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Abstract—Based on the maximum theoretical efficiency of photosynthesis (25%), the potential productivity
of microalgae can be estimated as 110-160 g/(m? day) under sunlight and two times higher under artificial
24-h illumination. The actual values achieved in industrial-scale photobioreactors are several times lower. Such
a considerable difference between the potential and actual productivity is related to properties of the algal cell
cycle and characteristic age distribution in the algal population, light propagation in optically thick suspensions,
and shortcomings in the design of photobioreactors and practices of algae growing. The contribution of each of
these factors is discussed. The practically attainable efficiency of light-energy use in industrial-scale ghoto-
bioreactors was shown to be equal to 12-14%, with an algal productivity of 60-80 and 120-150 g/(m~ day)
under natural and artificial illumination, respectively.
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INTRODUCTION

The production of algal biomass and valuable sub-
stances derived from it is continuously growing, with
an expanding list of industrially grown unicellular pho-
totrophs and the fields of their application. In this con-
nection, many researchers aim their efforts at develop-
ing open and closed photobioreactors for the large-
scale industrial cultivation of microalgae under natural
or artificial illumination [1-4]. The application of some
or other type of photobioreactor depends on the cultiva-
tion purpose. Construction and maintenance costs of
open photobioreactors are lower than those of closed
ones; however, problems with contamination arise,
which considerably limit the utilization of the obtained
microalgal biomass. Closed photobioreactors allow for
stricter control of the cultivation regime, channeling the
synthesis into the selective accumulation of substances
required, and production of high-quality biomass for
food, pharmaceutical, and medical purposes.

Presently, the productivity of photobioreactors
under natural illumination attains about 25-35 g of dry
biomass/(m? day) [4, 5], which is about five times
higher than the productivity of higher plant stands.
Nevertheless, this is far from the potential photosyn-
thetic capacity of microalgae. Calculations show that,
on cloudless days, the incident solar energy in the PAR
region is sufficient to produce 110-160 g (deyending
on the region) of dry biomass per day from 1 m* of illu-
minated area, assuming the photosynthetic efficiency to
be equal to 25%. When artificial light is used, the
potential productivity of photobioreactors can be
increased twofold, due to 24-h illumination. A signifi-
cant discrepancy between the potential photosynthesis

and the actual productivity can be explained by several
factors, the major ones being the growth characteristics
of microalgal populations, the peculiarities of their cell
cycle, and the shortcomings of cultivation systems and
processes. In this connection, it seems appropriate to
analyze the factors affecting the productivity of
microalgal populations in order to determine the basic
principles for the construction of photobioreactors pro-
viding for the industrial-scale cultivation of photosyn-
thesizing microorganisms, the development of respec-
tive technological specifications, as well as for an esti-
mation of the production efficiency.

Effect of characteristics of cell and population
development on the productivity of microalgal cultures.
Numerous studies of synchronous cultures [6-9]
showed significant variation in cell photosynthetic
activity, and, therefore, in the efficiency of light energy
conversion, during the cell development cycle. Figure 1
shows light-dependency curves of photosynthesis in a
synchronous culture of Chlorella IPPAS C-1. During
cell development from an autospore (curve O h) to the
middle of the light development phase (4.5 h), the max-
imum photosynthetic rate increases and, then, consid-
erably decreases to the end of the cell cycle. Thus, if the
maximum theoretical value of the efficiency of light
conversion can be attained at all, this may occur only
within a rather narrow period of the cell cycle, i.e., in
the middle of its light phase. That is why the efficiency
of light conversion, when averaged over the whole cell
cycle, is lower by at least a factor of 1.5-2.0; therefore,
the photosynthetic efficiency of the population as a
whole will be below its theoretical value. The value of
the photosynthetic efficiency of a population will be the
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Fig. 1. Light-dependency curves of photosynthesis in Chlo-
rella IPPAS C-1 cells at different stages of the cell cycle [8].

Numbers on the curves indicate time periods from the
beginning of the cell cycle; the dashed lines indicate the
light saturation level of photosynthesis.

highest as the environmental variables (mainly light
intensity, temperature, and carbon supply) approach
their optimum values.

