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With recent concerns about sustainability and environmental protection, growing attention has been focused
on biological sources for both chemicals and fuels; however, to analyze such bioprocesses for commercial
viability, and to investigate possible efficiency improvements, the theoretical efficiencies must be known as an
upper-bound on performance. Since almost all exergy contained in biomass originates from solar radiation,
photosynthesis is the gateway to sustainable bioprocess development. The literature shows a wide range of
efficiency predictions, 2.6-41%, due to different definitions and methods of analysis. Therefore, the objective of
this study is to dissect the complex bio-processes involved in photosynthesis and analyze the exergy flows
through the system, analyzing photosynthesis so as to be understandable by both biologists and thermo-
dynamicists. The initial absorption of light has the lowest exergy efficiency, and it accounts for over 64% of the
exergy lost throughout the system. For the light reactions, reduction potentials are used to analyze the flow of
excited, high-energy electrons through photosystems II and I, resulting in an exergy efficiency for the light
reactions of 32 percent. For the dark reactions, the chemical exergy method proposed by Lems et al. (2007) is
appropriate. The resulting efficiency of the dark reactions is 81 percent. Exergy losses to transpiration and
photorespiration are taken into account, although their effects are relatively small. The overall exergy efficiency
of photosynthesis is calculated to be 3.9 percent. The efficiencies of the sub-processes, as well as the overall
efficiency, show good agreement with recent publications. Ultimately, the largest losses are due to poor
absorption of light and the inefficient electron transfer through the photosystems.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

surface (Szargut, 2005). That radiation can be converted directly to
electricity using photovoltaic devices or indirectly by first converting it

The flow of solar radiation into the earth’s upper-atmosphere is
approximately 174,000 TW, of which, 114,000 TW reaches the Earth’s

Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate; CC,
Calvin cycle; Ctyb, cytochrome b6f; ETC, electron-transport chain; GAI3P,
glyceraldehyde-3-phosphate; G6P, glucose-6-phosphate; NADP ™", nicotinamide
adenine dinucleotide phosphate (oxidized); NADPH, nicotinamide adenine dinu-
cleotide phosphate (reduced); NAABB, National Alliance for Biofuels and Biopro-
ducts; PAR, photo-active region; PGA, 3-phosphoglycerate; PSI, photosystem I; PSII,
photosystem II; P;, phosphoric acid; PC, plastocyanin; PO, photosynthetic organism;
PMF, proton-motive force; RuBP, ribulose-1,5-bisphosphate; RuBisCO, ribulose-1,5-
bisphosphate
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to biomass (using photosynthesis) and then combusting the biomass,
generating heat for thermo-electric power plants.! Other indirect
methods of converting solar radiation into electricity use the wind,
ocean currents, and ocean temperature differences. Alternatively,
photosynthesis can be used to produce energy-dense oils, which are
then converted to transportation fuels (Biswas et al., 2013; Dunlop
et al., 2013; Silva et al,, 2014).

Even more significant than being a source for heat, biofuels,
and electricity, biomass is used for the growth of autotrophic

1 Fossil fuels most likely originate from photosynthetically produced biomass
(plankton and plants) from the distant past.
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organisms, such as plants. Autotrophic organisms are complex
chemical machines that serve as food and building materials for
humans and animals, and they also have a vital impact on the
earth’s ecology and climate. Solar radiation is absorbed by plants
and transformed into biomass (chemical exergy) at a rate of
37 TW, a large amount relative to the total exergy used by humans,
which is estimated to be 13-14 TW (Barber, 2009; Szargut, 2005).
If the photosynthetic efficiency could be improved so that auto-
trophs can absorb a larger portion of the total incoming solar
radiation, then biomass could potentially replace all non-
renewable fuels (coal, petroleum, natural gas, peat, nuclear).
Therefore, it is of great importance to have a detailed under-
standing of the thermodynamic limits and processes of photo-
synthesis and ways to approach these limits.

1.1. Scope

This work bridges the gap between previous literature studies
(discussed in Section 2), which only consider the physical effects of
the process (evaporation and carbon dioxide sequestration)
(Petela, 2008; Reis and Miguel, 2006) and those that only examine
the mechanism of the photosynthetic reactions (Lems et al., 2010).
Exergy balances are constructed for solar light absorption, the two
photosystems, ATP synthesis, the Calvin Cycle, plant metabolism,
and environmental losses (transpiration and photorespiration).
These, accompanied by a glossary in Appendix B, yield clearly
defined exergy efficiencies for photosynthesis understood by both
thermodynamicists and biologists, thus facilitating and fostering
cooperation in this important field.

The exergy analysis obviously requires the detailed description
of the photosynthesis processes and reactions, which are pre-
sented in the following section.

1.2. Photosynthetic organism cell physiology and system description

Plant cells are composed of numerous organelles’> — enclosed
portions of the cellular medium (or cytoplasm) with designated
functions. A plant cell with the major organelles labeled is
depicted in Fig. 1a. It is beyond the scope of this article to explain
all of the organelles. Instead, the focus is on the chloroplast, the
organelle that captures sunlight, using it to convert carbon dioxide
and water to organic matter (glucose herein). In terms of the
analysis herein, two systems are specified and the efficiency is
analyzed for each. For the first, the system boundaries are drawn
around the chloroplast organelle; whereas, the second system is
the entire plant. An enlarged image of the chloroplast is shown as
Fig. 1b.

The chloroplast is surrounded by two layers of membranes that
isolate its internal solution (the stroma) from the cell’'s main
cytoplasm. Inside the chloroplast are numerous thylakoids, com-
partments that contain light-absorbing pigments. These thylakoids
are stacked into columns called granum. The internal space of the
thylakoids (called lumen) are approximately 3.5 pH units lower
than the stroma, which plant cells use to store potential exergy in
the form of a proton gradient. This potential can be converted to
high-energy carrier molecules (ATP, Section 1.3) by a giant protein
complex known as ATP synthase; this process is examined in more
detail in Sections 3.1.3 and 4.1.3. An overall system diagram of the
chloroplast is shown in Fig. 2.

As the double-sided arrows show, carbon dioxide, water, and
oxygen are assumed to freely diffuse across the cellular boundaries
while photosynthesis is occurring, and they are therefore in

2 Organelle is defined in the Glossary (Appendix B) at the end of this paper,
along with many other biological and chemical terms.

equilibrium in the compartments of the plant cell; the validity of
this assumption is analyzed in the error analysis Section 5. Every
chemical species discussed in this paper - besides carbon dioxide,
water, and oxygen - is present in the stroma, where the majority
of the chemical reactions (in the Calvin Cycle - described in
Section 3.1.4) take place, with the concentrations of each species
taken from the literature (Bassham and Buchanan, 1982). Exergy
enters the system in the form of sunlight, which is absorbed by
chlorophyll pigments. The pigments transform the sunlight's
exergy into proton gradient exergy and electrical energy, which
is stored in excited electrons (discussed in Section 1.3; see Fig. 3).
The electrical exergy and proton exergy drive the reactions that
convert carbon dioxide and water to glucose and molecular
oxygen (using the Calvin Cycle). All exergy not transferred into
the chemical bonds of glucose is destroyed - lost to the environ-
ment as waste heat (approximately at ambient temperature).

1.3. Photosynthesis at a glance

The overall reaction for photosynthesis (R1) and its standard
Gibbs free energy change per mole of glucose, AG® (Bassham and
Krause, 1969; Voet et al.,, 2008) are:

6C0O, +6H, 01‘_1:tC6H1206+602’ AG° =2872 kj/mol (Rl)
igl

Within the chloroplast, reaction R1 occurs as a series of steps
decomposed into the “light” and “dark” reactions (Calvin Cycle).
During the light reactions, large protein complexes (photosystem II
and photosystem I) use chlorophyll pigment molecules (P680 and
P700) to capture photons of light. The photons excite and displace
electrons from these pigment molecules, leaving vacancies (Gust
and Moore, 1985). The vacancies left by the displaced electrons are
filled by splitting water, generating protons and oxygen gas, as
shown in reaction R2 with the standard change in electrical
potential, A&°.

H, 0-10,42H" +2e~, A =081V (R2)

The excited, high-energy electrons proceed through a system of
intermediate carriers (called the electron-transport chain or ETC)
that pump protons against their gradient (into the lumen) and
eventually reduce nicotinamide adenine dinucleotide phosphate
(NADP ™), forming NADPH as shown in reaction R3. A diagram of
the electron transport chain is presented as Fig. 3, with specifics
discussed in Section 3.2. This diagram was created with redox half-
reaction potentials from the literature (Nicholls and Ferguson,
2002; Voet et al., 2008; Walz, 19974, b, c).

NADP* +H* +2 e~ -NADPH, Age®=-0.32V (R3)

The protons from water, as well as those pumped into the
thylakoid membrane, flow down their concentration gradient and
power ATP synthase, a proton turbine that drives the synthesis of
water and adenosine triphosphate (ATP) from adenosine dipho-
sphate (ADP) and phosphoric acid - shown as reaction R4. This is
known as phosphorylation.

ADP+P; »>ATP+H,0, AG®=32.8 kJ/mol (R4)

where P; is phosphoric acid (H3PO,4). Reactions R2, R3, and R4
make up the individual light reactions; the overall light reaction is
shown in reaction R5 (Lehninger, 1971):

12NADP* +18ADP+ 18P;+48 photons— 12NADPH+12H*
+18ATP+6H;0+60, (R5)

During the dark reactions (or Calvin Cycle), the ATP and NADPH
produced during the light reactions are consumed to convert inorganic
carbon (carbon dioxide from the air) to organic carbon (glucose).
Initially, three molecules of carbon dioxide are reacted with ribulose-
5-phosphate to produce six molecules of 3-phosphoglycerate. The six
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Fig. 1. (a) Plant cell with organelles labeled ((Webpage: Plant Cell Diagram; Reindl et al., 2014) By courtesy of Encyclopaedia Britannica, Inc., copyright 2013; used with
permission). The nucleus is the information storage portion of the cell, where DNA is housed. In the rough endoplasmic reticulum (with ribosomes), proteins are
manufactured using RNA (transcribed from DNA) as a template. The cell’s fats and oils are manufactured in the smooth endoplasmic reticulum. Its’ proteins are “packaged”
for transport outside the cell in the Golgi apparatus. Vesicles are the packages used for transporting species to and from the cell. Vacuoles are large vesicles used for storage
within the cell. Peroxisomes are chambers used for the breakdown of fats and protein components, using peroxides. Lysosomes are chambers that contain strong enzymes
that can break down virtually any organic molecules. Mitochondria are used to breakdown organic sugars, like glucose, storing their chemical energy in intermediate ATP
molecules. Finally, in chloroplasts (b), (Webpage: Chloroplast Diagram) photosynthesis takes place, which is the focus of this paper. Note that chloroplasts and mitochondria

contain their own sets of DNA, which are used for the reproduction and maintenance of these organelles. (See the color figure in the e-copy of this manuscript.)
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Fig. 2. Chloroplast system diagram. (See the color figure in the e-copy of this manuscript.)

molecules of 3-phosphoglycerate are reduced (using NADPH) and 4.14. The overall reaction is shown as reaction R6:

phosphorylated (using ATP), forming six molecules of glyceraldehyde- + N
3-phosphate (GAI3P). One of these GAI3P molecules exits the cycle as 6CO; + T2NADPH + 12H ™ +18ATP + 12H,0 ~ CH1206

the product. Meanwhile, the other five GAI3P molecules proceed +12NADP™ +18ADP+18P; (R6)
through a series of isomerization and recombination reactions until

the three molecules of ribulose-5-phosphate are regenerated. After 14. Definition of exergy

two molecules of GAI3P have been produced, they are reacted to form

glucose and phosphoric acid, the final products of photosynthesis. This Exergy (B) is a thermodynamic property that expresses the

series of reactions is described in more detail in Sections 3.1.4 and maximum (reversible) mechanical work necessary to produce a
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Fig. 3. Transfer of high energy electrons through photosystem II (PSII) and photosystem I (PSI) (Nicholls and Ferguson, 2002; Voet et al., 2008; Walz, 1997a, b, c¢). Two
chemical reactions are described in this figure. The first involves splitting water into protons, oxygen, and electrons (which are then excited to a higher energy level, P680*).
The second is the reduction of NADP* to NADPH using the high energy electrons and free protons. All other steps are the high-energy electrons passing through intermediate
carriers, which are various functional groups in the protein complexes of PSII and PSI. (See color figure in the e-copy of this manuscript.)

material (glucose, in this case) in its specified state from compo-
nents common in the natural environment (carbon dioxide and
water), heat being exchanged only with the environment (Szargut,
2005). Stated differently, exergy is a measure of the quality of
energy, obtained by combining the first and second laws of
thermodynamics. A standard definition is shown as Eq. (1)
(Keenan, 1951), where B is exergy, H is enthalpy, S is entropy,
and T, is the “dead-state” temperature (usually of the lowest
relevant temperature of the surrounding environment).

