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Abstract The sun’s spectrum harvested through photo-

synthesis is the primary source of energy for life on earth.

Plants, green algae, and cyanobacteria—the major primary

producers on earth—utilize reaction centers that operate at

wavelengths of 680 and 700 nm. Why were these wave-

lengths ‘‘chosen’’ in evolution? This study analyzes the

efficiency of light conversion into chemical energy as a

function of hypothetical reaction center absorption wave-

lengths given the sun’s spectrum and the overpotential cost

associated with charge separation. Surprisingly, it is found

here that when taking into account the empirical charge

separation cost the range 680–720 nm maximizes the

conversion efficiency. This suggests the possibility that the

wavelengths of photosystem I and II were optimized at

some point in their evolution for the maximal utilization of

the sun’s spectrum.
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Abbreviations
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Introduction

The need to develop renewable energy sources and feed a

growing population underscores the urgency for under-

standing the process of photosynthesis. The components of

the photosynthetic machinery show a high level of con-

servation despite being the product of billions of years of

evolution. Their structure and properties could be the result

of historical constraints (Gould and Lewontin 1979) or

alternatively they could be adaptations optimized to the

environmental, biochemical, and physical constraints.

Optimization models help us to test our insight into the

governing forces that dictate the properties of biological

systems (Parker and Maynard-Smith 1990; Stearns 1992).

The application of such tools to the photosynthesis

machinery can possibly give insight into the relevant

constraints and their relative importance as well as the

dominating trade-offs between the physico-chemical fea-

tures and the process efficiency (Vasil’ev and Bruce 2004;

Long et al. 2006).

Though light energy may often not be the limiting factor

(Tilman 1982) for growth today, and in many cases can be

in excess that has to be avoided, it was experimentally

shown that the efficiency of photosynthesis can affect the

fitness of photosynthetic organisms under some conditions

(Arntz et al. 2000a, b). Several studies investigated the

optimality in the orientation of pigments in the photosyn-

thetic antenna (Sener et al. 2002; Vasil’ev and Bruce 2004)

where excitation energy is transmitted toward the reaction

center. The orientation is significantly better than random

but interestingly this is due to only a few chlorophyll pairs

whereas the others are not optimally oriented for maximal

quantum efficiency (Vasil’ev and Bruce 2004). Other con-

straints related to assembly, structural stability, or interac-

tion with other components were suggested (Vasil’ev and
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Bruce 2004). In this work we analyze how the distribution

of energy in the sun’s spectrum would be expected to

constrain and shape the properties of the photosynthetic

machinery.

Extensive studies revealed how light energy is utilized

to excite an electron in the reaction center (Fig. 1) thus

harvesting a constant amount of energy irrespective of the

wavelength of the absorbed photon (Butler 1978; Blan-

kenship 2001; Falkowski and Raven 2007). We shall

denote this energy as the reaction center excitation energy

(RCE). Photons of longer wavelengths and thus lower

energy cannot be utilized and are ‘‘wasted’’. Photons

absorbed with a shorter wavelength and thus higher energy

lose the fraction of energy above the RCE as heat (Fig. 1),

and only the RCE is harvested. Considering different val-

ues for the RCE there is a clear trade-off in the total energy

harvested between the number of photons absorbed and the

energy extracted per photon. A lower RCE will absorb

more photons but extract less energy from each one; a

higher RCE will use more of the photon’s energy but

absorb fewer photons.

