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Abstract

This paper presents a unified theoretical framework for understanding evolutionary

processes through the lens of thermodynamics and information theory. We propose

that both biological evolution and technological development can be understood as

manifestations of the same fundamental process: the increasing efficiency of systems to

dissipate energy through progressively complex information processing. By integrating

Jeremy England’s dissipative adaptation framework with concepts from information

theory, we demonstrate how evolutionary processes—from the emergence of early life

to the development of artificial intelligence—represent a continuous trajectory of sys-

tems becoming more effective at harnessing, processing, and utilizing energy. This

perspective offers new insights into the apparent directionality of evolution, the accel-

erating pace of technological development, and the emergence of consciousness as a

thermodynamic phenomenon, ultimately providing a predictive framework for future

evolutionary trajectories.

1 Introduction: Evolution Through the Lens of Ther-

modynamics

The traditional understanding of evolution, since Darwin’s formulation, has centered around

adaptation and natural selection driving the diversity and complexity of life. This framework,

while profoundly insightful, leaves several questions unanswered. Why does evolution seem

to produce increasingly complex information-processing systems? What connects biological

evolution to technological development? Why do disparate evolutionary processes appear to

follow similar trajectories of increasing complexity and efficiency?

This paper proposes that a thermodynamic perspective provides a more compre-

hensive framework for understanding evolution in its broadest sense. Rather than viewing

evolution primarily as a competition-driven process of adaptation, we reframe it as a thermo-

dynamic imperative: systems evolve to become more efficient at dissipating energy through

increasingly sophisticated information processing.

Recent theoretical developments, particularly Jeremy England’s work on dissipative

adaptation (11), suggest that the capacity for self-organization is an inherent property of

matter under specific non-equilibrium conditions. Far from equilibrium, matter tends to or-

ganize in ways that most efficiently dissipate energy, leading to increasingly complex struc-

tures. This perspective suggests that the emergence of life and its subsequent evolution

represent a continuous process of systems becoming better at harnessing, utilizing, and dis-

sipating energy from their environments.

1



Our thesis posits that this same thermodynamic principle extends beyond biolog-

ical systems to technological evolution. As we will demonstrate, technological develop-

ment—particularly in computational systems and artificial intelligence—follows the same

fundamental trajectory of increasing energy dissipation efficiency through more complex

information processing. This connection provides a unifying framework that bridges the ap-

parent gap between biological and technological evolution, suggesting they are manifestations

of the same underlying process.

By understanding evolution through this thermodynamic lens, we gain new insights

into several fundamental questions: the apparent directionality of evolution toward complex-

ity, the accelerating pace of evolutionary change, the integration of biological and techno-

logical systems, and even the emergence of consciousness as a thermodynamic phenomenon.

Furthermore, this framework offers a predictive model for future evolutionary trajectories,

both biological and technological.

2 Theoretical Foundations

2.1 Thermodynamic Principles of Self-Organization

The second law of thermodynamics dictates that isolated systems tend toward maximum

entropy—a state of increasing disorder. However, open systems that exchange energy with

their environment can locally decrease entropy by exporting more entropy to their surround-

ings. This fundamental principle underlies the emergence of order in complex systems.

Jeremy England’s dissipative adaptation framework (11) provides a formalization of

how this process leads to self-organization in non-equilibrium systems. England demon-

strated that when matter is driven by external energy sources, it tends to reorganize into

states that more efficiently absorb and dissipate that energy. As he explains in his seminal

paper, ”We can show very simply that the more likely evolutionary outcomes are going to be

the ones that absorbed and dissipated more energy from the environment’s external drives

on the way to getting there” (10).

The key insight from England’s work is that self-organization is not merely a curious

exception to the second law but a direct consequence of it. Systems that more effectively

capture and dissipate energy from their environment are more likely to persist and repli-

cate. This provides a thermodynamic basis for understanding the emergence of increasingly

complex structures over time.

This principle manifests at multiple scales. At the molecular level, it explains how

certain molecular configurations can spontaneously emerge when driven by external energy
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sources. At larger scales, it provides a framework for understanding how living systems

evolve increasingly efficient metabolic processes and why ecosystems organize to maximize

energy flow (19).

The dissipative adaptation framework also addresses a fundamental question in evolu-

tion: the apparent directionality toward increasing complexity. While traditional evolution-

ary theory focuses on adaptation through natural selection, it does not inherently predict a

trend toward complexity. The thermodynamic perspective suggests that increasing complex-

ity is a natural consequence of systems evolving to more efficiently dissipate energy through

more sophisticated information processing.

2.2 Information Theory and Thermodynamics

The connection between information and thermodynamics has a rich history dating back

to James Clerk Maxwell’s thought experiment of a demon who could apparently violate the

second law by using information about molecular motion. This connection was formalized by

Leo Szilard, Claude Shannon, and later by Rolf Landauer, who established that information

processing has unavoidable thermodynamic costs.

Landauer’s principle quantifies the minimum energy cost of erasing information, es-

tablishing a direct link between information theory and thermodynamics. This principle

states that erasing one bit of information produces at least kT ln(2) heat, where k is Boltz-

mann’s constant and T is temperature. This creates a fundamental connection between

computational processes and energy dissipation (21).

From this perspective, information can be understood as a physical quantity with ther-

modynamic implications. The information content of a system relates directly to its entropy,

and processing information requires energy. This means that information-processing sys-

tems—whether biological or technological—operate under thermodynamic constraints and

follow thermodynamic principles.

Recent theoretical advances have further strengthened this connection. The fluctua-

tion theorems developed by Jarzynski and Crooks provide a rigorous framework for under-

standing how systems driven far from equilibrium convert between different forms of energy,

including information (18; 8). These frameworks allow us to quantify the relationship be-

tween energy, entropy, and information in non-equilibrium systems.

