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Abstract

The engineering science literature on energy-transfer processes (heat engines, heat pumps, etc.) for the production of mechanical energy,
electricity, cold or heat has produced some remarkable results on maximum power and e3ciency optimization. We have wondered in how
far these results can be extended to include chemical reaction systems to describe living and possibly future-industrial energy-transfer
systems. With elements of non-linear irreversible thermodynamics and chemical kinetics, we have arrived at some interesting results on
optimizing the performance of chemical energy transfer. We discuss thermodynamic e3ciency, energy-transfer rate, entropy-generation
rate, and optimum-performance characteristics of (bio)chemical energy transfer.
? 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Exergy analysis of several intracellular processes per-
formed at our laboratory (Lems, 2001) has given new in-
sight into the thermodynamic e3ciency of biochemical en-
ergy transfer. Living cell processes showed energy-transfer
e3ciencies of up to about 90% with direct stoichiometric
coupling between thermodynamically favorable and thermo-
dynamically unfavorable chemical reactions, and with rela-
tively low spontaneity of the overall coupled reaction. Since
biochemical energy transfer may stand as example for en-
ergy transfer in more sustainable technological processes,
aspects of its thermodynamic optimization are of great in-
terest.
Engineering science has developed methods for opti-

mizing conventional energy-transfer processes such as heat
engines, heat pumps, and energy-storage systems. Bejan
(1996) reviewed these optimization methods and formu-
lated a general optimization strategy based on minimizing
the total rate of entropy generation in a process. This
has yielded some remarkable results and we have won-
dered if entropy generation minimization can also optimize
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chemical energy-transfer processes. To this end, a model for
chemical energy transfer was constructed and its thermody-
namic performance was analyzed. Special interest was given
to thermodynamic e3ciency, energy transfer rate, and en-
tropy generation. However, before we discuss the model and
its optimization results, the concept of Bejan (1996) to opti-
mize processes by minimizing entropy generation is brie:y
illustrated for a simple model of a conventional heat-driven
power plant.

2. Entropy minimization optimization

In engineering science, a power plant is thermodynami-
cally optimized by maximizing its power output. Chambadal
(1957) describes a model in which a mass stream ṁ of a
hot :uid of temperature TH and constant heat capacity cp
is used to generate power (see Fig. 1). Some of the heat in
the :uid stream :ows irreversibly through a heat exchanger
as Q̇H and subsequently through a completely reversible
heat engine (i.e. Carnot engine), which then operates be-
tween temperatures THC and TL and produces a power out-
put Ẇ . The higher the heat :ow Q̇H through the engine,
the larger the irreversibility in the heat exchanger and the
smaller the power output Ẇ . On the other hand when Q̇H
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Fig. 1. Model by Chambadal (1957) for the optimization of a heat-driven
power plant, taken from Bejan (1996).

is reduced, more of the heat in the :uid stream will simply
leave the heat exchanger and :ow irreversibility to TL as ex-
ternal heat loss Q̇ex, which also leads to a smaller Ẇ . It was
found that at maximum power output the e3ciency 
 of the
whole power plant operating between temperatures TH and
TL is


= 1−
(
TL
TH

)1=2

: (1)

Eq. (1) is a remarkable result because the e3ciency is similar
to the Carnot e3ciency with the exception that the square
root of the temperature ratio determines optimum e3ciency
instead of the temperature ratio itself.
Bejan (1996) has investigated several such models and

stated that the power output can be optimized in general by
minimizing the total rate of entropy generation. In the case
of the model of Chambadal (1957), more heat :ow through
the engine requires a larger temperature diDerence in the
heat exchanger, which increases the rate of internal entropy
generation (Ṡgen; in) and thereby also the rate of internal lost
work (Ẇ lost; in) since

Ẇ lost; in = T� · Ṡgen; in ; (2)

where T� is the temperature of the surroundings. On the
other hand, less heat :ow through the engine causes more
of the heat to leak externally, resulting in higher rates of ex-
ternal entropy generation (Ṡgen;ex). The rate of work output
is therefore optimal when both rates of entropy generation
together are at a minimum:

Ṡmin
gen = (Ṡgen; in + Ṡgen;ex)min : (3)

Bejan (1996) applied this concept of entropy generation
minimization to several processes such as heat transfer,
heat storage, and refrigeration. This suggests that chemical
reaction systems also can be optimized in this way, and, to
investigate this, a chemical reaction model is constructed
and its performance is evaluated at varying operation
conditions.

