
technology that provides France and supported by Russia and China. This led to an increase
in military spending in the region.

The application of geopolitical analysis allowed understand the South American gas crisis as
a result of a changing reality and interpret the complexity and dynamics of social, political
(resurgence of nationalism) and existing business and also understand the uncertainties and
the possibility of emergence of new geopolitical situation in a regional space in which reality
is being constructed daily. Knowledge of political, economic and geopolitical has shown,
therefore, the important to draw scenarios about possible developments in energy markets
and security of a regular supply companies.

Monitoring the energy situation in the country and the region began in earlier papers by the
author allow to suggest that the conflict has expanded from a binational problem, focusing
on conflicts of gas supply between Argentina and Chile, to a regional conflict who joined
Bolivia, Venezuela and Brazil with the intention of the South American Gas Pipeline now
discarded, which currently includes global players outside the South American region, as in
case of Russia, France, Iran, and a look around the U.S. on the region. This allows to affirm
the existence today of a situation of energy dependency and vulnerability in the region that
must be reversed because it has sufficient resources to achieve its self-sufficiency energetic
and also be exporting.
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Concluding, while the reality is that only existing pipeline in operation - with the
advantages that this implies - are in Bolivia, the reality is that contracts are not met and
pipelines cannot be filled unless there are investments in infrastructure to ensure supply.
There is the contradiction, the region is less vulnerable if choose to import gas from Qatar
and other countries, beyond the distance and dependence that it generates, than if import
the resources from countries with highest gas reserves in the region, Venezuela and
Bolivia. As a result, promote a strategic alliance between States, since a global perspective
is not only advisable, is a real priority for South America. This partnership should be built
with the participation of State actors who claim the resource and those that offer
it within the region. Achieving the South American energy integration, the region would
be in the enviable position of energy self-sustaining future growth, and supply some
of the needs of the rest of the world. At this point another challenge, not least the
integration, is exporting hydrocarbons, but at the same time to develop, with the
consequent improvement of quality of life of people from a specific resource territories,
the energy.
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1. Introduction

Hydrocarbons are hosted in underground geological formations and they can slowly
migrate under the action of the lithostatic load and tectonic activity. Spontaneous
hydrocarbon emissions can be detected on the earth surface and have historically drawn
man’s attention, and have even been the subject of health or religious cults. The natural
hydrocarbon emissions were already well known in the ancient world, in particular during
the classical age. Aristotle recalled the kitcgchen of the persian Kings fed by natural fossil
fuel seeps (Montesauro Veronesi 1585). Lucretius described flammable gaseous emissions in
his DeRerum Naturae. Pliny (23 A.D.-79 A.D.) wrote in his Historia Naturalis said that in the
Syrian city of Commagene a pond existed expelling a burning loam called “malta”
(Bianconi, 1840). In about the whole of Italy the various levels of interest paid to
hydrocarbons by local inhabitants and in economic and industrial structure are recognizable
in the historical and archeological documentation. During the Renaissance the mud volcano
cluster of Sassuolo (meaning “Boulder of the Oil”) near Modena, the largest in Italy, was
particularly famous due to the possible medical properties of the their brackish waters
(Scicli 1972) . That area was thus the first to be explored and exploited in the second half of
the 19t century. The first database compilers acquired field information from the
knowledge of salutiferous and religious cults widely known in the ancient specialized
literature (Bacci 1571). Local detailed maps and lists of hydrocarbon seepages were
compiled in the period 1850-1950 with the purpose of addressing the drilling strategies. The
modern studies in Italy begun with the description of many hydrocarbon emissions
recorded by Camerana and Galdi (1911; Biasutti 1907) in Emilia Region . Successively the
recognition was extended to the whole of Italy (e.g. Camerana et al., 1926). This study phase
lasted up to the end of the 1940s (Zuber 1938; Idem 1940) and the last traces of this approach
to the research can be found up to 1969 (Martinis 1969; Reeves 1953). The advent of modern
geophysical prospection methods (e.g. Accademia Nazionale dei Lincei and Ente Nazionale
Idrocarburi 1948) and the growth of new study trends such as the isotopes geochemistry in
the two last decades of the past century (Mattavelli et al. 1983; Lindquist 1999; Casero 2004,
Bertello et al. 2010) lowered the importance of those former empirical methodologies. Thus
no traces of interest can be found in the last modern handbooks dedicated to the petroleum
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sciences (ENI 2009). Furthermore, the growing of the anthropogenic impact on the
landscape (eg. roads and towns building) erased a great deal of natural evidence of
hydrocarbon occurrences. The scientific literature has only recently has renewed its
attention to the databases of gas or oil natural emissions and a possible loss of knowledge of
sites related to hydrocarbon occurrence. In recent years Martinelli and Judd (2004), Etiope et
al. (2009, and references therein) etc. recovered information on the occurrence and chemical
composition of gaseous hydrocarbons bubbling in mud volcanoes. Furthermore current
scientific literature has devoted attention to some spontaneous gaseous non mud-volcanic
emissions as well but a large part of the small or low flow rate methane and oil emissions
has been not listed. Since the recovery of the old geographical information and modern
geochemical data set can help to achieve a better understanding of the geological
phenomena related to deep fluid accumulation and migration (Minissale et al. 2000; Capozzi
and Picotti 2010), faulting linked to the crustal stress field , natural greenhouse emissions
(Etiope et al. 2009), etc., the present paper is devoted to a first recovery attempt of the
available historical as well as recent information on the natural hydrocarbon emissions and
to its comparison with the updated findings on Italy’s geological features. A map of
hydrocarbon gas seepages has been made and commented together with available analytical
data on natural hydrocarbon emissions (see below). Hydrocarbon seepages drove the
hydrocarbon exploration strategies and allowed for the discovery of important gas and oil
rock sources. Most of the hydrocarbon accumulations are found in the foreland and in
foothill areas whereas they are less frequent in mountain chain areas because of tectonic
activity or of high heat flow areas. By moving in a subduction zone from the back arc
tensive area, through the main thrust area, to the foredeep-foreland area, compression
became dominant and newly formed sedimentary sequences were subjected to strong
subsidence and compaction. In this kind of ambient the abundant organic matter and its
chemical alteration produced hydrocarbons that tend to be squeezed towards the surface,
mostly along fault systems. The main gas accumulations are located along a strip parallel to
the Apenninic chain (Fig. 1). In particular, in the foredeep main biogenic gas accumulations
occur due to high subsidence, sinsedimentary tectonics and turbidite sedimentation. In the
Apennine chain gas of thermogenic origin is prevalent due to intense tectonic activity
(Mattavelli and Novelli, 1988). Most of the Adriatic and Sicilian oils are high density while
the northern Apennine oils are lighter, probably because of a more effective thermal
differentiation. Heavy oils originated from Mesozoic rocks while those in the chain have a
more diverse origin (Pieri and Mattavelli, 1986). A comparison with the available upper
crustal sections reveals main escape conduits along faulted rock volumes. Surface
hydrocarbon occurrences are represented by gas and oil seeps and mud volcanoes. At time
gas seeps are accompanied by cold or warm water springs due to gas interactions with less
deep groundwater circulation paths. Mud volcanoes are well-known gaseous seepages
bubbling in a liquid consisting of clay minerals and brackish water. They are chiefly related
to areas of tectonic compression characterized by thick sedimentary sequences. Their
occurrence is limited to the continental Appeninic chain and Sicily. Some hydrocarbons
seeps, sinkholes and mud volcanoes were reported offshore within a few kilometers of the
coast and their origin has been recognized to be similar to continental hydrocarbon
emissions (Curzi et al. 1998; Camerlenghi and Pini 2009; Fusi et al 2006;Praeg et al. 2009;
Holland et al.2003).
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Fig. 1. Distribution of main hydrocarbon reservoirs in Italy
(after Casero 2004, Sheet 1 and Bertello et al. 2010; redrawn).

2. Geological framework

Two main tectonic events are responsible for Italy’s present geological setting: 1) extensional
tectonics from the Jurassic to the Early Cretaceous; 2) compressional tectonics from the
Cretaceous to the Quaternary. The extensional tectonics occurred during the separation of
Africa and Europe determining the origin of a new ocean (Tethis). Therefore, the Italian
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peninsula and Sicily, as a part of an African microplate (Adria or Apulia indenter), was
affected by subsidence and fragmentation as an isostatic response to crustal thinning of the
passive continental margin. Triassic to early Cretaceous carbonate sediments were mainly
deposited during the extensional tectonics that preceded and accompanied the oceanic
opening. Euxinic conditions were present before and during this passive margin regime in the
Middle-Late Triassic (pre-rifting stage). The Triassic source rocks are formed by thick black
limestones and shales and were deposited in lagoons or mainly in narrow discontinuous
troughs, originated by rifting and/or transcurrent movements (Catalano and D’ Argenio 1982).
Compressional tectonics due to the convergence of African and European plates began in the
Cretaceous and caused the Alpine orogeny. The Alps and then the Apennines were thus
formed and the Italian peninsula took shape. The origin of these chains was complex and
occurred during various tectonic phases characterized by different vergences. The Alpine
structures, north of the Insubric line, were piled up onto the European continental margin
according to a north-vergence and the southern Alps and Apennines were pushed onto the
African margin. Southern Alps and the Apennines were formed more recently than the Alps
and their origin was mainly due to the Neogene tectonic events (Castellarin et al. 1992; Vai and
Martini 2001). In particular, the earliest compressive phases, which occurred during the
Aptian-Albian and Cenomanian-Turonian, were accompanied by anoxic events. Nevertheless,
Cretaceous organic rich sediments were characterized by a more widespread distribution but
distinctly thinner sequences in comparison with Triassic and Jurassic anoxic facies. The
deposition of the terrigenous sediments mainly during compressional tectonics was a
consequence of the generation of the new mountain belts. These deposits are chiefly formed by
thick Tertiary turbidites, deposited in elongated basins parallel to the Apennines chain (Mutti
and Ricci Lucchi 1972). Anoxic facies were not recognized in Tertiary sequences but the
preservation of organic matter deposited in the external part of the turbidites was favored by a
rapid burial in the more active subsiding areas (Mattavelli and Novelli, 1988). Thus, the origin
and distribution of gas fields in Italy was linked to the Neogene tectonic and sedimentary
events related to the Southern Alps and the Apennines surrection. During the Neogene three
main tectono-sedementary domains characterized the general framework of Italy: Southern
Alps; Apennine chain with its foredeep, the related foreland. Most of the Italian gas fields were
discovered in the Neogene turbiditic sequences of the Plio Pleistocene. Condensate gas fields
have been also found in the deep Mesozoic carbonate rocks of Northern Italy and some gas
accumulations of Central and Southern Italy were found in Late Cretaceous limestones.

3. Liquid hydrocarbons source rocks

At least five important source rocks have been recognized which are distributed in age from
Mesozoic to Pleistocene. Three of them were deposited during Mesozoic crustal extension
and are mainly oil-prone. The deposition of organic-rich sediments in restricted basins
began during the Middle-Late Triassic and Early Jurassic extensional phases pre-dating the
break-up of Pangea. Discontinuous anoxic basins developed in the southern Alps, southern
Apennines and Sicily (Pieri and Mattavelli, 1986). Hydrocarbon occurrences associated with
these sources are usually found in complex carbonate structures along the Apennines thrust-
and-fold belt and in the foreland. Two other important source rocks were generated in the
foredeep terrigenous units which formed during the Alpine and Apennine Cenozoic
orogenesis ( Casero 2004; Bertello et al., 2010). The older source rocks are thermogenic
gas-prone and are found in the highly tectonized Oligo-Miocene foredeep wedges: gas
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Fig. 2. Schematic transects of gas setting across the Apennine Chain (related location are
shown in the vignette lying in the lower right corner). A) Ideal, simplified stratigraphic
section (after Boccaletti and Martelli 2004, redrawn) showing an average outline of the
relationships existing among lithology, tectonics, oil and methane types in the northern
Apennine and related foredeep. B) Outline of the structural setting of the northern
Appennine Chain (after Picotti and Pazzaglia, fig. 1, redrawn). C) An explaining model for a
mud volcano activity in the northern Apennine (Nirano case) (after Bonini 2007, fig 5 and 9,
redrawn). D) Hydrocarbon trends geological setting in the Candela-Roseto gas field (after
Casero 2004, Plate 4, section 4a bis, redrawn). E) Geological setting of the Tempa Rossa oil
field (after Bertello at al. 2010, fig. 6C, redrawn).
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occurrences associated with the gas source are mainly concentrated along the northern
Apennines margin, in Calabria and Sicily. The younger source rocks are biogenic gas-prone
and are located in the outer and recent Plio-Pleistocene foredeeps of Po plain and northern
Adriatic Sea. (eg. Casero 2004; Ministero Sviluppo Economico and Assomineraria 2008).
About 95% of Italian oils were generated from source rocks related to the first described
group (Mattavelli et al 1993). Anyway, no significant reservoired hydrocarbons can be
correlated to these deposits due to migration processes linked to the subsequent tectonism .
In the Tertiary era the organic content of the flysch shales also generated a minor amount of
oil in the northern and southern Apennines. Maturation of the above-mentioned Mesozoic
and Tertiary source rocks was induced by regional tectonic factors characterizing the
different structural settings. The Late Neogene tectonism had a major role in the fold and
thrust belt, both for the burial and maturation of source sediments under thick thrust sheets
and for the development of hydrocarbon traps (Mattavelli and Novelli, 1990). However oil
was generated during Jurassic-Palaeogene times from Late Triassic sources and could
possibly have been preserved by early migration in traps at the top of the carbonate
sequence (Casero et al, 1991). Heavy oils are prevalent in the foreland and foredeep
domains, whereas light oils prevail in the thrust belt. Thermogenic gas was also generated
during oil maturation (Mattavelli et al.1993). (Fig. 2)

4. Gas source rocks

Most of the Italian natural gases have been generated through bacterial fermentation
and/or low temperature thermochemical reactions in immature Plio-Pleistocene
sediments of the Apennine foredeep (Mattavelli and Novelli 1988). Bacterial gas is
characterized by almost pure and isotopically light methane (Mattavelli et al., 1983). Its
generation and accumulation is essentially favoured by high sedimentation rates, the
deposition of alternating sands and shales, and synsedimentary tectonics, with the early
genesis of structural traps (Pieri and Mattavelli 1986). The distribution of discovered
original gas reserves is shown in Fig. 1. Thermogenic gas is confined to the thrust belt
structural domain, whereas bacterial gas is distributed in the Pliocene-Pleistocene
reservoirs of the external thrust belt and of the foredeep. The rapid burial and turbiditic
sedimentation associated with very early compressional tectonics represented the ideal
conditions for the formation and accumulation of biogenic gases. The peculiarity of the
Apennine foredeep is the high percentage of biogenic gas which is great part of the total
amount of hydrocarbons discovered over the past half a century in Italy (Mattavelli and
Novelli, 1988). A lesser amount of gases was produced by thermal degradation of organic
matter at great depths (in general >5000 m) either in the foredeep or in the thrust belts,
where a considerable increase in temperature, caused by the emplacement of the thrust
sheets, fostered the generation of thermogenic gases. Nevertheless, the tectonic
movements, active during the entire Neogene, represent a limiting factor for the
preservation of such generated gases. The small quantity (10%) and the uniform make-up
of the gases (99% biogenic gases) discovered in the foreland are strictly related to the
peculiar characteristics of this tectonic regime. In the immature Tertiary sediments the
reduced thickness of the terrigenous deposits generated only a limited amount of bacterial
and /or diagenetic gases. On the other hand in Mesozoic sediments, mainly formed by
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thick carbonate sequences, the possible present thermogenic gases were lost by diffusion
through poorly efficient cap rocks (Mattavelli and Novelli, 1988; Buttinelli et al. 2011).
Geochemical and geological evidences indicates that migration and accumulation of
gaseous hydrocarbons took place mostly during the Plio-Pleistocene. In particular ,
migration is still active in the gas fields of the northern Apennine foredeep (Dal Piaz
1959), owing to the presence of thin impervious layers. In this area, in fact, a kind of
steady state equilibrium has been reached between losses through diffusion and the
continuous supply of newly generated natural gases.

5. Types of gaseous hydrocarbons

Biogenic, mixed, and thermogenic gases were found in Italy. Biogenic gases are usually
found in Plio-Pleistocene sediments and are characterized by almost pure and isotopically
light methane. The more negative isotopic values accompanied by the absence of
heavier homologues were observed in Pleistocene shallow reservoirs. The chemical and
isotopic composition of these gases is considered as evidence for their in situ
formation through bacterial or diagenetic processes (Schoell 1980, 1983; Mattavelli, et al.
1983). Mixed gases were discovered in reservoirs from Middle Pliocene to Cretaceous and
are characterized by a wide range of mixing proportions between biogenic and
thermogenic gases. Thermogenic gases migrated from deeper layers and mixed in
different amounts with shallower biogenic gases. Thermogenic gases are generally found
in the pre-Pliocene reservoirs they are characterized by 13C/12C values ranging from -31 to
-51%o. Italian thermogenic gases reflect all stages of maturation of organic matter.
Condensate and dry thermogenic gases are enriched in heavy carbon (1*C/12C -31 to -
36%o0) and Deuterium which indicate a generation from highly mature source rocks
(Mattavelli and Novelli, 1988).

6. Hydrocarbon accumulations

Biogenic gas pools were found in shallow marine sands and foredeep turbiditic multi layer
sands and sandstones involved in thrust folds and their source is in the interbedded clays.
Thermogenic gas pools are in turbiditic sandstones involved in thrust folds in foothill areas.
The gas generated at great depth in the flysch, migrated laterally-updip along the inner
flank of the folds. Liquid hydrocarbons are reservoired in carbonatic series in foothills and
foreland domains. In the foothills belts ther traps are thrust folds. In the foreland the oils are
stored in carbonates involved in paleostructures of different nature (Casero 2004; Bertello et
al. 2010;). Some biogenic gases originated at a very shallow depth (i.e. less than 100 m) mask
the exact localization of deep reservoirs and justify the need of geophysical and geochemical
prospection to better constrain deep gas accumulations. Sometimes a mixing between very
shallow biogenic gas and deep originated methane occurs generating mixing phenomena
(Cremonini et al. 2008). In the subaerial environment the same biogenic gases generate
and/or use shallow/surficial systems of fractures and faults as escape paths (Bonori et al.
2000; Castellarin et al. 2006; Cremonini et al. 2010; Cremonini 2010a) and some authors
suggested also the possibility of identifying subaerial pockmarks (Curzi et al. 1987; Marabini
et al. 1987; Cremonini 2010b). Usual pockmark morphologies are known to exist on the



86 Advances in Natural Gas Technology

Adriatic Sea bottom along the Meso Adriatic Depression (Curzi and Veggiani 1985; Curzi et
al. 1987; Praeg et al. 2009; Geletti et al. 2008;Mazzotti et al., 1987; Trincardi et al. 2011c), on
the Sardinian continental shelf (Dalla Valle and Gamberi 2011) and at the bottom of Lake
Garda in northern Italy (Violante and Michetti 2010). Unfortunately, for all of those features
no data concerning the seeping gas are available. Other well known morphologies linked to
sure shallow gas seepage on the Northern Adriatic sea floor are generating small carbonatic
mounds and layers (Conti et al. 2002; Panieri 2006 ), but also no analytical data are available
for these.

7. Comments on database and maps

Historical scientific literature (Camerana et al. 1926; Zuber 1940; Martinis 1969, Fig. 8 and
previous references therein; Martinelli 2007) have also reported the location of natural
hydrocarbon occurrences not always considered in the recent scientific literature (Martinelli
and Judd 2004). In any case, all the available sampling points or historically recognized
points have been mapped and shown in figures 3a-d. The location data related the previous
figures are recorded in Tables 1 to 4 . Due to the fact that the geographical location of the
majority of the considered points cannot be gleaned from any other original edited source,
the related coordinates were graphically extrapolated and as a consequence each
georeferenced location must be understood as the barycentre point of a circular area in a
possible location having a radius of up to 5 km in length. The related municipality quoted in
the Tables 1 to 4 is the biggest one existing near the location point. Hence, they will be
merely indicative even if significant on the scale of the present study. Seepages occurring in
Italy are represented by : i) dry gas emissions; ii) gas bubbling in mud-volcanic waters; iii)
gas bubbling in ground waters; iv) oil spills; v) asphalts and bitumen; vi) solid waxes. Figure
3 collects the related locations subdivided into four subsets, i.e. gas (Fig. 3a), Oil (Fig. 3b),
Solid (Fig. 3c) and Mud-Volcanoes (Fig. 3d). The whole seepage set vs. the structural map of
Italy is provided in Fig. 4. The available updated natural gas analyses are collected in Table
5 and their location and kind are shown in Fig. 5. When more than one site reported in the
scientific literature was found within the same municipality then the most significant and
representative of them or the main centre itself was selected as being representative. The
analytical data were kept by the reference sources quoted in Table 5 (Borgia et al. 1988;
Minissale et al. 2000; Duchi et al. 2005; Etiope 2007; Heinicke et al. 2010). In some cases, the
original analytical strings have been completed by means of data published by the authors
referenced in the reported list. Analytical data usually refer to dry gases and to the gases
bubbling in mud volcanoes. Some low-depth wells (<200m) drilled close to natural gaseous
emissions have been considered as well as some wells characterized by the certain
representativeness of local seepages. All the sampling points have been georeferenced.
Analytical data have been plotted and are shown in Figure 6. The graphs obtained indicate
that only a minority of considered gases has biogenic origin, while all the others are
thermogenic or mixed thermo-biogenic. Due to fact that analytical data obtained from the
gases sampled in deep industrial wells highlight the same proportions of biogenic and
thermogenic gases, we can conclude that the surface seepages are representative of a deep
hydrocarbon setting and, in principle, could be still exploited as indicators of deep-seated
reservoirs.
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Table 1. List of natural GAS seepages in Italy.
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Table 2. List of natural oil occurrence in Italy.
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Table 3. List of solid hydrocarbon occurrence in Italy.
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Table 4. List of mud volcanoes known in Italy.
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Table . . ST
No. Region | Province | Municipality Place name References
reference

s // // // Atmosphere
Emilia . . . .

1 1// Romagna Bologna |Castel di Casio |Gaggiola Borgia et al. 1988, Tab. 1
Emilia . . .

2 |G15 Bologna  |Gaggio Montano (Gaggio Montano [Duchi et al. 2005, Tab 5
Romagna
Emilia . . .

3 |IG15 Bologna |Gaggio Montano [Molinazzo Borgia et al. 1988, Tab. 1
Romagna
Emilia . . .

4 |G1e Bologna  |Grizzana M. Ca Bellavista Borgia et al. 1988, Tab. 1
Romagna

5 (V5 Emilia Bologna  |Imola Bergullo Etiope et al. 2007, Tab.
Romagna

6 (V8 Emilia Bologna |Monterenzio Drag. Sassuno = Etiope et al. 2007, Tab.
Romagna S. Clemente
Emilia . . .

7 |G19 Bologna  [Porretta Terme |Ca Salgastri Borgia et al. 1988, Tab. 1
Romagna
Emilia Borgia et al. 1988, Tab. 1;

8 IG19 Romaena Bologna Porretta Porretta *Minissale et al. 2000,

& Tab.2,3

Emilia S. Benedetto . . |Duchi et al. 2005, Tab 5;

9 |20 Romagna Bologna V.Sambro Castel dell'Alpi *Borgia et al. 1988, Tab. 1

10 |G23 Emilia Ferrara Cento Corporeno Etiope et al. 2007, Tab.
Romagna

11 |[G24 Emilia Ferrara Comacchio Valli Mezzano Cremonini et al. 2008,
Romagna Tab. 1

12 lgos Emilia Forli- Bagno di Terme di S. Duchi et al. 2005, Tab 5
Romagna |Cesena Romagna Agnese
Emilia Forli- Capozzi and Picotti 2010,

13 |G27 Romagna |Cesena Castrocaro Bolga well Tab.3

14 |G32 Emilia Forli- Tredozio Monte Busca Etiope et al. 2007, Tab.
Romagna |Cesena
Emilia Borgia et al. 1988, Tab.1;

15 |G 34 Modena [Fanano Trignano *“Minissale et al. 2000,
Romagna

Tab. 2,3

Emilia Fiorano . .

16 |V11 Modena Nirano Etiope et al. 2007 , Tab.
Romagna Modenese
Emilia . .

17 |G 35 Modena |Lama Mocogno (Barigazzo Borgia et al. 1988, Tab. 1
Romagna
Emilia . .

18 [V13 Modena |Marano Panaro |Ospitaletto Etiope et al. 2007, Tab.
Romagna

19 (V12 Emilia Modena |[Maranello Puianello Duchi et al. 2005, Tab 5

Romagna
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20 |G 36 Emilia Modena [Maranello Govana Duchi et al. 2005, Tab 5
Romagna
21 |G39 Fmilia Modena |Montese Montese 19 Borgia et al. 1988, Tab.1
Romagna
Emilia g .
22 (V19 Modena |Sassuolo Montegibbio Duchi et al. 2005, Tab 5
Romagna
23 |// Emilia Modena [Serramazzoni Selva Borgia et al. 1988, Tab.1
Romagna
24 |G 45 Emilia Modena [Sestola Ca BOIde, Borgia et al. 1988, Tab.1
Romagna Roncoscaglia
25 |G53 Emilia Parma Fornovo Taro Vallezza Borgia et al. 1988, Tab.1
Romagna
26 |V23 Emilia Parma Lesignano Bagni |Rivalta Etiope et al. 2007, Tab.
Romagna
Emilia L. X Heinicke et al . 2010;
27 |G51 Romagna Parma Corniglio Miano “Duchi et al. 2005, Tab 5
Emilia . R Duchi et al. 2005, Tab 5;
28 |G57 Romagna Parma Salsomaggiore |Salsomaggiore “Borgia et al. 1988, T. 1
29 (V24 Emilia Parma Traversetolo Torre Etiope et al. 2007, Tab.
Romagna
Emilia . . .
30 |// Piacenza |Gropparello Montechino Etiope et al. 2007, Tab.
Romagna
Emilia Reggio . . .
31 (V25 > 'Viano Casola-Querciola|Duchi et al. 2005, Tab 5
Romagna (Emilia
Emilia Reggio . .
32 (V26 o Viano Regnano Etiope et al. 2007, Tab.
Romagna [Emilia
Emilia C . . .
33 |// Rimini S. Agata Feltria |Caioletto Duchi et al. 2005, Tab 5
Romagna
34 |G79 Toscana Firenze Firenzuola Pietramala ;/I;mssale etal. 2000, Tab.
35 |// Toscana  |Pistoia Larciano Larciano Duchi et al. 2005, Tab 5
36 |V51 Molise Teramo  |Pineto Pineto Etiope et al. 2007, Tab.
37 (V53 Campania |Benevento Céstglfranco Malvizza Etiope et al. 2007, Tab.
Misciano
38 G129 Basilicata |Potenza  |{Tramutola Tramutola Etiope et al. 2007, Tab.
39 (V57 Sicilia Agrigento [Aragona Maccalube Etiope et al. 2007, Tab.
40 |G 147 Sicilia Agrigento [Bivona Censo Etiope et al. 2007, Tab. 1
41 |V 60 Sicilia Agrigento |Cattolica Eraclea [Bissana Etiope et al. 2002, Tab. 2
42 |V 63 Sicilia Catania Paterno ]S;?Elilgr;e(z)lle di’S. Etiope et al. 2002, Tab. 2

* = data source.

