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A B S T R A C T 

Any biosphere emerges, lives, and grows producing entrop y. Entrop y production is a thermodynamic function crucial in the 
framework of non-equilibrium thermodynamics as it is directly related to the dynamical behaviour of far-from equilibrium 

systems. The extent of entropy production is proportional to the ability of such systems to dissipate free energy and thus to ‘live’, 
to evolve, to grow in complexity . Generally , a certain threshold of entropy production must be exceeded for the emergence of 
complex self-organizing structures. Thus, the entropy production can be considered as the thermodynamic thrust that drives life 
emergence and evolution. In this perspective, we propose that the value of the planetary entropy production (PEP) can provide 
a first order estimate of the thermodynamic potential of planetary environment to sustain a complex biosphere. Here we use a 
simplified approach to e v aluate the upper limit to the PEP and to the corresponding free energy as function of stellar temperature 
and orbital parameters of the planet. We found that only Earth-like planets in the circumstellar habitable zone (CHZ) of G and 

F stars can have a PEP value higher than the Earth value. Further significant thermodynamic differences exist between the inner 
and outer edge of the CHZ, with the inner edge being thermodynamically more advantageous for the development of complex 

biospheres. Interestingly, among the recently proposed habitable exoplanets, the ones belonging to the Hycean planets appear 
the thermodynamically best candidates. 

Key words: astrobiology – terrestrial planets. 
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.  I N T RO D U C T I O N  

n 1886 Boltzmann stated that ‘the general struggle for existence of
iving beings is therefore not a fight for energy, which is plentiful in
he form of heat, unfortunately untransferable, in everybody. Rather, 
t is a struggle for entropy that becomes available through the flow of
nergy from the hot Sun to the cold Earth’ (Boltzmann & Groot
974 ). Although this Boltzmann quotation is incontro v ertible as
t is based on the second law of thermodynamics, the question of
he entropy available for the development of a potential biosphere 
n extraterrestrial planets is not generally taken into consideration. 
o we ver, to li ve, we produce entropy, and the same thing holds

or any natural, and thus irreversible, process (Anderson & Stein 
987 ; Ulanowicz & Hannon 1987 ; Kondepudi & Prigogine 2015 ).
onv ersely, the e xtent of entropy production is a measure of the
ctivity of the system as it is proportional to the ability of such
ystem to dissipate free energy and thus ‘to live’, to evolve, to build
omething (e.g. a biosphere) (Kleidon 2009 ). Indeed, the degree of
ntropy production in a system is a measure of how much that system
s far-from equilibrium, a necessary condition for the emergence of 
elf-organizing complex structures. Such structures are generated 
nd maintained by free-energy dissipating and entropy producing 
rreversible processes, thus their very existence and maintenance 
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epend on the dissipation rate. Even more, non-equilibrium thermo- 
ynamics has shown that a certain threshold of entropy production 
ust be exceeded for the emergence of self-organizing structures 

Prigogine & Stengers 1988 ). Such far-from-equilibrium structures, 
alled ‘dissipative structures’, can emerge, ‘live’ and grow exporting 
he entropy they produce in the surroundings. Generally, the greater 
s the o v erall entropy production in the system and more complex
re the dissipative structures in both space and time (Prigogine et
l. 1972 ; Lloyd & Pagels 1988 ; Kondepudi & Prigogine 2015 ). In
his context, life appears as the supreme manifestation of the self-
rganizing processes occurring in far-from-equilibrium conditions 
see e.g. Prigogine et al. 1972 ; Michaelian 2011 ). The connection
etween the entropy production and biosphere evolution has been 
ighlighted by Schrodinger about 80-yr ago and since then taken 
p by various authors (Morowitz, 1979 ; Schneider and Kay, 1994 ;
chr ̈odinger 1944 ; Ulanowicz & Hannon 1987 ). Despite these
onsiderations, the classical definition of the circumstellar habitable 
one (CHZ) is restricted to the requirement to have liquid water on
he planet surface (Kasting et al. 1993 ; Dole 2007 ). Commonly, the
nner edge of the habitable zone is determined by loss of water via
he runaway greenhouse effect and the outer edge by maximum 

