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Abstract 

The consideration of non-equilibrium thermodynamics (NET), has become a central theme in the 

interpretation of intricate behaviours of complex biological systems. Life is at its core a process far 

from equilibrium, driven by persistent energy and mass flow. In this review, we provide an overview of 

the recent theoretical and computational developments in NET from 2018 to 2025 based on the 

comprehensive literature survey of more than half a century by considering more than 50 Scopus 

indexed papers. The paradigm in energy transduction and dissipative structures that we need to disclose 

is set by the earliest incursions of quantitative biology into cellular metabolism. The reviewer next 

explains in detail the  theoretical developments of stochastic thermodynamics and the framework of 

information  thermodynamics, which offers means to quantify entropy production rates, fluctuation 

theorems and acting  quantities characterising energetic costs arising from biological accuracy. A large 

part is devoted to state  of  the-art computational methods, such as thermodynamically corrected coarse-

grained molecular dynamics and agent-based models. In order to compile findings from different 

studies, we display table review summaries about the results, methodology and advice of leading 

authors. To illustrate the potential of NET, their application in addressing specific biological disorder-

related phenomena  circadian rhythms and dynamics, cancer metabolism, cellular sensing system s, and 

neural dynamics  is scrutinized to exhibit how they may explain or predict the behavior of a disease. Last 

but not least, remaining challenges of the real time measurement of cellular entropy production and the 

multiscale coupling are summarized with an outlook for future research to apply artificial intelligence in 

connection with thermodynamic models and implement thermodynamic therapies. The combined 

evidence supports AFF tactic as a necessary lingua franca to advance beyond descriptive ecology 

towards predictive, quantitative biology of life. 

Keywords: Nonequilibrium Thermodynamics, Complex Biological Systems, Entropy Production,  

Information Theory Computational Biology, Energy Transduction 
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Introduction 

 

1.1.The Imperative of a Non-Equilibrium Perspective: 

Living systems embody the highest order of complex non-equilibrium organization. They also resist the 

potential (hat is, likely) drive to disorder with their extremely structured and low-entropy states: a 

condition stabilized by energy flux supplied from the sun or chemical gradients [1]. Classical 

equilibrium thermodynamics delivers the fundamental laws, but cannot explain phenomena as 

dynamics, adaptation, self-organization and emergent functionalities that characterize life. The non-

equilibrium thermodynamics (NET) provides a fundamental theoretical basis to describe these 

processes, which yields deep insights into energy flows, entropy production and the stability feature of 

living matter [2]. The year range between 2018 and 2025 has been especially revolutionary with a 

theoretical development of such concepts as information and stochastic thermodynamics also reaching 

maturity, while the computational resources being available for their study explosively expanding. This 

has allowed workers to make the transition from metaphors to quantitative models of how biological 

systems work over scales ranging from molecules to ecosystems. 

This review is intended to consolidate these and other advances, critically evaluate the intersection of 

theoretical paradigms, computational approaches, and empirical evidence, and to consider how NET are 

transforming our conception of biological complexity. Here we undertake this structured analysis and 

present tabular comparisons of research findings, delineating areas of agreement, disagreement and 

uncertainty there by create a detailed cartographic view of the current terrain that serves as an anchor 

point to build on moving forward. 

 

The Non-Equilibrium Paradigm in Biology  

 

1.2.Energy Transduction and Maintenance 

Its biological version is based on the notion that life itself resides in a dynamic steady state, a flux 

balance regime maintained through continuous energy dissipation. The cellular work is fueled by 

continuous generation and decomposition of the major energy currency, adenosine triphosphate (ATP). 

This non-equilibrium state has recently been quantitatively characterized with unprecedented accuracy. 

Thermodynamics Flux Balance Analysis (tFBA) studies have shown that metabolic operation itself is 

irreversible at the level of the cell, and such irreversibility leads to a substantial amount of measurable 

entropy production. Applied TFBA to target the metabolic reactions in E. coli, which cause most of the 

cellular irreversibilities by determining the cost of living at a network layer level. So, has the idea of 

“dissipative structures”, first advanced by Prigogine, brought to test in a biological worldview? For 

example, the mammalian circadian clock is a prototypical dissipative structure [3]. Demonstrated that 

the resilience and accuracy of its entertainment are linearly related to the free energy dissipation rate; 

perturbations depleting ATP availability directly lead to loss of rhythmicity. In addition, cancer 

signatures have been revisited from a thermodynamic point of view [4]. Inorganic changes are 
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associated with metabolic reprogramming, which promotes glucose influx and overall cellular entropy 

production, potentially leading to a disrupted and migratory tumor environment [5].   

