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Abstract: The dissipation in an irreversible step process is reduced when the number of steps is
increased in any refinement of the steps in the process. This is a consequence of the ladder theorem,
which states that, for any irreversible process proceeding by a sequence of relaxations, dividing any
relaxation step into two will result in a new sequence that is more efficient than the original one.
This results in a more-steps-the-better rule, even when the new sequence of steps is not reoptimized.
This superiority of many steps is well established empirically in, e.g., insulation and separation
applications. In particular, the fact that the division of any step into two steps improves the overall
efficiency has interesting implications for biological evolution and emphasizes thermodynamic length

as a central measure for dissipation.

Keywords: minimizing dissipation; relaxation; step processes; sequential processes; thermodynamic
length

1. Introduction

Finite-time thermodynamics (FTT) was originally developed to make the losses of a
process out of equilibrium explicitly visible, “the cost of haste” [1,2]. Subsequently, these
tools were generalized into control thermodynamics [3], i.e.,: To which degree can one
guide a thermodynamic process toward a desired result, what is the minimal cost, and
how can one achieve it? One of the important components in the theory is thermodynamic
length. It has been used to bound the dissipations of an irreversible process, originally in
the continuous case [1], shortly after in the discrete case [4]. In both cases, the dissipation is

limited by
2

L
u
>
AS > 1)

where we have chosen the entropy production of the process, AS", as the measure of
dissipation. L is the thermodynamic length of the process, and K is the number of discrete
steps when we consider the process taking place as a sequence of small equilibrations, i.e.,
all endpoints of the equilibrations are in equilibrium with the reservoir. Actually, we can
almost always describe dissipation as due to appropriately constrained relaxations. We
think of these points of equilibrium with the sequence of reservoirs as the rungs of the
ladder and, thus, the equilibrations as the spaces between neighboring rungs of the ladder.
We will return more specifically to this analogy below.

From the functional form of Equation (1), we observe two important points. The
first and most-obvious is that we can reduce the minimum dissipation by increasing the
number of steps (K). This is our focus in the present paper. The thermodynamic length
L is fixed by the endpoints of the reaction and by the kind of process we are considering
(e.g., isothermal, isobaric, adiabatic) and, thus, is not part of the optimization that leads to
Inequality (1). The second observation is that since the minimum dissipation is quadratic in
the length L; of each step, while the sum of the L; is fixed, we will achieve the least entropy
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production if all the K steps are of equal thermodynamic length, L/K. This feature, while
present and important for some of our examples, was not our primary focus here. Rather,
the feature we focused on is that increasing the number of steps K by adding an additional step
between two existing steps will always decrease dissipation. We prove this ladder theorem [5] in
Appendix A below. It follows from this theorem that any refinement of a step process has
lower dissipation, where refinement is meant in the sense of refinement for a partition of
an interval [6], i.e., keeping all the previous equilibrium points, but adding more of them.
In this sense, we state the more-steps-the-better rule: for any step process, any refinement
of the process has lower dissipation.

2. A Horse—Carrot Process

Consider a thermodynamic system brought along a particular sequence of equilibrium
states via a sequence of relaxations. This is the classic quasistatic process that, in the limit of
infinitely many steps, allows the dissipation to go to zero. At each point along the process,
the system (the horse) relaxes toward a bath (the carrot), which is in a state just ahead of
the current state of the system. In the quasistatic limit, the baths are only infinitesimally
ahead and the time of the process goes to infinity. This situation is depicted in Figure 1.
To a nearly reversibly evolving system, time evolution always looks like a relaxation. The
horse—carrot theorem Equation (1) [1,4], proven in Appendix A, shows that minimizing the
dissipation of a process can be accomplished by either increasing the number of steps K
(which must all be small) or, if possible, by changing the process along the way so as to
shorten the thermodynamic length L between the initial and final states.

Y

X

Figure 1. A horse—carrot process. The system (horse) keeps trying to relax to the position of the
environment (carrot) along a prescribed path in the (Y, X) variables. In the thermodynamic example
described below, those are pressure and volume (p, V). In a biological example, they might be, e.g.,
redox potential and charge (ions) moved (¢, N).