Fig. 2. A (bio)chemical reaction model for the optimization of energy
transfer.

3. Model for chemical energy transfer

A chemical reaction system is considered as given in
Fig. 2. Chemical energy is transferred at 298:15 K in a cou-
pled chemical reaction in which the thermodynamically fa-
vorable (downhill) reaction of compound C to D (reaction
CD) drives the thermo-dynamically unfavorable (uphill) re-
action of compound X to Y (reaction YX). In this way, the
work available in chemical reaction CD is directly trans-
ferred to chemical reaction YX.
There have been earlier attempts to model the optimiza-

tion of biochemical conversion of free energy, as described
by Westerhof and Van Dam (1987). However, there are
essentially two meaningful diDerences between the way
Westerhof and Van Dam (1987) describes the energy trans-
fer and the way it is described here. First, Westerhof and
Van Dam (1987) applies linear relations between reaction
rate and reaction a3nity (see later), whereas we will use
non-linear relations. These non-linear relations describe the
thermodynamic behavior of a chemical reaction more realis-
tically at non-equilibrium conditions. Secondly, Westerhof
and Van Dam (1987) uses a coupling factor to account
for discrepancies between the actual and the stoichiometric
ratio of coupling. In our model, coupling of two chemical
reactions only occurs at the Jxed stoichiometric ratio. The
work of Bejan (1996) on conventional processes indicates
that seemingly lower coupling ratios in chemical systems
are actually re:ections of leak reactions occurring indepen-
dently along side the coupled chemical reaction. The idea
of a constant fractional coupling factor is then misleading
and gives incorrect optimization results.
Therefore, the model for chemical energy transfer in-

cludes two independent leak reactions, reactions CD and
YX. These reactions occur without coupling and thereby
without transfer of chemical energy. Hence, their potential
to perform work is lost by deJnition.
The mathematical description of the chemical model be-

gins with determining the potential of the individual chem-
ical reactions to perform work. We consider the chemical
model to operate at 298:15 K, at which approximately most
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Fig. 3. Graphical presentation of the energy barrier (Eyring, 1935; Eyring
& Eyring 1963) between the reactants and products of a chemical reaction.

biochemical reactions take place. The work potential of a
chemical reaction is then determined by the reaction a3nity
(A), as deJned by DeDonder (1927).
The a3nity (A) of a chemical reaction expresses the de-

gree of thermodynamic non-equilibrium between its prod-
ucts and its reactants, and hence it is determined by the
chemical potentials (�i) and stoichiometric coe3cients (�i)
of the compounds participating in the reaction. In essence,
the a3nity is simply the negative value of the Gibbs energy
change (MrG) of the reaction:

A=−MrG =−
∑
i

�i�i: (4)

At A¿ 0 the products of the chemical reaction are at lower
energy level than the reactants. The reaction then proceeds
forward until it reaches thermodynamic equilibrium, at
which A = 0. At equilibrium there is no longer a driving
force to make the reaction proceed in a uniform direction,
and the reaction therefore has no more potential to perform
work.
The second step in the mathematical description of the

model is determining the rate of a chemical reaction as a
function of its a3nity. By considering the chemical reactions
as elementary reaction steps, the transition state or activated
complex theory applies, and, as follows from the formula-
tion of reaction rates by Eyring (1935); Eyring and Eyring
(1963) the overall reaction rate v is then the net result of the
forward reaction rate and the backward reaction rate:

v= →v −←v : (5)

