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A review of 2008 U.S. primary energy consumption by source and
sector reveals the broad systemic importance of nat ural gas
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Introduction to natural gas geology and geochemisty



Understanding how natural gas deposits form is help
Insight into many of the modern issues relating to

ful in providing
gas supply

All oil and natural gas deposits are manifestations
For a petroleum system to exist, source rock must be present. Additionally, depending on the

of a petroleum system.

type of resource involved, some or all of the following will also be present: migration routes,

reservoir rock, seal rock, and traps
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Source rock formation

* Oil and gas deposits have have their
origins in the deposition of organic
matter in a marine environment

* The layers of organic matter mixed with
and were slowly covered by layers of
non-organic sediment

* This gradual burying process led to
diagenesis, and the formation of
“kerogen”

* |[ncreasing pressure and temperature
then “cracked” the kerogen

* Depending upon the conditions in the
“kitchen” the cracking produced oil, gas
or a combination of both

Source: F. O'Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION




The depth of and temperature conditions prevalent w ithin the source
rock, determines the type of hydrocarbon produced — the hotter it gets

the more natural gas produced

Van Krevelen Diagram
Dynamics of kerogen diagenesis and
catagenesis
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Source rock is a pressurized environment and any oi
will seek to escape — Faults and other natural rock

as a conduit for this “migration” of oil and gas to

| and gas present
fractures often act
wards the surface

An illustration of a complete petroleum system
Source rock, migration route, reservoir rock, seal rock, trap

Seal Rock

Rock

Reserveii

Oil and gas migration and
trapping

* Source rocks are typically
shales or mudstones, with
very low permeability

* Some of the oil and gas
produced in the “kitchen”
will escape via natural
fractures in the source
rock

* Pressure and buoyancy

forces the oil and gas
towards the surface

* |f the path to the surface

is blocked by a layer of
impermeable rock, an
accumulation may form

Source: F. O'Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION




In some cases, migrating oil and gas will encounter
layer of overburden or other discontinuity, which c
formation of a “trap”, and a conventional reservoir

an impermeable
an result in the

An illustration of some common trap formations

Anticline Normal Fault

Stratigraphic Thrust Fault

~ Seal Rock

* When we speak
about conventional
plays we are
talking about plays
with these types of
trapped gas
accumulations

* In addition, the
reservoir rock in
a conventional
play must also
be permeable,
l.e. the gas flows
through it easily

Source: F. O'Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION




What is the difference between “conventional” and “ unconventional”
gas resources? — well it is generally a question of “tightness”

Land surface

Conventianal

Conventional ™ Coalbed gas 5'[“1Enl‘:-ll'li!|tiﬂlr|_I
- Struetural gas A accumulatio
accumulation stratigraphic gas

accumulation “ah

Transition

Continuous gas _—
accumulation

' Tens of miles |

Conventional Resource Unconventional/Continuous Resource

¢ Gas trapped in reservoir rock — typically sandstone * (Gas trapped in either reservoir or source rock —

¢ High permeability: > 0.1 mD by definition, typically much seliesienes, selies, soalvedl

higher - 100’s of mD. * Low permeability: < 0.1 mD by definition, often in the

¢ Extremely high recovery of gas-in-place possible: 80-90% IBEEEE N

* Low recovery rates: 10-30%

Source: F. O'Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION



The natural gas resource



How much natural gas is there? — well that depends o
counting and your tolerance for uncertainty

n what you are

The natural gas resource can be quantified using se

veral different metrics

Resource Metric

Description

Level of Certainty

Gas initially in place

Undiscovered resource

Reserve growth

Proved reserves

* Atotal of all natural gas ever generated in

all petroleum systems
Not a very meaningful number!

