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ARTICLE INFO ABSTRACT
Keywords: Experiments have shown that photon exploitation efficiency in unicellular algal biomass pro-
Unicellular algae duction under a pulsed-light regime with a high-photon flux is higher than the efficiency under

High photon-flux
Pulsed-light regime
PS II photosynthetic efficiency

continuous illumination with the same flux. This observation has been explained theoretically to
be a consequence of the improved efficiency of exploitation of photons by Photosystem II (PS II)
thanks to the combined effect of photon-absorption statistics, a rate-limiting time scale and the
size of the PQ pool.

Exploiting the same ideas, it is shown in this paper that, under a pulsed-light regime, there is a
pulse-time length, for which the average exploitation efficiency of PS II absorbed photons is
maximal. Under ideal conditions, this maximum is close to 100%. The optimal pulse-time length
is roughly proportional to the size of the PQ pool, Npq. This is clearly seen for 7 (the average time
gap between consecutive photons absorbed by the PS II-Chlorophyll antenna) of the order of 1 ms
or less (corresponding to a high photon flux and/or a large photon absorption cross-section area
of the antenna) and for small Npq. The width of the plot of efficiency vs. pulse length around the
optimum is then small and the optimal pulse length is well defined. As 7 is increased beyond 1 or
Npo becomes large, the width grows, allowing for a broad choice of pulse lengths, for which
efficiency is very close to the maximum.

These observations open the door to future designs of highly productive bioreactors.

1. Introduction

Unicellular algae offer an important biomass source for humanity. Being the simplest plants, many researchers have focused for
decades, and still do, on the study of the characteristics of the algal photosynthesis. The photosystem functions through a large number
of chemical reactions and diffusion processes, involving a large number of biomolecules. Despite the complexity, the overall functional
performance of the photosystem can be described by a “block diagram” [see, e.g., [1-10]]: The first stage (Photosystem II, or PS II)
absorbs photons. The energy of these photons is exploited to energize electrons, which are delivered to the next stage (Photosystem I,
or PS I), where additional photons are absorbed. The energy of the absorbed photons serves as the driving force for the generation of
biomolecules of importance for the organism.

The focus of this paper is algal biomass production under pulsed-light regime at high photon fluxes. An increase in photosynthetic
efficiency under a pulsed-light regime at high photon fluxes relative to the efficiency under continuous illumination at the same high
photon flux was first observed in strongly mixed, high-density cultures [11-13]. Owing to the random motion of cells between the
illuminated and the dark layers, cells were, effectively, exposed to short light pulses (of the order of 0.1-1 ms). Later on, an increase in
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biomass productivity under pulsed-light regimes was observed in pulsed light experiments on unicellular algae [14-21] and on
macro-algae [22].

The observations of Refs. [15,18and21] were explained theoretically to be a consequence of the improved efficiency of exploitation
of photons by PS II thanks to the combined effect of photon-absorption statistics, a rate-limiting time scale and the size of the PQ pool
[21]. However, these experiments did not perform detailed scanning of the light-pulse length, Hence, they could not find whether an
optimal pulse time existed, for which efficiency is maximal. In this paper it is shown that, for given biological parameters, under ideal
conditions, there is a pulse-time length, for which PS II photosynthetic efficiency under pulsed-light regimes can be close to 100% for
any high photon flux. It will be also found that the optimal light-pulse duration is close to being proportional to the size of the PQ pool
of PS II. This may play a significant role in the future design of high-productivity bioreactors.

The basic tenet is that, under a high-flux pulsed-light regime, photosynthesis can continue for a while during the dark time that
follows a pulse. This leads to a PS II photosynthetic efficiency that is higher then the efficiency under continuous illumination at the
same high flux. The energy of some of photons absorbed by the Chlorophyll antenna of PS II can be delivered directly to PS I through an
electron transfer process during the pulse time. The energy of additional absorbed photons is stored in the PQ pool, and delivered to PS
I during the dark time that follows a pulse, leading to the increase in the photosynthetic efficiency.

For clarity, the ideas first presented in Ref. [21] are reviewed here in detail.