reenhouse effect (Kasting et al. 1993 ; Kopparapu et al. 2013 ).
lthough liquid water is reasonably needed for life, the existence 
f a planet in the CHZ does not imply that it will be able to
upport ‘thermodynamically’ a biosphere: any life forms (and any 
atural processes that support it) need to produce entropy o v er
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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ime without reaching the thermodynamic equilibrium. Inevitably,
or any production of entropy to remain sustainable o v er the time-
cale of biological evolution, a corresponding ne gativ e entropy flux
ith the external space is mandatory (Lineweaver and Egan 2008 ;
leidon 2009 ). Indeed, to be sustainable, the planetary entropy
roduction (PEP) rate can be at most equal to the ne gativ e entropy
ux with the outer space (Schramski et al. 2015 ). Thus, the PEP
ate value under steady-state conditions represents a fundamental
hermodynamic limit to the growth in the planet, to what is possible
o build and sustain on the planet (including a complex biosphere).
s for all the thermodynamic constraints, the biological need of

vailable entropy is universal and thus its extent can be useful, in
ombination with other requirements (i.e. existence of liquid water),
o constrain exoplanets habitability. The aim of this paper is to
rovide, with a simplified approach, the upper limit to the PEP and to
he corresponding free energy as function of stellar temperature and
rbital parameters of the planet. We than e v aluate the PEP and free
nergy for a sample of candidate habitable planets (both Earth-like
nd not) and compared the results with the Earth. In section 3 we
ummarize our results and further discuss the reasons that makes
EP a potential marker in the e v aluation of exoplanet habitability. 

.  EVALUATION  O F  PEP  A N D  FREE  E N E R G Y  

O R  E A RTH - L I K E  EXOPLANETS  

o quantify the upper limit of a sustainable PEP rate, we assumed
teady-state conditions. Under these conditions, the entropy produc-
ion inside the planet is exactly balanced by the entropy exchange
ith the outer space. As known, the larger contribution to planetary

ngoing and outgoing entropic fluxes with the external space is by
ar due to the radiative entropic fluxes. The ingoing entropy flux due
o the host stellar radiation can be e v aluated assuming that the star
f radius R S is a blackbody with an ef fecti ve temperature T S . The
adiation entropy per unit time and unit area is given by the Planck’s
aw of a blackbody (Planck 1914 ; Rosen 1954 ): 

 = 

4 

3 
σT 3 S . (1) 

The radiative entropy flux at the top of the atmosphere of the planet
t distance d from the star is: 

 1 = 

(
R S 

d 

)2 4 

3 
σT 3 S . (2) 

This entropy flux is intercepted by the planet o v er a disc of cross-
ectional area πR 

2 
p and averaged over the entire surface of the planet

hus giving a net entropy received per unit area and unit time of: 

 in = 

1 

4 
( 1 − A ) S 1 , (3) 

here A is the planetary albedo which takes into account the fraction
f incident radiation which is reflected in space and generally is taken
s 0.3 for Earth-like planets. Assuming uniform day–night energy
edistribution the equilibrium temperature for the planet is: 

 P = 

4 

√ (
R S 

2 d 

)2 

( 1 − A ) T 4 S . (4) 

In the hypothesis that also the planet can be considered a black-
ody, the corresponding outgoing entropy flux is: 

 out = 

4 

3 
σT 3 P . (5) 

Note that, the equilibrium temperature, although different from the
ctual surface temperature, is all we need to compute the outgoing
NRAS 527, 5547–5552 (2024) 
ntropy flux for the giv en e xoplanet. The net entropy flux exchanged
y the planet with the outer space will be: 

d e S 

d t 
= S in − S out (6) 

d e S 

d t 
= 

1 

4 
( 1 − A ) S 1 − 4 

3 
σT 3 P . (7) 

In the hypothesis of steady-state conditions the entropy of the
ystem does not change with time, and we can write: 

d S 

d t 
= 

d i S 

d t 
+ 

d e S 

d t 
= 0 (8) 

nd 

d i S 

d t 
= −d e S 

d t 
, (9) 

here the left term in equation ( 9 ) is the entropy production due to
ll the irreversible processes happening in the system (Kondepudi
nd Prigogine, 2015 ). Combining equations ( 2 ), ( 7 ), and ( 9 ), we can
rite the upper limit for the PEP per unit time and unit area as follow: 

d i S 

d t 
= 

σ

3 

[ 

4 T 3 P − ( 1 − A ) 

(
R S 

d 

)2 

T 3 S 

] 

