Reserves & Production
Fossil Fuels




Agenda

World & US primary fossil fuel (FF) reserves, Reading weeks Nov
(coal, oil & gas) production & consumption  17-20: Lecture
Cost of electricity Notes 4.1, 4.2

Andrews & Jelley:
Chapters 3.6-3.12

U.S. geological FF mining areas
U.S. Oil & gas security (abundance)

Oil refinery products (fractional distillation)
(feedstock, new fuels)

Liquid natural gas production, terminals

Fuel mining/production technologies
Modern coal mining techniques
Hydraulic fracturing (fracking) technique
Steam Assisted Gravity Drainage (oil sands)

Clathrates



Fossil Fuels: Proven World Reserves & Production

Coal Reserves
1 short ton = 0.907mt

Very different coal quality (heating
value, contaminants, e.qg., S,...As,...U.)

Anthracene-to-bitumen

Qil Production

Region/Country Anthracite Lignite Total
United States 123,834 143478 | 267,312
Morth America 128,608 147,491 | 276,100
Central & South America 8,489 13,439 | 21,928
Western Europe 1,571 34,98 | 36,489
Europe 19,558 46,203 | 65,762
Eurasia 104,183 146,322 | 250,505
Middle East 462 0 462
Africa 55,294 192 | 55,486
Asia & Oceania 212,265 114,999 | 327,264
World Total 528,860 468,646 | 997,506
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U.S. Coal Reserves 2023

2021:US daily consumption: 1.6 MMst

1 short ton = 0.907mt

® underground @ surface
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demonstrated reserve base estimated recoverable reserves recoverable reserves at producing
mines

2022 U.S. coal production = 0.594 billion short tons - recoverable coal reserves would
last about 422 years, and recoverable reserves at producing mines would last about 20
years.



U.S. Proven Oil & Gas Reserves (2023)

Crude
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Reserves increased since 2006 (shale plays) and are expected to increase further:
New discoveries

Thorough appraisals of existing fields
Existing reserves production

Reserves will last for >10a Crude
>100a nat Gas

New and improved techniques and technologies



U.S. Gas Consumption 2022 & Outlook

Natural gas consumption 4
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Data source: U.S. Energy Information Administration, Annual Energy Outlook 2023 (AE02023)
Note: Shaded ragions represent maximum and minimum values for each projection year across the AEQ2023 Referencs case and
slde cases. ZTC=Zero-Carbon Technology Cost

Outlook in conflict with Paris Agreement and stated policies (U.S., EU,...) of
net zero emissions by 2050.



Crude Oil & Gas Abundance

Independent analysis: world oil reserves exceed demand, can accommodate demand

increase A <1.6%/a to forecast horizon (>2020). Profitable for > $(50-65)/bbl.
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USA
Russia
Iraq
Canada
Brazil
China
Iran
Kuwait
UAE
Nigeria
Angola
Norway
Azerbaijan
India
Indonesia
UK

Venezuela
Kazakhstan

Saudi Arabia

U.S. 2011 oil consumption:6.87 Billion barrels/a t18.83 M bbl/day—>19.4 Mbbl/day (2023)|
Possible hurdles: insufficient transportation infrastructure (pipelines, RR, roads,...), public
attitudes. U.S. with Canada almost oil self sufficient, > export oil/gas.

Leonardo Maugeri, Harvard Kennedy School,
http://belfercenter.ksg.harvard.edu/files/Presentation%200n%200il-%20The%20Next%20Revolution.pdf



2023 U.S. Fossil Fuel Consumption

quadrillion British thermal units (Btu)
source? sector®
percentage of percentage of
sources sectors
o 95% transportation

petroleum
354
(46%)

natural gas
33.6

10% 5%

26.1 (34%)

industrial fuel use
14.1 (18%)

industrial nonfuel use

(44%)

coal
8.1 (11%)

total = 77.2 quadrillion Btu

% electric power

20.7 (27%)

total = 77.2 quadrillion Btu

non-combustion use°

hydrocarbon gas liquids
3.2 (51%)

natural gas
1.1 (18%)

asphalt and road oil
0.9 (14%)

petrochemical feedstocks
0.5 (8%)

other® 0.5 (8%)
total = 6.2 quadrillion Btu



U.S. Average Price of Electricity

cents per kilowatthour
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Data source: U.S. Energy Information Administration