B=H-T,S (1

An exergy balance is defined based on the work of Szargut
(2005), as shown in Eq. (2). Note that this formulation of the
exergy balance was selected over the first principles approach
(explicitly involving H and S), because this work focuses on a
systems analysis of the chloroplast and not on thermodynamic
derivations of properties.

T,
Bin = Bout,prod + Bout.waste + ABsys + Wisys +2Q es (1 —ﬁ) +20B;
(2)

where Bjj, is the incoming exergy of the flowing streams, Boy.prod 1S
the exergy leaving with the product streams, Bourwaste iS the
exergy leaving with the waste streams, ABsy is the exergy change
of the system, Wiy, is the work performed by the system, Qqes is
the heat transferred from the system (at temperatures Ty) to a
reservoir, T, is the temperature of the “dead state”, Ty is the “hot”
temperature of the system, and =5B; is the sum of internal exergy
losses (also called exergy destruction or lost work) due to
irreversibilities within the system.

The “dead state” is described by the conditions (temperature,
pressure, and concentration) of a system'’s environment at which
no more useful work can be extracted from a system interacting
with this environment, and it is usually closely related to the
ambient conditions surrounding a system. The dead state is
defined herein as at a temperature of 298.15K, a pressure of
1atm, and a concentration of 1 mol/L in solution (except for
carbon dioxide and oxygen, whose exergies are calculated relative
to their gaseous states at this temperature and pressure, and
water - whose exergy is calculated relative to saturated steam

at 298.15K). These conditions were chosen to facilitate easy
comparison with previous literature studies, which have used this
dead state as their reference state.

Each of the exergy terms in Eq. (2) can be decomposed into the
physical, chemical, electrical, and solar exergy components, as
shown in Eq. (3). The meaning of each of these terms is defined in
more detail in Section 3.

Bj = Bphys,i +Bchem,j JrBelec,i JrBphoton,}' (3)

where B; is the exergy of a particular stream or system; Bppys iS
the physical exergy, which is due to temperature and pressure
effects; Bchem, is the chemical exergy, which is due to chemical
mixing and reactions; Beec; is the exergy of electrical effects; and
Bphoton,j is the exergy of sunlight.

Typically, biological systems operate at or near ambient tem-
peratures and pressures; therefore, physical effects are small or
negligible herein. For chemical exergy, the method described by
Lems et al. (2007) is used. For the electrical effects, redox chemical
methods are used, modified for system concentration (Lems et al.,
2010; Nicholls and Ferguson, 2002). Lastly, the exergy effects of
solar radiation are analyzed using the equations for photons (Lems
et al,, 2010; Zhu et al., 2008). The equations that describe each of
these phenomena are presented in Section 3.

2. Literature review

The mechanism of photosynthesis has been known for decades,
but conflicting definitions for the exergy efficiency remain, leading
to efficiencies that span orders of magnitude (41% (Lems et al,,
2010) to 2.6% (Petela, 2008)). Most studies that attempt to rectify
this problem present yet more definitions and more variations in
efficiency. The two main types of studies consider either the
physical effects (evaporation, carbon dioxide sequestration, tem-
perature changes) and ignore the complex mechanism of the
photosynthetic reactions (Petela, 2008; Reis and Miguel, 2006),
or the converse (Lems et al., 2010). This study incorporates both
biological and mechanical effects to create a more complete
picture.
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The exergy property has been adopted in recent analyses of
photosynthesis (Bisio and Bisio, 1998; Lems et al., 2010; Petela,
2008), but many of the earlier studies used the Gibbs free energy
(defined in Eq. (4)) to calculate the “energy efficiency” (Asimov,
1968; Bassham and Buchanan, 1982; Lehninger, 1971), although
enthalpy or internal energy are the appropriate variables for
energy balances. Since biochemical reactions occur at approxi-
mately the ambient (or dead-state) temperature and pressure, the
Gibbs free energy is essentially equal to the exergy (comparing
Eq. (3) to Eq. (4)). This assumption is applied in this work solely as
a means of comparison (see Section 5 for more details).

G=H-TS 4)

where G is the Gibbs free energy, H is the enthalpy, S is the
entropy, and T is the temperature of the system.

In principle, exergy efficiency can, and is, defined in the
literature in several ways, as critically reviewed in (Lior and
Zhang, 2007). Initially, the efficiency of photosynthesis was calcu-
lated by dividing the Gibbs free energy change of reaction R1 by
the exergy contained in the photons (experimentally measured)
(Asimov, 1968). It should be noted that these early studies used the
energy values for photons; however, the exergy and energy values
for photons differ only by approximately 5% (Section 3.1.1). This
approach is shown as Eq. (5), and yielded exergy efficiencies
between 32% and 37%.

_ AGpnr1 2976,

%5 = B ron ~ 8033 2" ©)
where #ps is the exergy efficiency of photosynthesis,® AG g1 is
the Gibbs free energy change of reaction R1, and =Bppeton iS the
summation of the exergies for the photons required to drive
reaction R1. Later studies (Albarran-Zavala and Angulo-Brown,
2007; Bassham and Buchanan, 1982; Lehninger, 1971) separated
photosynthesis into the light reactions (R5) and the dark reactions
(R6). The efficiencies of the light reactions were calculated using
Eq. (5), replacing AGxnr1 With AG.nrs. The efficiency of the dark
reactions was then calculated by comparing the Gibbs free
energies of synthesizing glucose (R1) with those of NADPH and
ATP, shown in Eq. (6). The total efficiency for the combined
reactions was given by Eq. 7, where 5 is the exergy efficiency
of the light reactions and #cc is the exergy of the Calvin Cycle (dark
reactions, Sections 3.1.4 and 4.1.4). Efficiencies calculated using Eq.
(7) are equivalent to those calculated using Eq. (5).

Aern,Rl

= 6
flec 1 2Aern,(RZ +R3) +1 8Aern,R4 ( )

ps = MM cc (7)

The next phenomenon, which was elucidated by experimental
studies of chloroplast light absorption (Chain and Arnon, 1977),
was that the photosystems (PSII and PSI) had limited ranges of
absorption. In addition, models were constructed to represent the
effects of light reaching the organism, and how the organism
behaved with relation to the light-source and its environment
(Albarran-Zavala and Angulo-Brown, 2007; Barber, 2009; Bisio and
Bisio, 1998; Bolton and Hall, 1991; Petela, 2008). The standard
range of absorption is known as the photo-active region (PAR), and
is defined as the wavelength range from 400 nm to 700 nm
(Webpage: Introduction to ozone; Bassham and Buchanan, 1982;
Bolton and Hall, 1991). The relative exergy density within this
region is determined using Planck’s radiation distribution function
(shown as Eq. (8)) and accounting for the solar spectrum at the
earth’s surface (Zhu et al., 2008). Note that energy density and
exergy density are the same, since they are expressed on a relative

3 Note that 5 is used herein to refer to exergy efficiency.

basis and for sunlight the two only differ by a factor of (1 — Tearen/
Tsun)- From Eq. (8), the PAR region comprises roughly 43% of the
total solar exergy at the earth’s surface (Webpage: Introduction to
ozone; Bassham and Buchanan, 1982; Bolton and Hall, 1991), and
the revised definition of photosynthetic exergy efficiency follows
(Eq. (9)), yielding an efficiency of approximately 13% (Bolton and
Hall, 1991).

2hc? 1
SR(2) = PE X othc/AksTe) — 1 ®)
Mps = MparMRM cC ()]

From here, there is a large divergence in the literature. Many
authors calculate the photosynthetic energy and exergy efficien-
cies by employing heuristic estimations for the efficiencies (1)
(Barber, 2009; Bugbee and Monje, 1992; Thorndike, 1996) or
fractions lost (¢) (Bisio and Bisio, 1998) to the various sub-
processes, as shown in Egs. (10) and (11). These factors typically
involve the light reactions, the Calvin Cycle, photorespiration
(Bisio and Bisio, 1998; Kelly and Latzko, 2006c; Lems et al., 2010;
Zhu et al., 2008) (Sections 3.2.3 and 4.2.3), photo-inhibition (Berry
and Downton, 1982; Kelly and Latzko, 2006c), cellular metabolism
(Bisio and Bisio, 1998; Zhu et al., 2008), and other stressors (most
of these effects are defined in the glossary, Appendix B). Efficien-
cies derived from these equations are usually in the range of 2-
13%, depending on the factors included.

1ps = [ (10)

77ps=H(1*0'i) (11)
i

Three in-depth exergy studies have been conducted on photo-
synthesis within the last decade. The first study, by Reis and
Miguel (2006), presents an exergy balance with a plant as the
control volume, examining solar exergy and water fluxes through-
out the system. However, the complex mechanisms occurring
within the organism are ignored, and thus, the majority of the
exergy lost is attributed to an “internal exergy destruction” term,
which does not provide insight about how to improve the
efficiency. Petela (2008) completed a similar, more complex
analysis—analyzing the incoming solar radiation, the diffusive
fluxes of chemical species, convective heat transfer between the
leaf and the surroundings, and radiation emissions by the leaf. His
calculations yield an exergy efficiency of 2.6%. However, the most
substantial exergy efficiency loss (~93 percent) is due to the
vaporization of liquid water, in which the plant dissipates excess
heat. Thus, it provides no information on how to improve the
efficiency. Lems et al. (2010) performs an exergy analysis of the
light and dark reactions of photosynthesis, using photon con-
sumption data from Voet et al. (2008). They calculate exergy
efficiencies for PSII, PSI, ATP synthase, two different versions of
the Calvin cycle, and the overall process (41 percent). However, the
effect of poor absorbance outside the PAR and other physical
phenomena are not taken into account.

Finally, Melis (2009) completes a superficial theoretical energy
efficiency calculation before comparing it with experimentally
measured energy efficiencies for various plants and algae. His
results show that the energy efficiencies of actual organisms are
3-50 times smaller than the theoretical efficiencies due to satura-
tion effects in photosystem II (Sections 3.1.2 and 4.1.2) and the
Calvin Cycle (Sections 3.1.4 and 4.1.4).

