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Abstract: Through the research presented herein, it is quite clear that there are two thermodynam-
ically distinct types (A and B) of energetic processes naturally occurring on Earth. Type A, such
as glycolysis and the tricarboxylic acid cycle, apparently follows the second law well; Type B, as
exemplified by the thermotrophic function with transmembrane electrostatically localized protons
presented here, does not necessarily have to be constrained by the second law, owing to its special
asymmetric function. This study now, for the first time, numerically shows that transmembrane
electrostatic proton localization (Type-B process) represents a negative entropy event with a local
protonic entropy change (∆SL) in a range from −95 to −110 J/K·mol. This explains the relationship
between both the local protonic entropy change (∆SL) and the mitochondrial environmental tem-
perature (T) and the local protonic Gibbs free energy (∆GL = T∆SL) in isothermal environmental
heat utilization. The energy efficiency for the utilization of total protonic Gibbs free energy (∆GT

including ∆GL = T∆SL) in driving the synthesis of ATP is estimated to be about 60%, indicating that
a significant fraction of the environmental heat energy associated with the thermal motion kinetic
energy (kBT) of transmembrane electrostatically localized protons is locked into the chemical form of
energy in ATP molecules. Fundamentally, it is the combination of water as a protonic conductor, and
thus the formation of protonic membrane capacitor, with asymmetric structures of mitochondrial
membrane and cristae that makes this amazing thermotrophic feature possible. The discovery of
energy Type-B processes has inspired an invention (WO 2019/136037 A1) for energy renewal through
isothermal environmental heat energy utilization with an asymmetric electron-gated function to gen-
erate electricity, which has the potential to power electronic devices forever, including mobile phones
and laptops. This invention, as an innovative Type-B mimic, may have many possible industrial
applications and is likely to be transformative in energy science and technologies for sustainability
on Earth.

Keywords: thermotrophic function; energy renewal; asymmetric electron-gated function; isothermal
electricity generation; transmembrane electrostatically localized protons; asymmetric membrane geo-
metric effect on localized protons; negative entropy; isothermal environmental heat energy utilization

1. Introduction

In the past four centuries, it was widely believed that environmental heat energy (the
dissipated form of heat energy; also known as latent heat, or the temperature-dependent
molecular thermal motion kinetic energy in the environment) could not be utilized unless
there was a temperature gradient or difference. This is also one of the classic statements for
the second law of thermodynamics [1–3]. Recently, through bioenergetics elucidation stud-
ies on the basis of a novel transmembrane electrostatic proton localization theory [4–10],
it was surprisingly revealed that environmental heat energy can be isothermally utilized
through “transmembrane electrostatically localized protons at a liquid–membrane inter-
face” to help drive ATP synthesis in certain biological systems such as alkalophilic bacteria
Bacillus pseudofirmus [11–16]. This finding indicated that proton-coupling bioenergetic sys-
tems may have a thermotrophic feature that can isothermally generate significant amounts
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of Gibbs free energy from environmental heat (dissipated-heat energy) through transmem-
brane electrostatically localized protons with asymmetric membrane structures [11–17].
Naturally, this raises an important scientific question: Can the second law of thermodynam-
ics really be applied everywhere, including life systems such as the protonic bioenergetic
system? We now have quite a clear answer to this fundamental question of paramount
importance [13–16,18].

That is, for centuries, it was thought to be completely impossible to isothermally
utilize the environmental heat energy dissipated in the ambient environment to do any
useful work as stated by one of the classic second law statements [1–3]. That classic belief
is still largely true for many systems and processes around us, including for the cars
and computers that we use. However, we now know that in certain special biophysical
molecular systems, such as in the system of transmembrane electrostatically localized
protons [8,10,19] at the liquid–membrane interface [5,20,21], that this classic belief may not
necessarily have to be always true [16].

It is generally understood that the second law still remains a very good law. However,
it does not necessarily have to always be universal, as also implied by several independent
studies [3,11,22–32]. For example, many biological processes, such as glycolysis, tricar-
boxylic acid cycle, and redox-driven proton transport, apparently well follow the second
law. Meanwhile, we now also understand that the special protonic isothermal environ-
mental heat energy utilization function as presented below in this article perfectly follows
the first law (conservation of mass and energy) of thermodynamics, but is not necessarily
constrained by the redox-driven proton pump system, which apparently well follows the
second law of thermodynamics.