(10) 

nder steady-state assumption, also the free energy of the planet
emains constant and the rate at which the free energy is dissipated
s directly proportional to the rate of entropy production as follow
see e.g. Lineweaver & Egan 2008 ): 

d i G 

d t 
= −T P 

d i S 

d t 
. (11) 

n other words, the entropy production is related to the ability of the
ystem to continuously dissipate free energy and thus to evolve, ‘to
ive’, to sustain a biosphere. To note that equation ( 11 ) represents the
ree energy delivered on the planet by the stellar photons and set also
he maximum of the radiative energy that can be converted in other
orms of free energy before dissipation. Of course, the fraction of
his free energy converted in other forms of free energy will depend
n the specific mechanism involved (Frank et al. 2017 ). 
To compute the entropy production for exoplanets at the inner and

uter edges of the CHZ around main sequence stars with a given
uminosity L , the distance d in equation ( 10 ) was computed by using
he formula derived by Kopparapu et al. ( 2013 ): 

 = 

(
L/L �
S eff 

)0 . 5 

, (12) 

here L ʘ is the solar luminosity and S eff is a measure of the flux
eceived by the planet. Here we focused on stars with ef fecti ve
emperature between 2600 and 7200 K and a model of Earth-like
lanet (i.e. with mass and atmospheric composition similar to Earth).
n the model the CHZ inner and outer edge correspond to the
unaway greenhouse and maximum greenhouse ef fects, respecti vely
see Kopparapu et al. 2013 ). Of note that substitution of equation ( 12 )
nto equation ( 10 ) makes the entropy production not dependent on the
tellar radius. Fig. 1 shows the PEP as function of the ef fecti ve stellar
emperature for the inner and outer edges of CHZ, together with the
orresponding available free energy per unit area and unit time.
oth the entropy production and free energy increase monotonically
ith the ef fecti ve stellar temperature and decrease with the distance

rom the star. PEP increases of about 70 per cent for the OHZ
nd 40 per cent for the IHZ o v er the simulated temperature range.
nterestingly the relative increase of the corresponding free energy,
n the same temperature range, is higher reaching 100 per cent in
HZ and about 55 per cent in IHZ showing that free energy has a
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Figure 1. Planetary entropy production (left) and corresponding free energy (right) at the inner edge (IHZ) and at the outer edge (OHZ) of the CHZ of an 
Earth-like planet as function of the star ef fecti ve temperature. The horizontal dotted line shows the corresponding Earth values. 

Figure 2. Planetary entropy production (left) and corresponding free energy (right) for known Earth analogues. The horizontal dotted line shows the 
corresponding Earth value. 
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tronger dependence on the stellar ef fecti ve temperature than PEP. 
s expected, the PEP and free energy values for the Earth correspond

o the ones of a planet close to the IHZ of a G-type star. Inspection
f Fig. 1 clearly shows that M and K stars cannot sustain Earth-like
EP and corresponding free energy remaining within their CHZ. 
ven for G and K starts there are large difference of PEP and free
nergy between the IHZ and OHZ revealing that, at least from a
hermodynamic point of view, the inner edge of CHZ is in all cases a
uch better place to live. Assuming that the value of Earth’s PEP is a

ecessary condition for the development of an Earth-like biosphere, 
t turns that only exoplanets around G and F stars and close to the
nner edge of the CHZ can sustain the terrestrial PEP and, likely, a
iosphere as complex as the Earth’s. To note that exoplanets in the
HZ of F stars have higher PEP and free energy values than around
 stars suggesting that can potentially develop a greater biosphere in 

omparison with Earth and be more habitable. Ho we ver, the shorter
ifetime of F stars could partially counterbalance the higher PEP 

alue, making the planets in the G stars CHZ the best candidates for
he development of a complex biosphere. This result is in line with
ther studies suggesting that exoplanets around G stars are the best
laces where to look for habitable exoplanets (see e.g. Lingam &
oeb 2018 ; Haqq-Misra 2019 ). 

