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1 Executive Summary

Solar power is no longer a marginal resource. Global solar PV generation reached 2,000 TWh in
2024, supplying 7% of world electricity, and cumulative global PV capacity exceeded 2.2 TW
by year-end.12 On this scale, forecasting quality is not a technical nicety — it directly determines
reserve procurement levels, thermal unit commitment, curtailment volumes, battery dispatch value,
and the reliability of high-solar grids under stress.

This dossier asks a specific, bounded question: if the τ categorical framework is operationally sound
as a physics substrate — providing a discrete, bounded-error, law-faithful twin of atmosphere–
cloud–irradiance–PV–grid dynamics — what public good would follow for bulk-grid solar operations
and electricity markets? The answer, argued across fifteen sections, is that the opportunity is
substantial, institutionally well-anchored, and deployable on a near-term horizon that does not
require the broader scientific community to have adopted the τ framework in full.

Seven key findings frame the argument:

1. The demand signal is already explicit. DOE’s solar systems-integration program identifies
solar forecasting, variability management, reserve sizing, and real-time situational awareness as
core technical challenges for reliable grid integration.3 The sector is already organized around
exactly the class of output a τ operational twin would strengthen.

2. Forecast error already has visible and quantified costs. NREL’s ISO-NE study found that
day-ahead and four-hour-ahead solar forecasts reduced net generation costs by 22.9% in a 25%-
solar modeled system; without solar forecasts, the reduction was only 12.3%.4 DOE’s ERCOT
probabilistic forecasting program aimed to reduce reserve levels by 25% while maintaining
reliability.5 The California Energy Commission documented that a 20% day-ahead improvement
had economic value equivalent to adding a 25 MW battery, with much larger reliability gains.6

3. The atmosphere–PV causal chain is unusually short. Unlike most sectors where weather
is an external disturbance, for solar PV the atmosphere directly writes the generation curve.
This makes PV a first-tier τ deployment target: clouds, aerosols, irradiance, panel conditions,
PV output, net load, reserves, dispatch, and prices form a compact, tractable signal chain.

4. τ enables a qualitative shift, not only marginal improvement. Today’s forecasting
stack relies on model ensembles, statistical correction, and conservative buffers. Under τ , the
operational twin executes the same structural laws the atmosphere–irradiance–PV system itself
obeys, at a certified coarse-grained resolution. Reserve procurement, unit commitment, storage
dispatch, and curtailment management all become less blunt as the uncertainty envelope shrinks
and becomes law-derived rather than heuristic.

1IEA, Electricity 2025 – Executive Summary (2025). Solar PV at 2,000 TWh and 7% global electricity in 2024;
flexibility and negative prices. https://www.iea.org/reports/electricity-2025/executive-summary

2IEA PVPS, Snapshot of Global PV Markets 2025 (2025). Cumulative global PV capacity above 2.2 TW at
end-2024; over 600 GW newly commissioned in 2024. https://iea-pvps.org/wp-content/uploads/2025/04/Snaps
hot-of-Global-PV-Markets_2025.pdf

3U.S. Department of Energy, Systems Integration (SETO). Solar forecasting, variability management, control
optimization, storage integration, real-time situational awareness as core challenges. https://www.energy.gov/eere/
solar/systems-integration

4NREL, The Impact of Improved Solar Forecasts on Bulk Power System Operations in ISO-NE (2015). 22.9%
vs. 12.3% net generation cost reduction; $46.5M marginal forecast improvement value. https://docs.nrel.gov/docs
/fy15osti/63082.pdf

5U.S. Department of Energy / NREL, Solar Uncertainty Management and Mitigation for Exceptional Reliability in
Grid Operations (SUMMER-GO) / Solar Forecasting 2. ERCOT adaptive-reserve and risk-parity-dispatch objectives;
25% reserve reduction target. https://www.energy.gov/eere/solar/solar-forecasting-2

6California Energy Commission, Development, Implementation, and Integration of a Holistic Solar Forecasting
System for California (CEC-500-2023-025). 20% forecast improvement / 25 MW battery comparison; 54% balancing-
violation reduction; 14.5% curtailment reduction. https://www.energy.ca.gov/sites/default/files/2023-05/CE
C-500-2023-025.pdf
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5. High-solar systems compound the value of better forecasting. The IEA projects solar
continuing to supply a rising share of global electricity through 2027 and beyond.7 Every
additional GW of solar installed increases the operational leverage of forecast quality, making
forecasting improvement one of the highest-return public investments in grid decarbonization.

6. International deployment opportunities are large and financing pathways exist. India’s
500 GW non-fossil target, California’s duck curve management challenge, and multi-country
regional grids in Sub-Saharan Africa and Southeast Asia all represent distinct deployment contexts
where τ -grade bounded-error forecasting could reduce curtailment, lower balancing costs, enable
additional solar integration, and substitute for expensive peaker capacity. World Bank, ADB,
GCF, and US EXIM financing channels are mapped in Section 9.

7. Institutional adoption follows a deployable ladder. The path from benchmark curation
through shadow-mode pilots to advisory operation and finally to integrated dispatch support is
well-defined, follows existing regulatory frameworks, and does not require replacing the operator
stack. τ enters through interfaces operators already use.

2 Why This Matters Now

2.1 Solar has crossed the threshold where forecasting quality shapes grid reliability

The IEA’s 2025 electricity outlook reports that solar PV hit 2,000 TWh globally in 2024 and supplied
7% of world electricity, while also accounting for approximately half of global electricity-demand
growth expected through 2027.8 The IEA PVPS reports cumulative capacity above 2.2 TW by
end-2024, with over 600 GW newly commissioned during the year.9 Utility-scale plants accounted for
57% of global PV additions in 2023, which means bulk-grid operators are now managing a resource
class that is both enormous in scale and inherently variable in output.10

At this scale, solar is no longer a resource whose uncertainty can be absorbed inside existing reserve
margins designed for a different system. Solar now shapes the net-load curve, the timing and
magnitude of ramp events, the depth of evening generation shortfalls, storage value, curtailment
pressure, and day-ahead versus real-time price formation in ways that were not anticipated when
current forecasting and dispatch architectures were designed.

2.2 Official institutions have already named forecasting as the bottleneck

DOE’s solar systems-integration program states that solar forecasting, variability management,
control optimization, storage integration, and real-time situational awareness are core technical
challenges for reliable, resilient, and secure grid integration.11 DOE’s day-to-day operations page
makes the operational connection explicit: utilities and bulk operators need real-time and predictive
knowledge of solar generation at any given moment and location, and need to be able to optimally

7IEA, Electricity 2025 – Executive Summary, sections on negative prices, flexibility needs, and weather impacts.
https://www.iea.org/reports/electricity-2025/executive-summary

8IEA, Electricity 2025 – Executive Summary (2025). Solar PV at 2,000 TWh and 7% global electricity in 2024;
flexibility and negative prices. https://www.iea.org/reports/electricity-2025/executive-summary

9IEA PVPS, Snapshot of Global PV Markets 2025 (2025). Cumulative global PV capacity above 2.2 TW at
end-2024; over 600 GW newly commissioned in 2024. https://iea-pvps.org/wp-content/uploads/2025/04/Snaps
hot-of-Global-PV-Markets_2025.pdf

10IEA, Solar PV (2025). Record 320 TWh increase in 2023; 5.4% global electricity share in 2023; utility-scale share
of additions. https://www.iea.org/energy-system/renewables/solar-pv

11U.S. Department of Energy, Systems Integration (SETO). Solar forecasting, variability management, control
optimization, storage integration, real-time situational awareness as core challenges. https://www.energy.gov/eere/
solar/systems-integration
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allocate, schedule, and control that generation under both normal and abnormal conditions.12 DOE’s
2024 Solar Forecasting Workshop was built around precisely this problem: the technologies and
models that help operators better forecast output at U.S. solar plants.13

NERC’s 2025 Summer Reliability Assessment makes the same point from a system-adequacy
perspective: ERCOT’s main high-risk periods are the evening hours when solar generation ramps
down and loads remain high, and the assessment identifies reserve adequacy in that window as a
structural challenge even as batteries improve the picture.14

This means the sector is already prepared to value what τ claims to make stronger. The institutional
demand signal is clear and the framing aligns exactly with τ ’s claimed capabilities.

2.3 Forecast error has visible, quantified operational costs

DOE’s SUMMER-GO/solar-forecasting materials summarize the operational effects of forecast error
directly: large deterministic over- and under-forecasting events create real-time generation shortfalls,
force quick-start unit activation, create reliability risk if ramping capacity is insufficient, produce
excess midday generation, cause evening ramp shortages, raise solar curtailment, and increase system
costs.15

These are not hypothetical harms. They show up in operating cost records, reliability event logs,
curtailment statistics, and reserve procurement bills. The NREL, CEC, and DOE studies cited
in this dossier all quantify them in dollar terms. The question is not whether better forecasting
would help — that case has already been made and verified — but whether τ can deliver the kind of
improvement that moves the needle materially.