Note that the second law of thermodynamics was developed from the Sadi Carnot
cycle [33], which was based on the ideal gas law (nRT = PV; here P is pressure, V is volume
and n is the number of moles), where the ideal molecular particles were assumed to have
freedoms in a three-dimensional space (volume) without the consideration of asymmetric
structures. In the case of protonic bioenergetic systems, the transmembrane electrostatically
localized protons [4,5,7–10,12,16,34] are on a two-dimensional membrane surface with
asymmetric properties, which is quite different from the assumed three-dimensional space
(volume) system that the second law was based on. Therefore, one must be careful not
to mindlessly apply something like the second law derived from a three-dimensional
space (volume) system to a two-dimensional system without looking into the specific
facts. Furthermore, the asymmetric biological membranes resulting from a billion years of
natural evolution were not considered by the second law per se; this is another reason that
one should be careful not to apply the second law mindlessly or blindly to certain special
cases involving asymmetric systems without looking into the specifics.

We now have at least two well-defined systems, mitochondria (present study) and
alkalophilic bacteria (recent study) [16] with well-corroborated scientific evidence showing
the special protonic isothermal environmental heat energy utilization that perfectly follows
the first law (conservation of mass and energy) of thermodynamics but is not necessarily
constrained by the redox-driven proton pump system that apparently well follows the
second law of thermodynamics. As shown below in this article, the entropy change (∆SL)
for the localized proton-associated isothermal environmental heat utilization was indeed
calculated to be a negative number. Therefore, this discovery, with the new understanding
of the biological protonic isothermal environmental heat energy utilization, may represent
a complementary development to the second law of thermodynamics and its applicability
in bettering the science of protonic bioenergetics and energy renewal.

This article presents a clear case for the thermotrophic function in mitochondria, where
significant amounts of Gibbs free energy are acquired through the isothermal utilization
of environmental heat energy with localized protons (protonic thermal motion kinetic
energy) to perform useful work such as driving ATP synthesis in a way similar to that
of the bacterial thermotrophic feature that Lee recently first identified in alkalophilic
bacteria [16]. The research progress reported in this article may represent a breakthrough
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advance in the scientific field of entropy in relation to the applicability of the second
law of thermodynamics, since it now is, for the first time, numerically demonstrated
that the transmembrane electrostatic proton localization indeed represents a negative
entropy event associated with the thermotrophic function. This study shows that there
are two thermodynamically distinct types (A and B) of energetic processes naturally
occurring on Earth; Type A energy processes follow the second law well, while Type B
energy processes do not necessarily have to follow the second law because of their special
asymmetric functions. More importantly, the discovery of the thermotrophic function
may have profound scientific and practical implications for bettering the fundamental
understanding of energy renewal [11] for sustainable development on Earth. Inspired by the
discovery of the thermotrophic function, a new invention was made in the form of a series
of methods for the creation and use of asymmetric function-gated isothermal electricity
production systems for energy renewal by electrons isothermally utilizing environmental heat
energy [30]. Therefore, this article also highlights the use of this invention in energy renewal
for isothermal electricity generation (PCT International Patent Application Publication
Number WO 2019/136037 A1).

2. Discovery of Thermotrophic Function in Mitochondria

Through the following methods and biophysical chemistry analyses employing the
transmembrane electrostatically localized protons theory (also called as the transmem-
brane electrostatic proton localization theory) [4,5,7–10,12,16,34], a novel mitochondrial
thermotrophic phenomenon is now identified with well-corroborated evidence: isothermal
utilization of environmental heat energy associated with the thermal motion kinetic energy
(kBT) of transmembrane electrostatically localized protons in driving the synthesis of ATP.
This thermotrophic function can lock a significant fraction of the environmental heat energy
into ATP chemical energy. Remarkably, this finding is well corroborated by the structures
and functions of mitochondrial cristae and corroborated by the asymmetric structures of
mitochondrial respiratory-coupling sites, as highlighted below.