Fig. 3 illustrates the idea of the transition state theory and
shows that a positive reaction a3nity (A) leads to a higher
eDective energy barrier (MGact + A) for the backward re-
action, while the energy barrier for the forward reaction re-
mains unchanged. As a result, the rate of the forward reac-
tion exceeds the rate of the backward reaction, causing the
net reaction to proceed forward. As shown by De Donder
(1927), the ratio between forward and backward reaction

Fig. 4. Non-linear relation between the rate and a3nity of a chemical
reaction.

rate is related to the reaction a3nity (A) as
→v
←v

= e−A=RT : (6)

Combining Eqs. (6) with (5) yields the force–:ow relation,
describing the net reaction rate as a function of the reaction
a3nity:

v= →v ·(1− e−A=RT ): (7)

The relation is clearly non-linear, as is given graphically in
Fig. 4. The Jgure shows a diminishing marginal return on
reaction rate at increasing reaction a3nity, which means that
a high reaction a3nity is less e3cient in making the reaction
proceed spontaneously than a low a3nity. The non-linear
relation is in contrast to the often-used linear relation, which
only applies at conditions very close to equilibrium. This can
be directly obtained from the non-linear relation, because
only at very small reaction a3nity (A) does Eq. (7) reduce
to

lim
A→0

v= →v · A
RT
: (8)

A linear force–:ow relation in e.g. heat transfer can ap-
ply quite well over large temperature diDerences, but for
chemical reaction this near-linear region is particularly
small. Therefore, our model considers the reaction rates
vcoupled ; vCD, and vYX to be related to their forward reac-
tion rates →v CD;

→v YX , and
→v coupled, and to their a3nities

ACD; AYX , and Acoupled, respectively, as given by Eq. (7).
The value of →v coupled is Jxed at 1 mol=s and the values

of →v CD and →v YX are determined relative to this value using
the following method. The forward reaction rate →v of each
of the three chemical reactions is related to its activation
energy MGact as

→v =k0eMG
act=RT : (9)

Assuming for simplicity that k0 is the same for the dif-
ferent reactions, the ratio of forward reaction rates of two
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chemical reactions can be related to their diDerence in acti-
vation energy.
Considering also that →v CD and →v YX are equal in value,

we can state
→v coupled
→v CD

=
→v coupled
→v YX

= e
MGact

leak−MGact
coupled

RT : (10)

In which MGact
leak is the activation energy of both leak reac-

tions CD and YX.
We will refer to the exponential factor in Eq. (10) as

kinetic parameter �:

�=
MGact

leak −MGact
coupled

RT
: (11)

The factor � expresses the extent to which the coupled chem-
ical reaction is kinetically favored over the leak reaction.
At �¿ 0 the activation barrier of the leak reaction exceeds
the activation barrier of the coupled reaction, and hence the
value of →v coupled exceeds that of →v leak; At � = 0 the cou-
pled reaction and the leak reaction are equally favored, and
at �¡ 0 the value of →v leak exceeds that of →v coupled.
When assuming the diDerence in activation energies to be

mainly the result of catalysis of the coupled reaction, data
on catalysis of chemical reactions allow the forward reac-
tion rates of leak reactions CD and YX to be determined via
Eq. (10). In this case � can be considered a catalysis param-
eter, expressing the extent to which the coupled reaction is
catalyzed over the leak reactions.
Finally, the a3nities of the three diDerent chemical reac-

tions to be related to each other as

ACD = AYX + Acoupled : (12)

Eq. (12) expresses the fact that the total available a3nity
ACD must pay for two diDerent eDects in the chemical en-
ergy transfer. First, reaction a3nity ACD must drive the ther-
modynamically unfavorable reaction YX requiring a3nity
AYX , and secondly it must make the coupled reaction oc-
cur spontaneously, which requires some positive value of
coupled-reaction a3nity Acoupled.