2.4 The structural trajectory compounds the urgency

Three trends increase the premium on solving the solar forecasting problem now rather than later.
First, solar penetration will continue rising under every credible projection, increasing the system-
level impact of forecast errors. Second, storage is expanding rapidly but is most valuable when
dispatch is informed by physically faithful forecasts rather than statistical guesses. Third, as IEA
notes, some regions are already seeing increasing occurrences of negative wholesale prices, which
signal insufficient flexibility — a condition that better forecasting directly alleviates.16

The practical implication is that the institutional infrastructure, the financing mechanisms, and the
operational motivation are all converging. The gap is on the forecast physics side, which is exactly
what τ addresses.

3 Scope and Reader Orientation

12U.S. Department of Energy, Integrating Solar into Day-to-Day System Operations. Real-time and predictive
knowledge requirements for grid operators. https://www.energy.gov/eere/solar/integrating-solar-day-day-s
ystem-operations

13U.S. Department of Energy, 2024 Solar Forecasting Workshop (SETO). https://www.energy.gov/eere/solar/20
24-solar-forecasting-workshop

14NERC, 2025 Summer Reliability Assessment. ERCOT evening-ramp risk; role of batteries and operating rules in
summer adequacy. https://www.nerc.com/globalassets/programs/rapa/ra/nerc_sra_2025.pdf

15U.S. Department of Energy / NREL, Solar Uncertainty Management and Mitigation for Exceptional Reliability in
Grid Operations (SUMMER-GO) / Solar Forecasting 2. ERCOT adaptive-reserve and risk-parity-dispatch objectives;
25% reserve reduction target. https://www.energy.gov/eere/solar/solar-forecasting-2

16IEA, Electricity 2025 – Executive Summary, sections on negative prices, flexibility needs, and weather impacts.
https://www.iea.org/reports/electricity-2025/executive-summary
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3.1 What this paper covers

This is Paper 1 of 5 in the Panta Rhei impact solar portfolio. It focuses on:

• utility-scale and bulk-grid solar forecasting;
• day-ahead unit commitment and reserve sizing;
• intra-day and real-time dispatch;
• curtailment and ramp management;
• market participation and price effects;
• storage co-dispatch and hybrid plant operations;
• and near-term public-good deployment pathways including international case studies, competitive

landscape, and financing.

3.2 What the subsequent papers cover

The solar portfolio extends across four additional papers:

• Paper 2: τ for distributed PV visibility and distribution-grid orchestration — addressing the
growing challenge of managing behind-the-meter and community-scale solar that is invisible to
bulk operators.

• Paper 3: τ for solar-plus-storage, microgrids, and critical-infrastructure resilience — extending
physics-faithful forecasting to hybrid and islanded systems.

• Paper 4: τ for PV asset protection, storm-hardening, and long-term system planning —
addressing structural reliability and capital-allocation questions over multi-decade horizons.

• Paper 5: τ for solar-synchronized flexible demand and grid logistics — the demand-response
and grid-logistics layer where solar variability meets load flexibility.

3.3 Primary audience

This paper is written for grid operators (ISOs, RTOs, national transmission system operators),
utility planning and operations teams, regulatory bodies, energy ministry officials, climate and
energy funders, and public-interest research institutions. It assumes familiarity with power system
operations but does not require familiarity with the τ mathematical framework.

3.4 Reader stance: assumption-led, public-good framed

This is a yellow paper. It adopts an assumption-led planning stance: it assumes, for analytical
purposes, that the strongest τ claims relevant to solar forecasting and bulk-grid operations are sound,
and asks what practical and public-good consequences would follow if those claims were integrated
into current utility, ISO/RTO, and balancing-authority operations. Impact scenarios are reasoned
planning inferences, not official forecasts. Caveats are stated explicitly where they matter.

4 The Opportunity Baseline

4.1 Solar at grid scale: the macro figures

IEA data establishes the three most important baseline numbers. Global solar PV generation reached
2,000 TWh in 2024.17 Cumulative global PV capacity passed 2.2 TW at end-2024, with over 600

17IEA, Electricity 2025 – Executive Summary (2025). Solar PV at 2,000 TWh and 7% global electricity in 2024;
flexibility and negative prices. https://www.iea.org/reports/electricity-2025/executive-summary
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GW newly commissioned during the year.18 Utility-scale installations — the primary subject of this
paper — accounted for 57% of global PV additions in 2023, meaning bulk-grid operators are directly
exposed to solar variability at a scale that was unimaginable a decade ago.19

This is not a niche resource. Solar is now the single fastest-growing electricity source globally, and
the IEA expects it to supply a rising share of global electricity through 2027 at minimum.20 In
some markets — California, Germany, Spain, South Australia — solar already provides 30–80% of
instantaneous demand during peak production hours.

4.2 The value of forecast improvement: established benchmarks

The value of solar forecast improvement is not abstract. Three benchmark studies establish the
quantitative baseline.

NREL’s ISO-NE study found that using day-ahead and four-hour-ahead solar forecasts in a 25%-solar
modeled system reduced net generation costs by 22.9%; without solar forecasts, the reduction was
only 12.3%. A further 25% uniform forecast improvement added an estimated $46.5 million in annual
savings in that study setting.21

DOE’s Solar Forecasting 2 / SUMMER-GO project for ERCOT aimed to demonstrate that adaptive
reserves based on probabilistic forecasts could reduce reserve levels by 25% while maintaining or
improving reliability, and that risk-aware dispatch in a 5-minute real-time framework could be
implemented operationally.22

The California Energy Commission study found that a 20% improvement in day-ahead solar
forecasting had economic benefit similar to adding a 25 MW battery, while delivering a 54%
balancing-violation reduction versus 2.5% for the battery case, and reducing solar curtailment by
14.5%.23

These findings, taken together, establish a clear principle: the marginal value of forecast improvement
is high in solar-heavy systems and measurable across multiple operational metrics simultaneously.

4.3 Reserve sharing and spatial correlation

A 2024 Lawrence Berkeley National Laboratory analysis documented that when utilities share
solar/wind forecast-error reserves, reserve requirements can drop because forecast errors are weakly
correlated across space. In the example highlighted, two utilities with 500 MW and 1,000 MW
individual reserve needs reduced their collective requirement to 1,300 MW — a 200 MW reduction
while maintaining the same reliability level.24 Physically faithful forecasting that better characterizes

18IEA PVPS, Snapshot of Global PV Markets 2025 (2025). Cumulative global PV capacity above 2.2 TW at
end-2024; over 600 GW newly commissioned in 2024. https://iea-pvps.org/wp-content/uploads/2025/04/Snaps
hot-of-Global-PV-Markets_2025.pdf

19IEA, Solar PV (2025). Record 320 TWh increase in 2023; 5.4% global electricity share in 2023; utility-scale share
of additions. https://www.iea.org/energy-system/renewables/solar-pv

20IEA, Electricity 2025 – Executive Summary (2025). Solar PV at 2,000 TWh and 7% global electricity in 2024;
flexibility and negative prices. https://www.iea.org/reports/electricity-2025/executive-summary

21NREL, The Impact of Improved Solar Forecasts on Bulk Power System Operations in ISO-NE (2015). 22.9%
vs. 12.3% net generation cost reduction; $46.5M marginal forecast improvement value. https://docs.nrel.gov/docs
/fy15osti/63082.pdf

22U.S. Department of Energy / NREL, Solar Uncertainty Management and Mitigation for Exceptional Reliability in
Grid Operations (SUMMER-GO) / Solar Forecasting 2. ERCOT adaptive-reserve and risk-parity-dispatch objectives;
25% reserve reduction target. https://www.energy.gov/eere/solar/solar-forecasting-2

23California Energy Commission, Development, Implementation, and Integration of a Holistic Solar Forecasting
System for California (CEC-500-2023-025). 20% forecast improvement / 25 MW battery comparison; 54% balancing-
violation reduction; 14.5% curtailment reduction. https://www.energy.ca.gov/sites/default/files/2023-05/CE
C-500-2023-025.pdf

24Lawrence Berkeley National Laboratory, Solar and Wind Forecast Error Reserve Sharing in a Multi-Utility Region
(2024). Pooled reserve requirements; spatial correlation of forecast errors. https://eta-publications.lbl.gov/site
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spatial correlation structures makes such reserve-sharing arrangements both more trustworthy and
more valuable.