.  EVALUATI ON  O F  PEP  A N D  FREE  E N E R G Y  

O R  C A N D I DAT E  HABI TABLE  EXOPLANETS  

e employed equations ( 10 ) and ( 11 ) to e v aluate the entropy produc-
ion and the free energy for a sample of proposed habitable planets.

e first focused on known Earth analogues within the conservative 
ost star CHZ, assuming that the albedo is the same of that of the
arth. Data from the sample of Earth analogues were extracted from

he NASA Exoplanet Archive ( https://exoplanetarchive.ipac.caltech. 
du/). Remarkably, inspection of Fig. 2 shows that none of the Earth
nalogues reach the Earth PEP value. The thermodynamic differ- 
nce between Earth and Earth analogues is even more pronounced 
hen comparing the free energy values going from TOI700-d with 

n available free energy value 15 per cent lower to Trappist-1 g
MNRAS 527, 5547–5552 (2024) 
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M

Figure 3. Planetary entropy production (left) and corresponding free energy (right) for known Hycean planets. The horizontal dotted line shows the corresponding 
Earth value. 
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hich has a free energy value about 4-fold lower than the one of
he Earth. 

We then computed PEP and available free energy for several
xoplanets belonging to recently proposed new class of habitable
lanets, the so-called ‘Hycean worlds’ (Madhusudhan et al., 2021 ).
hese planets are composed of water-rich interiors with massive
ceans underlying H2-rich atmospheres and their habitable zone
HZ) can be significantly wider than the terrestrial-like HZ as liquid
ater can exist at much higher temperature up to 500 K. For our

alculation the parameters for these planets were taken from the
ork of Madhusudhan et al. ( 2021 ). Fig. 3 shows the computed
EP and available free energy for a number of these Hycean worlds.
emarkably, with the exception of K2-18b, all the chosen Hycean
orlds have much greater PEP and free energy than the Earth,

eaching up to 8-fold (with TOI-776b) the available free energy of
he Earth. Thus, from the thermodynamic point of view, the Hycean
orlds could be more habitable than the terrestrial-like planet and can
e good candidate for future observations in search of exoplanetary
iosignatures. 

.  C O N C L U S I O N S  

he increasing rate of e xoplanets disco v ery around nearby stars
all for additional criteria useful to rank their habitability and in
rioritizing target selection for extended observational campaign. In
his frame, we focus on the entropy production, a thermodynamic
unction crucial in the framework of non-equilibrium thermody-
amics. We propose that the PEP can be a good indicator of the
ropensity of a planet to host life for several reasons. The first one is
hat life is a natural process and thus need to produce entropy o v er
volutionary time without reaching the thermodynamic equilibrium.
he second one is that the extent of entropy production is strongly

elated to the formation and evolution of complex systems as shown
y the non-linear thermodynamics of the irreversible processes.
he extent of entropy production (and thus of dissipation rate) is
 measure of the distance of the system from the thermodynamic
quilibrium. To be far-from equilibrium is a necessary condition
or the emergence of complex phenomena and generally increasing
NRAS 527, 5547–5552 (2024) 
he distance from equilibrium leads to an increase in the system
omple xity. The ke y point is that dissipation is what drives the
mergence and sustains such self-organizing processes within the
ystem (such as the ones involved in climate system and biosphere).
n other words, dissipation is the prize for the origin and evolution of
omplexity, it is the coin to pay for complexity. Higher dissipation
s usually associated with higher complexity in the resulting spazio-
emporal structures (Ulanowicz & Hannon 1987 ; Lloyd & Pagels
988 ). Here on Earth, fossil records seem to support this hypothesis
ho wing e vidence of gro wing complexity of life forms o v er time
orresponding to growing dissipation (Zotin et al. 2001 ). Further,
t has been suggested that the timing and mode of the observed
iological evolution can be well rationalized within the framework
f the thermodynamics of far from equilibrium systems (Gould &
ldredge 1977 ; Schneider & Kay 1994 ; Davies 2004 ). A third reason