3. Methods

The analysis in this section and Section 4 is separated into
processes contained within the chloroplast and those performed
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by the plant as a whole. The reason for this distinction is that
chloroplasts should, in theory, perform similarly for all C3 plants.
Issues concerning the overall organism (drawing water in through
the roots, dealing with photorespiration, and metabolism), how-
ever, are much more dependent upon the environment, the season
and time of day, and the age of the organism. In addition, this
division provides guidance toward improving the efficiency using
genetic modifications to adjust the chloroplast, as compared with
improving the plant-based inefficiencies, which depend, for exam-
ple, on the availability of water.

3.1. Chloroplast considerations

The methods for calculating the exergy required to synthesize
one mole of glucose in the light and dark reactions (within the
chloroplast) are presented in this section, with calculation results
in Section 4.1. A qualitative exergy-flow diagram involving the four
major steps of the process is shown as Fig. 4.

The physical and biological processes are subdivided as much as
possible to estimate exergy flows through the latest photosynthetic
mechanisms. The exergy required to drive reaction R1 is the desired
output, and its ratio to the total exergy input yields the exergy
efficiency. To better resolve the mechanisms, several variables are
analyzed, including the exergy of photons and their imperfect
absorption, the electron transport chain, the proton-motive force
(PMF) and ATP synthase, and the biochemical reactions of the
Calvin Cycle.

Inefficiencies due to shading and indirect sunlight are not taken
into account, because these effects depend upon the organism
growth location, which negatively impacts any solar radiation
collector. Carbon dioxide and oxygen within the chloroplast are
assumed to be in equilibrium with the surrounding environment.
Water is assumed to be available in excess. This assumption is dealt
with in Section 3.2.2, as drawing water from the surrounding
environment is achieved by the entire organism, not the chloroplast.

3.1.1. Sunlight and absorption
Photosynthesis begins with the absorption of packets of light
(photons) by light-sensitive pigments in the chloroplasts. These

RESTITY
pmbrp
ysiung

light-absorbing pigments are called chlorophyll, and each chlorophyll
type has a different radiation absorption spectrum. All of the exergy
used in photosynthesis originates from photons (except for the
chemical exergy of CO, and water), which are collected and
converted to chemical exergy during the light reactions. To deter-
mine the exergy of a mole of photons, a modified form of Planck’s
Law (Eq. (12)) is applied (Lems et al., 2010; Voet et al., 2008). Note
that the only difference between Planck’s Law and Eq. (12) is the
factor (1 —(Teatn/Tsun)), Which accounts for a 5 percent difference
between the energy and exergy of photons:

Bovoon() = Na'y (1= 7222 (12)
where Bppoon is the photon exergy (J/mol photons) at a given
wavelength (1), Na is Avogadro’s number (6.023 x 10%3), h is Planck’s
constant (6.626 x 10>4] s), c is the speed of light (3 x 10% m/s), 4 is
the wavelength (m), Teartn iS the ambient temperature of the earth
(298.15 K), and Ty, is the temperature of the sun’s surface (5762 K)
(Lems et al., 2010).

Photosynthetic pigments can absorb only certain ranges of
wavelengths, and imperfectly at that. Plants primarily absorb
sunlight in the photo-active region (PAR), which is defined to be
from 400 to 700 nm (Webpage: Introduction to ozone; Bolton and
Hall, 1991). A plot of the percentage of sunlight energy absorbed as
a function of photon wavelength (Eq. (8)) is shown as Fig. 5
(Webpage: Introduction to ozone) Note that this is on a relative
basis, so that percentages of energy and exergy absorption are the
same. Factors are available for relative absorption within certain
wavelength regions (Petela, 2008).

Because the calculation of photon exergy involves moles of
photons, it is important to determine the average exergy for the
entire mole, and to do this, the average exergy of the photon range
must be taken into account. The mean-value theorem, shown as
Eq. (13), is useful for finding the average of a continuous function
over a well-defined interval (Webpage: Mean value theorem).
More specifically, for a continuous function, fix), on a closed
interval [a, b], the mean-value theorem states:

1 b
(€)= =5 | fooax (13)
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Fig. 4. Qualitative exergy-flow diagram. The color key describes the type of exergy flows between the different biological operations, as expressed in Eq. (3). (See the color

figure in the e-copy of this manuscript.)
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Fig. 5. Energy absorbed as a function of wavelength of sunlight ((Webpage: Introduction to Ozone), reproduced with permission from the COMET Program). The types of
solar electromagnetic radiation are shown, along with their wavelengths and the relative amount of energy they represent. The region of interest for photosynthesis is 400-
700 nm, the photo-active region (PAR), which represents only 43% of the total incoming energy/exergy. (See the color figure in the e-copy of this manuscript.)

where f(c) is the average value of flx) on the interval [a, b].
Applying the mean-value theorem to Eq. (12), yields:

Tearth) Ln (ihigh) - Ll‘1(/1low)
lhigh - j'low

Bphoton,avg = NAhC (] - (14)

sun

where Bphoton,avg iS the average photon exergy (J/mol photon), Nj is
Avogadro’s number (6.023 x10%3), h is Planck’s constant
(6.626 x 10734 ] x s), c is the speed of light (3 x 10® m/s), and Anign
is the maximum wavelength (m), Jjow is the minimum wavelength
(m), Tearth is the ambient temperature of the earth (298.15 K), and
Tsun is the temperature of the sun’s surface (5762 K).

3.1.2. Electron transport chain

Returning to Fig. 3, photons are absorbed by the electrons within
light-absorbing pigments (P680 and P700). The electrons are
excited to a higher energy state, moving farther away from the
pigment’s core (the nuclei of a magnesium atom within a functional
group called a chlorin, which is explained in the Glossary -
Appendix B). Following the principle of charge-separation (Barber,
2009; Gratzel, 2001; Gust and Moore, 1985, 1989; Gust et al., 1998,
2001; Kim et al., 2012; Luo et al., 2013), the electrons are drawn
away from the pigment by a series of intermediate carriers (Qa, Qs,
PC, Ao, Ay, Fx, Fa, and Fg) forming an electron-transport chain (ETC).
It is beyond the scope of this article to focus on the intermediate
carriers; see references Nicholls and Ferguson (2002) and Walz
(19973, b, c) for specifics. The excited forms of both the pigments
and intermediate carriers exist for only several nanoseconds
(Scholes et al., 2012). In terms of exergy losses, these intermediate
carriers are analogous to resistors in a wire, in that the electrons
pass through, dissipating some of their potential as waste heat.

In exergy balances for carrier i (Eq. (15)), exergy that passes
through an electron carrier is passed to the next carrier, used to
do work within the chloroplast, or lost to the environment as
low-grade, waste heat (exergy destruction):

Bcarriers,i = Bcarriers,i— 1+ W+ 6B (1 5)

where Bcarieri 1S the exergy of carrier i, W is the work performed
by the electron transfer, and 6B is the exergy destroyed. The

standard reduction potentials is expressed by
AG° = —nFAeg° (16)

where AGP° is the standard Gibbs free energy change, n is the number
of moles of electrons, F is the Faraday constant (96,485 C/mol e ™),
and Ae° is the standard change in reduction potential. It can be
modified to account for the effects of intracellular concentrations and
used to calculate the exergy difference between electron carriers
(Lems et al., 2010):

ABgjec = Bearriers,i — Bearriers,i— 1 = NF Ae®+RT, LH(H[A]f 0 17)

where ABe. is the exergy difference between carriers i and i— 1, R is
the universal gas constant (8.3143]/molK), T, is the ambient
temperature (298.15 K), [A]; is the activity of carrier i, and v; is the
stoichiometric coefficient of carrier i. The changes in exergy are
presented in Tables 1 and 2 in Section 4.1.2. Comparing the changes
of exergy throughout the system with the amount consumed by
useful work reveals the sources of exergy destruction (Eq. (15)).

3.1.3. ATP synthase

ATP synthase is an assembly of hydrophobic and hydrophilic
proteins that form a transmembrane protein-complex, containing
a proton-translocation channel (Voet et al., 2008). As protons flow
down their concentration gradient, ATP synthase acts as a turbine,
using the proton-motive force (PMF) to drive its shaft. The shaft of
ATP synthase forces ADP and phosphoric acid together and
supplies the necessary exergy for them to react, yielding ATP
and water. ATP synthase can also function in reverse, consuming
ATP to pump protons against their concentration gradient. A
picture of ATP synthase is shown as Fig. 6 (Webpage: ATP
synthase). Note that for chloroplasts, four protons must flow from
the lumen to the stroma to produce one ATP molecule (Zhu et al.,
2008).

3.1.4. Dark reactions/Calvin cycle

The Calvin Cycle is the process by which inorganic carbon
(carbon dioxide from the air or bicarbonate in solution) is reduced
and converted to organic sugar molecules (glucose in this analy-
sis). Fig. 7 shows the chemical reaction mechanism as presented
byBassham and Buchanan (1982), modified to include the reaction
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Table 1

Exergies and reduction potentials of PSIIL (See the color table in the e-copy of this manuscript.)

Photosystem I1

Redox Potential,
(V)

Electron Pair Donor

Total Difference PSTI

Difference A¢ (v)

Standard Free
Exergy Change

ABge(J) —Eq. 17

Energy Change

AG’(J) - Eq. 16

1,018,882 870,928

Note: The starting point is colored yellow, all steps that proceed naturally are green, and all steps that require an input of exergy (sunlight) are red.

Table 2

Exergies and reduction potentials of PSI. (See the color table in the e-copy of this manuscript.)

Photosystem I

Redox Potential,
&(V)

Electron Pair Donor

Difference A¢ (v)

Standard Free
Exergy Change

energy Change
ABeed) - Eq. 17

AG°(J) - Eq. 16

Total Difference PSI

1,597,792 1,597,792

Total Difference
(NADPH - H,0)

-0.32 -1.13

2,616,673 2,468,720

Note: The starting point is colored yellow, all steps that proceed naturally are green, and all steps that require an input of exergy (sunlight) are red.

numbers (used in Table 3), as well as to highlight the product-
producing steps (red ovals). Note that the number of lines per
arrow is the number of times a reaction occurs to produce one
molecule of glyceraldehyde-3-phosphate (GAI3P) - the intermedi-
ate product. Two molecules of GAI3P are consumed to produce one
molecule of glucose-6-phosphate (G6P; repeating reactions C5, C6,
and C7, followed by reaction C14), which is then converted to
glucose by hydrolysis (not shown in Fig. 7). Finally, reactions
C1-C15 are shown in Table 3; whereas, the abbreviations for the
species names, and thermochemical properties of the species and
reactions, are given in Appendix A, Table A.1.

The dark reactions are assumed to occur isothermally and
isobarically, with exergy changes due only to chemical effects.