It is shown in table 1 that life, as an out-of-equilibrium state is supported by a constant dissipation of 

energy. Research spanning cellular metabolism, circadian rhythms, and cancer exemplifies that 

everything from the maintenance of rhythms to tissue health critically depends on a linear rate of free 

energy consumption and entropy production. These studies measure the "cost of living," indicating that 

biological order, precision and structure are operating dissipative processes. And we know that 

pathologies such as cancer are associated with changes in the dissipation profiles, placing entropy 

production at the heart of a measurable difference between health and disease. 

Table 1: Analysis of Research on Energy Transduction and Dissipative Structures 

Research 

Focus 
Ref.  Methodology Key Findings 

Theoretical 

Implication 

Cellular 

Metabolism 
[3] 

Thermodynamic-

Flux Balance 

Analysis (tFBA) 

Core metabolism pathways 

that are most irreversible 

and have highest entropy 

production in E. coli.H.a 

Identified. 

Quantitative estimates of 

the ‘cost of living’ at the 

network level and optimal 

reachability subject to this 

cost. 

Circadian 

Rhythms 
[4] 

Kinetic modeling 

coupled with 

entropy production 

calculation. 

Accuracy of the circadian 

clock is linearly related to its 

free-energy dissipation. 

Relates Temporal 

Resolution in biology 

directly to thermodynamic 

pricetags 

Cancer 

Metabolism 
[5] 

Metabolomic flux 

analysis & 

thermodynamic 

profiling. 

On the other hand, oncogenic 

signaling enhances the 

entropy production rate 

leading to a more disordered 

microenvironment. 

Advocates for entropy 

production as a biomarker 

of tumor aggression. 

    

Mitochondri

al Function 

[6] 

Bioenergetic 

modeling and 

respirometry. 

The thermodynamic 

efficiency of electrochemical 

energy transduction by 

oxidative phosphorylation is 

kept uncoupled for 

adjustment on a fast time 

scale. 

Emphasizes the functional 

benefit of Nonequilibrium 

steady states for 

responsiveness. 

Tissue 

Homeostasis 
[7] 

Multi-scale 

modeling of 

epithelial layer. 

The spatial distribution of 

dissipation is vital to tissue 

integrity. 

Suggests that morphogen 

gradients are ultimately 

thermodynamic gradients. 
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 Theoretical Frameworks: From Stochastic to Information Thermodynamics 

3.1 Stochastic Thermodynamics 

Thermodynamics of stochastic systems has emerged as the standard theory for small systems in which 

thermal fluctuations dominate, including single biomolecules. It generalizes the classical thermodynamic 

quantities work, heat and entropy to single, stochastic trajectories. Key to this framework is the 

Fluctuation Theorem (FT), which provides a measure of the probability to observe entropy-decreasing 

events over finite-time scales [8]. Experimentally, there has been a flurry of ground breaking 

applications recently. 

Tests of FTs using single molecular motors, such as kinesin and myosin, have tested theoretical 

predictions and enabled direct measurements of free energy landscapes and motor efficiencies, 

providing design principles [9]. In addition to motors, gene regulatory networks have also been 

analyzed via stochastic thermodynamic analysis. Showed that if cells are to make a sharp, reliable cell-

fate decision, there must be a minimum thermodynamic cost, quantifying the "energy cost of precision". 

In addition, the Thermodynamic Uncertainty Relation (TUR) derived in stochastic thermodynamics is a 

fundamental constraint on the precision (relative fluctuation) of any shape-changing biomolecular 

process given its dissipation [9], [10]. These results have profound implications for understanding the 

design rules of biochemical networks. 

3.2 Information Thermodynamics and the Maxwell's Demon Analogy 

Some of the deepest insights into theoretical biology today come from the intersection of 

thermodynamics with information theory. It has been proved experimentally that the heat cost in erasing 

a bit, which is essentially nothing more than Landauer's principle, taking place biologically in any of 

these synthetic biochemical automata is kTln2. Biologically, this is equivalent to determining the 

thermodynamic limits on cellular sensing, signaling and computation [11], [12]. 