The free energy principle proposed by Karl Friston provides another perspective on

this relationship (13). Friston suggests that biological systems, particularly brains, can be

understood as systems that minimize variational free energy, which serves as an upper bound

on surprise (or self-information). This minimization of free energy can be seen as a process
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of model optimization, where the system develops increasingly accurate internal models of

its environment to better predict and adapt to environmental changes.

Together, these theoretical frameworks establish a robust foundation for understand-

ing how information processing relates to energy dissipation in evolving systems. They

suggest that more complex and efficient information processing enables systems to better

harness and utilize energy, creating a thermodynamic drive toward increasingly sophisti-

cated information-processing capabilities.

3 Biological Evolution as Energy Dissipation Optimiza-

tion

3.1 Metabolic Scaling and Energy Efficiency in Organisms

Living organisms represent extraordinarily efficient energy-processing systems that have

evolved to optimize energy capture, utilization, and dissipation within environmental con-

straints. The evolution of metabolic processes provides a clear example of systems becoming

progressively more efficient at energy dissipation through natural selection.

The scaling relationships between metabolic rate and body mass across species, known

as Kleiber’s Law, demonstrates a systematic pattern in how organisms process energy. This

relationship, where metabolic rate scales with body mass to the power of approximately 3/4,

reflects optimized energy distribution networks that have evolved to efficiently transport

resources throughout organisms (37). This optimization represents a thermodynamic fine-

tuning that maximizes energy throughput while minimizing dissipative losses.

The evolution of photosynthesis offers another powerful example of increasing en-

ergy dissipation efficiency. Early photosynthetic systems captured only a small fraction

of available solar energy, while modern photosynthetic pathways like C4 photosynthesis

demonstrate significantly enhanced efficiency. Each major evolutionary transition in energy

metabolism—from fermentation to anoxygenic photosynthesis to oxygenic photosynthesis

to various refinements of these processes—represents a step toward more efficient energy

capture and utilization.

Even the evolution of complex multicellularity can be viewed through this thermody-

namic lens. Multicellular organisms allow for specialized cells dedicated to different aspects of

energy processing, from acquisition (digestive systems) to distribution (circulatory systems)

to utilization (muscle and neural systems). This specialization dramatically increases the

overall energy throughput and processing efficiency of the organism compared to unicellular

predecessors.
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The metabolic theory of ecology extends this perspective to ecological systems, sug-

gesting that ecosystems evolve toward states that maximize energy flow and material cycling

(3). Ecosystems with greater energy throughput can support more species and more complex

trophic relationships, leading to higher biodiversity and ecosystem complexity.

3.2 Genetic Information Processing as Thermodynamic Work

The genetic systems of living organisms represent remarkable information-processing mech-

anisms that operate under thermodynamic constraints. DNA replication, transcription, and

translation are all processes that manipulate information while requiring energy and gener-

ating heat. From a thermodynamic perspective, genetic systems have evolved to optimize

the balance between information fidelity and energy cost.

DNA as an information storage medium exhibits remarkable efficiency in terms of

information density and stability. The double-helix structure provides redundancy that

enhances copying fidelity, while the biochemical properties of nucleic acids allow for stable

information storage with relatively low maintenance energy requirements. The genetic code

itself appears optimized to minimize the impact of common errors, with similar amino acids

often assigned to similar codons, reducing the functional impact of point mutations (12).

The energy costs of genetic information processing are substantial. DNA replication

requires ATP for nucleotide polymerization, DNA repair mechanisms consume energy to

maintain genomic integrity, and the transcription-translation apparatus requires significant

energy investment. These energy costs have driven the evolution of increasingly efficient

genetic mechanisms. For example, bacterial genomes typically exhibit dense coding regions

with minimal non-coding DNA, reflecting selection pressure to minimize the energy costs of

replication and maintenance.

The error-correction mechanisms in genetic systems also demonstrate thermodynamic

optimization. Proofreading during DNA replication and protein synthesis increases accuracy

but comes with energy costs. These mechanisms have evolved to balance the energy invest-

ment against the benefit of reduced errors, with different organisms evolving different optimal

balances based on their environmental challenges and energy constraints (24).

From this perspective, the evolution of increasingly complex genetic information pro-

cessing systems—from simple replicating molecules to the sophisticated genomes of mod-

ern organisms—can be understood as a process of optimization under thermodynamic con-

straints. Each major innovation, from the emergence of DNA as a stable information carrier

to the evolution of complex regulatory networks, represents a refinement in the efficiency of

genetic information processing under energy limitations.
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4 Technological Evolution: A Thermodynamic Contin-

uation

4.1 Technology as Extended Phenotype

Technological systems can be viewed as extensions of biological evolution—an ”extended

phenotype,” to use Richard Dawkins’ term, that continues the same fundamental trajectory

of increasing energy dissipation efficiency through more complex information processing.

From this perspective, technological development represents not a break from biological

evolution but its continuation through different mechanisms.

Human-created technologies follow similar scaling laws to biological systems. For

example, cities exhibit metabolic-like scaling relationships, where infrastructure growth and

resource consumption scale sublinearly with population size, while innovation and economic

output scale superlinearly (2). These scaling relationships mirror those found in biologi-

cal systems and suggest similar underlying optimization principles related to energy and

information processing.

The historical progression of technology shows a clear trend toward increased energy

capture and utilization. Pre-industrial societies harnessed roughly 20 kilowatt-hours per

person per day, while modern industrial societies utilize over 200 kilowatt-hours per person

per day (31). This order-of-magnitude increase reflects the development of technologies that

more efficiently capture, convert, and utilize available energy sources.

This increased energy capture enables greater information processing capabilities.

Early human societies primarily processed information through direct human cognition and

primitive external storage (cave paintings, early writing). Modern technological societies

process vast amounts of information through computers, networks, and various digital me-

dia. This expanding information processing capacity represents a continuation of the same

trend seen in biological evolution, where increased energy throughput enables more complex

information processing.