2. Continuous illumination
2.1. Rate-limiting time scale of 10 ms

Under continuous irradiation of algal cultures, it is customary to plot three plots, in each case a quantity is plotted vs. photon flux.
These are: Oxygen rate (oxygen P-I curve), biomass-production rate (biomass P-I curves) (see, e.g., Refs. [23,24]) and PS II to PS I
transfer rate of energized electrons (ETR curves [5,25-31]). All three curves flatten off at about the same photon fluxes (above
150-300 pmol/m?/s). Over the saturation branch of P-I curves, photon exploitation efficiency goes down in inverse proportion to the
applied flux. For example, at a flux of 1000 pmol/m?/s (about half a full sun), the energy of only 10-20% of photons in the photo-
synthetically active range (the photon wavelength range exploited by the photosystem) is exploited. Consequently, under full sunlight,
the energy of just a few percent of impinging photons is exploited.

The observation that all three curves (P-I curves of Oy and biomass production and ETR curves) turn over to saturation at about the
same photon fluxes imply.

1) All three processes are affected by one and the same rate-limiting time scale, which has been estimated to be of the order of 10 ms
[21]. As the statistical distribution of this time scale is not known, the estimated 10 ms will be used. Saturation implies that the
photosystem can process the energy of at most one photon every 10 ms. The obvious question is what the origin of this rate-limiting
time scale is.

2) All three curves are proportional to one another (at least approximately). Of significance for the purpose of this paper is the
proportionality between biomass P-I curves and ETR curves:

Phiomass = K ETR. .

The constant K may depend on growth conditions.
ETR is the average PS II — PS I delivery rate of energized electrons. As such, it is just rgfp’fmd, the average rate, at which PS II-

absorbed photons are exploited. Hence, Eq. (1) can be also written as:

PS 11
Piomass =K T, (2)

exploited”

On top of the technical proportionality, Eq. (2) conveys a message of deeper significance: The average biomass production rate is
proportional to the average rate of exploitation of PS II-absorbed photons.

This interpretation means that all one has to do is count photons that are exploited by PS II. It is the fundamental starting point to
the discussion of pulsed-light regimes in the following.

2.2. Another 10 ms rate-limiting time scale

Absorption of two photons by PS II leads to the splitting of a water molecule and the release of an Oxygen atom. Four photons are,
therefore, required for generating one O, molecule. The energy of a photon is exploited in a sequence of rapid excitation processes that
end up with the storage of energized electrons in (each by the energy of a single photon) pairs by the reduction of a Plastoquinone
molecule (PQ), the reduced state denoted by PQ 2. Energized electrons are then delivered one-by-one from PS II to PS I. The process
starts with the “release” of an energized electron through a rapid multi-step process, summarized by

PQ72 - PQ71 +e. 3

This is followed by a much slower diffusion process through cell membranes.
74el, the delivery time of an energized electron from PS II to PS I, has been estimated to be of the order of 10 ms [31-35]. This
estimate is corroborated by the analysis of ETR data (see, e.g., Refs. [5,23-28]). The statistical distribution of 74 is not known. In the
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lack of better knowledge, the estimate of 10 ms is adopted.

2.3. Two rate-limiting time scales are one and the same?

The preceding discussion, in particular, Eq. (2), leads to the suggestion that the rate-limiting time scales estimated from the
dependence on photon flux of P-I curves (Section 2.1) and the that of PS IT — PS I energized electron transfer (Section 2.2) are one and
the same.

This is puzzling, and still not understood, regarding, at least, two aspects. First, the rate-limiting time scale of O, generation is also
10 ms despite the fact that this process occurs prior to energized-electron transfer to PS I. This requires that a (feedback?) mechanism
exists, which limits O generation when photons are absorbed by the Chlorophyll antenna of PS II at a rate that exceeds one photon
every 10 ms.

No less puzzling is the fact that biomass generation occurs far later on in the production line through the collective effect of many
photons and much longer rate-limiting time scales, of the order of hundreds of ms and more. Already in PS I, the exploitation of the
energy of absorbed photons involves longer rate-limiting time scales (e.g., the Calvin cycle — 300 ms). None of these long time scales
seem to affect the photon flux dependence of biomass generation (P-I curve) or the electron transfer rate (ETR curve). The only rate-
limiting time scale is 10 ms. Based on theses observations, it is suggested that saturation is a result of the fact that the delivery of
electrons, each energized through the absorption of a single photon, from PS II, to PS I, occurs successively, at most, one electron every
10 ms.