The effect of individual characteristics of cell devel-
opment on culture productivity can be estimated using
the basic ideas of population dynamics. In a steady-
state regime (for example, in the case of prolonged tur-
bidostat cultivation of microalgae), the age distribution
of a population can be described by an exponential
curve, with an exponent proportional to the specific
growth rate of the culture, n(t) = pe™/(1 — 1) [10],
where n(7) is the relative number of cells of the T age;
W is the specific coefficient of culture propagation; e is
the base of the natural logarithm; and T is the cell-cycle
duration, hours. Figure 2a (curve /) shows an example
of cell age distribution in a Chlorella IPPAS C-1 culture
under the steady-state regime at L = 0.24 h~. Curves 2
and 3 in Fig. 2a show the increase in normalized cell
biomass and the changes in the specific rate of biomass
increase (photosynthetic activity) during a Chlorella
cell cycle (the data are taken from [8]). Multiplication
of curves I, 2, and 3 gives the total relative value of cell
photosynthesis as a function of cell age (Fig. 2b), and
the area under the curve gives the relative value of the
photosynthetic rate of the whole population. Curve I
(Fig. 2b) was obtained assuming the constant maxi-
mum photosynthetic rate during the whole cell cycle
(dashed line 4 in Fig. 2a), whereas curve 2 was obtained
by taking into account the actual variation in cell pho-
tosynthetic activity. The data imply that the activity
variation during the cell cycle and the development of
the population reduce culture productivity by a factor
of 1.69 as compared to the data for the constant maxi-
mum activity.
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Fig. 2. Effect of cell age distribution and changes in cell
physiological characteristics on the productivity of a popu-
lation of microalgae.

(a) (I) Cell age distribution in a steady-state culture of
microalgae with a specific growth rate of p = 0.24 nl;
(2) biomass growth; (3) the changes in photosynthetic activ-
ity during the cell cycle of Chlorella IPPAS C-1; (4) the
maximum level of cell photosynthetic activity in the middle
of the light stage of the cell cycle.

(b) Contribution of cells of different age to the productivity
of the cell population: (/) as calculated from curve 4
(Fig. 2a); (2) for the actual changes in photosynthetic activ-
ity during the cell cycle (curve 3, Fig. 2a). The areas under
curves  and 2 represent the total productivity of the popu-
lation.

That is why the efficiency of photosynthetic light
use in a suspension of microalgae did not exceed 14—
16% even under laboratory conditions, when environ-
mental variables were maintained close to their opti-
mum values. The effect of variation in the cell-cycle
efficiency on microalgae productivity can be reduced in
the populations comprising the most photosyntheti-
cally active cells [11, 12]. Without a particular change
in the age structure of populations, the above factors
reduce the maximum productivity of cultures to 65—
95 g/(m? day) and 130-190 g/(m? day) under natural
and artificial illumination, respectively. Nevertheless,
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Fig. 3. (1) The generalized light-dependency curve of pho-
tosynthesis of microalgal cells and (2-5) light distribution in
the suspension under varying illumination and culture den-
sity conditions.

One-sided illumination of the suspension; (2) low cell con-
centration in the suspension; (3) light distribution providing
for the maximum efficiency of light utilization and high pro-
ductivity of the culture; (4) light distribution providing for
the maximum productivity of the culture. Two-sided illumi-
nation of the suspension: (5) light distribution for the maxi-
mum efficiency of light utilization and high productivity of
the culture.

(7,) light compensation point of cell photosynthesis; (/) the
saturating light intensity for photosynthesis; (1) light inten-
sity inhibitory for photosynthesis.

these values are significantly higher than the productiv-
ity actually attained, and the major cause for productiv-
ity losses seems to come from the drawbacks of culti-
vation systems and processes.

Light fluence rate and light distribution in suspen-
sions of microalgae. The major factor in cultivating
photosynthesizing organisms is light intensity. Under
the actual conditions of the large-scale cultivation of
microalgae, the amount of light energy absorbed by the
cell suspension during daylight hours is always less
than the total incident radiation on a horizontal surface.
This is mainly due to light reflection from photoreactor
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walls and the suspension surface, with the losses as
high as 30-60% at this stage. It should be noted that the
proper arrangement of the photoreactor and correct ori-
entation of its light-intercepting surface with respect to
the Sun play an important role in reducing light losses.

It is difficult to find a general solution for arranging
the light-intercepting surface of the photoreactor,
which would be applicable for all varieties of microal-
gae or at least for those that are most often used for
large-scale cultivation. Light should enter the suspen-
sion at the intensity and specific fluence required by
cells. By the “specific fluence” we mean the total light
energy, in W, supplied per 1 1 of suspension. This prob-
lem can be solved in each individual case using the data
on light-energy distribution within suspensions and
light-dependency curves of photosynthesis for different
microalgae.

