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Setting the scene: An evolving energy landscape I8 Rakente Eoren Shudies
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How does change happen?
A key concept, that translates anywhere in the world to any
technology, for understanding the pace and scale of transitions

(in any industry) and the economics of technology adoption:

Coordination and the Supply Chain



Coordination and the Supply Chain

Every production process involves a supply chain
connecting raw material inputs to a production
process to deliver a final product, and potentially a
co-product, to end-users. Value must be generated
because capital always chases returns.

Coordination theory plays a central role.

o The simplest example is the prisoner’s dilemma.

Along a supply chain, if any part of the complex set of

interactions breaks down, coordination failure
ensues, and the commerecial viability of investments
at any point in the supply chain is compromised.

)

What about new tech? The widget parable... >~

These complexities can lead to the “valley of death”
for new energy technologies.
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So, what do we see across the global energy landscape?

History can provide a useful frame for understanding what will likely
happen going forward...

Legacy, scale, technology and comparative advantage
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« Energy demand is rising fastest in the developing world, largely driven by hydrocarbon fuels.
o EUis 9.1% of global demand; N. America is 18.8% of global demand; developing Asia is 39.7% of global demand.

« Projections for population and economic growth indicate this trend will likely continue.
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Another view: Global energy demand is expanding

E
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Demand has grown almost everywhere. Exceptions include most of OECD Europe, Japan, New Zealand, and the US.
Demand by primary source has increased for energy source, except nuclear.

— Wind and solar have increased at the highest average annual rate — 19.1% p.a. and 38.3% p.a., respectively.
— But total demand has increased most for natural gas, coal, and crude oil.

Developing Asia has driven increases across the energy landscape, with significant ramifications for international trade.

Change in Demand by Primary Source, 2003-2023
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Oil: A growth story

« Demand has grown in the developing world, but it has declined in the developed world.
*  Supply growth has been from “incumbent” producers, plus the emergence of the US, Canada, and Brazil.

« Above-ground issues lead supply decreases.

» Net growth over the last 20 years was 20.4 million b/d, and that includes 2020! Net growth from 1983 to 2003 was 21.9
million b/d. The average annual increase only changed from 1.09 to 1.02 million b/d.
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Natural gas: Another growth story

« Demand has grown everywhere, except in Europe.
* Supply declines are also led by Europe.
« Supply growth has largely been to meet local demand. Notable exceptions: US, Qatar, Australia.

* Net growth over the last 20 years has been 139 bef/d, or a 56% increase! Net growth from 1983 to 2003 was 107 bef/d, so
although the growth rate has slowed, the net increase was larger.
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Coal: Yes, another growth story

*  Growth in demand in Asia has driven the “global” increase.
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«  Both supply and demand have decline in Europe and North America.
«  Supply growth has largely been to meet local demand, but regional trade in Asia has proven important for market balance.

* Coal demand in 2023 was 9.10 billion tonnes, the highest it has ever been. Net growth over the last 20 years has been 3.77
billion tonnes, up from 1.26 billion tonnes over 1983-2003. Growth in Asia has dramatically changed the coal landscape.
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Electricity is about 47% of total energy. Wind and solar are also a growth story over the last 20 years, but they are

still a small proportion of the total energy mix, 3.5% and 2.5%, respectively, in 2023... the “101 of Scale”.

Zero-carbon generation sources account for 35% of electricity (nuclear 8.5%, hydro 13.7%, wind 7.5%, solar 5.3%).
EJ

Hydrocarbons account for 62% of power generation, 98.5% of all non-electric energy, and 81.5% of all energy.

Where does electrification fit? It is part of the growth story

A £T0T
ZT0T
1Z0Z
4 0T0T
6T0T
8T10T
LT0T
7 9T0T
¥ sz

10T
£T0T
Z10T
1102
I 0102
6002
8002
v Looz
. 9007
<002
00T
FEA €002
| 00T
1002
7 000Z
3 6661
8661
£66T
9661
P ce6T
r66T
P £661
3 66T
B 1661
B 2 0661
L] R 6861
8861
L 86T
L 9861
] B sser

700
600
300
400
300
200
00
0

Data Source: El Statistical Review of World Energy, 2024



Energy Studies

Center for

Baker
Institute

nature, minerals, energy, human

and incumbent energy uses.
Non-OECD

)

endowments —

etc. — opening the door for innovations along multiple chains in multiple locations.

EJ

including net decarbonization of incumbent supply chains.

OECD

)

The future of energy will also be dictated by each region’s position on the economic development ladder.