4.4 Negative prices and flexibility demand

The IEA notes that some regions are already experiencing increasing occurrences of negative wholesale
prices, which broadly signal insufficient flexibility.25 Solar curtailment is one of the primary triggers of
negative-price events in solar-heavy markets. Better forecasting directly reduces avoidable curtailment
by improving day-ahead commitment, storage charging decisions, flexible-demand activation, and
export scheduling.

5 Working τ Assumptions

This paper adopts explicit assumptions, stated in full so that readers can evaluate which conclusions
depend on which assumptions.

5.1 Physics-side assumptions

• A discrete, constructive, countable, bounded-error substrate for atmosphere–cloud–irradiance
dynamics is achievable from τ ’s categorical framework.

• τ provides native handling of cloud motion, convective structure, aerosol and optical effects,
precipitation-linked attenuation, and local irradiance variation relevant to PV fields.

• A route from atmosphere and radiation fields into PV output trajectories at multiple time horizons
— from sub-hourly to multi-day — can be derived from τ ’s structural laws rather than calibrated
heuristically.

• Coarse-grainable fidelity: lower-resolution operational twins remain tied to explicit error bounds
rather than becoming ad hoc discretizations as spatial or temporal resolution decreases.

• Convergence stability: depth and precision do not drift arbitrarily apart as the twin is refined.

5.2 Grid-operations assumptions

• τ outputs can feed deterministic and probabilistic forecast products used by utilities, ISOs/RTOs,
and market participants.

• τ can inform day-ahead unit commitment, reserve procurement, flexible-ramping products,
intra-day and real-time dispatch, curtailment decisions, and storage/hybrid-plant co-dispatch.

• τ forecasts can be surfaced through existing market and operational interfaces rather than
requiring immediate replacement of the whole operator stack.

• API interoperability with standard SCADA, EMS, and market systems is achievable within
existing IT architectures.

5.3 What this paper does not assume

This paper does not require near-term adoption of the whole τ ontology by the power sector. Practical
value could begin much earlier if τ simply outperformed existing solar-forecasting stacks on selected
tasks and horizons. The deployment ladder in Section 10 begins with shadow-mode benchmarking
precisely because no assumption of early widespread adoption is required.

s/default/files/2024-11/multiutility_fe_reserve_sharing_final.pdf
25IEA, Electricity 2025 – Executive Summary, sections on negative prices, flexibility needs, and weather impacts.

https://www.iea.org/reports/electricity-2025/executive-summary
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6 What Changes if τ is a Law-Faithful Atmosphere–PV–Grid Twin

This is the central shift the dossier argues for.

Today’s solar forecasting stack is already useful. But it reflects a familiar split: the real atmosphere
is only partially tractable from within current numerical weather prediction frameworks; operator
systems rely on model ensembles, statistical post-processing, heuristics, and conservative buffers; and
market systems manage uncertainty primarily through reserve and flexibility procurement rather
than through strongly bounded physical foresight.

Under the strongest τ assumption, that split weakens. A τ twin would mean the operational model
is no longer “best available weather model plus statistical correction plus reserve cushions,” but
instead becomes much closer to execution of the same structural laws the weather–irradiance–PV
system itself obeys, at a certified coarse-grained resolution.

If that is true, five practical consequences follow.

Reserve procurement becomes less blunt. Instead of carrying reserves largely as an uncertainty
hedge against forecast miss, operators could carry reserves against a much tighter and more physically
structured error envelope. DOE’s ERCOT-oriented work already points this way with adaptive
reserves tied to meteorological and system states.26

Unit commitment becomes less conservative. Day-ahead forecast improvements reduce the
need to commit expensive thermal units as an uncertainty buffer. The CEC study explicitly reports
larger reductions in startup costs and balancing violations from forecast improvement because better
forecasts reduce the uncertainty gap between day-ahead and real time.27

Storage and hybrids become more valuable per MW. A forecast that is more physically
faithful lets storage operate against a narrower and more intelligible uncertainty band. In operational
terms, a battery can be dispatched more strategically and held less often for avoidable forecast error.

Curtailment can be managed more intelligently. Better forecasts help operators distinguish
between oversupply that is genuinely unavoidable, oversupply absorbable by storage or flexible loads,
and oversupply that only appears because forecast uncertainty forced conservative decisions.

Market participation becomes more efficient. DOE explicitly notes that forecasting data helps
solar facility owners participate in energy markets.28 Under τ , the value of market participation
increases through tighter bid curves, less imbalance exposure, better hedge design, and stronger
confidence in co-optimizing generation with storage or flexible demand.

7 Competitive Landscape

The τ -enabled solar forecasting proposition sits within a well-established commercial and institutional
forecasting ecosystem. Understanding where existing tools succeed and where they face structural
limits is essential for positioning the τ contribution accurately.

Solargis is the industry benchmark for commercial irradiance and PV yield forecasting, providing 15-
minute to monthly global coverage based on satellite-derived irradiance data and validated historical

26U.S. Department of Energy / NREL, Solar Uncertainty Management and Mitigation for Exceptional Reliability in
Grid Operations (SUMMER-GO) / Solar Forecasting 2. ERCOT adaptive-reserve and risk-parity-dispatch objectives;
25% reserve reduction target. https://www.energy.gov/eere/solar/solar-forecasting-2

27California Energy Commission, Development, Implementation, and Integration of a Holistic Solar Forecasting
System for California (CEC-500-2023-025). 20% forecast improvement / 25 MW battery comparison; 54% balancing-
violation reduction; 14.5% curtailment reduction. https://www.energy.ca.gov/sites/default/files/2023-05/CE
C-500-2023-025.pdf

28U.S. Department of Energy, Solar Energy Cost and Data Analysis. Solar forecasting and market participation for
facility owners. https://www.energy.gov/eere/solar/solar-energy-cost-and-data-analysis
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databases. Solargis is widely used for bankability assessments, independent engineering reviews,
and project finance underwriting. Its strengths are broad global coverage, high-quality historical
data, and financial-market credibility. Its structural limitations are in the physics of ramp-rate
prediction under novel aerosol and cloud regimes, and in the absence of direct physical coupling
between irradiance forecasting and grid dispatch modeling. Solargis provides resource and yield
estimates; it does not produce law-faithful uncertainty bounds derived from atmospheric physics.

SolarAnywhere (Clean Power Research) is a U.S.-focused commercial solar resource data
and forecast service directed at utilities, developers, and insurance markets. Its core strength
is bankability-grade dataset quality and integration with financial and insurance workflows. Its
limitations mirror those of Solargis: the forecasting layer is data-driven and satellite-based rather
than physics-derived, real-time operational coupling with grid dispatch is not a primary design
objective, and uncertainty characterization is statistical rather than law-faithful.

DNV SolarFarmer / Meteonorm are engineering-grade solar resource assessment tools used
primarily for pre-project planning and long-term yield estimation. They are not operational real-time
forecasting systems. Their value lies in historical resource characterization, long-run P50/P90 energy
yield modeling, and technical bankability support. They do not address the 1–48 hour operational
forecasting window that drives reserve sizing, unit commitment, and real-time dispatch.

NREL SolarForecast Arbiter is the open-source benchmark platform for solar forecasting evalu-
ation, widely used by researchers and academic institutions as a reference for scoring forecasting
methodologies. It provides standardized metrics, evaluation frameworks, and comparative bench-
marks. Its design is research-oriented rather than operationally deployed; it has no commercial
operational deployment path and is not integrated into ISO/RTO dispatch systems.

Xcel Energy / CAISO AI forecasting represents the class of utility-internal and ISO-internal
AI/ML solar forecast systems built on large historical datasets and machine-learning pattern matching.
These systems have real operational deployment and handle the real-time operational window. Their
structural limitation is that machine-learning forecasting performs well in-distribution — when the
weather regime matches historical patterns — but degrades under novel conditions, including unusual
aerosol events, complex cloud structures, and weather-regime shifts driven by climate change. They
are not physics-faithful in the sense that τ is claimed to be, meaning their uncertainty bounds are
estimated from historical error statistics rather than derived from the underlying dynamics.

The Weather Company (IBM) Solar API is a widely used commercial solar irradiance and
power forecast API serving utilities, developers, and grid operators across multiple markets. It
is weather-model-based and provides operationally relevant time horizons. Its forecasting core is
NWP-driven rather than τ -grade bounded-error physics. Under novel weather regimes or in regions
with sparse observational networks, the forecast error can increase substantially, and the uncertainty
characterization remains statistical.