Table 5A. Analytical data concerning natural gaseous hydrocarbon manifestations in Italy.
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Table 5B. Analytical data concerning natural gaseous hydrocarbon manifestations in Italy.
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Fig. 3A. Map of natural gas seepages in Italy. Coordinates and related references are given
in Table 1.
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Fig. 3B. Map of natural oil occurrence in Italy. Coordinates and related references are given
in Table 2.
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Fig. 3C. Map of natural solid hydrocarbon occurrence in Italy. Coordinates and related
references are given in Table 3.
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Fig. 3D. Map of mud volcanoes in Italy. Coordinates and related references are given in
Table 4.
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Fig. 4. Relationships existing between Hydrocarbon occurrences and main structural setting

of Italy. The structural frame was simplified and redrawn after (CNR 1990; Fantoni and
Franciosi 2010, fig. 5).
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Fig. 5. Location map of gas seepage points in Italy for which analytical data are available in
Table 5.
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Fig. 6. Simplified Schoell’s diagram evidencing biogenic, mixed and thermogenic characters
of natural gaseous hydrocarbon seepages in Italy. The cluster of Italian hydrocarbon wells
analytical data (gray area) is also shown (after Mattavelli and Novelli 1988).

8. Tectonic stress field in Italy and seepages

A stress field map (Montone et al. 2004) can be used (Fig. 7) for a better understanding of
active tectonic processes, to understand the behavior of faults recognized by other methods
(CNR 1990) and to infer the origin of surficial manifestations of hydrocarbons (Figs. 3 and 8).
The map shows that an extensional regime affects most of the Apenninic belt. Conversely, a
compressional (or transpressional) regime characterizes the eastern Alps, the eastern side of
the northern Apennines, and the South Tyrrhenian to Northern Sicilian zone. An abrupt
change in stress directions marks the transition between northern and southern Apennines,
suggesting that the two arcs are characterized by a different tectonic setting and recent
evolution. Present stress field probably have not changed significantly in last 10 kyr; thus
hydrocarbon seepages are due to rock fracturing, overpressure phenomena and tectonic
pumping processes constantly generated in the upper crustal layers. In particular, the
intense tectonization of the orogen (Montone et al.,2004; Picotti and Pazzaglia 2008) can
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Fig. 7. Stress field data in Italy (after Montone et al.2004, redrawn) and crustal carbon
dioxide degassing areas (Frezzotti et al. 2009).
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Fig. 8. Spatial comparison between exploited hydrocarbon fields and natural seeps in Italy
(from figures 1 and 3).

be responsible for the high number of hydrocarbon seepages of whole Apennines (Martinelli
and Judd 2004; Capozzi and Picotti 2010). The distensive behavior of central Italy is
probably responsible for the high heat flow values recorded in the Tuscany and Latium
areas unfavourable to hydrocarbon accumulations. The western part of the Italian peninsula
is characterized by intense CO, degassing activity (Minissale et al 2004). Carbon dioxide is
chiefly originated by mantle degassing, and by crustal thermometamorphic reactions (e.g.
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Chiodini et al. 2004; Frezzotti et al. 2010). Conversely carbon dioxide degassing is lacking in
the outer (eastern) flexural domain of the Apennine chain due to higher crustal thickness
and to the relatively low geothermal gradient (Buttinelli et al. 2011 and therein references).

9. Conclusions

The mapping of most important gas emissions (Fig.8) shows that the hydrocarbon domain is
chiefly located in the core of the raised Apennine belt immediately behind the chain front at
the boundary of and its related Plio-Quaternary foredeep, whereas CO, emissions are
located in the Apennine backdeep area. The geographic distribution of important gas
accumulations in Italy does not show a highly significant correlation between surface
seepages and the exploited reservoirs and it could also suggest the existence of other still
unknown deep reservoirs (Pieri 2001) or their small remnants difficult to be checked up. The
majority of the hydrocarbon wells is characterized by biogenic gases, while thermogenic
methane is predominant in surface seeping, confirming the sealed condition of most of the
biogenic reservoirs and that they still have not experienced the complete evolution of
organic matter towards the thermogenic terms induced by pressure and temperature.
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1. Introduction

Finding new oil reserves is becoming more and more difficult (al-Husseini, 2007). A recent
study (Aleklett, 2007) alerted that global oil production has very probably passed its
maximum, so the World will have reached the Peak of the Oil Age (also known as Hubbert
Peak). The rate of discoveries of new oil reserves is less than the present rate of
consumption, and already 5 out of every 6 oil producing countries have declining
production. World natural gas proved reserves in 2010 were sufficient to meet 59 years of
global production while proved oil reserves were sufficient to meet 46 years of global
production (BP, 2011).

Natural gas production was expected to begin declining at the United States at the
beginning of the XXI century, and in fact, conventional gas production peaked 15 years ago.

However, in the last decade, US internal gas production has been maintained and even
increased in 2008. More surprisingly, US domestic gas resources have increase a 40% since
2006. Most of the growth in natural gas production in the United States and in other
developed countries like Australia is coming from unconventional sources of natural gas
that were considered until recently as non recoverable resources.

New and advanced exploration, well drilling and completion technologies are allowing
increasingly better access to non conventional gas resources at competitive prices, so
unconventional gas is becoming more “conventional”. As most of discoveries are taking
place in the US, they have a tremendous impact on global gas markets.

As a prove of the interest of the industry on unconventional gas, in December 2009,
ExxonMobil announced it would buy XTO Energy, the bigger independent gas producer in
US, one of the companies operating in the big Barnett Shale basin (Texas), for 31,000 million
dollars.

Unconventional gas is defined by the International Energy Agency as gas that is more
technologically difficult or more expensive to produce that conventional gas.
Unconventional gas resources can be divided into coal bed methane, tight gas and shale gas.
Other huge unconventional resources are gas hydrates (methane molecules trapped in
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crystalline water compounds), but they are not expected to provide a major contribution to
gas production in the next 20 years.

A generally accepted industry definition is reservoirs that do not produce economic
volumes of natural gas without assistance from massive stimulation treatments or special
recovery processes and technologies, such as multiple fracturing.

This paper presents a review of the state of art and recent developments of unconventional
gas production (tight gas, shale gas and coal bed methane): technology, pioneers projects
and bigger unconventional fields, actual production, costs trends and potential reserves.

2. Types of non conventional natural gas

Fossil fuels - including crude oil and natural gas - were originated from organic matter over
hundreds of millions of years. The organic matter, buried under layers of mud in anaerobic
conditions (without oxygen), gradually decomposed and was converted into petroleum
(natural gas or crude oil) by the combined action of heat and high pressure,

Gas generated in the process migrates towards the surface (the atmosphere) unless it
encounters various types of geological traps in the form of porous rock formations tightly
sealed by overlying layers of impermeable rock.

Natural gas yields can be broadly classified into conventional and non conventional
reservoirs:

- Inaconventional reservoir, natural gas is trapped in a limited boundary within porous

rocks by impermeable rocks above (seal) that prevents it from escaping to the surface.
Usually have as well a down-dip water contact. This led to the formation of
conventional gas deposits, resembling gas-soaked sponges. The natural gas can be
"associated" (mixed with oil) or "non-associated" found in reservoirs that do not contain
oil. The majority of gas production is non-associated.
Non-associated gas is recovered from the formation by an expansion process. Wells
drilled into the gas reservoir allow the highly compressed gas to expand through the
wells in a controlled manner, to be captured, treated and transported at the surface.
This expansion process generally leads to high recovery factors from conventional,
good-quality gas reservoirs. If, for example, the average pressure in a gas reservoir is
reduced from an initial 300 bar to 60 bar over the lifetime of the field, then
approximately 80% of the gas initially in place will be recovered.

- Unconventional reservoirs are more continuous, consisting of a stacking of
sedimentary layers with low permeability that are charged with gas.
They usually require advanced technology such as horizontal wells or artificial
stimulation in order to be economically productive; recovery factors are much lower —
typically of the order of 15 - 20% of the gas in place.

The unconventional gas sources include shale gas, gas locked in insulated rock pores (tight
gas), coal bed methane and gas hydrates. Important characteristics of gas reservoirs are
porosity - the volume of the pore spaces, and permeability - how connected the pore spaces
are.
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Fig. 1. Types of gas yields. Source US Energy Information Administration, 2011.

2.1 Tight gas

Tight Gas is natural gas found in reservoirs with low porosity and low permeability. Tight
reservoirs are usually a sandstone formation that is unusually non-porous, although
carbonate rocks can also be tight-gas producers.

Tight gas is trapped in geological formations similar to conventional gas, so the distinction
between conventional and tight gas is not so clear in some basins.

The standard definition for a tight-gas reservoir is a rock with matrix porosity of 10% or less
and permeability of 0.1 millidarcy or less.

Low permeability is primarily due to the fine-grained nature of the sediments, compaction,
or infilling of pore spaces by carbonate or silicate cements.

Gas production from a tight-gas well will be low compared with gas production from
conventional reservoirs (MIT, 2010). A lot of wells have to be drilled to get most of the oil or
gas out of the ground in unconventional reservoirs. Tight gas requires multiple fracturing in
order for any significant amount of gas to be available.

Exploration for tight gas sand reservoirs differs from conventional reservoirs in that tight
gas sands are continuous, consisting of a stacking of sedimentary layers that are charged
with oil or gas much in the same way that an aquifer is charged with water. Conventional
reservoirs have much more limited boundaries, and well as a down-dip water contact,
which is absent from the continuous reservoirs. Also, the great preponderance of continuous
reservoirs are charged with gas, rather than crude oil.
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While some continuous reservoirs may be found at a relative shallow depth, many are
located at greater depths of 3000 m.

The key to producing this vast resource is locating areas and drilling wells where natural
fractures abound “a sweet-spot”. The distribution, orientation, and density of these fractures
is key to proper planning and well scheduling in tight gas reservoirs. Identifying the best
locations for tight-gas well completions requires a host of reservoir evaluation technologies,
including seismic interpretation, logging and well testing.

Unless natural fractures are present, almost all tight reservoirs must be fracture-stimulated
to obtain economic production rates.

2.1.1 Tight gas sands resources

Although tight gas reservoirs are scattered across the planet, most are concentrated in North
America, Russia and China.

Estimates put the total volume of these unconventional resources at 310,000 bem. Until the
past decade, tight gas was considered non-economic to produce, but improvements in
technology have clearly made a big difference in the amount of unconventional gas that can
be recovered economically.

Only a 10% recovery rates for this type of reservoir guarantees reserves of 30,000 bcm, a not-
significant amount compared with the 187,000 bcm of proved conventional gas reserves for
the total World (Kuuskraa & Stevens, 2009). However, unlocking them raises a number of
challenges, both technical and financial.

Historically, tight gas has been the most significant source of unconventional gas production
in the United States, and is likely to remain so for some time. Tracking tight gas production
in the World can be difficult because it can exist in a continuum with conventional gas.

2.2 Shale gas

Shale Gas is natural gas that is produced from reservoirs predominantly composed of shale
(a fine-grained sedimentary rock which is easily breakable into thin, parallel layers), rather
than from more conventional sandstone or limestone reservoirs.

Shale has low matrix permeability, so gas production in commercial quantities requires
fractures to provide permeability. While a gas well in a Qatari reservoir might produce 4
million m3/day, a shale gas well (without stimulation) might produce only 0.15 million
m3/day.

Shale gas has been produced for years from shale with natural fractures; the shale gas boom
in recent years has been due to modern technology in hydraulic fracturing to create
extensive artificial fractures around well bores. Horizontal drilling is often used with shale
gas wells, with lateral lengths up to 3000 meters within the shale, to create maximum
borehole surface area in contact with the shale.

Unlike conventional gas production, shale gas potential is not confined to limited traps or
structures, and may exist across large geographic areas. Total natural gas resource potential for
gas shale at US has been estimated to be from 10 to 25 Tm3 of recoverable gas resources (EIA,
2011), compared with the actual volume of 7.7 Tm?3 of proved gas reserves at US (BP, 2011).
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At present, most commercial shale-gas development is in the US and Canada. To date, tight
gas, as well as other unconventional resources, remains underexploited outside North
America.

2.3 Coal bed methane

Coal Bed Methane (CBM) refers to gas that contains a high percentage of methane and
comes from coal deposits underground. CBM is natural gas generated and stored in coal
seams. Coal seams have a dual porosity system comprising micropores, which exist in the
coal matrix, and a system of natural fractures called cleats, which are the macropores. In a
CBM gas reservoir, water completely permeates coal beds, and its pressure causes the
methane to be adsorbed onto the grain surfaces of the coal.

The ability for coal reservoirs to store coal-bed methane depends on pressure of the
reservoir, composition of coal, coal rank, and structure of the micropores, molecular
properties of adsorbed gas and temperature of the reservoir.

To produce CBM, the water must be drawn off first, lowering the pressure so that the
methane will desorbs from the coal and then flow to the well bore. As the amount of water
in the coal decreases, gas production increases.

Coal beds tend to have low permeability, so that fluids do not flow easily through them
unless the reservoirs are stimulated, for example, with hydraulic fracturing.

2.3.1 Coal bed methane resources

Coal bed methane is probably widely spread around the world. Large amounts are known
to exist, notably in Australia, Canada, China, Germany, India, Indonesia, Poland, Russia and
South Africa (Kuuskraa & Stevens, 2009).

Coal Bed Methane resources are to be found at a deep relatively shallow (usually 200 - 1000
meters depth) but unfeasible to be mined. It is important to notice that not all coal is suitable
for methane production. Long-term brown coal fields are poor with methane. Anthracite is
marked by high gas concentration but it is impossible to extract it because of the high
density and quite low field openness. Methane is usually found in sub-bituminous and
bituminous coal, located in the middle between brown coal and anthracite.

The production of gas from CBM reservoirs is unconventional compared to production of
sandstone or carbonate reservoirs. Since no entirely reliable technology yet exists to assess
how much gas a particular coal bed can yield, the methane gas extraction process is often
one of trial and error. CBM exploratory wells are drilled in an attempt to find an
economically viable quantity of trapped methane. If the trial is successful, other wells are
drilled to produce the methane by bringing it up to the surface, where it is processed and
transported through pipelines to the market.

2.3.2 Environmental impact

A high production of coal-bed methane carries with it some technological and
environmental difficulties and costs. As water pressure provides the necessary pressure to
keep the gas confined within the coal, large volumes of co-produced water are necessary to
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reduce pressure before gas can be brought to the surface. The amount of water produced
varies widely among basins with CBM production, obtaining volumes of water of 4 to 64 m3
per day and well (US Geological Survey, 2006).

Management of co-produced water is a concern because of the large volumes of water
involved and because of the composition of the water. This water, which is commonly saline
but in some areas can be potable, must be disposed of in an environmentally acceptable
manner.

Common water management strategies include discharge into surface drainages, stock
ponds, evaporation ponds and infiltration ponds. In some cases, water is re-injected into
subsurface rock formations. In cold regions, it is possible to freeze the water in the winter,
collect the salts that separate out, and dispose of or utilize them independently of the water,
which can be discharged.

2.4 Gas hydrates

Gas hydrates are gas deposits trapped in ice crystals in permafrost and on the ocean floor.
The gas resource contained in hydrates is estimated to be larger than all other sources of
natural gas combined, but such gas is not commercially producible with today’s
technologies.

Globally, the total amount of methane sequestered in these deposits probably exceeds 2,000
Tm3. Most of this methane is trapped in highly disseminated and/or low saturation
methane hydrates that are unlikely to ever be a commercially viable gas source.

3. Main technology improvements to exploit unconventional gas resources

The principal drivers of unconventional gas production have been technological advances in
drilling and completion. Many of the technical challenges are common to CBM, tight gas,
and shale gas.

3.1 Hydraulic fracturing

During the 1980’s, the introduction of massive artificial fractures, known as hydraulic
fracturing, was proving successful in the Barnett shale. With the evolution of this hydraulic
fracturing technology, the application of a simple blend of water and sand treatments and
high pump rates demonstrated the potential for wide scale exploitation at commercial rates.
This had the effect in the Barnett shale of doubling initial well rates, with commensurate
increases in cumulative recovery.

Hydraulic fracturing (also known as fracking) is a technique used to create fractures that
extend from the well bore into rock or coal formations. These fractures allow the oil or gas to
travel more easily from the rock pores, where the oil or gas is trapped, to the production
well.

Typically, in order to create fractures a mixture of water, proppants (sand or ceramic beads)
and some specialty high viscosity fluid additives is pumped down the well at high pressures
for short periods of time (hours).
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Eventually, the formation will not be able to absorb the fluid as quickly as it is being
injected. At this point, the pressure created (up to 500 bar) exceeds the rock strength and
causes the formation to crack or fracture.

The sand carried by the high viscosity additives is pumped into the fractures to keep them
from closing when the pumping pressure is released. The high viscosity fluid becomes a
lower viscosity fluid after a short period of time. Both the injected water and the now low
viscosity fluids travel back through the man-made fracture to the well and up to the surface.

Ideally, hydraulic fracture treatment design is aimed at creating long, well-contained
fractures for maximum productivity. Fracture migration to the bounding layers is akin to
failure of the stimulation job. Problems posed by unconfined fracture growth may include
massive fluid loss.

The fluids currently used for fracturing a well are water (90%), mixed with sand (9%) and
other additives (1%) like potassium chloride or other friction reducing additives. Sometimes,
fracturing is initiated with the pumping of an acid treatment (water with some hydrochloric
acid), in order to dissolve part of the rock material, so that the rock pores open and fluid
flows more quickly into the well.

During the 2000’s, the technology evolved to allow single-trip multi-stage hydraulic
fracturing systems and zone isolation, which is driving the cost-effective exploitation of
difficult reservoirs.

The location of fracturing along the length of the borehole can be controlled by inserting
tough inflatable plugs, also known as bridge plugs, below and above the region to be
fractured. This allows a borehole to be progressively fractured along the length of the bore,
without leaking fracture fluid out through previously fractured regions. The plugs are
inserted into the bore deflated, then expanded to seal off the borehole into a small working
region. Piping through the upper plug admits fracturing fluid and proppant into the
working region.

3.2 Horizontal /directional drilling

Horizontally drilled wells were first drilled in Texas in the 1930’s. The technology has been
continuously improved and developed; and by the 1980’s, horizontal drilling has become a
standard industry practice.

In late 1990’s, the application of horizontal drilling enabled more aggressive development as
multiple transverse fractures could be placed along a horizontal lateral well-bore.

The technology of horizontal well completions was first adapted for shale gas development
to provide increased wellbore exposure to the reservoir area while allowing for a reduced
number of surface locations in urban areas. Barnett horizontal wells have laterals ranging
from 1000 to more than 3000 meters. A horizontal well may cost three times more than a
vertical well, but horizontal drilling provides much more exposure to a formation than does
a vertical well.

Thus, horizontal wells can reduce the number of wells needed to developing a gas field. In
addition, one can significantly reduce the overall number of well pads, access roads,
pipeline routes, and production facilities required, thus minimizing impacts to public and
overall environmental footprint.
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At the late 1990s, only 40 drilling rigs in the US (6% of total active rigs) were capable of
onshore horizontal drilling; that number grew to 519 rigs (28% of active rigs) by 2008.
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Fig. 2. Main technology improvements to exploit unconventional gas resources.

3.3 Reservoir evaluation, characterization, modeling and sweet- spot detection

A collection of improved exploration and production technologies has aided the
development of unconventional gas. Apart from fracking and horizontal drilling, mayor
advances have occurred in data acquisition, data processing and integration of seismic data
with other geological data.

The tools used by geologist include 3-D seismic, gravity and magnetic surveys, combined
with advances in computer power. Ultimately, successful reservoir characterization will
result in the ability to accurately develop 3-D representations of these reservoirs.
Unconventional gas reservoirs are more difficult to model than conventional gas reservoirs
because the flow behavior is transient for much longer periods of time before stabilization.
Current logging tools provide measurement of permeability, effective porosity, organic
content, gas content, gas saturation, water saturation, Clay mineralogy, pressure,
temperature, bulk density and other properties.

Understanding of the geo-mechanical and geo-chemical characteristics of the resource rock
will add to the ability to locate and characterize natural and artificially created fractures.
Developing detection methods for “sweet spot” (areas with natural fracture) is very
important to identify where production performance will be most attractive.

At the same time micro seismic technology is used to track and confirm fracture length,
width and orientation while carrying out a fracture treatment. This allowed more efficient
control of the process, better placement of wells and more economical exploitation.

In parallel, advances in drilling, casing and completion of wells are available through the
conventional oil and gas industry. Continuous progress, experience and competition are
bringing down the cost of applying these techniques, lowering the economic threshold and
making the technology available to more producers.
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3.4 Environmental concerns

An environmental concern raised by hydraulic fracturing is the possibility of introducing
contaminants into aquifers (Arthur et al, 2008). Hydraulic fracturing does induce new
fractures into shale, and can propagate fractures up to 500 - 1000 meters along the bedding
plane of a shale formation. The potential for propagating fractures to an overlying aquifer
may depend on the depth separating the two.

Frac jobs are always designing to limit the fractures to the height of the gas-producing shale
zones, because any fracture propagated to an overlying aquifer could allow water to flow
down into the gas-producing portion of the shale, and could significantly hamper gas
production.

A frac treatment may pump as much as 10,000 m3 of fluid for each well. A large proportion of
these fluids (60 to 80%) are recovered afterwards by pumping them out of the well. However,
fracturing fluids spilled on the ground surface could infiltrate downwards to shallow
groundwater. This could pose a risk to superficial aquifers composed of permeable sand.

Unconventional gas shale’s resources are typically deeper than coal bed methane formations
and are often geologically isolated from drinking water aquifers. The environmental concern
may be higher in the shallow coal bed methane formations because these shallow coal beds
can also contain high quality water which could meet drinking water standards.

A properly designed and cased well will prevent drilling fluids, hydraulic fracturing fluids,
or natural gas from leaking into the permeable aquifer and contaminating groundwater.

Although fracturing operations related to oil and gas production are exempted from the US
Safe Drinking Water Act, the item remains highly controversial.

4. The expansion of non conventional gas in North America
4.1 Shale gas basins
4.1.1 The expansion of US Gas Shale production

The extraction of natural gas from shale formations has been occurring in parts of the
United States since earliest years of gas development. However, many of these early wells
were never able to produce a marketable quantity of natural gas.

Shale gas is actually the fastest growing energy sector in US (US Department of Energy,
2009), driven by the technology improvements and the presence of big shale basins.

The development of shale gas plays has become a “game changer” for the U.S. natural gas
market.

In 1996, shale gas wells in the United States produced 8 becm; by 2006, production raised to
30 bem, 5.9% of US gas production.

By 2005 there were 14,990 shale gas wells in the US. A record 4,185 shale gas wells were
completed in 2007.

In 2008, US Shale gas production was 55 bcm, making up more than 10% of total US
production of dry gas



132 Advances in Natural Gas Technology

The proliferation of activity into new shale plays has increased shale gas production in the
United States to 138 bem in 2010, or 23% of U.S. dry gas production.

Shale gas reserves have increased to about 1 700 bcm by year-end 2009, when they
comprised about 21 percent of overall U.S. natural gas reserves, now at the highest level
since 1971. This number does still not counts estimated gas resources in new areas.

4.1.2 Main US gas Shale Basins

Most of the natural gas containing Devonian shale in the US is located around the
Appalachian Basin. Devonian shales are formed from the mud of shallow seas that existed
about 350 million years ago, during the Devonian period of the Paleozoic era.

The two big Shale Basins are the Barnett Shale in Texas and the Marcellus Shale, but there is
also strong growth in Fayetteville and Haynesville in particular, with modest growth in
several others. In Canada, main gas shale areas are Horn River and Montney, both in British
Columbia.

The seven most promising shale gas plays in North America - referred to by the industry as
the 'Magnificent Seven'- are likely to double output by 2020 (US Energy Information
Administration, 2011).

Main gas shale formations in US and Canada
Barnett (Texas)

Fayetteville (Arkansas)

Haynesville (Louisiana)

Woodford (Oklahoma)

Marcellus (WV, PA, NY)

Montney (Canada)

Horn River (Canada)

Table 1. Main gas shale formations in US and Canada (the magnificent seven).

The big seven gas shales in North America (USA and Canada) have around 20 Tm3 of
recoverable resources of natural gas, which represent about a 12% of the total estimated gas
resources of these fields (Kuuskraa & Stevens, 2009).

4.1.3 The Barnett Shale

The relatively recent focus on shale gas development goes back 20 years, and is highlighted
by the success achieved in the Barnett shale in Texas.

The Barnett Shale is a large natural gas reserve encompassing more than 12,000 km? and
covering at least 17 counties in Fort Worth Basin, Texas. This layer of organically rich sediment
ranges from 120 to 240 meters thick and lies about two kilometers below the surface. Experts
believe that the Barnett Shale may be one of the largest onshore natural gas fields in the United
States, containing around 1,000 bcm of recoverable resources of natural gas.

Mitchell Energy drilled the first gas well in the Barnett Shale in 1981. Large scale hydraulic
fracturing was first used in the Barnett in 1986; likewise, the first Barnett horizontal well was
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drilled in 1992. Actually, there are more than 10,000 natural gas wells, and the Barnett is
now the largest producing gas field in the US, and currently produces more than 6% of US
natural gas production.

4.1.4 The Marcellus Shale

The Marcellus Shale is a formation covering 250,000 km? beneath much of Ohio, West
Virginia, Pennsylvania and New York (an area equivalent to half Spain). These states
contain also some of the most densely populated areas in the United States. Marcellus has
the advantage of being close to the north-east US gas market

The first Marcellus gas production from the well began in 2005. Early estimates indicate that
the Marcellus Shale might contain 50 Tm? of natural gas resources.

Using some of the same horizontal drilling and hydraulic fracturing methods that had
previously been applied in the Barnett Shale, perhaps up to 10% of that gas (5,000 bcm)
might be recoverable. That volume of natural gas would be enough to supply the entire
United States for about ten years.

Since 2006, when the big potential of the Marcellus was first suspected, many landowners
are being approached with offers to lease their land, and a lot of companies are actively
drilling or leasing Marcellus Shale properties, so in several years, Marcellus could be
producing as much gas as Barnett shale.

A similar process is starting to occur at Fayetteville and Haynesville basins, so we can
expect a strong growth of US shale gas production at least for the next 3 to 5 years.

However, the production decline rate of a shale well is much higher than those of a
conventional gas wells, which means than continuous drilling is needed to maintain plateau
production.

4.2 Tight gas basins

Tight gas is today the largest source of unconventional gas at US, with an annual production
around 160 - 180 bcm, that represents about a 30% of total US production of dry gas, with
more than 100,000 tight producing wells (US Energy Information Administration, 2011). In
Canada, tight gas represents about 15% of gas production.

Tight gas wells started being produced not by major oil companies, for the most part, but by
small, independent operators who focus on recovering production from old fields.

First large scale production of tight sands was developed in the 1970’s in San Juan Basin.
The San Juan Basin, located in north-western New Mexico and south-western Colorado, is a
predominately tight basin with 13,000 tight producing wells.

Rapid progress in fracturing techniques led to the launch of tight gas production in the
United States, from 35 bcm in 1995 to more than 150 bem since 2007.

Most of the US’s tight-gas proved reserves are in the Rocky Mountain region. Total
recoverable resources at US are estimated around 9 Tm3.
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4.3 Coal Bed Methane basins
4.3.1 The expansion of US Coal Bed Methane production

To date, CBM industry has been developed only in United States, Australia, Canada and
Colombia.

In United States, coal beds were primarily developed through programs led by the
Department of Energy. The Crude Oil Windfall Profits Act (1980) provided tax incentives to
develop unconventional fuels including CBM. The definition of deregulated natural gas
addressed in this Act included occluded gas - naturally occurring natural gas released from
entrapment from the fractures, pores, and bedding planes of coal seams. Also specified were
gas produced from deep (greater than 3,000 m), high cost natural gas reservoirs, natural gas
dissolved in an over-pressured brine and natural gas produced from Devonian shale. Coal
Bed Methane production rapidly increased from 5 bem in 1990 to 27.1 bem in 1995 and in
2008 it reached 56 bcm, which accounts for nearly 10% of U.S. gas production. The Wasatch
Plateau, Utah, and the Powder River Basin, Wyoming and Montana, are two of the newest,
most productive areas of coal-bed methane activity in the United States.

In Australia, CBM production started in 1998 replacing ageing conventional gas fields, due
to Government incentives for gas-fired power. In 2008, CBM accounted for around 7% of
Australian gas production.

4.3.2 Main US Coal Bed Methane basins

The two big CBM basins are the Powder River Basin in Wyoming and Montana, and San
Juan Basin in Colorado and New Mexico.