Figure 3 shows a light-dependency curve of photo-
synthesis (curve 7) and some types of light distribution
within the cell suspension. Of course, the maximum
photosynthetic activity in the suspension of microalgae
can be attained only when all cells of the culture are in
the light-saturation zone of photosynthesis (Fig. 3,
curve 2). However, such light distribution requires
either a low culture density or very thin suspension lay-
ers. This unavoidably involves considerable losses of
light energy and a reduction in the efficiency of light
use, which is especially important under conditions of
artificial illumination. Photosynthetic production of a
unit of illuminated surface in a photoreactor, which is
defined as the product of cell activity by the cell num-
ber (or the activity of unit biomass by its amount), will
be rather low. In turn, the maximum efficiency of light
utilization attains its highest value when all cells of the
culture are exposed to a light intensity corresponding to
the linear portion of the light-dependency curve of pho-
tosynthesis (Fig. 3, curve 3). Under these conditions,
the mean value of cell photosynthesis and the produc-
tivity of the population will be two times lower than
under saturating light. The intensity of solar radiation is
generally much higher than the saturating intensity for
the photosynthesis of microalgal cells, even in such
light-loving algae as many strains of Chlorella, Scene-
desmus, and Spirulina. Such an organization of light
distribution within a culture is apparently advantageous
under artificial illumination, when the efficiency of
light-energy utilization is of critical importance.

The study of light-distribution patterns within the
suspensions of microalgae [13] and our experimental
data show that to provide for the maximum efficiency of
the utilization of artificial light energy (Fig. 3, curve 3),
the intensity of incidental light should not exceed 100-
120 W/m?, and the thickness of the suspension layer in
the photoreactor should be within the range of 2-3 cm
at a suspension density between 3 and 5 g/l. The spe-
cific light fluence should be kept within the range of 3
and 6 W/1 of the suspension.
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Under sunlight conditions, the optimum light distri-
bution is that shown in Fig. 3, curve 4, which results in
virtually complete utilization of the light that enters the
suspension and the high overall productivity of a cul-
ture. However, such light distribution is admissible
only for those cultures in which the light intensity that
inhibits photosynthesis is higher than the solar light
intensity, and when the optimum temperature and car-
bon supply are provided during the whole light period.

When artificial light sources are used, the suspen-
sion is often illuminated from two surfaces, which
results in a twofold increase in the illuminated photore-
actor surface and specific fluence rate. Light distribu-
tion in the suspension illuminated from two sides,
which provides for the highest efficiency of light
energy use, is shown in Fig. 3 (curve 5).

It should also be borne in mind that the light-depen-
dency curves of photosynthesis in microalgae are
highly dependent on many physical variables of the
cultivation process. When the suspension temperature
is below the optimum level, solar radiation can be
inhibitory even for a light-loving strain. For strains in
which photosynthesis is saturated and inhibited at low
light intensities, light distribution systems should be
used or the light-intercepting surface should be
arranged to reduce the intensity of solar radiation at the
suspension surface. An example of such a photoreactor
is a Porphyridium cultivation system (500 1) designed
at the Institute of Grain Processing (Potsdam, Ger-
many) [2], which has an area of light-intercepting sur-
face of 20 m? and occupies 5 m? of ground area. The
light intensity averaged over the illuminated surface
does not exceed 40-50 W/m?,

For the conditions of solar illumination and algae
with a high level of light-saturation plateau, such as
many strains of Chlorella, Scenedesmus, and Spirulina,
the light-distribution pattern shown in Fig. 3 (curve 4)
can be obtained at the suspension layer of 3-5 cm and
culture densities from 4 to 6 g/l. The optimum specific
light fluence rate is somewhat higher than for cultiva-
tion under artificial light and is between 10 and 20 W/l
of suspension. Under such illumination conditions and
optimum values of other cultivation variables (temper-
ature, carbon supply, and composition of the nutrient
medium), the utilization efficiency of light absorbed in
the suspension can be as high as 12-14%. Therefore,
the productivity (taking into account 30% losses of
light energy due to reflection from the photoreactor and
suspension surfaces) can reach about 40-65 g of dry
weight from 1 m? of illuminated surface per day. These
values approach the best results obtained in the large-
scale cultivation of microalgae, although then exceed
them almost by a factor of two.