A preliminary calculation (and overly simplistic as

discussed in the following sections) can be used to estimate

the energy that could be harvested if all photons with

energy larger than the RCE are absorbed (in plants, the

optically thick leaf blade ensures that even wavelengths

with a weak absorption coefficient, such as in the green

region, will be [90% absorbed). Using the solar radiation

spectrum at sea level after passage through the atmosphere

as input (Fig. 2a, b (ASTM)), one finds that at an RCE

equivalent to 680 nm (1.8 eV) the calculated efficiency is

37%. What would be the efficiency if a different RCE was

used, say the equivalent of 500 nm or 900 nm? Is the

wavelength chosen by evolution optimal for maximal

harvesting of the sun’s spectrum? We bear in mind that

chemistry might limit the possible wavelengths that could

be utilized in the reaction center, for example, the range of

relevant transitions in the group of chlorines that includes

the chlorophylls and bacteriochlorophylls. Moreover, there

are important insights on the evolution of tetrapyrroles

biosynthesis going from porphyrins to chlorines (Mauzerall

1976; Mauzerall 1992) that are pertinent to the pigment

currently utilized. In a recent review paper, Bjorn et al.

(2009) emphasize the possibly unique combination of
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Fig. 1 Schematic physics of photon harvesting. The reaction center

can be idealized as a band gap with an energy gap Eg, which is the

minimal energy needed to excite an electron from the highest

occupied state to the first excited (unoccupied) state. Photons with

less energy than the band gap (hm\ Eg) are not absorbed (‘‘wasted’’).

Photons with more energy are absorbed but only the band gap energy

is utilized as the rest is lost as heat

Fig. 2 Flux of sunlight at sea level (ASTM). The sun’s spectrum at

sea level is the input for calculating the efficiency of photosynthesis.

The physics of photon harvesting implies a trade-off where a longer

wavelength for the band gap energy will harvest more photons but

with less energy per photon, whereas shorter wavelength will imply

that less photons will be harvested but more energy will be gained per

photon. a Energy flux versus wavelength; b Photon flux versus

wavelength
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chemical features exhibited by Chlorophyll a where it can

be tuned by the protein environment to produce an oxidant

above *1 V in one case (PS II RC), a reductant below

*-1 V in another (PS I RC), and be redox silent in a third

(antenna holochromes). Although these arguments carry

significant weight, it is of interest to explore the implica-

tions of not limiting the range of possible wavelengths at

this point. The resulting efficiency as a function of reaction

center wavelength is shown in Fig. 3. The maximum effi-

ciency of *48% is achieved at *1100 nm (*1.1 eV), in

the near IR, where many more photons are absorbed than at

680 nm. Even though less energy is utilized per photon the

larger number of photons more than compensates for this

effect. This calculation was performed by various groups in

the past and is referred to as the ultimate efficiency of

single-gap photovoltaic cells (Shockley and Queisser 1961;

Lewis 2007).

The above analysis is clearly naı̈ve in several respects.

The most fundamental omission is that the conversion of an

excited molecule into stored chemical energy cannot ther-

modynamically supply a free energy equal to the RCE

(Parson 1978; Lavergne and Joliot 2000). An excited mol-

ecule will tend to lose its energy as fluorescence on a time

scale of nanoseconds (Connolly et al. 1982). This unwanted

result is curtailed by rapid charge separation facilitated by

the transfer of an electron via several electron carriers.

Favoring forward reactions over back reactions comes at a

thermodynamic and kinetic cost. Moreover, ensuring a

rapid enough turnover rate that will enable reutilization of

the photosystem for harvesting more photons requires

expenditure of energy. The exact value of the energy that

has to be invested in these processes depends on a myriad of

factors such as the electron mobility, the number and

properties of the electron carriers.

Several studies have analyzed photosynthesis as a sim-

plified thermodynamic machine with the aim of finding

upper limits on its efficiency (Shockley and Queisser 1961;

Ross and Calvin 1967; Knox 1969, 1978; Archer and

Bolton 1990; Bolton and Hall 1991; Lavergne and Joliot

1996, 2000) and recently with an aim of clarifying the role

played by the second law of thermodynamics in photo-

synthesis (Jennings et al. 2007; Knox and Parson 2007).