The minimum entropy production solution is achievable and has been used in the
design of an energy efficient distillation column [7,8]. The theorem is also relevant to
biology. Frederiksen and Andresen [9,10] calculated the entropy production associated
with the cytochrome chain in human mitochondria in which the chemical potential of
an electron is lowered by sequential stages to extract work and produce, ultimately, ATP
molecules. They demonstrated that the spacing of electron carrier molecules in actual
mitochondpria serves to produce close to the minimum entropy for a K-step process.
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3. Adding an Intermediate Step

The horse—carrot theorem Equation (1) was based on an optimal distribution of all the
steps in the process. However, even if the steps were not optimally distributed and one
adds an additional step anywhere in this ladder (see Figure 2), it will result in a reduction
of the dissipation.

Less entropy
produced
with extra step

Figure 2. Inserting the step C decreases entropy production (see inequality in (7)).

Let us illustrate this with a simple process with only a single degree of freedom,
volume V with the conjugate variable pressure p [11]. To keep to this level of simplicity, we
assumed that the entire process is carried out isothermally at temperature T. Take one of
the steps in the sequence where the internal pressure varies from pg to ppan (Po > Pratn)-
The step is a relaxation process in which the gas, previously in equilibrium with a reservoir
at temperature T and pressure py, is placed in contact with a reservoir at the next state, i.e.,
still at temperature T, but now with pressure pp,;. The relaxation involves the volume
of the gas increasing from the equilibrium volume V (pp) to the next equilibrium volume
V (Pparn)- To measure the dissipated work, we subtract the actual work from the maximum
possible work that could have been collected from such an expansion.

This maximum possible work is the reversible work and can be obtained while the
state of the gas follows the equilibrium isotherm drawn in red in Figure 3:

V (Pratn)
Wreversible = /V(p) p(V)dV
0

The actual work performed follows rather the heavy blue line in Figure 3. The external
pressure is instantaneously switched to the constant py,;;, and so, the work performed on
the reservoir is

V (Poatn)
Wactual = /V(p ) Pbathdv = phathAV
0

The dissipation for such a process can be found by subtracting the work performed on the
bath, [ ppandV, from the reversible work, [ pdV, that could have been captured. This gives

V(Poatn)
TASY = / (P = Patn)dV ©)
V(po)

for the dissipated work converted to heat at T and producing entropy AS}. Writing the
dissipation as the integral of the difference has some intuitive appeal as it is suggestive
of an endoreversible realization of the process, but the final result, AS}, is independent of
any details of the expansion. Performing the relaxation in a single step to py,, (blue line
in Figure 3) dissipates the work corresponding to the area between the red equilibrium
isotherm and the actual path, i.e., the orange + yellow + dark-green areas.
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Figure 3. A gas is relaxing from pg to pp,y, along the isotherm of equilibrium points shown in
red. Performing the relaxation in a single step from pg to pp,y, (blue line) dissipates the work
corresponding to the area between the equilibrium curve and the actual path, i.e., the orange + yellow
+ dark-green areas. Introducing an additional step at p;,;., between pg and py,y, and switching to it
at Vgyite, reduce the dissipation to the orange + yellow areas, thus increasing the work performed by
the dark-green area. The light-green area below py,;;, also represents work performed by the system.

We next introduce an additional intermediate reservoir p;, ., between py and ppg,.
To break up the process, we start by relaxing in contact with this intermediate reservoir
until some volume Viyiren, With Vigiren < V(Pinger), at which point we again switch the
contact to the final reservoir at py,;,. Note that the system does not reach equilibrium
with the bath at this new switching point, unlike the other points pg and pp,y,. It now
follows the dashed heavy blue line, which coincides with the solid heavy blue line for
the subsequent relaxation in contact with pp,, from Ve to equilibrium at V. The
resulting dissipation becomes

Vswitch Viatn

TAS% = /V (P - pinter)dv + (P - Pbuth)dv- 3)
0

Vswitch

In Figure 3, the areas of dissipation corresponding to these two integrals are shown as the
orange and yellow regions, respectively. Adding to this expression the positive quantity:

szitch
/V (Pinter — Poarn)dV > 0 @)
0

(area of the dark-green rectangle in Figure 3), we arrive at

szitch
TASEI < TASEI + v (pinter - pbuth)dv~ (5)
0
Substituting from (3), we obtain
u Vszvitch Vbath szitch
TAS; < / (P - pinter)dv + (P - pbath)dv + (pinter - pbuth)dv' (6)
W Vswitch Vo
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The first and third integrals both run from Vj to Vsyitc;, and can be combined by adding the
integrands to give