According to the Potential Gas Committee estimated data, CBM basins in US have around
4.5 Tm3 of recoverable resources of natural gas.

a. The Powder River Basin CBM

The Powder River Basin is located in north-eastern Wyoming and south-eastern Montana. It
is an area of approximately 55,000 km? that is underlain by many coal seams. The basin
extends over 400 km from Douglas, Wyoming, in the south to Forsyth, Montana, in the
north. Extraction of methane gas from the coal seams that underlie the Powder River Basin
began in Wyoming in the late 1980s and in Montana in the late 1990s (US Geological Survey,
2000). With advances in technology, development and production of CBM has been
increasing substantially since the mid 1990s. The basin is characteristic because of the
extraordinary thicknesses of individual seams, between 15 and 67 m; most of this resource is
at a depth of 760 m or less.

b. San Juan Basin CBM.

The San Juan basin is approximately 23,300 km?2 in north western New Mexico and south-
western Colorado. It is the leading producer of coal bed gas in the world.

Conventional gas exploration began in the early 1900s. The first well was drilled in 1901, but
the first commercially successful well was drilled in 1921. Thousands of wells have been
drilled in the San Juan basin since then.
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CBM development started in earnest in the late 1980s, in the Fruitland Formation of the
Northern San Juan Basin. The basin has experienced highly successful CBM production
because of the favorable characteristics of the coal seam related to thickness, permeability,
gas content, depth, and coal rank in a large area.

5. Unconventional gas production at the United States and EIA projections

Tight gas was the first unconventional production gas developed, and is today the largest
source of unconventional gas at U.S. However, shale gas production in the United States
grew from 20 to 100 becm over the 2006-2010 period, and is actually the fastest growing
energy sector in U.S.

In 2010, natural gas production in United States was around 590 bem, including 186 bem of
tight gas (31% of US production), 93 bem of shale gas (16%) and 51 bem of coal bed methane
(9%).

The IEA Annual Energy Outlook (2011) estimates that US natural gas production will grow
from 590 bem in 2009 to 740 bem in 2035 (IEA reference case). The increase in natural gas
production from 2009 to 2035 results primarily from continued exploration and
development of shale gas resources, and shale gas is the largest contributor to production
growth.

Shale gas production could reach 350 bcm in 2035 (47% of total U.S. production, nearly triple
its 16% share in 2009). Only two years ago, the reference scenario of IAE considered a shale
gas production of “only” 130 bem in 2030.

The projections for tight sands and coal bed methane deposits remains more stable, around
170 and 50 bem per year, respectively, during all the period [Figure 3].
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Fig. 3. US Unconventional Gas Production and Projections to 2035. Source: US Energy
Information Administration, 2011.
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The Energy Information Administration estimates that the US has more than 47 Tm?3 of
technically recoverable natural gas, including 6 Tm3 of proved reserves (the discovered
and economically recoverable fraction of the original gas in place). Technically
recoverable unconventional gas (shale gas, tight sands, and coal bed methane) accounts
for 60% of the onshore recoverable resource. At the US production rates for 2010 the
current recoverable resource estimate could provide enough natural gas to supply the US
for the next 75 years.

The proved reserves of shale gas in North America and the existing LNG infrastructure
create the potential of LNG exports to Europe or Asia, which can help Europe to diversify its
natural gas supply sources.

However, the high decline rates of unconventional gas will also require continuous
investment in new wells to maintain production. The drilling activity is very sensitive to the
price of gas. Since June 2008, the drop in natural gas prices have weaken the incentive to
drill, but unconventional gas seems to maintain competitive even at low gas prices.

6. Estimations of recoverable resources and production for unconventional
gas

Although understanding of the scale of global unconventional gas resources is improving,
the complex issues related to unconventional gas resources mean that future production
projections are subject to a large degree of uncertainty, particularly in regions where little or
no such production has been undertaken to date.

Unconventional gas resources, although believed to be widespread, have not as yet been
quantified on a national basis for most countries, apart from the United States and a few
other countries.

Due to his early state of play, studies about unconventional gas do not have information
about “proved reserves” of unconventional gas. Instead, they generally use estimates about
the natural gas resource base, and technically /economically recoverable resources:

- The natural gas resource base - The broadest classification of natural gas estimates is
generally termed the natural gas resource base. The total natural gas resource base
includes the entire volume of natural gas contained and trapped in the earth, before any
is extracted and produced.

- Economically recoverable resources - Economically recoverable resources are those
natural gas resources for which there are economic incentives for production; that is,
the cost of extracting those resources is low enough to allow natural gas companies to
generate an adequate financial return given current market conditions. However, it is
important to note that economically unrecoverable resources may, at some time in the
future, become recoverable, as soon as the technology to produce them becomes less
expensive, or the characteristics of the natural gas market are such that companies can
ensure a fair return on their investment by extracting this gas.

- Reserves - Those resources discovered, technically and economically recoverable. In
general, reserves can be broken down into two main categories - proved reserves, and
other reserves.
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- Proved Reserves - Proved reserves are those reserves that geological and engineering
data indicate with reasonable certainty to be recoverable today with current technology
and under current economic conditions.

6.1 World projections of the International Energy Agency
(World Energy Outlook 2011).

In the Gas Scenario of the IEA World Energy Outlook 2011, the total gas production grows
from an estimated 3.3 Tm3 in 2010 to 5.1 Tm3 by 2035, an increase of more than 50%, and
more than double gas production in 2000. The average annual growth in gas production is
2% from 2008 to 2020, and then moderates to around 1.6% for the remainder of the Outlook
period.

Natural gas production increasingly comes from unconventional sources. Unconventional
gas production meets more than 40% of the increase in demand over the period:
unconventional gas output worldwide will rise from 367 bcm in 2007 and is projected to
reach 1200 bcm in 2035. As a result, the share of unconventional gas in global gas
production is expected to rise from 12% in 2008 to nearly 25% in 2035.

Most of the increase in unconventional gas production in the EIA Gas Scenario comes from
shale gas and CBM. In particular, the share of shale gas in global gas production reaches
11% in 2035, while CBM reaches 7% and tight gas 6%.
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yet to be found
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producing fields

2005 2010 2015 2020 2025 2030 2035
Fig. 4. Natural gas production by type. Source: IEA Energy Outlook 2011.

The natural gas resource base is vast ant widely dispersed geographically, with
conventional recoverable resources equivalent to over 120 of current global consumption,
while total recoverable resources could exceed 250 years, according to IEA.

Unconventional gas resources, comprising shale gas, tight gas and coal bed methane are
estimated to be as large as conventional resources. IEA analysis suggests than plentiful
volumes can be produced at costs similar to those in North America (between 3 $/mmBtu
and 7 $/ mmBtu).
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Unconventional gas production is currently concentrated in the United States and Canada.
By the year 2035, unconventional gas also reaches a significant scale in China (CBM and
shale), Russia (tight gas), India (shale) and Australia (CBM).
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Fig. 5. Largest gas producers by type in 2035. Source: IEA Energy Outlook 2011.

6.2 Assessment of world shale gas resources by US Energy Information
Administration (2011)

To gain a better understanding of the potential of international shale gas resources, EIA
commissioned an external consultant, Advanced Resources International, Inc. (ARI), to
develop an initial set of shale gas resource assessments, excluding tight gas and CBM (EIA,
2011).

Although the shale gas resource estimates will likely change over time as additional
information becomes available, the report shows that the international shale gas resource
base is vast. The initial estimate of technically recoverable shale gas resources in the 32
countries examined is 163 Tm3. Adding the U.S. estimate of the shale gas technically
recoverable resources of 24 Tm?3 results in a total shale resource base estimate of 187 Tm3 for
the 33 countries assessed, as shown in Table 2.

To put this shale gas resource estimate in some perspective, world proven reserves of
natural gas as of January 1, 2010 are about 188 Tm3 and world technically recoverable gas
resources are roughly 453 Tm?3, largely excluding shale gas. Thus, adding the identified
shale gas resources increases world technically recoverable gas resources by over 40% to
640 Tms.

Russia and Central Asia, Middle East, South East Asia, and Central Africa were not
addressed by this report. This was primarily because there was either significant quantities
of conventional natural gas reserves noted to be in place (i.e., Russia and the Middle East),
or because of a general lack of information to carry out even an initial assessment.
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Technically Recoverable Shale Gas Resources (Tm3)
United States 24,4
. Canada 11,0
North America Mexico 193
Total North America 54,7
Argentina 21,9
Brazil 6,4
Chile 1,8
Paraguay 1,8
South America Bolivia 1,4
Uruguay 0,6
Colombia 0,5
Venezuela 0,3
Total South America 34,7
China 36,1
Australia 11,2
Asia India 1,8
Pakistan 1,4
Total Asia 50,5
South Africa 13,7
Libya 8,2
Algeria 6,5
. Tunisia 0,5
Africa Morocco 0,3
Western Sahara 0,2
Mauritania 0,0
Total Africa 29,5
Poland 53
France 51
Norway 24
Ukraine 1,2
Sweden 1,2
Europe Denmark 0,7
UK 0,6
Netherlands 0,5
Turkey 0,4
Germany 0,2
Lithuania 01
Total Europe 17,6
Total Total 33 countries 187,0

Table 2. Technically Recoverable Shale Gas Resources. Source: AIE. World Shale Gas
Resources: An Initial Assessment, 2011. Note: Only 33 countries are covered by the report. In
particular, Russia is not included in the assessment.
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6.3 Unconventional gas exploration outside US

The recent US success in developing shale gas has prompted other countries to consider its
own unconventional gas potential.

Most of the mayor oil and gas companies are actually making investment in US
unconventional gas assets, in order to have access to these gas resources, but also to acquire
technical exploration and production experience, and transfer this experience to other
regions. The extent to which the boom in unconventional gas production can spread to other
countries remains highly uncertain.

In China, India, Australia and Southeast Asia, unconventional gas might begin to make
inroads into the supply mix in 5 to 10 years' time. This is probably a conservative projection,
and there is potential to higher increases.

6.3.1 China

Shale gas and CMB looks promising in China, although appraisal is still at a very early
stage. China currently is not producing shale gas, but it has very similar geological
conditions to the US so could boast similar shale gas development potential. In fact, Chinese
shale gas resource could be up to 26 - 36 Tm?3 of recoverable gas. Assuming the government
supports the industry, China's unconventional resources could begin to have an impact
from the middle of the next decade.

6.3.2 Europe

Shale gas exploration in Europe is in its infancy. As a consequence, little is known about
Europe’s ultimate potential.

There are some potentially major regional shale gas plays in Europe plus a number of others
with local potential, but they don’t seem equivalent to the American scale. Most promising
are the Baltic Depression (mainly in Poland, also in Lithuania), Lower Saxon basin
(Northwest Germany) and several areas in UK and Netherland, Sweden and Austria. In
Ukraine, the shale gas potential exists in the Lublin Basin and the Dnieper-Donets Basin.

European governments, particularly in Eastern Europe (Poland, Ukraine), see an
opportunity to reduce dependence on Russian gas imports.

Poland is seen as the most promising country for shale gas development in Europe, thanks
to favorable geological and regulatory environments, and it leads the way to shale gas in
Europe. Poland has already issued 221 licenses for exploration of hydrocarbons, of which 63
have been issued for shale gas. Exploration work covers 11% of Poland’s area. Lane Energy
Poland Sp. was the first company to start drilling in June 2010. Reliable information on the
resource base will be probably available in four or five years.

According to the Polish Kosciuszko Institute, Polish shale gas exploration and production
costs are 50% higher than in the US; however, gas prices could still be lower than those
under long term oil-indexed contracts with Russia.

Some good news may also come from other countries, like Spain, were preliminary studies
carried out in northern Spain estimates the presence of about 185 bcm of shale gas in the
Gran Enara field in Alava.
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By contrast, in France environmentalists have been campaigning against the fracking after a
few of shale drilling licenses were awarded in the south of France and around Paris. In July
2011, France has approved to outlaw the fracking techniques, because the environmental
concerns.

Russia and North African countries could also have important unconventional gas
resources, but given the fact that Russia has the World large reserves of conventional natural
gas, there may not be sufficient incentive to identify or exploit unconventional gas resources
in the near term.

7. Economic impact on gas markets

Natural gas markets are smaller and less mature than oil markets. At present, trade is
centered in three distinct regional gas markets — North America, Europe and Asia). Each
region has a different market structure resulting from the degree of market maturity, the
sources of supply, the dependence on imports and other geographical and political factors.
Importantly, these regional markets set natural gas prices in different ways.

e In general, the U.S. has gas-on-gas competition. Robust spot and derivatives markets
have developed in, with prices set by the forces of supply and demand.

e  The European market relies more heavily on long-term contracts with price terms based
on a mix of competing fuels, e.g., fuel oil.

e Asia uses crude oil as a benchmark for natural gas prices and favors long-term
contracts. Japan and Korea almost totally dependent on imported LNG. This
dependence places a high premium on security of supply and has kept prices in Asia
high relative to other regions.

This regionalized and varied structure of natural gas markets stands in contrast to the global
oil market. The physical characteristics of oil — a very high energy density at normal
conditions of temperature and pressure — make it readily transportable over long distances,
at moderate cost. This has allowed the development over time of a global oil market, where
multiple supply sources serve markets at transparent spot prices.

In comparison, the physical characteristics of natural gas constrain transportation options.
Unlike oil, transportation costs — whether for pipeline gas or liquefied natural gas (LNG) —
constitute a significant fraction of the total delivered cost of natural gas (MIT, 2010).

7.1 US market decoupling from oil market

The rapid development of unconventional gas resources in the Unites States and Canada,
particularly in the last three years, has transformed the gas market in North America.

Marginal cost of unconventional sources have fallen steeply, at a wellhead cost between 3
and 5 $/mmBtu. An additional benefit is that gas is found in areas with much of the
necessary pipeline infrastructure already in place. Many of these areas are also proximal to
big population centers thus potentially facilitating transportation to consumers.

This supplement to supply, combined with weak gas demand following the economic crisis,
has led to a drop in US gas prices from 13.68 $/mmBtu in July 2008 to prices under 5
$/mmBtu in 2009.
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The energy parity between oil and gas prices seems to be already broken at US markets
since January 2009: Oil prices have hovered around 100 $/barrel for much of 2010 and 2011
while the U.S. Henry Hub (HH) price has been consistently below 5 $/ mmBtu (Figure 6).
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Fig. 6. Evolution of oil (Brent) and U.S. gas prices (Henry Hub). The energy parity between
oil and gas prices seems to be already broken since 2009.

The development of unconventional gas resources means that North America gas
production may be sustainable at current levels for decades.

In 2008, the trend of increasing import volumes stalled as net imports only met about 13% of
overall US natural gas consumption in 2008, which is the lowest percentage since 1997.

A first consequence is that North American gas market has fewer needs to compete for

available global supplies, as relatively low prices are expected to discourage imports of
LNG, and can also delay the construction of gas pipelines from Alaska.

In contrast, oil prices maintain stronger than gas prices in the economic downturn scenario.
While technological advances in finding and producing oil have made it possible to bring oil
to the surface from more remote reservoirs at ever increasing depths, the total finding and
lifting costs of new oil wells have increased sharply in recent years. Also, new oil discoveries
can be insufficient to replace the depletion of existing ones.

When the world economy rebounds, oil global demand will put pressure on oil prices, and
oil prices will rise faster than gas prices on the next decade (Stevens, 2010).

7.2 Decoupling US gas market from European gas markets

The European market still has not been affected by the rise of U.S. unconventional gas.

As Figure 7 shows, Europe currently offers prices in 2010 that are more than double those in
the U.S. The UK’s Natural Balancing Point price (NBP) has been in the 8 to 10 $/mmBtu
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Fig. 7. Evolution of natural gas prices between U.K. market (NBP) and U.S. market (Henry
Hub). Decoupling of price is observed since January 2010.

range for the first nine months of this year, while Henry Hub (HH) price has been
consistently below 5 $/ mmBtu.

Also long term contract (oil-linked) in continental Europe have been at an average premium
of $1.60/ mmBtu over NBP during 2011.

The global economic and financial crisis, which began in late 2008, has significantly
depressed European gas demand. In addition to that, substantial new LNG supply is
coming on stream during 2009-10. Even with a depressed demand, LNG imports to Europe
increased more than 10% in 2009, particularly to the UK market.

The substantial short term supply gas surplus in Europe is increasing the pressure for
change in the price-setting mechanism of European oil-linked long term gas contracts (Stern,
2009). Short term prices at market hubs are at around half of oil-linked levels in 2009.

The premium price paid for LNG in Europe and Asia over gas prices North America has
prompted some companies to plan to turn US under-utilized LNG receiving terminals into
export plants by building liquefaction trains. This would be attractive if the actual gap
between US and Europe /Asian gas prices, that compensate the transport cost, continue in
the next years.

While it seems unlikely to avoid oil - price indexation for Europe and Asian long term gas
contracts, they will likely start to reflect the gas bearish conditions with decreasing
indexation slopes. Buyers across Europe push for a move to hub-based pricing, which
will increase price volatility and could push the price level down towards the UK’s NBP
price. The change could be more rapid if some unconventional fields start to develop in
Europe.
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8. Conclusions

There are abundant supplies of natural gas in the world, and many of these supplies can be
developed and produced at relatively low cost. Consequently, natural gas is set to play a
key role in meeting the XXI century world’s energy demand and his production is likely to
continue to expand.

According to IEA, the total gas production will grow a 50% by 2035. Unconventional gas
accounts for 40% of the increase in global supply, with new non-US producers
emerging.

In total, unconventional gas resources could add between 60 to 250% to world gas reserves.
Main potential is in US, Canada, China, Russia and Australia.

In North America, shale gas development over the past decade has substantially increased
assessments of resources producible at modest cost. The pace of shale technology
development has been very rapid over the past few years.

The emergence of shale gas as a potentially major energy resource can have important
strategic implications for geopolitics and the energy industry:

e Shale gas resources in the United States will keep natural gas prices relatively low for
an extended period of time. Longer periods of lower gas prices will likely result in
additional demand for gas from the power generation sector.

¢  Global conventional natural gas resources are concentrated geographically, with 70% in
three countries: Qatar, Iran and Russia. Unconventional supplies could provide a major
opportunity for diversification and improved security of supply in some parts of the
world.

In favor

Large potential gas resources
worldwide.

Technology is already competitive in
USA. Major oil and gas companies
will contribute to spread the
technology around the world.

China, India and Australia have large
unconventional resources and can be
next countries to develop them in a
large scale

It is possible to locate new reservoirs
in OCDE countries (close to
consumption)

In Europe exploration is underway in
some countries (Poland, Ukraine).

Barriers
Limited knowledge of location and
volume of gas reservoirs.
Incertitude about extraction costs
outside USA, and rate of decline of
wells.
Lack of interest of some exporting
countries (mainly Russia).
Environmental concerns (example:
France)
Low gas demand and gas prices will
difficult the financing of new projects

Fig. 8. Main factors affecting the development of unconventional gas resources.
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e Shale gas exploitation can benefit some European countries, but it will not significantly
reduce dependency on gas imports from Russia, at least in short term. However,
unconventional gas may create pressure on gas exporters to move away from oil-price
indexation.

However, there are also a number of key uncertainties:

¢ Limited knowledge of location and volume of unconventional gas reservoirs.

¢  Environmental concerns, mainly in Europe.

e Incertitude about extraction costs outside US, and rate of decline of wells. Because of
the shale gas revolution, there are now huge uncertainties for investors at all stages of
the gas value chain.
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1. Introduction

Natural gas hydrate is considered to be the most prospective energy in the 21st century for
its various advantages, such as extensive distributing, vast amount of quantity, high energy
density, and environmental-friendly.[!] Since the end of 1980s in last century, numerous
countries have been playing highly attention on the exploration of natural gas hydrate and
made a long-term plan from the point of energy stratagem.

The basic characteristics and particular storage style of natural gas hydrate determine its
special developing methods which are different from the other traditional oil or gas energy
sources. Currently, the exploiting method for natural gas hydrate is to transform natural gas
hydrate into free gas initially and then stimulate the gas using some traditional ways. The
presenting conventional approaches of developing natural gas hydrate, including thermal
activation, pressure releasing, chemical inhibitor, replacement and slurry mining etc. are just
some concept modelslZl and the research relating to the exploitation of natural gas hydrate is
still at the early stage, mainly for the economical and technological limits. Therefore, the
large-scale exploitation of this energy isn't widely achieved in the world currently.

Unlike conventional energy sources, the petrophysical properties, some mechanical
parameters, and pore pressure etc. would change dynamically due to solid phase hydrate
decomposition during natural gas hydrate production. These phenomena is regarded as a
very important and extraordinary characteristic for this energy and named as “gas hydrate
decomposition effect” in this research.

Four major aspects which are different from traditional exploitation approaches are shown
as follows:

1. When gas hydrates dissociate, the mechanical properties will change, which includes
reduction in modulus, decrease in formation mechanical strength and loss of the
cementation provided by the gas hydrates.

2. The formation of natural gas hydrate can occupy certain pore space and the space for
solid phase hydrate would gradually reduce with the hydrate decomposing, while
possible flowing spaces and permeability in formation would increase.
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3. Water and a large volume of gas can be released because of hydrates decomposition,
thereby resulting in pore pressure increase in limited formation pore spaces and the
change of pore pressure can impact the formation effective stress distribution;

4. Additionally, absorbing heat during hydrates decomposition would cause the change of
formation temperature.

Similar to conventional oil or gas energies, the exploitation of natural gas hydrates by
depressurization is a dynamic coupling process between the rock deformation and flowing
fluid in porous media. There are two different facets: To begin with, hydrates decomposition
can generate phase transition while gas hydrate decomposition effect can lead to the
dynamic and complex change of mechanical strength, physical properties and the pore
pressure. Furthermore, absorbing heat during hydrates decomposition can give rise to
formation temperature change and on the other hand, the formation temperature change
will limit the decomposing rate of hydrates. Consequently, the exploitation process of
natural gas hydrates is a complicated solid-fluid coupling process affected by multiple
factors.

Nowadays, numerical simulation on the productivity of natural gas hydrates is increasingly
becoming a spirited issue for scholars. Various numerous stimulation presented generally
are only considering two-phase flow between gas and water and the formation permeability
change by hydrate decomposition at the isothermal condition, while the change of
mechanical properties and the formation temperature due to hydrates decomposition, the
overall realization on the fluid-solid coupling seepage features of hydrates reservoir with
the particular phase transition changing are ignored. What's more, the present models place
a value on productivity analysis rather than the stability of the decomposing zones nearby
wells with weakly cemented, low strength and high porosity and permeability.

The objectives of this study are finally to construct a theoretical analysis system for the
whole exploiting process of natural gas hydrates production by depressurization with fluid-
solid coupling numerical simulation, which are based on physicochemical theory. Moreover,
on the basis of the dynamic change law of stresses status and physical properties for
hydrates formation and considering some features of dissociation zones nearby wellbore
with weakly cemented, low strength, high porosity and permeability etc, this research does
relating research on fluid-solid coupling numerical simulation for natural gas hydrate
production, which provides theoretical basis and necessary technological support for the
industrial production of natural gas hydrate.

2. Establishment of fluid-solid coupling mathematical models

During the development of conventional oil and gas reservoirs, the production can cause the
pore pressure decrease, redistribution of skeleton stress for solid phase, thereby resulting in
rock skeleton deformation and the change of reservoir physical properties including
porosity, permeability etc. Meantime, these changes can influence the seepage process of oil
and gas. This phenomenon is called solid-fluid coupling effect.

The exploitation of natural gas hydrates by depressurization is a multiphase, dynamic
phase, multi-component, non-isothermal and physical-chemistry seepage process. Besides
traditional two-phase (gas and water) seepage mechanism, the process also includes
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morphology change of hydrates and the change of physical and mechanical properties, pore
pressure and temperature of gas hydrates formation, which is caused by hydrates
dissociation. Additionally, the mingled interaction between seepage field and solid
deformation field is considerable. Consequently, the exploitation of natural gas hydrates by
depressurization is a complex process influenced by numerous factors.

2.1 Research methods of fluid-solid coupling

Oil-bearing formation is a geological system which consists of cemented solid rock skeleton,
pore space, and inner fluids (gas and water) in multi-phase porous media. Cemented rock
skeleton and pore space make up of rock formation that is a basic unit for appraising the
level of mechanical performances and deformation. A distinguished feature of solid-fluid
coupling in seepage process, namely solid field and fluid filed mingle and include together
while hard to differentiate clearly. Thus, fluid phase and solid phase should be seem as
overlapping continuous media and the reaction can happen between different phasesl®l. This
feature contributes the establish of control equations for fluid-solid coupling model need to
aim at special physical phenomena .Meanwhile, the effects of fluid-solid coupling are
reflected by control equations, namely some items in control equations of fluid flow can
describe solid deformation and vice verse.

According to the multiple definition of field, geological system is classified into interacting
multiple solid deformation fields and multiphase fluid seepage fields in math. A solid
deformation media field and fluid seepage field are connected by fluid system pressure and
multiphase seepage fluid is connected by capillary pressure. The physical quantities of
describing solid and fluid parameters are reflected by the representative elementary volume
(REV) in continuous medium mathematic model.

Thus, porous media can be regarded as a large number of particles with enough porous and
skeleton. Therefore, porous particles can define their materials parameters, such as fluid
density, solid density and strength etc. Meanwhile, particles can bear stress and fluid
pressure, namely particles can be defined as state variables. When the particle is enough
small comparing the whole seepage filed, material parameters and variables are the function
of points in space and are changing constantly with the continuous change of their
positions. Consequently, porous media can virtually be replaced by a kind of hypothetical
continuous media.

The analysis of coupling effect between fluid seepage and rock deformation requires to
systematically utilize diverse theories , for instance, rock mechanics, permeation fluid
mechanics etc, along with the research of coupling rules for seepage field and deformation
and establishing relating control equations. Two meanings are included in this study. For
one thing, under the effect of reservoir deformation field, this paper present a research
about how to obtain its multiphase seepage rules (oil, gas and water); For another, the
research about the stress, strain and strength problems etc. for formation rock under the
circumstance of seepage field is discussed.

The solid-fluid coupling numerical simulation models for the exploitation of natural gas
hydrate by depressurization mainly include four parts: temperature field, seepage field,
deformation field and the relations of seepage and deformation coupling model.
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As previously mentioned the exploitation of natural gas hydrates by depressurization is a
complex solid-fluid coupling process including phase transition and is influenced by diverse
elements. Some basic assumptions about solid-fluid coupling numerical simulation models
in this study are as follows:

1. Formation rock abide generalized Hook law and Drucker-Prager yield criterion, and
deformation of rock matrix is generally small displacement deformation;

2. Seepage system is made up of two phases(water and gas) at saturation without
concerning the chemical effect between formation rock and fluid;

3. The flow of each phase in fluid satisfied generalized Darcy’s law comparing rock
skeleton particles;

4. Relative permeability of two phases (gas and water) and capillary pressure are the
single function of water saturation;

5. Temperature only impact the decomposition of hydrates but not rock skeleton and fluid
properties;

6. Formation rock skeleton density and solid hydrate density are constant during the
process of deformation;

7. The relative velocity between solid hydrate and formation is zero and the relative
velocity between gas and fluid is zero either.

2.2 Seepage field equations of fluid-solid model
2.2.1 Kinetic equation of gas hydrates decomposition

Kinetic equation of gas hydrates decomposition is proposed by Kim-Bishnoil4], as follows:

Mo = KrdMgAdec(fe _fg) @
or
mgzKrdMgAdeC(gaePE—q)ng) (1a)

The intrinsic dissociation rate constant K:q is a function of the system temperature.

0 AE
Kyg=Kg-exp(pr) (@)

The specific surface area of the hydrate decomposition, Age, is given by

Agec = SuAns ®)

The rate of water generated is calculated according to the rate of the gas generated from the
hydrate decomposition (mg) and hydrate number (Nu), then the rate of the hydrate
decomposition (my) is computed.

my, = NygM, mgNHMyy /Mg 4)

myy =My mg /Mg ®)
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Where, Ny is the hydrate number, the value of which is 6.0 for methane hydrate.

