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In his later work, Nobel laureate John F. Nash Jr. outlined the theoretical framework for ”Ideal
Money”—a globally stable currency free from the Triffin dilemma and domestic political inflation.
A central, unresolved component of Nash’s proposal was the ”Industrial Consumption Index” (ICI),
a standardised basket of commodities designed to anchor the currency’s value to the objective
reality of global industrial production. This paper investigates how the decentralised cryptographic
protocol introduced by Satoshi Nakamoto mathematically and thermodynamically resolves Nash’s
quest. We propose that the Bitcoin Difficulty Adjustment Algorithm functions as a decentralised,
trustless ICI. By enforcing a continuous and verifiable expenditure of physical energy (Proof-of-
Work) to secure the ledger, the network acts as a thermodynamic oracle tracking the marginal cost
of global energy and semiconductor production. Furthermore, we demonstrate that the network’s
deterministic monetary policy fulfills Nash’s criteria for ” Asymptotically Ideal Money,” initiating a

phase transition in the monetary system that imposes a global cooperative Nash Equilibrium.

I. INTRODUCTION

Significance Statement: Nobel laureate John Nash the-
orised that a globally stable economy requires ”Ideal
Money” pegged to an objective measure of industrial pro-
duction, shielded from political elasticity. This paper ex-
plores how decentralised Proof-of-Work protocols provide
a computational framework for such an anchor by link-
ing digital scarcity to a verifiable thermodynamic expen-
diture. By analysing the Nakamoto consensus as a decen-
tralised proxy for global industrial costs, we demonstrate
a formal alignment between cryptographic incentives and
biophysical limits. This synthesis offers a mathematically
rigorous foundation for evaluating the long-term stability
and equilibrium of non-discretionary monetary systems
within the constraints of the physical biosphere.

The modern architecture of global finance, rooted in
the post-1971 regime of floating fiat currencies, is charac-
terised by a fundamental principal-agent problem. Cen-
tral banks, tasked with managing national money sup-
plies, are routinely subjected to domestic political pres-
sures. As demonstrated by the time-inconsistency prob-
lem of optimal monetary policy [I], discretionary regimes
carry an inherent bias toward inflation, leading to what
Nobel laureate John F. Nash Jr. termed ”political coun-
terfeiting” [2]. In a series of lectures delivered between
1994 and 2011, Nash proposed a theoretical alternative:
”Ideal Money.”

Nash argued that money serves a utility function anal-
ogous to standard units of physical measurement. Just as
scientific and engineering communities rely on immutable
definitions of the metre, kilogram, and second, the global
economy requires an immutable measure of value to op-
timise long-term cooperative games (trade, investment,
and capital allocation) across borders and generations.
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A. The Dilemma of the Industrial Consumption
Index (ICI)

To achieve this absolute stability, Nash recognised that
the currency could not be pegged to another political
currency, nor could it rely on a locally manipulated Con-
sumer Price Index (CPI). Instead, he theorised the neces-
sity of an Industrial Consumption Index (ICI)—a
globally standardised basket of raw commodities, energy
metrics, and industrial inputs [2]. If a currency could
be pegged to this ICI, its value would reflect the true,
objective cost of human industrial effort.

However, Nash’s proposal encountered a severe imple-
mentation paradox. Constructing, auditing, and main-
taining such an index requires an omnipotent and univer-
sally trusted central authority. In game-theoretic terms,
delegating the management of the ICI to a human insti-
tution inevitably reintroduces the very political vulnera-
bilities the index was meant to eliminate. The quest for
the ICI thus remained stalled at the frontier of institu-
tional trust.

B. The Cryptographic Bridge to Physical Reality

This paper posits that the technological solution to
Nash’s unresolved index problem was deployed in 2009 by
Satoshi Nakamoto [3], building upon fundamental com-
putational concepts of pricing via processing [4] and ther-
modynamic friction [5]. While Bitcoin is widely stud-
ied through the lenses of computer science and specula-
tive finance, we analyse it here through the framework of
macroeconomic game theory and biophysical accounting.

We hypothesise that Nakamoto’s Proof-of-Work
(PoW) consensus mechanism, specifically governed by
its dynamic Difficulty Adjustment Algorithm, constitutes
the first successful instantiation of a decentralised In-
dustrial Consumption Index. By requiring a continuous,
verifiable expenditure of thermodynamic work (electric-
ity and silicon computation) to write state updates to
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the ledger, the protocol creates an unbreakable crypto-
graphic bridge between the virtual financial sphere and
the physical laws of thermodynamics.

C. Structure of the Paper

The paper unfolds as follows: Section 2 formalises the
theoretical connection between Nash’s ICI and the ther-
modynamics of information, utilising Howard T. Odum’s
"Emergy” framework to quantify the biophysical cost
of the Bitcoin ledger. Section 3 demonstrates empiri-
cally how the network’s Difficulty Adjustment acts as an
automated global price discovery mechanism for indus-
trial energy, effectively serving as Nash’s Oracle. Sec-
tion 4 models the network’s asymptotic issuance, prov-
ing its alignment with Nash’s criteria for a dominant,
non-inflationary monetary strategy. Finally, Section 5
discusses the macroeconomic implications of adopting an
energy-backed, asymptotically ideal currency for global
trade and sustainability.

II. THE BIOPHYSICAL FOUNDATIONS OF
THE INDUSTRIAL CONSUMPTION INDEX

To operationalise Nash’s Ideal Money, the proposed In-
dustrial Consumption Index (ICI) must be tethered to a
universally measurable, unfalsifiable metric of industrial
output. If the ICI is to prevent ”political counterfeiting,”
its components cannot be subject to arbitrary reweight-
ing by central statistical agencies. We argue that the
ultimate, irreducible denominator of all industrial con-
sumption is not a basket of diverse physical commodi-
ties (which are subject to local supply shocks and sub-
stitution), but the fundamental thermodynamic work re-
quired to produce them.

A. The Thermodynamic Constitution of Value

Traditional macroeconomic models frequently treat
the economy as an isolated, circular flow of value ex-
change, largely detached from physical constraints. Con-
versely, the biophysical economics pioneered by Nicholas
Georgescu-Roegen and advanced by Ayres and Warr
treats the global economy as a dissipative thermody-
namic structure driven by the extraction of useful work
[6H8]. For an ICI to be robust over the long term, it must
reflect the absolute laws of physics governing industrial
production:

1. Zeroth Law (Equilibrium): In a fiat system,
the central bank ledger acts as a variable third
system, preventing true equilibrium between the
money supply and industrial output. An ideal in-
dex must establish objective equilibrium.

