Navigating
the Doldrums

The geophysical constraints of
renewable energy and the imperative
for long-duration storage.

A strategic analysis for grid
operators, investors, and
policymakers.




The Transition Requires a Structural Pivot from Capacity to Flexibility

CAPACITY MARKETS
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The Expectation: Overbuilding variable renewables The Reality: Geophysics dictate multi-day energy droughts.
naturally solves grid decarbonisation. True reliability requires bridging the gap with Long-Duration
Energy Storage (LDES) and reformed capacity markets.

Achieving a secure, affordable, and deeply decarbonised grid is contingent upon a strategic pivot. We must shift

from merely adding intermittent generation to systematically building a portfolio of grid flexibility solutions.




Deconstructing Intermittency Across
Three Geophysical Timescales

Predictable daily cycles.
Diurnal Easily managed by 4-hour
short-duration storage.

High-pressure weather systems
causing multi-day “energy
droughts” or doldrums over
vast geographies.

/_ The fundamental mismatch
Seasonal between summer solar peaks
\/ and winter heating demand.

Synoptic

Based on 39 years of hourly meteorological reanalysis data, synoptic and seasonal weather events are the
primary threats to grid reliability, completely negating the concept of a “perfectly average” weather year.




The Flawed Premise of Solar-Wind Complementarity

\JJ\/\/\/V \Jv\ 5to 7 Days %/\/J

—= \Wind
Solar

\/

While wind and solar often
balance each otherona
diurnal basis, synoptic-scale
weather events destroy
this complementarity.

A stagnant high-pressure
system brings calm winds
and cold, clear nights
simultaneously.

Key Takeaway: Simply
overbuilding generation
capacity without addressing
this temporal mismatch
exaggerates extreme
surplus without solving
periods of deficit.




The 80% Wall: The Exponential Cost of Total Reliability
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80%
VRE Penetration (% of annual demand met)

Meeting the final 20% of demand occurs during low-resource ‘energy droughts.” Overcoming this requires

either massive, inefficient over-installation of generation or several weeks’ worth of energy storage.



Quantifying the Reliability Deficit Across Major Economies

1x Generation, | 1x Generation, 1.5x Gen, 3x Gen,
Country / Region No Storage 12h Storage 12h Storage 12h Storage
uUS 85-90% 90-95% 98-99% >99.5%
Germany 80-85% 88-93% 96-98% >99%
China 85-90% 92-96% 98-99% >99.5%
Japan 70-75% 80-85% 92-95% >98%
UK 85-90% 90-95% 97-99% >99.5%
India 75-80% 85-90% 95-97% >99%
Global Average 72-91% 83-94% 94-99% >99%

A 99% reliable grid still fails for 87.6 hours a year. If clustered during a multi-day
doldrum, this is a societal catastrophe. NERC standards require 99.97% reliability.

Even building three
times the necessary
generation and
deploying 12-hour
batteries leaves tens
to hundreds of hours
of unmet demand—a
persistent ‘tail’ of
failure.



The Mitigation Paradox: Why Conventional Fixes Fail

The Short-Duration Fallacy The Overbuilding Imbalance
72-Hour Wind Lull
12-Hour +«— Expanding capacity merely
Lithium-lon ; “ transforms a deficit
s 5 j problem into a combined
7 ///////// deficit-and-surplus problem.
60-HOUR UNBRIDGED CHASM : *
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The battery drains completely by hour 12, leaving a massive
60-hour unbridged chasm before the wind returns.

Short-duration storage is essential for daily solar cycles but mathematically incapable of bridging week-long

synoptic droughts. Geographic aggregation via transmission is only a partial, lossy fix.



The Economic Conundrum: The Merit-Order Effect and Value Deflation

The Negative Pricing Intersection

Because solar and wind have zero
fuel cost, they are dispatched first.
This pushes expensive gas plants

out of the market.

Price/MWh
Inflexible

Demand

However, as VRE penetration rises,
assets cannibalise their own
revenue—flooding the grid precisely
when they are generating the most
power, driving the wholesale value
of their electricity toward zero.

$0/MWh

<«—— Negative
Pricing Zone

Quantity




A Case Study in Extreme Volatility: Germany’s Energiewende
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457 Hours.

The number of negative price hours Germany
experienced in 2024 (a 50% year-on-year increase).

-€500/MWh.