While confirmation and understanding of these ideas are still missing, their adoption implies that the biomass generation rate is
determined primarily by the average exploitation rate of photons absorbed by PS II (see Eq. (2)). Hence, the rest of this paper focuses on
this exploitation rate.

2.4. Biomass production rate and 10 ms rate-limiting time scale

Given that energized electrons can be delivered only in 10 ms steps, when the photon flux is high so that the PS II-photon absorption
rate exceeds one photon every 10 ms, the energy of excess photons cannot be delivered directly to PS I. The energy of some photons can
be stored in the energy storage component of PS II by twice reducing each PQ molecule (PQ—PQ~2) in the PQ pool. Denoting the
number of PQ molecules in the PQ pool by Npq, up to (2 Npg) energized electrons can be stored. The energy of excess photons is lost.
Npgp may have a statistical distribution [31-34,36]. Its magnitude has been estimated to be about of 5-12 with an average of about 7.

Under high continuous photon fluxes, which lie in the saturation branch of a P-I curve, the PQ pool plays no role in determining
photosynthetic efficiency because all PQ molecules in the energy storage are doubly reduced all the time. Consequently, as observed
experimentally, the photosynthetic efficiency falls off in inverse proportion to the photon flux absorbed by the Chlorophyll antenna of
PSII because the exploitation rate is constant: one photon every 10. With rf;,{l’)imd denoting the exploitation rate of PS II absorbed
photons one obtains an estimate of the efficiency under continuous illumination, #ps j;, continuous:
=0.1 photons/ms =>

r exploited Continuous

. (C))
fps 1. continuons = (0-1 photons /ms) [ (ng photons /ms)

np is the average rate of photon absorption per ms by the chlorophyll antenna of PS II. The conventional units for the photon flux, I,
are ymol/m?/s. Conversion into the desired units of photons/ms is given by

ng=CIl A (C=0.000602215). (5)

A, the photon-absorption cross-section area of the antenna in nm? is of the order of 1 nm? [37-48]. Thus, the efficiency goes down
like 1/(Ip).

3. High PS II efficiency under pulsed light

It has been observed that, under high photon fluxes (on the saturation branch of the biomass P-I curve), photon-exploitation ef-
ficiency in biomass production under exposure to judiciously chosen light-pulse regimes is 3-10 times higher than under continuous
illumination using the same high fluxes in three types of experiments.

1) High-density cultures exposed to continuous illumination. Light penetrates only through a very thin layer of the culture. Turbu-
lence induced in the fluid forces cells to undergo a random walk, leading to effective exposure to light-dark cycles [11-13].

2) Low-density cultures (to a good approximation, all cells subjected to same photon flux) exposed to artificially generated light-dark
cycles [14-21];

3) Exposure of Macro-Algae to light pulses [22].

In the framework proposed here, these observations imply that (see Eq. (2)), out of the total number of photons absorbed by the
Chlorophyll antenna of PS II during a light pulse, the average fraction of photons, the energy of which is exploited, is higher than the
fraction exploited under continuous illumination; photosynthesis continues during the dark time following the pulse.
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Based on the ideas reviewed above, the results of measurements on low-density cultures [15,19and21] as well as the construction of
a P-I curve for continuous illumination data were given a simple quantitative explanation using a numerical simulation program [21].
It was suggested that the PQ pool in PS II comes into play. Some electrons, each energized by the absorption of one photon, may be
delivered to PS I directly during the pulse (one electron every 10 ms). Additional electrons, also energized during the pulse, can be
stored in pairs in the PQ pool, two in twice-reduced Plastoquinone molecules (PQ~2). Energized electrons stored in the PQ pool can
then be delivered to PS I also during the dark time.

Photon energy is wasted when ng,, the number of photons absorbed by the Chlorophyll antenna of PS II during a pulse, is so large
that

Naps > Nio + (2Npg)- 6

Njg is the number of energized electrons delivered during the pulse in 10 ms steps:

Mo=[1,/10] + (1, ~ 10[1, /10]) (o) = {37 0). o

The square brackets represent the integer part of (T,/10). The first term is the number of 10 ms steps, each corresponding to the
delivery of one electron. As T, is usually not an integer product of 10 ms, the second term accounts for the delivery of one more electron
in the “tail” beyond a full set of 10 ms steps.

ngps may obey Eq. (6) under any combination of three factors: a high photon flux, long pulse duration and a large photon absorption
cross-section area of the Chlorophyll antenna of PS II. When Eq. (6) is obeyed, (2 Npg) energized electrons are stored in the PQ pool. All
PQ’s in the pool are doubly reduced. There is no room for additional energized electrons. The energy of the excess photons is wasted.

