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Finite-time thermodynamics was created 45 years ago as a slight modification of
classical thermodynamics, by adding the constraint that the process in question goes to
completion within a finite length of time. It was started using very simple models of real
processes and has since then evolved into many new areas as clearly evidenced by the
20 quite diverse papers of this Special Issue “Finite-Time Thermodynamics” [1–20]. The
philosophy has remained the same: add a time constraint for the processes involved and
optimize for your desired quantity (power, efficiency, profit, population, whatever). But the
types of processes considered and the accuracy of the modeling have expanded immensely
from the original simple Curzon-Ahlborn engine.

While much work is still needed optimizing concrete and very important processes
and machines in our daily lives, we would here like to raise our gaze to more distant
horizons. Where could the field go next to expand our insight and modeling abilities?

Some of the most promising directions we are imagining are beyond what is tradi-
tionally considered thermodynamics. One direction which contains many astonishing
concepts, and which has already been underway for many years, is quantum finite-time
thermodynamics. Not only will one encounter the ‘usual’ quantum effects, some very
untraditional ones also appear. Quantum resources like coherence and entanglement carry
available work. It follows that Carnot engines working between heat reservoirs containing
such “hidden” resources can appear to violate Carnot’s bound [21]. Similarly, systems with
bounded upper energy levels can exhibit negative temperatures. Such systems can turn a
heat input into pure work without further flows. Recent “shortcuts to equilibrium” [22]
can take a system from one equilibrium state to another equilibrium state within a short
period of time as opposed to a usual adiabatic transformation which in principle would
require an infinite length of time. In other words, we can generate reversible transforma-
tions in lossy systems taking place in a finite time by appropriate controls. As quantum
computing using q-bits develop, such quantum finite-time thermodynamic considerations in
lossy environments and related optimal solutions for design of the physical equipment will
become very important to gain the full potential of quantum computing.

One area of particular concern in connection with quantum systems is that they are
governed by Hamiltonian dynamics and thus in principle are lossless. By contrast, finite-
time thermodynamics always involves losses. Its goal is to minimize these losses and
calculate the optimal paths using available controls, not just natural free flows. Thus
what we need to develop is a general thermodynamic description of open quantum systems,
i.e., including the lossy interaction with external reservoirs [23,24]. The Lindblad superop-
erator has been extensively used for this purpose, but is it general enough for quantum
computing, and how can we control the rate of transfers, the core component of finite-time
thermodynamics, in the loss minimization optimization?

Quantum thermodynamics typically involves translating thermodynamics many or-
ders of magnitude down from the human scale to the atomic scale where many concepts are
different (e.g., temperature and pressure). What happens in the opposite direction, moving
many orders of magnitude up from the human scale to the galactic scale? A scale typically
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involves both a spatial and a temporal dimension, often connected by the speed of light.
The issue here is that any measurement can be split into 3 regions of accessibility. If we are
talking about timescales, there will be a central region which we can observe properly. At
times shorter than that, our instruments cannot tell events apart and thus establish “before”
and “after” and causality. Processes on timescales longer than our window of observability
are not detected since we see no change. Exploring this ‘slow-time thermodynamics’ we have
just scratched the surface [25] in an attempt to find out which thermodynamic concepts
survive (e.g., mass), which ones either disappear or take on a new appearance (e.g., tem-
perature and entropy), and which new ones may emerge. Entropy production, which is
a crucial quantity for rate processes, surely will acquire new components from processes
which we on human time and space scales can follow in detail but which on the grander
scale become impossible to tell apart and thus appear statistical. Wind is such an example.
This is a wide open field, not least identifying rate processes, their entropy production rates,
and how possibly to control them.

Another virgin territory of finite-time thermodynamics may be found within biol-
ogy, ranging from the chemical processes of sub-components of single cells (e.g., energy
transfer processes in mitochondria) to ecological competition (e.g., corals vs. algae) to
evolution. Many attempts have been made at using entropies in comparing the evolution
and thus competition of species, ranging from the well established Shannon and Kullback-
Leibler forms to home-cooked expressions. While the questions attacked are indeed of
great importance for our understanding of biological systems, there is a serious need for a
precise thermodynamic formulation of the basic interactions and objectives of the biological system
components before one can hope for reliable dynamic (finite-time) conclusions. Attempts
have been made to model evolutionary steps as phase transitions in the spin glass de-
scription of aging. Both are strongly out-of-equilibrium processes with memory and are
conceptually similar.

After many years of dormancy, methods based on thermodynamic geometry have recently
started bearing fruit. The connection between thermodynamic length and dissipation
has been used to bound the operation of quantum heat engines for adiabatically driven
closed systems [2]. Thermodynamic curvature measures interaction strength, and its use
led to better equations of state and shed light on black hole thermodynamics [26]. We
anticipate that these are just the beginning and there is much more insights to come from
thermodynamic geometry.