" szitch Vbath
TASZ < / [(P - pinter) + (Pinter - pbath)] av + / (P - Pbath) av

Vo Vswitch
Vswitch Vbath

= / (P — Poan) AV + (P — Poarn) dV.
Vo Vswitch

Since the integrands in the remaining two integrals are identical, we can combine the
intervals of integration to give

Voath
1883 < [ ™ (p = puan)dV = TaSY. @
0
It is clear from the figure that the orange + yellow region of dissipation is smaller than the
original dissipative region by exactly the dark green rectangle. This reduced dissipation
ASY — AS} is the benefit of the extra step at pj,ser.

It is clear that, wherever we put an intermediate step, it will reduce the dissipation.
If we put it optimally, it will be even better. Note that the integration limit Vg, (the
switching point) does not even need to be at the new reservoir pressure pjy.,, i.e., full
equilibration with the new reservoir at pjy., is not necessary.

Our primary interest in the present paper was the straightforward observation that
adding a step anywhere in any K-step process will reduce its entropy production. Let X be
the set of independent extensive variables of the system. The general case follows by consid-
ering breaking a step AX into two sub-steps AXj, AX,, with AX = AX; + AXj. For small
steps, we can use the equality between entropy production and squared thermodynamic
distance in a small relaxation (see Appendix A or [4]):

1 1 1
AS* = EHAXHZ =5 llaxy +AX|[F = 5 (AXy +AXs) - (X + AX)

1
= S (I1aXa] P +][aX,] 2 +28%; - AX, )
= AS“\l —l—ASu|2 + AX] ‘g AXp

We see that AS* > AS"[{ + AS"|, provided only that the dot product AX; -¢ AX; is positive,
i.e., provided that AX; and AX; make an angle less than 90 deg, so that they move more or
less in the same direction. In this flat geometry (approximating the second derivative of S
by a constant matrix), the answer to “which states are between two given states” is a sphere,
centered on the midpoint between the states. Any state inside this sphere will reduce the
total entropy production. While the sphere applies exactly only for small steps, we remark
that most reasonable notions of in-between give large regions of validity even for large
steps. We then define a refinement of a K-step process to be a step process that iterates the
addition of one additional step between two existing steps. The new point added must
result in two sub-steps that go in approximately the same direction, i.e., have a positive
inner product. We then find that the refinement of a K; step process to a K, step process,
with K, > Kj, decreases the dissipation AS*(K;) < AS*(K7). We refer to this result as the
ladder theorem.

Achieving the bound in Equation (1) involves resizing all steps optimally when adding
a new one. However, the ladder theorem is less restrictive. It does not require a full
reoptimization of all the steps. It applies even when a single new step is added between
existing steps without changing the rest of the chain. Admittedly, this latter step addition
in most cases will not improve the chain efficiency quite as much as a full reoptimization of
all the steps, but it will improve it.

Note that one consequence of optimally adding an additional step is that all the steps
become smaller. If the work extraction process is continuous, that is of no importance,
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but if work is extracted in “parcels”, e.g., in ATP molecules, as in most cells, some steps
may become less than the size of this “parcel” and, thus, can no longer be produced.
Within such constraints, increasing the number of steps is no longer feasible. A second
consequence of diminishing the losses in the process is that it will physically run more
slowly; there is less drive (loss of free energy) to push it forward. This touches on the
general issue of optimizing for maximum efficiency (minimum losses) or for maximum
power (maximum rate) [12], where the explicit tradeoff between efficiency and power leads
to a set of Pareto optima, which optimize some combination of dissipation and rate under
the given conditions of the system [13].

One troubling aspect in the derivations above is the proviso that all the steps in the
process be small. It turns out that this assumption is not needed. While this manuscript
was out for review, we managed to prove our conjecture globally, i.e., without the need
for assuming the steps are small. The machinery and details we plan to publish in a
sequel article.