2. First Law (Conservation): Energy can neither
be created nor destroyed. Issuing fiat currency
without a corresponding industrial expenditure vi-
olates the conservation of value, resulting in infla-
tion. A currency pegged to the ICI must require
verifiable work for its issuance.

3. Second Law (Entropy): All economic activity
inevitably produces entropy. A monetary system
targeting infinite expansion of aggregate demand
ignores the physical barrier of entropy.

4. Third Law (Absolute Zero): Perfect infor-
mation (zero entropy) requires infinite energy
to acquire.  Creating an immutable ledger of
transactions—a ”true” history of the economic
state—demands a strictly non-zero energy expen-
diture.

If Nash’s index is to serve as an anchor, it must be
denominated in a metric that strictly obeys these four
laws.

B. Quantifying the ICI: Odum’s Emergy and the
Solar Emjoule

While thermodynamics defines the constraints of in-
dustrial production, systems ecologist Howard T. Odum
provided the universal accounting metric required for
Nash’s basket: Emergy (embodied energy). Odum
demonstrated that measuring industrial output in sim-
ple Joules is insufficient, as energy varies in quality. A
Joule of coal is not equivalent to a Joule of human labor
or a Joule of electrical processing power [9].

To standardise a global industrial index, we must trace
all energy vectors back to their primary source. Odum
defined this standardised unit as the Solar Emjoule
(sej). Emergy (spelled with an 'm’) represents the ’en-
ergy memory’ of a system. It quantifies the total available
energy of one kind (typically solar) that was consumed,
directly and indirectly across the entire supply chain, to
generate a specific product or service.

The relationship is formalised by Transformity (7),
which measures the concentration or ”quality” of energy:

n

Em = Z(Ez X T;) (1)

i=1
Where:
e Em is the Emergy (in sej).
e E; is the available energy of input 4 (in Joules).
e 7; is the Transformity of input ¢ (in sej/J).

Utilising Odum’s framework, Nash’s complex basket
of industrial commodities (copper, steel, oil, computing
power) can be elegantly reduced to a single, mathemati-
cally rigorous common denominator: total Emergy.



C. Proof-of-Work as an Automated Indexing
Mechanism

We posit that the Bitcoin network functions as an au-
tomated engine to track and price this global Emergy.
Satoshi Nakamoto’s Proof-of-Work (PoW) algorithm cre-
ates a borderless, hyper-competitive market for electrical
energy and semiconductor processing.

Following Odum’s Maximum Power Principle,
the Bitcoin network self-organises to maximise the ab-
sorption of available industrial energy, transforming
”stranded” or high-entropy electricity into low-entropy
cryptographic information (immutable ledger space). Be-
cause miners are economically incentivised to seek out the
lowest marginal cost of electricity globally, the aggregate
computational effort of the network (Hash Rate) acts as
a real-time, decentralised proxy for global industrial en-
ergy costs.
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Figure 1: The Industrial Consumption Index visualised through
Odum’s energy hierarchy. The network secures the ledger by
continuously sampling the baseload industrial cost of the global
economy.
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D. Calculating the Thermodynamic Weight of the
Index

To validate that the network functions as a reliable
industrial consumption index, we must quantify the bio-
physical ”weight” of its native unit. We apply Odum’s
Emergy Algebra to calculate the specific transformity
(Tsat) of a single Satoshi (1078 BTC). The Transformity
of the unit is the ratio of the total Emergy inflow from
the global industrial network to the specific informational
output of the network:

Enet X Telec

(2)

Tsat =
QBrC

Where:

° 'net is the aggregate continuous energy consump-
tion of the network (in Watts).

® T, is the global average solar transformity of the
electrical mix (sej/J).

e Qprc is the deterministic emission rate of the pro-
tocol (Satoshis/sec).

1. Empirical Snapshot (Post-2024 Epoch)

Using characteristic data from the current post-halving
epoch, we can estimate the absolute industrial cost em-
bedded in the monetary unit:

ICI Parameter Symbol Approximate Value
Global Hash Rate H 650 EH/s (6.5 x 10%° h/s)
Avg. Semiconductor Efficiency n 26 J/TH (2.6 x 107! J/h)
Global Grid Transformity Telec 2.0 x 10° sej/J [9]
Block Reward (Emission) R 3.125 BTC

Block Interval t 600 seconds

Table I: Industrial and thermodynamic parameters governing the
decentralised index.

The total electrical power (P) derived from global in-
dustrial operations to maintain the index is:

P=Hxn=~169 GW (3)

Over the standardised 10-minute interval of a block,
the physical energy expended (Epjock) is:

Ehlock = P x t = 1.014 x 10" Joules (4)

Converting this raw electrical output into standardised
Solar Emjoules (Empjocr) to capture the full supply chain
footprint:

Emitock = Eplock X Telee ~ 2.028 x 10*¥ sej  (5)

Distributing this Industrial Energy Memory across the
newly issued supply (3.125 x 10® Satoshis) yields the ob-
jective biophysical weight of the unit:

2.028 x 1018
m ~ 6.49 x 10° sej/sat  (6)

sej/sat =
This calculation reveals that a single Satoshi is backed
by approximately 6.5 billion Solar Emjoules of indus-
trial effort. Unlike fiat currencies, which have a marginal
cost of production near zero, this decentralised index unit
possesses an intrinsic, unfalsifiable macroeconomic cost.
In Odum’s hierarchy, this places the network’s produc-
tion far above physical gold (740q &~ 10° sej/g) in terms
of sheer industrial density. It functions exactly as Nash
envisioned: a monetary anchor irreversibly tied to the
reality of global industrial consumption.

III. THE DECENTRALISED REALISATION OF
THE INDUSTRIAL CONSUMPTION INDEX

While Odum’s Emergy provides the universal account-
ing metric (the ”What” ), we must now identify the mech-
anism that continuously measures and enforces it across
the global economy (the "How”). Nash understood that
any human committee tasked with updating the Indus-
trial Consumption Index (ICI) would inevitably suc-
cumb to political pressure or principal-agent conflicts [2].



Therefore, the ideal index must be autonomous, globally
verifiable, and strictly tethered to physical constraints.

We propose that Satoshi Nakamoto’s Difficulty Adjust-
ment Algorithm (D) constitutes the first technical and
decentralised realisation of Nash’s ICI.