3. Methods
3.1. Newly Formulated Protonic Motive Force Equation with Transmembrane Electrostatically
Localized Protons

The basic process that leads to the synthesis of ATP in mitochondria involves cre-
ating an excess number of protons on one side of the mitochondrial inner membrane
accompanied by a corresponding number of hydroxyl ions on the other side, for instance,
through the respiratory electron-transport-coupled proton pumps across the mitochondrial
inner membrane. According to the transmembrane electrostatic proton localization the-
ory [4,5,7–10,12,16,34], the excess positively charged protons in an aqueous medium on
one side of the mitochondrial inner membrane will electrostatically become localized at
the liquid–membrane interface, attracting an equal number of excess negatively charged
hydroxyl anions to the other side (matrix) of the mitochondrial inner membrane to form a
“protons–membrane–anions capacitor structure”. This theory rests on the premise that a
liquid water body acts as a protonic conductor, which is consistent with the well-established
knowledge that protons quickly transfer among water molecules by the “hops and turns”
mechanism first outlined by Grotthuss [35–37].

Therefore, a newly formulated equation for the protonic motive force (pmf) across a
biological membrane considering the transmembrane electrostatically localized protons
was introduced in the author’s most recent publications [8,10,16,34] as

pmf = ∆Ψ +
2.3 RT

F
log10

([
H+

pB

]
/
[
H+

nB
])

+
2.3 RT

F
log10

(
1 +

[
H+

L
]
/
[

H+
pB

])
(1)

Here, ∆Ψ is the transmembrane electrical potential difference from the positive p-side
to the negative n-side as defined by Mitchell [38,39], and Nicholls and Ferguson [40,41]; R
is the gas constant; T is the absolute thermodynamic temperature; F is Faraday’s con-
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stant;
[
H+

L
]

is the concentration of transmembrane electrostatically localized protons at

the liquid–membrane interface on the positive (p) side of the membrane;
[

H+
pB

]
is the

proton concentration in the bulk aqueous p-phase (intermembrane space in the case of
mitochondria); and

[
H+

nB
]

is the proton concentration in the bulk liquid n-phase (matrix in
mitochondria). The first two terms of Equation (1) comprise the Mitchellian bulk phase-to-
bulk phase proton electrochemical potential gradients [42–44] that we now refer to as the
“classic” pmf; whereas the last term accounts for the “local” pmf from the transmembrane
electrostatically localized protons at the liquid–membrane interface.

For an idealized protonic membrane capacitor, as previously reported [5,8,10,16,34,45],
the concentration of the localized protons

[
H+

L
]0 at the membrane–water interface on the

positive (p) side is related to the transmembrane electrical potential difference ∆Ψ by

[
H+

L
]0

=
C
S
· ∆Ψ

l·F (2)

where C/S is the specific membrane capacitance per unit surface area, and l is the thickness
of the localized proton layer. In actual mitochondria, non-proton cations in the aqueous media
may exchange with protons localized at the liquid–membrane interface and thereby reduce
their concentration. To account for this effect, as reported previously [5,8,10,16,34,45], we use

[
H+

L
]
=

[
H+

L
]0

∏n
i=1 {KPi

( [
Mi+

pB

]
[

H+
pB

]
)
+ 1}

(3)

for the resulting concentration of transmembrane electrostatically localized protons
[
H+

L
]

at the liquid–membrane interface. Here,
[

Mi+
pB

]
is the concentration of a non-proton cation

such as Na+, K+, and Mg2+ in the bulk liquid p-phase and KPi is the equilibrium constant
for the cation to exchange with the localized protons.

It is noteworthy that all the physical quantities appearing in Equations (1)–(3) may,
in principle, be determined through experimental measurements. There are no freely
adjustable parameters. For the membrane and proton layer parameters in Equation (2), the
calculations reported in this article have taken C/S = 13.2 mf/m2 as an averaged membrane
capacitance based on measured experimental data [46] and l = 1 nm, which, as discussed
in Refs. [5,8,10,16,21,34], is a reasonable thickness of the localized proton layer. It is also
noteworthy that the thickness of the localized proton layer l is an important parameter
that is not well known. It governs the magnitude of the localized proton concentration.
Additionally, as discussed below, it may put constraints on the redox-driven electron-
transport-coupled proton pumps and on the protonic user structures that are embedded
within the mitochondrial inner membrane.

