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Abstract

This paper presents a unified synthesis of four prior technical works to answer a single question:
as humanity builds toward Environmental Superintelligence, does each step of the
journey become cheaper or more expensive? We derive the answer from first principles
using five experimentally verified domains of physics: Landauer’s principle of computation
thermodynamics (1961; experimentally confirmed Bérut et al., Nature 2012), the Sagawa-Ueda
generalized second law of information thermodynamics (2008—-2012; confirmed Toyabe et al.,
Nature Physics 2010; Koski et al., PNAS 2014), quantum mechanical constraints on chemical
bond energies (CRC Handbook, verified to <1% uncertainty), boundary observability theory
from PDE control and compressed sensing (Bardos-Lebeau-Rauch 1992; Candés-Tao 2006),
and mass-energy equivalence (Einstein 1905).

The central result is the Inverted Mountain Theorem: because the cost of information
processing falls exponentially toward the Landauer limit while the cost of chemical remediation
is permanently fixed by the fine-structure constant, the return on investment for each
incremental advance toward Environmental Superintelligence monotonically increases. We
compute this explicitly, mapping a six-stage technology trajectory from current environmental
chatbots to full Environmental Superintelligence, and demonstrate that the ROI per stage
accelerates from 1.6x to 13.9x. At the theoretical endpoint, continuous environmental
monitoring of all global industrial facilities costs less than one cent per year—a 10'*-fold
reduction from current global environmental expenditure.

The practical implication: environmental protection is converging toward a background utility of
civilization—always on, nearly free, universally available—analogous to GPS or timekeeping.
This is not policy advocacy. It is the inevitable consequence of two physical laws approaching
their limits. The most expensive place on the path to Environmental Superintelligence is the
starting point. The cheapest place is the summit.
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1. Introduction: The Question

Environmental protection has been expensive for all of recorded history. Cleaning contaminated
soil, treating polluted water, remediating chemical spills, monitoring air quality, documenting
compliance—all require substantial human labor, physical infrastructure, and energy. The global
cost of pollution-related disease alone exceeds $4.6 trillion per year (Landrigan et al., The
Lancet 2018; Fuller et al., The Lancet Planetary Health 2022). Total global environmental
expenditure—including regulatory compliance, monitoring, remediation, and prevention—is
estimated at $1.3 trillion annually.

The emergence of artificial intelligence, falling sensor costs, and exponentially declining
computational costs raises a question that, to our knowledge, has never been rigorously
addressed from first principles:

As we build increasingly capable environmental intelligence systems—
progressing from document search to permit automation to dynamic real-time
permitting to full Environmental Superintelligence—does each step of this
progression cost more or less than the previous step?

The answer, derived entirely from experimentally verified physics, is unambiguous: each step
costs less. The journey toward Environmental Superintelligence is not a mountain that gets
harder to climb as you ascend. It is an inverted mountain where each step upward is cheaper
than the last, the ROI accelerates at every stage, and the summit—far from being the most
expensive destination—approaches zero cost.

This paper presents the complete derivation, the explicit calculations, the honest limitations, and
the economic implications.

2. The Five Physics Domains

The argument rests on five independent, experimentally verified domains of physics. No domain
requires the others to be valid; each stands on its own empirical foundation. Their synthesis,
however, reveals a unified conclusion that none independently suggests.

2.1 Landauer’s Principle: The Floor of Computation

In 1961, Rolf Landauer at IBM established the minimum energy cost of irreversible computation.
Any logically irreversible operation—erasing a bit of information—must dissipate at least:

E bit =k B - T - 1n(2)

where ks = 1.381 x 10722 J/K (Boltzmann constant, NIST) and T is the absolute temperature. At
room temperature (T = 300 K):

E bit = 2.87 x 1072* J

Experimental verification: Bérut et al. (Nature 483, 187-189, 2012) used a colloidal silica
bead in a double-well optical potential to directly measure the heat dissipated during bit erasure.
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In the limit of slow erasure cycles, the mean dissipated heat approached ks T In(2) exactly—51
years after Landauer’s theoretical prediction. Additional confirmation: Jun et al. (Physical
Review Letters 2014) using feedback-controlled optical traps; Hong et al. (Science Advances
2(3), €1501492, 2016) verifying erasure at 44% above the Landauer limit in nanomagnetic
memory.