Extreme market nadir during periods of
high wind/solar and low demand.

When VRE surges, inflexible legacy plants (nuclear/lignite) cannot ramp down fast enough. Producers are forced to pay
the grid to take their electricity. This is a powerful, screaming market signal for the absolute necessity of energy storage.




The Missing Money Problem: A Systemic Market Failure
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VRE and Firm

Dispatchable Backup Plants

|_ Starved of Revenue 4358 _l

Traditional energy-only markets fail in a high-VRE world. Simultaneously, the dispatchable backup plants required
Depressed wholesale prices mean new VRE projects to survive multi-day droughts rarely run, starving them of
cannot recover capital costs without subsidies. the revenue needed to stay online. The market physically

requires firm capacity but financially punishes it.




The Pivot: Redefining Storage from Hours to Seasons

Physical Deficit:
Multi-day energy droughts.

Economic Deficit:

\,/;f S,
Massive curtailment and
negative pricing.

Overbuilding renewables is a double-edged sword that fails to close the physical gap
while blowing up the economic gap. LDES is the only structural intervention that solves
both simultaneously: it absorbs the economic surplus (buying at negative prices) and
physically bridges the synoptic energy droughts (deploying firm capacity).
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The LDES Technology Landscape: E\LaljlatL |

Typical Duration Projected 2030

Technology (Hours) LCOS ($/kWh)

Key Differentiator

Mechanical (Pumped EooAitionrs <$0.05 Mature put geographically
vV Hydro) constrained.
ﬂ Electrochemical (Iron-Air) 100+ Hours < $0.05 (target) 'g_a;)cﬁ::::sg:: r?llgtge):igl-zl_
Thermal (The Heat Vault) Days to Decades Cost Competitive g{ae s-zi\elgél'r:/(\jlgric.:alability,
%‘rzr:ri\calydrogen) Seasond $0.10-30.20 ﬁ\(f)r-ass(')tzstzfe 222\3;.

Insight: The market will bifurcate: intra-week resilience (Flow/Iron-Air batteries) and seasonal bulk
shifting (Hydrogen/Thermal). Upfront capital cost ($/kWh) dictates viability due to low annual cycle rates.




Spotlight on UTES: Deep Geological Thermal Storage

Timescale: Capable of bridging
the most difficult temporal gaps—
from days to seasons, years,

or even decades.

)

RENEWABLE INPUTS
\ (WIND/SOLAR)

» Scale: Modular approach highly

scalable to the Gigawatt-hour or
The Heat Vault CITY GRID OUTPUT Terawatt-hour scale.

Mechanics: Inputs excess renewable
electricity or waste heat. Stores
thermal energy directly in bedrock.
Extracts heat for district heating,

or converts back to electricity via
surface heat engines.
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Enabling the Transition: A Layered Market Architecture

Demand-Side Flexibility Capacity Market Comparison

Aggregated virtual power plants }

(EVs, smart buildings) acting as Market Centralized,

rapid grid balancers. Structure mandatory for all
CIR-holding
resources

Forward Capacity Markets Centralized,

Directly cures the ‘missing money’ vqu_nt.ary'

problem by paying a steady revenue participation

stream for the commitment to be

available during future stress events.  pjioniights the UK's explicit use of de-rating
factors to value the precise reliability of different
storage durations compared to the PJM model.
Energy Market + Charter.

Nodal Pricing (LMP)

Ensures efficient moment-to-
moment dispatch and incentivises
geographic placement to relieve
transmission congestion.




Strategic Imperatives for a Resilient Power System

Policymakers Investors Grid Operators
& Regulators & Developers & Utilities
« Shift targets from simple » Abandon simple LCOE * Modernize resource
generation (% of MWh) to metrics; evaluate projects adequacy planning using
technology-neutral clean based on multi-decade
capacity. and multi-market meteorological data to
« Mandate market reform: - model 100-year synoptic
implement capacity markets « Prioritize weather events.
with duration-based (VRE + LDES) that offer a * Treat load flexibility
payments and nodal firm, dispatchable power (demand-side response)
pricing (LMP). product. as a core system asset,
. Agg[essivew fund LDES not an afterthought.
RD&D to hit the sub-
$0.05/kWh 2030 target.
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The 21st-century grid will be defined not by how much energy it generates, but by how intelligently it bridges the doldrums.