Note that, in some of the literature, the membrane potential might have been reported
as a “negative” number [47–49] due to using an opposite reference orientation (from n- to p-
side) [50,51] in contrast to that of the ∆Ψ defined in Equations (1)–(3) from the p-side to the
n-side, as defined by Mitchell [38,39] and Nicholls and Ferguson [40,41]. In that case, special
care must be taken to correct (remove) the negative sign for such membrane potential data
with the opposite orientation, such as those in Refs. [48,52,53], before applying them to the
pmf equations (Equations (1) and (2)) as previously reported [5,8,10,16,45].
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3.2. The Relationship between Transmembrane Electrostatically Localized Protons and Local
Protonic Gibbs Free Energy and Entropy Change

According to the transmembrane electrostatic proton localization theory [4,5,7–10,12,16,34],
the amount of local pmf can be calculated using the following local pmf equation (which is
consistent with the third term of Equation (1)):

local pmf =
2.3 RT

F
log10

(
1 +

[
H+

L
]
/
[

H+
pB

])
(4)

Furthermore, protonic motive force (pmf) is equivalent to protonic Gibbs free energy ∆G
according to a simple relation with the Faraday constant (F), as in the following equation:

∆G = −F pmf (5)

Consequently, the amount of local protonic Gibbs free energy (∆GL) resulting from trans-
membrane electrostatically localized protons can be calculated using the following equation:

∆GL = −2.3 RT log10

(
1 +

[
H+

L
]
/[H+

pB]
)

(6)

We now understand that the ratio (
[
H+

L
]
/[H+

pB]) of the localized proton concentration
[H+

L ] at the membrane–liquid interface at the p-side to the bulk liquid phase proton concentra-
tion [H+

pB] at the same side in the mitochondria intermembrane space/crista space is related
to the “negative entropy change” ∆SL, as shown in the following quantitative expression:

∆SL = −2.3 R log10

(
1 +

[
H+

L
]
/[H+

pB]
)

(7)

In the study reported below, the localized proton bioenergetics analyses with
Equations (1)–(7) are extended to mitochondria not only by making a better treatment
for cation exchange using newly determined proton–cation exchange equilibrium con-
stants [6,54] for sodium, potassium and magnesium cations, but also by incorporating
this treatment to calculate the local protonic entropy change (∆SL) and the total protonic
Gibbs free energy change (∆GT) including the classic protonic Gibbs free energy change
(∆GC) and the local protonic Gibbs free energy change (∆GL) for a full range of mem-
brane potentials (∆, Ψ) from 50 to 200 mV, including the measured values for ∆Ψ, [H+

pB],
and

[
H+

nB
]

from the well-documented animal mitochondria experimental study [52].

3.3. Published Data Utilized in Protonic Biophysical Chemistry Analyses

The thermotrophic function in mitochondria is presented herein through bio-
physical chemistry analyses with the transmembrane electrostatic proton localization
theory [4,5,7–10,12,16,34], using published data from independent studies, including
the experimental assay of mitochondrial ATP-ADP exchange by Chinopoulos et al.
(2009) [52], where mitochondrial membrane potential ∆Ψ was measured in a range
from 60 to 160 mV. The experimental data of Chinopoulos et al. (2009) showed ATP
synthesis, as measured by ATP efflux rate, at a membrane potential ∆Ψ as low as any-
where between 60 and 80 mV (Figure 7C of Ref. [52]). More importantly, by measuring
the matrix pH using pH-sensitive fluorescence ratio to the pH of the extracellular vol-
ume, their experimental work [52] showed that there is essentially no or little bulk-phase
pH difference between the matrix and the intermembrane space across the mitochon-
drial inner membrane: the “∆pHmax is only ~0.11”. That is, under the given reaction
medium pH 7.25 (pHpB), mitochondria matrix pH during state three was about 7.35
(pHnB). Another independent study [55] also consistently showed that the mitochondria
matrix pH was about 7.3, which is essentially identical to that of the cytosol. These ex-
perimental observations are well corroborated by our latest experimental results from
a biomimetic anode water–membrane–water cathode system, where the bulk-phase liq-
uid pH in the anode liquid chamber remains about the same as that in the cathode liq-
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uid chamber before and after energization by excess protons at one side of the mem-
brane and excess hydroxyl anions at the other side [6,11,21,54]. Therefore, the measured
experimental parameters (data) of the reaction medium pH 7.25 (pHpB) and mitochondria
matrix pH 7.35 (pHnB) during state three, as reported by Chinopoulos et al. (2009) [52], are
used in the bioenergetics calculations here, as previously reported [8,10]. Accordingly, the
total product of cation–proton exchange reduction factors, as shown in the denominator
of Equation (3), is 1.29, which is close to 1, indicating a relatively minor role of cation–
proton exchange at the liquid–membrane interface in modulating the transmembrane
electrostatically localized proton concentration in mitochondria [8,10].