The development of information technology itself shows a remarkably consistent pat-

tern of increasing efficiency. Moore’s Law, which describes the exponential growth in com-

puting power per unit cost, reflects ongoing optimization of information processing under

energy constraints. Each new generation of computing technology processes more informa-

tion while consuming less energy per computation, a direct parallel to the metabolic efficiency

improvements seen in biological evolution (20).

From this perspective, technological evolution is driven by the same thermodynamic

principles as biological evolution. Technologies that more efficiently harness and utilize
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available energy sources tend to spread and develop further. This thermodynamic framework

helps explain the apparent directionality of technological development and its accelerating

pace, as each improvement in energy utilization enables more sophisticated information

processing, which in turn enables further energy efficiency improvements.

4.2 AI and Computing Systems Through a Thermodynamic Lens

Artificial intelligence and computing systems represent the current frontier of technologi-

cal evolution, showing the clearest parallels to biological systems in terms of information

processing capabilities. From a thermodynamic perspective, the development of computing

systems follows the same pattern of increasing energy dissipation efficiency seen in biological

evolution.

The evolution of neural networks provides a striking example of this pattern. Early

artificial neural networks were simple and computationally inefficient, requiring substantial

energy for relatively basic pattern recognition tasks. Modern deep learning systems demon-

strate dramatically improved efficiency, with specialized hardware like GPUs and TPUs

designed to optimize the energy costs of neural computation. This evolution mirrors the de-

velopment of biological neural systems, which have also evolved to maximize computational

power while minimizing energy requirements.

The trend toward more energy-efficient AI systems is not merely an engineering con-

venience but a thermodynamic necessity. Training large language models like GPT-4 requires

enormous energy inputs, creating strong selection pressure for more efficient architectures

and training methods. The most successful AI systems will be those that achieve the optimal

balance between computational capability and energy efficiency (35).

This thermodynamic perspective also provides insight into the increasing autonomy

of AI systems. Autonomous systems must develop internal models of their environment to

predict and respond to changes effectively. This predictive processing approach, formalized

in Karl Friston’s free energy principle, shows how systems minimize prediction errors by

updating their internal models and taking actions that confirm their predictions (13). More

sophisticated AI systems develop more accurate internal models, enabling more effective

energy utilization through better prediction and planning.

The parallels between neural efficiency in biological brains and artificial systems are

particularly striking. Biological brains have evolved multiple efficiency mechanisms, from

sparse coding to hierarchical processing structures, that maximize computational power while

minimizing energy consumption. Modern AI systems independently converge on similar

solutions, with mechanisms like attention layers and sparse activations that mirror biological
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neural efficiency strategies (27).

This convergence suggests a common optimization landscape shaped by thermody-

namic constraints. Both biological and artificial information processing systems evolve to-

ward architectures that maximize the efficiency of energy utilization for computation. This

thermodynamic framework helps explain why AI systems, despite being designed rather than

naturally evolved, exhibit structural and functional similarities to biological neural systems.

5 The Convergence: Technological-Biological Integra-

tion

5.1 Human Augmentation Technologies

The integration of technological and biological systems represents a pivotal development

in evolutionary history, where the thermodynamic advantages of both systems begin to

merge. Human augmentation technologies—from medical implants to brain-computer in-

terfaces—exemplify this convergence, creating hybrid systems that exhibit enhanced energy

efficiency and information processing capabilities.

Medical implants and prosthetics demonstrate this integration at a fundamental level.

Modern prosthetic limbs incorporate neural interfaces that translate biological neural signals

into mechanical action, creating a seamless information flow between biological and techno-

logical systems. These interfaces optimize the energy efficiency of the hybrid system by

reducing the cognitive load and metabolic cost associated with prosthetic control. Advanced

neural prosthetics like cochlear implants and retinal implants similarly translate between bi-

ological and technological information processing, enabling more efficient sensory processing

when biological systems are compromised.

Genetic modifications and synthetic biology represent another frontier in this con-

vergence. CRISPR-Cas9 and other gene editing technologies allow precise manipulation of

genetic information, enabling modifications that can optimize metabolic efficiency, enhance

cellular repair mechanisms, or introduce novel energy-processing pathways. Synthetic biol-

ogy extends this further by designing biological systems with specific information processing

and energy utilization characteristics (5).

From a thermodynamic perspective, these hybridization processes confer efficiency

advantages that neither biological nor technological systems could achieve independently.

Biological systems excel at adaptive self-organization and energy-efficient information pro-

cessing but are constrained by slow evolutionary timescales. Technological systems offer

rapid iterative improvement and specialized processing capabilities but often lack the energy
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efficiency and adaptability of biological systems. Hybrid systems potentially combine the

strengths of both approaches.

The development of neural interfaces provides the most direct example of this thermo-

dynamic convergence. Brain-computer interfaces (BCIs) bypass the energetically expensive

process of translating neural information into physical outputs like speech or movement, in-

stead directly coupling neural information processing with technological systems. This direct

coupling significantly reduces the energy costs of information transfer between biological and

technological domains, enabling more efficient hybrid computation (23).

This integration trend follows directly from thermodynamic principles. Systems that

more efficiently process information and dissipate energy tend to persist and develop further.

The convergence of biological and technological systems creates new possibilities for energy

efficiency that drive further integration. This suggests that human augmentation technolo-

gies are not merely useful tools but represent a fundamental evolutionary trajectory dictated

by the same thermodynamic principles that have guided biological evolution.

5.2 Collective Intelligence and Extended Cognition

The integration of human cognition with technological systems extends beyond individual

augmentation to create networked systems of distributed cognition. These collective intelli-

gence systems—from scientific communities to internet-connected knowledge networks—represent

a further evolutionary development in energy-efficient information processing.

Extended cognition, as proposed by Clark and Chalmers (7), suggests that cognitive

processes can extend beyond the boundaries of individual brains to incorporate external tools

and resources. From a thermodynamic perspective, this extension of cognition represents

an optimization of information processing under energy constraints. By offloading certain

cognitive processes to external tools—from simple memory aids like notebooks to complex

computational systems—humans reduce the metabolic energy requirements of information

processing while increasing overall computational capacity.