4. Optimal pulse duration

In the following it is shown that, under a pulsed-light regime, given the photon absorption cross-section area of the Chlorophyll
antenna of PS II (of the order of 1 nm?), the size of the PQ pool and the number of energized electrons stored in the PQ pool at the
beginning of a pulse, under the best scenario, there is an optimal pulse duration, for which PS II photosynthetic efficiency is close to
100% for any high photon flux.

The unknowns are many. Of particular importance is the number of energized electrons stored in the PQ pool at the beginning of a
light pulse. This number depends on the length of the dark time preceding the beginning of the next pulse — whether it has been
sufficiently long for delivering as many energized electrons stored in the PQ pool in the previous light-dark cycle as possible. It may
also depend on the lifetime for the loss of energized electrons by the decay of PQ 2 and/or PQ ! molecules in the PQ pool and, perhaps,
other unknown factors. Hence, this note studies several simple scenarios. Examination of the results presented in the following requires
the performance of light-pulse experiments with low-density cultures, so that, within a good approximation, all cells are exposed to the
same light intensity.

5. Photon statistics

Light pulses are generated nowadays by lasers or LED’s. ngp,, the number of photons absorbed during one pulse of length, T}, varies
randomly. The probability for the absorption ngs photons during a pulse follows a Poisson distribution [49,50], given by:

P(naps, Ty, 7) :% o (1/7). .

7, the average time gap between two consecutive photons, is given in ms by

=/ (ChA)), ©

o

where ng is defined in Eq. (5). Note that what counts is the average time gap between consecutive photons: A given value of 7 may
correspond to different photon fluxes, Iy, and A, the photon absorption cross-section areas by the PS II antenna.

Under the probability distribution, Eq. (8), the average number of photons absorbed during a single pulse and the standard de-
viation are:

) = (T, /2).0=[ 2 — () =1/ (1,/2). (10

Photon statistics plays a crucial role in analyzing measured data: As light pulses of relevance are of the order of a few ms, <ngs> is
small, just a few photons. For example, for a photon flux of 1000 pmol/m?/s and a photon absorption cross-section area of 1 nm?, Eq.
(9) yields r = 1.66 ms. Hence, by Eq. (10), the average number of photons absorbed during a 10 ms pulse is 6 and the standard de-
viation is 2.45.

Eq. (10) yields statistically significant information regarding the spread of the results around the average only when <ngps> » 1, for
which the law of large numbers applies and the probability function of Eq. (8) approaches a Gaussian. When <ngps> is small (O(1) or
less), the value of the standard deviation in Eq. (10) does not represent the correct spread. It only yields an idea about the order of
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magnitude of the spread.

6. Rate-limiting time scale of 0.2 ms

A rate-limiting time scale, estimated to be about 0.2 ms, affects the generation process of a PQ’2 molecule in PS1I [5,48]. If the time
gap between the two consequent photons required for the excitation of two electrons is too short, then the second photon is wasted, and
the system has to wait for the next photon. In the simplified calculations presented in the following, events, in which the number of
photons absorbed during a pulse is so large that the average time gap between consecutive photons is 0.2 ms or less will not be included
in the statistical evaluation. These are events for which

Naps 2 Noa =T, /0.2] +1, an

The square brackets represent the integer part of (T,/0.2).

7. Energy delivery from PS II to PS I

At this stage, the computation focuses on what happens during a single pulse. N1 energized electrons (see Eq. (7)) are delivered
from PS II to PS I during the pulse, one every 10 ms. Energized electrons stored in the PQ pool are delivered during the following dark
time. Denoting the number of energized electrons stored in the PQ pool during a pulse by nqreq, in the most desired scenario, all but
one are delivered to PS I during the dark period following the light pulse. The last electron remains in the pool in a PQ~! (a conse-
quence of Eq. (3)). Hence, in the best scenario, the number of photons, the energy of which is delivered during one light-dark cycle is

Naelivered = N10 + Nsorea — 1. (12)
Eq. (12) implies that the largest number of photons, the energy of which can be delivered to PS I during one light-dark cycle, is,
Niored = 2 Npg = Max Nyetiverea = N1o +2 Npg  — 1. (13)

If ngs, the number of photons absorbed by PS II during a pulse, exceeds the maximum given in Eq. (13), then the number of
energized electrons delivered to PS I remains as in Eq. (13). The energy of excess photons is wasted.