4. Results Showing Mitochondrial Thermotrophic Function
4.1. Numerical Evidence for the Presence of Protonic Thermotrophic Function in Mitochondria

The mitochondrial protonic energetics properties, including mitochondrial protonic
motive force (pmf)-associated Gibbs free energy changes (∆G) and local protonic entropy
changes (∆SL), were calculated as a function of transmembrane electrical potential dif-
ference ∆Ψ using Equations (1)–(7) under the given reaction medium pH 7.25 (pHpB),
mitochondria matrix pH 7.35 (pHnB), and taking cation–proton exchange into account as
described in the methods above. As listed in Table 1 for a full range of mitochondrial
membrane potentials (∆Ψ from 50 to 200 mV), the numerically calculated total protonic
Gibbs free energy (∆GT) is in the range from −34.9 to −52.9 kJ/mol, which includes both
the classic protonic Gibbs free energy (∆GC from −5.42 to −19.9 kJ/mol) and the local
protonic Gibbs free energy (∆GL from−29.5 to−33.1 kJ/mol). The calculated total protonic
Gibbs free energy (∆GT), in comparison to both the classic protonic Gibbs free energy (∆GC)
and the local protonic Gibbs free energy (∆GL), is presented in Figure 1 as a function of the
transmembrane potential difference ∆Ψ for a full range of the membrane potentials (∆Ψ)
from 50 to 200 mV. It is apparent from these results that the local protonic Gibbs free energy
(∆GL) from the transmembrane electrostatically localized protons dominantly contributes
to the overall strength of the total protonic Gibbs free energy (∆GT).

Table 1. Mitochondrial protonic energetics features and associated properties including the local protonic entropy change
(∆SL ), the classic protonic Gibbs free energy (∆GC), the local protonic Gibbs free energy (∆GL) and the total protonic Gibbs
free energy (∆GT), calculated as a function of membrane potential ∆Ψ using Equations (1)–(7) based on the measured
properties (pHpB, pHnB, ∆Ψ) with the known reaction medium compositions of Ref. [52]. The cation concentrations,
proton–cation exchange equilibrium constants and cation exchange reduction factor (1.29) are from Refs. [8,10]; and the
temperature T = 310 K. Adapted and updated in part from Ref. [8].

∆Ψ
(mV) pHpB pHnB

[H+
L]

(mM)
∆SL

J/K·mol
∆GC

(kJ/mol)
∆GL

(kJ/mol)
∆GT

(kJ/mol)
∆GSyn

(kJ/mol)
∆GChem
(kJ/mol)

50 7.25 7.35 5.30 −95.1 −5.42 −29.5 −34.9 −24.5 −22.0
55 7.25 7.35 5.83 −95.9 −5.90 −29.7 −35.6 −24.5 −22.0
60 7.25 7.35 6.36 −96.6 −6.38 −30.0 −36.3 −24.5 −22.0
65 7.25 7.35 6.89 −97.3 −6.86 −30.2 −37.0 −24.5 −22.0
70 7.25 7.35 7.42 −97.9 −7.35 −30.4 −37.7 −24.5 −22.0
75 7.25 7.35 7.95 −98.5 −7.83 −30.5 −38.4 −24.5 −22.0
80 7.25 7.35 8.48 −99.0 −8.31 −30.7 −39.0 −24.5 −22.0
90 7.25 7.35 9.55 −100 −9.28 −31.0 −40.3 −24.5 −22.0