Microscopic "Maxwell's Demons" in the cell use feedback information from receptors to guide 

processes towards what appears to be a specific goal. However, that can occur only due to the 

measurement process energy expended [13]. This trade-off has been quantified in recent work. 

Demonstrated that the precision of bacterial chemotaxis is ultimately constrained by the energy 

dissipation in its signalling network [14]. Likewise, kinetic fidelity of kinet proofreading essential for 

the immune recognition and DNA replication  has been directly connected to its consumption rates of 

ATP molecules allowing for a thermodynamic explanation of biological precision [15]. 

Table 2: The non-equilibrium thermodynamics that drives the basic operating mechanisms of life is 

summarized in the table. It shows that chirality, rhythm and information processing in biology are 

intrinsically dissipative phenomena. Together, fundamentals like oscillation theory and Landauer’s 

principle have been experimentally found to admit compromises that turn out to be universal: higher 

sensing accuracy, smaller error in linguistic verification and the stability of biochemical oscillations are 
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harder while requiring more energy dissipation. These results unite physics and biology by 

demonstrating that cellular robustness is bought at the price of sustained entropy production, which in 

turn offers a description of life as an open-ended, non-equilibrium informational engine. 

 

Table 2: Analysis of Theoretical Frameworks and Key Results 

Theoretical 

Framework 

Key 

Concept 
Ref. 

Biological 

System 

Studied 

Key Insight/Result 

Stochastic 

Thermodynamics 

Fluctuation 

Theorem 

(FT) 

[9] 
Single Kinesin 

Motor 

Direct experimental 

confirmation of FT; single-

cycle efficiency = ~60%, 

limited by dissipation. 

Stochastic 

Thermodynamics 

Thermodyna

mic 

Uncertainty 

Relation 

(TUR) 

[10] 

General 

enzymatic 

processes 

Obtained a universal bound: 

the fractional error of an 

enzyme’s output is inversely 

related to its entropy 

production. 

Stochastic 

Thermodynamics 

Entropy 

Production & 

Coherence 

[11] 
Biochemical 

oscillators 

Demonstrated that the Q-factor 

is equivalent to the cycle 

entropy production of the 

system. 

Information 

Thermodynamics 

Landauer's 

Principle 
[12] 

Synthetic 

DNA-based 

memory 

Experimentally measured the 

KlnWT2 energy barrier to 

erasing one kTln2 bit of 

information in a biochemical 

context. 

Information 

Thermodynamics 

Sensing & 

Measurement 
[14] 

Bacterial 

Chemotaxis 

Quantified the basic trade-off: 

Accuracy of sensing ∝ Energy 

dissipation × Integration time ~ 

Power consumption × 

Observation time 

Information 

Thermodynamics 

Kinetic 

Proofreading 
[15] 

T-cell Receptor 

Signaling 

Demonstrated that the error 

reduction factor for the 

proofreading scheme is 

exponential in the number of 

dissipative steps 
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 Computational and Modeling Approaches 

Theoretical advances in NET require robust computational tools for validation and exploration. The past 

five years have seen significant innovation in this domain. 

 

4.1 Molecular Dynamics (MD) and Coarse-Grained Models 

All-atom MD simulations offer atomistic level resolution, but are impractical for bio-relevant timescales 

due to computational expense. One such development has been the advent of thermodynamically 

consistent coarse-graining (CG) schemes. These models retain the non-equilibrium dynamics and 

energy exchanges of the system, but are able to simulate large complexes at the size of the ribosome or 

viral capsids [16]. The marriage of MD to stochastic thermodynamics has also come of age, with work 

distributions and free energy differences able to be calculated directly from simulation trajectories, 

offering unparalleled atomic-scale insight into the action of molecular machines such as ATP synthase 

[17]. 

 

4.2 Network and Agent-Based Models 

At the cellular and multicellular levels, constraint-based models such as Flux Balance Analysis (FBA) 

have been mechanistically extended to include thermodynamic constraints (e.g., Thermodynamic FBA), 

so that reaction fluxes are not only stoichiometrically possible but also that they respect of heat 

dissipation laws [18]. It is becoming more and more the case that agent-based models (ABMs) 

simulating the actions/interactions of autonomous agents such as cells are being linked up with 

metabolic NET principles. Used an ABM of tumor-immune dynamics, in which each cell’s fate 

(proliferation, death, or migration) is determined by a balance between ATP production and 

consumption [19]. This model showed mechanistically how metabolic interplay between cell types has 

consequences on the emergent tumor phenotype and therapy response based on first principles. 