2.2.2 Energy conservation equations of natural gas hydrate

With regard to heat conduction, convection and supplement of heat from outside and
without consideration of kinetic energy and thermal radiation, energy conservation
equations would be calculated by the following equation:

d
5[(1—(/))er r+oSpPnHH+9SgpeH o ‘HﬂSwaHw} =

©)
=V (KVT)=V+( pgligH g +proiiapHen ) +Q;,

The left side of Eq. (6) means the increment of internal energy and the first item at the right

side of Eq. (6) reflects energy accessing the unit porous media system by heat conduction,

the second item at the right side of Eq. (6) illustrates energy taken away from gas and water

through hydrate compositing, the third item at the right side of the equation shows energy

supplement to hydrate formation from outside.

Without considering throttling effect of influence, energy conservation equation of hydrate
can be signified with temperature and illustrated by the following equation after equation
groupies derived:

o
ot %)
+V- [(pgﬁgcpg+pwﬁwc pw)T} -V (KcVT)= —myAHR +Q;)

[(1_(/’)Prcpr +9SHPHCpH +(/7Sgpgcpg+§05wpwcpwJ

Heat of hydrate decomposition causes formation temperature change and limitation for
decomposition rate of hydrate. Therefore, the calculation of temperature field is significant
to the research of hydrate reservoir simulation.

2.2.3 Fluid-solid coupling seepage equations of gas hydrate reservoirs
2.2.3.1 Rock matrix continuity equation of gas hydrate reservoirs

Rock matrix continuity equation is as follows:

o(p .
7(£S)+V.(psvs):0 ®)
If rock particles density is ps, then:
P =ps(1-9) )

Assume the density of rock matrix in hydrate reservoir remains unchanged during the
deformation, namely p; is constant, then:

o(1-9)
ot

(1)) <0 10
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Eq. (10) reflects the relationship between the porosity changes and matrix displacement
velocity.

2.2.3.2 Fluid-solid coupling seepage motion equations of gas hydrate reservoirs

Similar with the normal reservoirs, during production from hydrate reservoirs by
depressurization, not only fluid particle seepage take place in the porous media, but the
reservoirs will undergo deformations and the rock particles will move for the rigid
displacement and deformation displacement.

In the deformed porous media, the real velocity of fluid motion in the fluid-solid coupling
seepage isll:

0y =7, (11)

The seepage takes place in the porous media, so the real velocity of fluid relative to the rock

skeleton is:
Ora = /Apsu) (12)

The Darcy velocity of fluid seepage is:

ﬁﬂ = A:_%(Vpu_pﬂg) (13)

There is a relationship as follows:

0=V |V =(ApL)/AL=A) /A (149)

So, the relationship between Darcy velocity i, and the real velocity relative to the rock 7,,
can be deduced as follows:

g =950 (15)
Then the relationship among the real velocity, Darcy velocity and solid rock skeleton
velocity is:

S ~ 1
'Ua = 'Ura + Z)S :Eua + Z)S (16)

Eq. (16) is the fluid-solid coupling seepage motion equation.
While the velocity of rock skeleton particle is:

0, = 0u/ot (17)

Then: v =0duy /0t © :6uy/6t v, =0uz /ot

sy
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2.2.3.3 Fluid-solid coupling seepage continuity equations of gas hydrate reservoirs

Because the object of this study is the law of fluid-solid coupling seepage, we must use the
real velocity and the real mass.

To one of the phases in the seepage system « , the mass of per unit volume is: m, =¢@p,S, ;

While the mass flow rate is: ¢p,S,0

0
Then we take constituent i for example, and establish continuity equation.

Assume X, as the mass fraction of constituent i in the gas phase, X;, as the mass fraction

of constituent i in the liquid phase.
According to the principle of mass conservation, the continuity equation of constituent i can
be obtained as follows:

_ _ 0
-V |:Xig¢pgs g0g "'Xiwfﬂpwswva +q;= &[Xig(opgs q +Xiw¢pw5w} (18)

The above equation can be written in abbreviation as follows:

Voo X XigpaSalg |+4; :% ¢ X XigPaSa (19)
a=g,w a=g,w

For the hydrate reservoirs, there are three phases in the reservoir pore space: liquid phase,

gas phase and solid phase. Considering that there will be gas and water products when the

solid hydrates decompose, we need to add one output in the continuity equation to reflect

the decomposition products of hydrate.

Ignoring the dissolution of gas in the water, we can get the fluid-solid coupling seepage
continuity equations of gas phase, fluid phase and solid hydrate in the hydrate reservoirs.

= 0 (¢’Pg5g)
Gas phase: _v. ((ﬂpgsgvg) sy vy = BB 20)
Fluid phase: V- (puSut) gy + 4y, = A LL) 1)
Solid hydrate: ~V (9pHSHTs) ~mpy = % @)

Where, @ is the absolute porosity of reservoir; ps, pw, pu are the densities of gas, water,
?,, 0, are the
real velocities of gas, water, rock skeleton, respectively; gg, gw are the source or sink terms of

hydrate, respectively; S, Sw, Su are the saturations of gas, water, hydrate; Ty,

gas and water, while set source as positive, sink as negative; mg is the local mass rate of gas
generation per unit volume of porous media; m,, is the mass rate of water generated from
the hydrate decomposition, and my is the mass rate of methane hydrate decomposition.
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2.2.3.4 Fluid-solid coupling seepage equations of gas hydrate reservoirs
The seepage of gas phase and water phase follow the Darcy law:

5.5 ——TB[K|(VPy+pgz
Gas phase: 2 gvrg—_g[ ]( g+pg8) (23)

_ K
Water phase: PS,000 = ﬂrw [K](VPy+pwE) (24

Kyx Kyy Kiz
Where, 3 is the acceleration of gravity, the value is[0 0 —9.8] [K]= Kyx Kyy Kyz|is

Kzx Kzy Ky

the permeability matrix of reservoirs. For the 3D problems, [K] has nine coefficients.
Because K. is equal to K, there are six independent coefficients. To plane problems, [K]
has three independent coellficients.

The relationships among the real velocity of gas/water phase (o
of gas/water phase relative to the rock skeleton (o
skeleton ( 7, ) are as follows:

o+ Uy ), the seepage velocity

rg + Ury ) and the motion velocity of rock

o _=0_-0_;0, =0 -0 (25)
rg g "s’Trw” "w s

Substituting Eq. (25) into the continuity equations of gas/water phase Eq.(20) and Eq.
(21), we get:

| ppoS
A prwS 5 o
%“LV'(W’ZUSWUWU)JFV (PPwSws) =my, + 4y, @7)

Combining Eq. (23) , Eq. (26), Eq. (24) and Eq.(27) can deduce the seepage equations of
gas/water phase under the influence of reservoir skeleton deformation:

8(¢pg5g) Kygp
. _ 878
Gas phase: P \& g [K](VP +ng) +V. ((ﬂpgsgvs) Mo +dg (28)
0 S
Water phase: ((pp;\; w) -V (Kr;va rK](VPwﬂ)wg)J +V - (powSyTs) = me Ty (29
w

Compared with normal gas/water seepage equations, the fluid-solid coupling seepage
equations, (28) and (29), have two extra parameters, m; and V-(pSi5s) (I=g,w).The first
parameter 71 reflects that the production from hydrate reservoirs by depressurization is a
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physical and chemical seepage process with phases changed; The latter one, V-(@p;Si7s),
reflects the influence of reservoir skeleton deformation on the seepage field, meanwhile, that
the porosity and permeability changed with reservoirs stress state reflects the coupling
effect of seepage field and deformation field.

To simplify the questions, we assume that the deformation of reservoir skeleton is a steady
deformation with small displacement and ignore the inertia force of rock skeleton. Then the
individual derivative is similar to the partial derivative. So:

d()_o() d()_a() o ZOup o 0vj 1
- = , =—+,V=V ,v.=—"t,a.=—t=0,e.=—(u; i+u; ; 30
dx;  Ox;  dt ot Ui ot 4 ot &= (”z,] Ui ) (30)

Using Eq. (30), the continuity equation of reservoir rock matrix, namely Eq. (10), can be
simplified as follows:

(1-¢)
ot

+(1—¢)V-Z7S =0 (1)

According to the solid small deformation theory, we get:

= o) 0, 0fouy %y ou 0 O¢
V-5 =V | — |=—(Vil)=—| X+—L+—2 |=— +Eyy+ =-v 32
s (6tj at( i) at[ax oy azJ 6t(gxx Eyy ‘SZZ) ot 2

Where, ﬁ(ux,uy,uz) is the displacement of rock skeleton, and &, is the volume strain of
rock skeleton.

Substituting Eq. (32) into Eq. (31), the continuity equation of rock skeleton can be got as
follows:

33

o Pt ot 33)
The third term of the left of Eq. (28) and Eq. (29) can be transformed as follows:

V~(¢pg5gﬁs):v-(¢pg5g)f;s+(gopg5g)V-z7s (34)

V~((pprwT)s):V '(fppwsw)@s +((/’Pwsw)v'5s (35)

The first terms of the right side of Egs. (34) and (35) are fluid convection flow along with
matrix displacement. According to the small displacement theory, these can be ignored.
The gas/water two-phase seepage equations (28) and (29) can be simplified further as
follows:

Gas phase:

6(¢pg5g) _v. K’”gpg [K]
ot Hg t

(VPg+pg§)]+(¢pgSg)V-f)s = mg +qg (36)
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0 S K
Water phase: (PwS) _ V- ( el (K](

o VPw+pwg)j+(goprw)V-@s:mw+qw (37)
Hw

From Egs. (32) and (33), the follow relationship can be deduced:

Aorsss) 5,5, 20 ¢( ), (aﬂ— %j o 5%) (38)
ot & & ot ot &8 ot ot
0¢
V-0 =z
((ﬂp 55g ) U5 = PPg g ot 39)
Using Egs. (33), (38) and (39) to simplify Eq. (36), we can get:
: ey 6(pg5g) Kigrg, -
Gas phase: pgSg o +¢ o V. g K](VP +pgg) = mg + qg (40)
0 o pwS K _
Water phase: £,,5,, % + (Pzaut w v { rlw [K](VPy +pwg)} =Myt (41)
Huw
Plus Eq. (40) and Eq.(41), then it can be got:
rg P K ~
[ 578 [K](VP +pgg)J [rz)pw[K](VPw*ng)J =
w
8 (#2)

a&_{oa(pgsgwwsw)

:qg+qw+m +mw—(pg5g+pw5w) o o

8

The relationship between gas phase pressure P; and water phase pressure P, is as
follows:

P, =P, =P +(p, = pu) g (43)
Where, P. is capillary pressure, which is the function of water saturation.

The derivation of Eq.(43) is:

VP, = VP, ~VE_+ ( Pg —pw)g =VE, - PC'VSw + (pg —Pw)g (44)

' ' aPC
Where, VP, =P VS , and P, = S <0, which can be determined by capillary pressure

curve. w

Substitute Eq.(44) into Eq.(42) and simplify it, we get a pressure equation with gas phase
pressure as its solution variables.
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KT'
v. {(f[@%[x}]wg] _

=fg + g, gy _(pgsg+pwsw)6gv —ww

ot ot
K
+V. M[K]er[lq g3 —V(Krwpw[K]Vch (45)
He Huw Huw
A pwSw) as op
And: = W 4 pS w 46
n - PPw g TP o (46)

Substitute Eq.(44) into Eq.(41) and change the water phase pressure into gas phase pressure,
then use Eq.(46) to simplify them and get the following equation.

Oy apwj ) Krwpw '
—S+p—= |5 + —& 4+ V.| HEEEIKI|P- VS, |=
[Pw 0o St Py, ” [K]P: VSy )

Kywop ~
—qw+mw+V~[’L‘7sz[K](VPg+pgg)j

Eqgs. (45) and (47) are the general form of fluid-solid coupling seepage equations of gas
hydrate reservoir with gas phase pressure and water saturation as their basic solution
variables.

2.2.4 Initial and boundary conditions of seepage field equations

Initial and boundary conditions should be complemented to solve seepage field equations of
fluid-solid coupling model. Also, for flow equations, the continuity condition and boundary
condition must be satisfied in continuous domain.

1. Boundary flow continuity

_pgKrg o\ =

i K|(VPy+ppg) 7. =0 48
e [K](VBg+rg8) -7, (48)

_ ppwK N =

AP )08 o), =0 )
w

Where, 7 is bounding surface unit vector; 7, and 7, are gas and water phase flow per unit
area on bounding surface.

2. Constant pressure boundary condition

The reservoir boundary pressure or bottom-hole pressure are known as following]el:

Po=fp (x,y,2,t) (50)
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Where, fP (x,y,z,t) is the given pressure function on boundary G at moment t.
3. Constant flow boundary condition

This means that the pressure derivative of the reservoir external boundary or the production
in internal boundary is known, as following;:

oP
%‘G = fq (x,,2,t) (51)

Where, n is the direction of normal line; f g (x,y,z,t) is the known function on specify
boundary.

4. Initial condition

The initial conditions of seepage field are mainly the initial pressure and saturation of gas
hydrate reservoirs, as following]el:

P(x,y,2)|t=0 = Py (x..2) (52)

Sli=0 =5, (x.2) )

Where, Pi(x, y, z) is the known pressure function, and Si(x, y, z) is the known saturation
function.

The water-gas two-phase fluid-solid coupling seepage equations of gas hydrate reservoirs,
namely Egs. (47), can’t be solved separately. Several simultaneous equations should be cited,
including the kinetic equation of gas hydrates decomposition (1), the continuity equation
solid phase hydrate (22), temperature field equations (17) and fluid-solid coupling
deformation field equation in the next section. What's more, relevant state equation,
assistant equations and the initial and boundary conditions, etc still need to be
supplemented.

2.3 Deformation field equations of fluid-solid coupling model

The unknown parameters or unknown item in the seepage equations are affected by rock
skeleton deformation, so the fluid-solid coupling seepage equations have highly nonlinear
characteristics, and need to simultaneity the deformation field equations to solve the
question. For porous media deformation field, the basic component equations mainly
include equilibrium equation, geometric equation and constitutive equation, and the
corresponding definite conditions. In this portion, the porous media deformation field
mathematical model is constructed.

2.3.1 Equilibrium equations of reservoir skeleton

On the basis of the conventional force equilibrium principle of cell cube, we can get the
deformation field balance equation with tensor form as follows:

T
i f;=0 (54)
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As the total stress supported by formation are composed of pore pressure and skeleton
stress which is known as skeleton effective stress. The deformation and strength properties
of reservoirs are controlled by the skeleton effective stress instead of the total stress.

We appoint that the tensile stress is positive and the compressive stress is negative. The
Terzaghi effective stress formula is combined with:

T =
0'1.]- 70'1-]. aP&ij (55)

T
Where, 51-]. :[1 1100 0] .
As to water-gas two-phase flow, the calculation of equivalent pore pressure is as follows:

P= Pgsg +P S, (56)

Zinkiewicz pointed that, for saturated fluid, the Biot coefficient can be calculated by:
a=1-K/K, (57)

Where, K is rock volume modulus, and K is rock skeleton volume modulus.

Substituting the modified effective stress equation (55) into Eq. (54), we can obtain the fluid-
solid coupling deformation equilibrium equations based on the effective stress, which are
the basic equations to solve the porous media deformation field.

o i+ J; ~(siP) i 0 (58)

Where, f; is the gravity term, in which f is equal to f;, and the value of them is zero, f, is
calculated by the formula [(1—(p) P5+9S000+PS1 Pw] g.

2.3.2 Geometric equations of reservoir skeleton

Based on the solid small deformation theory, the relationship between strain component and
displacement component can be described by following geometric equations with tensor form:

gi]. = %(”i,j‘*”j,i) (59)

2.3.3 Constitutive equations of reservoir skeleton
2.3.3.1 Linear elastic constitutive equations

For linear elastic media, stress and strain have a linear corresponding relation. The linear
elastic constitutive relation can be expressed by generalized Hook's law with matrix form as
follows:

9jj = Detij (60)
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In the above equation, D, is the elastic constitutive matrix, which has 36 elements in 3 D
coordinate. Elastic mechanics has proved it is symmetric matrices with only 21 independent
constant. For the isotropic orthogonal media, there are only two independent elastic
material constants, with elastic modulus E and Poisson's ratio v signified.

Then the elastic constitutive matrix of rock skeleton can be expressed as:

1
Y
1-v
vV
E(l—v) 1-v 1-v
Del=r—0ilo 0 o0 1 (61)
Pel= (11)1-20) 2]
1-2v
0 0 0 0
2(1—1/)
0 0 0 0 0 1-2v
2(1—v)

2.3.3.2 Elastoplastic constructive equations

For elastic-plastic deformation, the strain is not only related to the current stress, but also to
the loading history, loaded/unloaded condition, loading paths and microscopic structure of
rock deformation, and so on.

In this study, the elastoplastic constructive relation is adopted to describe the relationship
between strain and stress, which is expressed by the incremental form as follows:

daij = Dijkldgkl (62)

Eq. (62) can be represented by the matrix form as follows:

{do} :[Dep]{dg} (63)
The elastoplastic matrix can be calculated by the following equation.
[Pep = [Pe]-[ 2y (64

The elastic matrix can be got by Eq. (61), and the plastic matrix can be deduced from the
elastic-plastic associative flow rule, as follows:

[D ]: [DE]{gfngfr}T[De] (65)

wlie) )

Where, A is the hardening index, and F is the yield function.
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Rock is friction type material, the plastic yield of which need to consider both the shear yield
and the volume strain yield. Therefore, the yield function can be expressed using the stress
invariant as follows:

F(I1,J2,)3)=0 (66)

Currently the Mohr-Coulomb criterion and the Drucker-Prager criterion are used for rock
material in the engineering territory.

1. Modified Mohr-Coulomb criterion

The Mohr-Coulomb criterion can be deduced using the first stress tensor invariant I, the
second stress deviator > and Lode stress angle 0, as follows:

F:%Ilsin(p+(cos&a—%sinﬁo-sin(p]\/E—CCOS(p:0 (67)
Where:
11=0x+0'y+0'2 (68)
1 2 2 2 2, 2.2
Jr= 6{(0—3( —O'y) +(0'y —O'Z) +o,—0oy) +6(‘[xy +Tyz” Ty ) (69)
1(,02-03

0_ =arctg| —=| 2 -1 (70)

o 8 l: \/g[ o1-073 ]:|

Where, C is the cohesion of rock; ¢ is internal friction angle; 01,0205 are three principle
stresses.

2. Drucker-Prager yield criterion

The expression of the Drucker-Prager yield criterion is as follows:

F=al;—\[Jo +k=0 (71)

Where, a and K are the yield function parameters, the expressions of which are as follows:

sing k= 3ccosg (72)

7 \/9+351n2 Q ) \/9+3sin2 Q

Comparing the two yield criterions above, the Mohr-Coulomb criterion neglects the effects
of the middle principle stress 02, and needs to determine the magnitude of each principle
stress when it is used, which is not convenient. So we adopt the Drucker-Prager yield
criterion in this research.

2.3.4 Initial and boundary conditions of deformation field equations

Assume that the space region occupied by rock skeleton is of (the value of d is two or
three), and the boundary of the region is 6Q, in which the displacement boundary is '
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and the stress boundary is ' , what's more, 0Q=T" UT'? and T¥ "T? =0. So we get the
following boundary conditions:

The known stress boundary: T.=o; i vXer? (73)

The known displacement boundary: u; = ui  vXer" (74)

If the effective stress is adopted, so the expressions are:

Stress boundary: T; = (0';']' —aﬁﬁij)nj VX el? (75)

Displacement boundary: U =uj vX el (76)

2.4 Basic property parameters calculation of gas hydrate reservoirs
2.4.1 Permeability and capillary pressure

The effective permeability of gas hydrate reservoir is the function of hydrate saturation, and
it meets the model proposed by Masuda (1997)74], as follows:

K=Kqy(1-5;)N (77)

Where, Ko is the absolute permeability of the formation, of which the hydrate saturation is
zero; Sy is the hydrate saturation; N is the decline exponent of permeability, which is related
to the types of hydrates combined in porous space, and the value is 2~15.

The relative permeability and capillary pressure curve can be obtained from the modified
models proposed by Van Genuchten (1980)1l and Parker (1987)[101.

The relative permeability of the water phase:
K_ =K_ SY/2|1(1-5k/mym i (78)
rw T U rwoTw (1-54
The relative permeability of the gas phase:

2m

Kpg =Ky O§§/ 2[1—(1—%4;”)’"} (79)
The capillary pressure between liquid phase and gas phase:
P =P [(? yL/m —1}1% (80)
e “co|\W
Where:
g _ SwSwr (81)

W 1Sy, ~Sgr
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= Syp+SH-S
S _cw H wr (82)
wH 1_Swr _SgI’

_  1-S,,-Syg-S
S_ngr

= (83)
8 1-Syr-Sgr

05,K, =10.

Where, P ,=1KPa,m=045,5 =03, Sgr =005,K, = rgo

When the saturation of hydrates is 0.4, the relative permeability curve of gas and water
phase and the capillary pressure curve are shown as Figs. 2-1 and 2-2.
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Fig. 2-1. Curve of gas/water relative permeability
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Fig. 2-2. Capillary pressure curve

2.4.2 Thermal physical parameters
2.4.2.1 Effective coefficient of heat conduction

The coefficient of heat conduction for gas hydrate reservoirs is related to the component.
Assume that the heat conductions coefficient of rock skeleton, hydrates, water and gas are
constant, so the effective coefficient of heat conduction K. can be calculated by the following
equation[11-13],

K, = (L= p)K, +p(SpKpy +5 K, +5,K,) (84)
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2.4.2.2 Specific heat capacity

The specific heat capacities of rock skeleton and hydrates are seemed as constants, while the
specific heat capacities of water and gas change with temperature. When the pressure is
15MPa, and the temperature range from 273.15K~373.15K, we can get the following
relationship (American National Standard)[14]:

C pq = 90907.40529 ~912.130197 + 3.59612T2 —0.00638.7° +4.30251x10 T4 (g5

C gy = 4733.58633 ~3.99120T 0.00677T2 (86)
Cpp = 1600 (87)
C s =835 (88)

Where, Cpgand G,y are the specific heat capacities of methane and water, J/Kg/K, which are
related to temperature; Cpn and Cps are the specific heat capacities of hydrates and rock
skeleton, J/Kg/K.

2.4.2.3 Decomposition heat of methane hydrate

The decomposition heat of methane hydrate can be calculated by Masuda (1999)[15 model as
follows:

_myg (c+d-T)

QH = MH

(89)

Where, Qp is the decomposition of hydrates; My is the molar mass of hydrates; c and d is the
experiment coefficients, the values are proposed 56599]/mol and -16.744]/mol/K for
methane hydratesli6l.

2.4.3 Fugacity coefficient and density of methane
2.4.3.1 Density of methane
The density of methane is calculated by Peng-Robinson state equation as follows:

_RT a(T)

TV_b V(V+b)b(V—b) (%0)

PR state equation is a mostly used cubic equation of state, which can calculate the gas
volume and gas compression factor. PR equation can be expressed with compressibility
factor Z, as follows:

73 +(B-1)Z2 +(A-2B-3B%)Z+ (B> + B2 - AB)=0 91)
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Where:
it
R“T
_p
RT
0.457235R2T2 (T, o)
a(T) =
P
b 0.07779607 RT,
P

a(T,,0)= [1+1<(1—T70-5)}2

k = 0.37464 +1.542260 — 0269920

Where, a(T) and b are the parameters of PR equation; T. is the critical temperature; P. is the
critical pressure, and o is the acentric factor.

Eq. (91) has three real roots, in which the maximum one is the gas compressibility factor, the
minimum one is the liquid compressibility factor.

After obtaining the methane compressibility factor under the conditions of temperature T;
and pressure Pg, the density of methane pg can be calculated by the following equation:

PoM
_ 878
Pg ZRT; (92)
2.4.3.2 Fugacity coefficient of methane
The fugacity coefficient of methane is calculated by PR state equation, as follows:
f A . (z+(1+J/2)B
== =exp| (Z-1)-In(Z-B) In
¢ ="p=exp| (Z-1)-In( 203" Zr12)B (93)

2.4.4 Phase equilibrium equation

The phase equilibrium of methane hydrates, water and methane is calculated by Makogon
(1997) modell17-19], and the expression is:

log 1 (Pe) = A(T-T,) + B(T-T, > +C (94)
Where, P. is the equilibrium pressure, Pa; the value of Ty is 27.15K; A, B, C are experiment
coefficients, and the value is 0.0342K-1, 0.0005K-2, 6.4804, respectively.

What's more, the viscosities of water and gas are assumed as constant, which don’t change
with temperature and pressure.
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2.5 Comprehensive dynamic models of property parameters for gas hydrate
reservoirs

To resolve fluid-solid coupling numerical model for gas hydrate reservoirs not only needs
equations of seepage fluid and deformation field but also needs relevant supplementary
equations. The letter mainly include dynamic models of physical and mechanical
parameters such as permeability, porosity and elastic modulus ,which reflect the real time
change of the property at the process of exploitation for gas hydrate reservoirs.

Factors affecting physical property parameters of conventional reservoirs include
volumetric strain of rock, effective stress, temperature, and so on. Usually one or more
factors and property parameters including permeability,porosity and elastic modulus are
used to build up a certain relation, that is to build up the dynamic models of physical
property parameters.

For gas hydrate reservoirs, hydrate decomposition is the most direct and notable factor to
affect physical properties. So in order to build up comprehensive dynamic models of
physical properties for gas hydrate reservoirs, two factors must be considered: firstly, it
must take example from dynamic models of conventional reservoirs to reflect the
relationship between physical property parameters including permeability, porosity and
elastic modulus and physical quantity including volumetric strain, effective stress and
temperature; secondly, it need to highlight the influence of gas hydrate decomposition effect
on related physical parameters.

2.5.1 Comprehensive dynamic model of permeability

Experiments of permeability stress sensitivity for loose sandstone done by Yizhong Zhaol20]
indicate that where far away from borehole, the permeability is mainly controlled by
principal stress and the fit accuracy of permeability and effective stress is high. The model
built by them is indicated as Eq. (95); since sensitivity of nearly well reservoirs is mainly
controlled by stress difference, relativity between permeability and volumetric strain is
better. So for nearly well reservoir we could adopt the model of permeability and volumetric
strain, as the following equation (96) shows.

KU/K:c~o-2+d~o-+e (95)

Where, K, is permeability of some stress state, 103 pm? K is the initial permeability,
102 pm?; o is the effective stress, MPa; ¢, d and e are regression coefficients of experiment.

2
v £V
f [] +j——+I
Ko 1 16V ] \ee Pe (96)
K T+ey Pe
Where, ¢, is the volumetric strain; ¢. is the initial effective porosity; f, j and I are the

regression coefficients of experiment.

Combined with the permeability computation model Eq. (77) for gas hydrate reservoirs and
considering the difference of permeability effect mechanism for each part of the reservoir,
this study builds up two comprehensive dynamic models of permeability for gas hydrate
reservoirs. The formula (97) is fit in reservoirs which are far away borehole; however, the
formula (98) is fit in the relative analysis of nearly well reservoirs.
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2 N
K =Ky(c-o®+d-o+e)(1-Sy) 97)
2% 2 v
o \N f (} +j——+1
K_ =K, (A=SH)" [ 6V | e Pe (98)
i l+ey Pe

The model built up by this study roundly reflects the influence of gas hydrate
decomposition effect and change of reservoirs stress state on permeability.

2.5.2 Comprehensive dynamic model of porosity

JianJun Liu, Chinese academy of sciences Seepage institute, and JishunQin, China
University of Petroleum, who conduct a lot of experimental research on the relationship
between the porosity of low permeable porous medium and the effective stress, proposed
that the index relationship could be used to describe the changing regularity between them.

(pf% =m-exp(n-oc (99)
e p(no)
Where, @, is the porosity at some stress state;Pe is the initial effective porosity; m and n are

experiment coefficients; o is the effective stress, MPa.