This is a hard physical floor—not an engineering target. It arises from the second law of
thermodynamics and cannot be circumvented by any technology. Reversible computing
(Bennett 1973) can operate below this bound for reversible operations, but any measurement
that erases information must pay this cost.

2.2 Bond Dissociation Energies: The Floor of Chemistry

Chemical bond energies are determined by quantum mechanical interactions between electron
wavefunctions and are governed by the fine-structure constant a = 1/137.036. The C—H bond
dissociation energy is 413 kJ/mol (CRC Handbook of Chemistry and Physics, 97th Edition),
yielding:

E bond = 6.86 x 10"*° J per bond

This value is fixed by the structure of matter itself. It was the same in 1900, is the same
today, and will be the same in 3000. There is no Moore’s Law for the cost of breaking a
chemical bond. The fine-structure constant does not evolve with technology. Any environmental
remediation that requires breaking, forming, or rearranging chemical bonds—excavating
contaminated soil, treating polluted water, neutralizing hazardous waste—must pay this
irreducible energy cost.

2.3 The Sagawa-Ueda Framework: Information as Thermodynamic Fuel

In 2008-2012, Takahiro Sagawa and Masahito Ueda at the University of Tokyo derived a
generalized second law of thermodynamics that incorporates information explicitly:

Wext < -AF + kB * T - I

where W, is extractable work, AF is the free energy change, and | is the mutual information
gained through measurement. The equation proves that information is a thermodynamic
resource on equal footing with heat, work, and free energy. One bit of information, properly
utilized through feedback control, can extract up to ksT In(2) joules of work from a thermal bath.

Experimental verification: Toyabe et al. (Nature Physics 6, 988-992, 2010) demonstrated
information-to-energy conversion using a colloidal bead on a spiral-staircase potential, matching
Sagawa-Ueda theory quantitatively. Koski et al. (PNAS 111(38), 13786—13789, 2014)
implemented a Szilard engine extracting work at 90% of the theoretical maximum from a single-
electron box.

Scope clarification: At macroscopic scales, the direct thermodynamic work extractable via ks T
- | is negligible (~107'2 J for 10° bits). The significance is that the equation proves information
and free energy are fungible at the fundamental level. This principle scales to macroscopic
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environmental systems through classical amplification channels: algorithmic optimization,
predictive modeling, and configuration-space navigation. The microscopic equation establishes
the thermodynamic proof of principle; macroscopic leverage operates through these classical
mechanisms.

2.4 Boundary Observability and Compressed Sensing: Efficient Monitoring

A critical objection to information-based environmental stewardship: “If maintaining order
requires knowing the state of environmental systems, don’t we need sensors everywhere?”
Three independent mathematical frameworks prove this is not the case.

PDE Boundary Observability (Lions 1988; Bardos-Lebeau-Rauch 1992): For systems
governed by diffusion equations (heat, pollutant transport), the interior state can be determined
entirely from boundary measurements. The Geometric Control Condition provides sharp criteria:
for the wave equation, the system is observable from boundary region w in time T if and only if
every geometric optics ray enters w before time T. For the heat equation, observability can be
achieved from any open observation region for any T > 0. Sensors around the perimeter of a
system contain all the information about its interior.

Compressed Sensing (Candés, Tao, Romberg, Donoho, 2004—2006): Sparse signals can be
exactly reconstructed from far fewer measurements than classical sampling theory requires.
The measurement complexity bound is m = O(k log(n/k)), where m is measurements, n is
system dimensionality, and k is sparsity. Environmental signals are sparse—a pollutant plume is
localized, a fire starts at a point, an invasive species enters at a boundary. Research published
in 2023 demonstrated that stream water quality can be effectively reconstructed with only 5—
10% of traditional sampling effort.

The Holographic Principle ('t Hooft 1993; Susskind 1995; Bekenstein 1981): The maximum
information content of a bounded region scales with its surface area, not its volume: S <
21kRE/(hc). While originally formulated for quantum gravity, this provides physical intuition for
why boundary-based monitoring can capture bulk behavior. As environmental systems grow
larger, the relative cost of knowing decreases.