All reaction exergy losses are released as low-grade heat (the
driving force). For each molecule in the reactions, its chemical
exergy is estimated using the method of Lems et al. (2007):

Bchem ~ Z (UkBelement,i) + AG? +RT, LII[A]
k

+RT, Ln (1 + ZM>

- [H+]i
+RT,S Ln<1+ zn: (f[ K,) [Mj]") (18)
j i =1

where Bchem 1S the chemical exergy of a species (per mole), v; is the
number of times that atom k occurs in the species (stoichiometric
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Fig. 6. Schematic of ATP synthase (Webpage: ATP synthase), reproduced with permission from NDSU VCell Animation Project). The pink spheres represent protons, the
violet spheres represent phosphoric acid, and the blue spheres represent adenosine. As the protons flow down their concentration gradient (from the inside of the thylakoid,
into the stroma), they turn the top of ATP synthase, as depicted by the arrows. The work from turning the top is transferred down the shaft (central or thinnest part of the
protein complex), powering the lower section. The lower section uses the shaft work to force ADP and phosphoric acid to react, generating ATP and water. (See color figure in
the e-copy of this manuscript.)
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Fig. 7. The Calvin Cycle ((Bassham and Buchanan, 1982), reproduced with permission). The 14 reactions (C1-C14) shown correspond with the reaction numbers in Table 3. For
every step, the number of lines that composes the arrow (for example, 6 for reaction C4) is the number of times that reaction occurs to produce one molecule of GAI3P, the
intermediate product. Two molecules of GAI3P then proceed through reactions C5, C6, C7, and C14 to yield the final product G6P, which is hydrolyzed to glucose (how carbon
leaves the system). In reaction C2, carbon dioxide is fixed by the enzyme RuBisCO, which is the only place carbon enters the cycle. Note that reactions C1 and C3 consume the
ATP generated by ATP synthase and reaction C4 consumes the NADPH generated by PSI. (See color figure in the e-copy of this manuscript.) This article was published in
Photosynthesis, Vol 2, Bassham ].A. and Buchanan B.B., Carbon Dioxide Fixation Pathways in Plants and Bacteria, page 147, Copyright Elsevier (Academic Press) (1982).
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Table 3

CS. Silva et al. / Chemical Engineering Science 130 (2015) 151-171

Exergy losses in the dark reactions. (See the color table in the e-copy of this manuscript.)

Calvin Cycle

Rxn.
No.

Reaction

0B(J)

Number of

Repetitions per mole

of Glucose created

Total 6B(J)

(F6P) + (GAI3P) —> (E4P) + (Xu5P)

3,017

C3+ | (PGA) + (ATP) + (NADPH) —> (ADP) + (GAI3P) +

SN ) LR ) 2,729 12 32,746
C4 (NADP") + H;PO,
C5 (GA13P) —> (DHAP) 189 4 755
C6 (GAI3P) + (DHAP) —> (FBP) 987 2 1,974

!

6,035

Cl1

(E4P) + (DHAP) —> (SBP)

(S7P) + (GAI3P) —> (R5P) + (Xu5SP)

1,011

5,593

2,023

11,187

Cl12

(R5P) —> (Ru5P)

322

!

1,289

Calvin Cycle SUM
Conversion to Glucose
Rxn.
No. Reaction 0B(J Total 6B(J)
C6* 987
C7* (FBP) + H,0 —> (F6P) + H3PO, 28,966 1 28,966
Cl4 (F6P) —> (G6P) 1,298 1 1,298
Cl15 (G6P) + H,O —> (Glucose) + H;PO, 31,768 1 31,768
Conversion to Glucose SUM 63,208
Total SUM 661,239

Note: The largest losses are shown in dark red, intermediate losses are shown as light red, then light green, and finally the smallest losses are shown as dark green.

coefficient when forming the species from reference atoms), AGfis
the standard Gibbs free energy of formation of the species, R is the
universal gas constant, T, is the dead-state temperature (298.15 K),
[A] is the activity of the species, K; is the chemical equilibrium

constant (for either acid, base, or metal ion dissociation) for
reaction [, [H*] is the hydrogen ion concentration, [M;] is the
concentration of metal ion j, k is the atom counter, i and [ are the
reaction counters, and j is the metal ion counter.



CS. Silva et al. / Chemical Engineering Science 130 (2015) 151-171 161

3.2. Plant considerations

Five issues are considered for the organism as a whole:
chloroplast performance (Section 3.1), sunlight reflection by the
leaves (Section 3.2.1), transpiration (Section 3.2.2), photorespira-
tion (Section 3.2.3), and plant metabolism (Section 3.2.4). These
issues were chosen because they relate directly to the organism'’s
performance in converting sunlight, carbon dioxide, and water
into biomass. Other factors, such as incident sunlight and
the effects of water quality, are site dependent and thus not
considered here.

3.2.1. Sunlight reflection

Some of the incident light is reflected by the surfaces of the
leaves or other portions of the plant cells before the light reaches
the chloroplasts. This phenomenon has been mentioned by two
different authors (Bisio and Bisio, 1998; Petela, 2008); however,
little discussion on the specifics was presented by either source.
Again, inefficiencies due to shading and indirect sunlight are not
taken into account, because these effects depend upon the organ-
ism growth location, which negatively impacts any solar radiation
collector.

3.2.2. Transpiration

While plants perform photosynthesis, their pores (stomata)
remain open, permitting carbon dioxide to diffuse in and oxygen
to diffuse out. Water, which enters plants through their roots, is
pumped into their leaves, and emitted by transpiration through
their stomata. In this way, the plant cells accumulate water, which
is then used by chloroplasts in Photosystem II.

Exergy losses by transpiration are estimated using Eq. (19)-
(21), used by Reis and Miguel (2006). Saturated steam at T, is the
reference state for water, with liquid water at a lower exergy. Note
that the chloroplasts (and leaves) are assumed to be at the
environmental temperature, and carbon dioxide and oxygen are
assumed to be in equilibrium with the surrounding environment.
The total exergy loss is estimated by raising the water in the plant
stem to height, z, and accounting for evaporation. In addition, the
effect of humidity in the air must be accounted for because, for
locations remote from the sea, the concentration of water vapor in
the ambient air may be the most important factor in determining
the chemical exergy of water; the last term in Eq. (19) accounts for
this phenomena (Szargut, 2005).

Bw = (H—H)-To(S—So)+Mwgz-RT, Ln(D,) (19)
WC=r/¢p—r (20)
0Bgluc = (WC)By (21)

where B,, is the exergy of liquid water in the leaf (J/mol), T, is the
dead state temperature (298.15K), H is the enthalpy of liquid
water (J/mol), H, is the enthalpy of saturated steam (J/mol) at T,, S
is the entropy of liquid water (J/mol-K), S, is the entropy of
saturated steam (J/mol-K) at T,, g is the gravitational acceleration
(9.81 m/s?), M,, is the molecular weight of water (0.01802 kg/mol),
@, is the relative humidity, R is the universal gas constant
(8.3143 J/mol-K), ¢ is the fraction of water used in photosynthesis
(the remainder is lost to evaporation), r is the ratio of water to
glucose in reaction R1, WC is the number of moles of water lost to
evaporation without being used in the reaction, and 6Bg)yc is the
exergy destruction due to transpiration per mole of glucose
produced.

3.2.3. Photorespiration
Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is
the enzyme in the Calvin Cycle that catalyzes the reaction of

carbon dioxide with ribulose-1,5-bisphosphate (RuBP) in reaction
C2, fixing carbon dioxide as organic carbon. About one-third
to one-fourth of the time (Kelly and Latzko, 2006e), RuBisCO
fixes oxygen (instead of carbon dioxide) to RuBP, forming one
molecule of 3-phosphoglycerate (PGA) and one molecule of
2-phosphoglycolate (Kelly and Latzko, 2006a, c), as shown in
Fig. 8 (Webpage: Photorespiration wikicommons) This is known
as photorespiration (Kelly and Latzko, 2006a). The cell then
initiates a series of chemical reactions, which convert the
2-phosphoglycolate to PGA and carbon dioxide (not shown in
Fig. 8); the former reenters the Calvin Cycle (Kelly and Latzko,
200643, c). Because most of these chemical reactions occur outside
the chloroplast, photorespiration has been treated as associated
with the entire plant. It is noteworthy, however, that the reaction
that initiates this process (RuBisCO fixing oxygen) occurs exclu-
sively inside the chloroplast.

The literature shows no concrete conclusion concerning photo-
respiration. In some opinions, it is considered to be an energy-
dissipation mechanism to prevent photo-inhibition; that is, the
oxidation of an intracellular component by excess sunlight and
oxygen (Berry and Downton, 1982; Kelly and Latzko, 2006c¢). In
other opinions, photorespiration is due to the inefficiency of
RuBisCO, owing to the fact that oxygen concentrations in the air
have increased drastically since RuBisCO first appeared on the
Earth (Ogren, 1982). This would explain mechanisms for mitigat-
ing photorespiration, like the “C4 cycle” and crassulacean acid
metabolism (Kelly and Latzko, 2006a). In either case, photorespira-
tion is a process, which lowers the efficiency of photosynthesis.

3.2.4. Plant metabolism

Metabolism includes everything from the degradation of sugars
and biomass to produce high energy molecules (like ATP) to the
repair, maintenance, and manufacture of the complex proteins in
the photosystems and enzymes in the Calvin Cycle. Its details are
too vast to be covered in a single journal article. Simplifications are
therefore made herein.

The standard reaction for cellular metabolism (called respira-
tion) is the reverse of reaction R1 and is shown as reaction R7. Its
highly spontaneous nature (due to the large chemical exergy
contained within glucose) is used to drive the production of
high-exergy carrier molecules, like ATP, which sustain the plant
during periods of darkness. The production of ATP from glucose is
shown as reaction R8 (Voet et al., 2008). Note that 38 ATP are
produced in reaction R8 - the theoretical maximum. In actual
practice, the number of ATP produced varies between 30 and 32,
depending upon the organism that transports the molecules
involved between the organelles. In addition to complete degrada-
tion, glucose can be converted to intermediates through various
metabolic pathways, which build or repair organelles and other
cellular components. In this way, metabolism is essentially an
exergy cost for the various day-to-day intracellular operations.

CgH1206+ 60, —6C0O, +6H,0, AG° = —2872 kJ/mol (R7)
CgH1206 + 60, +38ADP+38H3P0, — 6CO, + 38ATP+44H, O,

AG® = —1626 kJ/mol (R8)
4. Analysis

The photosynthetic exergy efficiency of a terrestrial plant that
has standard light absorption bands, shown in Fig. 9, is calculated
in this section, using the models in Section 3. Note that the relative
absorption of energy and exergy is the same (Eq. 12), and is the
amount of incident solar radiation absorbed by chloroplast pig-
ments (P680 and P700) converted to electrical work in the form of
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2-phosphoglycolate and 3-phosphoglycerate (molecules 3 and 2, respectively). 3-phosphoglycerate can reenter the Calvin Cycle immediately (reaction C3 in Fig. 7), but
2-phosphoglycolate must be converted to 3-phosphoglycerate before it can be returned to the Calvin Cycle. The conversion of 2-phosphoglycolate to 3-phosphoglycerate
occurs between three organelles: the chloroplast, the peroxisome (shown in pink), and the mitochondria (shown in purple). (See color figure in the e-copy of this

manuscript.)
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Fig. 9. Relative light absorption in the PAR (Webpage: Solar Radiation &
Photosynthetically Active Radiation), reproduced with permission). Relative
absorption is the amount of solar exergy absorbed by the chlorophyll pigments
(P680 and P700) at a particular wavelength, relative to the total incoming solar
exergy at that wavelength. (See the color figure in the e-copy of this manuscript.)

high-energy electrons. The plant’s surrounding environment is
temperate, with ample water, sunlight, carbon dioxide, and a
relative humidity of 40 percent (arid stress conditions are not
examined herein). This yields the “maximum” efficiency of photo-
synthesis and the causes for each exergy loss, suggesting
approaches to avoid or reduce these losses.

4.1. Chloroplast efficiency

The exergy efficiency for a typical C3 chloroplast is calculated in
this section and the accompanying subsections. It should be noted
that this efficiency is based upon reversible exergy changes, and
thus, does not account for kinetic and diffusive bottlenecks. It is
representative of most C3 plant chloroplasts under non-stress
conditions.