Palmer suggests that the relationship between porosity of unconsolidated sandstone and the
effective stress can be described by index relationship, whose form is similar with the
formula (99). When Yizhong Zhao studied the reservoir of unconsolidated sandstone, they
optimize the index relationship which is similar with (99) as dynamic models of porosity.

Supposing the distribution of porosity is uniform in gas hydrate reservoirs and ignoring the
influence of temperature, so the following relationship can be obtained.

0,=0(1-Sp) (100)

Where, @ is the absolute porosity when the saturation of hydrates is zero; Sy is the
saturation of hydrates.

In conclusion, the comprehensive dynamic model of porosity for hydrate reservoirs built for
this study is:
¢y =p(1=Spy)xm-exp(n-o) (101)

This model above reflects the effect of hydrate decomposition effect and the influence stress
state change on the porosity.

2.5.3 Comprehensive dynamic model of elastic modulus

The research of Guangquan Li, Jianjun Liu etc shows that the relation between elastic
modulus and effective stress accords with power function form, as follows:

b

E /E=a0 (102)
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Where, E, is elastic modulus at some stress state, GPa; E is the initial elastic modulus, GPa; a
and b are the fitting coefficients of experiment; o is the effective stress, MPa.

By making sensitivity experiments of elastic modulus for unconsolidated sandstone,
Yizhong Zhao points that the regression relation of quadratic polynomial between elastic
modulus and effective stress is more accurately, the expression of which is as follows:

E_/E=A-c®+B-c+C (103)

Where, A, B, C is the fitting coefficients by experiment.

In recent years,through experimental research,the petroleum research institute of
Commonwealth Scientific and Industrial Research Organization (CSIRO) and Tohidi, from
hydrate research center of Heriot-Watt University point that the decomposition of hydrates
will result in the increase of porosity and the decline in the elastic modulus correspondingly,
based on which they built the relation between elastic modulus change and the variation of
porosity, as follows:

AE=—¢-Ap (104)

Where, is the fitting coefficient by experiment, the value of which is -9.5; AE is the decrease
of elastic modulus, GPa; AQ is the increment of porosity.

Based on the comprehensive dynamic model of property for gas hydrate reservoirs which
we built for this research, the mathematical relation between the hydrate decomposition
effect and the increase of porosity resulting from the change of stress condition is as follows:

Ap=p(1-Sy;)xm-exp(n-c)-o(1-Sg;) (105)

Where, @ is the absolute porosity when the hydrate saturation is zero; Sy; is the initial
saturation of hydrates; Sy is the current hydrates saturation; o is the effective stress, MPa; m
and 7 is the experimental matched coefficients.

Combining Eq. (104) into Eq. (105), the change of elastic modulus is as follows:
AE = ¢ [ p(1-Sp yxim-exp(n-c)~p(1-Sp;) | (106)
At the same time, there is the following relationship:
E=Ey+AE (107)

Where, E is the elastic modulus before hydrates decomposition, GPa.

Allying Egs. (106) and (107) with Eq. (103), the comprehensive dynamic model of elastic
modulus is built for this study, as follows:

E = {EO ~&{ p(1-Spy )xm-exp(n-c)—p(1-5 Hi)]} -(A-o-2+B-0'+C) (108)

This model reflects the influence of hydrate decomposition and stress state change on the
elastic modulus.
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Because the change of Poisson ratio is little, the Poisson ratio is seen as constant during the
fluid-solid coupling numerical simulation.

2.5.4 Comprehensive dynamic model of cohesion

During the exploitation of gas hydrate reservoirs, hydrates decomposition can cause the
cementation of the reservoirs loosened and the remarkable change of the cohesive force
must be taken into consideration.

In 2005, Clennell, from the petroleum research institute of Commonwealth Scientific and
Industrial Research Organisation’s (CSIRO), and Tohidi, from Heriot-Watt University
hydrate research center, proposed that as the decomposition of hydrates, the reservoirs
cementation will become weaker, and the cohesion will decrease continuously. So they built
the model of cohesion decrease for reservoirs, which was widely adopted by scholars. The
mathematical expression isl21-23]:

C=Cy[1-1.2(Ap)] (109)

Where, C is the cohesive force of the reservoirs after hydrates decomposition, MPa; Cp is the
cohesive force before hydrates decomposition, MPa; A is the increment of porosity as a
result of hydrates decomposition.

Eq. (109) is also taken as the dynamic model of cohesive force for the production from
hydrate reservoirs by depressurization.

3. Fluid-solid coupling simulation studies on productivity of gas production
from hydrate reservoirs by depressurization

Gas production from hydrate reservoirs by depressurization is a complex fluid-solid
coupling process with hydrates decomposition, which is affected by the hydrates
decomposition effect, fluid-solid coupling and borehole effect. In this process, the reservoir
physical parameters shows the complex characteristics, reservoir porosity characteristics
change and fluid-solid coupling have the dynamic effect for gas production from hydrate
reservoirs by depressurization.

Based on the gas and water fluid-solid coupling mathematical model and the physical and
mechanical models build above, this section will solve these models. Taking a gas hydrate
reservoir of Gulf of Mexico as an example, we simulate the productivity of gas production
from hydrate reservoirs by depressurization. At the same time, the main influence factors to
productivity are also researched.

3.1 Fluid-solid coupling finite element model for productivity of gas production from
hydrate reservoirs by depressurization

3.1.1 Basic parameters used in the simulation

The parameters used in fluid-solid coupling numerical simulation include basic property
parameters, reservoir fluid and the basic properties of solid hydrate. All of the parameters
input in the simulation of this study are from a natural gas hydrate reservoir in the Gulf of
Mexico, as is shown in Table 3-1 and Table 3-2. And Figs. 3-1 and 3-2 show the gas/water
relative permeability capillary pressure curve, respectively.



170

Advances in Natural Gas Technology

. Thermal
Water Water Water Specific Methane Specific Heat of |Conductivity
. . .. |Thermal Heat of Thermal
Density  |viscosity .. .. Methane of Rock
/Kgm? |/Pas Conductivity |Water Conductivity /1 Kg1K1 Skeleton
8 . 111 1K1 1K1 : '
/W.m1K /T KglK /W.m1K JW.m KA
1000 0.001 0.6 Relyon 15 50335 Rely on 15
temperature temperature
" Specific Hydrate
Specific Hydrate Hydrate Heat of Hydrate - Decomposition |Methane
Heat of .. |Thermal . Decomposition o
Density ... |Solid Activating Hydrate
Rock Conductivity Rate/mol.
/Kg.m?3 Hydrate Energy Number
/] Kg1K1 /W.m1K1 (m2.Pa.s)?
/] Kg1.K1 /J.mol!
835 910 0.393 1600 8060 77330 6.0
Table 3-1. Basic parameters for reservoir fluid, rock and gas hydrate
Absolute Absolute Absolute
Depth of Sea |Distance to  [Initial Hydrate |Initial Water |Porosity Porosity Porosity
Water/m Sea Bed/m  |Saturation Saturation (Without to X-axis to Y-axis
Hydrate) /pm?2 /pm?2
1310 365 0.5 0.4 0.4 0.2 0.2
Initial Initial Initial Elastic Poission’s Cohesion Angle of .
Temperature |Pressure/ Modulus/MPa [Ratio /MPa Internal Biot Factor
/K MPa Friction
290 16.9 4845 0.40 2.0 30° 1.0
Maximum Minimum Sensitiveness Sensitiveness |Sensitiveness Sensitiveness
Vertical Horizontal Horizontal - Coefficient of |Coefficient of -
L L Coefficient of . ... |Coefficient of
Stress/MPa  |Principal Principal Stress P bility ¢ Permeability [Permeability P N
Stress /MPa |/MPa ermeability ¢| e orosity
21.80 20.45 19.70 0.0038 -0.1096 1.3086 1.1455
Sensitiveness Sensitiveness |Sensitiveness  (Sensitiveness
Coefficient of Coefficient of |Coefficient of |Coefficient of |Borehole
P v 7 Elastic Elastic Modulus |Elastic Radius/m
orosity Modulus A (B Modulus C
-0.0439 -0.0023 0.0716 0.7934 0.15

Table 3-2. Basic parameters of finite element simulation for gas hydrate reservoir
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Fig. 3-1. Gas/water relative permeability curves




Fluid-Solid Coupling Numerical Simulation

on Natural Gas Production from Hydrate Reservoirs by Depressurization 171

5 60

@

§ 40

]

=9

20

£

3 0 1 1 s )

0 02 04 06 08 1

Water saturation

Fig. 3-2. Capillary pressure curve

3.1.2 Geometrical model and boundary conditions

To simplify the problem, the plane strain model is adopted considering the symmetry of the
hydrate reservoir. Set the overall dimensions as 100mx100m for this finite element model.
With respect to the significance of the near borehole formation to the whole capacity
simulation, the model meshing is obtained with gradient grid technology, so the mesh
density is higher in formation near borehole. The diagram of mechanical model and grid of
the finite element model are shown in Figs. 3-3 and 3-4, respectively.

In the process of simulation the boundary conditions for the seepage field are as follows:
Line BC and CD keep constant pressure boundary, Line AB and DE keep free pressure
boundary, and at the position of the wellbore, namely Point A, the boundary keeps the
bottomhole pressure.

The boundary conditions of the deformation field are listed as follows: The maximum
effective horizontal principle stress (on) is applied on the boundary line BC, and the
minimum effective horizontal principle stress (o1,) is applied on Line CD. On the Line AB the
displacement is constant as zero along X-axis and free along Y-axis; And on the Line DE the
displacement is zero along X-axis and free along Y-axis. At the Point A the displacement is
fixed to both X-axis and Y-axis.

Gy
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Fig. 3-3. Schematic diagram of mechanical model
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Fig. 3-4. Grid of the FEM model

3.2 Fluid-solid coupling numerical simulation on productivity of gas production from
hydrate reservoirs by depressurization

For the further studying the influential mechanism of fluid-solid coupling effects on the gas
production from hydrate reservoirs by depressurization, this section also analyses the other
simulation results of the two simplified models which is based on the gas-water two-phase
non-isothermal fluid-solid coupling model established above.

The first model ignores physical parameters change caused by the fluid-solid coupling
effect, but it considers the coupling effect between seepage field and deformation field, and
it is named the simplified fluid-solid coupling model. Based on the first model, the second
model further ignores the coupling effects of seepage field and solid field, so it is named the
non-coupling normal model.

For the convenience of analysis, here the gas-water two-phase non-isothermal fluid-solid
coupling model established above is renamed as the comprehensive fluid-solid coupling
model. The basic characteristics of the three models are shown in Table 3-3.

3.2.1 Numerical simulation on productivity of non-coupling normal model for
production by depressurization

Taking into account the non-coupling normal model with phase transition in Table 3-3,
which considers the petrophysical properties change as a result of hydrates decomposition
and neglects the coupling effect between the seepage field and the deformation field, the gas
and water production rate are simulated. The results are shown Figs. 3-5 and 3-6, the unit of
which is STCMD.
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Num. | Model name Factors in consideration Contrast analysis
method
Non- Based on the seepage model of phases transition,

1 coupling consider hydrates decomposition and (1)By comparing the
normal temperature variation, but neglect the fluid-solid |results of Models 1
model coupling effect(bottomhole pressure is 13.9 MPa) |and 2, we analyze

Based on the seepage model of phases transition, |the effect of matrix
Simplified |consider hydrates decomposition, temperature  |[volumetric strain on

’ fluid-solid [|variation, the influence of rock skeleton production
coupling volumetric strain on the seepage, but ignore performance;
model reservoir properties and mechanical parameters |(2)By comparing the

variation (bottomhole pressure is13.9 MPa) results of Models 2
This is the gas-water two-phase non-isothermal |and 3, we analyze
Comprehens | . . . :
. . fluid-solid coupling model for natural gas the effect of physical
ive fluid- Lo . .
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Table 3-3. Essential characteristics of the three models for deliverability analysis

Fig. 3-5. Gas production rate and time

Fig. 3-6. Water production rate and time
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Fig. 3-5 shows that the gas production rate curve fluctuates greatly because of the instability
of gas-liquid two-fluid phase seepage. The variation tendency of gas production rate curve
indicates that the gas production rate increases sharply at the early stage, and become stable
lately. Only 43 days is set to exploit which is too short to finish hydrates decompose, but it
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can be indicated that gas production rate will decrease as hydrate saturation reducing, and
finally no gas is produced. In general, the gas production rate curve can be divided into
three stages, rapidly rising stage, stable stage and dropping stage. We can summarize the
characteristic as follows:

1. The rising stage of gas production rate. As the pressure releases the gas production rate
rises rapidly. This is because: a. the initial saturation of free gas is 0.1 and when the
pressure decreases, the free gas could swell out quickly; b. the pressure of the reservoir
prior to production is close to hydrate decomposition pressure at the initial
temperature, so the pressure around wellbore will be below the equilibrium pressure of
hydrates rapidly and they begin to decompose immediately.

2. The stable stage of gas production rate. Most of the gas produced after free gas output
is from the hydrate decomposition, which is controlled by the rate of hydrate
dissociation.

3. The dropping stage of gas production rate. The hydrate saturation become lower and
lower as the decomposition front going ahead further, and the gas production becomes
less correspondingly, and finally no gas could be produced. As only 43 days is set to
simulate the gas production in Fig. 3-5, which is not long enough to lead to hydrate
decomposition totally, so the obvious dropping stage of gas production is not reached
yet in fact.

From Fig. 3-6 it can be seen that the water production rate curve is similar with the one of
gas production. It can also be divided into three stages as follows:

1. Instead of gas, water is the only production in the original depressurization stage, and
the time of water producing falls behind the gas producing time. This is because the
existence of free gas in the reservoir has better flowing ability than the water when the
pressure decreasing.

2. After the output of free gas, the water saturation of reservoirs increases gradually as
hydrates decompose. The rate of water production decreases rapidly after reaching a
peak under the influence of the relative permeability of water and gas. The reason for
this phenomenon is as follows, the free water and produced water accumulate towards
the wellbore as a result of the propelling of gas, and they come out rapidly when reach
to some extent. Consequently, a water production peak takes place. However, due to
the fact that both the gross of the free water and the water comes from the hydrate
decomposition in the original stage are relatively limited, the rate of water production
decreases speedily after reaching the peak.

3. The water producing rate remains steady level after falling. In this period, as the free
water output is almost completely, the production is mainly the decomposing water
from hydrates, which is controlled by the decomposition rate of hydrates. And the
water production exhibits the similar character to that of gas. The decrease of the
hydrate saturation and decomposition rate leads to the reduction of the water
producing rate, and finally no water is generated.

Shuxia Lee and Yongmao Hao, who are from the Hydrate Research Center of China
University of Petroleum, established hydrates synthesizing and exploiting equipment. They
obtained the water and gas production rate characteristic curve through small scale hydrate
exploiting experiment by depressurization[242]. Figs. 3-7 and 3-9 show the results.



Fluid-Solid Coupling Numerical Simulation

on Natural Gas Production from Hydrate Reservoirs by Depressurization 175

— 300

E 230

=200

=

.E.E 150
é’ﬁ 100

gE %

(W 0 1 1 L

[Fa]

5 20 40 60 80 100

Time / min

Fig. 3-7. Gas production rate from experiment

G 35 T
::1:5" 30 |
15 |
ETEE.D 3
3=
S8
Eﬂa‘ 10 |
BE0s |
E""—-\. Dl} 1
= 0 40 60 8 100
e Time / muin

Fig. 3-8. Water production rate from experiment

The size of the pipe adopted in the simulation experiment by ShuXia Lee is ®@38x500mm and
@38x800mm, which belongs to small one-dimensional model. However, in the numerical
simulation of this study a plane strain model is used. The difference of the two models leads
to no relative property of the gas and water production rate value. But it is significant to
analyze the comparison of the change regulation. Because the model dimension is large and
the time is limited in this research, the dropping stage of gas and water production rates
have not been happened. Comparing Fig. 3-5 with Fig. 3-7, and Fig. 3-6 with Fig. 3-8, in
general the characteristic of the gas and water production rate and the regulation variation
match with results of physical simulation experiment. This shows the validity of the results
of this simulation results.

The cumulative gas production is shown as Fig. 3-9. It can be seen that the cumulative gas
production curve is well corresponding with the gas production rate curve. At the early
stage of depressurization the gas production rate is bigger, and correspondingly the
cumulative gas production rises quickly. When the gas production rate reaches the
relatively steady stage, the cumulative gas production increases steadily and slowly. It can
be inferred that, with gas production rate gradually decreasing at the later stage of
depressurization production, correspondingly the increasing range of cumulative gas
production will gradually decrease. Until the hydrates decomposition totally, the
cumulative gas production finally stays at a certain level.

The cumulative water production is shown as Fig. 3-10. It is easy to see that, the cumulative
water production curve is vary similar with the one of gas production, and it is also well
corresponding with the water production rate.



176 Advances in Natural Gas Technology

k]

8

m
-
i1
=]

-]

&

Cumulative
preduction / s

o 138 27 36 45
Time / day

Fig. 3-9. Cumulative gas production

5.0E+03
L0E+03
J0EHD3
2.0E+03
LOE+03
0.0E+)) =

0 9 18 27T 36 43

Time / day

3

m

Cumulative water
production / std

Fig. 3-10. Cumulative water production

3.2.2 Numerical simulation on productivity of simplified fluid-solid coupling model for
production by depressurization

During the fluid-solid coupling effect of production by depressurization, the influence of
reservoir deformation field to seepage field mainly reflects in two aspects. On the one hand,
the deformation of reservoir skeleton will shrink the pore space, which will increase elastic
drive energy. On the other hand, the change of effective stress state will cause petrophysical
variations of stress sensitive reservoirs, such as porosity, permeability and so on. All of these
will affect the production performance of hydrate reservoirs.

In this chapter, the simplified fluid-solid coupling model in Table 3-3 is adopted to simulate
gas production from hydrate reservoirs by depressurization, in which the physical
parameters alternation caused by fluid-solid coupling is neglected. By comparing with the
simulation results of the non-coupling normal model above, we discuss the influence of
fluid-solid coupling effects on the production behaviors of hydrate reservoirs.

Fig. 3-11 gives the gas production rate curves of both the non-coupling normal model and
simplified fluid-solid coupling model. Fig. 3-13 gives the water production rate curves of the
two models. The cumulative gas and water production curves of the two models are shown
in Figs. 3-12 and 3-14.

From the comparison above, it can be seen that the results of the simplified fluid-solid
coupling model and non-coupling normal model are similar in some aspects, but there is
also some obvious difference, as follows:

1. Similar to the non-coupling normal model, the gas and water production curves of the
simplified fluid-solid coupling model can be divided into three stages generally: rapidly
rising stage, stable stage and gradually reduce stage. This is consistent with the results
of experiments by Shuxia Lee and Yongmao Hao in China University of Petroleum.
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2. The major difference between two models lies in that both the average production rate
and the accumulative production of gas obtained by the simplified fluid-solid coupling
model are 3.45% higher than that of the non-coupling normal model. Similarly, both the
average water production rate and the water accumulative production are 4.28% higher
than that of non-coupling normal model. This is because reservoir skeleton volume
strain can lead to reservoir porosity reducing and elastic drive energy increasing to
some extent. This is flavor to raise gas and water production rate, accumulative gas and
water production of hydrate reservoirs. The increasing of elastic drive energy has more
effect to water production than gas production as a result of the poor liquidity of the
gas with respect to the liquid.

3.2.3 Numerical simulation on productivity of comprehensive fluid-solid coupling
model for production by depressurization

The analysis above shows that shrinkage of reservoir pore space can raise the elastic drive
energy because of the fluid-solid coupling effect, which does help to increase the gas
production rate and accumulative gas production. This is one side that the fluid-solid
coupling affecting production performance. And on the other side, the change of the
reservoir effective stress can lead to physical parameters, such as porosity and permeability,
which can also influence production behaviors.

In this chapter, we adopt the comprehensive fluid-solid coupling model in Table 3-3 to
simulate gas production from hydrate reservoirs by depressurization. Based on the
simplified model, the comprehensive fluid-solid coupling model considers the change of
physical parameters caused by the stress state variation. Thus, by comparing with the two
models, we can study the influence of the physical parameters change of sensitive stress
reservoirs, which is caused by the fluid-solid coupling effect, on the production performance
of hydrate reservoirs.

Figs. 3-15 and 3-17 show the gas and water production rate curves respectively obtained
from the comprehensive fluid-solid coupling model and the simplified model. The
accumulative gas and water production curves of the two models are shown as Figs. 3-16
and 3-18.
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The comparisons above show that the gas and water production rate curves of the
comprehensive and simplified coupling models can also be divided into three stages,
namely the rapidly rising stage, stable stage and gradually reduce stage, which is similar to
that of the non-coupling normal model, and matches with the experiment results of Shuxia
Lee. Further analysis shows that the numerical size of simulative result has significantly

difference, as follows:

1. From Figs. 3-15 and 3-16 it can seen that the average gas production rate and
accumulative production which are obtained by the simplified fluid-solid coupling
model are obviously higher than that of the comprehensive fluid-solid coupling model.
The average gas production rate in stable stage of the former model is about 1.144 times
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greater than that of the later. Accordingly, the gas accumulative production is about
4.4% higher than that of the later.

2. Similarly, from Figs. 3-17 and 3-18 we can also see that the average water production
rate and accumulative production simulated by the simplified fluid-solid coupling
model is obviously higher than that of the comprehensive fluid-solid coupling model.
The average water production rate in the stable stage of the former model is about 1.159
times greater than that of the later. Correspondingly, the accumulative water
production is about 15.9% higher than that of the later.

Fig. 3-19 and Fig. 3-21 show the gas production rate and water production rate curve
respectively, which are simulated by the comprehensive fluid-solid coupling model and the
non-coupling normal model. The accumulative gas and water production curves
respectively in two cases are shown in Figs. 3-20 and 3-22.
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The comparisons of Figs. 3-19 and 3-20 show that the average gas production rate and
accumulative gas production of the non-coupling normal model are obviously higher than
that of the comprehensive fluid-solid coupling model. The average gas production rate in
the stable stage of the former model is about 1.106 times higher than that of the later. And
accordingly, the accumulative gas production of the former is about 15.9% higher than that
of the later. Similarly, from Fig. 3-21 and Fig. 3-22 it can be seen that the average water
production rate and accumulative water production of non-coupling normal model is also
obviously greater than that of comprehensive model. The average water production rate
during the steady stage of the former model is about 1.111 times higher than that of the
later. Correspondingly, the accumulative water production of the former is about 11.1%
higher than that of the later.

In conclusion, by analyzing the production performances of the non-coupling normal
model, the simplified coupling model and the comprehensive, we can find that the
development index, namely the gas production rate, the accumulative gas production and
so on, obtained from the simplified model is the highest in the three models. The results of
the non- coupling normal model are slightly lower. But the development index simulated by
the comprehensive coupling model is significantly lower than the two former models. The
reason for this phenomenon is that fluid-solid coupling has different influencing mechanism
to production performance.

During the production by depressurization, the fluid-solid coupling effect has two aspects.
On one side, the shrinkage of rock matrix caused by fluid-solid coupling effect can raise the
elastic drive energy, which is helpful for gas output. So the development index of simplified
fluid-solid coupling model which only considers the skeleton volume strain is higher than
that of the non-coupling normal model. This is the good aspect that fluid-solid coupling
effect contributes to gas production. On the other side, the shrinkage of rock pore space can
also cause the reduction of permeability and porosity, and accordingly the seepage captivity
also decreases which causes the adverse effect for production. Relatively, the change of
porosity and permeability which is caused by fluid-solid coupling plays the dominated role
on affecting the production performance. But the increasing of elastic drive energy is
limited. Therefore, the predictive value of production index simulated by the
comprehensive fluid-solid coupling model which considers the skeleton volume strain and
physical parameters change is obviously lower than the results of the simplified fluid-solid
coupling model and non-coupling normal model.
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The variation of skeleton volume strain and petrophysical properties caused by fluid-solid
coupling in the reservoir is the objective existence. So, the overall effect of fluid-solid
coupling causes the development index, namely the gas production rate, the accumulative
gas production and so on, is obviously lower than that of the non-coupling normal model.
Therefore, from the productivity point of view, the coupling effect between the seepage field
and the deformation field must not be neglected in the exploitation of hydrate reservoirs.
Although there are many numerical models for production from hydrate reservoir in
previous research, they failed to totally consider the coupling effect between the seepage
filed and rock deformation field.

Compared with the current numerical models, the fluid-solid coupling model, which this
study established for the production from hydrate reservoirs production by
depressurization, has the superiority as follows: fully consideration of hydrate
decomposition effect, the coupling effect of seepage field and deformation field, the change
of the temperature, and the dynamic variation of the physical and mechanical properties of
formations under the influence of many factors.

In the next portion, based on the gas-water two-phase non-isothermal fluid-solid coupling
model established in this research, we will carry out a sensitive analysis on the main factors
which affect the productivity from hydrate reservoirs.

3.3 Influences analysis on productivity of gas production from hydrate reservoirs by
depressurization

The factors that affect the production performance for hydrate reservoirs by
depressurization are very more and the extent of them is various. In order to
comprehensively evaluate the influence degree of all factors on the development index and
provide the theoretical basis for the production optimization of hydrate reservoirs, we
primarily study the influence of the reservoir absolute permeability, the bottomhole
pressure and the reservoir temperature on hydrate reservoir production index, such as the
accumulative gas production.

3.3.1 The effect of absolute permeability of formation

The absolute permeability of formation is a parameter reflecting the seepage ability of
porous medium and it is an important factor affecting the production rate after gas hydrates
decomposing. In this portion, we use the non-isothermal fluid-solid coupling model
developed in this article to simulate the production behaviors with the condition of three
reservoir absolute permeability, namely 100mD, 200mD and 300mD. In the simulation the
other conditions of hydrate reservoir keep the same. The emphasis is to analyze the
influence of formation absolute permeability on production index, such as the hydrate
decomposing rate, the gas production rate and accumulative gas production.

Figs. 3-23 and 3-24 show the hydrate decomposition front and the distribution of hydrate
saturation Sy under different permeability condition after the well producing for 43 days.

It is not difficult to find that the influence of absolute formation permeability is obvious to
production performance of hydrate reservoir. The greater the formation absolute
permeability is, the faster the propagate speed of the pressure drop is in the reservoir, the
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stronger the flow ability of reservoir fluid, the faster hydrate break down, and the faster
decomposition front position promote. From Fig. 3-23 it can be seen that the distances
between the decomposition front and the wellbore are 36m, 45.08m and 55.07m with respect
to the formation permeability being 100mD, 200mD, 300mD after the well producing for 43

days.
Figs. 3-25 and 3-27 show the gas and water production rate of hydrate reservoir respectively

under the condition of different permeability. The accumulative gas and water production
curves with different formation permeability are shown as Figs. 3-26 and 3-28.
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From the results of the figures above, it is easy to find that despite of the different
permeability of the formation, the gas and water production rate curves are similar, which
can be divided into three stages on the whole, namely the rapidly rising stage, the stable
stage and the gradually reducing stage. The greater the absolute permeability of reservoir is,
the faster the propagate speed of pressure drop is, the faster hydrates break down, the
greater the gas and water production rates are, and accordingly the bigger the accumulative
gas and water productions are. After the well produces for about 200days, the accumulative
gas production with the absolute permeability being 300mD is 7.05% higher than that of the
formation with permeability being 200mD. The accumulative water production is 7.4%
higher than that of the formation of which the permeability is 200mD. The accumulative gas
and water production of the formation with the absolute permeability being 200mD is 5.9%
and 6.34% respectively higher than that of formation whose absolute permeability is 100mD.
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3.3.2 The effect of bottomhole pressure

The value of bottomhole pressure is an important parameter to control the gas production
from hydrate reservoirs reasonably, and it not only affects the cumulative gas and water
production of hydrate reservoirs, but also determines the propagate speed of hydrate
dissociation front. Based on the non-isothermal fluid-solid coupling model above, this
portion simulate the production performance under the conditions of the initial formation
pressure 16.9MPa and three bottomhole pressure, namely 12.9MPa, 13.9MPa and 14.9MPa
respectively. Other conditions in the progress keep the same. Emphatically the influence of
bottomhole pressure on production index, such as the hydrate decomposing rate, the gas
production rate, the accumulative gas production, and so on.