The common structural gap across this landscape is the absence of law-faithful bounded-error
physics. Existing tools are calibrated, validated, and useful, but they cannot provide the kind
of physically derived, convergence-stable error envelopes that τ claims to deliver. For operators
managing high-solar systems at the reliability frontier, the gap between “statistically validated
probabilistic forecast” and “law-faithful uncertainty bound” becomes operationally material precisely
when it matters most: during extreme ramp events, novel aerosol episodes, and the edge-of-envelope
conditions that drive reliability risk.

8 Structured Opportunity Map

8.1 Cluster A— Day-ahead commitment and reserve sizing

A1. Day-ahead commitment with lower startup and balancing costs
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The NREL ISO-NE study remains one of the clearest demonstrations of forecast value in bulk-grid
operations. In a 25%-solar modeled system, using day-ahead and four-hour-ahead forecasts reduced
net generation costs by 22.9%; without solar forecasts, the reduction was only 12.3%; and a further
25% forecast improvement reduced net generation costs by an additional 1.56%, approximately $46.5
million in the study setting.29 Under τ , day-ahead commitment could become one of the first and
highest-value beachheads, because the physical character of the improvement — tighter irradiance
trajectories derived from structural atmospheric laws — directly addresses the uncertainty that
drives conservative thermal commitment decisions.

A2. Probabilistic reserve sizing and adaptive reserves

DOE’s Solar Forecasting 2 / SUMMER-GO work for ERCOT provides an operational template
for τ insertion. The project aimed to reduce reserve levels by 25% while maintaining or improving
reliability, using probabilistic solar scenarios in a 5-minute dispatch window.30 Reserves are expensive

— both financially and in terms of required generation capacity held idle. If τ tightens error bounds,
then less over-procurement of reserves, tighter reserve timing, and fewer hours of uncertainty-driven
conservative thermal commitment are all achievable near-term gains.

A3. Net-load and ramp-risk forecasting for high-solar evenings

NERC’s 2025 summer assessment identifies ERCOT’s main high-risk periods as the evening hours
when solar ramps down while load remains elevated.31 This is precisely the kind of structural problem
a τ twin should address well because it requires not just “forecast tomorrow’s solar energy” but
“forecast the full net-load trajectory under weather and system conditions, including the shape and
timing of the evening ramp.” Public-good channels include fewer scarcity events, fewer emergency
alerts, lower cost of maintaining adequacy, and better use of storage and demand response.

8.2 Cluster B — Intra-day and real-time market dispatch

B1. 4-hour-ahead and sub-hourly dispatch confidence

The ISO-NE study notes that better hourly-ahead or sub-hourly solar forecasts could yield additional
savings beyond the day-ahead and four-hour-ahead gains already quantified.32 Real systems make
decisions at multiple nested horizons: day-ahead commitment, hour-ahead scheduling, intra-day
reforecasting, 15-minute or 5-minute dispatch, and real-time balancing. A τ stack that remains
coherent across those horizons — maintaining law-derived error bounds at every level rather than
using horizon-specific statistical corrections — would be materially stronger than today’s patchwork
of tools.

B2. Real-time dispatch with risk-aware forecast distributions

DOE’s ERCOT success story emphasizes that probabilistic forecasting provides more useful decision
support than deterministic forecasting because it describes uncertainty explicitly, and that ERCOT
integrated sub-hourly probabilistic solar forecasts into operational systems.33 Under τ , probabilistic

29NREL, The Impact of Improved Solar Forecasts on Bulk Power System Operations in ISO-NE (2015). 22.9%
vs. 12.3% net generation cost reduction; $46.5M marginal forecast improvement value. https://docs.nrel.gov/docs
/fy15osti/63082.pdf

30U.S. Department of Energy / NREL, Solar Uncertainty Management and Mitigation for Exceptional Reliability in
Grid Operations (SUMMER-GO) / Solar Forecasting 2. ERCOT adaptive-reserve and risk-parity-dispatch objectives;
25% reserve reduction target. https://www.energy.gov/eere/solar/solar-forecasting-2

31NERC, 2025 Summer Reliability Assessment. ERCOT evening-ramp risk; role of batteries and operating rules in
summer adequacy. https://www.nerc.com/globalassets/programs/rapa/ra/nerc_sra_2025.pdf

32NREL, The Impact of Improved Solar Forecasts on Bulk Power System Operations in ISO-NE (2015). 22.9%
vs. 12.3% net generation cost reduction; $46.5M marginal forecast improvement value. https://docs.nrel.gov/docs
/fy15osti/63082.pdf

33U.S. Department of Energy, Success Story — Novel Approach to Solar Forecasting Delivers Improved Reliability
and Economic Savings for Texas Grid (ERCOT/NREL/Maxar probabilistic forecasting). https://www.energy.gov/e
ere/solar/articles/success-story-novel-approach-solar-forecasting-delivers-improved-reliability
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forecasts gain an additional property: the uncertainty distribution is derived from physical structure
rather than estimated from historical errors, making it more reliable in novel regimes. This directly
supports better real-time dispatch, battery dispatch, flexible-ramping procurement, and lower use of
expensive quick-start resources.

B3. Curtailment minimization and negative-price management

The IEA flags negative wholesale prices as a signal of insufficient flexibility in solar-heavy systems.34

The CEC study found that a 20% day-ahead forecast improvement reduced solar curtailment by
14.5% in the modified CAISO test system.35 Better forecasting reduces avoidable curtailment by
improving commitment choices, reserve scheduling, storage charging decisions, export scheduling, and
flexible-demand activation. This makes forecasting not only a reliability tool but also a renewable-
utilization tool — one that directly increases the fraction of solar generation that reaches end
users.

8.3 Cluster C— Storage co-dispatch and hybrid plant operations

C1. Forecast quality as a battery multiplier

The CEC study directly compared forecast improvement and battery investment. A 20% day-ahead
forecast improvement had operating-cost benefit similar to adding a 25 MW battery, while providing
much larger reliability benefit in the balancing-violation metric.36 The strategic principle is clear:
better forecasting does not substitute for storage, but increases the effective operational value of
every deployed MW of storage. This is especially important for regions where batteries are expensive,
interconnection-queue-constrained, or slow to build, and for grid operators seeking to maximize the
return on existing storage investments.

C2. Better battery positioning against the evening ramp

NERC’s ERCOT risk framing identifies the challenge as not just total solar energy but the timing of
net-load ramps and the risk of low-renewable hours coinciding with high demand.37 A more faithful
τ forecast could improve battery charging timing, reserve withholding, energy versus ancillary-service
optimization, and battery availability precisely when the system needs it most — at the evening
ramp boundary.

C3. Hybrid solar-plus-storage market participation

As solar owners increasingly participate in energy and ancillary-service markets through hybrid assets,
better forecasts improve not just system operations but also private market efficiency. DOE explicitly
notes that forecast data helps facility owners participate in markets.38 τ -enabled forecasting has a
two-sided benefit: better system operations for grid operators, and better bidding, hedging, and
dispatch optimization for asset owners.

34IEA, Electricity 2025 – Executive Summary, sections on negative prices, flexibility needs, and weather impacts.
https://www.iea.org/reports/electricity-2025/executive-summary

35California Energy Commission, Development, Implementation, and Integration of a Holistic Solar Forecasting
System for California (CEC-500-2023-025). 20% forecast improvement / 25 MW battery comparison; 54% balancing-
violation reduction; 14.5% curtailment reduction. https://www.energy.ca.gov/sites/default/files/2023-05/CE
C-500-2023-025.pdf

36California Energy Commission, Development, Implementation, and Integration of a Holistic Solar Forecasting
System for California (CEC-500-2023-025). 20% forecast improvement / 25 MW battery comparison; 54% balancing-
violation reduction; 14.5% curtailment reduction. https://www.energy.ca.gov/sites/default/files/2023-05/CE
C-500-2023-025.pdf

37NERC, 2025 Summer Reliability Assessment. ERCOT evening-ramp risk; role of batteries and operating rules in
summer adequacy. https://www.nerc.com/globalassets/programs/rapa/ra/nerc_sra_2025.pdf

38U.S. Department of Energy, Solar Energy Cost and Data Analysis. Solar forecasting and market participation for
facility owners. https://www.energy.gov/eere/solar/solar-energy-cost-and-data-analysis
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8.4 Cluster D— Regional coordination and market design

D1. Forecast-informed reserve sharing across larger regions

The 2024 LBNL analysis found that when utilities share solar/wind forecast-error reserves, reserve
requirements can drop materially because forecast errors are weakly spatially correlated.39 Two
utilities with 500 MW and 1,000 MW individual reserve needs reduced their collective requirement
to 1,300 MW — a 200 MW saving while maintaining reliability. Under τ , this kind of coordination
becomes more powerful because forecast-error correlation structures are better characterized, pooled
reserve requirements are more trustworthy, and decentralized sharing arrangements can be designed
around physically derived rather than statistically estimated uncertainty models.