The volume of gas in undiscovered fields
that can be produced using current
technology and techniques, without
consideration of the economics

The difference between the initial proved
reserve estimate for a field, and the amount
that field ultimately produces

Often a factor of 3 or more in North
American fields

The “known” volume of gas in a company’s
fields

Can be for either producing or non-
producing fields

This number can be thought of as a current
"Inventory”

Completely unknown

Established using
probabilistic
techniques

Relatively accurate
estimates possible

Must be 90% certain
of volume to report as
proved reserve in the
United States

Source: F. O'Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION




A Mckelvey diagram is as an effective tool for qual itatively illustrating
how uncertainty alters the answer to the “how much natural gas is
there?” question — The more uncertainty, the bigger the number.
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Source: F. O'Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION 10



The current mean estimate of the global recoverable gas resource is
~16,000 Tcf; however, no complete assessments of un  conventional gas
has yet been carried out outside of North America

Breakdown of the total global remaining recoverable gas resources
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The US natural gas industry is significantly more m
rest of the world — Basically, the United States ha

gas resource than anyone else

ature than that in the
s used much more of it

lllustration of cumulative gas production, proved r eserves Normalization of production, reserves and
and resources for the US and the rest of the world resources to EUR for US and Rest of World
Tcf of gas Tcf of gas
15,470 3,238 15,470
— <« 100%
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 do not include : ]
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: unconventional Bl Froduction to dat
7,700 | resources i roduction to date
US resource * In ROW, only 11% of
estimates include EUR has been
a significant produced
amount of
unconventional ; * ROW unconventional
gas ! resources have not
----------- W been exploited at all
Yoo 6,024 39%
11%
United States  Rest of World United States Rest of World

Source: F. O'Sullivan, MIT gas supply team, Various Assessments data, 2009 BP Statistical Review, EIA data, REPRODUCTION PROHIBITED
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Even with a mature gas industry, estimates of the t

gas resource in the United States continue to incre ase

otal recoverable

lllustration of US production, reserve and resource
dynamics from '90-'08

US natural gas resource assessments
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Natural gas production trends in the United States
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The conventional US resource base is in decline, gr  adually
being replaced by unconventional supplies

Breakdown of US gas production by type*
Tcf of gas

Comparison of gas production by type (00vs.’08) *
% of total production
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lllustration of change in US gas
production by type between '00 & '08*

%
19%|
-14% | | .
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In 2000, 15.3 Tcf of conventional gas was produced, which represented 72%
of total US marketable production

In 2008, 12.6 Tcf of conventional gas was production, representing 57% of the
total, a decrease of 2.7 Tcf from the volume produced in 2000

Compared to 2000 levels, an additional 4 Tcf of unconventional gas  was
produced in 2008

Between '00 and ‘08, the most dramatic change in production was from shale
resources , which have come online rapidly to now supply 10% of total US
marketable production

* United States production figures represent marketable production, and so exclude gas produced in Alaska, which is subsequently reinjected

Source: Supply team analysis, HPDI production database
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US natural gas production has traditionally been co ncentrated onshore
In the Southwest region and offshore in the Gulf of Mexico — These
trends are now changing

Central

MT

Western

Southwest
Gulf of Mexico

Source: F. O'Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION 16



Over the past decade the Southwest has remained the dominant gas
producing region; however, output from the Central region has now
overtaken that of the Gulf of Mexico

Regional breakdown of gross gas production in the U nited States
between 2000 and 2008

Tcf
30 [
O Western
25 F [0 Southwest
o0 T B Southeast
L Northeast
15 | B Midwest
10 O Central
5 O Alaska

2000 2001 2002 2003 2004 2005 2006 2007 2008

* Although output from the Southwest region remained flat at ~10.7 Tcf from '00 and '05, but since then it
has expanded by over 2 Tcf to ~12.9 Tcf per year

* The Central region has experienced the most significant growth in the past decade, with output
increasing by ~50% from ~3.6 to ~5.3 Tcf.