4.1.1. Sunlight and absorbance

Only a fraction of the incident solar radiation is within the PAR
(Webpage: Introduction to ozone; Bolton and Hall, 1991)
(npar=0.43), the active region for chloroplast pigment absorption.
It is assumed that all PAR photons that reach the chloroplast are
absorbed. A small fraction of the non-PAR radiation is also
absorbed, anon-par. Petela (2008) assigns a value of 0.05 for apon-
par, Which is used herein. Therefore, the total chloroplast exergy
efficiency is

Buseful __ 7par Bsun + @non—paR(1 —77par)Bsun
BTotal Bsun

Nsolar =

= 1lpar + Onon—par (1 —7ppg) = 0.4585 (22)

where By, is the total incoming solar exergy (J). Note that the
absorbed photons are split evenly between the two photosystems
(24 photons to PSII and 24 photons to PSI).

Regarding the pigments P680 and P700, they absorb maximally
(that is, the greatest amount of solar potential exergy absorbed
and converted to electrical exergy) at 680 and 700 nm, respec-
tively. The exergies of photons at these wavelengths are calculated
using Eq. (12). Photons at shorter wavelengths (and, therefore,
higher in exergy) are degraded to the maximal absorption wave-
length (Barber, 2009). Photons at wavelenghts longer than 700 nm
are instantly degraded to waste heat. When the vast majority of
absorbed photons are in the PAR, it is assumed that their
wavelengths are evenly distributed, with Eq. (14) determining
the average exergy per mole of photons. According to Petela
(2008) chloroplasts absorb marginally in the ultraviolet region,
but since such a small fraction of that exergy is absorbed, it is
excluded from the averaging.

The maximal wavelength, Apign, is 700 nm and Ay is 400 nm,
yielding an average exergy of 212 kJ/(mol photon). Since P680
absorbs maximally at 680 nm, it absorbs roughly 167 kj/(mol
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photon), yielding an absorption fraction, #ps abs:

_ Buseful _ BPSIl,maximal photon 167 _
nPSll,abs - BTotal = = m =0.789 (23)

BAverage photon
Similarly, P700 absorbs maximally at 700 nm, yielding an average
exergy of 162 kJ/(mol photon) and an absorption fraction, nps aps:

Buseful _ BPSII‘maXimal photon 162 —0.766 (24)
BTotal ’

Mpst.abs = ~ 212

BAverage photon

4.1.2. Electron transport chain

Reduction potentials in the electron transport chain (ETC) were
taken from the literature (Nicholls and Ferguson, 2002; Voet et al.,
2008; Walz, 1997a, b, c), and the change in exergy was calculated
using Eqs. (17) for 24 mol of photons (n in Eq. (17) - one photon
excites one electron) entering each photosystem. Note that for all
pigments and intermediate electron carriers, the excited and non-
excited states are assumed to have comparable activities. Conse-
quently, when calculating the exergy changes along the electron
transport chain (Fig. 3), the activity term in Eq. (17) cancels out
(Bassham and Krause, 1969), and only the exergy change of the
first reduction (that of P680) differs from the standard Gibbs free
energy change. The validity of this assumption is examined in
Section 5.

The results are shown in Table 1 for PSII and Table 2 for PSI.
Cells in yellow represent the beginning state for each photosystem,
cells in green represent electron transfers that proceed naturally,
and cells in red represent the electron transfers that require an
input of exergy (sunlight).

The only two steps in PSII that perform useful work involve the
transfer of electrons from water to the pigment P680 (the first
reduction) and driving protons against their gradient; that is, from
Q, to plastocyanin (PC), shown red in Fig. 3 - Qpooi=ABeieacytn+
ABejeepc= — 625,223 ]. In addition, exergy is delivered to PSI, shown as
the “Total Difference of PSII”. The work done by these processes is
assumed to be 100% efficient. All exergy inputs not consumed in work-
performing steps are lost as waste heat; similar to electricity flowing
through a series of non-productive resistors. The incoming exergy
sources to PSII are the 24 mol of photons (680 nm) and the 12 mol of
water (that are split, discussed in Section 4.2.2). The exergy efficiency
is

Buseful _ Bwater split + Bonol +Bt0 PSI
BTotal N Blncoming Solar + 12Bw
819,489 +625,223+870,928
n 4,339,716+ 30,520

Table 2 shows the exergy changes for the steps in PSI. The two
inputs are the exergy from PSII and the solar exergy that further
excites the electrons; whereas, the only useful work done is to
reduce NADP* to NADPH, in the last step of the ETC (assumed to
be completed with 100% efficiency). Again, this system is like a
circuit. The intermediate molecules are similar to resistors that
dissipate some of the electrical exergy. Taking the ratio of exergy
consumed for useful work to total exergy input gives an efficiency
of 49.0 percent:

Mpsit =

—0.523 (25)

Buseful BnappH

BTotal Bfrom PSII +Blncoming Solar

2,468,720
=§70.928+4.168,152 ~ 0490 (26)

Mpsi =

4.1.3. ATP synthase

From the analysis of PSII, 1,444,712 ] of exergy are stored in
protons within the thylakoid membrane (Byater spiit + Bapoot)- Cal-
culation of the exergy of reaction R4 (Section 4.1.4 and Appendix
A), gives 1,043,750 ] required to create 18 mol of ATP. Note that

Lems et al. (2010) assume that 24 ATP are produced. However, the
correct number of ATP produced is 18 (Zhu et al., 2008), because in
the chloroplast ATP synthase requires the relocation of four
protons to produce one ATP. Therefore, the exergy efficiency is

Buseful _ 18BATP l, 043, 750

Natp synthase = BTotal - BPMF = ], 444> 712

—0.722 27)

4.14. Calvin cycle/dark reactions

The stoichiometry of the overall dark reaction was presented as
reaction R6, with the reactions assumed to occur at T, and
atmospheric pressure, P,. The exergies of carbon dioxide and
oxygen are calculated using Eq. (2.9) in Szargut’s book (Szargut,
2005). The exergy of water (2.543 kJ/mol) is discussed in Section
4.2.2. The exergy of NADPH is calculated in Section 4.1.2; NADP ™ is
the reference state — with exergy equal to zero. The exergies of all
other chemical species, shown in Table A1, are calculated using Eq.
(18), with the exergy of the chemical elements defined in Szargut’s
book (Szargut, 2005), the standard free energies of formation
taken from Bassham and Krause (1969) and Krebs and Kornberg
(1957), and the activities taken from Bassham and Krause (1969).

Only sparse data are available to estimate the acid and ion
dissociation constants; therefore, the dissociation terms are
neglected in this analysis. The validity of this assumption is
discussed in Section 5. Also, for each compound in the dark
reactions, the exergy of its elements, Bejement, the Gibbs free energy
of formation, AGg, its activity, [A], and its exergy, Brota, are given in
Table Al. For each reaction, it is assumed that all exergy not
transferred from the reactants to the products is lost (or
destroyed) as low-grade heat, which is used to evaporate water
in the cell or lost as sensible heat to the environment.

As discussed in Section 1, two passes through the Calvin Cycle
produce two GAI3P molecules, which are converted to glucose
using a repetition of reactions, C5, C6, and C7, as well as reactions
C14 and C15. The exergy losses in each reaction are shown in
Table 3. Note that the reaction numbers are those in Fig. 7, and the
table is color-coded, with dark red being the greatest sources of
exergy destruction and dark green being the smallest. Also,
“(NADPH)” and “H3PO4" correspond to “NADPH+H™'” and “P;”,
respectively, in Reactions R3-R6.

From the light reactions, 3,509,191 ] of exergy are transferred to
the dark reactions in the form of 18 ATP and 12 NADPH. A total of
661,239 ] are lost in the dark reactions, yielding the following
exergy efficiency for the Calvin Cycle:

Buysefui _ 18Batp+ 12Bnappr — 6Bcc

"Icalvin cycle = Brotal 18Batp + 12Bnappu
3,509,191 -661,239
=220 e el = 0812 (28)

4.1.5. Overall chloroplast efficiency

Combining the exergy efficiencies from the previous subsec-
tions, an overall chloroplast efficiency is calculated in Table 4 and
illustrated in the exergy-flow diagram in Fig. 10. In Table 4, the
largest losses are shown in dark red, intermediate losses are
shown as light red, then light green, and finally the smallest loss
is dark green. In Fig. 10, each rectangular region represents a
bioprocess whose height is proportional to its exergy flow. Exergy
enters on the left, with exergy losses in the cross-hatched regions
building linearly from left-to-right. Note that half of the solar
exergy is transmitted to PSI, which also receives a portion of the
exergy from PSII. The remainder of the solar exergy from PSII is
transmitted to ATP synthase. Then, the dark reactions (Calvin
Cycle) receive the NADPH exergy and the ATP exergy. One mole
of glucose, the final product of photosynthesis, is then generated
by the Calvin Cycle, yielding an efficiency of 12.2 percent. Note
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Table 4

Overall chloroplast efficiency. (See the color table in the e-copy of this manuscript.)

Outlet
(kJ)

Inlet
(kJ)

Loss
(kJ)

Source of Exergy
Destruction

PAR Loss
(%)

Efficiency Overall Loss
n (%)

TN T2 2 I T N I

Non-PAR Reflection ‘ 13,226 661 12,564 0.050 61.33
Phistosystze I 5319 4,193 1,126 0.788 5.50 14.45
Absorption
PosisyEiam L 5319 4,074 1.246 0.766 6.08 15.99
Absorption

il Cyelis (Dzie 3,509 2,848 661 0.812 3.23 8.49
Reactions)
OVERALL 23,334 2,848 20,487 0.122 100.0 -

Note: The largest losses are shown in dark red, intermediate losses are shown as light red, then light green, and finally the smallest losses as dark green.

Water
15kJ

ATPsynthase (n = 0.7225)

Absorption () = 0.4585)

1,373 kJ
2,200 kJ At
PSII (n = 0.412) Fr,om PSII 992 kJ Calvin Cycle Glucose
5,335kJ (Dark Reactions) 2,848 kJ
(n=0.812)
PSI ( 0.391) NADPH e
n=>0.
Solar to 2401 k)
PSI 6,147kJ
5,319kJ
Total Solar Exergy
23,203 kJ 11C60kz J

Fig. 10. Exergy-flow diagram. The exergy of the glucose product leaving the system is equal to the exergy of one mole of glucose. The 23,203 k] of “Total Solar Exergy” was
back-calculated to achieve this final value for glucose. The exergy lost by reflection or as low-grade heat is shown using the crosshatched sections.

that in Table 4, the inefficiencies due to photosystem absorption
(due to the optimal absorption wavelengths) and the electron
transfer chain are separated into different categories; whereas, in
Fig. 10 they are lumped together inside the boxes. The impact of
Table 4’s results is analyzed in Section 4.2.5.

4.2. Plant efficiency

In this section, the analysis is expanded to include factors that
affect the plant’s efficiency, but are not contained within the
chloroplast. The processes that occur within the chloroplast
(Section 4.1) have a well-defined efficiency, involving clear inputs
and outputs and well-defined processes. The four phenomena
discussed in Section 4.2 can be thought of as sinks, which drain the
plant’s resources without driving the production of glucose -

although some of these processes are necessary (metabolic repair
and maintenance of the cellular machinery, for example).