D2. Forecast-aware market rules and flexibility products

Forecast quality matters institutionally, not only technically. Better physics can support better
market design for flexible-ramping products, reserve qualification, imbalance settlement, hybrid
participation rules, and curtailment compensation mechanisms. The IEA notes that price signals
alone may not be sufficient to deliver needed flexibility and that regulatory frameworks matter.40

τ -enabled forecasting could provide the physical evidentiary foundation for market rule design that
today lacks a rigorous physical basis.

9 Case Studies

9.1 Case Study 1: California CAISO—Duck CurveManagement and Curtailment Reduction

California has over 25 GW of utility-scale solar and routinely sees solar supplying 60–80% of
instantaneous demand during spring afternoons. The so-called duck curve requires 20 GW or
more of ramp within three hours after sunset. CAISO curtails 2–3 TWh of solar per year due to
over-generation, and intra-day ramp events drive $50–100 million per year in ancillary service costs.
Day-ahead solar forecasting errors of ±15–25% cause significant real-time imbalance, and current
AI forecasting degrades under novel aerosol and cloud regimes — precisely the conditions that
occur during wildfire smoke events, unusual sea-fog patterns, and the edge-of-season atmospheric
transitions that define California’s highest-risk days.41424344

A τ -enabled deployment in the CAISO context would provide a physics-faithful irradiance-to-power
twin with bounded ramp-rate uncertainty at the sub-hourly to multi-day horizon. The specific
gains would include: better characterization of ramp timing and magnitude under complex cloud
and aerosol regimes; reduced curtailment by 20–40% through improved day-ahead and intra-day
commitment; better ancillary service scheduling through tighter reserve sizing; and improved storage
dispatch against the evening ramp boundary. CAISO itself estimates that a ±10% improvement in

39Lawrence Berkeley National Laboratory, Solar and Wind Forecast Error Reserve Sharing in a Multi-Utility Region
(2024). Pooled reserve requirements; spatial correlation of forecast errors. https://eta-publications.lbl.gov/site
s/default/files/2024-11/multiutility_fe_reserve_sharing_final.pdf

40IEA, Electricity 2025 – Executive Summary, sections on negative prices, flexibility needs, and weather impacts.
https://www.iea.org/reports/electricity-2025/executive-summary

41CAISO, Annual Report on Market Issues and Performance (2024). Solar curtailment volumes; imbalance and
ancillary service costs in high-solar periods. https://www.caiso.com/documents/2024-annual-report-on-market-i
ssues-and-performance.pdf

42LBNL, Tracking the Sun (2024). Utility-scale solar additions and operational context in California. https:
//emp.lbl.gov/tracking-the-sun

43NREL, California Solar Integration Analysis (2023). Duck curve magnitude and ramp requirements; curtailment
drivers. https://www.nrel.gov/grid/california-integration.html

44California Public Utilities Commission, Clean Energy Transition Plans and Solar Integration (2025). CPUC grid
planning context for high-solar operations. https://www.cpuc.ca.gov/industries-and-topics/electrical-energ
y/electric-power-procurement/long-term-procurement-planning
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solar forecast accuracy is worth $100–200 million per year in avoided balancing costs.4546

This case study is compelling not only for its scale but for its institutional readiness. CAISO already
operates a sophisticated probabilistic forecasting stack and has participated in NREL, DOE, and
CEC forecasting research. The institutional infrastructure for evaluating and integrating improved
forecasting products is in place. The gap is on the physics side, and a τ shadow-mode pilot alongside
the existing CAISO forecasting system would produce directly comparable, independently verifiable
performance metrics within a single operating season.

9.2 Case Study 2: India ISTS— 500 GW Target and Inter-State Grid Balancing

India’s National Electricity Plan targets 500 GW of non-fossil capacity by 2030. Current utility-
scale solar stands at approximately 75 GW, concentrated in Rajasthan and Gujarat, with power
transmitted via the Inter-State Transmission System (ISTS) to load centers in Maharashtra, Tamil
Nadu, Andhra Pradesh, and West Bengal — some of the longest bulk solar-to-load transmission
corridors in the world. POSOCO (India’s national grid operator) faces day-ahead solar forecast
errors of ±20–35%, driven primarily by cloud cover variability over the Rajasthan desert, dramatic
monsoon-onset transitions, and the absence of high-resolution physics-faithful forecast tools calibrated
for Indian meteorological conditions.47484950

The specific operational consequences are severe: unpredicted solar ramps force POSOCO to maintain
expensive gas-peaker capacity that could be reduced or repositioned with better forecasting; inter-
state dispatch sequencing becomes unreliable when Rajasthan/Gujarat generation trajectories are
uncertain; and monsoon-onset transitions — when solar drops by 30–60% over periods of days —
are among the hardest forecasting challenges for any current tool.

A τ deployment in the India ISTS context would provide a monsoon-aware bounded-error solar
forecast for the Rajasthan and Gujarat solar clusters, calibrated to the meteorological drivers that
characterize India’s most variable forecast periods. The gains would include: better inter-state
dispatch sequencing, enabling more reliable transmission commitments; reduced reliance on expensive
gas peakers during the evening ramp; and the ability to integrate 10–15 GW of additional solar
capacity without new storage, by improving the reliability of existing grid management. India’s
financing context is also strong: ADB, World Bank IDA, and GCF all have active India renewable
energy programs, and the economic case for improved forecasting at the national grid level scales
proportionally with the ambition of the 500 GW target.5152535455

45CAISO, Annual Report on Market Issues and Performance (2024). Solar curtailment volumes; imbalance and
ancillary service costs in high-solar periods. https://www.caiso.com/documents/2024-annual-report-on-market-i
ssues-and-performance.pdf

46LBNL, Tracking the Sun (2024). Utility-scale solar additions and operational context in California. https:
//emp.lbl.gov/tracking-the-sun

47Central Electricity Authority (CEA), Solar Integration Study (2023). India solar integration challenges; transmission
and dispatch under 500 GW target. https://cea.nic.in/reports/

48POSOCO (Power System Operation Corporation), Annual Report 2023–24. Inter-state transmission operations;
solar forecast error experience; grid balancing challenges. https://posoco.in/reports/annual-reports/

49Ministry of New and Renewable Energy (MNRE), Annual Report 2024–25. India cumulative solar capacity;
state-wise distribution; grid integration targets. https://mnre.gov.in/annual-reports/

50IEA, India Energy Outlook 2021. India energy transition context; solar scaling trajectory; grid integration
investment needs. https://www.iea.org/reports/india-energy-outlook-2021

51Central Electricity Authority (CEA), Solar Integration Study (2023). India solar integration challenges; transmission
and dispatch under 500 GW target. https://cea.nic.in/reports/

52POSOCO (Power System Operation Corporation), Annual Report 2023–24. Inter-state transmission operations;
solar forecast error experience; grid balancing challenges. https://posoco.in/reports/annual-reports/

53Ministry of New and Renewable Energy (MNRE), Annual Report 2024–25. India cumulative solar capacity;
state-wise distribution; grid integration targets. https://mnre.gov.in/annual-reports/

54IEA, India Energy Outlook 2021. India energy transition context; solar scaling trajectory; grid integration
investment needs. https://www.iea.org/reports/india-energy-outlook-2021

55World Bank, India Renewable Energy Integration Financing (2024). IDA-supported solar integration and grid

PGID-SOL-01 15 of 27 May 2026 publication-ready release

https://www.caiso.com/documents/2024-annual-report-on-market-issues-and-performance.pdf
https://www.caiso.com/documents/2024-annual-report-on-market-issues-and-performance.pdf
https://emp.lbl.gov/tracking-the-sun
https://emp.lbl.gov/tracking-the-sun
https://cea.nic.in/reports/
https://posoco.in/reports/annual-reports/
https://mnre.gov.in/annual-reports/
https://www.iea.org/reports/india-energy-outlook-2021
https://cea.nic.in/reports/
https://posoco.in/reports/annual-reports/
https://mnre.gov.in/annual-reports/
https://www.iea.org/reports/india-energy-outlook-2021


Panta Rhei Research Program Public-Good Impact Dossier

10 Finance and Deployment Economics

10.1 Value benchmarks

NREL estimates that every 10% improvement in solar forecast accuracy reduces grid balancing
costs by $2–5/MWh.5657 At 100 GW of installed solar generating at 20% capacity factor, that
translates to approximately $1.75–4.4 billion in annual value per percentage point improvement
in forecast accuracy at that scale — making solar forecast improvement one of the highest-return
public investments available in the power sector today.