Figs. 3-29 and 3-30 show the hydrates dissociation front position and the hydrate saturation
Su distribution after 43 days production under the condition of different bottomhole
pressures. Comparative analysis shows the lower bottomhole pressure leads to the faster
pressure drop spread in reservoir, the greater pressure gradient, and the faster hydrate
dissociation and decomposition front promoting rate. From Fig. 3-29, we can see that after
43 days production under the pressure being 12.9MPa, 13.9MPa and 14.9MPa respectively,
the hydrate dissociation fronts move to the positions where the distances are 60.06m, 45.08m
and 29.11m respectively far from the wellbore.
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Figs. 3-31 and 3-33 show of the gas and water production rate of hydrate reservoirs
respectively under different bottomhole pressures. And Figs. 3-32 and 3-34 give the
accumulation gas and water production from hydrate reservoirs respectively.
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Comparative analysis show that, similarly to the former, the gas and water production rate
curves with different bottomhole pressures generally can be divided into three stages:
rapidly rising stage, stable stage and gradually reducing stage. And the lower bottomhole
pressure, correspondingly, leads to the faster hydrate dissociation, the bigger gas and water
production rate and the greater gas and water accumulative production. After 200 days
production, when bottomhole pressure is 12.9MPa, gas accumulative production is 7.9%
higher than that with the bottomhole pressure being 13.9MPa, and accordingly, the water
accumulative production increase 9.6%. When bottomhole pressure is 13.9MPa, the gas and
water accumulative production increase 6.9% and 8.7% respectively compared with that
being 14.9MPa.

It should be pointed out that low of the bottomhole pressure is contributive to improve the
gas accumulation production and other development indexes. But at the same time, the
lower bottomhole pressure can lead to the greater producing pressure difference and the
worse stability in near well reservoir. Therefore, the stability of the reservoir near well bore
should be considered in optimizing design of bottomhole pressure. To improve the
production rate of hydrate reservoirs, the bottomhole pressure can not be reduced without
restraint.

3.3.3 The influence of formation temperature

The formation temperature is a key parameter to affect the hydrate dissociation rate. Using
the non-isothermal fluid-solid coupling model of the hydrate reservoir, this portion will
simulate the production performance when formation temperatures are 289.5K, 290K and
290.5K respectively and other conditions are the same. We analyze emphatically the
influence of formation temperature to the hydrate dissociation rate, gas production rate and
cumulative gas production, etc.

Figs. 3-35 and 3-36 show the location of hydrate dissociation front and the distribution of the
saturation of hydrate (SH) after 43 days production under different formation temperatures.
Comparisons indicate that the higher formation temperature leads to the faster hydrate
dissociation, the greater dissociation front promoting rate and the further forward distance
during the same time. As Fig. 3-35 shows, when the formation temperatures are 289.5K,
290K and 290.5K respectively, the hydrate dissociation fronts are 34.105m, 45.08m and
56.08m respectively far away from borehole after 43 days production similarly.
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Fig. 3-35. Dissociation front with different temperature
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Figs. 3-37 and 3-39 show the gas and water production rate of the hydrate reservoir with
different formation temperatures. And Figs. 3-38 and 3-40 give the gas and water
accumulative production with different formation temperatures.
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Comparisons indicate that, as the same with the previous, the gas and water rate curves can be
divided into three stages. They are the rapidly increasing stage, the stable stage and the
gradually decreasing stage respectively. The higher formation temperature leads to the faster
hydrate dissociation, the larger gas and water production rate. After 200 days production, the
gas accumulative production with the formation temperature of 290.5 K is 7.0% higher than
that of 290 K, and correspondingly, the water accumulative production increases 8.8%. And,
the gas accumulative production with the formation temperature of 290 K is 5.9% higher than
that of 289.5 K, correspondingly, the water accumulative production increase 6.9%.

4. Conclusions

Production from gas hydrate reservoirs by depressurization is a non-isothermal chemical
and physical fluid-solid coupling process containing phase change. Based on the former
study, this research closely held all kinds of the complicated physical and chemical
mechanism during depressurization for gas production from hydrate reservoirs, and
systematically studied the fluid-solid coupling numerical simulation of the stress state, the
rule of physical parameters change and the productivity during the recovery process. Some
conclusions are obtained as follows:

1. In view of the shortcomings of current mathematical models for gas production from
hydrate reservoirs by depressurization and the comprehensive consideration of the
hydrates decomposition thermodynamics, decomposition dynamics, mass and energy
conservation in the decomposition process, gas-water two-phase flow in porous media,
heat transfer and hydrates decomposition effect etc, we built up new phase change flow
models of production by depressurization for gas hydrate reservoirs.

2. Based on phase change seepage models, according to the theory of the fluid-solid
coupling seepage and considering the factors of reservoir permeability anisotropy etc,
this study established the gas-water two-phase non-isothermal fluid-solid coupling
mathematical model for gas production from hydrate reservoirs by depressurization.
This model mainly includes the equation of fluid-solid coupling seepage, the equations
of fluid-solid coupling solid deformation field, the equations of decomposition
dynamics for gas hydrate reservoirs, the temperature field equation, the auxiliary
equation and the initial and boundary conditions etc.

3. On the base of the previous stress sensitivity experiments for the unconsolidated
sandstone, this study built up comprehensive dynamic models of physical property
parameters for gas hydrate reservoirs, which include permeability, porosity and elastic
modulus etc. This model reflects the relationship between reservoir physical property
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parameters and the stress state, and at the same time it embodies the influence of
hydrates decomposition effect. The factors considered in this model are full. And the
model can lay a foundation for the fluid-solid coupling numerical simulation of
depressurization for gas hydrate reservoirs.

4. The fluid-solid coupling numerical simulation was carried out, and the influence factors
were analyzed for the productivity of hydrate reservoirs by depressurization. Results
show that the comprehensive effect of the fluid-solid coupling model leads to the
productivity from natural gas hydrate lower than that of the non-coupling model. The
influence factors analysis reveals that the permeability and bottomhole pressure affect
hydrate decomposition rate by changing the propagation rate of pressure drop, but the
formation temperature affects hydrate decomposition rate by changing the hydrate
phase balance pressure. The production index such as the gas production rate and the
cumulative gas etc rises with the increase of reservoir absolute permeability and
temperature, and with the decrease of bottomhole pressure.

5. Nomenclature

mg = local mass rate of gas generation per unit volume of porous media

Adgec = the specific hydrate decomposition surface area in the porous media

M = the molar mass
fe and f; = the fugacities of methane gas at equilibrium pressure (P.) and gas phase pressure
(Pg), respectively

@, and P; = the fugacity coefficients of methane gas at P. and Pg, respectively

K0 = the temperature independent intrinsic rate constant for hydrate dissociation
AE = the activation energy

R = the universal gas constant

T = the temperature

@ = absolute porosity, namely the porosity of porous media when hydrate saturation is zero
Su = the saturation of hydrate

Aps = the specific surface area per unit hydrate volume

my = the mass rate of water generated from the hydrate decomposition

my = the mass rate of methane hydrate decomposition

p = the density

H = the caloric content

S = the saturation

11 = the flow velocity

K. = the effective heat conduction coefficient of formation with hydrate

Qin = the supplement heat from outside

C, = the specific heat capacity

© = the real velocity
9,, = the real velocity of fluid relative to the rock

Q = the seepage flow
Ap = the interstitial surface area of seepage section, and S, is the saturation of fluid.
A = the seepage sectional area

K, = the permeability of fluid

VP = the pressure gradient

4 = the viscosity

0, = the seepage velocities relative to the rock skeleton
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K, I the relative permeability related with water saturation
o

i = total stress of all stress components
f;= body force component.
o;. = the effective stress component of rock skeleton
P”= the equivalent pore pressure
a = the Biot coefficient
6, =the Kronecker symbol
dc.. = the increment of effective stress
D; ikl = the matrix tensor of elastoplastic coefficients
de) ) = the increment of strain

D¢y, | = the elastoplastic matrix

.| = the elastic matrix

[D,] = the plastic matrix.
K = the coefficients of heat conduction, W/m/K

6. Subscripts
g = gas

w = water

r = rock

H = hydrate
a = fluid
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1. Introduction

Sir Humphry Davy witnessed the first chlorine hydrate crystallizing in 1811. Couple of
century later his discovery, natural gas hydrates has begun to play an important role in
energy business. From being a mere chemical curiosity, they have proven to be a nuisance
for the natural gas industry. The problem of hydrate induced blockage in “wet gas” flow
systems has been widely reported and became a major flow assurance issue in the energy
sector[1]. The importance of pipeline blockage increased in the 70’s when plugging of even
the largest diameter pipelines from offshore, arctic fields or the wells from high-pressure
underground storage facilities were reported. Studies over the past two decades showed
that large gas hydrate plugs form most often after shut-in pipelines or wells begin to flow[2].
When a pipeline is shut-in, the fluid separates into the gas water and hydrocarbons as the
temperature decreases[3].

Natural gas hydrates are non-stoichiometric, solid substances that consist of a low amount
of gas molecules captured in a mesh cage system made up of water molecules. As seen in
Figure (1), when the constituents of hydrates come into contact under high pressure and low
temperature conditions a solid structure at different types of crystals with higher densities
than typical fluid hydrocarbons[4] is formed. Hydrates are solid metastable compounds and
their properties and stability depend upon temperature and pressure. Natural gas hydrates
are dangerous compounds not only during construction stages but also during operation
stages of process facilities such as platforms, pipelines and other engineering structures.
Hydrates can easily form in pipelines and producing gas wells before the gas has been
dehydrated. The prevention of hydrates requires substantial investments up to 10 to 15% of
the production cost[5]. Flow assurance management has become one of the major critically
important engineering practice in custody transfer of oil and natural gas and it is essential
for successful and economic operation of oil and gas production systems[6]. Besides
economical impact, an inherent problem associated with natural gas production and
transportation with the presence of natural gas hydrates is the thread on operational safety.
Natural gas hydrates may lead to safety hazards to production, transmission, and
transportation systems. For both economical and operational safety perspective,
understanding of formation kinetics, where and when natural gas hydrates form is
necessary to better manage and mitigate this phenomena. Moreover, during the last decade
several researchers pointed out that understanding the formation mechanism of natural gas
hydrates may open new avenues in alternative ways of natural gas transportation. With the
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Fig. 1. Hydrate crystals (a) sI type, (b) sl type, (c) sH type[3].

increased demand for natural gas there is an additional incentive in exploring ways to
monetize stranded gas that can not be economically developed due to low natural gas
volumes to justify effective LNG facilities or lack of proper pipeline infrastructure[7, 8, 9].

Gas hydrates can form at the gas liquid interfaces along the entire length of the static
pipeline. This can create small volumes of hydrate over time, but usually do not block the
pipeline. However, when flow resumes, plugs can form at any point where the flow regime
changes. Small-scale hydrate formation in the interface sometimes cannot be avoided in the
pipeline. Moreover, under certain conditions, small-scale agglomerates are also observed in
the bulk phase. Hydrate formation does not become a threat to pipe flow unless the
agglomerates and hydrates formed at the interface start forming bridges. In such cases
blockage occurs where the small accumulations of hydrates adhere to the walls and begin to
bridge and reduce flow. This bridging can eventually shut down the entire pipeline or field
until the hydrates have been removed[10]. Like hydrate formation, dehydration of hydrates
in the pipelines is another major operational safety risk[6].

Hydprates form as a result of slow cooling of a fluid as in a pipeline or rapid cooling caused
by depressurizing across valves or through turbo expanders. Studies have shown three
conditions promote hydrate formation in gas pipelines and in petrochemical processes:
Coexistence of water, natural gas components and low temperatures and high pressures. Other
factors that favor hydrate formation can be listed as high fluid velocities, agitation, pressure,
pulsations (or any source of fluid turbulence), the presence of CO, and H>S[11].

Gas molecules ranging from C; to C4 and including CO,, N2 and H)S are typical hydrate
components. The water needed for hydrate formation can come from free water produced
from the reservoir or from water vapor condensed by cooling the hydrocarbon fluid. At low
temperature conditions, onshore pipelines suffer from hydrate formation during the winter
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months. Offshore, below 900 m of water depth and at the ocean bottom, the temperature is
remarkably uniform around 3.8 °C and the pipeline cools to this temperature within a few
miles of the wellhead. This situation may lead hydrate formation[12].

2. Natural gas hydrates structure and physical properties

Natural gas hydrates (NGH) form in raw multiphase flow as a result of crystallization
occurring around the guest molecules at certain operating temperature and pressure
conditions[13, 14, 15]. The most widely observed guest molecules in natural gas mixture are
methane, ethane, propane, i-butane, n-butane, nitrogen, carbon dioxide and hydrogen
sulfide. However, among those, methane based NGH occurs the most naturally[16, 17, 18,
19]. NGH are composed of approximately 85-mol% guest molecule; therefore they have
physical properties very close to ice. They have crystal structure. The density of NGH varies
somewhat according to former molecule(s) and the formation conditions[20]. NGH are part
of a larger family of compounds called “Clathrates”, which are inorganic container
compounds[21]. Although there are many container-compounds and hydrate formers in
crystal structure, the focus in this paper is NGH formers and NGH structures.

In general, hydrates are classified by the arrangement of the water molecules in the crystal
structure. All common natural gas hydrates belong to the three crystal structures: cubic
structure I (sI), cubic structure II (sII), hexagonal structure (sH) as shown in Figure (1).
Structure I is formed with guest molecules having diameters between 4.2 and 6 A, such as
methane, ethane, carbon dioxide, and hydrogen sulfide. Nitrogen and small molecules
including hydrogen (d < 4.2 A) form structure II as single guests. Larger (6 A < d <7 A)
single guest molecules such as propane or iso-butane will form structure II. Still larger
molecules (typically 7A<d<9A) such as iso-pentane or neohexane (2,2-dimethylbutane) can
form structure H when accompanied by smaller molecules such as methane, hydrogen
sulfide, or nitrogen[3].

The crystal structures of NGH consisting of water molecules are hydrogen-bonded in a solid
lattice. The interaction or degree of bonding between individual water molecules and the
guests is very weak, but the overall interaction of the guests with the host structure can be
quite strong[22]. In the literatures, more than 130 compounds that are known to form
clathrate hydrates with water molecules are mentioned and more emphasis observed to be
given to sl and sII hydrates since these are by far the most common NGH structures[23, 24,
25, 26]. The sH structure NGH are well described by[27, 28, 29, 30, 31, 32, 33, 34]. Moreover
very high-pressure hydrate phases are studied by[35, 36, 37, 38]. Crystal properties of NGH
have been extensively studied by Sloan and Koh[3] and Jeffrey[24].

2.1 Crystal structure of sl, sll and sH type of NGH

In 1965, structure I type (sI) of hydrates was first observed by McMullan et al. and Jeffery
[39] with definitive x-ray diffraction method on ethylene oxide hydrates. In Figure (1) sl
structure, 46 water molecules present along with 8 polyhedra within the cubic structure.
Moreover, Mak [40] observed structure II type (slI) hydrate crystal structure in the same
year with definitive x-ray diffraction method. He showed that the slI type crystal consists of
a face centered cubic lattice structure with a side dimension of 17.3 A. Structure type (slI)
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type hydrate’s typical crystal structural view is given in Figure (1b). Later, Jeffrey[24]
pointed out that the sII type structure voids are formed by connecting 16 polyhedra and
might accommodate larger guest molecules than it is commonly observed in NGH
structures. On the other hand, first structure H type (sH) of hydrates were discovered in
year 1883 by de Forcrand during his studies with binary hydrates with iso-butyl chloride or
bromide as the guest molecule (now, they are known as sH formers). However it was not
recognized at that time. The first sH type structure was reported by Ripmeester et al. [41, 42]
with his study conducted via NMR spectroscopy and X-ray powder diffraction methods on
different clathrates. An important feature of sH type hydrate crystals is that two sizes of
molecules are required to stabilize the hydrate structure. This typically happens with a
smaller molecule such as CH, or HoS and a bigger molecule such as dimethlybutane. sH
type hydrate’s typical crystal structural view is given in Figure (1c). This type crystal
structures observed to have unit cell length of 12.3 A. For s, sII and sH type structures at
usual pressures, only one guest molecule can be filled in the cavity. More information can be
obtained about the crystal structure and cavity occupation by guest molecules in[43].
Scanning Electron Microscopy and other micro-imaging techniques are very powerful tools
to study the porous structure of NGH’s. Such techniques should accompany NGH crystal
growth to understand better the relationship between thermodynamic conditions and
structure. The conceptual crystal growth at the molecular level still remains a fuzzy area.
Indeed the interaction between the contributory factors leading to crystallization oh NGH is
still not understood: kinetics, mass transfer and heat transfer. A great deal of fundamental
work is still required to disentangle this interdependency.

2.2 Physical properties of NGH

NGH are solid materials which have higher densities than hydrocarbon components
forming natural gas mixtures. In the open literature detailed investigation on NGH physical
properties tend to focus mainly on mechanical, elastic and thermal properties. Compression
deformation measurements on NGH sediments are conducted by Parameswaran et al.[44]
and Cameron et al.[45] showed that strength of NGH is approximately similar to that of ice.
Later Stern et al.[46] did compression deformation measurements at constant applied stress
(creeping test) on NGH (methane hydrate) and his results showed the same trend as
Parameswaran’s and Cameron’s. However, in 2003 Durham et al.[47] showed that the
impurities in previous studies effected the previous studies in creeping tests and they
determined that NGH was 20 times more creep resistant than ice[48]. Elastic properties of
NGH can be estimated accurately since they are function of crystal structures and crystal
structures are well defined. Whalley first proposed that the elastic properties of NGH are
similar to that of ice in 1980[49]. Later this theory was confirmed with first experimental
studies conducted by Whiffen et al. in 1982, Pearson et al. in 1984 based on experiments on
simple hydrates via Brillouin spectroscopy method, which was later followed by Kiefte et
al.[50, 51, 52]. More recently in 2002, Shimizu et al.[53] performed in situ measurements on
NGH via improved Brillouin spectroscopy technique and looked at the effect of of pressure
on shear stress as well as compression velocities. This study showed that the shear velocities
of NGH (mainly methane hydrates) are similar to that of ice[53]. First experimental studies
on thermal properties of NGH were conducted by Stoll and Bryan in 1979 and they showed
that the thermal conductivit of NGH as 0.393 Wm-K-1 at 215.15 K which is 5 times less than
that of ice (2.33 Wm1K-1)[54]. Low thermal conductivity of NGH is confirmed with several
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studies later and a nice mapping of the thermal conductivity measurements from several
experiments were recently published by Guptal[55, 56, 57].

3. The effect of NGH on the flow assurance

Flow assurance can be defined as an operation that provides a reliable and controlled flow
of fluids from the reservoir to the sales point. Flow assurance operation deals with
formation, depositions and blockages of gas hydrates, paraffin, asphaltenes, and scales that
can reduce flow efficiency of oil and gas pipelines. Due to significant technical difficulties
and challenges, providing safe and efficient flow assurance needs interdisciplinary focus on
the issue and joined efforts of scientists, engineers and operation engineers[58]. It was
mentioned by Guo et al.[59] that as a rule of thumb, methane caged NGH will form if the
temperature is as high as 4.5 °C and pressures are as low as 11.7 bars. As seen in Figure (2),
mild conditions are required for NGH formations. NGH predictions can be determined by
using simulation software and computational methods. However, predicting hydrate
formation requires more detailed experimental studies for each reservoir fluid since the
operating conditions and compositions vary vastly. As a result of both theoretical and
experimental investigations, five different NGH prevention methods have been
implemented to provide flow assurance[6, 60]. These are:

i.  Dehydration of wet gas and water removal (onshore or offshore)

ii. Avoid operation temperatures lower than the hydrate formation temperatures

iii. Avoid operation pressures higher than the hydrate formation pressures

iv. Injection of Thermodynamic Inhibitors (TI) such as methanol, glycol etc. to effectively
decrease the hydrate formation temperature and inhibit or retard NGH crystal
formation

v. Injection of Kinetic Inhibitors (KI) to prevent the aggregation of hydrate crystals
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Fig. 2. Calculated pressure - temperature diagram for hydrate formation for the a typical
lean multicomponent gas mixture which composition is indicated within the figure. Gray
area shows the hydrate free region and white are the region where hydrate formation is
possible. Calculation according to the Baillie and Wichert Method[136].



198 Advances in Natural Gas Technology

Above options are applied separately or in matching combinations. Selection of above
options depends on fixed and operating cost restrictions, technology availability and know-
how, system characteristics and operation/ process flexibility.

NGH plugging up a pipeline may cost the gas industry in excess of approximately $1
million each day that production is shut down[58] and once a hydrate plug has formed, it
can take weeks or even months to dissociate it safely, or it will require complex operations
such as pigging for plug removal[61]. The petroleum industry has tried to prevent hydrates
from forming by drying and heating the oil as well as by adding TI such as glycol based
antifreeze agents and methanol. Annual approximation of an operating expense is greater
than $500M, which is devoted to hydrate prevention via TI injections[62]. Hydrates are a
problem not only for pipelines but also for wells drilling: the use of water based drilling
fluids for offshore operations may lead to the formation of hydrates that strongly affect
deep-sea drilling operations. Experimental studies on kinetic mechanism and when & how
NGH forms are conducted in two major mechanisms: analytical equipment based and
purpose made engineered apparatuses[63]. Such figures and the negative environmental
impacts of the use of TI's and KI's have motivated the academia and research centers all
around the world to conduct fundamental research on NGH and their mitigation. It has
been observed that over the last couple of decades, fundamental NGH research tendency
has shifted from time independent TI studies to time dependent KI studies[64]. The
replacement of traditional TI and KI by biodegradable equivalent may be the subject of
future work to reduce the environmental impact.

3.1 NGH inhibition for subsea pipelines

In theory if all the water is removed from the natural gas stream, conditions for NGH
formation will no longer be effective for the hydrate formation. Offshore dehydration may not
be feasible for all the operations due to physical footprint constraints in the production facility
at the offshore facilities. It may also not be necessary to have an offshore dehydration facility if
the risers down in the sea bed do not have steep slopes, yet, temperature and pressure of the
pipeline is as important as the riser slope. Having said that, dehydration facilities are not the
most cost effective way of preventing NGH formation in subsea transport pipelines.
Operationally, avoiding the pipeline conditions outside of the hydrate equilibrium loop (HEL)
would also prevent NGH formation. To achieve these conditions, TI, KI and thermal methods
can be applied to the pipeline. Manipulation the HEL can be achieved by injecting KI or TT to
the pipeline. Some physical thermal methods are used in order to provide environmentally
friendly HEL control without injecting chemicals to the pipeline. Heat conservation is the
common practice for thermal methods and the application is made through insulation of the
pipeline such as hot water jacket, concentric tube bundle or trace heating along the pipeline.
Numerous alternative thermal method applications are available[65, 66, 67]. It is worth noting
that under thermal methods, the so-called “memory effect” of NGH should be exploited to
prevent hydrate formation again once the hydrate melted[3].

3.1.1 Thermodynamic inhibitors for subsea pipelines

Typical subsea pipelines do not have insulation and they require chemical inhibition not
only for preventing NGH formation in the pipelines but also to prevent plugging during the
start-up and shutdown conditions[68]. Both TIs and Kls are injected at the wellhead and
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selection of both inhibitors is based on the recovery cost and easiness of the injected
inhibitor. Historically, methanol and glycols were considered for NGH prevention as TI
agents. Basically, these chemicals make hydrogen bond with water molecules and prevent
them to form ordered cages to entrap gas molecules . Methanol can be separated from the
flow easily since it has lower density, surface tension and viscosity under separation
conditions (below -250C). This brings lower cost in recovery of methanol in the system.
Moreover, glycol based solutions are also used for plug prevention in the pipes. Typically
ethylene glycol (or mono ethanol glycol known as MEG) is used due to lower cost, lower
viscosity and lower solubility in liquid hydrocarbons. However, glycols must be added up
to 100% of the weight of the water content present in the gas stream. This leads to
economical issues since glycols are expensive inhibitors. Moreover, there is a need for a
large footprint in onshore and offshore facilities. Difficult recovery and regeneration are
other disadvantageous of plug prevention via glycols[69, 70, 71, 72]. There are some other
electrolytes used as TIs in NGH prevention[73]. All the TI molecule in combination with the
water molecule in the flow changes the HEL by changing the chemical potential of the
hydration[74] which results in a shift of the HEL towards the lower temperature and higher
pressure side. Hammerschmidt[1] gives an empirical formula and rule of thumb calculation
for lowering the temperature for the NGH formation.

On the other hand, once the reservoir conditions are considered, the stability of hydrates in
a reservoir also depends on the interactions between minerals, surrounding reservoir fluids
and hydrate. As the reservoir depth increases, the level of salinity increases. Moreover, the
formation of hydrate then will lead to increased salinity of the fluids surrounding the
formed hydrate. This may result in liquid pockets of residual aqueous solution with
increased salinity and non-uniform hydrates[75].

3.1.2 Low dosage hydrate inhibitors for subsea pipelines

An observation of made on an ocean fish that bond itself with proteins in order to avoid
freezing in severe sub-zero conditions led discovery of low dosage hydrate inhibitors
(LDHI) and LDHI have caught the attention of researchers working on NGH in academia
and industry shortly after its discovery. Kinetic Inhibitors (KI) have been the most widely
investigated sub-class LDHI in the past decade. By contrast to TIs, KIs limit or delay the
growth of hydrate formation[76] by reducing the nucleation rate of hydrate and preventing
the formation of critical nucleus. In other words, hydrate crystal growth is controlled with
KIs. However, it is not economically viable to ensure complete coverage of all the hydrate
nucleation and growth sites with Kls; and thus, it might be required to have huge amount of
KI dosages to ensure the complete crystal growth inhibition.

First KI studies were conducted under low/moderate pressure test chambers in early 90s.
The first generation KIs were mostly water-soluble polymers. For instance, PVP was the first
KI to be found as an effective plug former inhibitor[77]. KIs are typically polymer solutions
such as Vinyl Caprolactam/VP/Dimethylaminoethyl Methacrylate Copolymer (known as
VC-713), Polyvinylpyrrolidone (PVP), Poly(VP/VC), PVCap (polyvinylcaprolactam),
Polyvinlymethylacetamide etc. Kls are preferred to TI's because they are more efficient in
plug formation inhibition and injection is made in much lower quantities[74]. Many others
followed PVP; Later studies in KI investigation has been shifted to higher pressure chamber
applications and performance of Kls are modified for: low temperature, high pressure, inhibitor
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concentration and salinity. Kls are time time-bound components and they can prevent the
formation of NGHs for a limited period of time. There is rapid conversion of the remaining
water into large accumulations of hydrates once this time period passes, which results in
blockage. Use of Kls are not limited by the water cut, however, it is limited by the sub-
cooling in the system that KIs will be used.

A Kl is generally used in conjunction with surface-active agents. Surface-active agent along
with KI polymer will cause emulsification to occur between the free water and
gas/condensate phases in the pipe which then prevents the agglomeration of hydrate
crystal well before the first crystal formation starts. In other words, Kls keep the particles
small and well dispersed so that fluid viscosity remains low, allowing the hydrates to be
transported along with the produced fluids[6].