In Section 8, photon exploitation is calculated for a given value of ng;, the number of photons absorbed by the Chlorophyll antenna
of PS II during one pulse. The computation of the number of exploited photons, averaged over many light-dark cycles, is accounted for
in Section 9, exploiting the probability of Eq. (8).

8. Photon-energy exploitation
8.1. Most desired scenario
In the most desired scenario discussed above, one energized electron, left from the previous light-dark cycle, is stored in the PQ pool
at the beginning of the next light pulse. As long as ngs obeys (see eq. (11))
Taps <Nio + (2Npg) — 1 14)

and provided that the dark time following the light pulse is long enough, ney,, the number of exploited photons (the number of
energized electrons (each energized by a single photon) delivered to PS I) is:

Nexp = Nabs - (15)

Once the bound of Eq. (14) is exceeded, the number of delivered energized electrons remains at Eq. (14). (The energy of excess
photons is lost.) Hence one then has:

Nep =Nio+2Npg — 1, (16)
Nexp grows linearly with ngps for low values of ngps, and goes into saturation when

Naps > Nig + (2Npg) — 1 17)

8.2. Other scenarios

Worse scenarios emerge if, following a complete light-dark cycle, n, the number of energized electrons left in the PQ pool at the
beginning of a new pulse is not 1.

8.2.1. Most desired scenario with loss of energy of last electron — ny; = 0

Consider the possibility that, in case of the most desired scenario, discussed in Section 8.1, the energy of the single energized
electron left in the PQ pool in a PQ Y, is lost owing to the decay of the PQ ! into PQ + e., so that Niese = 0. The next light pulse then
begins with no energized electrons left in the PQ pool. As long as ngs obeys
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Naps < Nigt = Nig + (2Npg), (18)

the energy of all energized electrons, but one, is delivered to PS I. Hence, Eq. (15) for exploited the number of PS II-absorbed
photons is modified into

Nexp = Naps  — 1. (19)

Again, it grows linearly with ngps. Once ngs equals or exceeds the maximum value allowed by Eq. (18), nexp, reaches saturation.

8.2.2. Nyip > 1 scenario

Ny > 1 may emerge if the dark time is too short (preventing the delivery of all stored energized electrons but one to PS I before the
beginning of the next light pulse). It may depend on the lifetime for the loss of energized electrons by PQ ! and PQ 2 molecules left in
the PQ pool at the end of one cycle and other, still unknown, causes. This slightly modifies the calculation of the dependence of nep, the
number of exploited PS-II absorbed photons on ngps. However, the qualitative picture is the same as in the two scenarios of ns = 0 and
1. The reason is that nis > 1, effectively, corresponds to reduction of the size of the PQ pool. Fig. 1 shows the dependence of nex, on ngps
for scenarios with i = 1, 0 and 5, T, = 20 ms and Npq = 7. One sees that n > 1 is tantamount to reducing the storage capacity of the
PQ pool.

9. Efficiency averaged over many light-dark cycles
Averaging over all values of ngp, using the probability function of Eq. (8), the number of exploited photons as a function of ng (Egs.

(15) and (16), or Egs. (19) and (16), or appropriately modified expressions for njp >1) yields < neyp >, the number of exploited
photons during one pulse, T), averaged over many light-dark cycles, each with a different value of ngps, the number of absorbed photos:

Niow No2
<nexp> = Z P(nab.n Tp«, T) : nexp,lz)w + H(NO.Z - Nh[gh) Z P(nub.n pr T) : nexp.high- (20)
Naps=2 Nabs=Nigh

In Eq. (20), Nexp, low is number of absorbed photons (depending on the scenario, Egs. (15) or (19)), which is sufficiently low, so that
all are exploited. nexp, high denotes the number of exploited photons for a high number of absorbed photons. These two entities as well as
Niow and Npgn will be defined for each scenario. Averaging is performed over events with different values of ngps, the number of photons
absorbed by PS II during a pulse.