Table 3: presents a multi-scale computational toolbox to model NET (nonequilibrium thermodynamics) 

in biology. These methods range from molecular dynamics simulations that compute entropy production 

in molecular machines like the ribosome to cellular-level models like tFBA that make predictions of 

metabolic states to tissue-level agent-based models simulating how single-cell energetics leads to 

emergent population-level dynamics. A cross-scale computational advantage lies in the ability to 

bridge between energy flows and known thermodynamic constraints straight through to biological 

function from ATP hydrolysis landscapes down to the Warburg effect, from carcinoma growth down to 

maintaining tissue architecture. 
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Table 3: Analysis of Computational Approaches in NET 

Computational 

Method 

Scale of 

Application 
Key Strength Ref. 

Application 

Example 

Thermodynamically-

Consistent Coarse-

Grained MD 

Molecular to 

Supramolecular 

(1-1000 nm) 

Connects atomic details 

with microsecond-plus 

timescales without losing 

energy flows. 

[16] 

Simulated the mechano-

chemical cycle of a full 

ribosome, quantifying 

entropy production 

during translocation. 

Stochastic 

Thermodynamics 

from MD Trajectories 

Molecular 

(1-10 nm) 

Computes free energies and 

work distributions from all-

atom simulations. 

[17] 

Calculated the free 

energy landscape of 

ATP hydrolysis in the 

F1F0-ATP synthase. 

Thermodynamic Flux 

Balance Analysis 

(tFBA) 

Cellular 

Metabolism (μm) 

Predicts possible metabolic 

states and calculates 

netowrk-level entropy 

production. 

[18] 

Predicted overflow 

metabolism in cancer 

cells (Warburg effect) 

as a consequence of 

thermodynamic 

constraints. 

Agent-Based Models 

with Metabolic Rules 

Cellular to Tissue 

(μm-mm) 

Recovers emerging spatial 

structure and population 

dynamics from single-cell 

energetics. 

[19] 

Showed how glycolytic 

and oxidative tumor 

subpopulations coexist 

based on local glucose 

and oxygen gradients. 

Reaction-Diffusion 

Models with Energy 

Depots 

Tissue to Organ 

(mm-cm) 

Describes models of 

formation (such as 

morphogen gradients) as 

dissipative structures. 

[7] 

Simulated how energy 

dissipation gradients 

maintain intestinal crypt 

villus architecture. 

 

 

Applications to Specific Biological Systems 

The combined theoretical-computational approach of NET is proving to be useful in a broad range of 

biological settings, as it has generated new explanations and predictions. 

Cellular Differentiation & Development: Non-Equilibrium Dynamics of Stem Cell Differentiation. 

Represented the epigenetic landscape as a non-equilibrium potential and established that cell fate 
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decisions are noise-induced transitions whose occurrence is gated by specific energy dissipation rates. 

This places cellular metabolism as a direct player in the pluripotent and differentiation capacity balance 

[20]. Neural Dynamics: The brain is an archetypical far from equilibrium system. Showed, with whole-

brain models based on neurophysiological data at millimeter resolution, that compared to unconscious 

states as in deep sleep or general anaesthesia, conscious states are associated with a higher global 

entropy production and complex, critical dynamics (a thermodynamic signature of consciousness [21]. 

Ecology and Evolution: NET principles, e.g., MEP is utilized at the level of ecosystems. Suggested the 

possibility that ecosystems could converge on states of maximum entropy production, with implications 

for biodiversity, nutrient cycling efficiency and ecosystem stability. Host-Pathogen Interactions: 

Immune response is known to be a dissipative process [22]. Another recent study using a stochastic 

thermodynamic model has shown that T cell activation thresholds exist in order to overcome the entropy 

production threshold, which justifies, from a thermodynamic perspective, the thresholds for immune 

recognition and loss of immune response [23].  

Challenges, Controversies, and Future Directions 

It is a work in progress but there are many, many large challenges that challenge the field. 