hat makes PEP a good marker of the planetary potential to host
 biosphere is that it is related to the potential of the planetary
limate system to sustain efficient geophysical nutrients recycling
echanisms (Schulze-Makuch et al. 2020 ; Kleidon 2021 ). This

bility is related to the extent of motion (atmospheric and/or oceanic)
ithin the systems and thus to the dissipation rate. This is rele v ant as

t has been suggested that the rate of nutrients cycling is the limiting
actor to the growth of the biosphere rather than the availability
f light (Covone et al. 2021 ; Kleidon 2021 ). In a habitable planet,
he climate systems should be active enough to allow the transport
nd exchange of nutrients between the living organisms and their
nvironment. F or e xample, here on Earth, nutrients availability for
arine life is related to ocean mixing and upwelling of deep-ocean
ater which are reach of nutrients. A more habitable planet than

he Earth should be a planet characterized by a greater ability to
xchange matter between the biosphere and the environment thus
upporting more biomass and biodiversity (see e.g. Schulze-Makuch
t al. 2020 ). In this frame, a first order estimate of the potential
f planetary environment to generate motion and to sustain life is
hus closely related to the PEP value which measures the vitality of
he whole climate system. Definitely, this potential to be realized,
eed an adequately dense active fluid (the planet atmosphere) able to
ransform the stellar radiation energy in kinetic energy. Nevertheless,
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he availability of a ne gativ e entropy flow remains a necessary
ondition for the existence of such transport mechanisms. To note 
hat the production entropy due to the thermal conversion of the 
adiation is by far the larger contribution to the PEP in comparison
ith the contributions due to the climate processes and biosphere. 
o we ver, the free energy dissipated in this process is not useless
 ut contrib utes to the achievement of that dissipation threshold 
ecessary for the establishment of complex phenomena involved 
n the climate system, somehow linking the entropy produced in the 
hermalization of radiation process to the whole biosphere origin and 
volution. In other words, the climate processes sustaining the whole 
iosphere originate at the expense of the enormous dissipation price 
aid with the thermalization of stellar free energy (reflected in the 
EP value). All these reasons suggest that PEP could be a basic,
rst approximation tool for thermodynamically grading exoplanets 

o be used in conjunction with more conventional habitability 
nde x es. 

Prompted by these considerations, we employed a simple model 
o compute the PEP rate in steady-state conditions as function of
tellar temperature and planet orbital parameters. The obtained value 
s an upper limit as it assumes steady-state conditions and it does not
onsider any attenuation due to atmosphere radiation absorption or 
if fusion. Certainly, the av ailable entrop y (at the planetary surf ace)
s lower when absorption and re-emission of the stellar radiation by 
he planet atmosphere is considered. Nevertheless, our approach has 
he advantage that it does not depend on the additional assumptions
n the details of the planetary atmospheric composition and structure 
hat are commonly unknown and not easily predictable (Elkins- 
anton & Seager 2008 ). Our results show that both PEP and the
vailable free energy for Earth-like planets increase with stellar 
emperature and that there are large differences between the inner 
nd outer edge of the CHZ. From the thermodynamic point of view,
he inner edge of CHZ is more fa v ourable to the development of a
iosphere as it corresponds to higher PEP and free energy values 
t each stellar temperature. Interestingly our planet is just in the 
ight place to have the higher PEP possible within the Sun’s CHZ
i.e. close to the inner edge) reinforcing the hypothesis that PEP
as to play a role in the life emergence and evolution. Assuming
hat Earth PEP value is a necessary condition for life, we could
efine an ‘entropic habitable zone’ (EHZ) as the distance from 

 star where both liquid water and a PEP value ≥ Earth’s value
an occur. In this hypothesis, EHZ results to be a small fraction
f the classical CHZ around G and F stars whereas M and K
tars cannot sustain Earth-like PEP remaining within their CHZ. 
hese results suggest that exoplanet around low-mass stars could 
ot develop life and/or sustain an Earth-like biosphere. To note that 
imilar conclusions have been reached by other authors starting from 

ifferent point of views and with a more sophisticated approaches 
nvolving additional hypotheses (Ranjan et al. 2017 ; Haqq-Misra 
019 ; Lingam & Loeb 2019 ; Covone et al. 2021 ). Interestingly, we
ound that recently proposed habitable Hycean planets show PEP 

uch greater than the Earth suggesting that they could potentially 
ost biosphere greater (a maybe much complex) than the Earth’s 
nd thus, can be more habitable worlds than the Earth analogues. 
n the near future the search of biosignatures in these types of
lanets can be a way to test the reliability of PEP as index for
abitability. 
Finally, we like to emphasize an additional reason that makes 