9.1. Most desired scenario (s = 1)

The most desired scenario, ngs = 1, corresponds to a situation, in which the energy of all energized electrons stored in the PQ pool,
except for one, remaining in a single PQ’I, has been either delivered to PS I, or has been wasted. In this case,

Nexplow = Nabsy Nexp,high = Niot — 1 (21)
Ny =min(Ny, — 1,Noo — 1), Nyjgh =Ny — 1

Ny is defined in Eq. (18).
9.2. s # 1 scenarios

The case mgp = 0 occurs when the energy of the single energized electron left in the PQ pool is lost owing to the decay of the

Tp =20 ms NpQ =
Nexp

15 X:
X+
X+
X+
£60000000000000000000000000000000000000
10 RECCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
fe
e
f6
fe
5 e
e
fe
fe
fe

e Rabs
10 20 30 40 50 s

Fig. 1. Number of exploited photons vs. number of photons absorbed during a pulse. T, = 20 ms, Npg = 7, for different scenarios. X: njes = 1; +: Myepe
= 0; 0: nge; = 5, all absorbed photons exploited; c: g = 5, all absorbed photons but one exploited.
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remaining PQ ™. One then has:

Nepiow = Nabs = Ly Nexpigh = Nig — 1

. 22
Nigw = min(Nipe, No2 ), Nyigh = Nior (22)

When nyf; > 1, one subtracts nyes from Ny, defined in Eq. (18).

Fig. 2 shows the average number of exploited photons, <nexp>, vs. the pulse length, T, for Npg = 5, 7 = 1 ms and ns, = 1, where Eq.
(21) has been used. The dashed straight line is <ngs>. The purpose of this Figure is to demonstrate that there is a range of values of T),
over which the average number of exploited photons is very close to the average number of absorbed photons (Namely, the PS II
photosynthetic efficiency is close to 100%. The case of njr > 1 (Eq. (22)) is not discussed any further, because, as stated in Section
8.2.2, i > 1 is tantamount to reducing the storage capacity of the PQ pool.

Figs. 3-6, show plots of the average PS II photosynthetic efficiency, nPULSE vs. Ty, for different values of Npq and, 7. PULSE is given
by:

Niow Noa
_ . Rexp low - ) . Rexp high
NPULSE = n?hr:ZP(nab:,T,,,r) T +0(No2 — Nigh) n“;:NWP(nabs,T,,,r) T (23)

Eq. (23) requires some explanation. It is the average of efficiencies, each corresponding to one event, in which ng photons were
absorbed in a pulse. In each of the two sums, the efficiency of photon exploitation in an event is the fraction of exploited photons over
the total number of absorbed photons.

The small spikes in the plots are artifacts of the use of a constant value of 74, the delivery time of energized electrons from PS II to
PSI. They represent the jump in efficiency when the pulse duration, Tj, is increased by another step of 74, = 10 ms. Had the statistical
distribution of 74, been known, accounting for it in a more sophisticated calculational procedure would have smoothed out these
spikes..

10. Optimal pulse time

Figs. 3-6 show that, given a value of 7 (the average time interval between two contiguous photons, see Eq. (9)), there is an optimal
pulse time. Intuitively, one might expect that T, ,pima Should be proportional to (2 Npq), the maximal electron- (hence, photon-energy)
storage capacity of the PQ pool. However, the effect of the probability distribution of absorbed photons (Eq. (8)) leads to Tp, gpsima that
is about 50% of the intuitive expectation.

The computed results for the optimal pulse time are shown in Fig. 7 vs. Npg (the PQ pool size), for 7 = 1 ms. While a rigorous
mathematical derivation has not been found, the numerical results indicate that

Tp.optimal ~ NPQ T. o0

This may serve as a good starting point for the experimental search for T), opsimat-

The empirical observation of Eq. (24) requires some explanation. Npq is the number of PQ molecules in the PQ pool, and each can
store two energized electrons (namely, the energy of two absorbed photons). Hence, naively, one would expect Tj, gptima to be twice the
result of Eq. (24):

T}),{)plimal ~2 NPQ T. (25)

However, owing to the effect of the probability distribution, Eq. (8), which falls off drastically at large numbers of absorbed
photons,

s > (T, / 7), (26)

Npg =7 7=1ms ng =1

<Texp>

20

<n, >
5 10 15 0

Fig. 2. <ney,>, average number of exploited photons under pulse-light regime vs. <ng,>, average number of PS II- absorbed photons under pulse-
light regime (Eq. (20)), Npq = 5, g = 1. Dashed line: <nabs>.
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NpQ=5 r=1ms I’)/eﬁ=1

nPULSE

1.0

0.8

0.6

0.4

0.2

- - - Tp ms
20 40 60 80 100

Fig. 3. nPULSE, average PS II photosynthetic efficiency (Eq. (23)) under pulse-light regime: Npg = 5, 7 = 1 ms and nyp; = 1.