On the other hand, in deep and ultra deep water cases where very extreme conditions exist
(i.e. Gulf of Mexico, North Sea and West Africa-Nigeria), Anti Agglomerant (AA) another
sub-class LDHI, are observed to perform better rather than classical type Kls and they are
often known as hydrate growth inhibitors[78, 79]. The concept of AA is basically preventing
the formation and accumulation of large hydrate crystals into a composite hydrate blockage
through having a hydrophilic head that is incorporated within the hydrate crystals and
hydrophobic tail that disperses the hydrates into a liquid hydrocarbon phase[80]. Anti-
agglomerant disperse the very small formed hydrate nuclei whereas kinetic inhibitors
(although their mechanism of actuation is not fully clarified) bind to the forming crystals
thus hindering, and delaying, their growing. Unlike KIs, AAs are not limited by the sub-
cooling of the system and they can continue to be effective at sub-cooled conditions;
however, they require the presence of a condensate hydrocarbon phase in order to suspend
the hydrate crystals. Moreover, at high water cut conditions, dispersed hydrate crystals
might cause an increase in the viscosity of the condensate phase, which might result in
blockage of the flow due to increased viscosity. Often, it is required to have demulsifier for
old and water separation since AAs are based upon homogenously dispersion polar hydrate
crystals in the apolar oil and condensate phase. AAs have recently been more recognized in
industrial use especially in the Gul of Mexico region[79].

In addition to classic KI's and TI's, biological hydrate inhibitors (BI) have also been
investigated as well. Inhibitor proteins or in other words anti-freeze proteins (AFPs) and
antifreeze glycoproteins (AFGPs) inhibit the hydrate formation by binding the surface of
hydrate crystal nuclei[81]. Recent studies have also shown that AFPs also prevent the
hydrate growth after the hydrate crystal is formed[82].

3.2 Experimental studies for NGH

Experimenting the nucleation stage for NGH is perhaps the most challenging step and it is
essential in understanding the process of crystallization of gas hydrates. Sloan[19],
Makogon[5, 83], and Koh[84] have provided an extensive reviews on the kinetics of gas
hydrate crystallization in literatures. Theoretical description of the rate of hydrate
nucleation has been attempted by Kvamme[85] from the perspective of the nucleation
aspects of the crystallization process are concerned and models have been published on
crystallization theory for the prediction of gas hydrate formation by Sloan[19].
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Kashchiev and Firoozabadi[86] have measured the rate of gas hydrate formation after
nucleation and they developed gas consumption rate models based on the early stage of the
crystallization theory, which is, the hydrate growth stage.

NGH have been known since 1930s to have the potential to plug the oil and gas
transportation pipelines, in particular when working under high pressure. This phenomena
has started be even more problematic since the present trend of the natural gas industry to
work at higher pressures will increase the hydrates problem for natural gas transportation.
Since 1930s, thermodynamic conditions that lead to NGH formation have been the center of
focus of researchers in academia and industry. Experimental studies started in late 1950s by
Katz et al.[87] and followed by Makogan, Berecz and Balla-Achs[88, 89]. Main focus of the
experimental research on NGH was to determine the thermodynamic conditions to operate
the pipeline outside the hydrate formation region or HEL.

Okutani et al[90] reported their high pressure hydrate dissociation curve determination
apparatus with some experimental findings. Their method uses a high pressure, stainless
steel isochoric cell without agitation to investigate methane hydrate equilibrium in water-
hydrate-gas systems. They have investigated hydrate formation by monitoring pressure
changes in the system under a constant cooling rate. Kim et al.[91] investigated the
hydrate dissociation curve with a similar high-pressure cell by observing the dissociation
temperature of the hydrates. Their design also included large observation windows. They
formed hydrates by injecting methane and ethane samples through a water container with
constant heating rate. They observed dissociation temperature with visual data. Seo et al
[92] used a similar experiment and investigated three-phase hydrate equilibria in the
methane+water+cyclic-ether and nitrogen+water+cyclic-ether systems using a
temperature search method up to 120 bars. Sakaguchi et al.[93] described another
interesting isochoric design. They investigated the formation and growth of hydrate
crystals in a Pyrex cell visually using observations through CCD cameras connected to
micrographic zoom lens at atmospheric conditions. Kang et al.[94] and Fleyfel et al [95]
used a method known as "rocking cell". They used a visual rocking cell to observe hydrate
formation in metastable methane, ethane, propane and water systems. They combined the
constant pressure-rocking cell with NMR and observed the peak with NMR and visually
confirm this.

Some researchers used x-ray diffraction, Raman spectroscopy and differential scanning
calorimeter (DSC) methods to investigate hydrate formation and dissociation properties.
Hester et al.[96] used Raman spectrometer to investigate hydrate compositions for the
Hydrate Ridge in Oregon. Koh et al.[84, 97] studied hydrates using DSC. Using DSC, they
quantified and compared the effect of various kinetic inhibitors. Le Parlouer et al.[98]
investigated the thermodynamics properties and kinetics of hydrate formation within
minerals. They modified a Setaram DSC 111 for pressures up to 400 bars with a temperature
range of -45 °C to 120 °C. They have shown the dissociation temperature of hydrates with
respect to methane pressure and heat flow versus temperature profiles at the dissociation
peaks for different isobars. Dalmazzone et al.[99] used an approach similar to that of Le
Parlouer for hydrate formation and kinetics investigation. They used a modified high
pressure Setaram Micro-DSC for water-in-oil emulsions systems up to 40 MPa between 223
and 393 K.
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In contrast to static high-pressure cell approaches, researchers also have investigated hydrate
formation mechanism and kinetics using dynamic models and techniques. Gaillard et al.[100]
investigated methane hydrate formation in a recalculating flow loop and perform kinetics
modeling of hydrate formation. They esentially studied the kinetics of methane hydrate
formation and inhibitor performance in a laboratory scale mini flow loop under pressures up
to 75 bars. Lee et al. [101] used a laboratory scale mini flow loop to study the mechanism of
hydrate plugging and examine inhibitors that prevented hydrate plugging in natural gas
pipelines up to 8 MPa. Some sections of the loop also had visual access. Urdahl et al.[102] and
Lund et al.[102, 103] used loop design in a relative motion flow loop and studied gas hydrate
formation and inhibition in hydrocarbon gas-water-oil systems. Their 150 bar loop had a
temperature range of -10 to 150 °C and was fully automated. It enabled visual detection of
hydrate formation. They studied methane rich methane+ethane+propane+water systems in
the presence of several different KI's. Mork[104] described one of the most detailed flow
assurance and loop experiment for gas hydrates in the literature. He studied the rate of
methane hydrate and natural gas hydrate formation in a 100 bar flow loop between 7 and 15
°C to understand the performance and scale-up of a reactor for continuous production of
natural gas hydrates. He has shown that the rate of hydrate formation is strongly influenced
by gas injection rate and that the pressure the effect of stirring rate is less significant.

Additionally, many patented experimental setups and procedures have been proposed and
published for gas hydrate investigation. The most widely accepted designs are flow loops
such as those of Guo et al.[59], Hatton[105], Larue et al.[106], Behar et al.[107], Mitchell and
Talley et al.[108, 109].

Much of the available funding of NGH research was granted for industrial field experiments
and academic testing of field characterization. This was aimed at establishing secure
transportation conditions by avoiding plugging in pipelines. Results of the industrial and
academic experiments may not be available in the open literature completely due to the
confidential nature of the data to the companies and governments[4] funding such work.

It is highly desirable to initiate research work on NGH that is aimed at not only mitigating
the effects of NGH, but also the risk and safety aspects. The impact of a NGH plug
dislodged by pressure differential can be very dangerous and may cause the pipeline to
rupture leading to casualty in operating personnel as reported by Sloan[3].

3.3 Instrumental analysis for NGH

NGH formation is an exothermic crystallization process. Characterization of NGH can be
made by investigating the nucleation single crystals, crystal growth and agglomeration[110,
111]. The kinetics of hydrate growth is concerned with the rate at which the hydrate phase
grows after the induction time that marks the onset of hydrate crystallization[112]. Mostly
gas uptake rates at which hydrate interface advances are investigated operationally by
measuring pressure, temperature and composition of the different fluid phases in the
investigated system. On the other hand, molecular studies and analytical techniques are
used for hydrate crystal structure, composition, and cage occupancy determination. For
these purposes Powder X-ray diffraction (PXRD), Raman and Nuclear Magnetic Resonance
(NMR) techniques have been used for solid phase structural analysis at molecular level for
NGHJ113, 114, 115, 116, 117, 118]. Characterization of NGH sH structure crystals (methane
type) and several large organic molecules are recently done by Susilo et al. via NMR and
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Raman techniques[119]. They showed that when a molecule is trapped and encaged in
hydrate structure, Raman and NMR spectra gas/liquid signals are shifted and showed
distinctive behavior during hydrate formation. The distinct methane behavior in sl, sII and
sH type hydrate structures is observed as lower frequency when compared with free
gaseous state components in Raman spectroscopy measurements[120]. Raman spectroscopy
is used mostly on determining the cage occupancies and the hydrate compositions
quantitatively after careful calibration of the observed peaks for the specific system under
study[120, 121, 122]. On the other hand, the distinct methane behavior in all three-hydrate
structures in NMR is characterized by lower field outputs in comparison to free gaseous
state components[122, 123]. If accurate data acquisition is provided with both NMR and
Raman spectroscopy, cage occupancies of NGHs are determined accurately and the results
are comparable between both methods[124, 125].

4. NGH as a potential energy source: Storage and transport issues

It was previously indicated that hydrates are one of the major problems that oil and gas
industries suffer from in operations. Since the discovery of the hydrates, majority of the
research efforts has been spent on the determination of the hydrate crystal structure, kinetics
of hydrate formation, thermodynamic behavior and mechanisms to avoid plug formations
in the pipelines. However, NGH are also called as “white coal” and they have great
potential due to its capacity to store huge amounts of methane in its cage structure. On
average, NGH volume gains are estimated almost as 155 times smaller than the equivalent
amount of natural gas at standard conditions[126]. Volumetric gain changes depend on the
crystal structure of the NGH[83]. Estimation of the volumetric gain has been done by
Berner[127] and for typical slI type crystal structure NGH with no impurities nor inclusions
have an approximate 191 m3 of gas per 1 m3 of NGH. With 5 vol% impurities and 96%
occupancy of cavities in the crystal structure this value is estimated as 174 m3, and with 8
vol% impurities and 96% occupancy it is 160 m3. Storing and transporting natural gas in
NGH form will require natural gas stream with some water content treated at 5 to 15 °C
under 10 to 25 bars to process 155 m3 of natural gas in order to produce 1 m3 of NGH. On
the other hand, similar or slightly better volumetric gain is achieved by well established
liquefied natural gas (LNG) and compressed natural gas (CNG) processes. However, for
LNG processes -163 °C and for CNG processes pressure operations up to 200 bars is
required[128]. Successful implementation of natural gas transport in the form of NGH may
reduce the operational cost dramatically by avoiding very low temperature operation cost in
LNG production and compressing requirement in CNG production. Conversely, stability of
the end product is a major concern. It has been proved that the stability of the end NGH
product stayed stable up to 2 years in solid hydrate form in cold climates such as Russia and
Norway[129]. With all the potential in NGHs, it may become an attractive means of
transportation of natural gas located in the small and unutilized gas fields. Transportation of
gas as NGH requires export terminals with natural gas with water to produce NGH and
receiving ports equipped with re-gasification facility to extract gas from the hydrate cage.
Mitsui Engineering and Shipbuilding Corporation in Japan are working on engineering and
feasibility investigation of such application with a capacity of 600 kg/day[7]. In today’s
world it has been estimated that about 70% of the total gas reserve is either too far from an
existing pipeline or too small to justify a liquefaction facility
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Another interesting aspect of NGH which attracted the scientific community to conduct
research on is the large sediments and deposits of NGHs located on the ocean floor. Yet,
there are estimations and speculations on the NGH depositions on the ocean floor, which is
greater than the combined total energy resources that we have currently in all means (see
Figure (3)). Englezos estimated that total amount of NGH in ocean floor is about 1016
m3[130]. There are 50 proven locations of NGH sediments on earth where large quantities of
NGHs present[128]. However, quantification of how much methane, ethane, propane, i-
butane and n-butane is trapped in these sources is difficult to ascertain and has not been
done for the majority of the sources. The difficulty of handling these deposits are: to reach the
source and bring them above the ocean floor and they dissociate very quickly with the pressure
applied on those (even a mechanical arm used to carry them above sea level). In order to prevent
quick dissociation of these deposits following solutions are proposed: reduce the temperature
of deposit in a separate chamber and increase the deposit density [126]. On the other hand, another
alternative method has been proposed by Fanklin, which is based on removing these
deposits under controlled dissociation. This idea is proposed by applying: increase
temperature of the deposit with sensitive control, decrease the deposit weight, decrease the penetration
rate and apply controlled pressure on the deposits[131]. Such techniques remained as theories
and have not gained importance so far[132].

B Gas Hydrates

B Coal

. Methane

. B Oiland Gas

m Coal Bed

Fig. 3. Fossil energy resources. (Tboe: trillion barrels of oil equivalent).

Another biggest problem standing against the production of energy via NGH from the
ocean bed deposits is the possibility that removal of the methane hydrates may trigger the
uncontrolled release of methane gas to the ocean, which may increase the salinity of the
oceans dramatically. This uncontrolled incident may result in global climate change since
methane in the atmosphere is known to be the biggest contributor to the global
warming[133, 134]. Utilizing NGH deposits in the ocean floor may power the planet in the
future and the challenges stated above will become more important for the academia for
further and detailed investigation in near future.

5. NGH safety and hazards

Gas processing plants and sites that experiences NGH problem considers the safety aspect
of NGH has two different ways; in storing and pipeline transportation. Since the crystals
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matrix in hydrate systems has a high latent energy must melt before gases are released;
explosive release of gas during accident is inherently inhibited in a hydrates system when
compared with LNG and CNG. As transportation point of view, when ignited, NGH will
burn slowly and will not explode. For this reason, once the wall of hydrates carrier is
breached, the natural gas hydrates will not readily flow out of the carrier vessel, as is the
case for LNG. On the other hand, from the view of hydrate plug formation in the
transportation pipelines, there are bigger safety concerns exist especially during the removal
of the hydrate plug. During the dissociation of hydrate plug in the pipeline, great pressure
drop is occurred when the plug detaches from the pipe wall. This pressure difference might
cause solid hydrate plug mass to reach to an approximate speed of 300 km/h within the
pipeline. This phenomena will help to compress the downstream gas further which will
result in blowouts, ruptures and damages in the pipeline[12].

Hydrates contain as much as 180 volumes of gas at standard temperature and pressure per
volume of hydrate. Hydrates dissociation by heating causes rapid gas pressure increase in
the system. Field engineers often call this phenomenon "hail-on-a-tin-roof". Small hydrate
particles can contain considerable volume of gas. Attempts to blow the plug may rupture
the pipe. In order to determine the best approach to remediation of hydrate blockage, the
knowledge of the location and length of a hydrate blockage is very critical. During plug
dissociation, there might be multiple plugs exist in the pipeline which threatens the pipeline
both from safety and technical perspectives. As investigated by The Canadian Association of
Petroleum Producers there are two key points to consider in that regard[135, 136]:

i.  Always assume multiple hydrate plugs in the flow loop. There may be high pressure
points between two plugs.

ii. Attempting to move hydrate plugs can rupture pipes and vessels in the flow loop.

iii. While heating a plug, the heating procedure should commence from the end of a plug
rather than the middle section of the pipe.

iv. Single sided depressurization can potentially launch a plug like a high-speed bullet and
result in ruptured pipes, damaged equipments and uncontrolled release of
hydrocarbons to environment.

v. Actively heating a hydrate plug needs to be done in such a way that any released gas
will not be trapped

6. Molecular simulations of natural gas hydrates

Compared to thermodynamic hydrate inhibitors like methanol and glycol, Low dosage
kinetic inhibitors have several advantegous in terms of cost and environmental impact. They
are active in low concentration, less than 1% of water phase, and generally they are not
toxic. However, despite the studies have been done over the last years, the formation
mechanism of hydrates, the kinetics of the process and the action mechanism of how LDKI's
work are not fully understood. This lack of knowledge and the limitations of surface
sensitive techniques prevents the development of more efficient LDKI's. Over the last two
decades, Molecular simulations have been proven to become a powerful technique to study
the molecular level details of solid/liquid interfaces and it provides valuable information
about gas hydrates nucleation, growth mechanism together with a basic understanding of
the action mechanism of LDKI's.
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Liang et al. reviewed recently the studies that uses molecular simulations to analyze the
properties of hydrates growing and inhibition[137]. Rodger et al.[138] analyzed the effect of
an inhibitor based on quaternary ammonium zwitterions by molecular simulations methods
and showed that its activity is comparable with the common kinetic inhibitor : PVP.
Basically, molecular simulations allow to test new families of potential inhibitors before
synthesizing the molecules or before doing expensive and time-consuming laboratory or
field tests. There have been several computational studies that support these
conclusions[139,140,141,142]. Kvamme et al. showed how computational experiments
provide valuable information to select kinetic inhibitors and to understand the action
mechanism of inhibiting hydrate formation[143].

Molecular simulations have also been used succesfully to analyze other aspects related with
hydrates area in several recent works. Myshakin et al.[144] used molecular dynamics
simulations to analyze the methane hydrate decomposition process, showing an Arrhenius
type behavior and analyzing the regrowing process. Tanaka et al.[145] investigated the
thermodynamic stability of the structure I and II hydrates using molecular simulations.
Erfan-Nia et al.[146] have used molecular simulations to analyze the structure of hydrates
formed from the methane+ethane mixture, showing that type I hydrates are formed in the
whole composition range. Also, they used molecular simulations to show the methane
storage capacity of structure II hydrates with the help of large guest molecules such as
propane, i-butane, tetrahydrofuran etc[147].

7. Conclusion

This chapter reported the progress made to better understand natural gas hydrates and their
mitigation in pipeline transportation. Whilst one acknowleges the benefits of techniques
such as injection of inhibitors such as TI and KI to maintain gas production, the associated
cost and negative environmental impact clearly signal to additional fundamental research in
the area. Such work may include the use of more effective and environmentall friendly
additives, a better understanding of the interaction between mass transfer, heat transfer and
kinetics of NGH crystal growth and a better utilization of imaging techniques to support
experimental work on NGH crystal growth. These studies must imperatively be conducted
using properly designed reactors to produce hydrates under carefully controlled conditions.
The field of “in-situ” hydrate formation detection is still far from being a reality and
constitutes a desirable objective since this would make the continuous use of additives
redundent and facilitate the use of selective local heating of pipeline where possible, or in
the worst case, inject selectively the correct doses of KI's. This has been termed as “time
dependent” growth model studies in the literature without providing any clues on how this
might be achieved in practice.

The potential of NGH’s as alternative state of natural gas during transportation still remains
untapped even though it has been acknowleged given the abundance of natural gas in the form
of hydrate in deep seas. This area of work would necessarily involve NGH stability studies.
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1. Introduction

The global energy demand is increasing and the natural gas (NG) has obtained relevance as
a clean fuel. At distances greater than 4000 km from the source of production, the most
profitable way of transportation for the NG is as liquefied natural gas (LNG). Between years
2000-2010 the natural gas consumption increased 31.4% and LNG represents 30.5% of the
global NG trade in 2010 (British Petroleum, 2011). With a world market in full development
and a global perspective with a strong trend towards globalization and free trade, it is
evident the importance of gas liquefaction processes.

LNG is obtained when the NG is cooled until its bubble point (or even below) at
atmospheric pressure, which corresponds to -161°C. At this point, its density is 55% lower
than the water and its volume is reduced 600 times. The volume reduction favours not only
the transport (using LNG carriers) but also the storage in tanks (Institute for Energy, Law &
Enterprise - University of Houston, 2003).

The number of installed plants for the NG liquefaction had a significant increase since 1960
(Haselden, 1977), as well as the operational improvements. The current installed plants are
capable of processing more than 4 MTPA of NG.

In general, refrigeration cycles used to liquefy natural gas can be split into two main
processes: 1) those that use pure refrigerants and 2) those that use mixtures of them. Each
technology has its own properties and they have been consolidated as international patents,
which seek to optimize energy consumption, capital investment and the physical space
occupied by the required equipment.

Previous studies related with LNG processes using mixed refrigerant (MR) have been
published. Del Nogal et al. (2005) optimized the mixed refrigerant composition focused on
minimizing the power in the compression stages, but the complete model was not shown.
Jensen & Skogestad (2006) proposed a control strategy for the process, based on a certain
control and instrumentation philosophy, without reporting the process model. Jensen and
Skogestad as well as Lee et al. (2002) optimized the refrigerant composition with the aim of
minimizing the temperature gap between the natural gas and the mixed refrigerant in the
cycle evaporator. Aspelund et al. (2010) optimized the refrigerant composition in three
different ways: 1) using a fixed minimum internal temperature approach, 2) using a fixed
exchanger area and 3) minimizing the cost for exchanger area, but again not model details
were shown.
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On the other hand, Haselden (1977) shown optimum operating conditions for cycles in
cascade with three pure refrigerants, based on the operational experience of installed LNG
plants. It is evident that there are very few attempts to model the processes for liquefying
natural gas. Moreover, none of the above works show in detail a complete set of operating
conditions for these systems.

Consequently, the purpose of this work is to model and simulate the natural gas
liquefaction process in stationary state, using cycles with MR and cascade cycles with pure
refrigerants. The specific objectives are:

e Calculate energetic properties and phase equilibria using the Peng-Robinson equation
of state.

e Simulate the NG liquefaction process using mixed or pure refrigerants (considering
traditional and optimized cascades), by developing Matlab® routines. The technical
feasibility of operating conditions will be evaluated

e Based on the developed models, a sensitivity analysis of the variables involved will be
made in order to determine its impact on operating conditions.

2. Refrigeration cycles

A refrigeration cycle uses changes in pressure and temperature on a mixed or pure
compound (named refrigerant) in order to transfer heat from a cold zone (or fluid) to a hot
zone (or fluid). In Fig. 1 is shown a simple throttle valve cycle, consisting in two heat
exchangers, a throttle valve and a compressor.

I : I

Condenser 4

A 4

Compressor Throttle Valve X

2 Evaporator 1

—_— =

Fig. 1. Simple refrigeration cycle using a throttle valve.

The refrigerant is in a vapour-liquid equilibrium (stream 1) when enters the evaporator and
exchanges heat with the hot source, until reaching saturation or even becoming overheated
vapour (stream 2). Then, enters the compressor and suffers a pressure and temperature rise.
The refrigerant in stream 3 exchanges heat with a cold source in the condenser, becoming
liquid and entering to the throttle valve (stream 4), where it expands and its temperature
falls to a minimum, starting the cycle again.
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If the throttle valve is considered adiabatic, the First Law of Thermodynamics reveals that
the expansion is isenthalpic. Moreover, if the compressor is adiabatic and the compression is
reversible, then it is isentropic (Cengel & Boles, 2006). The existence of internal friction and
the heat leaks to the surroundings result in a deviation from the isentropic behaviour,
therefore is required the use of a polytropic efficiency (Np).

2.1 Polytropic work in the compressor

The polytropic work (W) in the compressor is used in order to determine the polytropic
efficiency (Np) of the gas compression process, as shown in Egs. (1) - (4) (Walas, 1990).

n-1

k P
Wpoly:m'Z'R‘T' (131} -1 (1)
e k-N, 2
1-k-(1-N,)
C
k=" 3
2 ®)
C,=C,+R @)

where Cp is the heat capacity at constant pressure, R is the universal gas constant, z is the
gas compressibility factor, P;/P; is the pressure ratio and T is the inlet temperature.

2.2 Coefficient of performance

The Coefficient of Performance (COP) for a refrigeration cycle relates the amount of heat
taken from the hot source (Qeuy) and the total work used (Weomy), as shown in Eq. (5) (Cengel
& Boles, 2006).

Q evap

comp

COP =

®)

A First Thermodynamic Law balance in the refrigerant relates the heats (including the
condenser heat, Qcond) and work in any refrigeration cycle, as seen in Eq. (6).

Qevap = Qcond - chomp (6)

Substitution of Eq. (6) in Eq. (5) gives Eq. (7), which is an alternative form for the COP.

cop = Leont _4 )

comp
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In order to improve the performance of the cycle, it's important to maximize the COP. In that
way it is removed as much heat as possible from the hot source, using the minimum work. It is
important to note that, according to Eq. (7), the greater the COP greater the heat retired in the
condenser for cooling the refrigerant, then more amount of utility stream is needed.

2.3 Refrigeration cycles in cascade

When there is a great gap between the temperature of the hot and cold zones (or fluids) and
it is not possible to use only one refrigerant, the cascade cycles are used (Smith, 2005). This
configuration uses more than one individual cycles with a common heat exchanger between
cycles. The condenser of a cold cycle is the evaporator of the following hotter cycle, as
shown in Fig. 2.

Condenser

Evaporator

-— N

Fig. 2. Refrigeration cycle using a double cascade.

The advantages of using cascade cycles are: better distribution on the refrigerant load,
decrease of the required work, and increase of the heat transferred in the non-common
evaporator. Hence, the COP increases when this configuration is used.

These cycles are particularly useful in the liquefaction of natural gas because it is possible to
cool it and achieve the desired temperatures using water as the external fluid (utility stream)
in the condenser. Therefore, it is important to choose the right refrigerant for each cascade.
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2.4 Refrigerant selection

In order to guarantee a minimum area in the heat exchangers, the refrigerant used usually is
a pure compound, so the phase changes described previously occurs at a constant
temperature and the drive force is maintained constant. In Fig. 3 is plotted the saturation
curve for the liquid-vapor equilibria for some refrigerant commonly used in the liquefaction
of natural gas (obtained from Lemon et al., 2005).

10

S

= Nitrogen

w—\lethane

= Ethane

s Propane

== Butane

= Ethylene
01 T

-225 -175 175

Temperature (°C)

Pressure (MPa)

Fig. 3. Vapor pressure curves for refrigerants commonly used to produce LNG.

It should be noted that if the natural gas is between 50°C and -160 °C, these refrigerants can
be used depending on the specifications of the process. For example, below 1 MPa and in
the range of -125 °C to -160 °C, only methane can be used.

The natural gas is a mixture, mainly composed of methane and small quantities of ethane,
propane and others, so the NG phase change occurs at non constant temperature. Despite
the driving force, in the liquefaction cycles it is preferred to have a refrigerant cooling curve
similar to the NG cooling curve (Smith, 2005). This reduces the energy consumption due to
exergy considerations (Haselden, 1977). This can be achieved in two ways. The first is using
more than one consecutive refrigeration cycle operating at different pressure levels,
obtaining a discrete refrigerant temperature profile (as illustrated in Fig. 4). If more cycles
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are used, the whole process is more efficient, but implies larger amount of equipment
required, and therefore a more complex system. The alternative way is to use a mixed
refrigerant with a cooling curve as near as possible to the natural gas cooling curve,
avoiding temperature cross between the two fluids.

Natural Gas

Temperature

v

Heat exchanged

Fig. 4. Discrete refrigerant temperature profile using more than one cycle.

2.5 Natural gas liquefaction technologies

The most common technologies used for the natural gas liquefaction can be divided in two
main groups according to the refrigerant used: those with pure refrigerant and those with
mixed refrigerant. In this work two of the most used configurations have been selected (one
of each group) for the modelling and simulation task.

2.5.1 Pure refrigerant cascade

Unlike the cycles explained in section 2.2, the cascade cycles used for the natural gas
liquefaction usually have more than two cascade, and more than one common heat
exchanger between them (as illustrated in Fig. 5). The main idea is to use the internal cycles
to cool not only the natural gas, but also the refrigerants in the external cascade. Using
cascades makes possible to work in a wide temperature range, so it can be employed cooling
water as an external fluid in the evaporator. Also, the cascades improve the COP because of
the temperature profile approach between the different refrigerants used and the natural
gas, as seen in Fig. 4.
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—— Propane I g J
—— Ethylene 12 13 14

—— Methane

11 10

— & s
NG NG

Fig. 5. Triple cascade liquefaction cycle with pure refrigerant.

|

2.5.2 Simple cycle with mixed refrigerant

As explained in section 2.4, the aim of using mixed refrigerants (MR) is for minimizing the
approach between the cooling curves in the evaporator. One of the advantages of this cycles is
the less amount of equipment required and, depending on the plant load, it is possible to use a
single compressor if the power required is no more than 70 MW (Price & Mortko, 1996).