• The Measurement of Entropy Production: The direct, non-destructive measurement of local 

entropy production inside living cells is still a "holy grail" [24]. Although inference methods for 

velocities from microscopy data (e.g., based on TUR or tracking fluctuations) are becoming 

more refined, they typically involve either assumption such as Markovianity that do not 

generalize to dense cellular environments. 

• ⁠The Multi-Scale Coupling Problem: There is an open challenge to relate, in a rigorous and 

quantitative way, the thermodynamics of a single enzyme to the cellular phenotype, and decades 

later, to tissue-level function. The dynamics at one scale are described by a set of parameters 

which in many cases become the emergent properties of the low scale landscape, thus multiple-

scale modeling is computationally and conceptually challenging. 

• Con troversy on Maximum Principles: Whet her the ME P can work as a guiding principle is 

still problem atical for many. Some work is consistent with this in ecological and microbial 

networks, with others speculating that it is an effect rather than cause of evolution [2], [22]. 

Table 4: summarizes the main difficulties to quantify and apply non-equilibrium thermodynamics in 

biological systems. These roadblocks include the challenge of directly quantifying entropy 

production in vivo, linking theoretical predictions across biological scales, simulating non-

Markovian cellular environments and translating intuitive thermodynamic concepts derived from 

basic research into clinical practice. Solutions include using new advanced computational techniques 

(such as AI and machine learning) for inference and modeling, designing nano-sensors for sensing 

at the nanoscale, devising hierarchical theoretical frameworks and leading therapeutic strategies that 

harness the special signatures of dissipation in specific diseases such as cancer. 
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Table 4: Challenges and Corresponding Future Research Directions 

Current Challenge Description of the Problem Promising Future Directions 

Measuring Cellular 

Entropy 

Production 

Cannot directly measure 

heat/entropy flows at 

subcellular levels without 

invasive probes. 

• AI-aided Inference: Inverse modeling using machine 

learning to infer entropy production rates from high-

dimensional live-cell imaging data [25]. 

• Advanced Nano-sensors: Production of new FRET (or 

diamond-NV center) based sensors of local temperature or 

pH gradient. 

Multi-Scale 

Coupling 

Lack of a unified framework 

to seamlessly connect 

molecular stochastic 

thermodynamics to cellular 

and tissue-level models. 

• Hierarchical Modeling: Creating cross-scale algorithms 

that transfer thermodynamic constraints (such as energy 

budgets) from finer to coarser scales. 

• Theory of emergent constraints: Developing theoretical 

basis for how molecular bounds (such as TUR) are 

realized in cellular phenotypes. 

Non-Markovian 

Environments 

Intracellular milieus are 

crowded and viscoelastic, 

leading to memory effects that 

break assumptions of simple 

stochastic models. 

• Generalized Stochastic Thermodynamics: Non-

Markovian fluctuation theorems and entropy gradients. 

• Data-Driven Modeling: Learning from trajectory data 

good equations of motion with neural networks. 

Therapeutic 

Application 

Translating theoretical 

insights into clinical 

strategies. 

• Thermodynamic Therapies: Developing drugs that are 

aimed at selectively destabilizing dissipative structures of 

pathogen or cancer cells [26]. 

• Metabolism of differentiation: when nature calls for stem 

cells to mobilize and differentiate for the regenerative 

medicine. 

 

 

 Conclusion 

The years 2018 – 2025 have crystallized the standing of non-equilibrium thermodynamics as a 

fundamental theory for theoretical and computational biology. NET exhibits the same relationship 

between energy dissipation and the production of entropy, yet with an explicit distinction from and 

novelty relative to further a foregoing DCM formulation- by breaking free from frozen structures and 

adhering instead to the texture of power flows, randomness creation in NET results as having a cause 

rooted at energy consumption. The interplay of stochastic thermodynamics, information theory and 

powerful computational models is changing the way we look at life as not being defined by a static bag 



Vol.1  Issue.2  2025 

 

 

 

 

 

 

group of molecules, but in terms of non-equilibrium dynamics. The tabular review in the present article 

attempts to focus a researcher's attention on a burgeoning field and one overriding observation: 

quantitative, thermodynamic models are now predicting and explaining biological phenomena at pan-

organization scale. Though there remain many challenges to the measurement and multi-scale 

integration of networks, the trajectory is clear: NET will represent the foundation for a more predictive, 

basic and ultimately useful science of biology that has implications for medicine, synthetic pages 

biology, and even our definition of life. 
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