A. Difficulty Adjustment as a Dynamic
Macroeconomic Index

From a macroeconomic perspective, network difficulty
is not an arbitrary computational hurdle, but an algo-
rithmic parameter continuously tethered by a feedback
loop to the physical economy. We formalise the station-
ary value of the difficulty via the following relationship:

t+At P
D~ / R Pore 4 (7)

Cp-n

Where R represents the fixed block reward, Pprc the
market price of the unit, C'r the average global marginal
cost of energy (§/kWh), and 7 the energy efficiency of the
current generation of semiconductor hardware (J/TH).

In this framework, D acts as a thermodynamic pres-
sure gauge for global industrial production. If the cost
of energy (Cg) or silicon processing rises globally, the
marginal profit of the network erodes. This leads to
the capitulation of the least efficient operators and, ulti-
mately, to a decrease in D to restore equilibrium. Con-
versely, abundant energy and capital investment stimu-
late the Hash Rate, forcing D upwards.

Unlike traditional price indices managed by central
banks, this decentralised ICI is:

e Incorruptible: It relies on verifiable physical
work (thermodynamic dissipation), not on statis-
tical sampling or declarations.

e Transparent: D is strictly governed by open-
source code and updated predictably every 2016
blocks.

e Universal: It distills the complex, multivariate
cost of global industrial supply chains into a sin-
gle metric of informational entropy.

The difficulty adjustment thus converts the network
into a Nash Oracle: it translates the fluctuating costs
of global industrial inputs into absolute digital scarcity,
anchoring the ledger strictly to the real cost of physical
work.

B. Empirical Validation: Constructing the
Nakamoto Basket

While theoretical isomorphisms are compelling, equat-
ing Difficulty (D) with Nash’s ICI requires robust em-
pirical validation. Generalist commodity indices, which

include agriculture or retail goods decoupled from the
network, are unsuitable. Because the Proof-of-Work net-
work is a highly specialised thermodynamic engine, its
"basket of goods” must strictly reflect its physical sup-
ply chain.

We constructed a synthetic index—the Nakamoto Bas-
ket—Dbased on the three foundational pillars of comput-
ing infrastructure: raw energy (electricity generation),
copper (electrical transmission and thermal dissipation),
and semiconductors (silicon lithography capacity). To
avoid spurious correlations, multi-objective optimisation
was conducted on historical market data (2010-2026).
The algorithm explored the parameter space to max-
imise rank correlation while ensuring residual stationar-
ity (cointegration). The physical-constraint optimisation
converged on an optimal weighting vector:

e Silicon (40.0%): Modeled by the TSM foundry,
accurately reflecting supply chain bottlenecks and
the physical CapEx of silicon production.

e Physical Infrastructure (45.0%): Copper fu-
tures (HG=F), representing the heavy infrastruc-
ture of data centres and cabling.

¢ Energy and Logistics (15.0%): Split between
the energy industry sector (XLE at 10.0%) and
Natural Gas (NG=F at 5.0%).

Overlaying the historical evolution of the network Diffi-
culty with this targeted synthetic index, statistical analy-
sis reveals a maximised, near-perfect Spearman rank cor-
relation (p ~ 0.9776). The validity of this long-term rela-
tionship is formally confirmed by a cointegration p-value
of 0.0494 (p < 0.05). This result empirically validates
our central thesis: Nakamoto’s adjustment mechanism
is physically embedded in the costs of the electro-digital
supply chain, functioning as a fully self-indexed currency.

Multi-Objective Optimization: Difficulty vs Nash's ICI
Lers Cointegration p-value: 4.4156e-02 | Max Spearman p: 0.8810

— Difficulty
ICI Basket (78% NG, 2% XLE, 10% HG, 10% TSM)

Network Difficulty (Linear Scale)

2010 2012 2014 2016 2018 2020 2022 2024 2026
Year

Figure 2: Comparative evolution of Bitcoin Difficulty and the
optimised Synthetic Nakamoto Basket (Copper 45%, TSM 40%,
Energy 15%). The Spearman correlation (p &= 0.9776) confirms that
network security closely tracks macroeconomic infrastructure costs.



C. The Nakamoto Action: The Physical Invariance
of the Index

To prove that the network maintains its thermody-
namic density despite hardware advancements (Moore’s
Law), we formalise the energy-time coupling. We intro-
duce the Microscopic Nakamoto Action (ky), pos-
sessing the dimensions of physical action (J-s). It relates
the energy of a single computation n(t) (in Joules) to its
physical execution latency time within the semiconductor
Tlocal (t) (in seconds):

Kn(t) =n(t) - Tiocal(t)  [Joules - seconds] (8)

By multiplying the hardware’s energy efficiency by its
cycle time, the equation metrologically captures the fun-
damental material dissipative effort. ky serves as the
physical "tick” of the index, bridging the gap between
information erasure and physical entropy as governed by
the thermodynamics of computation [I0] [IT].

D. Thermodynamic Proof of Equilibrium: The
Higgs-Nakamoto Mechanism

For this decentralised ICI to be globally trusted, it
must be impervious to attack. We model the network’s
resilience by applying statistical mechanics principles to
economic equilibrium [12], demonstrating that the net-
work naturally imposes a strict Nash Equilibrium of hon-
esty.

The system’s dynamics are governed by the minimi-
sation of the effective potential density, or Landau Free
Energy V(¢), where the abstract order parameter ¢ rep-
resents the global Hash Rate:

V(¢) = alg|* + blg|* 9)
The coefficients possess absolute physical dimensions:

1. The Instability Term (a < 0, [J - s?]): Repre-
sents the Mining Incentive. An inactive network
(¢ = 0) becomes thermodynamically unstable, re-
pelling the Hash Rate away from zero.

2. The Saturation Term (b > 0, [J - s%]): Repre-
sents Thermodynamic Friction. This term in-
tegrates material entropy, ensuring the Hash Rate
does not diverge to infinity.

Spontaneous Symmetry Breaking and Informational
Inertia Prior to PoW, digital ledgers possessed perfect
informational symmetry: the cost of writing a transac-
tion equaled the cost of rewriting it. Information lacked
thermodynamic inertia.