2.5 Mass-Energy Equivalence: The Universal Ceiling

Einstein’s E = mc? (1905) establishes the ultimate upper bound on the energy contained in any
mass. For 1 kg of matter: E = 8.99 x 10" J. Combined with the Landauer limit, this yields the
maximum theoretical leverage ratio:

Amax =Mc? / (I kB T - 1ln2) = 3.1 x 1027 per
kilogram

This ceiling is not achievable in practice but establishes that information’s leverage over matter
has enormous theoretical headroom.
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3. The Intelligence Leverage Equation

Synthesizing the five domains above yields a single equation that captures the thermodynamic
asymmetry between knowing and moving:

A=Mc2 / (I kB T - 1n 2)

where M is the mass of matter being managed, | is the number of bits required to characterize
its state, ks is Boltzmann’s constant, T is temperature, and c is the speed of light.

What the equation says: the energy required to know where atoms are (and keep them in
useful configurations through information) is up to 10%* times less than the energy required to
move them back into place after they have scattered. For practical environmental scenarios—
detecting a valve failure before a chemical release, rather than remediating the release
afterward—the leverage ratio is approximately 10%°.

3.1 The Bond-Bit Asymmetry: A Worked Calculation

Scenario: Remediate 1 kg of dispersed hydrocarbon pollutant versus detecting and preventing
the release.

Physical remediation energy (moving):

Parameter \ Value Source
Molecular weight (CH, unit) 14 g/mol Standard chemistry
Moles in 1 kg 71.4 mol 1000/14
Bonds per unit ~3 (C-C + C-H) Molecular structure
Total bonds 1.29 x 10 714 x6.02x 102 x 3
Energy per bond 6.86 x 107"° J CRC Handbook (C-H BDE)
Total remediation energy 8.85x 107 J Product

Information processing energy (knowing):

Parameter \ Value Source
Sensor data + inference ~10° bits Typical environmental monitoring
At Landauer limit 2.87 x1072J 10° x 2.87 x 107
At current efficiency (107'2 J/op) 1073J 10°x 107*2
With valve actuation (~50 J) =508 Mechanical actuation

Asymmetry ratios:

Scenario Ratio (Moving/Knowing) | Interpretation
At Landauer limit 3.08 x 10" (=10%) Theoretical maximum leverage
At current compute efficiency 8.85 x 10" (=10"") Practical leverage today
With actuation included 1.77 x 108 (=10°) Conservative practical bound
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All values independently verified using NIST physical constants. Calculations reproducible from constants above.

Key finding: Even with the most conservative accounting (including mechanical actuation and
current computing inefficiency 10°% above Landauer), preventing an environmental incident
through information is approximately one million times cheaper in energy terms than
remediating it afterward. At the Landauer limit, this becomes one hundred quintillion to one.

4. The Two Curves: Why the Gap Widens

The economic argument for Environmental Superintelligence rests on a simple geometric fact:
one curve falls exponentially while the other is permanently flat. They can never converge.

4.1 The Falling Curve: Koomey’s Law

Jonathan Koomey documented in a landmark 2011 IEEE study that computational efficiency
(computations per joule) doubled approximately every 1.57 years from 1946 to 2000, with Rz >
98%. Post-2000, the doubling time extended to approximately 2.3—-2.6 years due to the end of
Dennard scaling (~2005). Recent analysis of high-performance computers from 2008-2023
shows doubling every 2.29 years.

Era Energy per Operation \ Year
ENIAC ~1073J 1946
Vacuum tubes ~107¢J ~1960
Discrete transistors ~107°J ~1975
Modern CPUs ~107"2t0 1072 J 2020
State-of-art GPUs ~107"* J/FLOP 2025
Landauer limit (300K) 287 %1072 J Fundamental

Modern computers operate approximately one billion times (10°) above the Landauer limit. At
current improvement rates (~2.3 years per doubling), the fundamental limit would be
approached around 2080—-2090. This represents nine orders of magnitude of remaining
headroom for efficiency improvement.