4. Relevance in Chemistry and Biology

Recently, Rubi et al. [14] analyzed the energetics and the kinetics of a general reversible
chemical reaction passing through an intermediate state by comparing the rate and dissipa-
tion in the direct reaction A <= C with the one with an intermediate state, A <— B <= C.
In all situations, introducing the intermediate state B reduced the dissipation, although to a
varying degree depending on the energy of the intermediate state. At the same time, the
reaction rate decreased.

An illustrative biological example related to the above study is the electron transport
chain in mitochondria [9]. The ladder theorem predicts that, if an additional step were to
be added to the electron transport chain, for instance three intermediate molecules in the
sequence, rather than the current two (ubiquinone and cytochrome-c), the result would be
favorable in so far as it would reduce entropy production. Note, however, that, typically,
work extraction in each of the four new steps will be smaller than in each of the previous
three steps. That means that if the going unit of work is one molecule of ATD, the total free
energy difference from start to end of the electron transport chain may not allow extraction
of 4 ATP but only the current 3 ATP. The extra work extracted may be in the form of smaller
units. However, the additional step may involve a significant energetic overhead for the cell
in the form of producing and maintaining additional catalysts, thus providing a framework
for defining cost-benefit analyses for the evolution of these systems.

Subsequent evolutionary processes can then select for the redox potential of the
electron in the new molecule to be equally spaced between two existing redox states in the
electron transport chain or, even better, select for equally spaced redox potentials of all three
intermediate molecules. Although, by utilizing this theorem, one cannot predict which new
molecule will arise in the electron transport chain, one can predict which molecule would
provide the greatest fitness advantage and, thus, which molecule would most likely to be
selected for and eventually fixed within a population. This theorem might also allow for
thermodynamic-based evolutionary predictions at higher biological levels, such as where
new organisms might benefit most in trophic chains or which new niche space would be
the most-beneficial to occupy to receive the greatest bioenergetic benefit.

The ladder theorem shows that adding steps in an energy-extracting process will
lessen the entropy production of the process, thereby allowing more work to be extracted
from the available energy. Utilizing this theorem, we hypothesized that biological entities
should be selected for metabolic pathways with a greater number of steps when energy
is limited.

Haas et al., 2016, provided an example of this hypothesis in marine ecosystems,
where they examined bacterial metagenomes from coral reefs in three different ocean
basins (Atlantic, Pacific, and Indian Oceans) [15]. In these systems, the dominant benthic
(ocean-floor-dwelling) primary producers determine the amount of available free energy to
heterotrophic consumers by fixing energy from sunlight and turning it into bioavailable
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carbon via the process of photosynthesis. In areas where coral is the dominant primary
producer, the bioavailable carbon is less reduced (i.e., more oxidized) and, thus, contains
less free energy to drive heterotrophic metabolisms, whereas in areas where algae is
the dominant primary producer, there is a surplus of free energy in the form of highly
reduced bioavailable carbon [16]. Therefore, organisms in these coral-dominated systems
are expected to be selected to minimize entropy production and maximize the yield of their
metabolic processes. Thus, we predicted that organisms should be selected to use metabolic
pathways with more steps in these energy-limited, coral-dominated environments.

This is indeed what is observed in the central carbon metabolism of the microbes
in these ecosystems. The microbes in the coral-dominated, energy-limited environments
have an enrichment in genes encoding for the Embden-Meyerhof-Parnas pathway [17], a
central carbon catabolic pathway that has nine steps involved in the breakdown of sugars
to pyruvate, whereas microbes in algal-dominated, energy-surplus environments had
an enrichment for alternative central carbon metabolism pathways, such as the pentose
phosphate pathway and the Entner-Doudoroff pathway, which contain fewer steps than
the Embden-Meyerhof-Parnas pathway. Furthermore, there is a significant correlation
between the amount of algae in a system and the ratio of the genes involved in the Embden-
Meyerhof-Parnas pathway to genes involved in the Entner-Doudoroff pathway, as shown
in Figure 4. Thus, we have evidence that there is indeed selection and subsequent change
in gene frequencies for organisms to change the number of energy-extracting steps in a
metabolic process depending on the scarcity of available free energy.