100 7.25 7.35 10.6 −101 −10.2 −31.3 −41.5 −24.5 −22.0
110 7.25 7.35 11.7 −102 −11.2 −31.5 −42.7 −24.5 −22.0
120 7.25 7.35 12.7 −102 −12.2 −31.7 −43.9 −24.5 −22.0
130 7.25 7.35 13.8 −103 −13.1 −31.9 −45.1 −24.5 −22.0
140 7.25 7.35 14.8 −104 −14.1 −32.1 −46.2 −24.5 −22.0
150 7.25 7.35 15.9 −104 −15.1 −32.3 −47.4 −24.5 −22.0
160 7.25 7.35 17.0 −105 −16.0 −32.5 −48.5 −24.5 −22.0
170 7.25 7.35 18.0 −105 −17.0 −32.6 −49.6 −24.5 −22.0
180 7.25 7.35 19.1 −106 −18.0 −32.8 −50.7 −24.5 −22.0
190 7.25 7.35 20.2 −106 −18.9 −32.9 −51.9 −24.5 −22.0
200 7.25 7.35 21.2 −107 −19.9 −33.1 −52.9 −24.5 −22.0
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as the first collector on the top surface of electric conductor 1802; an Ag-O-Cs film 1823
as the second emitter at the bottom surface of electric conductor 1802; a second vacuum
space 1824 that allows thermally emitted electrons 1825 to flow through ballistically; a Cu
film/plate 1829 as the second collector on the top surface of the electric conductor 1821;
an Ag-O-Cs film 1833 as the third emitter on the bottom surface of the electric conductor
1821; a third vacuum space 1834 allowing thermally emitted electrons 1835 to flow through
ballistically; and a Cu film/plate 1839 coated on the inner surface of the inversed-dome-
shaped bottom end of the vacuum tube, serving as the terminal collector connected with
an electricity outlet 1837 (−). When the isothermal electricity is delivered through the
outlet terminals 1806 and 1837 across three pairs of emitters and collectors, the maximum
total steady-state operating output voltage is typically about 10.5 V. The total saturation
isothermal electricity current density (at an output voltage of 10.5 V) is about 1.55 × 10−5

(A/cm2) at a standard ambient temperature of 298 K (25 ◦C) in this example.

Figure 7. Another example of an integrated isothermal electricity generator system 1800C that
has three pairs of low-work-function Ag-O-Cs (0.7 eV) emitters and high-work-function Cu metal
(4.56 eV) collectors, operating in series as installed in a vacuum tube container.

According to one of the various embodiments, any of the isothermal electricity gener-
ator systems presented here could be modified for various applications. For example, a
typical smart mobile phone device such as an iPhone 12 Pro consumes about 11 Watt-hours
per day (24 h). The use of certain isothermal electricity generator systems disclosed in this
invention may make it possible to produce a new generation of smart mobile electronic
devices that are able to utilize the environmental heat energy from the ambient temperature
environment to permanently power the devices without requiring conventional electrical
power sources. For instance, the use of an asymmetric function-gated isothermal electricity
generator system disclosed here with a chip size of about 40 cm2 that has 3 volts (V) of
isothermal electricity output of 200 mA as a permanent power source may be sufficient to
continuously power a smart mobile phone device forever. That is, based on this invention,
isothermal electricity generator systems have the potential to permanently power many
electronic devices, including mobile phones and laptops.
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Therefore, this energy renewal isothermal electricity invention (WO 2019/136037 A1)
has potential in many revolutionary industrial applications, and will likely be transfor-
mative in energy science and technologies with respect to providing endless clean energy,
supporting sustainable economic development on Earth [30]. More information, including
more detailed methods for the creation and use of asymmetric function-gated isothermal
electricity generator systems for energy renewal with electrons isothermally utilizing envi-
ronmental heat energy, is disclosed in the PCT International Patent Application Publication
Number WO 2019/136037 A1.