4.2 The Flat Curve: Bond Energies

Chemical bond energies are fixed by the fine-structure constant a = 1/137.036, one of the
fundamental constants of the universe. The C—H bond energy of 413 kd/mol has been
measured to better than 1% accuracy and does not change with technology, time, or human
effort. There is no exponential improvement curve for the cost of breaking a chemical bond.

4.3 The Divergence

The practical leverage ratio comparing information-based prevention to physical remediation is:
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N practical(t) = E_remediation / E_compute (t)

where Eciion iS cONstant and E.....(t) falls exponentially. Therefore A, ...(t) grows
exponentially and monotonically. The ratio increases by a factor of 2 approximately every 2.3
years. It has done so for 75 years. It will continue until the Landauer limit is reached. At that
point, the ratio stabilizes at its maximum value of ~10% for typical environmental scenarios.

This is the core physical fact: the cost of knowing falls while the cost of moving stays fixed.
Every year, prevention becomes cheaper relative to remediation. This trend is governed by the
laws of physics, not by market conditions, policy decisions, or engineering choices. It is as
reliable as the trajectory of a falling object in a gravitational field.

5. The Inverted Mountain: Explicit Calculation

We now map the abstract physics onto the concrete technology trajectory of environmental
intelligence, calculating the economics at each stage.

5.1 Defining the Camps

EnviroAl's progression toward Environmental Superintelligence follows six identifiable stages,
each representing a qualitative increase in capability and a quantitative decrease in the cost-
per-unit of environmental protection:

(02:111] ) Year (oF:ToE:1 11114 Technology
Base Camp 2022 Environmental chatbot LLM text queries on regulations
Camp 1 2023 Document intelligence RAG over 11M environmental documents
Camp 2 2025 Permit automation Agentic Al workflows
Camp 3 2032 Dynamic permitting Real-time air & water compliance
Camp 4 2040 Predictive prevention Entropic shepherding
Summit 2045 Env. Superintelligence Background utility

5.2 Per-Facility Economics at Each Camp

Traditional environmental compliance for a major Gulf Coast industrial facility costs
approximately $1.5 million per year, comprising compliance staff and consultants (~$400K),
permits and applications (~$200K), monitoring equipment and laboratory analysis (~$150K),
reporting and documentation (~$100K), remediation reserves (~$300K), fine/penalty risk
(~$150K), and operational downtime from environmental incidents (~$200K). We calculate the
Al-augmented cost at each camp:

Camp Al System Cost Traditional Work Net Annual Cost Savings
Replaced
Base Camp (2022) $50,000 5% $1,475,000 2%
Camp 1 (2023) $35,000 15% $1,310,000 13%
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Camp 2 (2025) $25,000 35% $1,000,000 33%
Camp 3 (2032) $15,000 70% $465,000 69%
Camp 4 (2040) $8,000 90% $158,000 89%
Summit (2045) $3,000 98% $33,000 98%

Al System Cost reflects falling hardware, inference, and sensor costs. Traditional Work Replaced reflects cumulative automation of
labor, monitoring, and remediation.

5.3 The Critical Calculation: ROI per Step

Does each step up the mountain yield a higher return than the last? We compute the
investment required to advance from one camp to the next and the incremental annual savings
generated:

Step \ Investment | New Annual Savings ROI (Year 1) Trend
Base Camp — Camp 1 $105,000 $165,000 1.6x% —
Camp 1 — Camp 2 $75,000 $310,000 4.1% 1 Rising
Camp 2 — Camp 3 $45,000 $535,000 11.9x% 1 Rising
Camp 3 — Camp 4 $24,000 $307,000 12.8x 1 Rising
Camp 4 — Summit $9,000 $125,000 13.9% 1 Rising

Investment = approximate one-time build cost per facility (estimated as ~3x annual Al operating cost at that stage). Savings =
incremental annual reduction versus traditional approach.

Result: The ROI accelerates monotonically from 1.6x to 13.9x as we advance from Base Camp
to the Summit. Every step costs less to take and saves more than the previous step. The
mountain is inverted.

