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Reality is a binding constraint!

Supply chains matter, and every region is different!
« Comparative advantage, natural resource endowment, human capital endowment, economic development, policy,
market design, and cost, among other things, will dictate outcomes.




The evolving energy landscape is a developing nation story
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Energy demand is rising fastest in the developing world, largely driven by hydrocarbon fuels.

o EU is 8.78% of global demand; N. America is 18.87% of global demand; developing Asia is 39.70% of global demand.

Projections for population and economic growth indicate this trend will likely continue.

OECD Population
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Regional CO, emissions add complexity
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Non-OECD emissions have grown substantially over the last 20 years. OECD emission have declined.
Energy demand growth in developing countries will continue.

Decarbonization requires a portfolio approach — carbon capture (nature-based and engineered solutions),
renewables, new fuels, carbon-to-value, etc. — and there are opportunities throughout emerging value chains.

BUT CO, is not the only issue facing societies — poverty, health care, hunger, education, etc. — trade-offs!

million tonnes CO,

40,000 g
35,000 |
30,000 |
25,000 |
20,000 |
15.000 |

10,000

5.000

0

Data Source: El Statistical Review of World Energy, 2025



The reality of scale and regional heterogeneity
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Even with double-digit year-on-year percentage increases for wind and solar over the last 20 years, they are still a
small proportion of the total energy mix, 1.53% and 1.30%, respectively, in 2024... the “101 of Scale”.

o Capacity is NOT energy!

Hydrocarbons account for 86.6% of all energy.

o Decarbonization requires multiple solutions, including net decarbonization of incumbent supply chains.

Paths will look different everywhere, and will hinge
on “resource” endowments — nature, minerals,
energy, human capital, etc.

o This opens a door for impacts from innovation at
multiple points along different supply chains.

The future of energy will also be influenced by each
region’s level of economic development.
o Hence, differences in regional growth will matter, as

they will dictate needs for supply chain development,
especially in emerging markets.

Nothing is simple. It never has been. The future is
complicated by needs for infrastructure, economic
growth, and incumbent energy uses.
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A key concept that translates anywhere in the world to any technology
option for understanding the pace and scale of change
(in any industry):

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.

Thus, 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 commercial viability of investments at any
point in the supply chain is compromised.

What about new tech? The widget parable... 5

These complexities can lead to the “valley of death” for
new energy technologies.
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To highlight complexity, consider the largest
source of TPER:

Oil

10
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Oil demand is growing, and growth is different regionally

* Global oil demand growth is

slowing, but that is not the S
whole story... "
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Another view: the global oil market has expanded...
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» Supply growth has been from “incumbent” producers, and the emergence of the US, Canada and Brazil. As usual, above-ground

issues lead supply decreases.

* Net demand growth since 2000 has been 27.6 million b/d, and that includes 2020! Remarkably, net demand growth from 1977
to 2000 was 18.7 million b/d. So, although the growth rate has slowed, the net increase was larger over the last 24 years.

Change in Liquids Demand, 2000-2024
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... and production is highly diverse.

« The oil market is highly diverse, Global Oil Production by Company, 2022

but NOCs deliver the majority of

production.

Shareholder-owned and
independent companies account
for roughly 33% of global output
in 2022.

“Supermajors” accounted for
roughly 10% of global output in
2022, less than the output of the
world’s largest NOC: Aramco.

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

International Oil Companies
and Others
Companies that are shareholder-

owned and/or independent

33%

"Supermajors" {1 d
ExxonMobil, BE
Chevron, ENI,
TotalEnergies,
Shell, BP

67%
National Oil Companies

Companies with at least partial
government ownership

Data Source: Company annual reports, compiled by author



% RICE UNIVERSITY m Baker | Centerfor

Institute ' Energy Studies

Complexity abounds!

What do we do about intermittency?



What do intermittent resources do on a grid?
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What do intermittent resources do on a grid?
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What do intermittent resources do on a grid?
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What do intermittent resources do on a grid?
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We see this in ERCOT, which presents reliability challenges

« Aswind and solar generation
capacity grows, average generation
grows, which reduces emissions, all
else equal.

« This is good for emissions, but
averages are irrelevant for
reliability. Extremes matter.

« Hence, 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
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Policy intervention

It is always distortionary, but the balance matters.
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« Attracting investment into each part of a supply chain is dependent on returns. Only positive returns
to invested capital will drive scale for any technology.