Thermodynamics-like theories can be used in any area where optimizing behavior is
central to the ruling paradigm. These include the disciplines of economics and biology.
Optimizing behavior can infuse finite-time thermodynamic ideas and reasoning into such
disciplines and leads to carry-over concepts such as dissipation in capital markets [17].
In economics, models assuming optimizing behavior abound with producer optimizing
production, consumer optimizing utility, and government optimizing total welfare. These
optimization problems give ample opportunity for mapping thermodynamic models into
the situation along the lines of mapping mechanics problems into electronic circuits. Much
of Georgescu-Roegen’s classic work [27] exploits such mappings. But while it is clear that
optimizing behavior is involved, such behaviors in economics and biology stem from the
phenomena for which the actual objective function, operating on a given timescale in a
given situation, is usually controversial. We expect finite-time thermodynamics to be a
future guide to such efforts as a template and as a source of readily adapted models with
large palettes of objective functions and associated optimizing behaviors.

Unlike biological or economic systems, computer systems have clear objective func-
tions purely by engineering design. How to achieve optimizing behavior is the main
issue here and simulated annealing has been its workhorse example [28]. Optimal cooling
depends on the heat capacity and relaxation time of a fictitious physical system that is
naturally associated with the optimization problem. Finding similar finite-time thermo-
dynamics based data mining techniques to extract the most information with the least work
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from a database is likely to be a fertile area. This connection to information engines has
made great strides [29] and is poised for more.

Standard predictions for the future of engineering involve designing for sustainability
and easy recycling. But surely the dominant design theme of the next few decades is design-
ing for product intelligence. Since intelligent behavior entails solving some optimization
problem under given constraints, our above stated criteria for thermodynamics-like models
are fulfilled. Finite time is certainly one of these constraints, so we expect finite-time
thermodynamics-like models to play an important role. Since we are approaching the
“technological singularity” [30], this may even be the most important development that can
benefit from finite-time thermodynamics-like models.
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agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References and Note
1. Berry, R.S.; Salamon, P.; Andresen, B. How It All Began. Entropy 2020, 22, 908. [CrossRef] [PubMed]
2. Abiuso, P.; Miller, H.J.D.; Perarnau-Llobet, M.; Scandi, M. Geometric Optimisation of Quantum Thermodynamic Processes.

Entropy 2020, 22, 1076. [CrossRef] [PubMed]
3. Andresen, B.; Essex, C. Thermodynamics at Very Long Time and Space Scales. Entropy 2020, 22, 1090. [CrossRef] [PubMed]
4. Chen, L.; Ma, K.; Ge, Y.; Feng, H. Re-Optimization of Expansion Work of a Heated Working Fluid with Generalized Radiative

Heat Transfer Law. Entropy 2020, 22, 720. [CrossRef]
5. Dann, R.; Kosloff, R.; Salamon, P. Quantum Finite-Time Thermodynamics: Insight from a Single Qubit Engine. Entropy 2020,

22, 1255. [CrossRef]
6. De Vos, A. Endoreversible Models for the Thermodynamics of Computing. Entropy 2020, 22, 660. [CrossRef]
7. Essex, C.; Das, I. Radiative Transfer and Generalized Wind. Entropy 2020, 22, 1153. [CrossRef]
8. Gonzalez-Ayala, J.; Mateos Roco, J.M.; Medina, A.; Calvo Hernández, A. Optimization, Stability, and Entropy in Endoreversible

Heat Engines. Entropy 2020, 22, 1323. [CrossRef]
9. Insinga, A.R. The Quantum Friction and Optimal Finite-Time Performance of the Quantum Otto Cycle. Entropy 2020, 22, 1060. [CrossRef]
10. Masser, R.; Khodja, A.; Scheunert, M.; Schwalbe, K.; Fischer, A.; Paul, R.; Hoffmann, K.H. Optimized Piston Motion for an

Alpha-Type Stirling Engine. Entropy 2020, 22, 700. [CrossRef]
11. Muschik, W.; Hoffmann, K.H. Modeling, Simulation, and Reconstruction of 2-Reservoir Heat-to-Power Processes in Finite-Time

Thermodynamics. Entropy 2020, 22, 997. [CrossRef] [PubMed]
12. Roach, T.N.F. Use and Abuse of Entropy in Biology: A Case for Caliber. Entropy 2020, 22, 1335. [CrossRef] [PubMed]
13. Rogolino, P.; Cimmelli, V.A. Thermoelectric Efficiency of Silicon-Germanium Alloys in Finite-Time Thermodynamics. Entropy

2020, 22, 1116. [CrossRef] [PubMed]
14. Ruppeiner, G.; Seftas, A. Thermodynamic Curvature of the Binary van der Waals Fluid. Entropy 2020, 22, 1208. [CrossRef]
15. Schön, J.C. Optimal Control of Hydrogen Atom-Like Systems as Thermodynamic Engines in Finite Time. Entropy 2020, 22, 1066. [CrossRef]
16. Sun, M.; Xia, S.; Chen, L.; Wang, C.; Tang, C. Minimum Entropy Generation Rate and Maximum Yield Optimization of Sulfuric