Electricity generated FF=60%, Nucl=20%, Hydro= 15%, PV Sol+Wind=8%



Cost of Electricity by Generation

Representative Cost for Power Generation Technologies in 2015

All Costs in Constant Nominal Plant Capacity Total Plant Cost Tﬁf&“‘r i"‘““?g‘ggm .
Dec. 201 Capacity, MW Factor W Electric

og DAy, %k KW $/MIWh
Coal: PC 750 80% 2,000 - 2,300 2,400 - 2,760 54 - 60
Coal: 1GCC 600 80% 2,600 - 2,850 3,150 - 3,450 68 - 73
Natural Gas: NGCC 550 80% 1,060 - 1,150 1,275 - 1,375 49 - 79
Nuclear 1,400 90% 3,900 - 4,400 5,250 - 5,900 76 - 87
Biomass, Bubbling Fluid-
Somass 100 85% 3,500 - 4,400 4,000 - 5,000 84 - 147
Wind: Onshore 100 28 - 40% 2,025 - 2,700 2,120 - 2,825 75 - 138
Wind: Offshore 200 40% 3,100 - 4,000 3,250 - 4,200 130 - 159
Solar: Concentrating
sobor Thermat (SD) 100 - 250 25 - 499% 3,300 - 5,300 4,050 - 6,500 151 - 195
Solar: Photovoltaic (PV) 10 15 - 28% 3,400 - 4,600 3,725 - 5,050 242 - 455

Source: Electric Power Research Institute Program on Technology Tnnovation: Integrated Generation Technology

Options, June 2011.

LCOE: Capital investment at the start, ongoing Fuel cost, Non-fuel O&M, Waste &
decommissioning costs, ..

U.S. Electricity generated FF=60%, Nuclear=20%, Hydro= 15%, PV Solar+Wind=8%



Fractional Distillation of Crude OQil

Fractional Distillation Column

Gas ¢
Reflux drum

Naptha * ¢

Kerosene «

Light Diesel ¢

Heavy Dieselt
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The single biggest factor in the price Petroleum products made from
of gasoline is the cost of crude oil. 1 barrel of crude oil

" Taxes - 12%

- Crude

Furnace (fired heater)

— Distribution and Marketing - 6%

l~ Refining - 6%

_~Diesel -10.04 gal
. Other Distillates - 1,24 gal
—= Jet Fuel - 3.91qal
— Other Products - 6.8 gal
~-Heavy Oil - 1.68 qgal
" Liquefied Petroleum Gases - 1.72 gal

" Gasoline - 19.36 gal

46% of each barrel of il is allocated
to make consumer gasoline

Oil - 76%

U.S. Oil refineries

Water :
re-export oil
o mixngvave | products generated
\ from imported oil.
Brine <+—

U.S. gas exported
) pump as LNG to EU & Asia

Crude oll




Coal Gasification/Chemical Feedstock
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Agenda

Reading weeks Nov
17-20: Lecture
Notes 4.1, 4.2
Andrews & Jelley:
Chapters 3.6-3.12

e Fuel mining/production technologies
Modern coal mining techniques
Hydraulic fracturing (fracking) technique
Steam Assisted Gravity Drainage (oil sands)

e C(Clathrates



U.S. Natural Gas Fields
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ESTS_4-1FF Res & Demand

U.S. Shale Gas & Oil Reserves

Source: U.S. Energy Information Administration based on data from various published
Updated: May 9, 2011

W. Udo Schrdoder, 2024

Conventional O&G: flows readily into well bore.
Unconventional/tight: lack of porosity of
geological formation, high viscosity.
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777 Current shale plays
Stacked plays
— Shallowest / youngest
— Intermediate depth / age
—— Deepest / oldest
* Mixed shale & chalk play
** Mixed shale & limestone play
*** Mixed shale & tight dolostone-
siltstone-sandstone play

] Prospective shale plays

studies. Canada and Mexico plays from ARI.



