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Abstract

Non-equilibrium thermodynamics has significantly advanced our understanding of pattern
formation, dissipation, and structure maintenance in driven systems. However, it remains limited
in its ability to distinguish meaningful organization from mere low-entropy order. In this article, |
argue that these limitations arise from the absence of an explicit informational variable in
standard thermodynamic descriptions. | introduce the concept of organizational efficiency, a
quantity that captures how effectively usable information counteracts entropic drift to sustain
structure. | analyze the conceptual boundaries of non-equilibrium thermodynamics and show
that an information-centered extension is required to explain stability, adaptability, and
self-organization across physical and biological systems. The framework provides a unified
interpretation of organization beyond entropy production alone and yields testable predictions
for complex systems.
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1. Introduction

Non-equilibrium thermodynamics has become a cornerstone for understanding structure
formation in driven systems. From convection patterns to chemical oscillations, it explains how
energy fluxes and dissipation can sustain order far from equilibrium. Yet, despite its successes,
a fundamental question remains unresolved: why do some structures persist, adapt, and
remain robust, while others collapse despite similar energetic conditions?

In biological systems, this question becomes even more pressing. Living organisms maintain
organization over long timescales, adapt to changing environments, and repair internal damage.
These features cannot be fully explained by entropy production and energy dissipation alone.

In this work, | argue that the missing ingredient is information. Specifically, | propose that the
limits of non-equilibrium thermodynamics stem from its failure to treat information as a governing
variable. | introduce organizational efficiency as a unifying concept that complements entropy
and clarifies the emergence, maintenance, and breakdown of organization.

2. Non-Equilibrium Thermodynamics: Achievements and Boundaries



2.1 Achievements
Non-equilibrium thermodynamics successfully explains:
e entropy production in open systems,
e pattern formation driven by fluxes,
e stability of dissipative structures,
e irreversible dynamics under constraints.

These results demonstrate that order does not violate the second law when systems exchange
energy and matter with their environment.

2.2 Conceptual limits
However, non-equilibrium thermodynamics:
e does not quantify organizational quality,
e does not distinguish functional structure from incidental order,

e does not explain why some systems remain stable under perturbations while others do
not.

Two systems may exhibit similar entropy production rates yet differ drastically in robustness and
adaptability. This gap motivates the introduction of an additional organizing variable.

3. Organization Beyond Entropy



Entropy measures disorder, but organization is not merely low entropy. For example, a
crystal has low entropy but limited functional complexity, whereas a living cell maintains
moderate entropy while sustaining high functional organization.

| define organization as the presence of stable, constrained, and functionally coherent

structure. Such structure depends on informational constraints—correlations, regulatory
relations, and predictive patterns—that are invisible to entropy alone.

4. Organizational Efficiency



| introduce organizational efficiency as a macroscopic descriptor of system organization.
Conceptual definition:
Organizational efficiency measures how effectively usable information constrains system
dynamics in the presence of entropic forces.
High organizational efficiency implies:

e strong internal constraints,

e robustness to noise,

e persistence of structure.
Low organizational efficiency implies:

e weak constraints,

e dominance of disorder,

e structural instability.
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Figure 1. Conceptual balance between usable information and effective entropy.
Organizational efficiency emerges from the competition between informational constraints that
stabilize structure and entropic forces that promote disorder.



5. Organizational Regimes and Dynamical Transitions
The framework predicts three generic regimes:

1. Organization-dominated regime
Informational constraints dominate; structure strengthens

2. Dynamic equilibrium regime
Information and entropy balance; organization is maintained but does not grow.

3. Disorganization-dominated regime
Entropic drift overwhelms informational control; structure degrades.

Transitions between these regimes occur near critical thresholds and are often abrupt.
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Figure 2. Organizational regimes and transitions.
The framework predicts three dynamical regimes: stable organization, dynamic equilibrium, and
disorganization, with transitions occurring near critical thresholds.



6. Implications for Physical Systems
In physical systems, organization arises when dynamics select low-dimensional attractors that
constrain system behavior. These attractors encode information about boundary conditions,

symmetries, and feedback mechanisms.

Non-equilibrium thermodynamics explains how energy flow enables such structures, but
organizational efficiency explains why certain structures persist and resist perturbations.

This distinction clarifies:
e pattern selection,
e robustness of structures,

e sensitivity to external noise.



7. Biological Organization and Adaptation

Biological systems exemplify sustained organization. Cells continuously combat entropic
degradation through metabolism, regulation, and repair.

Within this framework:
e metabolism supplies energetic throughput,
e information encodes constraints,
e organizational efficiency determines viability

Homeostasis corresponds to a dynamic equilibrium regime, while adaptation corresponds to
increasing organizational efficiency through learning and evolution.
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Figure 3. Cross-domain interpretation of organizational efficiency.
The same informational principles govern organization in physical systems and biological
organisms, despite differences in scale and substrate.



8. Why Non-Equilibrium Thermodynamics Is Not Enough

Non-equilibrium thermodynamics correctly describes dissipation but does not:
e measure informational constraints,
e predict long-term stability,
e account for adaptability.

Organizational efficiency fills this conceptual gap by providing a state-level variable that
captures the quality of organization, not just its energetic cost.



9. Testable Predictions

This framework yields falsifiable predictions:

1. Systems approaching collapse should exhibit declining organizational efficiency before
entropy spikes.

2. Increasing informational constraints should stabilize systems more effectively than
increasing energy throughput alone.

3. Biological aging and disease should correlate with progressive loss of organizational
efficiency.

These predictions are testable across physics, biology, and computational systems.



10. Discussion

By identifying organizational efficiency as a missing variable, this work reframes the limits of
non-equilibrium thermodynamics. Rather than replacing it, the framework extends its
explanatory power into domains where information, not energy alone, governs structure.



11. Conclusion

| have argued that non-equilibrium thermodynamics, while powerful, is incomplete as a theory of
organization. The introduction of organizational efficiency provides a unifying principle that
explains stability, adaptability, and breakdown across physical and biological systems. This
information-centered perspective opens new directions for theoretical and experimental
research on self-organization.
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