4.2.1. Sunlight reflection

To ensure an accurate comparison between chloroplasts and
other solar collectors, the reflectance of the incident solar exergy
from the leaves must be taken into account (Webpage: PAR & the
light spectrum). It is beyond the scope of this paper to explore the
complex mechanism of leaf radiation reflection, much of which is
covered by Berry and Downton (1982). Instead, a reflection factor,
apar, 1S used herein. The literature lists values between 0.88 and
0.80 (Bassham and Buchanan, 1982; Berry and Downton, 1982;
Petela, 2008). Because the reflectance portion may be a result of
light degradation by chlorophyll pigments, the higher absorption
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factor (apar=0.88) is used herein to avoid “double-counting”
exergy destruction between these two phenomena.

4.2.2. Transpiration

Returning to Section 3.2.2, transpiration is essentially water
leakage from the plant’s leaves, a process to minimize for optimal
exergy performance. Because an efficiency does not apply, Egs.
(19)-(21) are used to determine the exergy loss to transpiration
per mole of glucose produced.

Enthalpies and entropies are from the saturated steam tables at
the reference state (saturated steam at T,), and from the unsatu-
rated water tables for the “high-exergy” state (water at T, and P,).
For terrestrial plants, the height, z, is taken as 2.0 m. The relative
humidity, @,, is set at 0.4 (Petela, 2008), and the water fraction
within the leaf, ¢, is set at 0.5 (Reis and Miguel, 2006).

Eq. (19) yields the exergy of water, B,,=2.543 k]/mol. The water
lost by evaporation without reacting is computed using Eq. (20); that
is, WC=6/0.5-6=6 mol of water. Using Eq. (21), the exergy destruc-
tion per mole of glucose is sBg=15,260 J/(mol glucose synthesized).

It is important to note that, while the exergy loss is relatively
insignificant for the temperate environment selected herein,
exergy losses would be significant in an arid climate. For example,
taking ®,=0.05 and ¢=4.31 x 10~ 4 (Kluge, 1982) yields an exergy
loss of 107,100 kJ/(mol glucose), making photosynthesis infeasible
for C3 plants. In this case, plants having a cassulacean acid
metabolism (CAM), a mechanism used to capture and store carbon
dioxide during dark hours, are needed to conserve water (Web-
page: Photorespiration wikicommons). More information about
CAM is provided in the Glossary (Appendix B).

4.2.3. Photorespiration

Like transpiration, photorespiration is a process that dissipates
exergy without aiding in the production of glucose. Similarly, it
must be eliminated to achieve optimal photosynthesis operation.
Because an efficiency does not apply, given a mechanism for
photorespiration, such as that in Fig. 8, exergy losses in each
reaction can be estimated using the equations in Section 3.1.4.
This, however, is beyond the scope of the analysis herein.

According to Kelly and Latzko (2006a), each “CO, cycle” in
photorespiration uses 6 NADPH and 10 ATP, yielding 1813 k]
exergy loss. Since RuBisCO has a carbon dioxide to oxygen affinity
of 4:1 or 3:1, 453 k] and 604 K], respectively, of photorespiration
exergy losses per mole of glucose occur. Alternatively, photore-
spiration is known to degrade one-third to one-fourth of fixed
carbon (glucose herein) (Kelly and Latzko, 2006e; Lems et al.,
2010). Thus, a factor of 0.25 multiplied by the amount of fixed
carbon (glucose) could be used to estimate the exergy loss,

Table 5

resulting in 712 kJ lost. Because the latter gives the most con-
servative exergy loss, it is used herein.

4.2.4. Plant metabolism

When analyzing the overall plant, plant metabolism is the most
difficult to quantify. The exergy consumed by plant metabolism is
higher for older plants which must maintain aged cellular compo-
nents - during reproductive seasons as the plant diverts resources
to producing seeds, and during the winter as less sunlight is
available to provide exergy. The amount of exergy consumed is
also highly dependent on the plant type (or other autotrophic
organism) and the pressures associated with the surrounding
environment (pests, poisons, photo-inhibition, etc.). For these
reasons, the effects of metabolism must be measured experimen-
tally on a case-by-case basis to meaningfully affect its exergy
efficiency. However, two studies (Bassham and Buchanan, 1982;
Bisio and Bisio, 1998) estimate one-third of fixed carbon (glucose)
as the “price” for metabolism. The more precise value of 0.375 is
used herein (Bisio and Bisio, 1998), which is equivalent to 1068 k]
exergy loss per mole of glucose generated.

4.2.5. Overall plant efficiency

The results of the previous subsections are tabulated as Table 5,
yielding an overall plant efficiency of 3.9%, in good agreement with
Petela (2008). The vast majority of the losses (greater than 87%)
occur within the chloroplast (Section 4.1.5), which explains the
disproportionate emphasis on the internal workings of the chlor-
oplast herein. Table 6 is a combination of Table 4 (Section 4.1.5)
and Table 5, showing the exergy losses for every step in photo-
synthesis. Note that “PAR Reflection” represents the leaf reflection
(Section 4.2.1) and “Non-PAR Reflection” represents the rejection
of non-PAR light by the chlorophyll pigments.

Clearly, the largest loss is due to the reflectance of non-PAR
radiation. The second largest PAR loss (third largest loss total) is due
to the degradation of photons relating to the maximal absorption
wavelength of each chlorophyll pigment (P700 and P680). To
improve the efficiency of photon absorption, one option is to tune
the chlorophyll light-gathering antennas (Webpage: “Tuning”
microalgae for high photosynthesis efficiency; Barber, 2009; Gust
and Moore, 1985; Gust et al., 2001; Kelly and Latzko, 2006c; Perrine
et al., 2012), which are usually composed of carotenoids that absorb
light in regions of the solar spectrum where chlorophyll is ineffec-
tive. In one approach, genetic modification of the antennas are
sought to harness more light to be transferred to the chlorophyll
pigment, where it enters the electron transport chain (Gust and
Moore, 1985). Note that genetic modifications have been reported
that boost the size and effectiveness of algae antennas (Webpage:

Overall Plant efficiency. (See the color figure in the e-copy of this manuscript.)

Source of Exergy Inlet Outlet | Loss | Efficiency OEEE:“
Destruction (kJ) (kJ) ((4)) (] A
| PAR Reflection | 31,102 [ 27370 | 3,732 | 0880 |
Chloroplast 68,598 7,704 | 60,893 \ 0.112 87.47
Photorespiration - 1,926 - 2.77
Plant Metabolism - 2,889 - 4.15
OVERALL 72,461 | 2,848 | 69,614 0.039 100.0
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Table 6

Overall plant efficiency with chloroplast details. (See the color table in the e-copy of this manuscript.)

Source of Exergy Inlet Outlet Loss Efficiency OE‘:;:H
Destruction (kJ) (kJ) (kJ) n (%) (&)
(1 (1)
PAR Reflection | 31,102 | 27,370 | 3,732 0.880 14.04
Non-PAR 41,228 2,061 39,167 0.050 56.26 -
Reflection
Photosystc?m II 14716 11,601 3,114 0.788 4.47 11.72
Absorption
Photosystem I 14,716 11,270 3,446 0.766 4.95 12.96

Absorption

Calvin Cycle
(it stz 9,493 7,704 1,789 0.812 2.57 6.73
Photorespiration - - 1,926 - 2.77 7.25
Metabolism - - 2,889 - 4.15 10.87
OVERALL 72,461 2,848 69,614 0.039 100.0 -

“Tuning” microalgae for high photosynthesis efficiency; Perrine
et al, 2012). However, the beneficial effects of increasing the
antenna size have been contested (Melis, 2009). Another approach
involves creating a photo-ecosystem (Bisio and Bisio, 1998), with
various photosynthetic organisms having different maximal absorp-
tion wavelengths, giving maximal absorption ranges that span the
entire visible spectrum (Barber, 2009). Such photo-ecosystems
often have substantially higher efficiencies, as demonstrated by
forests and jungles having higher biomass densities than crop
fields.

Most PAR exergy losses are due to inefficiencies in PSII and PSI,
during the electron transfers between carriers. Over the past 30
years, this has motivated studies (Barber, 2009; Gust and Moore,
1985) and attempts to replicate the biological electron-transport
chain (ETC) (Gust and Moore, 1989; Gust et al., 1998, 2001; Kim
et al., 2012). Thus far, artificial ETCs have been unstable (Barber,
2009; Kim et al., 2012). Some charge-separation is necessary to
draw electrons away from the pigment molecules (Gust and
Moore, 1985), and the greater the charge-separation, the more
favorable the process. However, greater charge-separation yields
increased exergy losses. Therefore, a method for improving photo-
synthetic efficiency can be found by formulating a numerical
model for charge-separation, and then performing optimization
(assuming that nature has not already done this) to determine the
charge-separation distance for maximum efficiency. Another
approach (possibly more feasible in synthetic replications) is to
have the intermediate electron carriers perform work, like the
Qpool complex in PSIIL Note also that plastiquinol diffusion within
the thylakoid membrane is the rate-limiting step of the ETC (Kelly
and Latzko, 2006c¢; Melis, 2009), which consequently is the rate-
limiting step in carbon dioxide saturated photosynthesis (Kelly
and Latzko, 2006b).

The next most substantial loss of PAR exergy, besides those of the
photosystems, is due to the plant’s metabolism, with photorespira-
tion being of a similar order of magnitude. Some level of metabolism

is essential for the plant’s reproduction and maintenance of its
biological machinery, and therefore the majority of these losses are
likely unavoidable. In terms of photorespiration, thus far, attempts to
remove it genetically have been unsuccessful (Kelly and Latzko,
2006d). But, a lower oxygen content in the local environment is
most effective in decreasing losses to photorespiration. Note that
aquatic organisms, such as algae, typically have almost negligible
rates of photorespiration - as oxygen has a low solubility in water. In
addition, algae concentrate dissolved carbon dioxide (as bicarbonate)
inside their cells using pumps (Kelly and Latzko, 2006b; Ogren, 1982).
This pumping is against a concentration gradient, and thus, con-
sumes exergy, but it is a small cost compared to photorespiration.

The Calvin Cycle and ATP synthase have relatively small exergy
losses, and some degree of exergy loss is required to drive the process
forward at a reasonable rate. In the limit of negligible exergy loss,
these processes would take an infinite amount of time, which is
infeasible. Note that although not limiting in a thermodynamic sense,
the Calvin Cycle can cause substantial decreases in exergy efficiency by
slowing down photosynthesis (Webpage: “Tuning” microalgae for
high photosynthesis efficiency; Melis, 2009). This justifies the search
for genetic modifications of key enzymes (particularly SBPase (Kelly
and Latzko, 2006d) and RuBisCO (Melis, 2009)) to increase the actual
efficiency of photosynthesis.

Transpiration in non-arid environments causes small losses of
exergy that are not worthy of further analysis. Managing tran-
spiration in arid environments would depend largely upon irriga-
tion techniques, which are beyond the scope of this work.