* The Gulf of Mexico has experienced a massive 50% drop in output from '00 to 08, going from ~5.0 Tcf
to ~2.4 Tcf

Source: F. O'Sullivan, MIT gas supply team, HPDI production database, REPRODUCTION PROHIBITED WITHOUT PERMISSION
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Shale gas has dramatically altered the production | andscape in the
Southwest region, while CBM and tight gas have driv. en production
growth in the Central region

Breakdown of Southwest output by type [ Associated B Shale [1CBM
from "00 to ‘08 O Conventional @ Tight
Tcf
14 Breakdown of Gulf of Mexico output by type
12 from 00 to ‘08
Tcf

10 6 -

8 4

6 5 |

41 0

5 | 2000 2002 2004 2006 2008

0 . , , . . , , Breakdown of Central output by type from

2000 2002 2004 2006 2008 '00to 08

Tcf

¢ Southwest production growth has been
driven by unconventional gas

e The decline of conventional fields in the
Gulf of Mexico appears terminal

* Qutput from all sources in the Central
region has increased , particularly tight 2000 2002 2004 2006 2008

Source: F. O'Sullivan, MIT gas supply team, HPDI production database, REPRODUCTION PROHIBITED WITHOUT PERMISSION



Shale gas — A major surprise
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The United States has huge deposits of shale rock;
of the recoverable resource is not yet clear

however, the scale

Map of United States shale deposits
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Recent shale gas assessments have led to large incr
estimates; however, wide ranges still exist around

higher estimates

eases in resource
the means of these

resources in the United States
Tcf of Gas

Comparison of mean estimates of shale gas

Breakdown of the PGC 2009 shale gas resource
estimates by major U.S. shale play*

750 PR ’_ N

700 1 | Recent focus / '

650 4 | on assessing °

600 | | the shale gas /1ICF’09 \
potential in /

550 1 | the U.S. has / PGC '09;

500 1 | resulted in :

450 4 | dramatic '

400 A increases in
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350 1 | estimates ICE '08
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2002 2003 2004 2005 2006 2007 2008 2009 2010

Year

Tcf of Gas

Min Mean Max
Fort Worth Basin:
Barnett Shale 25 39 100
Arkoma Basin:
Fayetteville/Woodford 70 110 146
E. TX & LA Basin:
Haynesville Shale 60 112 182
Appalachian Basin:
Marcellus/Ohio/Utica Shale 92 227 549
Anadarko/Permian Basins: 3 5 16
Barnett/Woodford Shales
Other Basins: 51 100 224
Total Mean Estimate: 301** 616 1217+

* Mean volumes represent the “most likely” estimates reported by the PGC and can be aggregated by arithmetic addition to yield an aggregated mean estimate of shale

gas resources in the United States. The per basin min and max numbers reported here assume perfect statistical correlation within basins

** US min and max totals are for illustrative purposes only, and are calculated by direct addition of volumes, not statistical aggregation
Source: F. O'Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION




In the past decade, shale gas has grown incredibly quickly, and now
supplies ~10% of US daily production — The vast bulk of this growth

has come from the Barnett shale

Production of shale gas is not new , in
fact the first US gas wells were shale
wells — They were just not very good!

Contemporary shale gas activity has been
focused in four of shales in the southwest
of the United States

* Barnett — Fort Worth basin
* Fayetteville — Arkoma basin

e \Woodford — Arkoma basin

[llustration of the growth in shale gas production

by play
Bcf/day
7 -
W Haynesville
6 & E Woodford
[ Fayetteville
5 L [1 Barnett
4

_ The Barnett daily output is
~5 Bcf/day, or ~8% of the

3 L
* Haynesville — East-Texas basin US total
2 L
Recently, activity has ramped up in the Ll
Marcellus shale — The location of this play
has the potential to provide the N.E. US, a 0 | | | | | | |
major consuming region with lower cost
: : 2000 2002 2004 2006 2008
gas than previously possible
Source: F. O'Sullivan, MIT gas supply team, HPDI production database, REPRODUCTION PROHIBITED WITHOUT PERMISSION 22




A salient feature of the growth in shale gas produc  tion has been the
transition from vertical to horizontal drilling and the extensive use of

hydraulic fracturing

lllustration of Barnett well growth between
2000 and 2008
# of wells

12,000
10,0001
8,000 [
6,000 [
4,000 [

2,000

0 1 1 1 1 1 1 1
2000 2002 2004 2006 2008

lllustration of trend in type of well drilled in
the Barnett from ‘00 to ‘08

% of wells
180 486 757 884 815 1,002 1,462 2,357 2,553
0 0 0

99% |99% |99%

16%
2000 2002 2004 2006 2008

W Horizontal wells
O Vertical wells

Source: F. O'Sullivan, MIT gas supply team, HPDI production database, REPRODUCTION PROHIBITED WITHOUT PERMISSION 23