NpQ=7 r=1ms I’)/eﬁ=1

nPULSE

1.0

0.8

0.6

0.4

0.2

20 40 60 80 100

Fig. 4. nPULSE, average PS II photosynthetic efficiency (Eq. (23)) under pulse-light regime: Npg = 7, 7 = 1 ms and np; = 1.

NPQ=12 r=1ms n,eft=1

nPULSE

1.0

0.8

0.6

0.4

0.2

20 40 60 80 100

Fig. 5. nPULSE, average PS II photosynthetic efficiency (Eq. (23)) under pulse-light regime: Npo = 12, 7 = 1 ms and np = 1.

the contribution of large values of ng; is reduced leading to the smaller result of Eq. (24).

Figs. 3-5, for which 7 is equal to 1 ms, demonstrate the effect of Npq, the size of the PQ pool. For small values to moderate values of
Npq, the curves are narrow and the optimum is rather well defined; the resulting optimal pulse time clearly follows Eq. (24), as shown
in Fig. 7. For large values of Npq, the optimum is broad and allows for a wide range of values of the pulse length, T}, over which the

efficiency is very close to optimal. Fig.

6 shows that the same effect emerges as 7 is increased (plotted for 7 = 3 ms). The latter can be

induced by reducing Iy, the photon flux, or A, the photon absorption cross-section area of the PS II Chlorophyll antenna (see Eq. (9)).

11. Efficient bioreactors

The important message of Figs. 2-6 is that, for any value of 7, (a combination of light intensity and PS II Chlorophyll antenna cross-
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Fig. 6. nPULSE, average PS II photosynthetic efficiency (Eq. (23)) under pulse-light regime: Npg = 7, 7 = 3 ms and ny; = 1.

Tp, optimal/ 7

12

10

0 N,
4 6 8 10 12 Fa
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section area) there is an optimal pulse length and a range around that optimal value, for which the average PS II photosynthetic ef-
ficiency is close to 100%. This means that it is possible to design highly productive bioreactors.

Even if the actual numbers are not as high as the model presented here predicts, owing to either simplifications assumed in the
model or to non-ideal conditions, the conclusion is that, for a judicious choice of the pulsed light regime, biomass production can be
extremely efficient in terms of PS II photon-energy exploitation.

To be conservative, rather than discussing the optimistic results generated by the model, consider the result of Ref. [19], where it
was found that for a photon flux, Iy = 1200 pmol/m?/s, the biomass production rate under a pulse regime of T, = 10 ms and a dark time
of 90 ms, was almost equal to the rate under continuous illumination with the same flux. Namely, photon exploitation efficiency was 10
times higher under the pulsed-light regime. Thus, if one divides the bioreactor surface area into 10 sectors and illuminates them
sequentially by 10 ms pulses at the same high photon flux, one would get a total biomass production that is 10 times higher than the
production under continuous illumination of the whole bioreactor by the same total photon energy input.

12. Optimal dark time

In low-culture density experiments, for the specific alga studied and the light pulse durations used (5, 10 and 15 ms), it has been
found that there is an optimal dark time of about 200-300 ms, for which the photosynthetic efficiency under pulsed light is maximal
[21]. This has also been the order of magnitude of the average dark time in the best case in the random motion of cells in the
high-density experiments of [11-13]. A similar optimal dark time is obtained in a multi-parameter fit to data [51]. At present, there are
no other experiments that have addressed this question. Furthermore, biological understanding for the need for an optimal dark time
and what factors affect it does not exist yet.

13. Deviations from results under ideal conditions?

It is definitely conceivable that the predictions for photon exploitation efficiency may be less optimistic than the ones presented in
previous Sections, where ideal conditions were assumed. However, at present, research at the most fundamental level does not provide
us with the required knowledge regarding factors that may affect the actual highest possible average PS II-photosynthetic efficiency.