Overall, the exergy efficiency calculated herein (3.9%) is higher
than that typically observed for terrestrial-plant photosynthesis
(about 1%), although it is reasonable for algae (3-4%) (Bassham and
Buchanan, 1982). The higher value for efficiency is because mass-
transfer limitations and kinetic hold-ups were not taken into
account, because only reversible transfer of exergy is modeled. As
such, the efficiency computed herein is an upper bound for terrestrial
plants that have not been genetically modified.
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Point of comparison

Source of comparison

Maximum percent difference

PAR reflection

PAR reflection

Average photon exergy

Loss to reflection and re-transmittance
Excitation of P680

Excitation of P700

Redox potential of ETC (per step)
Exergy of NADPH

PMF exergy

ATP hydrolysis

Overall light reaction efficiency
Overall light reaction efficiency
ATP synthase efficiency

Calvin cycle efficiency

Calvin cycle efficiency
Transpiration

Photorespiration
Photorespiration
Photorespiration

Overall photosynthetic efficiency
Overall photosynthetic efficiency

Bisio and Bisio (1998) 18.6
Bassham and Buchanan (1982) 54
Zhu et al. (2008) 8.9
Bisio and Bisio (1998) 29
Nicholls and Ferguson (2002) and Walz (1997a, b, ¢) 9.0
Nicholls and Ferguson (2002) and Walz (1997a, b, c) 7.0
Lems et al. (2010) 1.0
Lems et al. (2010) 3.0
Lems et al. (2010) 4.4
Lems et al. (2010) 12.0
Bassham and Buchanan (1982) 0.0
Lems et al. (2010) 32.0°
Lems et al. (2010) 171
Bassham and Buchanan (1982) and Lems et al. (2010) 24
Lems et al. (2010) 4.7
Reis and Miguel (2006) 900.0°
Bolton and Hall (1991) 50.0
Lems et al. (2010) 25.0
Kelly and Latzko (2006a) 57.2
Bisio and Bisio (1998) 30.0
Bassham and Buchanan (1982) 95.0

2 Ref. Lems et al. (2010) neglected reflectance and imperfect light absorption. Adjusting for this herein yields a difference of 4.3%.
b Transpiration was calculated differently in the two studies. Even though the values were dissimilar, transpiration had a marginal effect on the overall efficiency.

5. Error analysis and validation

All data used herein were taken from previous literature
sources. It is assumed that these data are accurate. No standard
deviations were reported; thus, it was impossible to analyze the
errors originating from measurement inaccuracies. The compar-
isons discussed in this section are calculated using Eq. (29) and
tabulated in Table 7.

ILV —SV]|

Maximum percent difference = V]

(29)
where SV is the “standard value” (used herein) and LV is the
literature value that is the largest deviation from SV.

Different PAR radiation percentages are reported (Bassham and
Buchanan, 1982; Bisio and Bisio, 1998). The true value depends on
location, time of day, time of year, and weather conditions.
However, all sources report absorption fractions between 0.40
and 0.50; many agreeing on roughly 0.43.

With regard to the assumption that the excited and ground-
state compounds are present in roughly equal concentrations, the
appendix in Lems et al. (2010) provides a thorough calculation of
the ratio of [P700]/[P7007 ], which equals 11. This yields an exergy
change proportional to In([P700]/[P700"])=2.4. Because the
exergies of the other carriers (e.g., NADPH) are on the order of
200 k], differences of only one percent are anticipated. However,
the redox potentials in Tables 1 and 2 (Nicholls and Ferguson,
2002; Voet et al., 2008; Walz, 19973, b, c), when compared with
the incoming exergy of the photons using Eq. (12), differ by
approximately nine percent for PSIl and seven percent for PSI
When the factor, (1 — Teartn/Tsun), is neglected, these differences are
reduced to 4.2 and 1.6 percent. These differences are attributed to
the crude calculation of activities in Eq. (17). More accurate
concentration information would improve these estimates.

Comparing the exergy value of NADPH computed in Table 2
(2468 k]) with that of Lems et al. (2010) (2541 KJ), yields approxi-
mately a 3% difference. Similarly, for the exergy transferred to the PMF
from PSII, the values are 1508 k] and 1444 K], yielding a 4.4%
difference. In this work, the exergy change of ATP hydrolysis (R4) is
58 KJ, in contrast with the commonly accepted 50-51 k] (13.7 percent
difference). The 58 kJ value is in good agreement with Lems et al.

(2007) (the source of Eq. (18)), despite neglecting the acidic and ionic
dissociation effects. Clearly, the exergy calculation method needs
further attention. Note that this causes a decrease in Calvin Cycle
efficiency (81 percent compared with 85 percent in Lems et al. (2010),
and 83 percent in Bassham and Buchanan (1982)). The ATP synthase
efficiency is lower here when compared with Lems et al. (2010) (72
percent compared with 82 percent in Lems et al. (2010)), because they
assume that an ATP molecule is generated for every three protons
moved from the lumen to the stroma; however, most sources report
that it takes four protons to generate an ATP molecule in the
chloroplast (Voet et al,, 2008; Zhu et al.,, 2008).

The overall efficiency of the light reactions, 32 percent herein,
is in exact agreement with Bassham and Buchanan (1982). Lems
et al. (2010) predict 47 percent, but they do not account for the
imperfect absorption of the average photon. When the photon
absorption efficiencies of both PSII and PSI are set to unity, the
efficiency herein rises to 41 percent (again, their assumption of
3 protons per ATP leads to an artificially inflated efficiency).

Exergy loss due to water evaporation (transpiration) is not
examined in most studies, although the equations are fairly
standard (Szargut, 2005). The results of Reis and Miguel (2006)
are most relevant, although their model is based upon fluxes
throughout a 24-hr cycle. Their result is an order of magnitude
smaller than 21 k] reported herein. However, both are negligible
compared to the losses in the other bioprocesses analyzed.
Regarding photo-respiration, no rigorous modeling has been done.
The estimates of exergy destruction are based upon two other
studies (Bolton and Hall, 1991; Lems et al., 2010).

Finally, the overall exergy efficiency is comparable to flux-based
studies (Petela, 2008; Reis and Miguel, 2006), even though it does not
account for irreversible processes and fluxes (like carbon dioxide
diffusion and ETC bottlenecks), which would need to be analyzed
using irreversible thermodynamics (Ijelstrup et al., 2010; Sliepcevich
and Finn, 1963). This implies that diffusive fluxes have a small impact
on the overall thermodynamic efficiency (even though they may have
a substantial impact on the real/observed efficiency). Non-flux based
studies report higher efficiencies (Bassham and Buchanan, 1982;
Bolton and Hall, 1991; Bugbee and Monje, 1992), because they do
not account for photo-degradation, incomplete PAR absorption (Petela,
2008), photorespiration, or transpiration. However, when the PAR
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absorption factor and absorption efficiency factors are set to unity, and
losses due to transpiration and photorespiration are eliminated, the
overall efficiency rises to 14 percent, in nearly perfect agreement with
Chain and Arnon (1977), Bugbee and Monje (1992), and Bolton and
Hall (1991).

6. Conclusions

Photosynthesis produces 100 billion tons of dry biomass
annually, which is equivalent to a hundred times the weight of
the human population (Barber, 2009). The biomass created on
earth every second amounts to approximately 37 T] (Szargut,
2005). In contrast, humans use only 13 TJ per second, which
means that biomass theoretically has the potential to satisfy all
human needs. To be realizable, however, the photosynthetic
efficiency would need to be increased substantially. Almost all
exergy in biomass originates as the sun’s electromagnetic radia-
tion before being converted into chemical exergy by photosyn-
thetic organisms. Therefore, it is crucial that the mechanism and
efficiencies of photosynthesis are well understood.

Prior to the analysis herein, a literature search over the last 53
years was performed, uncovering a broad array of approaches,
definitions, and efficiencies. Overall, theoretical efficiency
decreased with increasing knowledge of the process, decreasing
from 37 percent (Asimov, 1968) to 2.61 percent (Petela, 2008). The
major factors in the comprehensive analysis herein present a more
thorough picture of the process and its inefficiencies.

In this study, photosynthesis is decomposed into processes that
occur within the chloroplast (PAR Reflection, Non-PAR reflection,
PSII Absorption, PSI Absorption, PSII ETC, PSI ETC, ATP synthase,
and Calvin Cycle) and those that affect the organism as a whole
(Leaf PAR Reflection, Transpiration, Photorespiration, and Plant
Metabolism). The exergy changes associated with each sub-step
are calculated and summed to determine the exergy efficiency of
each step. These steps, in turn, are combined to yield an overall
photosynthetic efficiency of 12.2% for the chloroplast and 3.9 per-
cent for the organism as a whole.

Overall, the loss of most non-PAR radiation and the reflectance
of PAR radiation account for the majority of the exergy loss (64.35
percent). Thus, it is crucial that work continue to tune the
photosynthetic antennas (Webpage: “Tuning” microalgae for
high photosynthesis efficiency; Melis, 2009; Perrine et al., 2012).
Perhaps coupling a photosynthetic system with a photovoltaic
system will prove beneficial if the photovoltaic could absorb the
non-PAR radiation without the PAR radiation. Similarly, using
different species of photosynthetic organisms (each of which
absorbs different wavelengths) and building a photo-ecosystem
(Barber, 2009; Bisio and Bisio, 1998; Scholes et al., 2012) could
significantly decrease the effect of photo-degradation.

Using a controlled environment also boosts the efficiency of
photosynthesis by increasing access to nutrients (water, carbon
dioxide) and decreasing access to oxygen, which causes photorespira-
tion. This is a key reason algae are promising (Sukenik et al., 1991) and
have higher efficiencies (in addition to their bicarbonate pumps).

With regard to the ETC, the losses are substantial, and the
attempts to improve the efficiency of this process have been
mostly unsuccessful. More attention should be given to this
process in future studies and research work. It is generally agreed
that exergy losses to ATP synthase and the Calvin Cycle are
relatively low and likely to be unavoidable. Therefore, future
efforts to analyze and improve photosynthesis should focus
primarily upon absorbance and the ETC.

Lastly, the major limitation herein is that losses to kinetic bottle-
necks are not taken into account. For example, photosynthetic

efficiencies in microalgae cultures are two to three times lower than
their theoretical potential due to differences in the fast rate of light
capture and the much slower downstream process of photosynthetic
electron transfer and carbon fixation (Webpage: “Tuning” microalgae
for high photosynthesis efficiency; Melis, 2009). This study excludes
such factors because of its focus on reversible exergy transfer, which
provides an upper bound. However, irreversible effects should not be
ignored by those seeking to optimize the output of photosynthetic
organisms.

Nomenclature

Variable, quantity, units

Exergy, ]

Work, ]

Heat, |

Temperature, K

Avagadro’s Number, molecules/mol
Planck’s constant, ] s

speed of light, m/s

wavelength, nm

lower bounding constant, dimensionless
upper bounding constant, dimensionless
a function, dimensionless

average value of function f(x), dimensionless

é?wm@ﬁ:g-ﬂpgm

G Gibbs free energy, |

F Faraday’s constant, C/mol

n number of moles, mol

e redox potential, V

[A] chemical activity, dimensionless

v stoichiometric coefficient, mol

R ideal gas constant, J/mol-K

K equilibrium constant, varies

[H] concentration of protons, mol/L

[M] concentration of a metal ion, mol/L
H enthalpy, J/mol

S entropy, J/mol-K

M,, molecular weight, g/mol

g gravity constant, m/s?

z height, m

P relative humidity, dimensionless
wcC water lost to evaporation, moles of water
r ratio of water to glucose in R1, dimensionless
¢ fraction of water used in photosynthesis, dimensionless
n efficiency, dimensionless

Subscript

out leaving the system

in entering the system

prod products

waste  waste

Sys internal to the system

res reservoir (Environment)

o ambient/dead-state

H high

phys physical (temperature and pressure)
chem  chemical (mixing and reactions)

elec electrical

photon photon (sunlight)
earth of the earth

sun of the sun

low lower bound

high upper bound



CS. Silva et al. / Chemical Engineering Science 130 (2015) 151-171 169

carriers refering to carriers in the ETC
element refers to chemical elements

f of formation

i series counter

j series counter

k series counter

I series counter

Gluc glucose

w water

solar relating to incoming solar exergy

useful  exergy used to do work or transferred to the next process
Total total incoming exergy

PAR photo-active region

non-PAR outside of the photo-active region

PSII photosystem II
PSI photosystem |
abs absorption

water split involving the split of water in the light reactions into
protons and molecular oxygen

Qpool  relating to the PSII complex that pumps protons against
their gradient
to PSI  sent to photosystem I

Incoming Solar exergy entering the system from the sun
NADPH NADPH formation reaction (R2+R3)

from PSII  Coming from photosystem II

ATP Relating to the ATP hydrolysis reaction

PMF proton-motive force

CC Calvin cycle

Greek letter
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Appendix A. Biochemical reference data

In this appendix, the thermophysical properties required to
estimate the exergies of the species in the Calvin Cycle reactions
(Sections 3.1.4 and 4.1.4) are discussed and tabulated in Table A1l.
The species are numbered in order of appearance in the Calvin
Cycle reactions. Also, each molecule is abbreviated using the
notation in Table 3. Note the chemical formula is that used herein;
it may not represent the actual chemical formula; e.g., for NADPH/
NADP* and ATP/ADP. For these pairs, an “equivalent” formula is
used (Lems et al., 2007) because the excluded atoms are shared
between the pairs (NADPH/NADP* and ATP/ADP) and every
reaction containing ATP has ADP on the other side, and similarly
with NADPH/NADP *.