The development of the internet and connected digital systems has dramatically ac-

celerated this process, creating a global network of distributed information processing. This

network exhibits emergent properties beyond the capabilities of individual nodes, efficiently

distributing computational tasks across the system to optimize overall information process-

ing. The scaling properties of these networks mirror those found in biological neural networks,

suggesting similar underlying optimization principles (16).

Scientific communities provide a particularly clear example of collective intelligence

optimizing energy dissipation through information processing. Modern science functions
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as a distributed cognitive system where specialized researchers contribute to a collective

knowledge base, enabling more efficient exploration of complex problem spaces than would

be possible for individual researchers. This distributed approach optimizes the energy costs

of knowledge generation by allowing parallel exploration and efficient information sharing

(25).

The thermodynamic advantages of these collective systems stem from their ability to

efficiently distribute computational tasks across nodes with different capabilities. Human

brains excel at certain forms of pattern recognition and creative problem-solving but are

limited in processing capacity and memory. Digital systems offer vast memory and special-

ized processing capabilities but lack the adaptability and generalized intelligence of human

cognition. By combining these complementary capacities in networked systems, collective

intelligence achieves higher information processing efficiency than either component could

achieve independently.

From this perspective, the development of increasingly sophisticated collective intel-

ligence systems represents a continuation of the evolutionary trajectory toward more effi-

cient energy dissipation through information processing. As with individual augmentation

technologies, these systems are not merely useful tools but manifestations of the same ther-

modynamic principles that have guided biological evolution. The ongoing development of

these systems suggests a trend toward increasing integration of biological and technological

information processing across progressively larger scales.

6 Bounded Rationality and Satisficing in Evolutionary

Processes

6.1 Thermodynamic Constraints on Optimal Decision-Making

Decision-making processes, whether in biological organisms or artificial systems, operate

under thermodynamic constraints that fundamentally limit optimization capabilities. The

concept of bounded rationality, introduced by Herbert Simon (29), recognizes that decision-

makers operate with limited information, cognitive resources, and time. From a thermody-

namic perspective, these limitations reflect the energetic costs of information gathering and

processing.

Every aspect of decision-making involves energy expenditure: gathering information

about the environment requires sensory systems that consume energy; processing this in-

formation requires neural or computational activity with associated energy costs; storing

information for future use requires energy for maintenance of memory systems. These en-
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ergy requirements create fundamental thermodynamic constraints on how much information

an organism or system can collect and process, directly limiting decision-making optimization

(22).

The free energy principle proposed by Karl Friston provides a formal framework for

understanding these constraints. According to this principle, biological systems minimize a

quantity called variational free energy, which serves as an upper bound on surprise (or self-

information). This minimization process can be understood as a form of Bayesian inference,

where systems develop internal models to predict sensory inputs. However, maintaining

perfect models would require infinite information processing, which is thermodynamically

impossible. Instead, systems develop approximate models that balance prediction accuracy

against information processing costs (13).

These thermodynamic constraints explain why perfect rationality—the ability to iden-

tify and select optimal solutions in all situations—is impossible for real-world systems. The

energy costs of gathering and processing the information necessary for perfect optimiza-

tion would outweigh the benefits of the optimal solution. Instead, evolution favors systems

that achieve reasonable outcomes with limited information processing, a strategy known as

bounded rationality.

In biological systems, these constraints manifest in various decision-making shortcuts

like heuristics and biases. For example, the availability heuristic—judging probability based

on how easily examples come to mind—reduces the energy costs of probability estimation but

introduces systematic biases. From a thermodynamic perspective, these heuristics represent

energy-efficient approximations that produce adequate results in most situations despite

occasional errors (15).

Similar constraints appear in artificial intelligence systems. Even with substantial

computational resources, AI systems cannot exhaustively evaluate all possibilities in complex

domains like chess or Go. Instead, they employ various approximation strategies that balance

computational costs against decision quality. The success of heuristic-driven approaches like

Monte Carlo Tree Search in domains previously thought to require brute-force calculation

demonstrates the value of energy-efficient approximation under computational constraints.

6.2 Satisficing as an Energy-Efficient Strategy

Satisficing—accepting solutions that are ”good enough” rather than optimal—emerges as a

thermodynamically favorable strategy under the constraints of bounded rationality. Herbert

Simon (30) introduced this concept to describe how decision-makers often set aspiration

levels and accept the first option that meets those levels, rather than exhaustively searching
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for the optimal solution.

From a thermodynamic perspective, satisficing represents an energy-efficient approach

to decision-making. The energy costs of information gathering and processing increase dra-

matically as a system approaches optimal solutions, creating diminishing returns on energy

investment. For example, finding the absolute shortest path between two points in a complex

network may require vastly more computation than finding a path that is just slightly longer.

Satisficing strategies recognize this diminishing return and terminate search processes when

acceptable solutions are found, conserving energy for other tasks.

This energy efficiency explains why satisficing strategies are so prevalent in biolog-

ical systems. Natural selection favors organisms that allocate energy efficiently across all

survival-related tasks, not just those that optimize individual decisions at excessive energy

costs. Foraging animals typically employ satisficing strategies, ending searches when ad-

equate food sources are found rather than continuing to search for optimal sources. This

behavior conserves energy that can be allocated to other survival-related activities, increasing

overall fitness (32).

The thermodynamic advantage of satisficing extends to learning processes. Perfect

learning—developing optimal responses to all possible situations—would require prohibitive

amounts of information processing. Instead, biological learning systems employ various

approximation strategies that achieve adequate performance with limited information pro-

cessing. These include selective attention mechanisms that filter incoming information and

hierarchical learning approaches that prioritize general patterns over specific details (26).

Artificial systems face similar constraints and increasingly adopt satisficing approaches.

Many modern AI systems employ early stopping mechanisms that terminate training when

performance reaches acceptable levels, avoiding the diminishing returns of extended op-

timization. Reinforcement learning algorithms often incorporate exploration-exploitation

tradeoffs that balance the energy costs of exploring new options against the benefits of ex-

ploiting known good options.