« If a comparative advantage can be captured, there are tools (market interventions) that can be
deployed to facilitate growth. The case is stronger if there are clear non-priced externalities present.

o Low-interest loans (supply-side)
Directly price (tax) externalities (demand- and supply-side)

Subsidies for new technologies, i.e., an “infant industry” approach (supply-side) T ——

currently in use

Portfolio standards that mandate specific types of purchases (supply-side)

Contracts-for-differences, i.e., a price guarantee (supply-side)

©c O O O O

Grant programs (demand- and supply-side)

o Contract structures that provide long-term firm offtake for producers (supply-side)

o Aliquid market that de-risks market entry (demand- and supply-side)

* There are costs and benefits with each intervention. Hence, an objective (not subjective) cost-benefit
analysis is needed for each. Moreover, costs and benefits may carry secondary and tertiary impacts
that must be considered, i.e., the law of unintended consequences.

* Notably, things that leverage liquid markets tend to facilitate the most scalable changes.
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« Attracting investment into each part of a supply chain is dependent on returns. Only positive returns
to invested capital will drive scale for any technology.

« If a comparative advantage can be captured, there are tools (market interventions) that can be
deployed to facilitate growth. The case is stronger if there are clear non-priced externalities present.

o Low-interest loans (supply-side)
Directly price (tax) externalities (demand- and supply-side)

Subsidies for new technologies, i.e., an “infant industry” approach (supply-side) R T

currently in use

Portfolio standards that mandate specific types of purchases (supply-side)
Contracts-for-differences, i.e., a price guarantee (supply-side)

Grant programs (demand- and supply-side)

oo o O O O

Contract structures that provide long-term firm offtake for producers (supply-side) Market-participant
driven outcomes

o Aliquid market that de-risks market entry (demand- and supply-side)

* There are costs and benefits with each intervention. Hence, an objective (not subjective) cost-benefit
analysis is needed for each. Moreover, costs and benefits may carry secondary and tertiary impacts
that must be considered, i.e., the law of unintended consequences.

* Notably, things that leverage liquid markets tend to facilitate the most scalable changes.



Recent US policy action M RERie £crc, Siues

e The IIJA, CHIPS Act, and IRA, industrial policy in disguise

o The Infrastructure Investment and Jobs Act (IIJA) passed the House on July 1, 2021 (vote: 221-201). After

amendment, it passed the Senate on Aug. 10, 2021 (vote: 69-30) with broad bipartisan support. Signed into
law on Nov. 15, 2021.

o The Creating Helpful Incentives to Produce Semiconductors (CHIPS) Act passed the House on July 28, 2021
(vote: 215-207). After amendment, it passed the Senate on July 27, 2022 (vote: 64-33) with broad bipartisan
support. Signed into law on Aug. 9, 2022.

o The Inflation Reduction Act (IRA) was contentious and purely partisan. Originally introduced as the Build
Back Better Act, it passed the House on Nov. 19, 2021 (vote: 220-213). After several amendments, the IRA
passed the Senate on August 7, 2022 (vote: 51-50) with the tie-breaking vote cast by Vice President Kamala
Harris. Signed into law on Aug. 16, 2022.

« HR 1, a.k.a. OBBBA, undoing some while reinforcing other parts of the IRA.
o Passed using reconciliation along straight party lines.

« Are they “game-changing”? Potentially. Do they promote sustainability? Not really.
o The devil is in the details and in agency interpretation.

o Even then, there is an Achilles’ heel(s): Infrastructure and Access. (See Federal Energy Legislation and
the Infrastructure Achilles' Heel: The Energy Market Impacts of the I1IJA, CHIPS Act, and IRA)

19



https://www.govinfo.gov/content/pkg/PLAW-117publ58/pdf/PLAW-117publ58.pdf
https://www.govinfo.gov/content/pkg/PLAW-117publ167/pdf/PLAW-117publ167.pdf
https://www.govinfo.gov/content/pkg/PLAW-117publ169/pdf/PLAW-117publ169.pdf
https://www.congress.gov/bill/119th-congress/house-bill/1/titles
https://www.bakerinstitute.org/research/federal-energy-legislation-and-infrastructure-achilles-heel-energy-market-impacts-iija
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But infrastructure defines legacy and opportunity.