The cycle configuration is shown in Fig. 6. It is important to note the use of a double pass on
the evaporator. According to Price & Mortko (1996), its purpose is to have best control over the

alipace

5

4
—_— N —
LNG NG

Fig. 6. Simple liquefaction cycle with mixed refrigerant.
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temperature profile due to the possibility of using intermediate separators for the formed
vapor, so the mixture composition can be regulated without interrupting the plant
operation.

3. Modelling the liquefaction cycles

In order to model the stages described in Section 2, is necessary to use a thermodynamic
model for the liquid-vapour equilibria and the energy properties, required for the work and
heat calculations.

The Peng & Robinson (1976) equation of state was used. The vapour (y;) and liquid (x;)
composition of each component (i) in phase equilibria can be related by Eq. (8). The
thermodynamic model is used for the fugacity calculation in each phase (¢?il , ¢?iv ), expressed
in Egs. (9) - (19). When performing iterative calculations, each side of the Eq. (8) should be
satisfied.

1n¢§i:b%-(Z—l)—ln(Z—B)—zf/Ev i ;:] al]_% In iigig; i )
7’ ~(1-B)-Z* +(A-3-B’-2-B)-Z~(A-B-B*~B’)=0 (10)
A:I;;%PTZ (11)

B:L? (12)

a:Zin~xj-aij (13)

3 =(1-6;)-a,"% 0" (14)
2 2
a,=045724 - a, R Te (15)
Ci
1/2
a; 1/2=1+m1.{1—[Tj } (16)
Tci

m; = 0.37464 +1.54226 - 0; — 0.26992 - o? 17)
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b=Yxb, (18)

R-Tc;

Ci

b, =0.07780- (19)

where T¢; and Pc; are the critical temperature and pressure of the component i, and a; is its
accentric factor (Green & Perry, 2008).

If there are only hydrocarbons in the mixture, the binary interaction parameter (3;) is zero.
On the other hand, if nitrogen is present Nikos (1986) deduced temperature and pressure
dependent correlations for this parameter (Egs. (20) - (24)).

@j'zﬂz'[j?;jj2+771'1ij+770 (20)

7y = 01751787 —0.7043- log ; — 0.862066 - (log ; )2 (21)

= ~0.54474 + 1328 log ; +2.035767 (log ;) 22)

1, = 2.257079 +7.869765 - log ; +13.50466-(log ;)” +8.3864 - (log ;| (23)
8y =5;+(1.04-4.2.107 - P) (24)

In order to determine the heats and works is necessary to calculate the enthalpy for each
stream of the cycle. This can be done using Eq (25) taking as a reference state 0 J/mol when
the temperature is 0 °C as an ideal gas. The residual enthalpy (/=) for the Peng-Robinson
equation of state is calculated using Eqgs. (26) and (27).

href+2x Jz73151<cllﬂ§ AT — ' (25)
res Z 1 \/EB
" _1-z)s— 2P H(1442) (26)
R-T 22-R-T-b | Z+(1-42) B
T
D=E %y (1) o [ @)

The heat capacity at constant pressure (Cpis) is calculated using Eq. (28), and the coefficients
where taken from Green & Perry (2008).

R 2
Cvgfclﬁ_cz LinhZCS/T)} = l:COShEC5/TJ -
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The liquefaction cycles where simulated using Matlab®. The conditions used for all the
cycles were:

e  The amount natural gas processed was 4 MTPA, equivalent to 26220 kmol/h.

e  The throttle valve and the compressors were considered adiabatic.

e  The pressure drops in the heat exchanger was set to 20 kPa on the cold side and 50 kPa
on the hot side.

e  The utility stream in the condensers was cooling water, so its temperature is 12 °C.

e  The outlet temperature for the LNG from the evaporators is set to -153 °C (below its
bubble point).

e It should be verified that the temperature at the compressor entrance is above the dew
point.

e At the exit of common evaporators, all the streams have the same temperature (valid for
streams a and b in Fig. 5 to 8).

e The LNG goes through a throttle valve after the evaporators, and its final outlet
pressure is 180 kPa, as a liquid-vapor mixture with a vaporized fraction less than 1%.

¢  The initial conditions for the natural gas and its composition are shown in Table 1.

Methane (% mol) 0.924
Ethane (% mol) 0.056
Propane (% mol) 0.019
n-Butane (% mol) 0.001
GN Inlet Temperature (°C) | 15

GN Inlet Pressure (kPa) 6000

Table 1. NG composition and inlet conditions.

3.1 Modelling of the cascade cycles

In order to verify the advantages of using cascade cycles, three cases were simulated. In
general, the refrigerant must be selected to satisfy that the enthalpy at the condenser outlet
(at the highest pressure and with the chosen utility) is such that the valve outlet temperature
is cooler than the temperature desired for the natural gas.

In Fig. 7 is illustrated a simple cycle using methane in traditional cascade. According to the
Figure 3, the methane cannot be used with an utility stream at 12 °C. In order to use this
refrigerant two traditional cascades were added.

The second configuration is illustrated in Fig. 8. It is an intermediate between the one shown
in Fig. 5 and Fig. 7. The principle is the same explained in Section 2.5.1, the internal
refrigerants has to cool the natural gas and also the refrigerants in the external cycle. The
third case is the complete cascade as in the Fig. 5.

In Table 2 initial operating conditions for the cascade cycles are shown. The number of
variables specified where obtained after a degree of freedom analysis. The temperatures
were set to guarantee the cooling of the NG according to the pressure levels.



Modelling and Simulation of Natural Gas Liquefaction Process

223

—
10 11

¥
VAN
9 12
I I
| T
6 7
— Propane v
—— Ethylene PAY
—— Methane
5 8
I 1
| T
2 3
1 4
I I
Y e WD NG S|
LNG NG
Fig. 7. Triple cascade in traditional configuration.
T T
; I/l 2 g - g |
11 12
10 13
— Propane oy P i, gL
—— Ethylene
—— Methane :
7 8
6 9
]
— 3 4 e
I
a NG

LNG
Fig. 8. Triple cascade in hybrid configuration.



224

Advances in Natural Gas Technology

Stream | Traditional Cascade Hybrid Cascade Triple Cascade
1 T=-155°C T=-155°C T=-155°C
2 T=61 °C; P=4000 kPa T=61 °C; P=4000 kPa T=61 °C; P=4000 kPa
3 T=-94°C T=12°C T=12°C
4 P=140 kPa T=-94°C T=-30°C
5 T=-96 °C P=140 kPa T=-94°C
6 T=79 °C, P=1950 kPa T=-96 °C P=140 kPa
7 Vaporized fraction=0.2 T=79 °C, P=1950 kPa T=-96 °C
8 P=140 kPa Vaporized fraction=0.2 T=79 °C, P=2000 kPa
9 T=-32°C P=140 kPa T=12°C
10 T=38 °C, P=750 kPa T=-32°C Vaporized fraction=0.2
11 T=12°C T=38 °C, P=750 kPa P=140 kPa
12 P=120 kPa T=12°C T=-32°C
13 - Vaporized fraction=0.2 T=38 °C, P=750 kPa
14 - - T=12°C
15 - - Vaporized fraction=0.2

Table 2. Initial operating conditions for the cascade cycles.

The refrigerant load is unknown, and its value is calculated using an energy balance in the
evaporators. For example, in the triple cascade (Fig. 5) the three energy balances are
presented in Egs. (29) - (31), as a function of enthalpies and flow rates (F). As can be seen in
these equations, the inner cycle energy balance depends on the external cycle flow rate, so
the cascades should be solved starting from the external cycle.

Fye - (hine =
Fmefhane = W (29)
6~ 1
F hs —h Fyc(hy, —h
Fethylene _ methzme( 5 2 4)-; NG( b u) (30)
1~ "7

E.. = Fotpytene - (M10 =H9) + Frethane - (M —T13) + Fyg - (B =Py ) (31)
e hys =y

3.2 Modelling of simple cycles

After a freedom degree analysis, the conditions for the simple cycle were set as shown in
Table 3. The pressure level is important because the temperature at the valve outlet (Fig. 6)
should be less than the temperature at the inlet, and this value should be cooler than the
LNG final temperature.

The composition of the mixed refrigerant was also a variable. A base case composition was
used as well as others optimized compositions found in the literature, in order to compare
the results, even if the optimizations were carried out at different conditions than the used
in the present work. These compositions are presented in Table 1Table 4.
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Stream | Operating Condition
1 T=-6 °C
2 P=3000 kPa, T=-1 °C
3 T=12°C
4 T=-155 °C
5 P=340 kPa

Table 3. Simple cycle with mixed refrigerant conditions.

Component | Base Case | Lee et al. (2002) | Del Nogal et al. (2005) Jensen (‘;0?)16()0 gestad
Methane 0.36 0.273 0.2712 0.2365
Ethane 0.28 0.356 0.3721 0.3949
Propane 0.11 0.052 0.0027 0.0000
Butane 0.15 0.209 0.2531 0.2914
Nitrogen 0.10 0.110 0.1008 0.0772

Table 4. Compositions used for the mixed refrigerant in the simple cycle.

4. Results and discussion

In the following sections the results obtained for the simulations will be discussed, as well as
the results for the sensitivity analysis carried out.

4.1 Results for the cascade cycles

In Fig. 9 and Fig. 10 are presented graphically the results for the flow rate, heat exchanged,
COP and work required for each cycle in each configuration used. Configuration 1
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Fig. 9. Flow rate and heat exchanged results for the cascade cycles.
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Fig. 10. Work required and COP of the cascades.

corresponds to the traditional cascade, configuration 2 to the hybrid cascade and
configuration 3 to the triple cascade used for natural gas liquefaction.

It can be seen that, as commented previously, the use of the triple cascade is more
convenient for the liquefaction of natural gas. It requires fewer amounts of refrigerants due
to the less heat required to exchange in the evaporators. Moreover, the work required is less
and as a consequence of these two effects, the COP of the cycle is improved greatly.

On the other hand, is important to note that other advantage of using the cascade cycles is
the use of the propane for cooling the other refrigerats. Its heat capacity is greater, so it can
exchange more energy using less flow rate.

In Table 5. Results for the traditional cascade are reported, along with the sensitivity
analysis performed to the methane cycle. As one can expect, the compressor outlet pressure
variation does not affects the valve outlet temperature because its outlet pressure
corresponds to a saturation state, but it does affects the vaporized fraction after the valve. In
the same way, the pressure variation at the valve outlet does not have consequences in the
heat exchanged in the condenser.

The change in the flow rate of the lowest cycle modifies the energy balance in the common
evaporator, so the flow rate of the other cycles changes in consequence. The work done in
the compressor also varies due that it is presented as an extensive property.

Comparing the two parameters, the one with more impact in the operation was the outlet
pressure of the lowest cycle. A variation of 12.5% in the pressure affects in more than 2% the
COP value.
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Outlet Compressor Outlet Valve
Pressure at the Pressure at the
lowest cycle lowest cycle
Base Case | +12.5% | -12.5% +14.3% | -14.3%
Lowest Cycle
Flow rate ratio (-) 3.51 -1.86% +2.52% +0.37% | -0.37%
W (MW) 176.20 -2.89% | +3.60% +0.58% | -0.57%
Q Evaporator (J/mol) 3.76E+06 | +1.90% -2.46% -0.37% | +0.37%
Q Condenser (J/mol) 1.07E+07 | -0.01% -0.19%
T out valve (°C) -157.49 +1.78 °C | -1.98 °C
Valve outlet vaporized fraction 0.55 -1.61% | +2.09% -1.62% | +1.79%
Compressor Efficiency 0.84 +3.84% | -4.25% -470% | +5.53%
COP (-) 0.55 +2.98% | -3.48% -0.57% | +0.57%
Intermediate Cycle
Flow rate ratio (-) 5.85 -1.87% +2.33% +0.37% | -0.37%
W (MW) 274.53 -1.87% | +2.33% +0.37% | -0.37%
Q Evaporator (J/mol) 6.40E+06
Q Condenser (J/mol) 1.28E+07
T out valve (°C) -98.29
Valve outlet vaporized fraction 0.52
Compressor Efficiency 0.90
COP (-) 0.99
Highest Cycle
Flow rate ratio (-) 5.49 -1.87% +2.33% +0.37% | -0.37%
W (MW) 166.30 -1.87% | +2.33% +0.37% | -0.37%
Q Evaporator (J/mol) 1.37E+07
Q Condenser (J/mol) 1.78E+07
T out valve (°C) -34.55
Valve outlet vaporized fraction 0.27
Compressor Efficiency 0.93
COP (-) 3.29
Total Flow rate ratio (-) 14.85 -1.87% +2.38% +0.37% | -0.37%
Total COP (-) 0.1558 +2.21% | -2.62% -0.43% | +0.43%

Table 5. Results for the traditional cascade.

The results for the hybrid cascade (as illustrated in Fig. 8) are presented in Table 6 and Table
7. Similar to the previous configurations, variation on the external cycles only affected the
other cycles due to the change in the flow rates and thus in the evaporators energy balance.

The changes in the internal-lowest cycle only affected the internal-highest cycle. In
particular it can be seen that variations in the compressor outlet pressure in the internal-
lowest cycle has more impact than the variations due to the changes in the external cycle
outlet compressor pressure. A modification of 20.5% in the highest pressure of the external
cycle affects in around 4% the total COP.
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Outlet Compressor Outlet Valve
Pressure at the Pressure at the
external cycle external cycle
External Cycle Base Case | +12.5% | -12.5% +14.3% | -14.3%
Flow rate ratio (-) 0.98 -1.91% +2.61% | +0.37% | -0.37%
W (MW) 49.43 -294% | +3.69% | +0.58% | -0.57%
Q Evaporator 1 (J/mol) 3.75E+06 | +1.95% | -2.54% -0.37% | +0.37%
Q Evaporator 2 (J/mol) -8.69E+06 | -0.31% +0.06%
Q Condenser (J/mol) -1.96E+06 | +1.43% | -1.40%
T out valve (°C) -157.49 +1.78°C | -1.98 °C
Valve oulet vaporized fraction 0.55 -1.65% +2.15% -1.62% | +1.79%
Compressor Efficiency 0.84 +3.84% | -4.25% -470% | +5.53%
COP (-) 0.54 +3.03% | -3.56% -057% | +0.57%
Internal Lowest Cycle
Flow rate ratio (-) 2.80 -1.05% +1.26% | +0.18% | -0.17%
W (MW) 131.73 -1.05% | +1.26% | +0.18% | -0.17%
Q Evaporator (J/mol) 6.44E+06
Q Condenser (J/mol) -1.29E+07
T out valve (°C) -98.29
Valve outlet vaporized fraction 0.52
Compressor Efficiency 0.90
COP (-) 1.00
Internal Highest Cycle
Flow rate ratio (-) 2.64 -1.05% +1.26% +0.18% | -0.17%
W (MW) 79.79 -1.05% | +1.26% | +0.18% | -0.17%
Q Evaporator (J/mol) 1.37E+07
Q Condenser (J/mol) -1.78E+07
T out valve (°C) -34.55
Valve outlet vaporized fraction 0.27
Compressor Efficiency 0.93
COP (-) 3.30
Total Work (MW) 260.95 -1.41% | +1.72% | +025% | -0.25%
COP total (-) 0.3684 +1.43% | -1.69% -0.25% | +0.25%

Table 6. Results for the hybrid cascade.
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Outlet Compressor Pressure | Outlet Valve Pressure at the
at the internal-lowest cycle internal-lowest cycle
Internal-Lowes Cycle +20.5% -20.5% +14.3% -14.3%
Flow rate ratio (-) +8.90% -8.26% +0.31% -0.31%
W (MW) +6.27% -6.09% +0.62% -0.61%
Q Evaporator (J/mol) -8.17% +9.01% -0.31% +0.31%
Q Condenser (J/mol) -5.29% +5.69%
T out valve (°C) -0.03 °C +0.03 °C
Valve outlet vaporized fraction +7.69% -8.48% -1.65% +1.82%
Compressor Efficiency +7.90% -9.20% -5.92% +6.98%
COP (-) -5.90% +6.48% -0.62% +0.62%
Internal Highest Cycle
Flow rate ratio (-) +3.14% -3.05% +0.31% -0.31%
W (MW) +3.14% -3.05% +0.31% -0.31%
COP (-)
Total Work (MW) +4.13% -4.00% +0.41% -0.40%
COP total (-) -3.96% +4.17% -0.41% +0.41%

Table 7. Results for the hybrid cascade (continued).

The results for the triple cascade (as illustrated in Fig. 5) are shown in Table 8, Table 9, and
Table 10. As in the previous cases, the hierarchy of the changes is from the external to the
internal cycles, and the variations in the internal cycles did not affect the externals.

The sensitivity of the variations in the external cycle high pressure is slightly higher than in
the intermediate cycle. A 12.5 % variation of the outlet compressor pressure in the external
cycle changes more than 1.75 % the total COP of the system.

In Table 11 is reported the most relevant results for the sensitivity analysis. It is shown the
results on the COP and on the total flow rate. The first gives an idea about the cycle
performance, and the later about the equipment size required.

4.2 Results for the simple cycle using mixed refrigerant

In Table 12 are reported the sensitivity study for the simple cycle using mixed refrigerant. It
can be seen that the high pressure of the cycle affects more the COP than the low pressure. In
particular, a decrease of 10% in the high pressure produces a diminution of the COP by 8.48%.

On the other hand, on Table 13 are presented the results with other optimized compositions
found in the literature. It is important to note that even if these compositions where
optimized using particular conditions, using them results in an increase in the COP.
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Outlet Compressor Outlet Valve
Pressure at the Pressure at the
external cycle external cycle
Base Case | +12.5% | -12.5% | +14.3% | -14.3%
Flow rate ratio (-) 0.99 -1.96% | +2.69% | +0.37% | -0.37%
W (MW) 49.58 -299% | +3.78% | +0.58% | -0.57%
Q Evaporator 1 (J/mol) 3.75E+06 | +2.00% | -2.62% | -0.37% | +0.37%
-i Q Evaporator 2 (J/mol) -6.97E+06 | -1.04% | +0.66%
8 Q Evaporator 3 (J/mol) -1.72E+06 | +2.72% | -2.55%
g Q Condenser (J/mol) -1.96E+06 | +1.43% | -1.40%
s} T out valve (°C) -157.49 +1.78°C | -1.98 °C
Valve outlet vaporized fraction 0.55 -1.69% | +2.21% | -1.61% | +1.78%
Compressor Efficiency 0.84 +3.84% | -4.25% | -4.70% | +5.53%
COP (-) 0.54 +3.08% | -3.64% | -057% | +0.57%
Flow rate ratio (-) 2.16 -1.45% | +1.64% | +0.18% | -0.18%
W (MW) 101.13 -1.45% | +1.64% | +0.18% | -0.18%
i Q Evaporator 2 (J/mol) 6.53E+06
;L'): Q Evaporator 3 (J/mol) -9.52E+06
;;5 Q Condenser (J/mol) -3.34E+06
g T out valve (°C) -98.29
E Valve outlet vaporized fraction 0.52
Compressor Efficiency 0.91
COP (-) 1.02
Flow rate ratio (-) 1.80 -117% | +1.38% | +0.18% | -0.18%
W (MW) 54.37 -1.17% | +1.38% | +0.18% | -0.18%
o Q Evaporator (J/mol) 1.37E+07
5, Q Condenser (J/mol) -1.78E+07
T‘é T out valve (°C) -34.55
;E Valve outlet vaporized fraction 0.27
- Compressor Efficiency 0.93
COP (-) 3.29
Total COP (-) 0.4695 +1.78% | -2.05% | -0.28% | +0.27%

Table 8. Results for the triple cascade.



Modelling and Simulation of Natural Gas Liquefaction Process

231

Outlet Compressor Outlet Valve Pressure
Pressure at the at the intermediate
intermediate cycle cycle
Intermediate Cycle +20% -20% +14.3% -14.3%
« | Flow rate ratio (-) +8.76% -8.15% +0.29% -0.29%
g |[W @MW) +6.12% -5.96 % +0.61% -0.60%
% Q Evaporator 2 (J/mol) -8.05% +8.87% -0.29% +0.29%
= | QEvaporator 3 (J/mol) -8.24% +8.64%
® | Q Condenser (J/mol) +3.08% -2.67%
E [T outvalve (°C) +2.5°C 2.8°C
-i'é Valve outlet vaporized fraction | +7.69% -8.48% -1.65% +1.82%
= | Compressor Efficiency +7.70% -8.91% -5.88% +6.93%
COP (-) -5.77% +6.34% -0.60% +0.60%
= Flow rate ratio (-) -0.18% +0.18% +0.25% -0.24%
g3 [WMW) -0.18% +0.18% +0.25% -0.24%
ig & | Total Work (MW) +2.97% -2.99% +0.36% -0.36%
= Total COP (-) -2.89% +3.08% -0.36% +0.36%

Table 9. Results for the triple cascade (continued).

Outlet Compressor Pressure | Outlet Valve Pressure at
at the internal cycle the internal cycle
Internal Cycle +7.14% -7.14% +14.3% -14.3%
Flow rate ratio (-) -0.001% +0.001 % +0.23% -0.23%
W (MW) -1.56% +1.53% +1.00% -0.98%
Q Evaporator (J/mol) +0.001 % -0.001% -0.23% +0.23%
Q Condenser (J/mol) -0.36% +0.36%
T out valve (°C) +3.32 °C -3.72°C
Valve outlet vaporized fraction | -0.003% +0.003 % -5.88% +6.41%
Compressor Efficiency +4.52% -4.65% -9.29% +11.01%
COP (- +1.58% -1.51% -0.99% +0.99%
Total Flow rate ratio (-) -0.0003 % +0.0004 % +0.08% -0.08%
Total Work (MW) -0.41% +0.41% +0.27% -0.26%
Total COP (-) +0.41% -0.40% -0.26% +0.26%
Table 10. Results for the triple cascade (continued).
. . . . Sensitivity Sensitivity on
Configuration Variable Variation on the COP | the Flow Rate
Traditional Lowest cycle high 125% 2.62% +238%
Cascade pressure
Hybrid Cascade I“te;?‘al'lowe“ cyele | 50.5% +4.17% 4.86%
igh pressure
Triple Cascade | xternal cyclehigh 1 4, 5 -2.05% +1.76%
pressure

Table 11. Summary of the sensitivity analisys for the cascades.
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High Pressure Low Pressure
Base Case| +10% -10% +16.67% | -16.67%
Flow rate ratio (-) 2.69 -6.71% +8.24% | +0.60% -0.59%
W (J/mol) 7.26E+06 | -1.29% +1.27% | +0.40% | -0.40%
W (MW) 142.41 -8.09% +9.62% | +1.00% | -0.98%
Q Evaporator 1 (J/mol) -1.67E+07 | -2.08% +2.30%
Q Evaporator 2 (J/mol) 2.16E+07 | -0.05% +0.05% -0.13% +0.13%
Q Condenser (J/mol) -1.22E+07 | +1.91% -2.31%
T out valve (°C) -157.05 | 40.11°C | -0,11°C | 40,93 °C | -1.04 °C
Valve outlet vaporized fraction 0.04 +1.61% -1.64% | -25.99% | +27.82%
Compressor Efficiency 0.85 +4.81% -5.41% -6.97% +8.14%
COP () 0.67 +7.49% -8.78% -0.99% | +0.99%

Table 12. Results for the simple cycle with mixed refrigerant.

Lee et al. Del Nogal etal. | Jensen & Skogestad
(2002) (2005) (2006)
Flow rate ratio (-) -25.56 % -32.19% -20.31%
W (J/mol) +3.15% +19.62% -11.67%
W (MW) -23.22% -18.88% -29.61%
Q Evaporator 1 (J/mol) -6.75% -8.53% +8.35%
Q Evaporator 2 (J/mol) +2.56% +4.16% +12.23%
Q Condenser (J/mol) +15.72% +30.84% +3.30%
T out valve (°C) +0.46 °C -0.01 °C -0.03 °C
Valve outlet vaporized fraction +11.83% +33.19% -6.96%
Compressor Efficiency -0.01% +0.03% +0.05%
COP (-) +30.24% +23.28% +42.06%

Table 13. Results for the simple cycle with mixed refrigerant (continued).

In order to use them it was necessary to adjust the high pressure to guarantee a valve outlet
temperature of -157 °C. In all the cases the minimum temperature approach (MITA) of the
temperature profiles inside the evaporator was checked in order to avoid temperature cross.

When using the compositions of Table 4, also the suction temperature of the compressor was
changed, in order to have a MITA of at least 2 °C. The discharge temperature of the
compressor was adjusted so the polytropic efficiency was 85%.

It must be noted that the amount the heat exchanged on each refrigerant pass in the
evaporator must be maximized, in this way the difference in heat exchanged in each pass of
is the heat retired from the natural gas, so the greater this quantity is, the less refrigerant
would be used and the greater the COP.

This can be seen in Table 13, the mixture whit a greater heat transferred in each pass of the
evaporator is the one proposed by Jensen & Skogestad (2006), which has the greater COP.

When comparing the results of the triple cascade with pure refrigerant and the simple cycle
with mixed refrigerant can be seen that the later has the greatest COP and also the smallest
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and the smaller power consumption and refrigerant flow rate. Nevertheless, the advantage
of the cascade cycle is its simpler operation, so the any decision on the technology selection
should be studied carefully.

5. Conclusions

Starting with two of the most used technologies for natural gas liquefaction, it was possible
to model and simulate the system using Matlab® routines and using the thermodynamic
model of Peng-Robinson for calculating energetic properties of the fluids, which leaded to
the calculation of heats and powers of the cycle.

It was also possibly to perform a sensitivity analysis of some of the variables of the cycle and
it was obtained that the most affecting variables are the high pressure of the external cycle
(for the cascades) and the high pressure of the simple cycle with mixed refrigerant.

Other compositions found in the literature were tested for the simple cycle. It was observed
that every different composition could affect the performance, and we recommend
performing an optimization using these operating conditions, in order to maximize the
COP.
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CO; Separation and Future Directions
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1. Introduction

In an effort to satisfy the rising global demand for energy and at the same time to combat the
environmental impacts such as global greenhouse gas (GHG) emissions, it's worth searching
for potential energy alternatives. As a base line for most approaches, the issues of producing
sufficient quantity of energy with high quality, economical viability and environmental
sustainability are the concern of the present. One of such vital components of the world's
supply of energy that has fulfilled the aforementioned requirement is natural gas.

In addition to its primary importance as a fuel, natural gas is also a source of hydrocarbons
for petrochemical feed stocks. Many researches have been undertaking on natural gas field
as the presence of high component of methane in natural gas contributes for the production
of other potential products such as syngas and high purity hydrogen.

Although natural gas is mostly considered as a "clean" fuel as compared to other fossil fuels,
the natural gas found in reservoirs deposit is not necessarily "clean" and free of impurities.
Natural gas consists primarily of methane as the prevailing element but it also contains
considerable amounts of light and heavier hydrocarbons as well as contaminating
compounds of CO», N, Hg, He, H2S and etc. Thus, the impurities must be removed to meet
the pipe-line quality standard specifications as a consumer fuel, enhance the calorific value
of the natural gas, avoid pipelines and equipment corrosion and further overcome related
process bottle necks.

In this chapter, the major advances, process advantages and limitations for the existing
technologies in natural gas purification including absorption, adsorption, cryogenic and
membrane processes are discussed. Moreover, special emphasis on the removal technologies
of CO; from the natural gas is presented since CO; is the largest contaminant found in
natural gas and the major contributor for the global GHG emissions. Comparisons in terms
of advantages and disadvantages between these technologies are also described. Emerging
concepts for new approaches in natural gas separation are highlighted. Finally, the future
research and development directions of natural gas processing technologies are also
presented.
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1.1 Natural gas consumption statistics

In consideration of the state of the art green technology requirements in promoting low-and
zero-emission through the wise use of natural resources for the available reserves, natural
gas becomes one of the most attractive, fastest and the premium growing fuel of world
primary energy consumption (Economides and Wood 2009).

According to the technical report that was released on June 