Briefly, under the illumination intensities coming from the

sun, the occupancy of the excited level is well below the

occupancy of the unexcited state. This leads to an entropic

decrease of the available free energy. This decrease for the

range 700–1100 nm is in the range 0.45–0.35 eV, respec-

tively (Fig. S1). This thermodynamic loss can be reduced

by increasing the mole fraction of the absorber that is in the

excited state, but only at the expense of radiative losses that

reduce the quantum yield, that is, the proportion of the

absorbed photons that are utilized for energy conversion. In

order to extract work from such a system the quantum yield

must be lower than 1. This entails an extra cost in terms of

efficiency. A detailed discussion is given in the cited ref-

erences. These considerations lead to a limit known as the

Shockley–Queisser or detailed balance limit. The maximal

efficiency itself is substantially lower at *31% with the

maximal wavelength blueshifted but still in the near-IR

region (instead of *48% mentioned above without ther-

modynamic limitations). Though completely rigorous and

physically exact, it is difficult to extend these approaches

when dealing with a cascade of multiple carriers rather than

a two- or three-level system and to incorporate limitations

that exist on rates and diffusion of several constituents. As

a result, the lower bounds these calculations provide may

be significant underestimations.

The complex process of charge separation after excita-

tion of an electron in the reaction center core involves a

complex cascade of electron carriers often depicted via the

Z-scheme (Fig. S9). It is not clear how to calculate the

minimally required energetic cost, the overpotential, nee-

ded for this realistic photosynthetic apparatus (Lavergne

and Joliot 1996; Kiang et al. 2007a; Wang et al. 2007).

This led Bolton and coworkers to plot the efficiency as a

function of the RCE assuming different values for the

unused energy (Bolton et al. 1985; Archer and Bolton

1990). Here I suggest to use the value arrived at by natural

selection as a limit on the minimal overpotential needed.

Two photons are required to drive each electron through

the Z-scheme (Fig. S9). The combined energy in two

photons, one absorbed in PSI and one in PSII, is 3.6 eV.

The end result of the combined PSI and PSII linear electron

flow is the reduction of NADP? to NADPH, conversion of

H2O to O2, and the formation of a proton gradient across

Fig. 3 Ultimate efficiency for different wavelengths of the reaction

center band gap. The efficiency in harvesting the solar energy in the

first idealized step of photoconversion as a function of the wavelength

for excitation of the reaction center. Under these naı̈ve assumptions,

the maximal efficiency is achieved at around 1100 nm, in the near-IR

regime where the overall large number of photons utilized offsets the

smaller energy per photon

Photosynth Res (2009) 101:59–67 61

123



the thylakoid membrane. Transferring an electron from

H2O to NADP? at pH 7 involves a standard redox potential

difference of 1.14 V, or a standard free energy difference

of 1.14 eV per electron (see Methods). A concomitant

process is the pumping of 3 protons between the two faces

of the thylakoid membrane for each electron that moves

from H2O to NADP?. This leads to an extra free energy

gain of about 0.32 eV per electron transferred. In conclu-

sion we find that a chemical energy of *1.5 eV is har-

vested, and the remaining 2.1 eV or 1.05 eV per photon is

‘‘wasted.’’ This loss is referred to as the required ‘‘over-

potential’’. We can repeat the previous calculation on the

optimal wavelength assuming that 1.05 eV will be used in

the energy transformation process itself and only the rest

will be harvested as chemical energy (see detailed calcu-

lation in the Methods section as well as an analysis in the

case that the overpotential depends on the wavelength

weakly). Notice that the assumption that the overpotential

cannot be made smaller does not by itself dictate the value

of the RCE and thus there is no circularity in this argument.

The assumption explored here differs from the prevalent

mode of thinking that refers to evolution as using a given

‘‘legacy biochemistry’’ (Gust et al. 2008) where the elec-

tron acceptor and donor energy levels were already pre-

scribed and thus the energy harvested rather than the

energy ‘‘wasted’’ is a given constant. This study definitely

cannot refute the historical viewpoint but the result below

may suggest that there is more than just ‘‘legacy bio-

chemistry’’ at play.