Belement 1S the exergy of the elements, as defined by Szargut
(2005) and described more thoroughly in Table A2; AGs is the
standard Gibbs free energy of formation for each compound, as

Table A2
Elemental exergies.

A chan Element Ref. Standard chemical Standard chemical exergy
&¢ ies exergy (species) (kJ) (element) (kJ/mol)
) destruction *pee
C (s,gr) COy(g) 19.87 410.26
Superscript H (Hx(g)) H0 (g) 949 236.09
0 (02(g)) 03(g) 397 3.97
P (s,w) HPO, % - 861.4
o standard and dead state for exergy
Table A1
Calvin cycle - detailed values.
Number Molecule Name Formula Belements  AGr (KJ/mol) [A] RxTo%:Ln([A]) (kJ/mol) Byoear (KJ/mol)
(kJ/mol)
1 Ru5P Ribulose 5-phosphate CsH;1OsP 42271 —1651.1 0.000012 —28.08753085 2547.85
2 ATP Adenosine triphosphate P30gH4 3074.2 —2672.1 0.0018432 —15.6078331 386.54
3 RuBP Ribulose 1,5-bisphosphate CsHq12,041P2 52125 —2551.5 0.00204 —15.35635622 2645.62
4 ADP Adenosine diphosphate P,0gH3 2088.8 —1794.5 0.00013924 —22.01100114 27233
5 CO, Carbon dioxide CO, 414.2 —394.4 - - 19.40
6 H,0 Water (liquid) H,0 2381 —237.2 - - 2.54
7 PGA 3-Phosphoglycerate C5H,07P 29324 —1609.2 0.0014 —16.28960969 1306.93
8 NADPH Nicotinamide adenine dinucleotide phosphate (reduced) H:+H™" 236.1 —-171 0.001 —17.12369359 206.01
9 GAI3P Glyceraldehyde 3-phosphate C5H;06P 29304 —1339.1 0.000032 —25.65614483 1565.66
10 NADP* Nicotinamide adenine dinucleotide phosphate (oxidized) - - 0.0 0.001 —17.12369359 0.00
11 HsPO4 Phosphoric acid HsPO4 12235 —1147.6 0.001 —17.12369359 58.76
12 DHAP Dihydroxyacetone phosphate C5H;06P 29304 —1346.7 0.00064 —18.2299985 1565.47
13 FBP Fructose 1,6-bisphosphate CgH14012P> 5860.8 —2707.8 0.000097 —22.90709704 3130.14
14 F6P Fructose 6-phosphate CgH1300P  4875.4 —1811.8 0.00053 —18.69749876 3044.95
15 E4P Eryhtrose 4-phosphate C4Ho0O,P 3578.7 —1492.6 0.00002 —26.82124084 2059.36
16 Xu5P Xylulose 5-phosphate CsH10sP 42271 —1652.1 0.000021 —26.70029449 2548.24
17 SBP Sedoheptulose 1,7-bisphosphate C;H16013P2 6509.1 —2862.8 0.000114 —22.50678437 3623.81
18 S7P Sedoheptulose 7-phosphate C;H15010P  5523.7 —1966.8 0.000248 —20.58010154 3536.35
19 R5P Ribose 5-phosphate CsHy10gP 42271 —1653.4 0.000034 —25.50586194 254817
20 G6P Glucose 6-phosphate CgHq1300P  4875.4 —1813.9 0.00073 —17.90383274 3043.66
21 Glucose  Glucose CsH1206 3890.0 —-917.2 0.001 —17.12369359 2955.67
* Oxygen Oxygen 0, 3.97 0 - - 3.97
* Hydrogen Hydrogen H, - - - - 236.09
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Table A3
Exergy and standard Gibbs free energy changes for important reactions.

rxn1:(NADPH)+ 1/20, — (NADP+ )+ H,0
AG®= —220.05 k]/mol
AB=205.45 kJ/mol

rxn2: (ATP)+H,0— (ADP)+H3PO4
AG°= —32.8 kJ/mol
AB=58.0 kJ/mol

rxn3: CgH1206-+ 60, — 6H,0+6CO,
AG®= —2872.23 kJ/mol
AB=2847.83 kJ/mol

rxnd: CgH1206+ 6(ATP)+ 60, — 6C0; +6(ADP)+ 6H3PO4
AG® = —3069.03 kj/mol
AB=3195.75 kJ/mol

described in the literature (Bassham and Krause, 1969; Krebs and
Kornberg, 1957); it should be noted that the value for phosphoric
acid (which was missing from Bassham and Krause (1969)) is
taken from Lems et al. (2007); [A] is the activity of the species,
taken from the literature (Bassham and Krause, 1969); RT Ln([A]) is
the exergy change due to mixing; and By, is the exergy of the
molecule, calculated using Eq. (18). The exergy changes and
standard Gibbs free energy changes for important reactions (not
in the Calvin Cycle) are shown in Table A3.

Note that in Table A1, NADPH and NADP™* are assumed to be
present in the concentration ratio, 1:1. Also, NADP™ is assumed to be
the ground state, and therefore, its exergy is zero. The values for the
concentrations of ATP and ADP presented by Lems et al. (2007) do not
agree with those presented by Bassham and Krause (1969). The former
are more recent and are used herein. Different concentration values
are tabulated for both glucose and glucose-6-phosphate, all of which
are within an order of magnitude, resulting in differences of less than
1% in the overall Calvin Cycle calculations. Finally, as mentioned in
Section 4.1.4, the exergies for CO, and O, are calculated using Eq. (2.9)
in Szargut's book (Szargut, 2005).

Appendix B. Glossary

1. ATP synthase — a giant protein complex that uses the exergy
stored in proton gradients to drive ATP synthesis, as seen in
reaction R4.

2. Autotroph - an organism that uses radiant or inorganic
sources of exergy to produce cellular components, sugars,
and high exergy carrier molecules (like ATP). Plants and algae
are two examples of autotrophs.

3. C4 Cycle - a carbon fixation pathway, which lowers RuBisCO’s
tendency to fix oxygen and begin photorespiration. It is named
for the 4-carbon molecule (oxaloacetate) which results from
the first step of carbon fixation, in contrast to the 3-carbon
molecule (3-phosphoglycerate) that is produced by C3 (nor-
mal) plants.

4, Chlorin - a large aromatic ring composed of carbon, nitrogen,
and hydrogen. It is the central group of a chlorophyll molecule,
having a magnesium atom at its center. The aromatic behavior
allows for easy excitation of the shared electrons by sunlight.

5. Chlorophyll - pigment molecules present within chloroplasts
that are responsible for capturing sunlight and converting it to
electrical energy (high-energy electrons).

6. Chloroplast - the organelle that captures sunlight, using it to
convert carbon dioxide and water to organic matter (biomass)
(see Fig. 1b).

7. Crassulacean acid metabolism (CAM) - a carbon fixation
pathway that reduces water loss in arid conditions. CAM
plants keep their pores open at night to collect CO, — which

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

is fixed into malate (a 4-carbon molecule) - and closed
during the day (the opposite of normal, or C3, plants) to
reduce transpiration. The malate is concentrated around
the enzyme RuBisCO in the cells, essentially eliminating
photorespiration.

. Cyclic-photophosphorylation - the process by which electrons

are excited by PSI and passed backward to the cytochrome b6f
complex (top red node in Fig. 3), driving protons against their
gradient. The electrons are then returned to PSI by plastoqui-
nol, and the protons are used by ATP synthase to produce ATP
by reaction R4.

. Electron transport chain (ETC) - a series of functional groups

that capture solar exergy, as high energy electrons, and
channel these electrons through a series of carriers that
increase their charge separation from the original nucleus,
thus making them available for other purposes.

Metabolism - the physical and chemical processes in an
organism that produce and maintain its components as well
as those processes that absorb radiant exergy or degrade
substances to provide exergy.

Organelle - enclosed portion of the cellular medium (cyto-
plasm) with a designated function (see Fig. 1).

P680 - a chlorophyll pigment molecule, most commonly
associated with Photosystem II, that has maximal absorption
of sunlight with a wavelength of 680 nm.

P700 - a chlorophyll pigment molecule, most commonly
associated with Photosystem I, that has maximal absorption
of sunlight with a wavelength of 700 nm.

Photo-inhibition - the overexposure of chlorophyll to sunlight,
which damages these pigments through oxidation.

Photon - a quantum of electromagnetic radiation that has zero
mass and charge, and a spin of one.

Photosystem I (PSI) — a protein complex that captures sunlight,
using it to excite electrons to a higher energy state and
eventually produce NADPH from NADP*, H™, and two excited
electrons. It is composed of a chlorophyll pigment molecule
(typically P700) and electron transporter molecules, which are
shown in Fig. 3.

Photosystem II (PSII) — a protein complex that captures sun-
light, using it to drive protons against their gradient and split
water - releasing protons, molecular oxygen, and electrons
(which are excited to a higher energy state). It is composed of
a chlorophyll pigment molecule (typically P680) and electron
transporter molecules, which are shown in Fig. 3.
Plastiquinol (PQ) - the reduced form of plastoquinone. It is the
last carrier molecule in the Photosystem II electron-transport
chain, bringing the electrons from Photosystem II to
Photosystem 1.

Proton-motive force - the exergy stored in the proton gradient
between the inside of the thylakoid (high concentration) and
the chloroplast fluid (low concentration).

Redox potential, £ (V) — a measure of the affinity for a chemical
species to acquire electrons, thereby becoming reduced. Mov-
ing from a smaller redox potential to a larger redox potential is
a process that occurs naturally, requiring no input of exergy.
Relative absorption - the amount of solar exergy (photons)
that can be absorbed and converted to chemical or electrical
exergy by chlorophyll pigments.

Respiration - the process by which cells decompose glucose to
energy-carrier molecules like ATP, or necessary intermediates
used to produce cellular components.

RuBisCO - official name: ribulose-1,5-bisphosphate carboxy-
lase/oxygenase, is an enzyme which catalyzes carbon (CO,)
fixation in the Calvin Cycle. It can also catalyze the reaction of
oxygen with 1,5-bisphosphate, which is the first step in
photorespiration.
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24. Transpiration - the loss of the plant’s water reserves through
pores in the leaves (known as stomata).

Appendix C. Supporting information

The spreadsheets containing these tables, as well as the others
used in the calculations, are available as a Supplement to this paper.
Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.ces.2015.02.011.
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