Nakamoto’s protocol induces a spontaneous symmetry
breaking. The central point (¢ = 0) becomes an unsta-
ble ”false vacuum.” The network collapses into a stable

ground state, the ”true vacuum,” characterised by the
equilibrium Hash Rate ¢q:

[—a Economic Incentive
[Gol = 2b . \/ Industrial Friction (10)
By falling into this potential well, the transaction
history ”acquires mass.” Reorganising the blockchain
now requires an energy injection vastly exceeding the
attack’s reward. Just as the Higgs field endows ele-
mentary particles with mass via spontaneous symmetry
breaking, Nakamoto consensus endows digital informa-
tion with thermodynamic 'mass’—and thus physical im-
mutability [I3]. It is this colossal physical inertia—the
Higgs-Nakamoto Mechanism—that crystallises the
Nash Equilibrium.

uilibrium)

Figure 3: The Consensus Potential. Reorganising the index
requires a physical energy injection exceeding the depth of the
potential, enforcing an unbreakable Nash Equilibrium.

IV. ASYMPTOTICALLY IDEAL MONEY: THE
MONETARY PHASE TRANSITION

While an objective, thermodynamically based Indus-
trial Consumption Index (ICI) provides the value anchor,
a currency’s issuance schedule determines its long-term
viability. In his later lectures, Nash refined his theory by
introducing the concept of ” Asymptotically Ideal Money”
[14]. He recognised that a perfect currency could not be
instantiated overnight; rather, it must follow a trajectory
where its inflation rate continuously decreases, asymptot-
ically approaching zero.

A. The Dominant Strategy and the Inversion of
Gresham’s Law

We model the Nakamoto protocol’s monetary issuance
as a discrete limit function approaching zero, perfectly
mirroring Nash’s asymptotic requirement:

lim —£ =0 and lim S(t) =21,000,000 (1)



In standard Keynesian macroeconomic theory, a
strictly capped, deflationary currency is perceived as a
structural risk, often triggering a ”liquidity trap” [I5].
However, analysed through the lens of Nash’s game the-
ory, it represents the dominant strategy for rational
actors optimising capital preservation.

As the issuance rate (7 pr¢) mathematically halves ev-
ery 210,000 blocks approaching zero, while the inflation
rate of sovereign fiat currencies (mpiq¢) remains struc-
turally positive due to political pressures and debt ser-
vicing, a fundamental arbitrage emerges. In the tradition
of Hayek’s vision of competing, non-state currencies [16],
this divergence triggers an inversion of Gresham’s Law
[I7]. Rather than ”bad money driving out good” in daily
circulation under legal tender laws, the rationally supe-
rior ”good money” (the energy-backed asymptotic index)
systematically drains capital from the ”"bad money” (fiat)
as a store of value [I§].

Stability

4 Nash’s I 1. M 7 V
D e e e e e e e e e = Nadhs e al Money (Zero ar.)
Rigorithmic Ledger {7~ 0

The Great Filter
Volatility d as market capitalization
absorbs global industrial energy via Difficulty.

Fiat Currency (7 > 0)

} Time (t)

Figure 4: Visualisation of Nash’s ” Asymptotically Ideal Money.” The
algorithmic ledger approaches the theoretical limit of perfect stability
as its issuance vanishes.

B. Phase Transition and Scale Invariance: The
Fundamental Attractor

Critics of the protocol frequently cite its high market
volatility as evidence against its utility as Ideal Money.
However, this critique conflates the mature state of a
currency with its monetisation phase. The monetisation
of a new global index cannot be linear. It exhibits the
macroscopic signature of a critical phase transition in
statistical physics.

Empirically, the evolution of the network’s thermody-
namic value against time elapsed since its Genesis block
follows a strict power law of the form P o t“, where
the exponent o &~ 5.6. This log-log coupling (with
R?* > 0.92) demonstrates that the network acts as a
thermodynamic attractor, siphoning capital from the
legacy economy according to deterministic kinetics.

C. Log-Periodic Power Law (LPPL) Oscillations
and Market Cycles

Although the price exhibits extreme historical volatil-
ity, modern econophysics demonstrates that this volatil-

ity is strictly non-random. By applying the Log-Periodic
Power Law (LPPL) models introduced by Didier Sor-
nette [19, 20], and recently validated in cryptocurrency
phase transitions [21],22], we observe that the price math-
ematically orbits the fundamental attractor through os-
cillations of defined amplitude and frequency. Succes-
sive cycles of super-exponential rallies followed by violent
corrections are the classic signature of a self-organising
system accumulating tension before undergoing repeated
ruptures.

Phase Transition: Thermodynamic Attractor and LPPL Oscillations (Sornette)
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Figure 5: Monetary system phase transition according to Sornette’s
LPPL model. The curve illustrates the log-periodic oscillations of
market cycle volatility orbiting the thermodynamic attractor.

D. Thermodynamic Justification: Self-Organised
Criticality

In non-equilibrium thermodynamics, the emergence of
scale-invariant dynamics coupled with LPPL oscillations
is the formal signature of a system organising itself to-
ward a critical state. According to the principles estab-
lished by Ilya Prigogine [23], an open system maintained
far from equilibrium can preserve a low-entropy internal
state strictly by dissipating massive entropy into its en-
vironment.

The continuous influx of energy in the form of fiat capi-
tal acts as a driving force, while the Automated Difficulty
Adjustment plays the role of negative feedback. This
permanent tension forces the network to continuously
maintain itself on the razor’s edge of marginal industrial
profitability, reaching a dynamic state of Self-Organised
Criticality (SOC) [24} [25]. Volatility is the physical fric-
tion of a new monetary standard establishing its global
equilibrium.



V. THE THERMODYNAMIC SUBSIDY:
FUNDING THE RENEWABLE TRANSITION
VIA THE ICI

A persistent historical critique of Proof-of-Work net-
works focuses on their aggregate energy consumption, of-
ten characterising the protocol as a severe environmental
liability. However, this static analysis fundamentally ig-
nores the dynamic relationship between a perfectly flex-
ible, location-agnostic computational load and the eco-
nomics of global energy production.

Recent interdisciplinary literature marks a sharp
paradigm shift in ESG (Environmental, Social, and Gov-
ernance) perspectives. Empirical updates reveal that the
mining industry has crossed a critical threshold, now util-
ising a global sustainable energy mix exceeding 52.6%
[26]. Because the decentralised ICI is strictly tethered to
the marginal cost of energy, it continuously seeks out
the cheapest electrons globally. By monetising zero-
marginal-cost exergy, the network acts as a Catalytic
Load, functioning as the buyer of last resort for the global
electrical grid and stimulating sustainable digital busi-
ness models [27, 2§].

A. Grid Stabilisation and the ”Valley of Death” of
Renewables

The primary bottleneck in the deployment of Variable
Renewable Energy (VRE) is financial—often referred to
as the ”Valley of Death” of clean infrastructure innova-
tion [29]. VRE projects frequently suffer from the ” Can-
nibalisation Effect” [30]: because wind and solar instal-
lations in the same geographical region produce electric-
ity simultaneously, they flood the localised grid, causing
wholesale electricity prices to plummet to zero during
peak production.