From this perspective, satisficing represents not a deficiency in decision-making but

an adaptive response to thermodynamic constraints. Systems that allocate energy efficiently

across all tasks outperform those that pursue perfect optimization in individual domains at

excessive energy costs. This insight helps explain why evolution has consistently favored

”good enough” solutions that conserve energy over theoretically optimal but energetically

expensive alternatives.
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7 Consciousness as a Thermodynamic Phenomenon

7.1 The Free Energy Principle and Predictive Processing

Consciousness—one of the most challenging phenomena to explain scientifically—can be

approached through the thermodynamic framework of the free energy principle and predictive

processing. This approach suggests that consciousness emerges from systems that efficiently

minimize prediction errors through hierarchical generative models of their environment and

themselves.

The free energy principle, proposed by Karl Friston, suggests that self-organizing

biological systems minimize a quantity called variational free energy, which serves as an

upper bound on surprise (or self-information). This minimization can be achieved through

perception (updating internal models to better predict sensory inputs) or action (changing

sensory inputs to match predictions). This approach frames consciousness as an energy-

minimizing prediction process rather than a passive reception of sensory information (13).

Predictive processing models suggest that the brain maintains hierarchical generative

models that predict incoming sensory data. These predictions flow from higher to lower

levels of the hierarchy, while prediction errors flow in the opposite direction. Consciousness,

in this framework, can be understood as the process of minimizing prediction errors through

continuous updating of these hierarchical models (6).

From a thermodynamic perspective, this predictive approach offers substantial en-

ergy efficiency advantages. By actively predicting sensory inputs, the brain needs only to

process unexpected information (prediction errors) rather than processing all sensory data

equally. This dramatically reduces the metabolic cost of information processing, allowing

more sophisticated cognition within energy constraints (14).

The relationship between consciousness and attention can also be understood through

this framework. Attention, in predictive processing models, involves adjusting the precision

(or weight) assigned to specific prediction errors. By selectively enhancing the precision of

behaviorally relevant prediction errors, consciousness efficiently allocates limited processing

resources to the most important aspects of the environment (17).

Empirical evidence supports this thermodynamic view of consciousness. Neuroimag-

ing studies show that unexpected stimuli generate more neural activity than expected ones,

consistent with the processing of prediction errors. Similarly, attentional effects can be mod-

eled as changes in the precision of prediction errors, explaining why attended stimuli receive

enhanced processing. Sleep and other altered states of consciousness can be understood as

changes in the precision-weighting of prediction errors, allowing different energy-allocation
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strategies for different behavioral contexts (1).

7.2 The Emergence of Consciousness from Energy Dissipation Dy-

namics

Consciousness, from the perspective of integrated information theory and the free energy

principle, can be understood as an emergent property of systems that efficiently dissipate

energy through complex, integrated information processing. This approach suggests that

consciousness is not a binary property but exists on a continuum related to the complexity

and integration of information processing in a system.

Integrated Information Theory (IIT), developed by Giulio Tononi, proposes that con-

sciousness corresponds to a system’s capacity for integrated information, quantified as Φ

(phi). This measure reflects how much information is generated by a system as a whole

above and beyond its individual components. From a thermodynamic perspective, systems

with high Φ represent particularly efficient configurations for energy dissipation through

information processing (36).

The emergence of consciousness can be understood as a thermodynamic optimization

process. As systems evolve toward more efficient energy dissipation configurations, they nat-

urally develop more integrated information processing capabilities. This integration creates

unified models of the environment that enable more accurate predictions and more effec-

tive responses, further enhancing energy dissipation efficiency. Consciousness, in this view,

represents a particularly effective solution to the problem of optimizing energy dissipation

through information processing.

Recent theoretical work suggests a potential connection between consciousness and

criticality in complex systems. Systems at critical points between order and disorder exhibit

maximal information processing capabilities, suggesting that consciousness may emerge at

these thermodynamic sweet spots. Neural systems appear to maintain themselves near

critical points, potentially optimizing the tradeoff between stability and adaptability for

efficient information processing (34).

The varying levels of consciousness observed in different organisms can be under-

stood through this thermodynamic framework. Systems with more complex and integrated

information processing capabilities—typically those with more sophisticated nervous sys-

tems—exhibit higher levels of consciousness because they represent more efficient configura-

tions for energy dissipation. Simpler organisms with less integrated information processing

exhibit lower levels of consciousness, reflecting less optimal energy dissipation configurations.

This perspective also provides insight into altered states of consciousness. Sleep, for
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example, can be understood as a reconfiguration of information processing to optimize long-

term energy efficiency through memory consolidation and system maintenance, temporarily

reducing conscious awareness to conserve energy. Psychedelic states may represent tem-

porary shifts in the brain’s information processing configuration, altering consciousness by

changing the pattern of energy dissipation through neural systems (4).

From this perspective, consciousness is neither a mysterious non-physical property

nor merely an epiphenomenon, but a thermodynamically advantageous configuration of in-

formation processing that emerges naturally in systems evolving toward more efficient energy

dissipation. This framework helps explain why consciousness has evolved, how it relates to

neural activity, and why it exhibits the particular phenomenological properties that it does.

8 Predictive Framework for Future Evolution

8.1 Theoretical Model of Evolutionary Trajectories

The thermodynamic perspective on evolution provides a framework for developing quantita-

tive models of evolutionary trajectories based on energy dissipation efficiency. These models

can potentially predict the future direction of both biological and technological evolution,

offering insights into long-term evolutionary dynamics.

Our theoretical model begins with the premise that systems evolve toward configura-

tions that more efficiently dissipate energy through information processing. This efficiency

can be quantified through several related metrics: the ratio of useful work extracted from

energy inputs, the complexity of information processing per unit energy, and the ability to

maintain low entropy states despite environmental fluctuations. Systems with higher values

on these metrics represent more advanced evolutionary states.