The future is complicated by needs for infrastructure, economic growth

Paths will look different everywhere and will hinge on “resource”

Decarbonization requires multiple solutions,
capital

But growth is not uniform, which opens opportuni
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And, CO, emissions are also growing, adding complexity MBI R3Rte ooy Stucies

* Non-OECD emissions have grown substantially over the last 20 years. OECD emission have declined.
« Energy demand growth in developing countries will continue.

« A portfolio approach — carbon capture (nature-based and engineered solutions), renewables, new fuels, carbon-
to-value, etc. — that recognizes regional differences could bring significant gains to decarbonization efforts.
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Of course, geopolitics also have bearing, and they are
deeply intertwined with regional economic drivers...

For example, consider the oil market

14
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Is a “peak” in demand

Imminent?



... and production is highly diverse.
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The oil market is highly diverse, Global Oil Production by Company, 2022
but NOCs deliver the majority of
production.

International Qil Companies

L . « 99 and Others
Competltlon mn the green Companies that are shareholder-

makes production resilient to manedandjorindependertt
targeted interventions.

The importance of oil revenues
for governments makes
production resilient to external

pressures.
In 2022, “supermajors” AN
accounted for less crude oil wsusermaion £\ i
, upermajc.rrs T |||||||||
output than the world’s largest BxxonMobil I
Chevron, ENI,
NOC: AI'amCO. TotalEnergies,
Shell, BP

Why raise this? Because market
structure matters and
government stake matters. It has
implications for price, capital
allocation, geopolitics, energy
security, and energy transitions.

67%
National Oil Companies

Companies with at least partial
government ownership

Data Source: Company annual reports, compiled by author
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Complexity abounds!

Valuable lessons for all regions...

Comparative advantage, policy, coordination, reliability,
energy choice and new technology
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Green energy... consider Texas
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But what do intermittent resources do on a grid?
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We see this in ERCOT, which presents challenges

« As wind and solar generation
capacity grows, the average
generation grows, which reduces
emissions, all else equal.

« But averages are irrelevant for
reliability. Extremes matter.

« Given the observed variability,
sufficient dispatchable backup
capacity is required.

« Inthe end, this raises the capital
intensity of each MWh delivered,
which presents an economic hurdle
associated with cost.

« Reliability matters. Its value
must be priced to ensure
sufficient redundancy is
available to the grid.

o This is nothing new! Grids have

always needed sufficient “insurance”
against unexpected outages.
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"Nameplate" generation capacity

"Expected” generation

Actual 15 minute
generation

00:15 01-Jul-2011
14:15 18-Sep-2011
04:15 07-Dec-2011
18:15 24-Feb-2012

08:15 14-May-2012
22:15 01-Aug-2012
12:15 20-Oct-2012

02:15 08-Jan-2013
16:15 28-Mar-2013
06:15 16-Jun-2013
20:15 03-Sep-2013

10:15 22-Now-2013
00:1% 10-Feb-2014
14:15 30-Apr-2014

04:15 19-Juk-2014
18:15 06-Oct-2014
08:15 25-Diec-2014
22:15 14-Mar-2015
12:15 02-Jun-2015

02:15 21-Aug-2015
16:15 08-Now-2015

06:15 27-Jan-2016
20:15 15-Apr-2016

10:15 04-Julk-2016
00:15 22-Sep-2016
14:15 10-Dec-2016
04:15 28-Feb-2017

18:15 18-May-2017
08:15 06-Aug-2017
22:15 24-Oct-2017

12:15 12-Jan-2018
02:15 02-Apr-2018
16:15 20-Tun-2018
06:15 08-Sep-20118

20:15 26-Nov-2013
10:15 14-Feb-2019
00:15 05-May-2019

14:15 23-Juk2019
04:15 11-Oct-2019
18:15 29-Dec-2019
08:15 18-Mar-2020
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16:1% 30-Jan-2021
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20:15 08-Juk-2021
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00:15 15-Dec-2021
14:15 04-Mar-2022

04:15 23-May-2022
18:15 10-Aug-2022
08:15 29-Cet-2022

22:15 16-Jan-2023
12:15 0e-Apr-2023
02:15 25-Tun-2023
16:15 12-Sep-2023

Source: Data compiled from ERCOT. “Expected” generation is the best fit over time to the actual
15-minute generation and is only for illustration. Resource planning utilizes seasonally rated
capacity, which is different by season.
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Lessons from the January 2024 freeze in ERCOT MR le £y Sdies

« Stable grids can exercise multiple margins of response, i.e., resource optionality, transmission, demand response, etc.
« Renewable deployment has been able to leverage legacy infrastructure whose costs are already sunk.

« What does continued expansion of intermittent resources mean? System flexibility must grow!

« Reliability is a function of peak demands, redundancy in generation, and dispatchability.