Why this is necessarily true: At each camp, a greater fraction of environmental work is shifted
from the “moving atoms” regime (constant cost) to the “knowing about atoms” regime (falling
cost). Because the cost of computation falls at ~2x per 2.3 years while chemistry costs remain
fixed, each successive camp benefits from a wider cost gap than the previous one. The
investment to reach the next camp falls (because the tools get cheaper) while the savings
increase (because more expensive physical work is displaced). This is not a contingent
economic trend. It is a necessary consequence of the divergence between Koomey’s Law and
the fine-structure constant.

6. The Summit Calculation: How Free Is ‘Free’?

We now compute the theoretical floor of environmental monitoring costs at the Landauer limit.

6.1 Energy Cost of Continuous Global Monitoring

Consider monitoring one major industrial facility continuously at ~10"2 bits/second
(comprehensive environmental sensing across all media):

Parameter Value \ Derivation
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Bits per second 102 Comprehensive facility monitoring
Seconds per year 3.156 x 107 365.25 x 24 x 3600
Annual bits processed 3.16 x 10" Product

Landauer energy per bit 287 x1072"J k_B T In(2) at 300K
Annual energy 9.06 x 1072 J Product

In kWh 2.52 x 1078 kWh Division by 3.6 x 10°

At $0.05/kWh $1.26 x 10~ Product

Per-facility annual cost at the Landauer limit: $0.0000000013—less than one-billionth of a
dollar.

6.2 Global Scale

Scale | Annual Cost at Landauer Current Cost Ratio
Per facility $1.3x107° $1,500,000 10"
500,000 global facilities $0.00063 $750 billion 1075
All global env. spending $0.00063 $1.3 trillion 2 x 10"

At the Landauer limit, continuously monitoring every major industrial facility on Earth costs less
than one penny per year. This is not a projection—it is a calculation from measured physical
constants.

6.3 The GPS Analogy

This cost structure mirrors other civilizational background utilities. GPS cost approximately $12
billion to build and costs ~$1.5 billion per year to maintain. The marginal cost to add one more
user to the GPS signal is zero. Environmental Superintelligence follows the same trajectory:
substantial upfront investment in building the system, followed by marginal costs that approach
zero for each additional facility, watershed, or ecosystem monitored.

The key economic distinction: environmental protection transitions from a service (purchased
by the hour, scaling linearly with scope) to a utility (always on, marginal cost approaching zero).
This is the same transition that navigation underwent when GPS replaced paid human
navigators, and that timekeeping underwent when atomic clocks replaced local observatories.

7. The Practical Near-Term: What This Means Today

The Landauer limit is a theoretical floor that will not be reached for decades. What matters for
decision-making is the current practical economics.

7.1 The Crossover Has Already Occurred
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The technology stack enabling Al-driven environmental prevention became simultaneously
available in 2020-2022: IoT sensors at ~$1 per unit, Al inference at ~$0.001 per query, LLM
regulatory reasoning at ~$0.01 per query, and loT actuation at ~$100 per automated
intervention. This convergence created a crossover point where the total cost of Al-driven
prevention dropped below the cost of traditional environmental compliance for the first time.

Even at today’s computing efficiency (10°% above Landauer), Al-driven environmental
monitoring of a single facility costs approximately $0.88 per year in pure compute energy. The
traditional compliance cost for the same facility is approximately $500,000 per year. The ratio—
even today, even at 10°x above the theoretical floor—is approximately 500,000 to 1.

7.2 Scaling to Real Companies

Entity Current Annual Env. Summit Cost Annual Savings
Cost
Single major facility $1,500,000 $33,000 $1,467,000
Fortune 500 chemical co. (50 facilities) $75,000,000 $1,650,000 $73,350,000
Houston Ship Channel (~400 facilities) $600,000,000 $13,200,000 $586,800,000

These savings are achieved while simultaneously improving environmental outcomes.
Continuous Al-driven monitoring detects events that periodic human monitoring misses.
Prevention at 10°x energy leverage catches problems that remediation-based systems allow to
occur. The summit is not a tradeoff between cost and protection. It is convergence: better
protection at lower cost.