The value of reaction a3nity ACD used in the model
is important, because it provides the room for non-linear
behavior in the chemical reactions. This value is Jxed at
50 kJ=mol, which resembles the situation in actual biochem-
ical energy-transfer reactions. The hydrolysis reaction of
one of the major energy carriers in cell metabolism, named
adenosine tri-phosphate or simply ATP, was calculated to
have an a3nity ranging from 48 to 55 kJ=mol (Lems, 2001)
at diDerent intracellular conditions. The a3nity of ATP hy-
drolysis is maintained by many biochemical reactions, and
it is therefore quite constant. Likewise, the value of a3nity
ACD is taken constant in the model.
The performance of the model is optimized by varying the

a3nity of the coupled reaction Acoupled, which is a measure
for the driving force for chemical energy transfer. Focus
will be on three optimum points in the operation of the
model: maximum work output, maximum thermodynamic

e3ciency, and minimum entropy generation, respectively.
These will be described separately in the next three sections.

4. Maximum work output

In analog to the optimization of heat-driven power plants,
we can optimize the chemical system by adjusting the a3n-
ity of the coupled reaction (Acoupled). The amount of work
delivered by the chemical system per unit of time is the
product of the reaction a3nity AYX and the eDective rate at
which compound Y is generated:

Ẇ out = (vcoupled − vYX )AYX : (13)

In Eq. (13), both the reaction rates and the a3nity are func-
tions of Acoupled. The work output rate is therefore also a
function of Acoupled, and this function is presented graph-
ically in Fig. 5. The Jgure shows two extreme situations
at which no work output rate is obtained. At one extreme,
Acoupled = 0 and chemical energy is transferred without loss
from reaction CD to reaction XY in the coupled reaction, but
the transfer occurs at zero velocity, i.e. at vcoupled = 0. The
work output rate is then zero or can even be negative since
chemical energy is continuously being dissipated in leak
reaction YX. In the other extreme situation Acoupled = ACD
and, although vcoupled is then maximal, all chemical energy
is dissipated in the coupled reaction and none is transferred.
Again, no output of work is achieved.
Between these extremes at 0¡Acoupled¡ACD, chemical

energy is transferred with some loss but at a non-zero ve-
locity. A maximum in the work output rate is achieved at a
value of Acoupled where there is a balance between dissipation
and transfer of chemical energy. This result is analogous to
the results of Bejan (1996) for heat-driven power plants.

To investigate the location of the optimum work output
rate, we Jrst consider an ideal situation. In this situation,
leak reaction YX is absent, and the coupled reaction occurs
so close to equilibrium, i.e. Acoupled is so small, that a linear
relation between reaction rate and reaction a3nity applies.

Fig. 5. Output of chemical free energy as a function of the coupled-reaction
a3nity at diDerent values of �.
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Eq. (13) then has an optimum at

Acoupled = 1=2ACD: (14)

Eq. (14) suggests that maximum work output rate is
achieved when exactly half of the chemical energy available
in ACD is dissipated in the coupled reaction. Interestingly,
this principle of equally partitioning the driving forces in a
process is also found in the work of Bejan (1996), where an
optimum work output rate in the operation of a heat-driven
power plant is found when the available heat-transfer duty is
divided equally between the two Jnite-size heat exchangers.
However, in a more realistic version of the chemical sys-

tem the point of maximum work output rate is aDected by
two phenomena. First, there is the dissipation of chemi-
cal energy in leak reaction YX, and secondly there is the
non-linear behavior of the coupled reaction. When both ef-
fects are taken into account, the requirement for obtain-
ing maximum work output (see Appendix A for derivation)
is

e�
[(
ACD − Acoupled

RT
+ 1

)
e−Acoupled=RT − 1

]

+
(
ACD − Acoupled

RT
− 1

)
e(Acoupled−ACD)=RT + 1 = 0: (15)