Coal Mining Technologies

Underground mining down 33% - massive surface/open pit mining
- fewer fatalities, but mountain top removal > lakes with toxic sludge.

Underground Originol Surface Mining Methods

lond surfoce N,

Mining Methods 1

A, "Duglino removing mountain top
L]
rock spoil \ . Dozeralong contour bench

Auger or thin-seam miner
along contour bench

X1 DX 8 8 EeEa e
2 2 Drift mine e Dragline in
f‘t‘.’% % o) area mine

| N80

rock spoil

A G
Slope mine

o

coal elevator

4

miner’s elevator

/oal beds
R OO N N0 W

Shaftmine




Mountain Top Removal in Surface Coal Mining

L%
Appalachian nature disappears; fillingy
in valleys, river beds - companies
claim restoration’ of original scenery.

"




Coal Surface (Strip) Mining on Flatland

Surface mining - major changes in environment:
Deforestation, destruction of habitat, demolition of villages, resettlements

Advance Field Village Mining Power Plant Reconditioning

18

& Advance

ESTS_4-1FF Res & Demand

Bitumen mining, Hambach/D

W. Udo Schrdoder, 2024



Coal Surface Mining (Germany)
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Oil Wells in Baku

Traditional Oil Production
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30,000 Feet Under the Sea (The Drilling Fields)

Chevron’s deep-
- Platform sea drilling in the
2: Drill Gulf of Mexico
3: Entry > 6 miles drill
Seabed
Exit hot oil
¢ Cost several
. B$/platform
% Several years to
' bring on line
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Oil & Gas Fracking Revolution

Reuse
m Wastewater /

(flowback and produced) Analysis Disposal in
Fracking fluid Well | stored in holding and . deep injection
(water and additives) injection tanks or ponds treatment wells

WATER LOOP Fracking operators sometimes analyze wastewater
collected over the lifetime of a well. From here, it either gets treated
and recycled for use at another well or transported to a disposal site
where it gets injected deep underground.

H20 in geologic formation




New Technology: Hydrofracking

e Nideo 2 Vertical drill down for several 1,000’ then
Sk turn horizontal, create fissures in shale rock
by injecting high-pressure water/chemical
fluids. Oil and gas migrates to well opening,
o distributed via local gathering pipeline.

" . S . R
s Bt e O U ENPLI
e e

Well is
protected by
several layers
of steel and
concrete
casing.

L

Complaints:
leakage of gas
into aquifers,
small .
earthquakes. Video 1

- EPA files


../assets/VIDEOS/Chesapeak_Fracking2.mp4
../assets/VIDEOS/Chesapeak_Fracking1.mp4
../assets/VIDEOS/Chesapeak_Fracking1.mp4
../assets/VIDEOS/Chesapeak_Fracking2.mp4

Surface-Mining Oil Sands
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On-Site Steam Assisted Gravity Drainage

Injector Well

Production Well

video
Steam
Oil Sand
Essentially all oil sands are mineable
Lifisitehe : with SAGD technology.
Alberta Chamber of Resources (Canada),
January 2004. Canadian Association of

Petroleum Producers (CAPP).
Pair of horizontal wells drilled into formation (5 m
spacing).
Low-pressure steam in “"Steam Chamber” .
@ upper wellbore - heat oil sand, lower viscosity of oil Nat gas produc_ed m_the
Oil drains via gravity into producer wellbore > SAGD process is typically
Toxic/oily “tailing lakes” remain (endangered wildlife) flared > CO,.


../assets/VIDEOS/Tarsands-1.mp4

Methane Hydrates
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End
Fossil Fuels
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