Coral Reef Algal Reef

Embden-Meyerhof-Parnas Entner-Doudoroff
(EMP) pathway (ED) pathway

— glucose glucose —
— glucose 6-P glucose 6-P =
— fructose 6-P fructose 6-P =

— fructose 1,6-diP fructose 1,6-diP =

thermodynamic [—  glyceraldehyde 3P
length (L)

— 1,3-bisphosphoglyceric acid

—  3-phosphoglycerate

—  2-phosphoglycerate

—  phosphoenolpyruvate
\ 4

— pyruvate pyruvate -
K=9 K=4

Figure 4. The number of metabolic steps increases in environments with less bioavailable free
energy. Coral-dominated, energy-limited environments, such as those shown on the left, have a
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significant enrichment in genes encoding for the Embden-Meyerhof-Parnas pathway, a pathway that
involves nine thermodynamic steps (K = 9) in the breakdown of sugars to pyruvate, whereas algal-
dominated, energy-surplus environments have an enrichment for alternative metabolic pathways,
such as the Entner-Doudoroff pathway, which only contains four thermodynamic steps (K = 4) [15].
Furthermore, areas on the reef that have an enrichment for metabolic pathways with fewer steps
have also been shown to have lower thermodynamic efficiency in terms of heat released per cell [18],
strengthening the link between thermodynamic length, step number, and efficiency in biological
systems.

Given our more-steps-the-better rule, at least for efficiency, why do we not always in-
crease the number of steps? The answer is because the marginal returns from an additional
step have to be weighed in comparison to the costs in a cost-benefit analysis. Adding and
maintaining additional enzymes for an extra step can be expensive.

5. Technical Examples

While most transport containers for liquid nitrogen (boiling point 77 K) are merely
thermos bottles (an evacuated double-wall stainless steel container), containers for liquid
helium (boiling point 4 K) are usually not evacuated, but instead, have hundreds of layers
of thin film surrounding the inner container (Figure 5). These force thermal equilibration
on each layer with only a small temperature difference with the next layer. This sharply
reduces the total heat conduction from the surroundings and, thus, evaporation of helium
compared to a single large temperature gap. The same principle is in operation when
windows are constructed with several layers of glass in order to reduce heat loss.

Figure 5. This liquid helium container minimizes the rate of heat leaking in by forcing literally
hundreds of small equilibrations along the way.
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Another step process where one can increase the thermal efficiency by increasing the
number of equilibration steps is distillation. Each tray in the distillation column is a point
of equilibrium between liquid and vapor. Every additional tray will, therefore, increase
the column’s thermodynamic efficiency [7,8]. Isotope enrichment by whichever method
used [19] follows the same principle: the more units, the more efficient it is.

Finally, let us mention photovoltaic conversion of sunlight to electricity. Traditional
photovoltaic cells absorb light at and above a certain frequency, wasting anything below.
One can add additional layers of converters adjusted to a wider range of frequencies and,
thus, retain a larger fraction of the solar spectrum at its respective voltage [20]. This has
been performed, but such cells are more expensive.

6. Thermodynamic Length in Quantum Physics

In recent years, thermodynamic length and its application to the design of minimally
dissipating adiabatic processes in the slow-driving quantum regime has proven to be
very successful [21-28]. Most of these applications involve continuous time processes,
but step processes have occasionally been employed [27]. So far, however, we know of
no application of our ladder theorem in this context; the step processes used always use
optimal separation. There is considerable demand for further development of quantum
thermodynamic devices, both for quantum computing and for nano-Kelvin refrigeration of
complicated systems. This demand is sure to drive many new applications, and the ladder
theorem is likely to play a role.

7. Conclusions

We proved the ladder property for any process consisting of steps: (i) if the distribution
of steps is augmented by an additional step anywhere between two existing steps, the new
sequence will be more efficient than the original one; (ii) for the best results, all the steps
should next be reallocated to be equidistant in thermodynamic length. The ladder theorem
emphasizes the importance of thermodynamic length as a central measure for dissipation
in irreversible processes.