EP appealing as an indicator of planet habitability: it makes no 
ssumptions about the underlying biochemistry of the alien life. It 
s a ‘universal’ need for any form of life, a necessary condition to
evelop a biosphere on a planet. Other planets could harbour forms of
ife unknown to us that could ‘live’ under physicochemical conditions 
ery different from Earth (Benner et al., 2004 ). Several speculations
ave been made on forms of life based on a different chemistry and
olvent and there will be al w ays uncertainties about which physical–
hemical conditions are indispensable for life (Benner et al. 2004 ;
chulze-Makuch et al. 2015 ). One thing is certain: the second law
f thermodynamics is universal and unquestionable and must be 
ulfilled by any forms of life. 

C K N OW L E D G E M E N T S  

his work is dedicated to my father Prof. Vittorio Petraccone on
ccasion of his 80th birthday, his example stimulated in me the
o v e for study and scientific research. In this research we employed
he Planet Habitability Laboratory website hosted by the University 
f Puerto Rico at Arecibo and the NASA Exoplanet Archive 
 https://e xoplanetarchiv e.ipac.caltech.edu/), which is operated by 
he California Institute of Technology, under contract with the 
ational Aeronautics and Space Administration under the Exoplanet 
xploration Program. 

ATA  AVAI LABI LI TY  

o new data were generated or analysed in support of this research.
ll data employed in this work were obtained from the cited

iterature. 

EFERENCES  

nderson P. W. , Stein D. L., 1987, in Yates F.E., Garfinkel A., Walter D.O.,
Yates G.B., eds, Self Organizing Systems. Springer US, Boston, MA, p.
445 

enner S. A. , Ricardo A., Carrigan M. A., 2004, Curr. Opin. Chem. Biol. , 8,
672 

oltzmann L. , Groot S. R., 1974, Theoretical Physics and Philosophical
Problems: Selected Writings. Reidel Pub. Co., Dordrecht. 

ovone G. , Ienco R. M., Cacciapuoti L., Inno L., 2021, MNRAS , 505,
3329 

avies P. C. W. , 2004, The Cosmic Blueprint: New Disco v eries in Nature’S
Creative Ability to Order the Universe. Templeton Foundation Press, 
Philadelphia, PA. 

ole S. H. , 2007, Habitable Planets for Man. RAND Corp, Santa Monica,
CA. 

lkins-Tanton L. T. , Seager S., 2008, ApJ , 685, 1237 
rank A. , Kleidon A., Alberti M., 2017, Anthropocene , 19, 13 
ould S. J. , Eldredge N., 1977, Paleobiology , 3, 115 
aqq-Misra J. , 2019, Astrobiology , 19, 1292 
asting J. F. , Whitmire D. P., Reynolds R. T., 1993, Icarus , 101, 108 
leidon A. , 2009, Naturwissenschaften , 96, 653 
leidon A. , 2021, Biochim. Biophys. Acta – Bioenergetics , 1862, 148303 
ondepudi D. , Prigogine I., 2015, Modern Thermodynamics: from Heat 

Engines to Dissipative Structures, 2nd edn, John Wiley & Sons Inc,
Chichester, West Sussex. 

opparapu R. K. et al., 2013, ApJ , 765, 131 
ineweaver C. H. , Egan C. A., 2008, Phys. Life Rev. , 5, 225 
ingam M. , Loeb A., 2018, J. Cosmol. Astropart. Phys. , 2018, 020 
ingam M. , Loeb A., 2019, MNRAS , 485, 5924 
loyd S. , Pagels H., 1988, Ann. Phys. , 188, 186 
adhusudhan N. , Piette A., Constantinou S., 2021, ApJ , 918, 1 
ichaelian K. , 2011, Earth Syst. Dyn. , 2, 37 
orowitz H. J. , 1979, Energy Flow in Biology: Biological Organization as a

