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The Energy Trilemma:
Navigating Systemic Reordering

Economic
Affordability

Environmental Sustainability

Energy
Security

The Implementation Gap

e The transition is a comprehensive,
non-linear reordering of the
global economy, not a simple fuel
swap.

e Massive capital is flowing into
clean energy sources.

e Systemic underinvestment persists
in the enabling infrastructure
required to balance this trilemma.




The Historical Shift:
From Additive to Substitutive

nod-to-Coz Coal-to-0il Fossil-to-Renewable
50-1880 (c. 1880s-1960s) (Current)

Multi-generational Multi-generational Urgent and compressed
(300+ years) (80+ years) (30 years to net-zero)

Timescale

Resource scarcity
& innovation

Climate mitigation &

Primary Drivers falling costs

Transportability & density

Additive: Expanded total Additive: Expanded total Substitutive: Must actively
energy consumption, energy consumption, phase out and replace fossil
enabling industrialization™ enabling mass mobility fuels to eliminate emissions®

Nature of
Transition




The Climate Mandate:
A Half-Degree Multiplier

1.5°C WARMING 2.0°C WARMING

@ O QT @T 0 [O@ ® ® ®§ ®€§ O O O O O O
ﬁz‘:ta\fav - 14% of global 37% of global
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Tl Coe | ] 7051 .
Reef Loss 70-90% lost

(virtual elimination)

Ecosystem Arctic ice-free summers are a Insect geographic range loss doubles. Arctic
Shock once-in-a-century event. ice-free summers are a once-in-a-decade event.
I .

Takeaway: 1.5°C is not an optimization target; it is an urgent mobilization
mandate requiring emissions to peak before 2025 and halve by 2030.
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The Implementation Gap &
The Thermal Imperative

Key Insight: The global S
transition suffers from an N /

— “electron-centric” blind spot.
8 7
; il Power/ VE—Hl/I Heating &
: - — 1 ! ch
} \——\\ Electrons J}I——f Cooling L)
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—— v 8y
o £ =
pram—
. 50% — The proportion 40% — The share of all Note: This includes
A of global final energy @ energy-related COy @ industrial heat, building
consumption driven by emissions generated by thermals, and hot water.
heating and cooling. thermal demand.

Deep decarbonisation cannot be achieved through the electricity grid alone; it requires a massive,
parallel transformation of high-temperature industrial heat and building thermals.



The Renewable Engine &
The Intermittency Challenge

Systemic Shift:
Renewables are
expected to overtake
coal as the largest
source of global
electricity by 2025.

Cost Reduction

Utility-scale Solar PV
LCOE (-82%)

Utility-scale Solar PV LCOE (-82%)

TA,“-. * ‘

Onshore Wind LCOE (-49%)

Grid Frequency/Intermittency

2010

2011 2010

2020
time since 2010

2015

2025 2030 2025

The Intermittency
Hurdle: As variable
generation grows,
grid instability forces
reliance on fossil
fuel backups.

Sector coupling
(electrifying transport
and buildings)
exacerbates this by
creating massive,
simultaneous
demand spikes.



Grid Architecture &
The Storage Toolkit

. _ Short-Duration Storage (0-6 hours)
- Deepindigo transmission lines.

Short-Duration Storage (0-6 hours)
Lithium-ion batteries (packs
falling below $100/kWh)

for peak shaving.

Long-Duration Storage (Multi-day)
¢ Pumped hydro, Compressed Air,
~ Redox Flow Batteries.
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The Uncontained Advantage
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Geological-Scale Thermal Storage (BTES).
Uses the Earth's crust as a natural,
zero-cost thermal battery. Stores
massive quantities of waste heat or

., ~ (il curtailed renewable energy

k- AN | : underground for weeks to seasons.
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The Nuclear Option:
Firm Power in an Al Era

Traditional Centralized Plants

* Value Proposition: 24/7, carbon-free
‘baseload’ power that stabilizes highly
variable renewable grids.

Small Modular Reactors (SMRs)

 Over 80 designs in development
(sub-300 MWe).

* Factory-manufactured components
designed to circumvent the
crippling capital costs and delays
of traditional builds.