Eq. (15) is more complicated than Eq. (14), and mathemat-
ically it must be solved via iterations. However, the basic
idea of obtaining maximum work output by balancing dis-
sipation and transfer of chemical energy remains valid. In
fact, this principle must apply to any energy-transfer sys-
tem, since Jnite-time transfer of energy can never take place
without some dissipation of energy (Bejan, 1996).
Eq. (15) shows that the value of � is essential to the ther-

modynamic performance of the chemical system. At larger
�, higher rates of work output can be obtained from the
chemical system and, in addition, the maximum work out-
put rates are achieved at higher Acoupled (see Fig. 5). In Eq.
(15), the value of � controls the eDect of one mathematical
solution over another. This can be understood by consider-
ing the two extremes in the value of �.
At the Jrst extreme of � = ∞, the occurrence of leak

reaction YX is negligible compared to that of the coupled
reaction, and the point of maximum work output rate then
follows from the Jrst part of Eq. (15):
(
ACD − Acoupled

RT
+ 1

)
· e−Acoupled=RT − 1 = 0: (16)

When solving Eq. (16) iteratively for real values of ACD,
quite small values of Acoupled are obtained. The deviation
from the equipartitioning point given by Eq. (14) becomes
larger when the value of ACD increases, because then the cou-
pled reaction has more room to operate at non-equilibrium
conditions. As discussed earlier, ACD is taken at 50 kJ=mol,
and from Eq. (16) it then follows that in the limiting case of

Fig. 6. Output of chemical free energy as a function of the coupled-reaction
a3nity at some small values of �.

�=∞, maximum work output rate is obtained at Acoupled =
7:2 kJ=mol. This limit is shown in Fig. 5 as a dotted line.
At the other extreme of �=−∞, leak reactions dominate

the chemical system and the point of maximum work output
rate then follows from the second part of Eq. (15):(
ACD − Acoupled

RT
− 1

)
e(Acoupled−ACD)=RT + 1 = 0: (17)

Eq. (17) only has one solution at Acoupled = ACD, and this
means that, maximum work output is obtained when all
chemical energy is dissipated. Obviously, no work can then
be obtained from the chemical system.
Between the two extremes, both Eqs. (16) and (17) deter-

mine the point of maximum work output rate. In the region
where 0¡�¡−∞, the coupled reaction is kinetically fa-
vored over leak reaction YX, but especially at low values of
� the dissipation of chemical energy in reaction YX still has
a large eDect on the work output rate. The lower �, the more
is the point of maximum work output rate shifted toward
Acoupled = ACD.
Interestingly, this shifting eDect does not occur continu-

ously over the entire interval of �. As shows in Fig. 6, the
optima in work output rate at low values of � shift discon-
tinuously. This remarkable result of non-linearity between
reaction rate and a3nity re:ects a meaningful transition in
the behavior of the chemical system. The system changes
from one state to another, and both states are optimized by
two opposite strategies in energy transfer. At high �, the best
strategy is to transfer energy e3ciently at low Acoupled and
avoid energy dissipation in the coupled reaction. At low �,
however, the best strategy is to transfer energy fast at high
Acoupled to keep up with the high rates of energy dissipation
in the leak reactions.
Nevertheless, by far the best performance is obtained with

e3cient transfer of energy at high � and low Acoupled. For this
reason, a high � rather than a low Acoupled is the primary re-
quirement for a good performance in chemical energy trans-
fer. The value of � determines the limits in the performance,
while Acoupled must be tuned to reach these limits.



2006 S. Lems et al. / Chemical Engineering Science 58 (2003) 2001–2009

5. Maximum thermodynamic e"ciency

Instead of considering the work output rate, we can also
optimize the chemical system in terms of its thermodynamic
e3ciency. The e3ciency with which the system transfers
chemical energy from reaction CD to reaction XY is de-
Jned as the work output rate as a fraction of the work input
rate:


=
Ẇ out

Ẇ in
=

(vcoupled − vXY )AXY
(vCD + vcoupled)ACD

: (18)

As given in Eq. (18), the work input is not only the chem-
ical energy required to drive the coupled reaction, but it
also includes the chemical energy dissipated in leak reac-
tion CD.
The e3ciency is a function of Acoupled, and, as shown in

Fig 7, this function and the location of its optimum depends
on the values of �. In an ideal chemical system where �=∞,
i.e. where leak reactions CD and YX are absent, Eq. (18)
reduces to


=
AYX
ACD

= 1− Acoupled
ACD

: (19)

Although some energy dissipation in the coupled reaction
is always required to transfer energy at a non-zero rate, the
e3ciency as deJned in Eq. (19) can theoretically reach unity
when Acoupled is reduced to zero.