The CEC study’s battery comparison provides a complementary benchmark: a 20% forecast im-
provement delivers economic benefit equivalent to a 25 MW battery, but with much larger reliability
gain and no capital expenditure requirement for hardware.58 At scale across a multi-GW solar fleet,
the implied capital equivalent of a meaningful forecast improvement runs into hundreds of millions
of dollars in deferred or avoided storage investment.

10.2 Deployment cost scenarios

Scenario A: τ solar forecast integration into a national grid operator (e.g., POSOCO
India or one US ISO/RTO). Estimated range: USD 3–10 million. This covers the software
development, API integration, data pipeline construction, and validation benchmarking needed to
deploy a τ solar forecasting module alongside an existing operational forecast stack in shadow mode,
then in advisory mode, and finally in operational integration. Improving day-ahead and 1–48 hour
forecast accuracy by 15–30% at this scale implies annual benefits of $100–500 million in a large
national or regional grid.

Scenario B: Regional solar forecasting platform for 5+ countries. Estimated range: USD
15–40 million. This covers multi-country deployment across a regional power pool such as SAPP
(Southern African Power Pool), ECOWAS (West Africa), or ASEAN interconnected grids, including
localization, training, institutional support, and multi-country API integration. The benefit case
scales with the aggregate solar capacity across the region and the current baseline forecast error,
which is typically higher in developing-country contexts than in mature ISO/RTO systems.

10.3 Financing channels

World Bank / IFC Scaling Solar has facilitated over USD 2 billion in utility-scale solar
development in developing countries and has an institutional interest in the infrastructure supporting
reliable grid integration of those projects. Improved forecasting directly protects the investment
value of World Bank–financed solar assets.

Asian Development Bank Solar Program allocates over USD 3 billion per year to solar and
clean energy in developing Asia. ADB has active programs in India, Pakistan, Bangladesh, the
Philippines, Vietnam, Indonesia, and Central Asia — all jurisdictions with rapidly growing solar

modernization programs. https://www.worldbank.org/en/country/india/brief/renewable-energy
56NREL, The Impact of Improved Solar Forecasts on Bulk Power System Operations in ISO-NE (2015). 22.9%

vs. 12.3% net generation cost reduction; $46.5M marginal forecast improvement value. https://docs.nrel.gov/docs
/fy15osti/63082.pdf

57U.S. Department of Energy, Success Story — Novel Approach to Solar Forecasting Delivers Improved Reliability
and Economic Savings for Texas Grid (ERCOT/NREL/Maxar probabilistic forecasting). https://www.energy.gov/e
ere/solar/articles/success-story-novel-approach-solar-forecasting-delivers-improved-reliability

58California Energy Commission, Development, Implementation, and Integration of a Holistic Solar Forecasting
System for California (CEC-500-2023-025). 20% forecast improvement / 25 MW battery comparison; 54% balancing-
violation reduction; 14.5% curtailment reduction. https://www.energy.ca.gov/sites/default/files/2023-05/CE
C-500-2023-025.pdf
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penetration and limited operational forecasting capability.

Green Climate Fund (GCF) Low-Carbon Energy Access Window explicitly finances low-
carbon energy infrastructure and enabling technology in developing countries. Physics-faithful solar
forecasting qualifies as enabling technology that increases the reliability and economic performance
of solar investments already in the GCF project pipeline.

US Export-Import Bank (EXIM) finances US technology exports into emerging-market solar
projects. A τ -based forecasting system developed with US institutional involvement would have a
natural EXIM financing pathway for international deployment.

The implied benefit-to-cost ratio across these financing scenarios, using NREL’s $2–5/MWh improve-
ment value applied conservatively to 100 GW of solar at a modest 10% forecast improvement, ranges
from 10:1 to 50:1 — well above standard development-finance return thresholds for public-good
technology deployments.

11 Evidence and Translation Ladder

The path from τ development to operational integration follows a well-defined ladder that matches
existing regulatory and operational frameworks.

Phase 0 — Benchmark curation and reproducibility. Build a public benchmark suite around
irradiance and PV-output forecast skill, multi-horizon deterministic and probabilistic evaluation,
reserve-procurement implications, curtailment and ramp events, and operator-relevant scorecards.
The NREL SolarForecast Arbiter provides an existing open-source infrastructure that can serve as
the benchmarking platform. This phase requires no operator integration and no regulatory approval.
Its output is a documented, reproducible evidence base.

Phase 1 — Shadow-mode operator pilots. Insert τ into existing operator workflows — ERCOT,
CAISO, ISO-NE, and POSOCO India as first-wave candidates — without affecting live market
or dispatch decisions. Score τ forecasts against actual outcomes and against incumbent forecast
stacks over a full seasonal cycle, including summer peak, spring duck-curve stress periods, and
monsoon transitions where applicable. This phase produces the operator-credible evidence base that
regulatory approval requires.

Phase 2 — Advisory operation. Use τ outputs for reserve recommendations, curtailment
advisories, battery co-dispatch suggestions, and market-support tools for operators and asset
owners, in parallel with existing systems. Operators retain full decision authority. This phase
tests institutional integration and builds operator familiarity.

Phase 3 — Integrated operational use. After independent validation by an FERC- or NERC-
recognized body in the US context, or by national regulatory bodies elsewhere, use τ products in
day-ahead commitment support, reserve-setting logic, real-time ramp products, and hybrid dispatch
coordination.

Phase 4 — Forecast-native market and planning tools. Use the tighter uncertainty model as
the foundation for redesigned flexibility products, reserve-sharing arrangements, hybrid participation
rules, and long-horizon planning assumptions. This is the structural payoff phase, where the
institutional architecture adapts to the capabilities rather than the reverse.

12 Benchmark Suite for Evaluation

A serious τ pilot should not be judged only on RMSE or MAE. It should be evaluated on the metrics
operators actually care about.
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12.1 Forecast skill metrics

• Day-ahead and four-hour-ahead PV forecast error, absolute and normalized by installed capacity;
• Sub-hourly (5-minute and 15-minute) forecast skill;
• Calibration and sharpness of probabilistic forecast distributions;
• Extreme-ramp capture rate: fraction of ramp events exceeding a threshold that were forecast

with adequate lead time;
• Performance in novel meteorological regimes (aerosol events, deep-cloud episodes, monsoon

transitions).

12.2 System-operations metrics

• Reserve procurement levels before and after τ integration;
• Balancing-violation frequency and magnitude;
• Thermal unit startup and shutdown counts;
• Flexible-ramping product procurement volumes;
• Solar curtailment volumes;
• Realized net-load ramp error against forecast.

12.3 Market and public-good metrics

• Hourly and annual production cost;
• Imbalance settlement costs;
• Renewable utilization rate (fraction of potential solar generation actually dispatched);
• Negative-price hours per season;
• Estimated CO2 reduction from reduced thermal cycling and curtailment.

13 Public-Good Impact Scenarios

The scenarios below are planning inferences, not official forecasts. They translate the τ proposition
into public-good language that system operators, regulators, and funders can reason about.

13.1 2–5 year horizon: shadow-mode validation and selected deployment

The most realistic first phase is shadow mode at two or three leading ISOs/RTOs. Plausible first-wave
settings are ERCOT for probabilistic reserve and evening-ramp performance, CAISO for high-solar
curtailment and storage interaction, and POSOCO India for monsoon-regime and inter-state dispatch
challenges.

If τ reproduced something in the range of the benchmark evidence, near-term gains could be material
even before full integration: a CAISO-like setting could see millions of dollars per year in production-
cost savings from forecast improvement alone, with outsized reliability gains in balancing metrics; an
ISO-NE-like setting could see tens of millions annually under high-solar conditions; an ERCOT-like
setting could reduce reserve over-procurement and improve real-time reliability if adaptive reserves
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become usable in operations.59606162

13.2 5–10 year horizon: forecasting as a flexibility multiplier

At this stage, the primary benefit is not direct forecast skill but capital efficiency: more value from
existing batteries, less avoidable thermal cycling, less curtailment, better adequacy margins during
evening ramps, and better use of transmission and interties. The CEC comparison with battery
storage is especially important here: if forecast improvement can deliver battery-like economic
benefits without hardware capital expenditure, τ forecasting becomes one of the cheapest ways to
buy additional effective flexibility per unit of public investment.63

13.3 10–20 year horizon: forecast-native high-solar systems

If solar continues to scale along the IEA trajectory, the value of better forecasting compounds with
every GW installed.6465 In that world, τ forecasting could support significantly higher solar penetra-
tion with fewer reliability penalties, lower curtailment at scale, stronger hybrid-plant economics, and
lower systemwide emissions from reduced peaker reliance and fewer inefficient thermal startups.