An example of factors, which may affect the prediction and lower PS II-photosynthetic efficiency below the optimistic (close to)
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100%, is a combination of the time required to deliver to PS I an energized electron, stored in a PQ’2 that resides in the PQ pool, and
the lifetime of PQ ™2 (the average time it takes PQ2 to lose an electron).

The time for direct delivery of an energized electron from PS II to PS I, used in previous sections, has been estimated to be of the
order of 10 ms. Is the time for the delivery of an energized electron from the PQ pool to PS I similar? Are the delivery times of energized
electrons from different PQ™2's that reside in the PQ pool all the same? Denote the average time it takes a PQ 2 to lose an electron by
7pq and the average time-gap between the delivery of an energized electron from a PQ 2 stored in the PQ to PS I and the delivery of the
next electron by t,,. The size of the PQ 2 population averaged over many PQ pools, and many light-dark cycles is reduced by the typical
factor of Quantum-Mechanical decay of an excited system for each “waiting time”:

PQ2population reduction = ¢~ (* [wre). (27)

For an optimal dark time of about 300 ms [19], yielding 10 ms < t,, < 50 ms. The decay process is slow [1-10], hence, 500 < 7pq <
3000 ms was assumed. A reduction of the high PS II photosynthetic efficiency from about 100% down to 60-90% is found from Eq.
(27). If 7pq is larger, the reduction in efficiency is smaller. If 7pq is smaller, the reduction may be more significant. Still, the results are
independent of the high photon flux used, hence, correspond to efficiencies that are much higher than under continuous illumination.

14. Concluding comments

The simple picture depicted in this paper leads to the conclusion that, at high photon fluxes, the photosynthetic efficiency of algal
biomass production under high-intensity pulsed-light regimes may be very high, significantly higher than under continuous illumi-
nation at the same high fluxes. In view of the approximations made for the purpose of simplifying the exposition, the numerical values
obtained in more detailed calculations and/or measurements may be slightly but not too different.

There are quite a few unknown or yet unexplained aspects that need to be clarified. Some have been discussed in Sections 1 and 2.
Of these, the main question is why all the long time scales, which characterize biomass generation, are not rate limiting in the photon
flux dependence of biomass production rates (P-I curves). Another important issue is the lack of qualitative and quantitative un-
derstanding of the required dark time that follows a light pulse.

Figs. 2-6 tell us that, for any value of 7, the average time gap between two consecutive photons, or, equivalently, any value of ny =
1/7 (the photon absorption rate by the PS II Chlorophyll antenna) there is a range of pulse times, for which PS II photosynthetic pulsed-
light efficiency is close to 100% for any high photon flux. Thus, operating under a judiciously chosen pulsed-light regime, one can
exploit the energy of a sizable fraction of the impinging photons. This means that, to get a higher photon exploitation rate in biomass
production it pays to increase ng, for example, by increasing the photon flux. Under traditional reactor operation (continuous illu-
mination), high intensity would lead to photo-damage and photoinhibition. While there is not sufficient knowledge of this issue, it
seems that this does not seem to happen under pulsed light [11-21]. A possible explanation is that in all these experiments the “duty
cycle” is low, in the range of 0.01-0.3. Under such a circumstance, the average (sometimes called “integrated”) light intensity is so low
that it lies in the range of intensities, for which photoinhibition does not emerge.

The substantially higher photosynthetic efficiency of a pulsed-light regime (compared to that achieved under continuous illumi-
nation) does not ensure that the overall productivity of a single pulsed-light algal bioreactor is higher than that of a continuously
irradiated reactor, simply because quite a lot of the production time is wasted over the dark periods between pulses (the “duty cycle”,
the fraction of illumination time out of the total operation time is low, often, much lower than 100%). However, the higher photo-
synthetic efficiency under a pulsed-light regime opens the door to the design of new highly efficient bioreactors. An example was
provided in Section 10.

To find whether an optimal pulse time exists and see whether the photon-exploitation efficiency is, indeed, exceptionally high,
experiments of the kind performed in Refs. 14-21 will need to be repeated, this time allowing for scanning a range of pulse times.

Finally, in the analysis presented in this paper, it is assumed that all cells are exposed to the same photon flux. Practically, this
means low-density cultures. Work on the extension of the ideas to high-density bioreactors is in progress and will be published in due
course.
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