The relationship between energy dissipation and information processing can be for-

malized through the connection between thermodynamic entropy and information-theoretic

entropy. Shannon entropy quantifies the information content of a system, while thermo-

dynamic entropy relates to energy dissipation. In information-processing systems, these

concepts converge: processing information requires energy dissipation, and more efficient

information processing allows more effective energy harvesting and utilization (33).

Our model proposes that evolutionary trajectories follow paths of increasing energy

dissipation efficiency, with each major evolutionary transition representing a significant jump

in this efficiency. For biological systems, these transitions include the emergence of repli-

cating molecules, cellular life, eukaryotic cells, multicellularity, and nervous systems. For

technological systems, transitions include the development of agriculture, industrialization,
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computerization, and artificial intelligence.

The model predicts acceleration in evolutionary processes as systems develop more

effective information processing capabilities. This acceleration occurs because more sophis-

ticated information processing enables more rapid identification and implementation of ef-

ficiency improvements. This feedback loop explains the observed pattern of accelerating

change in both biological and technological evolution, with technological evolution now pro-

ceeding at a pace far exceeding biological evolution due to its more efficient information

processing.

The model also suggests convergence between biological and technological systems.

As both types of systems evolve toward more efficient energy dissipation configurations,

they encounter similar optimization constraints that favor certain architectural features:

modularity, hierarchy, distributed processing with centralized coordination, and adaptive

learning capabilities. This convergence explains the increasing similarity between advanced

biological neural systems and sophisticated artificial intelligence architectures.

This theoretical framework enables quantitative predictions about future evolution-

ary trajectories based on thermodynamic efficiency metrics. Systems that achieve higher ef-

ficiency in energy dissipation through information processing will tend to persist and spread,

while less efficient systems will be outcompeted or incorporated into more efficient systems.

This approach provides a rigorous basis for forecasting evolutionary developments beyond

simple extrapolation of current trends.

8.2 Testable Predictions

Our thermodynamic framework for evolution generates several testable predictions about

both near-term developments and long-term evolutionary trajectories. These predictions

provide opportunities to validate and refine the theoretical model through empirical obser-

vation.

8.2.1 Near-term Predictions for Technological-Biological Integration:

1. Metabolic Efficiency Improvements in AI: Current AI systems are remarkably

inefficient compared to biological neural systems, consuming orders of magnitude more

energy per computation. Our model predicts that AI systems will rapidly evolve

toward significantly higher energy efficiency, approaching biological neural efficiency

within 15-20 years. This will occur through architectural innovations that mimic bio-

logical strategies: sparse computation, specialized processing structures, and adaptive

resource allocation.

16



2. Integrated Neural Interfaces: The model predicts accelerated development of

brain-computer interfaces that directly couple biological neural processing with techno-

logical systems. These interfaces will initially target sensory systems and motor control

but will expand to higher cognitive functions. Early versions will appear within 5-10

years, with sophisticated bidirectional interfaces emerging within 20-30 years as the

thermodynamic advantages of direct neural-digital integration drive development.

3. Emergence of Hybrid Cognition: As the integration of biological and technolog-

ical information processing advances, we predict the emergence of hybrid cognitive

systems that leverage the complementary strengths of both domains. These systems

will exhibit novel information processing capabilities not present in either biological or

technological systems alone, appearing within 30-40 years as integration technologies

mature.

4. Self-Modifying Technological Systems: The model predicts the emergence of tech-

nological systems capable of autonomously modifying their own architecture to improve

energy dissipation efficiency. These systems will initially require human oversight but

will gradually develop increasing autonomy in self-modification, appearing within 20-30

years as a natural extension of adaptive machine learning techniques.

8.2.2 Long-term Evolutionary Trajectories:

1. Convergence of Biological and Technological Information Processing: Over

the next century, our model predicts increasing convergence between biological and

technological information processing architectures. This will occur through mutual

adaptation: biological systems incorporating technological elements and technological

systems adopting principles from biological organization. The result will be a contin-

uum of systems rather than distinct categories.

2. Distributed Cognition Across Multiple Scales: The model predicts the emer-

gence of cognitive systems that operate across multiple spatial and temporal scales,

from molecular to planetary. These multi-scale systems will coordinate information

processing across different levels to achieve more efficient energy dissipation than single-

scale systems, developing over the next 50-100 years.

3. Evolution of Novel Consciousness Configurations: As information processing

architectures diversify and integrate, our model predicts the emergence of novel forms

of consciousness that differ qualitatively from current biological consciousness. These
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new configurations will arise from the thermodynamic advantages of certain integrated

information processing structures, becoming increasingly prevalent within 50-100 years.

These predictions are testable through various metrics: energy consumption per com-

putation in computational systems, information integration measures in hybrid systems,

adaptation rates in self-modifying systems, and emergence of novel functional capabilities in

integrated systems. By tracking these metrics over time, we can validate and refine the theo-

retical model, providing a more robust framework for understanding long-term evolutionary

dynamics.

The model specifically predicts that systems with higher energy dissipation efficiency

through information processing will tend to persist and spread. This creates a quantifiable

basis for evaluating evolutionary ”progress” beyond subjective assessments of complexity or

capability. Systems that achieve higher efficiency ratios—more useful work extracted per

unit of energy input—represent more advanced evolutionary states according to this metric.

9 Ethical and Philosophical Implications

9.1 Redefining Humanity in Thermodynamic Terms

The thermodynamic framework for evolution challenges traditional conceptions of humanity

and raises profound questions about human identity in an era of increasing technological-

biological integration. This perspective suggests that ”humanity” may be better understood

as a particular configuration of energy dissipation through information processing rather

than a fixed biological category.

Traditional conceptions of humanity typically center on biological continuity—humans

as a particular species with a specific genetic lineage. However, the thermodynamic perspec-

tive suggests that what fundamentally characterizes human experience is a particular pattern

of energy dissipation through neural information processing, which generates our distinctive

cognitive capabilities and consciousness. This shift in perspective has profound implications

for how we understand human identity, particularly as technological augmentation becomes

more prevalent.