Recalculating the efficiency of conversion of the energy

in the solar spectrum to harvested chemical energy and

taking into account a 1.05 eV energy cost in the conversion

process, we arrive at the result depicted in Fig. 4, which

shows the efficiency as a function of the value of the RCE.

The cost term does not lead simply to a downshift of the

whole efficiency curve by a constant as the number of

photons at each wavelength is different. Interestingly,

the maximum is attained at wavelengths in the range 680–

720 nm, very near the actual value utilized in nature for

oxygenic photosynthesis. This is the main finding of

the optimality analysis. It definitely cannot validate the

model but it suggests considering the option that indeed

the fitness function, namely energy harvest maximization,

and the constraint, fixed overpotential, were relevant for

the selection process leading to the currently observed

properties.

The overall efficiency, including the harvesting of the

sun’s spectrum and the conversion process, is about 14%.

Analyzing the sensitivity of the efficiency to the wavelength

we find that a 10% reduction in efficiency would result from

decreasing the band gap wavelength to 610 nm or increasing

it to 790 nm. How small an efficiency benefit will be

selected for by evolution? This parameter has been

estimated only in few cases, most notably in microorgan-

isms. In these cases, fitness difference well below 1% is

selectable (Hartl et al. 1994; Wagner 2005). This value is

very context dependent and it is hard to estimate what level

of increased efficiency would have been sufficient early in

the history of photosynthetic life to confer a selective

advantage.

For a complex and central process such as photosyn-

thesis there are many other related factors that might play a

role in an organism’s fitness. We suggest the above anal-

ysis as a first-order analysis that might account for the most

dominant forces determining the value of the RCE. We

now discuss several of the assumptions made in the opti-

mality analysis as well as other factors that were not

included in the calculations. First, is the energetic effi-

ciency important for natural selection? The energy har-

vesting process in plants is known to reach saturation at

intensities well below the full solar irradiance (Blankenship

2001). Moreover, high levels of illumination cause a pro-

cess of photoinhibition (Demmig-Adams et al. 2006) in

which the fast rate of excitation of the reaction centers

leads to the accumulation of reactive oxidative species

(ROS) and an ensuing damage to key components such as

the D1 protein of PSII. Recycling the damaged protein and

cofactor inventory has an associated biosynthetic cost.

Nevertheless, it is enough that under some prevailing

environmental conditions (such as times of day or year

when the sun is far from the zenith or is strongly shaded)

the photon flux will be limiting and then the efficiency

could have an important effect on fitness. It was experi-

mentally shown in field and lab studies that plants with a

compromised photosynthetic efficiency had a lower growth

fitness (Arntz et al. 2000a, b).

Fig. 4 Efficiency of photosystem accounting for charge separation

cost. Assuming that 1.05 eV is a constant overpotential cost necessary

for converting light to chemical energy. Maximum efficiency is

achieved at *710 nm, in close agreement with the location of PSI

and PSII in plants and cyanobacteria
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Water is ubiquitous on the earth’s surface, and it is

highly probable that life and photosynthesis developed in

an aquatic environment. Water absorbs electromagnetic

radiation such that most of the energy is absorbed in the

first few meters of a water column except for the blue–

green spectral band, which becomes narrower and lower in

intensity as depth increases (Fig. S7a, b). In the supple-

mentary figures we show the effect of water columns of

varying depths on the sun’s spectrum and on the efficiency

of photosynthesis. We find that for a water column of

10 cm depth the optimal wavelength remains at 686 nm

(Fig. S7c). For a water depth of one meter the optimal

wavelength is blueshifted to 650 nm. The optimality

analysis results therefore concur with the existing RCE

only for shallow pools of less than 1 feet depth. In sup-

plementary figure S4 the effect of changes in the solar

spectrum since oxygenic photosynthesis first appeared on

earth *3 billions years ago as a result of the changes in the

sun’s temperature is shown to have minor effects.