== Crude Oil Pipelines
== Refined Product Pipelines
== Matural Gas Pipelines

@ Refineries
Conventional
Renewable

@ Gas Processing Plants

© Matural Gas Storage

ENG LNG Facilities

Active Mines

@ Coal Mines

H2 Hydrogen Facilities

C CCUS Projects

== Electric Transmission Lines

Fower Plants - All Fuel Types

@ Power Plants - Coal

@ Power Plants - Natural Gas
Power Plants - Petroleum
Power Plants - Nuclear
Power Plants - Hydro
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Mexico - G Power Plants - Other
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Source: Map: Energy, Environment, and Policy in the US | Baker Institute 20
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What does it all mean?

21



Energy transitions are wrapped up in the roles of legacy, scale, M RRie 2oy Shuies
technology, and comparative advantage

Technology, scale and legacy are each important factors.

o Technology signals how fuels will compete. Capital is the vehicle for technology deployment!

o Scale matters because energy systems are large and must accommodate growth and access.

o Legacy of infrastructure and energy delivery systems is the footprint for change. Legacy is different everywhere.

« Economics matter. The principle of comparative advantage is key to understanding what will happen
where. Cost-benefit must be favorable for sustainable diffusion of new technology.

o Key Point: All costs along a value chain matter, not just the energy source: enter coordination theory. Any new
technology must avoid overly burdensome fixed costs (barrier to entry) if it is to be successfully adopted.

 Finally, policy and geopolitics shape, and are shaped, by all of the above.

o What’s old is new again! Energy security will remain a central consideration.

- The most impactful yet oft understated “transitions” affecting energy markets in the last 20 years:
(1) the shale revolution in the US and (2) demand growth in Asia.

o (1) is tech, (2) is economic growth. These two factors will shape the future as well.
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« This should not be a politically charged question, but...

We held a Chatham House Rule workshop in August 2023 bringing forecasters from different agencies around the world
together to discuss Forecasting Oil Markets in a Politically-Charged Environment.

Everyone who is doing technical analysis is being pushed to adopt various assumptions, some of which are questionable.

IEA is perhaps the most notable, as indicated by statements at COP28, which were rebutted forcefully by the OPEC secretariat.

EIA Short Term Energy Outlook EIA Annual Energy Outlook 2025,
May 2025

Range of Scenario Outcomes

b $n
$140 $180
Projection
z Y $160
$120
$140
$100
$120
$80
$100
560 $80 \/
$60
$40
$40
$20
EIA, " Confidence interval derived from options market $20
information for the five trading days ending May 1, 2025.
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Data are sourced from EIA STEO (May 2025) and EIA IEO (2023).
Note: In the IEO forecast plot, the IEO forecast is merged with the STEO forecast for 2024 and 2025 for consistency.
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Forecasting is inexact, and consensus is a dangerous place to be. e o0 5o
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Despite our best efforts,
we have no idea what
will happen, and change
will generally happen
slowly...



... but we do know there will be trade-offs...

Energy’s B

Balancing Act soeememacmmwmoimes

Moot butbgsrnllll  Global Energy Avallability (Terawatts)

abinty to capture and use it
efMclentty. Hydrocarbons, though
essential for meeting today's
energy demands, are afinite
resource. At first glance, the future P
appears promising as renewable y / N\

resources, like the sun and wind, ) l' | -
generate far more energy than H i ' “.l
humanity currently uses. However, = -
the true challenge lies not in the

avallability of these resources but World Demand in2023 Biomass Wind Geothermal Hydroelectric Solar
in our abiiity to efficientty capture 87 6.8 257 385 ass0) 20.8 (1222783 18 15 389.8 (9964)
and utiize their potential.
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Power Footprints: How Land Use Differs Across Energy Sources

Every enargy source has favorable attributes, but each comes with a different land use requirement. For example, Houston, TX has over 2 milion andc anaverage of
30 bilion kWh of electrical power per year. To supply that power, It requires hydroelectric dams 451,500 hectares of flooded resarvolr, 3 times of the city itself. In comparison, natural gas
drilling sites, pipelines, and power plants only need to use 110 of the city and.