Real systems, however, always include leak processes,
and their e3ciency can therefore never reach unity. Even if
the system could be operated at Acoupled =0, all the chemical
energy would be dissipated in the leak reactions CD and YX
before any of it can be transferred e3ciently at zero velocity
in the coupled reaction. For this reason the e3ciency always
drops when Acoupled approaches zero. On the other hand,
when Acoupled approaches ACD the coupled reaction dissipates
so much chemical energy that hardly anything is left for
transfer.
Hence, all real chemical systems reach their maximum

e3ciency at a non-zero value of Acoupled, and Fig. 7 shows
this for several positive values of �. Higher values of � lead
to higher e3ciencies over the entire interval of Acoupled, and
the maximums are reached at lower Acoupled. At quite small
values of �, there is the same sudden shift in the location of
the optima in e3ciency (see Fig. 8) that was found earlier
for the optima in work output rate.

6. Minimum entropy generation

The work of Bejan (1996) suggests that also chemical
energy transfer can be optimized by minimizing the rate
at which entropy is generated during the process. Entropy
generation in our chemical model occurs in three chem-
ical reactions, and the total rate of entropy generation

Fig. 7. E3ciency of chemical energy transfer as a function of the
coupled-reaction a3nity at diDerent values of �.

Fig. 8. E3ciency of chemical energy transfer as a function of the
coupled-reaction a3nity at some small values of �.

Fig. 9. Total entropy-generation rate as a function of the coupled-reaction
a3nity at diDerent values of �.

therefore is

Ṡgen = vCD

(
ACD
T

)
+ vYX

(
AYX
T

)

+ vcoupled ·
(
Acoupled
T

)
: (20)

Fig. 9 shows this total entropy generation rate as a func-
tion of Acoupled for several values of �. Although there are
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minima in the Jgure, they do not coincide with the max-
ima in work output rate or in thermodynamic e3ciency, as
was observed by Bejan (1996). In fact, at most values of �
the minimization of the total entropy generation rate leads
to exceptionally poor performance of the chemical system.
Clearly, entropy minimization fails to optimize our model
for chemical energy transfer.
However, the total rate of entropy generation is directly

related to the rate at which chemical energy is dissipated and,
therefore, it must have a direct relation to work output rate
and thermodynamic e3ciency. In general terms, the work
output rate of any energy-transfer system can be written
as

Ẇ out = Ẇ in − T�Ṡgen (21)

and the thermodynamic e3ciency as


=
Ẇ out

Ẇ in
= 1− T� Ṡgen

Ẇ in
: (22)

It follows directly from Eqs. (21) and (22) that not the rate of
entropy generation alone determines the position of optima
in work output rate and thermodynamic e3ciency. Indeed,
the rate at which work is going into the system can also be
a variable, as is clearly the case in our model for chemical
energy transfer.
Hence, minimizing the total rate of entropy generation

only leads to maximum work output rate and to maximum
thermodynamic e3ciency in the special situation that the
work input rate is constant. For example, the amount of
solar energy reaching a solar power plant does not depend
on any operation variable, and therefore entropy generation
minimization will successfully optimize this system. Min-
imum entropy generation, maximum work output rate and
maximum e3ciency are then all obtained at same the point
of operation.
However, in our model for chemical energy transfer, the

amount of chemical energy going into the system is clearly
a function of Acoupled. Entropy generation minimization then
fails, because minimum entropy generation rate, maximum
work output rate, and maximum e3ciency are then each
obtained at a diDerent point of operation.