Some cyanobacteria reside and perform photosynthesis in

the oceans at much greater depths. In depths of over 10 m the

spectrum is concentrated solely in the blue wavelength

regions. The antenna of these cyanobacteria is adapted to

absorbance in the blue but the reaction center wavelength

remains at 680 and 700 nm. A large proportion of the

absorbed energy is wasted between the antenna and reaction

center even before the charge separation process. This sug-

gests a case of ‘‘frozen history’’ where the photosynthesis

machinery that evolved before the occupation of this deep

ocean niche is ‘‘stuck’’ by the properties of the pigment used,

the set of electron carriers, and the stoichiometry of the

Calvin–Benson–Bassham cycle. It is difficult to demonstrate

cases of ‘‘frozen history’’ as there can always be reasons we

are not aware of, but this case seems especially suggestive.

Chlorophyll d, rather than chlorophyll a, has been found

to be used in the reaction center of some cyanobacteria

(Miyashita et al. 1997; Miller et al. 2005). The absorption

maxima of chlorophyll d are located at 714–718 nm

(Miyashita et al. 1997). This regime is still within the broad

maxima evident in Fig. 4. There are also non oxygenic

photosynthetic bacteria such as purple bacteria, green sul-

fur bacteria and heliobacteria, that use an electron donor

other than water and that utilize only one type of photo-

system rather than the combination of PSI and PSII (Fig.

S10). Purple bacteria use a pheophytin-quinone type

reaction center that contains bacteriochlorophyll a (Bchl a)

with an absorption maximum at 870 nm as well as bacte-

riochlorophyll b with an in vivo absorbance maximum at

960–1050 nm (Blankenship 2001), much closer to the

location of the Queisser–Shockley limit. Purple bacteria

photosystem is based on cyclic electron flow where energy

is harvested by formation of a transmembrane electro-

chemical potential. Green sulfur bacteria have a Fe–S type

reaction center that contains Bchl a absorbing at 840 nm.

The electron donor in these systems is either S, H2S, H2, or

Fe. Heliobacteria use a Fe–S type reaction center con-

taining Bchl g that absorbs maximally at 798 nm. Both

green sulfur bacteria and heliobacteria use NAD? as an

electron acceptor. The different architectures of these

photosynthetic systems with different electron donors

suggest that the overpotential cost associated with charge

separation may be different and thus could entail an opti-

mal wavelength different from the range of 680 to 720 nm.

Our understanding of these systems is more limited and an

estimate of the overpotential cost does not show clear

indication of maximizing the energy harvesting efficiency.

It is not clear whether this is a result of limited under-

standing of these photosynthetic apparatus or from other

governing forces dominating in these systems. These taxa

together are responsible for only a fraction of the global

primary production (Kiang et al. 2007b). One can speculate

that the maximal efficiency of cyanobacteria in the utili-

zation of the sun’s spectrum was one advantage in making

them the basis for all land-dwelling photosynthetic

organisms.

Recently, an alternative explanation was put forth sug-

gesting that the location of the reaction center wavelength

is a result of the location of the maximum of the photon

flux from the sun (Kiang et al. 2007b). Several points need

to be further explored regarding this proposed explanation.

The fraction of energy that is utilized directly by absorption

at the maximal wavelength is only a small fraction of the

total energy that is being absorbed after funneling from

shorter wavelengths. Thus the importance of working at the

direct maximum is not clear. Perhaps more important, the

photon flux distribution maxima location depends on the

independent parameter used (i.e., wavelength versus fre-

quency), as pointed out in an insightful study by Soffer and

Lynch (Soffer and Lynch 1999). If the distribution as a

function of frequency was considered, a significant red-

shifting would result. Following the same logic of search-

ing for the maximal flux would then result in a wavelength

at the infrared region.

The mechanism of photosynthesis shows a strong level

of conservation in line with many other core processes in

biology (Kirschner and Gerhart 2005). It is not clear if this

conservation is the result of the attainment of optimality of

function or of frozen history (or both). The analysis pre-

sented here definitely does not rule out the alternative

explanation where the usage of chlorophyll a is merely the

result of its availability and of historical contingencies

(Jacob 1977; Gould and Lewontin 1979; Bjorn et al. 2009).