6. Conclusions

On the basis of the work presented here, it is now quite clear that mitochondria
are able to isothermally utilize low-grade environmental heat energy (i.e., the thermal
motion kinetic energy of transmembrane electrostatically localized protons) associated
with the human body temperature of 37 ◦C to perform useful work, driving the synthesis
of ATP. This amazing phenomenon is biophysically enabled through the combination
of protonic membrane capacitor formation with the geometric effect of mitochondrial
cristae in enhancing the density of localized protons at the cristae tips at which the F0F1-
ATP synthase enzymes are located (Figure 2), and with the asymmetric features of the
mitochondrial inner membrane, where the outlets of the redox-driven proton pumps
protrude away from the membrane surface to deliver protons into the bulk liquid phase,
while the protonic inlet of the ATP synthase is located at the membrane surface (Figure 3).
These predicted features have an excellent correspondence with the true structures and
functions of mitochondrial cristae [10] and mitochondrial respiratory membrane protein
complexes I, II, III, IV, and F0F1-ATP synthase in terms of their location with respect to
the membrane surfaces [75–77,80,83–92]. That is, this finding is well corroborated by the
structures and functions of mitochondrial cristae (Figure 2) and is also corroborated by the
asymmetric structures of mitochondrial respiratory-coupling sites (Figure 3).

As shown in Table 1, for an example, with a transmembrane potential of 120 mV,
mitochondria obtain as much as−31.7 kJ/mol of local protonic Gibbs free energy ∆GL from
transmembrane electrostatically localized protons utilizing environmental heat (proton
thermal motion kinetic energy), which, surprisingly, represents 72% of the total protonic
Gibbs free energy ∆GT (−43.9 kJ/mol), while only 28% is from the classic Mitchellian
protonic free energy ∆GC component (−12.2 kJ/mol).

Through the newly formulated protonic entropy equation (Equation (7)), it is now,
for the first time, clearly demonstrated that, as long as the localized proton concentration[
H+

L
]

is greater than zero, the entropy change (∆SL) is indeed a negative number for the
isothermal environmental heat utilization process in mitochondria. Consequently, we
humans, as mitochondria-powered organisms, are not only chemotrophs, but also possess
a significant thermotrophic characteristic, isothermally utilizing environmental heat energy
from our human body environment to perform work such as ATP synthesis. The entropy
change (∆SL) calculated from Equation (7) for transmembrane electrostatically localized
proton-associated isothermal environmental heat utilization was in the range from −95.1
to −107 J/K·mol, for which it is now, for the first time, numerically demonstrated that the
transmembrane electrostatic proton localization, including the formation of the protonic
membrane capacitor (Figures 2 and 3), does indeed represent a negative entropy event
(Table 1). This also explains the relationship between the local protonic negative entropy
change (∆SL) and the mitochondrial environmental temperature (T) and the local protonic
Gibbs free energy (∆GL = T∆SL) in the utilization of isothermal environmental heat.

This thermotrophic function is able to lock a significant fraction of the environmental
heat energy into ATP chemical energy. The energy efficiency for the utilization of total pro-
tonic Gibbs free energy (∆GT including ∆GL) in driving the synthesis of ATP is estimated
to be about 60%, indicating that a significant fraction of the environmental heat energy
associated with the thermal motion kinetics energy (kBT) of transmembrane electrostat-
ically localized protons was locked into the chemical form of energy in ATP molecules.
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Therefore, mitochondria are indeed able to isothermally utilize the environmental heat
energy through electrostatically localized protons to help drive the synthesis of ATP, a
significant thermotrophic feature with profound scientific implications.

Proton-coupling bioenergetics systems operate widely, and are present in nearly all or-
ganisms known today. Through the present study, it is now quite clear that this special ther-
motrophic process, which is associated with transmembrane electrostatically localized pro-
tons, has probably already been occurring for billions of years on Earth. Therefore, there are
two thermodynamically distinct types (A and B) of energy processes naturally occurring
on Earth, based on their properties with respect to whether they follow the second law
of thermodynamics or not. Type-A includes energetic processes such as glycolysis, tri-
carboxylic acid cycle, redox-driven electron transport, and many of the chemical reac-
tions and processes in our test tubes, computers, and cars, which apparently well follow
the second law; Type-B energetic processes, represented by the thermotrophic function
(Table 1 and Figures 1–3), here, do not necessarily have to be constrained by the second
law, owing to the special asymmetric function. That is, the second law still remains a very
good law. However, it does not necessarily always have to be universal, as also implied by
several independent studies [3,11,22–32].