Shale is extremely “tight”, and so to produce gas f
It IS necessary to create as much “reservoir contac
horizontal wells help to achieve this

e Shales tend to be thin, on the order of 100’s of feet in
depth, but they are areally extensive, often extending
over 1000’s of areas

* Consider a shale 1 mile underground: A vertical well
will only provide ~100’ of contact, while a horizontal
well could provide 5000’ or more of reservoir contact

* Horizontal wells also enable “pad drilling” where
multiple horizontal well bores are all drilled using one
vertical shaft — Much more attractive economics and
much less surface disturbance

Source: F. O'Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION

rom it economically,
t” as possible —
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Horizontal shale well are typically accompanied by a “frac job”, where
water is forced into the shale to enhance the natur al fracture network

of the rock and increase “reservoir contact”

Plot of microseismic events recorded
during a four-stage “frac job”

Hydraulic fracturing

* Fraccing is a long established technique for
improving reservoir permeability in the oil
and gas industry — It is not something that
IS not unique to shale gas production

* Horizontal shale wells are typically fraced in
stages 500’ in length, meaning that new
wells often involve 10 or more frac stages

* Each frac stage requires several million
gallons of water

* The majority of the water used in a frac job
flows back to the surface and is reused

* Given the number of shale wells being
drilled, water supply has become an
important operational consideration

* Questions regarding the environmental
implications of fraccing do exist; however,
for the most part the practice has proved to
be very safe

Source: F. O'Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION 25




The production dynamics of shale plays are dramatic
from those of conventional fields in the US...

ally different

Total annual production from conventional wells
vs. number of new wells brought online
Tcf of gas
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Even with growth
in the # of wells
coming online,
conventional gas
output has fallen
by over 2 Tcf per

year since 2000
0 - 0
2000 2001 2002 2003 2004 2005 2006 2007 2008
Total annual production from conventional wells
vs. number of new wells brought online # of new wells Output from the
Tcf of gas brought online new shale gas
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Source: F. O'Sullivan, MIT gas supply team, HPDI production database, REPRODUCTION PROHIBITED WITHOUT PERMISSION
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The rapid expansion of drilling and fraccing activi ties in
shale plays has led to some environmental concerns

Some key environmental concerns include:

Water:
* Freshwater aquifers could become contaminated by fluids used for fraccing
e Surface water sources could become contaminated by fluids used for fraccing

* Post use treatment and disposal of fraccing fluids  could be hindered by a lack of
appropriate facilities

* Sourcing adequate volumes of water for fraccing operations could strain overall
water availability at a local level

Surface:

* Intensive shale drilling will result in  significant surface disturbance and habitat
interference

* Drilling and fraccing activities lead to significantly increased traffic in areas lacking
appropriate road infrastructure

* Drilling and fraccing operations will result in significant noise and air pollution

Source: MIT gas supply team



Standard, regulated oll field practices and large v

ertical

separation protect fresh water aquifers

lllustration of the scale of separation between
freshwater aquifers and the shale layer where
fraccing fluids are injected

of aquifer

‘I 100’s ft to bottom

1000’s ft to shale
layer

|

Table detailing the depths of the freshwater
aquifers and productive shale formations in
major shale plays

Depth to Depth to

Basin shale (ft) aquifer (ft)

Barnett 6,500 — 1,200
8,500

Fayetteville 1450 — 500
6,700

Marcellus 4,000 — 850
8,500

Woodford 6,000 — 400
11,000

Haynesville 10,500 — 400
13,500

Shale gas resources are separated from
freshwater aquifers by 1000s of feet of
alternating layers of siltstones, shales,
sandstones

Source: MIT gas supply team
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Natural gas transport

29



A key drawback of natural gas as an energy source i s the difficulty of
its transportation relative to other energy sources like oil or coal

* The low density of natural gas makes its transportation much more challenging
and expensive than is the case for oil or coal

* Today, the vast majority of gas is transported either in the gaseous-phase via
pipeline, or in the liquid-phase via LNG tanker