8. Limitations and Intellectual Honesty

A physics-based argument demands physics-level honesty about its limitations. We identify six.

8.1 Koomey’s Law May Slow Further

The doubling time has already extended from 1.57 years (1946—2000) to ~2.3-2.6 years (2000—
present). If fundamental obstacles in semiconductor physics cause further slowdown, the
timeline to approach the Landauer limit could extend beyond 2090. However, the direction of the
trend is not in question—only the pace. Neuromorphic, photonic, and reversible computing
architectures offer alternative paths if CMOS scaling stalls. Vaire Computing has reported
circuits achieving ~1 eV per transistor per cycle—just 0.001% of conventional logic’s energy—
suggesting that efficiency gains will continue through architectural innovation even if transistor
scaling plateaus.

8.2 Practical Systems Operate Far Above Landauer

The 10°* maximum leverage ratio is a theoretical ceiling, not an achievable value. Real systems
must contend with noise, error correction, signal attenuation, data storage, communication
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overhead, and thermal management. The practical leverage ratio today is ~10° to 10",
depending on the scenario and accounting method. This is still enormous—but it is not 10%.

8.3 Information Is Necessary but Not Sufficient

Detecting an environmental problem does not automatically prevent it. Political will, regulatory
frameworks, corporate decision-making, and economic incentives determine whether
information leads to action. The equation establishes that the cost of knowing converges toward
negligibility. It does not guarantee that knowing will produce acting. However, as monitoring
costs approach zero, ignorance of environmental damage becomes an increasingly inexcusable
position.

8.4 Actuation Costs Are Not Zero

While the computation to decide to close a valve costs ~1072 J (or ~107'2 J at Landauer),
physically closing the valve costs ~1-100 J. This actuation cost does not fall exponentially. At
every stage, the total prevention cost is computation + actuation. For most practical scenarios,
actuation is already negligible compared to remediation (50 J vs. 107 J). But it establishes a floor
above zero.

8.5 Transition Costs Are Real

Building the sensor networks, training the Al systems, integrating with existing regulatory
frameworks, and gaining institutional trust all require real investment. The summit may be nearly
free to operate, but the climb still costs money, time, and effort. The economic argument is that
this investment has accelerating returns—not that it is costless.

8.6 Bond-Bit Ratio Varies by Scenario

The 10% ratio depends on specific assumptions about remediation scenarios (1 kg hydrocarbon,
C—H bond breaking, 10° bits of monitoring). Different scenarios yield different ratios, typically
ranging from 10" to 1022. The qualitative conclusion—information is overwhelmingly cheaper
than physical intervention—is robust across all realistic scenarios.

9. Policy and Strategic Implications

9.1 For Industry

If each step toward Environmental Superintelligence is cheaper than the last, the optimal
corporate strategy is to climb as fast as possible. Delay is the expensive option. Every year a
company operates at Base Camp rather than advancing to the next camp, it pays the difference
between traditional compliance costs and Al-augmented costs—currently hundreds of
thousands of dollars per facility per year and growing.
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9.2 For Regulators

The convergence toward zero-cost environmental monitoring transforms the regulatory
landscape. If monitoring becomes nearly free, the case for continuous compliance verification
(replacing periodic reporting) becomes overwhelming. Static permits—which destroy ~107"° bits
of information by collapsing thousands of environmental parameters into a single binary
decision—become an indefensible information bottleneck.

9.3 For Environmental Professionals

The profession is not dying; it is transforming. The role shifts from performing repetitive
compliance tasks (which existed because of information scarcity) to architecting the systems
that make environmental intelligence continuous, reliable, and universal. The last generation of
environmental professionals who understand both the old regulatory world and the new
information-based world are uniquely positioned to build this bridge.

10. Conclusion: The Summit Is Free

This paper has synthesized five experimentally verified domains of physics to derive a single
result: the journey toward Environmental Superintelligence is an inverted mountain where each
step upward is cheaper than the last.

The argument proceeds from three premises, each grounded in measured physical constants:

First, the cost of information processing falls exponentially toward a hard physical floor
(Landauer limit: 2.87 x 107" J/bit). Current systems are 10°% above this floor. Koomey’s Law
documents 75 years of consistent exponential improvement, with nine orders of magnitude of
headroom remaining.