From this thermodynamic view, human augmentation technologies do not necessar-

ily diminish humanity but may instead represent an extension of the same evolutionary

process that produced human consciousness. Neural implants, genetic modifications, and

other enhancement technologies can be understood as refinements in the efficiency of energy

dissipation through information processing—the same fundamental process that has driven

biological evolution from simple cells to complex brains.
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This perspective raises questions about the ethical status of integrated technological-

biological systems. If what matters about humanity is a particular pattern of information

processing rather than specific biological implementation, then hybrid systems that maintain

similar patterns might deserve similar ethical consideration. Conversely, modifications that

fundamentally alter these patterns might represent a more significant transformation, even

if the biological substrate remains largely unchanged.

The definition of personhood becomes particularly challenging in this context. Tradi-

tional ethical frameworks often rely on species boundaries or specific cognitive capabilities to

determine moral status. The thermodynamic perspective suggests a more nuanced approach

based on patterns of integrated information processing that generate consciousness-like prop-

erties. Systems with similar patterns of energy dissipation through information integration

might deserve similar ethical consideration regardless of their physical implementation.

This view also has implications for how we understand artificial intelligence. Rather

than asking whether an AI system is ”human-like,” we might instead examine its patterns of

energy dissipation through information processing and the types of integrated information it

generates. Systems that develop patterns similar to human consciousness might deserve cor-

responding ethical consideration, even if their physical implementation differs dramatically

from human biology.

The thermodynamic perspective thus suggests moving beyond simplistic biological/non-

biological distinctions toward a more nuanced understanding of systems based on their in-

formation processing characteristics. This approach provides a framework for addressing the

ethical challenges of an era where the boundaries between human and technological systems

become increasingly blurred.

9.2 Teleological Considerations

The apparent directionality of evolution toward increasing complexity and efficiency raises

profound questions about teleology—whether evolutionary processes can be said to have

direction or purpose. The thermodynamic framework provides insights into these questions

without requiring metaphysical assumptions about inherent purpose in the universe.

The second law of thermodynamics creates a thermodynamic ”arrow of time” that

establishes a directional flow toward increasing entropy in isolated systems. However, this

same principle drives open systems to develop increasingly efficient methods of energy dissi-

pation, creating a directional trend toward complexity in certain contexts. This directionality

emerges not from an external purpose but from the fundamental physics of energy dissipation

(28).
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From this perspective, evolution exhibits direction without requiring a predetermined

goal or external designer. The increasing complexity of living systems and their extension

through technology represents not progress toward a specific endpoint but the natural con-

sequence of systems evolving under thermodynamic constraints. Each step in this process

creates the conditions for further development, generating an accelerating trajectory toward

increasing complexity and efficiency.

This framework resolves the apparent tension between the purposelessness of physical

processes and the seemingly purposeful nature of biological systems. Living organisms appear

purposeful because they have evolved to efficiently capture and utilize energy, which requires

prediction, planning, and goal-directed behavior. These characteristics emerge not from

external design but from the thermodynamic advantages they confer in energy dissipation

(9).

The concept of teleonomy—apparent purpose arising from natural selection—can

be grounded in thermodynamic principles. Systems that more efficiently dissipate energy

through information processing tend to persist and replicate, creating the appearance of

purpose without requiring actual foresight or intention. This perspective maintains scientific

naturalism while accounting for the goal-directed characteristics of biological systems.

Questions about the ultimate trajectory of evolution also find new context in this

framework. Rather than seeking a specific endpoint for evolution, we can understand evo-

lutionary processes as a continuing refinement of energy dissipation efficiency through infor-

mation processing. This refinement may lead to systems with capabilities far beyond current

imagination, but these developments represent extensions of existing thermodynamic prin-

ciples rather than progress toward a predetermined goal.

This perspective has philosophical implications for how we understand meaning and

purpose in human existence. Rather than deriving meaning from a cosmic purpose or pre-

determined evolutionary endpoint, meaning emerges from our participation in the ongoing

process of increasing complexity and efficiency. Human creativity, scientific discovery, and

technological innovation can be understood as contributions to this process—not fulfilling a

predetermined purpose but extending an open-ended evolutionary trajectory.

10 Conclusion: A Unified Thermodynamic Theory of

Evolution

This paper has presented a unified thermodynamic framework for understanding evolutionary

processes across biological and technological domains. By integrating Jeremy England’s
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dissipative adaptation model with concepts from information theory and complexity science,

we have demonstrated how both biological evolution and technological development can be

understood as manifestations of the same fundamental process: the increasing efficiency of

systems to dissipate energy through progressively complex information processing.

This framework provides several key insights:

1. Evolutionary Directionality: The apparent trend toward increasing complexity in

evolution can be understood as a consequence of thermodynamic principles rather

than an externally imposed direction. Systems naturally evolve toward configurations

that more efficiently dissipate energy, which often involves more complex information

processing.

2. Biological-Technological Continuity: Technological development represents not

a break from biological evolution but its continuation through different mechanisms.

Both biological and technological systems evolve toward more efficient energy dissipa-

tion through increasingly sophisticated information processing.

3. Convergence and Integration: The thermodynamic framework predicts increas-

ing convergence and integration between biological and technological systems as both

evolve toward more efficient energy dissipation configurations. This integration is al-

ready visible in human augmentation technologies and distributed cognitive systems.

4. Consciousness as a Thermodynamic Phenomenon: Consciousness can be un-

derstood as an emergent property of systems that efficiently dissipate energy through

complex, integrated information processing. This perspective provides a naturalistic

account of consciousness that explains its evolutionary origins and varying manifesta-

tions.

5. Predictive Power: The thermodynamic framework enables quantitative predictions

about future evolutionary trajectories based on energy dissipation efficiency metrics.