7. High-performance energy-transfer systems

As discussed, the chemical system does not necessar-
ily perform better when its driving force, reaction a3nity
Acoupled, is reduced. Instead, the key to high-performance
energy transfer is creating the situation where the
energy-transfer process is kinetically favored over the leak
processes, i.e. creating high values of �.
This is exactly what is seen in the biochemical pro-

cesses of living cells. Cells increase the rates of their
energy-coupling reactions with highly selective organic
catalysts called enzymes. These enzymes create an alterna-
tive reaction path that has a lower activation barrier than

Fig. 10. Thermodynamic e3ciency and output of chemical free energy
in biochemical energy transfer.

the non-catalytic reaction path. The lowering of activation
barriers by enzymes ranges roughly from 30 to 100 kJ=mol
(Nelson & Cox, 2000), corresponding to an increase in re-
action rate by a factor of 105–1017. As follows from the
results of the model, such enormous catalytic power must
allow for e3ciencies very close to 100% (see Fig. 7). Also,
(maximum) work output is practically equal to the (max-
imum) work output obtained in the theoretical absence of
leak reactions (see also Fig. 5).
Unfortunately, enzymatic reactions are not simply the el-

ementary reaction steps as considered in our model, and no
quantitative results of our model can therefore be attributed
to biochemical reactions. Nevertheless, it can be said that
thermodynamic e3ciency is almost certainly not the pri-
mary goal in biochemical energy transfer. The actual ther-
modynamic e3ciencies at intracellular conditions are cal-
culated at about 80–90% (Lems, 2001), which, although
high compared to thermodynamic e3ciencies of technolog-
ical processes, is not nearly as high as must be obtainable
with enzymatic catalysis.
Just as important to the cell then seems to be the rate at

which biochemical energy transfer takes place. This makes
sense when considering that the survival of e.g. bacteria
heavily depends on their reproduction rate. On the other
hand, e3ciency cannot be entirely unimportant because it
partly determines the yield of reproduction. Based on these
two aspects, biochemical energy transfer is expected to op-
erate in the region between the point of maximum thermo-
dynamic e3ciency and the point of maximum work output
(see Fig. 10); beyond this region, the conditions for energy
transfer are unfavorable since a decreasing e3ciency is ac-
companied by a decreasing work output rate.
Obviously, the performance of chemical energy transfer

depends on the ability to catalyze an energy-coupling reac-
tion eDectively without catalyzing also the leak reactions.
Such a combination of high catalytic power and selectiv-
ity is di3cult and perhaps even impossible to achieve with
current inorganic catalysts. However, as illustrated by the
catalytic functioning of enzymes, it can be achieved with
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organic catalysts. In light of this, future processes may rely
on either completely organic catalysts or on catalytic organic
groups located at inorganic surfaces.

8. Conclusions

By applying principles of irreversible thermodynamics
and reaction kinetics to chemical energy transfer, we have
arrived at the following conclusions.
First of all, the optimization of chemical energy trans-

fer shows results that are comparable to those obtained for
heat-driven power plants and other non-chemical systems.
In analog to the latter systems, the chemical system has
an optimum output rate of energy at a certain balance be-
tween energy conversion and energy dissipation. However,
the position of this optimum does not follow from a sim-
ple equipartitioning rule, as is observed in the optimization
of heat-driven power plants. The reason for this signiJcant
diDerence is that the rates of chemical reactions nearly al-
ways respond non-linearly to their a3nity, while heat :ows
are often quite linear functions of temperature diDerence.
Equipartitioning rules do apply when the force–:ow rela-
tions are near-linear, but fail when these relations are clearly
non-linear.
Secondly, the kinetic advantage of the coupled chem-

ical reaction over the leak reactions, indicated by a di-
mensionless factor �, marks out the performance of the
chemical system; Higher values of � lead to higher thermo-
dynamic e3ciencies and to higher work-output rates at
every coupled-reaction a3nity (Acoupled). In addition, the
optima in e3ciency and in work-output rate are both reached
at smaller values of Acoupled. Apart from this gradual eDect, �
can also induce a sudden shift in the position of the optima.
This shift re:ects the existence of two energy-conversion
strategies, each strategy being superior to the other in its
own region of �. Below a critical �, energy is best trans-
ferred at high rates to keep up with the high levels of energy
dissipation in the leak reactions. Above the critical �, how-
ever, energy is best transferred e3ciently at relatively low
rates, and this yields by far the best performances.
A third conclusion is that the performance of the chem-