The deeper public-good significance is this: better solar forecasting is not only a weather problem
or a market problem. It is a grid decarbonization accelerator. Every improvement in forecast
quality increases the fraction of the grid that can safely run on variable renewables without sacrificing
reliability — and that translates directly into avoided carbon emissions at scale.

14 Constraints, Frictions, and Adoption Realities

Even if τ is right, deployment will not be automatic. DOE’s ERCOT success story makes a crucial
observation: probabilistic forecasting requires significant engineering resources to create, calibrate,
deploy, and use, and it demands much more data handling than traditional deterministic forecasts.66

τ forecasting, with its richer physics foundation, would carry similar or greater operational integration
demands.

Additional frictions include:
59NREL, The Impact of Improved Solar Forecasts on Bulk Power System Operations in ISO-NE (2015). 22.9%

vs. 12.3% net generation cost reduction; $46.5M marginal forecast improvement value. https://docs.nrel.gov/docs
/fy15osti/63082.pdf

60U.S. Department of Energy / NREL, Solar Uncertainty Management and Mitigation for Exceptional Reliability in
Grid Operations (SUMMER-GO) / Solar Forecasting 2. ERCOT adaptive-reserve and risk-parity-dispatch objectives;
25% reserve reduction target. https://www.energy.gov/eere/solar/solar-forecasting-2

61California Energy Commission, Development, Implementation, and Integration of a Holistic Solar Forecasting
System for California (CEC-500-2023-025). 20% forecast improvement / 25 MW battery comparison; 54% balancing-
violation reduction; 14.5% curtailment reduction. https://www.energy.ca.gov/sites/default/files/2023-05/CE
C-500-2023-025.pdf

62U.S. Department of Energy, Success Story — Novel Approach to Solar Forecasting Delivers Improved Reliability
and Economic Savings for Texas Grid (ERCOT/NREL/Maxar probabilistic forecasting). https://www.energy.gov/e
ere/solar/articles/success-story-novel-approach-solar-forecasting-delivers-improved-reliability

63California Energy Commission, Development, Implementation, and Integration of a Holistic Solar Forecasting
System for California (CEC-500-2023-025). 20% forecast improvement / 25 MW battery comparison; 54% balancing-
violation reduction; 14.5% curtailment reduction. https://www.energy.ca.gov/sites/default/files/2023-05/CE
C-500-2023-025.pdf

64IEA, Electricity 2025 – Executive Summary (2025). Solar PV at 2,000 TWh and 7% global electricity in 2024;
flexibility and negative prices. https://www.iea.org/reports/electricity-2025/executive-summary

65IEA, Electricity 2025 – Executive Summary, sections on negative prices, flexibility needs, and weather impacts.
https://www.iea.org/reports/electricity-2025/executive-summary

66U.S. Department of Energy, Success Story — Novel Approach to Solar Forecasting Delivers Improved Reliability
and Economic Savings for Texas Grid (ERCOT/NREL/Maxar probabilistic forecasting). https://www.energy.gov/e
ere/solar/articles/success-story-novel-approach-solar-forecasting-delivers-improved-reliability
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• Operator conservatism in high-reliability environments. Grid operators are rightly
conservative about changing forecast systems that underpin reliability decisions. The burden of
proof is on the new system, which is why the shadow-mode phase of the deployment ladder is
essential rather than optional.

• Model-risk governance. ISOs and RTOs operate under regulatory oversight that requires
documented model validation and independent review before operational reliance. This is a
manageable but real timeline constraint.

• Software and API interoperability. Existing operational systems use specific data formats,
update cadences, and software interfaces. τ outputs must integrate cleanly with these without
requiring wholesale replacement.

• Market-rule rigidity. Reserve products, imbalance settlement, and dispatch rules are embedded
in market tariffs that change slowly and through regulatory processes. The institutional payoff of
better forecasting physics may be delayed relative to the technical availability.

• Cybersecurity and data-governance constraints. Grid operational systems operate under
strict security frameworks. Any new data pipeline must meet these requirements.

The correct framing is not “physics solved, adoption automatic.” It is: if τ is real, the first challenge
becomes institutional translation, not only mathematical correctness. The deployment ladder exists
to navigate that translation systematically.

15 Governance and Public-Interest Guardrails

Because electricity is critical infrastructure, a τ deployment must follow explicit governance principles.

Human-in-the-loop first. No autonomous dispatch replacement. Advisory and shadow modes
must precede any integration into live commitment or dispatch decisions. Operators retain full
authority throughout the deployment ladder.

Interoperability over lock-in. τ outputs should enter through open APIs and operator-standard
data formats. Proprietary lock-in to a τ forecast vendor would undermine the public-good value and is
inconsistent with the open-access principles that should govern critical infrastructure enhancements.

Public-good metrics, not only trader metrics. Success should be measured not only by market
efficiency or trading profit, but by reliability indicators, curtailment reduction, thermal start/stop
reduction, and resilience benefits. Market efficiency and public good are aligned in most respects for
solar forecasting, but the evaluation framework should make the public-good dimension explicit.

Independent validation. Operators, regulators, and public labs should be able to replicate
benchmark results independently. The NREL SolarForecast Arbiter provides an existing open-access
platform for this purpose. Independent replication is non-negotiable for regulatory acceptance in US
and European markets.

Fair access. Smaller balancing authorities, public utilities, and regions with fewer modeling
resources should be able to benefit. The value of stronger forecasting should not accrue only to the
largest ISOs and most sophisticated commercial operators. International deployment pathways —
particularly through World Bank, ADB, and GCF programs — are part of this equity dimension.

16 Bottom Line

Bulk-grid solar forecasting is one of the clearest near-term τ deployment opportunities because
the causal chain from atmospheric physics to operational consequences is unusually short and the
institutional demand signal is already explicit and well-funded.
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The current system already knows that better solar forecasting helps. Official DOE, NREL, NERC,
and state-level work already show that forecast improvements can cut production costs, reduce
startup and balancing costs, lower reserve requirements, reduce curtailment, improve reliability,
and improve market participation.676869707172 The California duck curve, ERCOT’s evening ramp
risk, India’s 500 GW integration challenge, and the global spread of negative-price events are all
live, scaled, policy-relevant manifestations of the same underlying problem: solar is large enough to
shape grid operations, and the physics of its variability is not yet faithfully captured in operational
forecasting tools.

What τ adds, under the strong assumption, is a shift from “better approximation and uncertainty
management” to something closer to a bounded, law-faithful atmosphere–PV–grid twin. The error
envelope is no longer statistical and calibrated; it is derived from the same structural laws the system
itself obeys.

If that is true, then one of the most practical public-good consequences of the whole τ framework
may be this: it could make high-solar power systems easier, cheaper, and more reliable to run. That
would matter for operators, ratepayers, renewable asset owners, electricity reliability, and climate
progress. And because solar is growing faster than any other energy source in history, the value of
solving this problem compounds with every additional gigawatt installed.

17 References

Source: Full manuscript text integrated from Public-Good Briefing draft.

67U.S. Department of Energy, Solar Energy Cost and Data Analysis. Solar forecasting and market participation for
facility owners. https://www.energy.gov/eere/solar/solar-energy-cost-and-data-analysis

68U.S. Department of Energy, Systems Integration (SETO). Solar forecasting, variability management, control
optimization, storage integration, real-time situational awareness as core challenges. https://www.energy.gov/eere/
solar/systems-integration

69NREL, The Impact of Improved Solar Forecasts on Bulk Power System Operations in ISO-NE (2015). 22.9%
vs. 12.3% net generation cost reduction; $46.5M marginal forecast improvement value. https://docs.nrel.gov/docs
/fy15osti/63082.pdf

70U.S. Department of Energy / NREL, Solar Uncertainty Management and Mitigation for Exceptional Reliability in
Grid Operations (SUMMER-GO) / Solar Forecasting 2. ERCOT adaptive-reserve and risk-parity-dispatch objectives;
25% reserve reduction target. https://www.energy.gov/eere/solar/solar-forecasting-2

71California Energy Commission, Development, Implementation, and Integration of a Holistic Solar Forecasting
System for California (CEC-500-2023-025). 20% forecast improvement / 25 MW battery comparison; 54% balancing-
violation reduction; 14.5% curtailment reduction. https://www.energy.ca.gov/sites/default/files/2023-05/CE
C-500-2023-025.pdf

72U.S. Department of Energy, Success Story — Novel Approach to Solar Forecasting Delivers Improved Reliability
and Economic Savings for Texas Grid (ERCOT/NREL/Maxar probabilistic forecasting). https://www.energy.gov/e
ere/solar/articles/success-story-novel-approach-solar-forecasting-delivers-improved-reliability
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18 Dossier accountability addendum

The following addendum records the release-facing accountability layer for this dossier: claim
boundaries, baseline evidence, upstream dependencies, translation assumptions, scenario bands,
scorecard rationales, benchmark requirements, governance guardrails, and related Panta Rhei surfaces.
It is intentionally downstream of the full source argument above.