« Going forward, growth in load along with innovation in dispatchability and load management will have significant bearing.
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Some final thoughts to color everything...
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dangerous place to be.

‘S"{b — 1979
Slm ====== 1980

1981
—————— 1982
— 1083
------ 1984
1985
1986
1987
—————— 1988
1989
—————— 1990
1991
- - - 1002
1993
1954
1945
—————— 1996
P R B 1997
1998
1999
—————— 2000
2001
—————— 2002
2003
—————— 2004
2005
—————— 2006
2007
***** 2008
2009
—————— 2010
2011
2012
2013
2014
2015
—————— 2016
2017
- = = 1R
2019
sD T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 2020
2021
- - = )22
— 1

$140 -

$130 -

$120 -

$110 -
$100 -

$90 -
$80 -
$70 -

$60 -

$50 -
$40 -
$30 -
$20 -

510 -

1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1998
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2018
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032

Data Source: EIA Annual Energy Outlook, www.eia.gov



m Baker |Centerfor

. SP%an gge?rg;r_lnqnce, | Institute | Energy Studies
Po ular S
IENCEe& JCARs

Sunshme mio
eleciricity

New research brings Yo Despite our best efforts,
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... but we do know there will be trade-offs...

NEWS

Scaling Up Alternative Energy

Energy’s Tricky Tradeoffs

The world's "energy problem” is in fact a slew of technological and sociclogical
challenges involving the use of the land, water, and air we share

I've got hine, plenty b
Sconer or later, humanity must move away from
fossil fuels, finite resources that produce planet-
warming greenhouse gases. At first blush, Earth
appears to have power to spare. The total power
from sunlight striking the ground is a whepping
107,000 terawatts, and experts estimate that we
could capture encugh of that to exceed by a wide
margin the 15 terawatts of power that the world'’s
populatien now cansumes.

How much is left? (years)
Coal W

.. MNatural ias 64
o 41

o Nuclear (Uranium) = 82

SOURCE: WORLD ENERGY ASSESSMENT 20000INDP; WEA 2004/UNCF; REFCRT OF THE INTL. GEOTHERMAL

Give me land, lots of land ...

Wind and sunshine deliver energy in a far less
dense form than coal, oil, or natural gas. For
example, San Jose, California, has just over

1 million residents and consumes an average of
740 megawatts of electrical power. To supply
that power, coal mines and coal-fired power
plants would have to cover 3,800 hectares of land
In comparison, a wind farm would have to cover
53,000 hectares, an area bigger than the city

_World demand

Total power available (terawatts)

15
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itself. Unlike a coal mine, however, the wind farm
could be used to grow crops at the same time.
Ancther issue: The sun doesn’t necessarily shine
the brightest and the wind doesn't blow the fiercest
where most people live. And technologies have yet
to emerge 1o store and transport vast amounts af
energy genarated from sunshine or wind. So
delivering that energy where it's needed when
it's needed remains a problem.

Population in the U.S. (per square mile)

2001; SCLATER ET AL JOURNAL OF GECPHYSICAL RESEARCH B4 (1981); NASA

Land needed to

power San Jose Hydroelectric
(hectares) 1,300
Lo e Natural gas
................ Salferms . S
 Solar S 270,000 $ Nuclear
7,500 53,000 . 4,200

SOURCE: D. SPITZLEY ET AL., UNI. OF MICHIGAN E SYSTINS (0041 FLECTRICTTY

COg2 output per kilowatt-hour {liters) e

A river runs through it.

The energy problem is also a water prablem.
Work on your computer all day, and you'll use 0
about 1 kilowatt-hour of electricity. If thatenergy = photovolts
comes from coal, you'll have used 1.8 liters of
water. If it comes from solar thermal technolo-
gies, you'll use 68% more water. Use power from
biomass crops and you'll alse use hundreds of
liters of water to grow the fuel. Of course,
fussil fuels produce heat-trapping carben
dioxide gas. If your kilowatt-hour of energy
comes from coal, it produces 0.9 kilograms

or 530 liters of pure CO;—enough to fill

245 large soda bottles,

PERSONAL

0
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Average daily sunshine
{kilowatts per square meter)

TVNOID3Y
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No single solution.

To replace fossil fuels, most experts

foresee using a mixture of energy
g sources and technologies, And they
say that large gains can be made in
improving the efficiency of existing
technologies—as much as 40% in
industrial processes. Still, reducing
overall energy demand may not be
easy. In 2007, the city of San Jose
instituted a 15-year program that,
among other things, seeks to reduce
the per capita consumption of
electricity and natural gas by 50%.
@ After 2 years, such consumption was

down by just 05%. -ADRIAN CHO

... bringing tremendous opportunities for innovation.
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