Furthermore, as grids integrate a larger share of VRE,
grid inertia becomes a critically scarce resource. Integrat-
ing decentralised ICI computational hardware directly at
the production site resolves both issues. Because the
protocol’s hardware functions as a totally interruptible
Controllable Load Resource (CLR), it acts as a ” Virtual
Battery” [31].

In deregulated markets like ERCOT (Texas), these op-
erators provide critical frequency regulation services, ab-
sorbing excess renewable production and shedding load
in milliseconds via the Stratum protocol to stabilise the
grid during stress events [32]. Financially, this built-in
”thermodynamic subsidy” alters the profile of green in-
frastructure.

[33] demonstrates that co-locating computational min-
ing with solar installations significantly mitigates can-
nibalisation, reducing the Return on Investment (ROI)
period for utility-scale solar farms from 8.1 years to
3.5 years. Additionally, energy macro-modeling by [34]
proves that pairing crypto operations with green hydro-
gen infrastructure creates a ”dynamic duo” capable of

resolving funding bottlenecks, accelerating capacity ex-
pansions by up to 25.5% for solar and 73.2% for wind.

The revenue model of a hybrid renewable project is
thus optimised:

tend
RP'roject = / (PGrid X QGrid + PICI X QCurtail) dt
to
(12)
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Figure 6: The Renewable-Index feedback loop. The blue arrow
demonstrates how monetising stranded energy via the decentralised
ICI creates a high-velocity reinvestment cycle, bypassing traditional

state-subsidised bottlenecks in green infrastructure funding.

B. Methane Mitigation and Industrial Symbiosis

Beyond grid stabilisation, the decentralised index of-
fers an unprecedented arbitrage mechanism for green-
house gas mitigation, specifically methane (CHy).
Methane poses an urgent climate threat, possessing a
warming potential more than 80 times that of CO2 over
a 20-year period [35]. Traditional capture of stranded
landfill or agricultural gas is often economically unviable
due to a lack of localised pipeline infrastructure.

[36] and [37] identify the network’s computational load
as the only modular, location-agnostic industrial sink
capable of monetising this stranded gas on-site. By
combusting residual methane in a localised generator to
power the cryptographic hashing process, the system re-
duces the emissions’ warming potential by approximately
63% while generating a positive yield [38]. The large-
scale deployment of this localised, carbon-negative mit-
igation strategy holds the theoretical potential to avert
up to 0.15°C of projected global warming [36].

This industrial symbiosis extends to the thermody-
namic friction (Joule effect) of the network itself. In high-
latitude regions such as Finland, the low-grade waste
heat generated by ASIC processors is captured and in-
jected directly into municipal district heating networks,
effectively replacing carbon-intensive fossil fuel boilers
with monetised computational heat [39]. Similarly, in
water-stressed nations, the continuous economic yield of
the algorithmic ledger is utilised to subsidise the extreme
energy demands of thermal desalination plants, trans-
forming isolated solar or thermal energy into water abun-
dance [40].



C. Sovereign Monetisation of Stranded Energy

On a macroeconomic scale, the ESG discourse ex-
pands to include sovereign development. Nation-states
endowed with abundant but geographically isolated re-
newable resources—such as the massive hydroelectric ca-
pacities of Bhutan and Ethiopia—are adopting the pro-
tocol. By converting non-exportable kinetic energy into
digital capital, these nations use the decentralised in-
dex to fund domestic infrastructure and service sovereign
debt without relying on global financial institutions with
restrictive conditions [27].

D. The Reality Principle: Enforcing Biophysical
Limits

Drawing upon Frederick Soddy’s fundamental distinc-
tion between physical thermodynamic wealth and vir-
tual mathematical debt [41], and Herman Daly’s seminal
macroeconomic critique [42], we must acknowledge the
”limits to growth” within a steady-state economy. Fiat
currencies, operating largely independent of thermody-
namic constraints, allow the financial economy to sus-
tain aggregate demand and leverage that systematically
decouple from the carrying capacity of the underlying
physical biosphere.

Ultimately, the implementation of Nash’s ICI via cryp-
tographic Proof-of~-Work imposes a strict ”Reality Prin-
ciple” on the macroeconomic system. By directly linking
the creation of new monetary units to the verifiable ex-
penditure of physical energy, the protocol realigns the
financial sphere with the biophysical sphere. It forces
global civilisation to balance its thermodynamic budget.

VI. CONCLUSION: REALISING IDEAL
MONEY AND THE UNIVERSAL
THERMODYNAMIC LEDGER

The dissociation between the macroeconomic map
(fiat price) and the biophysical territory (thermodynamic
value) has led global civilisation to the brink of systemic
ecological and financial fragility. By anchoring the mon-
etary base in a decentralised Industrial Consumption In-
dex (ICI) through Proof-of-Work, we resolve the fun-
damental principal-agent problem that has undermined
monetary systems since the suspension of the gold stan-
dard in 1971.

A. Standardising Value: The Planetary Joule

For the first time in history, we possess a decentralised
and immutable measure of value that is consistent across
geopolitical boundaries: the Solar Emjoule (sej). Just
as the metre standardised length to facilitate global en-
gineering, the cryptographic ”Hash” standardises ther-

modynamic effort to facilitate global capital allocation.
This enables a standardised accounting system where the
final cost of goods reflects their true planetary cost.

Nature = $0 Biosphere
(Unpriced Externality) High Transformity Capital
I
Disconnection | I\'a]uatim\/Pricing
L

Subjective Asset | The Oracle | Objective Asset
Elastic Stock/Bond TBTC Emergy (sej)

Inflation/Debasement I I Conservation

Political Fiat Base Thermodynamic Base
Institutional Trust Proof-of-Work (ICI)

Figure 7: The Reunification of Value: Transitioning from an
Anthropocentric to a Biocentric Macroeconomic Ledger. On the left,
value is based on political elasticity, leaving Nature unpriced. On the
right, value is linked to the thermodynamic ICI, integrating biological

work into the economic ledger.

B. Macroeconomic Internalisation: Accounting for
the Work of Life

The most profound implication of synthesising Odum’s
Emergy within Nash’s Ideal Money is that Life itself is
quantified as high-transformity matter. An old-
growth forest is not ”free capital”; it represents millions
of years of solar energy accumulation.