Problem in Thermal Physics, Ox Bow Press, Woodbridge, CT. 
lanck M. , 1914. The Theory of Heat Radiation. Blakiston’s Son & Co.,

Philadelphia, PA. 
MNRAS 527, 5547–5552 (2024) 

https://exoplanetarchive.ipac.caltech.edu/
http://dx.doi.org/10.1016/j.cbpa.2004.10.003
http://dx.doi.org/10.1093/mnras/stab1357
http://dx.doi.org/10.1086/591433
http://dx.doi.org/10.1016/j.ancene.2017.08.002
http://dx.doi.org/10.1017/S0094837300005224
http://dx.doi.org/10.1089/ast.2018.1946
http://dx.doi.org/10.1006/icar.1993.1010
http://dx.doi.org/10.1007/s00114-009-0509-x
http://dx.doi.org/10.1016/j.bbabio.2020.148303
http://dx.doi.org/10.1088/0004-637X/765/2/131
http://dx.doi.org/10.1016/j.plrev.2008.08.002
http://dx.doi.org/10.1088/1475-7516/2018/05/020
http://dx.doi.org/10.1093/mnras/stz847
http://dx.doi.org/10.1016/0003-4916(88)90094-2
http://dx.doi.org/10.3847/1538-4357/abfd9c
http://dx.doi.org/10.5194/esd-2-37-2011


5552 L. Petraccone 

M

P  

P
R
R
S
S  

S  

S
S  

U
Z  

T  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/5547/7425639 by FAC
O

LTA' IN
G

EG
N

ER
IA N

APO
LI - BIBLIO

TEC
A C

EN
TR

ALE user on 15 January 2024
rigogine I. , Stengers I., 1988. Order Out of Chaos: Man’S New Dialogue
with Nature. Bantam Books, Toronto. 

rigogine L. , Nicolis G., Babloyantz A., 1972, Phys. Today , 25, 38 
anjan S. , Wordsworth R., Sasselov D., 2017, ApJ , 843, 110 
osen P. , 1954, Phys. Rev. , 96, 555 
chneider E. D. , Kay J. J., 1994, Math. Comput. Model. , 19, 25 
chramski J. R. , Gattie D. K., Brown J. H., 2015, Proc. Natl. Acad. Sci.

U.S.A. , 112, 9511 
chr ̈odinger E. , 1944. What is Life? Cambridge Univ. Press, Cambridge,

UK 
NRAS 527, 5547–5552 (2024) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
chulze-Makuch D. , Heller R., Guinan E., 2020, Astrobiology , 20, 1394 
chulze-Makuch D. , Schulze-Makuch A., Houtkooper J., 2015, Life , 5, 1472
lanowicz R. E. , Hannon B. M., 1987, Proc. R. Soc. Lond. B. , 232, 181 
otin A. A. , Lamprecht I., Zotin A. I., 2001, J. Non-Equilib. Thermodyn. , 26,

191 

his paper has been typeset from a Microsoft Word file prepared by the
uthor. 
© 2023 The Author(s). 
Open Access article distributed under the terms of the Creative Commons Attribution License 
e, distribution, and reproduction in any medium, provided the original work is properly cited. 

http://dx.doi.org/10.1063/1.3071140
http://dx.doi.org/10.3847/1538-4357/aa773e
http://dx.doi.org/10.1103/PhysRev.96.555
http://dx.doi.org/10.1016/0895-7177(94)90188-0
http://dx.doi.org/10.1073/pnas.1508353112
http://dx.doi.org/10.1089/ast.2019.2161
http://dx.doi.org/10.3390/life5031472
http://dx.doi.org/10.1098/rspb.1987.0067
http://dx.doi.org/10.1515/JNETDY.2001.013
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 EVALUATION OF PEP AND FREE ENERGY FOR EARTH-LIKE EXOPLANETS
	3 EVALUATION OF PEP AND FREE ENERGY FOR CANDIDATE HABITABLE EXOPLANETS
	4 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	References