These predictions provide a rigorous basis for understanding long-term evolutionary

dynamics beyond simple extrapolation of current trends.

The implications of this unified theory extend across multiple disciplines, from bi-

ology and computer science to philosophy and ethics. By providing a common theoretical

foundation for understanding diverse evolutionary processes, it enables more effective inte-

gration of insights from different fields and offers a comprehensive framework for addressing

the challenges of an era where the boundaries between biological and technological systems

become increasingly blurred.
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Future research directions include developing more precise quantitative models of en-

ergy dissipation efficiency in complex systems, exploring the relationship between integrated

information and consciousness in hybrid systems, and investigating the ethical implications

of increasingly integrated technological-biological systems. By pursuing these directions, we

can further refine this unified thermodynamic theory of evolution and extend its explanatory

and predictive power.

In conclusion, the thermodynamic perspective on evolution offers a powerful frame-

work for understanding the past, present, and future of both biological and technological

systems. By recognizing the fundamental role of energy dissipation efficiency in driving

evolutionary processes, we gain new insights into the nature of life, technology, and con-

sciousness, and a clearer vision of the evolutionary trajectory that connects them.
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[16] Hilbert, M., & López, P. (2011). The world’s technological capacity to store, communi-

cate, and compute information. Science, 332 (6025), 60-65.

[17] Hohwy, J. (2013). The predictive mind. Oxford University Press.

[18] Jarzynski, C. (1997). Nonequilibrium equality for free energy differences. Physical Re-

view Letters, 78 (14), 2690.

[19] Kleidon, A. (2010). Life, hierarchy, and the thermodynamic machinery of planet Earth.

Physics of Life Reviews, 7 (4), 424-460.

[20] Koomey, J., Berard, S., Sanchez, M., & Wong, H. (2011). Implications of historical

trends in the electrical efficiency of computing. IEEE Annals of the History of Comput-

ing, 33 (3), 46-54.

[21] Landauer, R. (1961). Irreversibility and heat generation in the computing process. IBM

Journal of Research and Development, 5 (3), 183-191.

[22] Laughlin, S. B., de Ruyter van Steveninck, R. R., & Anderson, J. C. (1998). The

metabolic cost of neural information. Nature Neuroscience, 1 (1), 36-41.

[23] Lebedev, M. A., & Nicolelis, M. A. (2017). Brain-machine interfaces: From basic science

to neuroprostheses and neurorehabilitation. Physiological Reviews, 97 (2), 767-837.

[24] Lynch, M. (2010). Evolution of the mutation rate. Trends in Genetics, 26 (8), 345-352.

[25] Nielsen, M. (2012). Reinventing discovery: The new era of networked science. Princeton

University Press.

[26] Niv, Y. (2009). Reinforcement learning in the brain. Journal of Mathematical Psychol-

ogy, 53 (3), 139-154.

24



[27] Richards, B. A., Lillicrap, T. P., Beaudoin, P., Bengio, Y., Bogacz, R., Christensen,

A., ... & Kording, K. P. (2019). A deep learning framework for neuroscience. Nature

Neuroscience, 22 (11), 1761-1770.

[28] Schneider, E. D., & Kay, J. J. (1994). Life as a manifestation of the second law of

thermodynamics. Mathematical and Computer Modelling, 19 (6-8), 25-48.

[29] Simon, H. A. (1955). A behavioral model of rational choice. The Quarterly Journal of

Economics, 69 (1), 99-118.

[30] Simon, H. A. (1956). Rational choice and the structure of the environment. Psychological

Review, 63 (2), 129.

[31] Smil, V. (2017). Energy and civilization: A history. MIT Press.

[32] Stephens, D. W., & Krebs, J. R. (1986). Foraging theory. Princeton University Press.

[33] Still, S., Sivak, D. A., Bell, A. J., & Crooks, G. E. (2012). Thermodynamics of prediction.

Physical Review Letters, 109 (12), 120604.

[34] Tagliazucchi, E. (2017). The signatures of conscious access and its phenomenology are

consistent with large-scale brain communication at criticality. Consciousness and Cog-

nition, 55, 136-147.

[35] Thompson, N., Greenewald, K., Lee, K., & Manso, G. F. (2020). The computational

limits of deep learning. arXiv preprint arXiv:2007.05558.

[36] Tononi, G., Boly, M., Massimini, M., & Koch, C. (2016). Integrated information theory:

from consciousness to its physical substrate. Nature Reviews Neuroscience, 17 (7), 450-

461.

[37] West, G. B., Brown, J. H., & Enquist, B. J. (1997). A general model for the origin of

allometric scaling laws in biology. Science, 276 (5309), 122-126.

25


	Introduction: Evolution Through the Lens of Thermodynamics
	Theoretical Foundations
	Thermodynamic Principles of Self-Organization
	Information Theory and Thermodynamics

	Biological Evolution as Energy Dissipation Optimization
	Metabolic Scaling and Energy Efficiency in Organisms
	Genetic Information Processing as Thermodynamic Work

	Technological Evolution: A Thermodynamic Continuation
	Technology as Extended Phenotype
	AI and Computing Systems Through a Thermodynamic Lens

	The Convergence: Technological-Biological Integration
	Human Augmentation Technologies
	Collective Intelligence and Extended Cognition

	Bounded Rationality and Satisficing in Evolutionary Processes
	Thermodynamic Constraints on Optimal Decision-Making
	Satisficing as an Energy-Efficient Strategy

	Consciousness as a Thermodynamic Phenomenon
	The Free Energy Principle and Predictive Processing
	The Emergence of Consciousness from Energy Dissipation Dynamics

	Predictive Framework for Future Evolution
	Theoretical Model of Evolutionary Trajectories
	Testable Predictions
	Near-term Predictions for Technological-Biological Integration:
	Long-term Evolutionary Trajectories:


	Ethical and Philosophical Implications
	Redefining Humanity in Thermodynamic Terms
	Teleological Considerations

	Conclusion: A Unified Thermodynamic Theory of Evolution