0
Valuer;fe = / (Solar rnput X TEvolution) At (13)
t=—106

If money is energy, then the destruction of an
ecosystem is explicitly identified and priced as the
combustion of accumulated capital. This creates the
rigorous accounting framework necessary to internalise
environmental externalities.

C. The Pragmatic Alignment of Global Incentives

Although theoretical models of ”Nature-backed Cur-
rency” have existed for decades, they lacked a trust-
less enforcement mechanism. The decentralised algo-
rithmic ledger solves this problem. It is the only cur-
rently existing system that cannot be politically coun-
terfeited, is permissionless, and actively monetises en-
tropy. The bottom-up adoption of Asymptotically Ideal
Money aligns rational self-interest with objective ther-
modynamic constraints.

D. Thermodynamic Decoupling and Scaling:
Layered Architecture

A recurring macroeconomic critique of Proof-of-Work
systems concerns their calculated energy intensity ”per
transaction.” However, from an institutional economics



perspective, this metric represents a fundamental cate-
gory error. Nakamoto consensus (Layer 1) does not aim
to marginally validate individual retail transactions; it
exists to secure the global and irreversible state of a final
settlement ledger—analogous to the physical movement
of gold bullion between central banks under the Bretton
Woods system.

The thermodynamic cost, measured by the Nakamoto
Action (ky), is tied to the production of time-anchored
blocks, regardless of the transactional density they con-
tain. To resolve the scalability trilemma while respecting
biophysical limits, the network’s architecture has strati-
fied. The emergence of second-layer networks (e.g., the
Lightning Network) illustrates an elegant decoupling be-
tween the thermodynamic anchor (the ICT) and monetary
velocity [43].

These secondary networks function as topological
graphs of bidirectional payment channels [44], leveraging
”small-world” network properties [45] to allow agents to
route and exchange units of value nearly instantaneously.
In terms of information physics, these Layer 2 transac-
tions require only a localised and trivial energy expendi-
ture (routing and asymmetric cryptography), effectively
bypassing the global thermodynamic friction imposed by
the base layer’s Proof-of-Work.

This layered model replicates the energy hierarchy of
complex systems observed by Odum: the base layer con-
sumes substantial energy to maximise structural secu-
rity and absolute trust (the ”thermodynamic gold re-
serve”), while higher layers maximise efficiency and ve-
locity, where the marginal thermodynamic cost of a
transaction asymptotically approaches zero.

E. The Odum-Nash-Nakamoto Synthesis

The primary contribution of this paper lies in the un-
precedented triangulation of three distinct intellectual
lineages:

1. John Nash and his game-theoretic quest for Ideal
Money linked to an Industrial Consumption Index
(The ”What”).

2. Howard T. Odum and his laws of biophysical
accounting and Emergy (The "Why”).

3. Satoshi Nakamoto and his decentralised crypto-
graphic implementation (The "How”).

By quantifying the consensus mechanism as a lit-
eral accumulation of physical action (J - s) through the
Nakamoto Action (ky), we bridge the theoretical gap
between abstract game-theoretic stability and strict en-
ergetic constraints.

F. Institutional Symbiosis: The Evolution of
Central Banks

The emergence of a decentralised Industrial Consump-
tion Index does not necessitate the obsolescence of cen-
tral banks; rather, it catalyses their structural evolution.
In a mature macroeconomic framework, a symbiotic re-
lationship is likely to form where the algorithmic ledger
serves as the thermodynamic base money (Layer 1), while
central banks transition to managing elastic credit and
localised liquidity on secondary economic layers.

Using the ICT as an infallible, real-time macroeconomic
compass—and ultimately as a politically neutral reserve
asset freed from the Triffin dilemma [46] (the structural
paradox where a nation providing the global reserve cur-
rency must run perpetual and destabilising trade deficits
to provide global liquidity)—monetary authorities can
calibrate interest rates against a verifiable physical re-
ality rather than lagging statistical surveys.

This paradigm transforms central banks from discre-
tionary creators of base money into precise administra-
tors of sovereign credit (for instance, via Central Bank
Digital Currencies, or CBDCs). The thermodynamic in-
dex thus acts as a disciplinary anchor. It curtails exces-
sive fiat debasement by providing an objective, friction-
less benchmark for capital preservation. Ultimately, this
structural symbiosis does not stifle state institutions; it
compels them to compete through monetary virtue, fiscal
discipline, and financial innovation rather than relying on
captive elasticity.

G. Final Perspectives: Aligning Macroeconomics
with Biophysical Constraints

The transition to a thermodynamic index standard
represents a paradigm shift from traditional macroeco-
nomic models that assume infinite economic elasticity,
largely independent of the biosphere’s physical budget.
The adoption of an energy-backed monetary framework
structurally integrates the environment’s physical limits
into the economy’s primary coordination mechanism.

Rather than operating in a theoretical vacuum of ma-
terial abstraction, this system anchors economic valua-
tion in objective thermodynamic reality. Consequently,
money can no longer be modeled exclusively as a political
abstraction; in this framework, it operates as an emer-
gent property of information physics [47]. We propose
that synthesizing algorithmic monetary policy with bio-
physical realities provides a robust framework for aligning
economic systems with natural laws.

To quantify this material reality, we can empirically
evaluate the microscopic Nakamoto Action (k) for the
current epoch (2026). If we take the energy of a hash
computation (1 ~ 2.6 x 10~ J) multiplied by the phys-
ical latency time of a state transition within a modern
ASIC (Tipeal & 1.0 x 10711 5); the relation is:



KN = 1'Tlocal = (2.6X10711)><(1.0>< 10*11) _ 2.6)(]_0722 s

(14)

At the microscopic scale, the Nakamoto Action—which
quantifies the material thermodynamic effort to evaluate
one unit of truth—is twelve orders of magnitude away
from Planck’s constant (h &~ 6.626 x 1073* J - s). Al
though it has not yet reached the absolute quantum wall,
the historical trajectory demonstrates a spectacular com-
pression of physical entropy.

Evolution Microscopique de I'Action de Nakamoto (2009-2026)
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Figure 8: Historical evolution of the microscopic Nakamoto Action
(kn) on a logarithmic scale (2009-2026). The graph shows the
dramatic drop in the network’s discrete action during ASIC
industrialisation, progressively approaching fundamental physical
limits (represented by Planck’s constant, h).

As illustrated in Figure 8| faced with the relentless op-
timisation of semiconductors approaching the Landauer
limit and the plateauing of Moore’s Law, the network
asymptotically converges toward the fundamental phys-
ical limits of temporal computation. The diminishing
returns of hardware efficiency ensure that the network
can no longer rely solely on technological leaps to absorb
the ledger’s entropy.