The discovery of the thermotrophic function isothermally utilizing environmental heat
energy, reported here, may have profound scientific and practical implications in bettering
our fundamental understanding of bioenergetics and energy renewal [11] for the purpose
of sustainable development on Earth. With the new knowledge learned from this discovery,
it may be possible to obtain benefits from mimicking this biophysical molecular-scale
process in order to create a new way [11,12,30] of producing useful energy by isothermally
utilizing environmental heat energy from the ambient environment.

Inspired by the discovery of the protonic thermotrophic function, a new invention
(WO 2019/136037 A1) [30] was developed for energy renewal on the basis of isothermal
environmental heat energy utilization with an asymmetric electron-gated function system
to generate electricity, which, to a certain extent, mimics Type B energy processes.

As highlighted above, a basic asymmetric function-gated isothermal electron power
generator system (Figure 4B) comprises a barrier space, such as a vacuum space, that
separates a pair of electric conductors, one of which has a low-work-function film sur-
face and the other of which is a high-work-function plate. The surface film is made of
a low-work-function material such as Ag-O-Cs, which has a work function as low as
approximately 0.7 eV, and serves as the emitter. The barrier space is a vacuum space that
does not conduct electricity through regular electric conduction, but allows free thermal
electrons to fly through ballistically. The use of such a barrier space and low-work-function
surface film enables significant amounts of ambient temperature thermal electrons to be
emitted from the film surface into the barrier space and to fly ballistically towards the col-
lector, which is a high-work-function plate, such as a copper plate, which can have a work
function as high as approximately 4.6 eV. Practically, at ambient temperatures of around
298 K, such high-work-function plates have nearly zero emissions of thermal electrons from
their surface, while being able to accept the thermal electrons flying through the barrier
space from the emitter. This enables freely emitted thermal electrons to predominantly fly
ballistically from the emitter through the barrier space to the electric collector, despite the
emitter and collector being at the same environmental temperature. After the thermal elec-
trons from the emitter flowing ballistically across the barrier space arrive at the collector,
as excess electrons, they electrostatically repel each other and spread around the electric
conductor (collector) surface, analogously to the behavior of excess protons in a protonic
conductor in the thermotropic function (Figures 2 and 3). Similarly, the excess holes (pos-
itive charges) left at the emitter will also electrostatically spread around the electrode
(emitter) surface. As a result, this creates a voltage difference between the emitter and the
collector. The use of this voltage difference through the terminals of electricity outlets can
drive electric current through load resistance in order to perform electric work, as shown in
Figure 4B. This conductive flow of electrons through the external load wire, better known
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as electricity, is able to take place continuously, as the excess electrons flow conductively
through the external circuit back to the emitter, where they will subsequently be re-emitted
again during the next cycle, and so on, after gaining thermal motion kinetic energy from the
environmental heat of the surrounding environment. This explains how the asymmetric
function-gated isothermal electron power generator system is able to isothermally generate
electricity by isothermally utilizing heat energy from the environment.

The asymmetric function-gated isothermal electricity generator systems have the
potential to generate substantial amounts of electricity (data shown in Figures 5 and 6)
to power many electronic devices, including mobile phones and laptops, forever. Thus,
this invention has the potential for many industrial applications, and is likely to be trans-
formative in energy science and technologies aiming towards sustainability on Earth. Its
continuous forever clean energy renewal function (Figures 4–7), mimicking the energy
Type-B processes in isothermally utilizing endless environmental heat energy, could help
to liberate all peoples from their dependence of fossil fuel energy, thus helping to reduce
greenhouse gas CO2 emissions and control climate change. Therefore, the author hereby
encourages both public and private supports to accelerate the R&D efforts on isothermal
environmental heat energy utilization at national and/or international scales, to provide
the envisioned continuous clean energy for all peoples, with the aim of a shared common
future for humanity on the planet.
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