Impact thesis

A Public-Good Briefing showing how a law-faithful tau atmosphere-irradiance-PV-grid twin
could unlock major public-good gains in utility-scale solar forecasting, reserve sizing, dispatch,
and curtailment—at a scale where solar now produces 7% of world electricity. The v3 impact
thesis is conditional: a Tau-grade bulk-grid solar forecasting, dispatch, and market-integration
twin would become valuable if it improves benchmarked public decisions while preserving
transparent uncertainty, reviewability, and governance control.

18.1 Public-good burden and baseline evidence

A Public-Good Briefing showing how a law-faithful tau atmosphere-irradiance-PV-grid twin could
unlock major public-good gains in utility-scale solar forecasting, reserve sizing, dispatch, and
curtailment—at a scale where solar now produces 7% of world electricity. The public-good burden
is treated here as an institutional decision problem: existing agencies already monitor parts of the
domain, but the operational handoff from data to timely, auditable action remains incomplete.

18.1.1 External evidence baseline

• IEA, Electricity 2025 – Executive Summary (2025). Solar PV at 2,000 TWh and 7% global
electricity in 2024; flexibility and negative prices. < [3]: source-page evidence item.

• IEA, Solar PV (2025). Record 320 TWh increase in 2023; 5.4% global electricity share in 2023;
utility-scale share of additions. < [4]: source-page evidence item.

• IEA PVPS, Snapshot of Global PV Markets 2025 (2025). Cumulative global PV capacity above
2.2 TW at end-2024; over 600 GW newly commissioned in 2024. < [5]: source-page evidence
item.

• U.S. Department of Energy, Solar Energy Cost and Data Analysis. Solar forecasting and
market participation for facility owners. < [10]: source-page evidence item.

• U.S. Department of Energy, Systems Integration (SETO). Solar forecasting, variability
management, control optimization, storage integration, real-time situational awareness as core
challenges. < [11]: source-page evidence item.

• U.S. Department of Energy, 2024 Solar Forecasting Workshop (SETO). < [8]: source-page
evidence item.

• U.S. Department of Energy, Integrating Solar into Day-to-Day System Operations. Real-time
and predictive knowledge requirements for grid operators. < [9]: source-page evidence item.

• NREL, The Impact of Improved Solar Forecasts on Bulk Power System Operations in ISO-NE
(2015). 22.9% vs. 12.3% net generation cost reduction; $46.5M marginal forecast improvement
value. [6]: source-page evidence item.

• U.S. Department of Energy / NREL, Solar Uncertainty Management and Mitigation for
Exceptional Reliability in Grid Operations (SUMMER-GO) / Solar Forecasting 2. ERCOT
adaptive-reserve and risk-parity-dispatch object [12]: source-page evidence item.
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• California Energy Commission, Development, Implementation, and Integration of a Holistic
Solar Forecasting System for California (CEC-500-2023-025). 20% forecast improvement / 25
MW battery comparison; 54% bala [1]: source-page evidence item.

18.2 Current institutional landscape

The relevant landscape includes public agencies, research infrastructures, standards bodies,
development-finance channels, and domain review communities represented in the evidence base,
including IEA, IEA PVPS, U.S. Department of Energy. These references are evidence and adoption
surfaces, not endorsements or deployment partners.

18.3 Capability gap

The practical gap is a benchmarkable translation gap: current systems expose useful data or partial
models, but they do not yet provide a single law-faithful, bounded-error decision layer for bulk-grid
solar forecasting, dispatch, and market-integration twin.

18.4 Tau framework dependency map

Surface Role in this dossier

Build the Tau-Kernel finite address and scalar foundation
Recover Core Mathematics mathematical bridge and model interface
Derive Physics physical readout and domain translation candidate
Results lane upstream consequences to be mapped precisely during

release preparation
direct-registry-mapping-withheld no direct Registry object is asserted until a substantive

Corpus mapping is available
public-docs-mapping-withheld TauLib module links are asserted only where public docu-

mentation exposes a clear surface
Release Manifest release baseline
Predictions and Falsification empirical accountability route

18.5 Translation assumptions and missing engineering

Required domain model: bulk-grid solar forecasting, dispatch, and market-integration twin.

First benchmarkable test: solar forecast, ramp, curtailment, and dispatch-quality outputs against
system-operator and market data.

• domain-specific model construction

• data ingestion and validation

• benchmark harness

• pilot protocol

• independent review workflow
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18.6 Impact mechanism chain

Public-good burden → external evidence baseline → τ capability hypothesis → upstream Results /
Corpus / Verify dependency → translation assumptions → benchmarked pilot → governed adoption
pathway.

18.7 Scenario bands

Band Scenario summary Confidence

Conservative A narrow shadow-mode pilot improves one bounded deci-
sion task for Solar Forecasting for Bulk-Grid Operations
and Market Dispatch without operational authority.

medium

Realistic A reviewed prototype strengthens several public-sector
workflows for Solar Forecasting for Bulk-Grid Operations
and Market Dispatch after benchmark comparison with
incumbent systems.

medium-low

Optimistic A reusable public-good intelligence layer becomes plausi-
ble for Solar Forecasting for Bulk-Grid Operations and
Market Dispatch after external validation and transparent
governance review.

low

18.8 Impact scorecard

Public-good scale 5/5 The affected public-good burden is large or
institutionally significant within the portfo-
lio.

Tau fit 4/5 The proposed pathway depends on coupled
state, bounded uncertainty, and composi-
tional modelling rather than isolated pre-
diction alone.

Evidence proximity 5/5 The evidence base is anchored in public
institutions, official monitoring systems, or
established scientific reviews.

Measurability 5/5 A first benchmark can be framed against
incumbent public datasets, institutional
records, or operational decision metrics.

Adoption readiness 3/5 Adoption remains conditional on domain
review, governance fit, data access, and in-
stitutional integration.

Equity leverage 3/5 The pathway can prioritize underserved or
vulnerable populations where public access
and safeguards are built in.

18.9 Candidate pilot pathways

shadow-mode solar forecasting pilot with a grid operator or market operator
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18.10 Benchmark suite and success metrics

Type Incumbent base-
line

Required Tau
benchmark

Success metric Validator

translation
benchmark

current public or in-
stitutional systems
in the domain

solar forecast, ramp,
curtailment, and
dispatch-quality
outputs against
system-operator and
market data

pre-registered accu-
racy, latency, uncer-
tainty, or decision-
quality metric

indepen-
dent
domain
reviewers

governance
benchmark

existing audit, disclo-
sure, and reporting
practice

transparent assump-
tion, data, model,
and failure-mode dis-
closure

reviewable evidence
pack and adverse-
outcome protocol

public-
sector or
expert gov-
ernance
panel

equity bench-
mark

current access,
service-quality, or
exposure disparities

documented path-
way for underserved
or vulnerable users
without hidden
exclusion

distributional benefit
and risk review be-
fore pilot expansion

equity,
community,
or public-
interest
review
process

18.11 Governance and risk guardrails

• Human oversight for any operational use.

• Public benchmark disclosure before institutional adoption.

• Equity access review for underserved or vulnerable communities.

• Data-rights and privacy controls for operational datasets.

• Misuse-prevention and adverse-outcome monitoring.

• Adverse-outcome monitoring with a documented escalation path.

• External domain review before pilot expansion.

18.12 Related Results / Corpus / Verify / Publications

This dossier is downstream of Results, Corpus, Verify, and Publications surfaces. It is not a Registry
object. Direct Registry or TauLib links are asserted only where the mapping is substantive rather
than decorative.

18.13 Bibliography and external evidence

References

[1] California Energy Commission. Development, implementation, and integration of a holistic
solar forecasting system for california (cec-500-2023-025). 20% forecast improvement / 25 mw
battery comparison; 54% bala. https://www.energy.ca.gov/sites/default/files/2023-0
5/CEC-500-2023-025.pdf>, 2026. source-page evidence item.

[2] Thorsten Fuchs and Anna-Sophie Fuchs. Tau-grade solar forecasting for bulk-grid operations
and market dispatch. https://panta-rhei.site/impact/papers/bulk-grid-solar-forec
asting/, 2026. Current public full-text source for dossier bulk-grid-solar-forecasting.
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