US Wind Power \ US Solar Power b
The sun doesn't aways shine the ]
The wind doesn blow the
trightest where most peopie ive. West
farcest whera most paopie Texas, New Mexioo, and Arizona boast
live, abundant solar resources but are far
from major demand centers. In contrast,
memae:‘ﬁlm:l:l;egm the East North Central region Is densaly
hoikis gre ential for
ok Doy popuated yet lacks comparabie solar U

popuiated.

... bringing tremendous opportunities for innovation...

m Baker |Centerfor

Land Use & Powering the City of Houston

43 52 12
The energy problem is also
awater problem

For example, a typical refrigerator uses
about 4 kWh of electricity per day. If that
energy comes from coal, we will use 92
Iiters of water. It t comes from blomass
crops, we will use over 200 times more
water. However, hydrocarbon
combustion produces carbon dioxide. If
the enargy for the refrigerator comes
from coal, it produces 4000 grams of

No Silver Bullet

Totransition away from hydrocarbon fuels, most
experts anticipate relying on a diverse mix of energy
C0;, enough to Al 1000 large soda ¢ sources and technologles. Significant progress can
bottias. On the other hand, blomass — aiso be achieved by enhancing the efficiency of
produces 1/20 of the carbon dioxide. extsting systems.

See: https://www.bakerinstitute.org/dashboard-energys-balancing-act
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https://www.bakerinstitute.org/dashboard-energys-balancing-act
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... and an enduring emphasis on resilience.

« No economic problem that adds a constraint yields a lower cost outcome! Hence, trade-offs!

o Marginal damages of emissions versus the marginal cost of abatement of damages.

“Natural Disaster Resilience Dashboard”
available at https://www.bakerinstitute.org/ces-data-and-research-visualizations

Population in disaster-prone areas has surged, placing more people and infrastructure in harm's way.

U.S. Hurricane Strike by Decade

1950 Toronto
Detroit B, ' Y 34 o Pl o Historic Hurricanes, Tropical Storms, and Depressions by
Tornado Tracks 2 : ; % 2 Saffir-Simpson Category 1951-2024
v e New Yt 3 3 5%
UNITED :
Denver 959
[\ T E S iis Washington
MEXICO
Guadalajara
Dallas W Mexcociy
Los Angeles, California ———
Historic Floods
Austin, Texas

Houston

1951-60 196170 1971-80 1981-90 1991-00 200110 2011-20 2021-24

Many of our transmission lines run through high-risk weather areas.
Identifying these vulnerabilities is essential to strengthening the grid and
reducing the risk of future blackouts.

Monterrey

Saffir-Simpson Category

For a deeper look at the map, visit: https://www.bakerinstitute.org/dashboard-natural-disaster-resilience
From Insight to Action O -5=Unknown O 1=Category 1

[CRY : i : -4 = Post-tropical 2=Cat 2
';\"gﬁ Hurricane Tracks Natural Disasters vs Population Turning insight into action means strengthening building codes, O RGNS o HiRa0ny
20

(7
Tornado Tracks
investing in disaster-resilient infrastructure, aligning local and federal O -8 = Miscellaneous disturbances . 3=Category 3
% Y 5 5 policies with updated climate and hazard data, and prioritizing funding
7 Fire Perimeter g‘,’ J Census Tracts The map above shows hurricane, tornado, and fire tracks from the for resilience planning. It also requires collaboration among energy © -2=Subtropical @ 4category4
X3 3 1950s, overlaid with updated 2020 population density and urban tract planners, emergency managers, housing officials, and local leaders, @ -i=Tropical depiession @ 5-Category 5
T f’ata-étevji""g X?OW devek;zment hats %(Pa't‘dzd tl.'r;tlo 3{2:.5 reg:,latrly. using tools like this dashboard to guide decisions, and individual actions = 1rop P - gory
i i | Histori Impacted by extreme weatner events. Uue to data limitations, historic like trimming trees near power lines and staying informed about local = i . .
D County Population Density Historic Floods flood records begin in 2001, i mapg biis evacuari):;:)n sl ying . 0 = Tropical storm 3-5M ajor Hurricanes



https://www.bakerinstitute.org/ces-data-and-research-visualizations
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Center for Energy Studies | Baker Institute
Baker Institute Center for Energy Studies (CES) | LinkedIn

Speaker Contact Information

Email: medlock@rice.edu
Office: +1-713-348-3757
LinkedIn: Ken Medlock | LinkedIn
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