Consequently, to increase macroscopic security in the
future, the system will intrinsically demand the contin-
uous expenditure of raw energy and exergy. This struc-
tural alignment with Odum’s Maximum Power Principle
ensures that the ledger of the human economy remains ul-
timately constrained by the physical laws of information.
By inextricably linking the cost of monetary falsification
to the inescapable laws of thermodynamics, the protocol
establishes a macroeconomic infrastructure where objec-
tively accumulated value cannot be diluted by political
decree.
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Ultimately, by optimising the allocation of global
resources and structurally disincentivising kinetic
conflicts—which intrinsically dissipate thermodynamic
capital—this framework fosters long-term economic
equilibrium. Firmly anchored mathematically and
physically in the biosphere’s constraints, such a sys-
tem of biophysical accounting provides the necessary
foundation for humanity’s transition toward a Type I
civilisation on the Kardashev scale.

Future interdisciplinary research is necessary to fully
model this macroeconomic phase transition. However,
integrating a thermodynamic oracle into the monetary
base presents a mathematically rigorous path for ensur-
ing long-term biophysical stability and achieving a global,
cooperative Nash Equilibrium.
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Appendix A: Source Code: Empirical Correlation Evaluation and Cointegration Test (Nakamoto Basket)
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The following Python script extracts historical data from the blockchain and financial markets to construct the
targeted synthetic Industrial Consumption Index (ICT) proposed in Section 3.2. It calculates the Spearman correlation
(p = 0.9776) and performs the cointegration test to validate the hypothesis that the network Difficulty acts as a
decentralised macro-proxy for Nash’s ICI.

import requests

import numpy as np

1
2 | import pandas as pd
3
|

import yfinance as yf
5 import matplotlib.pyplot as plt
6 from statsmodels.tsa.stattools import coint

from scipy.stats import spearmanr

8 | import itertools
9 | import warnings

10 | # Disable statsmodels warnings for clean output
11 | warnings.filterwarnings("ignore")

2N

15

16

48

if

2
13 def optimize_multiobjective_nash_index ():
!

print("1. Downloading network Difficulty data...")
try:
res = requests.get(’https://api.blockchain.info/charts/difficulty?timespan=all&format=json’)
df_diff = pd.DataFrame(res.json()[’values’])
df _diff[’date’] = pd.to_datetime(df_diff[’x’], unit=’s’)
df _diff.set_index(’date’, inplace=True)
df_diff.rename (columns={’y’: ’Difficulty’}, inplace=True)

df _diff = df_diff [[’Difficulty’]].resample(’ME’).1last ()
df_diff.index = df_diff.index.to_period(’M’)
except Exception as e:
print (£"Blockchain API Error: {e}")
return
print ("2. Downloading Industrial Inputs (Gas, XLE, Copper, TSM/Foundry)...")
try:
# TSM acts as the silicon CapEz prozy for the physical ASIC Foundry
tickers = [’NG=F’, ’XLE’, ’HG=F’, ’TSM’]
data = yf.download(tickers, start=’2010-01-01’, interval=’1imo’, progress=False)[’Close’]
data.dropna(inplace=True)
data.index = data.index.to_period(’M’)
data_norm = (data / data.iloc[0]) * 100
except Exception as e:
print (£"Yahoo Finance Error: {e}")
return
print ("3. Merging macroeconomic data...")
df _merged = pd.merge(df_diff, data_norm, left_index=True, right_index=True, how=’inner’)
df _merged.index = df_merged.index.to_timestamp ()
print ("\n4. Running Multi-Objective Optimisation for Nash’s ICI...")
best_spearman = -1.0
best_pvalue = 1.0
best_weights = None
best_ici_series = None
weight_range = np.arange (0.0, 1.05, 0.05)
min_silicon_weight = 0.15 # Physical floor

valid_models_count = 0

for w_ng, w_xle, w_hg, w_tsm in itertools.product(weight_range, repeat=4):
if not np.isclose(w_ng + w_xle + w_hg + w_tsm, 1.0): continue
if w_tsm < min_silicon_weight: continue

test_ici = (df_merged[’NG=F’] * w_ng)
(df_merged [’XLE’] * w_xle)
(df _merged [’HG=F’] * w_hg)
(df _merged [’TSM’] * w_tsm)

+ o+ o+
P

score, pvalue, _ = coint(df_merged[’Difficulty’], test_ici)
spearman_corr, _ = spearmanr (df_merged[’Difficulty’], test_ici)

if pvalue < 0.05:
valid_models_count += 1
if spearman_corr > best_spearman:
best_spearman = spearman_corr
best_pvalue = pvalue
best_weights = (w_ng, w_xle, w_hg, w_tsm)
best_ici_series = test_ici

if best_weights is None: return

w_ng, w_xle, w_hg, w_tsm = best_weights
df _merged[’Optimized _ICI’] = best_ici_series

# Generating the graph

fig, axl = plt.subplots(figsize=(12, 6))

colorl = ’tab:blue’

axl.set_xlabel(’Year’, fontweight=’bold’)

axl.set_ylabel(’Network Difficulty (Linear Scale)’, color=colorl, fontweight=’bold’)
axl.plot(df_merged.index, df_merged[’Difficulty’], color=colorl, linewidth=2, label=’Difficulty’)
axl.tick_params(axis=’y’, labelcolor=colorl)

ax2 = axl.twinx ()

color2 = ’tab:orange’

ax2.set_ylabel (’Synthetic Nash ICI (Base 100, Linear)’, color=color2, fontweight=’bold’)

ax2.plot (df_merged.index, df_merged[’Optimized_ICI’], color=color2, alpha=0.8, linewidth=2, linestyle=’--’,
label=f’ICI Basket ({w_ng#100:.0£}% NG, {w_xle*100:.0£}% XLE, {w_hg*100:.0£}% HG, {w_tsm*100:.0£}% TSM)’)

ax2.tick_params (axis=’y’, labelcolor=color2)

lines_1, labels_1 axl.get_legend_handles_labels ()

lines_2, labels_2 = ax2.get_legend_handles_labels ()
axl.legend(lines_1 + lines_2, labels_1 + labels_2, loc=’upper left’)
fig.tight_layout ()
plt.savefig(’superposition_multiobjective_diff_ici_en.pdf’)

__name = _-main__":

optimize_multiobjective_nash_index ()

Listing 1: Python Script for correlation analysis
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Appendix B: Source Code: LPPL Modelling and Phase Transition

The following Python script simulates historical data to visualise the Phase Transition according to Sornette’s
Log-Periodic Power Law (LPPL) model. It demonstrates that the market cycle volatility mathematically orbits the
fundamental thermodynamic attractor during the monetisation phase of Ideal Money.

import pandas as pd

import numpy as np

import matplotlib.pyplot as plt
import yfinance as yf

from scipy.stats import linregress
from scipy.optimize import curve_fit
import warnings

(S

©0NO U W

warnings.filterwarnings ("ignore")

def 1lppl_model(x, A, B, C, omega, phi):
Log-Periodic Power Law (LPPL) Model
A + Bxx defines the fundamental power law (The Attractor).