According to this alternative view, the optimality analysis

result presented here is a coincidence rather than an indi-

cation that at some point maximal energy harvesting was a

selective force and that a constraint on the overpotential
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exists. This interpretation draws support from the fact that

many of the components were already available before the

appearance of oxygenic photosynthesis (Bjorn et al. 2009)

and thus historical contingency was a strong constraint.

NADPH as the electron acceptor and the ATPase were

already prevalent in ancestor organisms as well as the

Calvin-Benson cycle with its characteristic stoichiometry

of 2 NADPH for every 3 ATP. Bacteriochlorophyll a

which is very similar and biosynthetically related was

functioning in purple bacteria. Finally, the ubiquity of

water dictated water as a preferable electron donor once the

ability to break it down was achieved. With all these taken

as constraints that are unmalleable, the solution of using

chlorophyll a might be merely a ‘‘good enough’’ solution

that appeared and became highly successful.

How can we decide among the two interpretations, that

of optimal adaptation and that of a historical ‘‘frozen acci-

dent’’? The optimality model analyzed in this study has

limited predictive power as the recreation of the conditions

for the evolution of PSI and PSII is not feasible experi-

mentally. There are two main results of the optimality

model analysis: the proposition of a constraint on the

overpotential and the suggestion that energy harvesting

maximization can be a relevant fitness function. Future

analysis and insights into the ability to decrease the over-

potential can hopefully shed light on this assumed con-

straint and thus be able to falsify the optimality analysis

viewpoint. It is hoped that the tantalizing result emanating

from the energy maximization fitness function assumption

will provoke a new assessment of the efficiency of photo-

synthesis and provide leads on the challenges of achieving

any superior photosynthetic harvesting machinery.

Building an optimality model of a biological system

requires a well-defined fitness objective, as well as a

quantitative description of the space of possible alternative

realizations of the system (Parker and Maynard-Smith

1990). This is a formidable challenge given the range of

environmental inputs impacting a biological system and the

strong dependence of the fitness on the context. Moreover,

the large number of degrees of freedom in biological sys-

tems makes the consideration of all possible alternatives a

daunting task. As shown here the chromatic properties of

photosynthesis could be used as a model system for a

molecular-level investigation of optimal adaptation. The

sun’s spectrum is a well-defined input to the system, and

the overall energy harvesting capability is a suggested

surrogate for fitness. Finally, the process of conversion of

photons to energy has a well-defined functional conversion

wavelength (700 and 680 nm for PSI and PSII, respec-

tively) which suggests a natural way for defining alterna-

tive realizations of the system. The analysis presented here

finds that given the empirically measured cost of conver-

sion of photon energy into stored chemical energy the

wavelength chosen in evolution for the reaction centers of

PSI and PSII is optimal for maximal utilization of the sun’s

spectrum. This raises the possibility that at some time

during the evolution of the photosynthetic system energy

maximization considerations had a strong effect in shaping

its design.

Methods

Sun spectrum

The sun spectrum reaching earth at sea level was derived

from NREL standard AM 1.5 sun spectrum, based on the

American Society for Testing and Materials (ASTM)

Terrestrial Reference Spectra. It is publicly available at:

http://rredc.nrel.gov/solar/spectra/am1.5. The model uses

an absolute air mass of 1.5 (solar zenith angle 48�s). For

comparison of different spectra see Fig. S4.

For the sun spectrum under a column of water we

compiled the absorption spectrum of water from published

measurements (Zolotarev et al. 1969; Warren 1984; Bu-

iteveld et al. 1994). We then calculated the sun’s spectrum

as seen under a column of water of varying depth, using

these absorbance spectra. We did not include effects of

other possible organic or inorganic solutes in the water.