* Distance is a key determinant of whether gas is transported via pipeline or LNG

Natural gas pipeline LNG tanker

Source: F. O'Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION
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The transport costs for natural gas can be an order
greater than for oil on a per-unit energy basis

of magnitude

lllustration of costs for natural gas and oil trans portation

$/MMBTU $/BBLOE
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Gas Line Gas Line (32)
i ,(10) ]
$2.00
i — $10.00
$1.00 Onshore Crude Oil Tanker |
/ Crude Line /
$0_00 ----------- \ | | | | | | | | |
0 2,000 4,000 6,000 8,000
MILES

Jensen Associates

* LNG typically becomes more economically attractive at distances of >3-4,000 miles

* LNG huge disadvantage is the enormous capital required for liquifaction

Source: F. O’Sullivan, MIT gas supply team, REPRODUCTION PROHIBITED WITHOUT PERMISSION
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Natural gas transportation is completely dominated by pipelines in the
United States, where they account for 98% of allga s movements

Map of the inter and intrastate trunk pipeline netw  ork in L48 United States

* The US interstate
pipeline system has a
183 Bcf/day capacity

¢ The network involves
217,000 miles of pipe

* The interstate gas
pipeline network is
regulated by FERC

Source: EIA 32



Although we often talk about the “gas market”, the
are many “gas markets” in North America — These trad
communicate via the pipeline and storage networks

Source: EIA

reality is that there
Ing hubs

33



In a perfect market all prices would differ from th e NYMEX benchmark
hub, the Henry Hub by transport cost only; however, this is not the
reality

lllustration of the natural gas price and basis for a number of hubs located
in the Western United States between '06 and ‘09

Since REX opened at
the end of 2008, the
basis spread at
western hubs has
closed

~
l b R

/
S _ ~Z— Opal and Cheyenne hubs experienced very large
Tm=== basis differences in the summers of '07 and ‘08

Source: FERC, Platts 34



Overall, the United States has ample gas storage ca  pacity; however,
regional variations can have a big impact on gas pr  ices

Map of the gas storage sites currently in operation in the United States

Source: EIA
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Questions?
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Overview Natural Gas Demand

Trends in Natural Gas Demand
Example of Natural Gas Use by Sector
Factors Impacting Future Natural Gas Demand



Natural Gas Demand in the US 2002 to 2009
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Natural Gas Turbines

* Single-cycle gas turbine ~35% thermal efficiency

*Combined cycle (waste heat from gas turbine through steam turbine)
~55% thermal efficiency

Natural Gas is Often Marginal Fuel in Dispatch

*Reduced Demand (Increased Efficiency) or Mandated High-Cost
Supply (Renewable Portfolio Standards) could displace Natural Gas



>50% of US residences use natural gas for home heating

In large commercial settings, Combined Heat and Power (CHP)
Systems (waste heat used for space or water heating) can
Improve energy efficiency.
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Greenhouse Benefits of Natural Gas vs. Coal in Elec  tricity
Production
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Factors Impacting Future Demand for Natural Gas

Electric Power :

. (Inccqeas_ed Demand) A price on carbon could allow natural gas to displace coal in electricity
production

* (Decreased Demand) Federal Renewable Energy Standards (Currently Adopted in 29 States -
e.g. 20% of electricity utility sales come from renewable resources by as early as 2020).
—Renewables would displace marginal fuel from dispatch, often natural gas

* (Decreased Demand) Electricity conservation efforts and demand response could also result in
displacement of natural gas

Residential and Commercial Space Conditioning
* (Decreased Demand) Increased Natural Gas Efficiency
—Budget for natural gas energy efficiency programs have increased substantially in recent years,
doubling from $238 million in 2006 to $530 million in 2008.9
—The American Recovery and Reinvestment Act of 2009 focused on appropriations for energy
efficiency programs (e.g. weatherization, energy efficiency in federal buildings)

Transportation:

* (Increased Demand) Increased Marketing Penetration of Natural Gas Vehicles to meet
—Low Carbon Fuel Standards
—Increasing stringent future nitrogen oxide emissions standards in Heavy Duty Vehicles












http://tonto.ela.doe.gov/energy In_b
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