ical system cannot be optimized by minimizing the total
rate of entropy generation. Critical review of this optimiza-
tion method reveals that it only works when the work-input
rate is constant, i.e. not a function of the optimization vari-
able. If the work-input rate is not constant, the method
fails because minimum entropy generation rate, maximum
work-output rate, and maximum thermodynamic e3ciency
are then three separate points of operation in energy
conversion.
Finally, the model sheds some light on biochemical

energy conversion. Given the very large values of � in
biochemical reactions, living cells must be capable of
converting chemical energy almost without ine3ciency.
However, biochemical energy transfer seems to operate in

a unique region of Acoupled where there is a tradeoD between
energy-generation rate and energy e3ciency.

Notation

A reaction a3nity, J/mol
ACD a3nity of reaction CD, J/mol
Acoupled a3nity of coupled reaction, J/mol
AYX a3nity of reaction YX, J/mol
MGact activation energy, J/mol
MGact

leak activation energy of leak reaction, J/mol
MGact

coupled activation energy of coupled reaction, J/mol
MrG Gibbs energy of reaction, J/mol

 thermodynamic e3ciency, dimensionless
k0 pre-exponential factor, mol/s
� kinetic parameter, Eq. (11)
�i stoichiometric coe3cient, dimensionless
�i chemical potential, J/mol
R gas constant, J=(mol K)
Ṡgen entropy generation rate, J=(K s)
Ṡgen;engine internal entropy generation, J=(K s)
Ṡgen; leak external entropy generation, J=(K s)
T absolute temperature, K
TH temperature of heat source, K
TL temperature of heat sink, K
T� temperature surroundings, K
v reaction rate, mol/s
→v forward reaction rate, mol/s
←v backward reaction rate, mol/s
vCD rate of reaction CD, mol/s
vcoupled rate of coupled reaction, mol/s
vYX rate of reaction YX, mol/s
Ẇ lost;engine lost work in heat engine, J/s
Ẇ out work-output rate, J/s
Ẇ in work-input rate, J/s

Appendix A. Derivation of the optimum work-output re-
quirement

The work output rate is given by Eq. (13), and introducing
Eq. (12) gives

Ẇ out = (vcoupled − vYX )(ACD − Acoupled): (A.1)

The rates of the coupled reaction and reaction CD follow
from Eq. (7) as

vcoupled =
→v coupled(1− e−Acoupled=RT ); (A.2)

vYX = →v YX (1− e−AYX =RT ) = →v YX (1− e(Acoupled−ACD)=RT ):
(A.3)

The requirement for optimum work output is obtained by
diDerentiating Eq. (A.1) with respect to Acoupled, and setting
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the derivative to zero:

dẆ out

dAcoupled
= (vcoupled − vYX )d(ACD − Acoupled)

dAcoupled

+ (ACD − Acoupled)d(vcoupled − vYX )dAcoupled
= 0;

(A.4)

d(ACD − Acoupled)
dAcoupled

=−1; (A.5)

d(vcoupled − vYX )
dAcoupled

=−
→v coupled

RT
e−Acoupled=RT

−
→v YX
RT

e(Acoupled−ACD)=RT ; (A.6)

Introducing Eqs. (A.2), (A.3), (A.5), and (A.6) into Eq.
(A.4) and some rearrangement gives

→v coupled

[(
ACD − Acoupled

RT
+ 1

)
e(−Acoupled=RT ) − 1

]

+ →v YX

[(
ACD − Acoupled

RT
− 1

)
e(Acoupled−ACD)=RT + 1

]
= 0:

(A.7)

Finally Eqs. (10) and (11) are used to introduce the kinetic
parameter �:

e�
[(
ACD − Acoupled

RT
+ 1

)
e−Acoupled=RT − 1

]

+
(
ACD − Acoupled

RT
− 1

)
e(Acoupled−ACD)=RT + 1 = 0:

(A.8)
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