We also note that the superiority of many steps is well established empirically in, e.g.,
insulation and separation applications. We see the principle emerge in many biological and
evolutionary situations. These results are closely related to the dissipation in sequential
chemical processes as they appear in many, if not most biological systems, e.g.,: How is the
direction of such a chain reaction ensured? How is specificity achieved? How are driven
processes powered? Given our more-steps-the-better rule, at least for efficiency, why do
we not always increase the number of steps? The answer is because the marginal returns
from an additional step have to be weighed against the additional costs in a cost-benefit
analysis. Finally, we expect the design of quantum devices, e.g., for quantum computing
and for nano-Kelvin refrigeration of complicated systems, will benefit from utilizing the
ladder property. We hope to return to those questions in a future publication.

Author Contributions: Conceptualization, ER. and P.S.; early analyses, ].N. and P.S.; writing &
concept elaboration TN.ER., ER,, PS. and B.A,; review & editing B.A. and P.S. All authors have read
and agreed to the published version of the manuscript.

Funding: T.N.ER. gratefully acknowledges the Gordon and Betty Moore Foundation for support
under grant number 9871.
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Appendix A. Some Detailed Proofs

Consider a thermodynamic system brought along a particular sequence of equilibrium
states via a sequence of relaxations as sketched in Figure 1. An approximation to this
continuous process is obtained by choosing K states of the system along the given process
and using baths at these states for K successive relaxation processes of our system [4]. If K
is large and the baths are well dispersed along the process, all of the relaxations are small.
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This is illustrated in Figure A1 with the process being the heating of a cup of coffee from T
to TK-

— — — — —
e o o
T, T,

Ty

Figure A1. A cup of coffee successively relaxing to K successively hotter surroundings.

This coffee—cup example only considers one degree of freedom: temperature. That
may be the only degree of freedom available, but there may also be others that have either
fully equilibrated faster than the heating process (e.g., disappearance of surface waves
on the coffee) or that are so slow that they are essentially unchanged during the entire
process (e.g., composition of the coffee). This is a question of the timescale of the frequently
very many processes that surround us. The former have much shorter timescales than our
observations, the latter much longer timescales. However, the ladder property is equally
valid for a number of simultaneous relaxations.

Formally, let us focus on the dissipation in a small equilibration. Let X = (x1, x2,...,Xx)
be a set of independent extensive variables of the system, and let Y = (y1,y2,...,yx) be the
corresponding intensive variables, with

35S

Yi= o (A1)

where S is the entropy of the system. Further, let (Xo, Yj) be the initial equilibrium state
of the system and (X, Y) be the state of the system in equilibrium with the bath whose
intensities are Y. The entropy production in the relaxation of the system from state Xy to
X, is then given by

Xe
88" = [ V(- i (A2
0

where AS" is the change in the entropy of the universe (system + bath). If the steps are
small, we may expand y; to first order as a Taylor series about the state X, and find

oV
vi = yz-,g+za—z;<xj—xj,e>+o<||x—xe||2> (A3)
]
0°S )
yi'e+28xiax]- (xj = xje) + O(]| X — Xe[7) (A4)
]

Substituting into (A1) gives

ASH = /Xez( oS ). (- )dx-+/XEZO(HX—X||2)dx- (A5)
= l.,]. 8xi8xj X, ] 1€ 1 X - e 1

X
Xe aZS 3
- /X %(BXiaxj)Xe(xj—xj,e)dxi+0(|X—Xe|| ) (A6)

Our derivation requires the steps AX to be sufficiently small that the O(|| X — X,||*) term
can be neglected. This is not a very serious requirement for most thermodynamic processes
in the laboratory or in living systems. It is effectively taking the second derivative matrix

2 . . .
agi asxj to be constant along this integration over a step in the overall process. For processes
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that can be reparametrized using temperature, this amounts to assuming the heat capacity
in the step is constant.
Dropping the higher-order terms and evaluating the integral leave us with

1 0°S
wo I 95 N
ASTR 3 ; ( axiax,-) (i = i) (%] = %) (A7)

where ||A — B|| indicates the distance from B to A in the resultant Riemannian geome-
try [29], and all equations are up to third order in the step size. Denoting the corresponding
dot product in this geometry by -¢, the length squared is equal to the inner product
AP = 4 ¢ A,