C * cos(omega*x + phi) defines the macroeconomic oscillations of the bull/bear cycle.

1
2

return A + B * x + C * np.cos(omega * x + phi)

def plot_bitcoin_lppl():
try:
btc = yf.download(’BTC-USD’, start=’2010-07-17’, progress=False)
df = pd.DataFrame(btc[’Close’])
df.columns = [’Price’]

genesis_date = pd.to_datetime(’2009-01-03’).tz_localize (None)
df.index = pd.to_datetime(df.index).tz_localize(None)

df [’Days’] = (df.index - genesis_date).days

df = df [df [’Days’] > 0]

log_days = np.logl0(df[’Days’]).values
log_price = np.logl0(df[’Price’]).values

# 1. Fundamental Attractor (Pure linear regression)

slope, intercept, r_value, p_value, std_err = linregress(log_days, log_price)

35 df [’Power_Law_Price’] = 10x*(intercept + slope * log_days)

36

37 # 2. LPPL Modelling (Oscillations around the attractor)

38 p0 = [intercept, slope, 0.4, 12.0, 0.0]

39 bounds = ([-np.inf, -np.inf, 0.1, 5.0, -np.pil, [np.inf, np.inf, 1.5, 25.0, np.pil)

11 popt, pcov = curve_fit(lppl_model, log_days, log_price, p0O=p0, bounds=bounds, maxfev=10000)

12 A_opt, B_opt, C_opt, omega_opt, phi_opt = popt
43 df [’LPPL_Price’] = 10*x(lppl_model(log_days, *popt))
44
45 # 3. Graph Generation
16 fig, ax = plt.subplots(figsize=(11, 7))
7 ax.scatter (df.index, df[’Price’], color=’gray’, s=2, alpha=0.3, label=’Market Price (USD)’)

ax.plot(df.index, df[’Power_Law_Price’], color=’black’, linewidth=2, linestyle=’--’,
label=f’Fundamental Thermodynamic Attractor’)

.plot(df.index, df [’LPPL_Price’], color=’tab:red’, linewidth=1.5,
label=’LPPL Model (Log-Periodic Oscillations)’)

a

»

ax.set_yscale(’log’)
ax.set_ylabel (’Market Price (USD) - Log Scale’, fontweight=’bold’)
ax.legend(loc=’upper left’, fontsize=10)

56 ax.grid(True, which="both", 1ls="--", alpha=0.5)
57 plt.tight_layout ()

58 plt.savefig(’bitcoin_lppl_model_en.pdf’)

59

60 except Exception as e:

61 print (f"Error during LPPL modelling: {e}")

62

63 if __name__ " __main__":

64 plot_bitcoin_lppl ()

Listing 2: Python Script for modelling the fundamental attractor and LPPL oscillations
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Appendix C: Source Code: Visualisation of the Nakamoto Action

The following Python script visualises the historical evolution of the Nakamoto Action (ky
physical "tick” of the decentralised index converging toward the Landauer limit.

, representing the

import numpy as np
import pandas as pd

[N

3 import matplotlib.pyplot as plt

4 import matplotlib.dates as mdates

5 | from scipy.interpolate import PchipInterpolator

6

7 | # Physical latency of a computation in silicon (in seconds)

8 dates_lat = pd.to_datetime([’2009-01-03’, ’2011-01-01’, °2013-01-01’, ’2016-01-01’, ’2020-01-01’, ’2024-01-01’, ’2026-01-01"])

O | latency = np.array([le-9, 5e-10, le-10, 5e-11, 2e-11, le-11, le-11])

# Minimum energy required for a single hash (in Joules)
dates_eff = pd.to_datetime([’2009-01-03’, ’2011-01-01’, ’2013-01-01’, ’2016-01-01’, ’2020-01-01’, ’2024-01-01’, ’2026-01-01"])
efficiency = np.array([le-5, 1e-6, 2e-9, 1e-10, 3e-11, 1.5e-11, 2.6e-11])

timeline = pd.date_range(start=’2009-01-03’, end=’2026-01-01’, freq=’M’)
timeline_num = mdates.date2num(timeline)

log_lat_interp = PchipInterpolator(mdates.date2num(dates_lat), np.logiO(latency))
log_eff_interp = PchipInterpolator (mdates.date2num(dates_eff), np.loglO(efficiency))
interp_lat = 10%*log_lat_interp(timeline_num)

interp_eff = 10%*log_eff_interp(timeline_num)

# Microscopic Nakamoto Action calculation: k_N = eta * tau_local
nakamoto_action = interp_eff * interp_lat

N

plt.figure(figsize=(10, 6))
plt.semilogy(timeline, nakamoto_action, color='#8E44AD’, linewidth=2.5, label=r’Nakamoto Action ($\kappa_N$)’)

NN
© w7

planck_constant = 6.626e-34

0 | plt.axhline(y=planck_constant, color=’#E74C3C’, linestyle=’--’, linewidth=2, label=r’Planck Constant ($h \approx 6.626 \times 10°{-34} \ J \cdot s$)’)
1 plt.title("Microscopic Evolution of the Nakamoto Action (2009-2026)", fontsize=14, fontweight=’bold’, pad=15)

2 plt.xlabel("Years", fontsize=12, fontweight=’bold’)

3 | plt.ylabel(r"Discrete Action ($J \cdot s$) - Log Scale", fontsize=12, fontweight=’bold’)

|

5

W W w

plt.ylim(1e-35, 1e-12)

plt.grid(True, which="both", 1s="--", alpha=0.4)
plt.legend(loc=’lower left’, fontsize=11, framealpha=0.9)
38 | plt.tight_layout ()

39 | plt.savefig(’nakamoto_action_evolution_en.pdf’, dpi=300)

Listing 3: Python Script to visualise the evolution of the Nakamoto action
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