I's !
The Demand Catalyst:

Explosive growth of Artificial Intelligence (Al) and data centres

creates unprecedented demand for massive, localized, zero-
carbon firm power, bringing Big Tech into the nuclear market.



Green Hydrogen: The Swiss Army Knife
of Decarbonisation

Solution for 'Hard-to-Abate’ sectors where direct electrification fails.

| . I
Chemicals | < > | Heavy Industry (Steel) |
Replaces fossil-derived Used as a clean reducing agent |
feedstocks in manufacturing. in Direct Reduced Iron (DRI),

replacing coal coke.

Electrolysis
(Renewable
Electricity + Water)

|

Aviation

< > Maritime Shipping
Combined with captured CO2 to Converted to green ammonia for
produce synthetic e-kerosene zero-carbon ocean freight.

(Sustainable Aviation Fuel).




- The Built Environment:
- Managing Thermal Extremes
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» QOperates at 300-500% efficiency by
moving existing heat.

J « Must meet 50% of global heating
1l |69 demand by 2050.
myH |
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. / > The Heat Pump Revolution
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= = (L ) | {Hl , > The Cooling Crunch & Cold Vaults

S L N * Space cooling is the fastest-growing
. ~ building energy use globally.

- = N = e District ener%y networks anchored by

E o Large-scale Cold Thermal Storage
] AL ~ pre-chill using off-peak electricity.

* Relieves critical strain onurban
grids during heatwaves. U
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- Forging Clean Industry:
- A Portfolio Approach

.....

J

Cement @
5 N o 4 M | e Decarbonised
- — Energy Efficiency — Electrification — Carbon Capture, Utilisation,
1 & Circularity and Storage (CCUS)
1 The baseline. Waste heat recovery Electric Arc Furnaces (EAFs) The non-negotiable backstop for
i upgraded by thermal storage; for scrap steel; electric steam unavoidable chemical process emissions Bl
—{1 high-yield recycling. crackers. (e.g., limestone conversion in cement). : ;;‘  . '_:j;h
| | i
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- The New Economics: The Investment Imperatives

Steering Global Capital A $2.2 trillion annual investment gap |
] exists in developﬁing countries alone.
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Fossil Subsidies
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e The corrective lever (Taxes
and Cap-and-Trade).

» Must scale significantly from
the current $3/ton average.

« Enforced by tools like the EU's
Carbon Border Adjustment
Mechanism (CBAM) to
combat carbon leakage.
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Geopolitics: From Petro-States to Electro-States

i el 3
"""“"‘" V - p'“':w S
The Shift ~ The Bottleneck The Response
Power moves from controlling geological Extreme supply chain concentration. “Techno-nationalism"” (e.g., US Inflation
fuel extraction to dominating ciean Example: over 90% of battery-grade Reduction Act) prioritizes domestic
technology manufacturing and critical graphite processing is controlled by a manufacturing and supply chain
mineral supply chains. single nation (China). resilience over pure free trade.
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The Social Blueprint: Engineering a Just Transition
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Distributional Procedural Restorative
Justice Justice Justice
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Labour Displacement Land-Use Conflicts Energy Equity
Displaced fossil-fuel workers suffer Renewables have a massive footprint. Transition costs (grid upgrades, carbon
larger, more persistent earnings losses. “NIMBYism" and clashes with agriculture taxes) cannot disproportionately fall on the
1 Reskllling is a necessity, not an add-on. 18 || require strategic zoning and Agrivoltaics. || | vulnerable, risking severe political backlash. ||
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Trajectories to 2050: The Decisive Decade
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. Implied 2100 2050 Renewables Fossil Fuel
Bcenario Warming Share Demand
Current Policies ~3.2°C ~50% Oil/gas plateau, coal
(IEA STEPS) (likely >2°C) = declines.
Net Zero o 5 Rapid phase-out of all
(IEA NZE / BNEF NZS) i3t -l unabated fossil fuels.
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Strategic Takeaway: The technology exists, and the economics are increasingly favourable.

The ultimate barrier is the speed of deployment, policy stability, and infrastructure investment
required before 2030 to prevent 1.5°C from slipping out of reach.
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