Under a shading canopy the sun’s spectrum is known to

be very different from the direct sunlight spectrum. It is

depleted of photons with wavelengths\700 nm and shows

a wide peak above 750 nm (Smith 1982). An RCE with a

longer wavelength than 680/700 nm is clearly advanta-

geous. This is possibly a case similar to the one for cya-

nobacteria living in large depths where it might be a case of

‘‘frozen history’’ where the photosynthesis machinery that

evolved before occupation of this niche is ‘‘stuck’’ by the

properties of the pigment used, the set of electron carriers,

and the stoichiometry of the Calvin-Benson cycle.

How do changes in solar spectral irradiance distribution

and atmospheric composition over geological times affect

the above calculation? The sun is a main-sequence star.

When oxygenic photosynthesis first appeared about

2.5–3.2 billion years ago (Blankenship 2001; Olson and

Blankenship 2004; Falkowski and Raven 2007), the sun’s

luminosity was about 30% lower, increasing by about 10%

per billion years. In our analysis of the optimality of the

photosystem, the governing factor is the sun’s spectrum

rather than the absolute intensity. To estimate the sun’s

spectrum at the time of the appearance of oxygenic photo-

synthetic organisms, we used the current surface tempera-

ture of about 5875 K to predict that a decrease of 30%

would entail a temperature of 5875 9 0.71/4 = 5370 K,

according to Stefan–Boltzmann law of black body radia-

tion. This temperature decrease implies a redshifting of the
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spectrum (Fig. S4). As shown in Fig. S5, this shift results in

a minor shifting of the optimal wavelength to 716 nm.

Another major change over geological timescales is the

conversion of the earth’s atmosphere from a reducing

composition with high abundance of carbon dioxide to an

oxidizing composition with low carbon dioxide and abun-

dant oxygen mainly as a result of oxygenic photosynthesis.

Carbon dioxide and oxygen have absorbance bands within

the visible and near-IR spectral regions, and thus affects the

sun’s spectrum as perceived at sea level. How would these

changes affect the current analysis? A study of this effect

requires atmospheric composition and absorption spectra

information beyond the data and modeling tools that were

available in this study.

Efficiency calculation

We calculate the efficiency by dividing the energy har-

vested in the reaction center by the total energy arriving at

sea level from the sun. Given the solar energy flux spec-

trum S(k) (Fig. 2a) where k is the wavelength, it is useful to

transform to the photons flux spectrum (number of photons

per unit area per unit time per unit wavelength), u kð Þ
(Fig. 2b). Using the relation of wavelength to energy

EðkÞ ¼ h � c=k we get

u kð Þ ¼ SðkÞ=ðh � c=kÞ:

The total energy flux from the sun is given by the integral

Isun ¼
Z1

k¼0

SðkÞdk ¼
Z1

k¼0

uðkÞEðkÞdk

The energy harvested for an RCE corresponding to a

wavelength kg is

Irc ¼
Zkg

k¼0

uðkÞEðkgÞdk ¼ EðkgÞ
Zkg

k¼0

uðkÞdk

Therefore the overall ultimate efficiency is

gultimate ¼ Irc=Isun:

At 700 nm this is found numerically to be *37%.

Repeating this calculation for a range of different values

of kg results in the curve shown in Fig. 3. To incorporate

the empirical overpotential cost c (see below), we subtract

it from E(kg) to arrive at the efficiency:

gcostðkgÞ ¼ ðEðkgÞ � cÞ
Zkg

k¼0

uðkÞdk

, Z1

k¼0

uðkÞEðkÞdk:

The efficiency, including this correction, results in the

curve shown in Fig. 4. For a geometrical interpretation of

this calculation see Fig. S6.

Thermodynamic and kinetic overpotential cost

The energy from a photon at 680 nm is hc/k = 1240/

680 = 1.82 eV and that from a photon at 700 nm is 1240/

700 = 1.77 eV; thus the total invested energy (at the reac-

tion centers) is 3.6 eV per electron transferred to NADP?.

