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Abstract

This paper outlines a unified thermoeconomic theory of computation, proposing

that all computational work exists on a continuous spectrum bounded by pure en-

tropy production (randomness) and pure free energy extraction (intelligence). We

establish a macroeconomic framework where the base thermodynamic unit—energy

(kilowatts)—acts as the fundamental constraint and medium of exchange. By rout-

ing power either to cryptographic consensus mechanisms or to artificial intelligence

inference, operators face a strict physical opportunity cost. The resulting global

market equilibrium dictates a closed thermodynamic loop wherein energy secures

the monetary ledger, and intelligence optimizes the extraction of future free energy.

1 Introduction

Traditional analyses of computational markets segregate ”useless” work (such as cryp-

tographic hashing) from ”useful” work (such as AI inference). The Thermoeconomic

Theory of Computation rejects this binary, positing instead that both systems are com-

peting mechanisms for the organization and expenditure of a universal thermodynamic

input: energy (E).

Within this framework, computation is the physical substrate that transforms energy into

economic value. The global data center grid acts as a dynamic routing junction, allocating

the next available kilowatt-hour to either the generation of randomness (entropy) to secure

trustless economic systems, or the extraction of organizational utility (intelligence) to do

work in the physical world.
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2 The Axiom of Kilowatt Opportunity Cost

At the base layer of reality, computation is strictly the conversion of energy (measured

in Joules or Kilowatt-hours) into state changes via a hardware substrate (silicon). The

operator of a compute cluster faces a continuous, binary economic choice regarding the

allocation of power:

Etotal = ER + EI (1)

Where Etotal is the total energy capacity, ER is the energy allocated to randomness

production (e.g., Application-Specific Integrated Circuits or ASICs), and EI is the energy

allocated to intelligence production (e.g., Graphics Processing Units or GPUs).

Because a single kilowatt cannot be simultaneously used to secure a blockchain network

and calculate an AI inference, the system is governed by a strict opportunity cost. At

global equilibrium, the marginal economic return of routing one unit of energy into ran-

domness must equal the marginal economic return of routing it into intelligence:

∂V

∂ER

=
∂V

∂EI

(2)

Where V represents total economic value.

3 The Global Bounds: Entropy and Negentropy

The economic value of computation is bound by two extreme thermodynamic states,

representing the absolute floor and ceiling of computational utility.

3.1 The Monetary Floor (Pmin): Pure Randomness

The lower bound of computational value is not zero. It is anchored by the market’s will-

ingness to pay for a global, trustless monetary system secured by verifiable, unforgeable

thermodynamic expenditure. This is classically recognized as Proof-of-Work. In this

regime, the semantic output of the computation has zero value, but the proof of energy

expenditure creates Sybil resistance and cryptographic consensus.

Thus, the global monetary floor is defined as:

Pmin = VConsensus(S(ER)) (3)

Where S is the entropy generated by expending energy ER. The market capitalizes this

thermodynamic sacrifice into the value of the monetary unit, creating a liquid claim on

future energy.
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3.2 The Organizational Ceiling (Pmax): Pure Intelligence

Conversely, the upper bound of computational value is the maximum negotiable limit of

structural organization (negentropy) that can be extracted from a single kilowatt of power.

In this regime, computation is used to minimize Expected Free Energy (EFE), reducing

uncertainty and solving complex environmental, scientific, and economic problems.

The ceiling is physically bounded by the Landauer limit and economically bounded by

the total amount of free energy the resulting intelligence can marshal and coordinate:

Pmax ∝ sup [∆F (I(EI))] (4)

Where ∆F is the change in marshaled free energy resulting from the intelligence I gen-

erated by energy EI .

4 The Value Logistics Function

The transition between the randomness-dominated regime and the intelligence-dominated

regime follows an S-curve, or logistics function. As the utility of computation shifts from

merely securing the ledger to organizing reality, its marginal value scales rapidly before

facing capability saturation.

The economic value V of a computational unit capable of intelligence level I can be

modeled as:

V (I) = Pmin +
Pmax − Pmin

1 + e−k(I−I0)
(5)

Where k is the steepness of the marginal tradeoff (the regime where ∂V/∂I is maximized),

and I0 is the inflection point where proof-of-work transitions into proof-of-intelligence.

5 Market Dynamics: Arbitrage and Profit Spreads

Profitability within this thermoeconomic system is entirely dictated by the divergence

between local production costs and global market pricing. Because the global network

establishes a clearing price for both randomness and intelligence, local operators capture

value by exploiting geographic, technological, or organizational inefficiencies.

5.1 Randomness Arbitrage (Supply-Side Profit)

The cost to produce a unit of randomness (a hash) is a function of local electricity costs

(CkWh) and hardware fixed costs (Cfixed). The profit margin ΠR for a local miner is

the difference between the global block reward/transaction fee market and their local
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thermodynamic cost:

ΠR = Pglobal hash − (ϵR · CkWh + Cfixed) (6)

Where ϵR is the hardware energy efficiency (Joules/Hash). Operators with stranded or

excessively cheap energy realize a positive spread, incentivizing the production of entropy.

5.2 Intelligence Arbitrage (Demand-Side Consumer Surplus)

Similarly, the market establishes a global demand price for frontier intelligence capabilities

(Vglobal inference). However, an operator running a highly optimized open-source model on

local hardware incurs a much lower cost. The intelligence spread (or consumer surplus)

ΠI is defined as:

ΠI = Vglobal inference − (ϵI · CkWh + Cfixed) (7)

Where ϵI is the energy required per inference token. The largest economic opportunities

emerge when localized intelligence drastically undercuts the global pricing of equivalent

intellectual capability.

6 The Closed Thermoeconomic Loop

The framework resolves into a perfectly closed, self-sustaining thermodynamic loop. The

system requires an continuous influx of raw kilowatts to function.

1. Securing the Medium of Exchange: Kilowatts routed to ER generate the ran-

domness required to secure the immutable ledger. This ledger provides the reliable

money supply necessary to account for and purchase further energy.

2. Optimizing Energy Capture: Kilowatts routed to EI generate the intelligence

necessary to improve physical infrastructure, discover new materials, and optimize

grid topologies. This intelligence actively drives down the base cost of gathering

the next kilowatt.

7 Conclusion

The Thermoeconomics of Computation posits that money, randomness, and intelligence

are not isolated phenomena, but interconnected states of energy organization. The global

computing market is a vast arbitration engine, continuously balancing the production of

entropy to secure economic history against the extraction of free energy to build the

economic future. The sole input is energy, and the sole arbiter of value is the efficiency

with which that energy is directed.

4