Acid Decomposition Process Using NSGA-II. Entropy 2020, 22, 1065. [CrossRef]
17. Tsirlin, A.; Gagarina, L. Finite-Time Thermodynamics in Economics. Entropy 2020, 22, 891. [CrossRef]
18. Tsirlin, A.; Sukin, I. Averaged Optimization and Finite-Time Thermodynamics. Entropy 2020, 22, 912. [CrossRef]
19. Xi, Y.; Liu, X.; Constales, D.; Yablonsky, G.S. Perturbed and Unperturbed: Analyzing the Conservatively Perturbed Equilibrium

(Linear Case). Entropy 2020, 22, 1160. [CrossRef]
20. Zhang, Y.; Kowalski, G.J. Calorimetric Measurements of Biological Interactions and Their Relationships to Finite Time Thermody-

namics Parameters. Entropy 2022, 24, 561. [CrossRef]
21. Allahverdyan, A.E.; Nieuwenhuizen, T.M. Extraction of work from a single thermal bath in the quantum regime. Phys. Rev. Lett.

2000, 85, 1799. [CrossRef] [PubMed]
22. Guéry-Odelin, D.; Ruschhaupt, A.; Kiely, A.; Torrontegui, E.; Martínez-Garaot, S.; Muga, J.G. Shortcuts to adiabaticity: Concepts,

methods, and applications. Rev. Mod. Phys. 2019, 91, 045001. [CrossRef]
23. Breuer, H.-P.; Petruccione, F. The Theory of Open Quantum Systems; Oxford University Press on Demand: Oxford, UK, 2002.
24. Dann, R.; Kosloff, R. Quantum thermo-dynamical construction for driven open quantum systems. Quantum 2021, 5, 590. [CrossRef]
25. Essex, C.; Andresen, B. The Ideal Gas in Slow Time. J. Non-Equilib. Thermodyn. 2021, 46, 35–43. [CrossRef]
26. Special Issues of Entropy, Geometry in Thermodynamics (https://www.mdpi.com/journal/entropy/special_issues/geometry_

in_thermodynamics, accessed on 30 June 2015) and Geometry in Thermodynamics II (https://www.mdpi.com/journal/entropy/
special_issues/geometry_in_thermodynamics_II, (accessed on 28 February 2018).

http://doi.org/10.3390/e22080908
http://www.ncbi.nlm.nih.gov/pubmed/33286677
http://doi.org/10.3390/e22101076
http://www.ncbi.nlm.nih.gov/pubmed/33286845
http://doi.org/10.3390/e22101090
http://www.ncbi.nlm.nih.gov/pubmed/33286860
http://doi.org/10.3390/e22070720
http://doi.org/10.3390/e22111255
http://doi.org/10.3390/e22060660
http://doi.org/10.3390/e22101153
http://doi.org/10.3390/e22111323
http://doi.org/10.3390/e22091060
http://doi.org/10.3390/e22060700
http://doi.org/10.3390/e22090997
http://www.ncbi.nlm.nih.gov/pubmed/33286766
http://doi.org/10.3390/e22121335
http://www.ncbi.nlm.nih.gov/pubmed/33266519
http://doi.org/10.3390/e22101116
http://www.ncbi.nlm.nih.gov/pubmed/33286885
http://doi.org/10.3390/e22111208
http://doi.org/10.3390/e22101066
http://doi.org/10.3390/e22101065
http://doi.org/10.3390/e22080891
http://doi.org/10.3390/e22090912
http://doi.org/10.3390/e22101160
http://doi.org/10.3390/e24040561
http://doi.org/10.1103/PhysRevLett.85.1799
http://www.ncbi.nlm.nih.gov/pubmed/10970617
http://doi.org/10.1103/RevModPhys.91.045001
http://doi.org/10.22331/q-2021-11-25-590
http://doi.org/10.1515/jnet-2020-0007
https://www.mdpi.com/journal/entropy/special_issues/geometry_in_thermodynamics
https://www.mdpi.com/journal/entropy/special_issues/geometry_in_thermodynamics
https://www.mdpi.com/journal/entropy/special_issues/geometry_in_thermodynamics_II
https://www.mdpi.com/journal/entropy/special_issues/geometry_in_thermodynamics_II


Entropy 2022, 24, 690 4 of 4

27. Georgescu-Roegen, N. The entropy law and the economic process. In The Entropy Law and the Economic Process; Harvard University
Press: Cambridge, MA, USA, 2013.

28. Salamon, P.; Sibani, P.; Frost, R. Facts, Conjectures, and Improvements for Simulated Annealing; SIAM: Philadelphia, PA, USA, 2002.
29. Deffner, S.; Jarzynski, C. Information Processing and the Second Law of Thermodynamics: An Inclusive, Hamiltonian Approach.

Phys. Rev. X 2013, 3, 041003. [CrossRef]
30. Vinge, V. The coming technological singularity. Whole Earth Rev. 1993, 81, 88–95.

http://doi.org/10.1103/PhysRevX.3.041003

	References