The energy stored in NADPH can be calculated from the

difference in redox potentials between the midpoint redox

potential of the half cell

NADPþ þ 2e� þ Hþ ! NADPH Em7 ¼ �0:32eVð Þ;

and the midpoint redox potential of the half cell

H2O! 1=2 O2 þ 2e� þ 2Hþ Em7 ¼ þ0:82eVð Þ:

Thus the standard free energy stored is 1.14 eV per elec-

tron transferred. Moreover, the free energy for ATP for-

mation under physiological conditions is *50 kJ/mol

(Nobel 2005) which is equivalent to a redox difference of

0.5 eV. As 3 electrons are pumped per two photons, and

based on structural data it is now thought that *14/3 =

4.67 protons (Seelert et al. 2000) are required to create one

ATP from ADP using ATP synthase, we have *3/4.67

mole of ATP formed per mole of electrons, leading to an

additional 0.32 eV and hence to a total energy stored of

*1.5 eV.

The difference between the energy invested (3.6 eV) and

the energy stored is 2.1 eV or 1.05 eV per photon, which

we refer to as the overpotential cost. It remains as an open

challenge to find whether a limit to this cost can be

achieved based on empirical rules on electron transfer

(Page et al. 1999).

Cyclic electron flow and transport incorporation

into the overpotential cost

The value of 1.05 eV is based on the analysis of linear

electron flow (LEF). Transport costs of ATP and the

existence of cyclic electron flow (CEF) were not accounted

for. Incorporating the costs of ATP transport leads to an

overpotential cost of 1.09 eV with negligible effects on the

optimal wavelength (Fig. S2). In CEF a much smaller

fraction of the energy is extracted (*0.2 eV out of the

1.8 eV per photon). This translates to a much higher value

for the overpotential of *1.6 eV. To get an estimate of

CEF relative importance, we use the fact that for carbon

fixation a stoichiometric ratio of 3 ATP for every 2

NADPH is required. This leads to a ratio of 2.5 photons

exciting CEF for every 8 photons exciting LEF. This

updates the overpotential cost to 1.21 eV, blueshifting the

optimal wavelength to about 660 nm (Fig. S2). This esti-

mate did not take into account nitrogen assimilation that

requires reducing power and thus might decrease the rel-

ative importance of CEF.
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Analysis for an overpotential cost that is wavelength

dependent

One can argue that the value of the overpotential cost

depends on the prevailing wavelength of the reaction center

and should thus have a different value that can affect the

location of the maxima. The theoretical analysis for a two-

level system indicates that there is such dependency but

that the wavelength dependence is not very strong (Fig.

S1), and thus will not shift the location significantly

(beyond the range of 680–720 nm, where the broad max-

imum is located) if the cost dependence has a slope lower

than 0.3 meV/nm around 700 nm (Fig. S3). The slope in

the detailed balance limit is *0.15 meV/nm around

700 nm (Fig. S1). The 0.3 meV/nm requirement is equiv-

alent to staying in the range 1.02–1.08 eV in the range of

600–800 nm, respectively.

Estimation of intracellular concentration effects

on overpotential cost

How do changes in intracellular concentrations affect the

energetic calculation? The prevailing ratios of NADPH/

NADP? and ATP/ADP within cells increase by up to one

order of magnitude during illumination (Forti et al. 2003).

These changes imply a change in the effective redox

potential (DG being different from the standardized redox

potential DG0). This affects the proportion of energy har-

vested versus energy squandered in running the conversion

process downhill. Using the Nernst equation, a tenfold

change in the product/reactant ratio corresponds to an

increase of *60 kJ/mole in free energy. Per electron in the

NADPH/NADP? reaction this is equal to 0.03 eV which

translates to 0.015 eV per photon absorbed. As a conser-

vative estimate including the effects of ATP/ADP we

studied the effect of a 0.03 eV change per photon and thus

recalculated the location of the optimal RCE for overpo-

tential values of 1.02 eV and 1.08 eV. This led to maximal

efficiencies at 716 nm and 686 nm, respectively (Fig. S2).
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