If we now consider breaking a step AX into two steps AX = AX; + AX; [4],

1 1 1

AS* = E\|Ax||2 = 5l1AaX + AXy||? = 5 (AX1 +AXp) ¢ (AX1+AXa)  (A8)
1

= S (I18%|2 + |1AX| 2 +28%; -4 AX, ) (A9)

= AS"[1 +AS"y + AX; g AXp (A10)

This last equation shows that, when the scalar product AX; -¢ AXj is positive, the dissipa-
tion in the total process will be smaller than the dissipation in the two-step process. This
can be interpreted as saying that the step will decrease dissipation provided that AX; and
AX; make an angle less than 90 deg, so that they move more or less in the same direction.
This constitutes the proof of the ladder theorem.

At this point, we are also very close to proving Equation (1). Equation (A7) was
derived for one small step. Minimizing the sum of the entropy produced in K such small
equilibrations gives the following optimization problem:

min

K
k=

K
[ Xep ; — Xe || with Y ||Xee s — X || = L = constant (A11)
1 k=1

L is the thermodynamic length from state X, to Xk, i.e., the thermodynamic path length of
the process. The solution of the problem in (A11) leads to the horse—carrot inequality:
12
AS" > — Al2
52 2K (AL2)
Equality is achieved when all steps are of equal thermodynamic length, i.e., Ly = L/K for
k=1,...,K, as detailed in [1,3,4].
This equation shows that decreasing the dissipation of a process can be accomplished
by either increasing the number of steps K or, if possible, by changing the process along the
way so as to shorten the thermodynamic length L between the initial and final states.

Appendix B. Notation

The primary purpose of this Appendix is to collect into a table all of the notation
used in the manuscript. However, since everything in thermodynamics may be presented
from an energy or an entropy perspective [11], we also included (below the dividing line
in Table A1) enough additional notation to express how the two pictures relate to the
geometric structure [30]. In the manuscript above, we stuck to the entropy representation.
Accordingly, the variables in X and Y are related by

aS
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In the energy picture, this becomes replaced by

_au
7i =5z (A14)

Table Al. Symbols and units. The symbols from the manuscript, which exclusively use the entropy
representation, appear above the dividing line. Symbols related to the energy representation are
listed below this line.

Symbol Units Name

p J/m3 =kg/m/s? pressure

Vv m3 volume

T K temperature

W ] = kg m?/s? work performed by system

G ] = kg m?/s? free energy of system

u ] = kg m?/s? internal energy of system

S J/K =kgm?/s?/K entropy of system

Si J/K =kgm?/s?/K entropy of universe

g varies matrix of second derivatives of the entropy with respect to the xs
L vkg/Km/s thermodynamic length (based on entropy second derivative)

K unitless number of equilibrations

X - vector of extensive variables (U, V, Ny, Ny, ...)

X; varies ith extensive variable, entry in X

Y varies vector of intensive variables (1/T,p/T, —pu1/T, —u2/T,...)

Yi J/K/unit of x; ih intensive variable, entry in Y

i,j unitless index variables running 1 to number of degrees of freedom
Su varies matrix of second derivatives of the entropy with respect to the ¥s
Ly \/@ m/s thermodynamic length (based on internal energy second derivative)
X - vector of extensive variables (S, V, N1, Ny, ...)

% varies ith extensive variable, entry in X

Y varies vector of intensive variables (T, —p, j1, 42, - - .)

7i J/unit of %; ith intensive variable, entry in Y

We also use this Appendix to recap the basic equation:
LostWork = AG — Weaptured = TAS" > TL?/2K = L{;/2K (A15)

where L and L; represent the entropy length and the energy length of a process (path in
the space of states). Specifically, letting

0%S
8ij = 7 (axiaxj) (Al6)
and 5
o°u
duij = (afiafj) (&17)
results in lengths of a path <y given by
L= / Zgi,]' dxidx]- (A18)

i,j

and

Lu = / Zglli,j dxl-dxj (A19)
1]



Entropy 2023, 25, 539 13 of 14

respectively. It is also true [30] that
Tg = gu (A20)

leading to
VTL = Ly (A21)

for isothermal processes.
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