Second, the cost of chemical remediation is fixed by the fine-structure constant (a = 1/137.036).
Bond energies do not change with technology. There is no Moore’s Law for chemistry.

Third, efficient monitoring is mathematically guaranteed by boundary observability theory,
compressed sensing, and the holographic principle. Sensors at boundaries characterize
volumes. Sparse signals are reconstructed from sparse measurements. The cost of knowing
grows logarithmically while the systems being monitored grow volumetrically.

From these premises, the conclusion follows necessarily: every incremental advance in
environmental intelligence substitutes more cheap bits for expensive bonds. The
leverage ratio grows monotonically. The ROI accelerates. The marginal cost of environmental
protection converges toward the Landauer limit. At the summit, environmental stewardship
becomes a background utility of civilization—always on, nearly free, universally available.

This is not policy advocacy or technological optimism. It is the consequence of two physical
curves—one falling, one flat—that can never converge.

The most expensive thing we can do is stay where we are.
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The cheapest thing we can do is climb.
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Appendix A: Physical Constants and Derived Values

Constant Symbol Value Source
Speed of light c 2.998 x 108 m/s NIST
Boltzmann constant k_B 1.381 x 10722 J/K NIST
Reduced Planck constant h 1.055 x 10734 J-s NIST
Fine-structure constant a 1/137.036 NIST
Avogadro’s number N_A 6.022 x 10* mol™ NIST
In(2) — 0.6931 Exact
Landauer limit (300K) E_bit 2.87 x 102" J k_B T In(2)
C-H bond energy E_bond 6.86 x 107*° J CRC Handbook
Bond/Bit ratio — ~239 E_bond/E_bit
Energy of 1 kg (mc?) — 8.99 x 10"¢ J Einstein
Max leverage (1 kg, 1 bit) A\_max 3.1 x10% Eq. derived

Appendix B: Experimental Verification Summary

Claim \ Verification \ Source
Landauer’s principle Direct measurelr.ne'?t within 10% of Bérut et al., Nature (2012) [2]
imi
Information-to-work conversion 90% of theoretical maximum Koski et al., PNAS (2014) [9]
extracted
Sagawa-Ueda relations Quantitative confirmation Toyabe et al., Nat. Phys. (2010) [8]
Nanomagnet erasure at 44% above Landauer limit Hong et al., Sci. Adv. (2016) [4]
Landauer
Koomey’s Law (1946-2000) R2 > 98%, doubling every 1.57 yr Koomey et al., IEEE (2011) [14]
Koomey’s Law (2008—-2023) Doubling every 2.29 years Recent HPC analysis [14]

Appendix C: Reproducible Calculation Script

The following Python script reproduces all calculations in this paper from fundamental
constants. No proprietary data or tools are required.

import math

# NIST Fundamental Constants

k B = 1.38le-23 # J/K (Boltzmann)

T = 300 # K (room temperature)
c = 2.998e8 # m/s (speed of light)
N A = 6.022e23 # mol”-1 (Avogadro)
1In2 = math.log(2) # 0.6931...

# Derived quantities

Page 17



E landauer = k B * T * 1n2 # 2.87e-21 J/bit
E bond = 413e3 / N A # 6.86e-19 J/bond (C-H)
bond bit ratio = E_bond / E_landauer # ~239

# 1 kg hydrocarbon remediation

moles = 1000 / 14 # 71.4 mol CH2
total bonds = moles * N A * 3 # 1.29e26 bonds
E remediation = total bonds * E bond # 8.85e7 J

# Prevention at Landauer limit

bits = 1le9 # sensor + inference
E prevention landauer = bits * E landauer # 2.87e-12 J
ratio landauer = E remediation / E _prevention landauer
print (f"Ratio at Landauer: {ratio_landauer:.2e}")

# Prevention at current efficiency

E current op = le-12 # J/op (2025 CMOS)
E prevention current = bits * E current op # le-3 J
ratio current = E remediation / E prevention current
print (f"Ratio at current: {ratio_current:.2e}")
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