In-process losses in the productivity of microalgae
grown in photoreactors. One of the important factors
that reduce culture productivity is the build-up of high
oxygen levels in the suspension [2, 14], which results in
the inhibition of photosynthesis and the alteration of
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the chemical composition of the cell biomass [15-17].
On large-scale cultivation of microalgae, the partial
pressure of oxygen dissolved in the suspension can be
as high as 45-50% in open reactors [5] and even higher
in closed photoreactors. High O, concentrations can
reduce biomass production in photoreactors (particu-
larly in tube-type reactors) by two or more times. As
yet, there are no reliable and simple methods for degas-
sing suspensions, and this remains one of the major cul-
tivation problems.

One of the important causes for productivity losses
on cultivation under conditions of solar illumination is
a discrepancy between light intensity and suspension
temperature. The curves of daily variation in tempera-
ture and light intensity show a significant phase shift
[18]. Generally, in the morning, the suspension temper-
ature does not exceed 18-20°C (otherwise, there are
significant respiratory losses at night), whereas the
light intensity is rather high at this time. In addition to
reducing the suspension photosynthetic activity, such
an imbalance in the most important cultivation vari-
ables would also affect the physiological condition of
cells. The resulting prolonged lag-phase, especially in
cells that are most sensitive to environmental changes
(dividing cells and cells at the second half of the light
phase of their development), will decrease culture pro-
ductivity during the subsequent hours of cultivation.

It is noteworthy that the daily course of the intensity
of solar radiation and the changes in the photosynthetic
activity and light-saturation plateau of photosynthesis
during their cell cycle (Fig. 1) are similar, which can be
regarded as an evolutionary adaptation of unicellular
algae. Under the conditions of natural periodic illumi-
nation, the synchronous cultivation of microalgae may
be of significant advantage, as the light regime matches
cell demands. In addition, the processes that occur at
the light-independent phase of the cell cycle and do not
require a light-energy supply could take place during
the night. Such a cultivation regime could significantly
increase culture productivity, because the mother cells,
in which autospores are formed, and dividing cells have
low photosynthetic activity, and, during the day time,
they only shade photosynthetically active cells.

Synchronization of the culture in industrial-scale
photoreactors is a difficult task because of variable
weather conditions, first of all, due to the changing sus-
pension temperature, which determines the cell-cycle
duration, and the variable day length during the cultiva-
tion season. Nevertheless, even partial culture synchro-
nization can result in significant advantages.

The productivity of photoreactors is affected to a
certain degree by the “dark” volume of the suspension,
which results in biomass losses for the dark respiration
of cells. On the “light—darkness” transition, the rate of
cell respiration gradually decreases from the light to
dark respiration level, a process which can take from
several minutes to an hour. In addition, the high temper-
ature of the suspension in the dark volume also contrib-
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utes to the high respiration level. In the case of high
dark-to-light volumes of the suspension, respiratory
losses can reach 20-30% of the photosynthetic produc-
tion of the culture.

To provide for mass exchange of a culture in both
open and closed photobioreactors, mechanical stirring
devices or suspension circulation systems are applied,
which negatively affect the physiological state of cul-
tures and often lead to the mechanical cell destruction
of some species, such as Spirulina, Dunaliella, and
Porphyridium. This can result in a significant reduction
in the photobioreactor productivity.

Considerable losses in productivity can arise in
closed reactors due to the fouling of the light-intercept-
ing surface with nutrient salts and cells, which should
also be accounted for in designing microalgae cultiva-
tion systems.

We accounted for the above processing causes of the
low productivity of microalgae in designing photo-
bioreactors Priboi and Luxfors [19], which allowed us
to obtain an efficiency of llght energy use as high as
11-12%.

Estimation of the potential productivity of photore-
actors. An approximate estimate of the potential biom-
ass productivity (P) of a photoreactor can be obtained
based on the total light energy passing through its light-
intercepting surface. Under the conditions of 24-h illu-
mination with artificial light, determination of the inci-
dent daily light energy presents no difficulty, and the
potential productlvxty can be presented by the follow-
ing equation:

P = 1440IS(1-0.2(V,/V)))/Q,

where 1 is the efficiency of light utilization, which (as
follows from the above) can be assumed to be equal to
0.1-0.12 for estimation of the potential productivity; /
is the light intensity W/m?; S is the area of the photo-
bioreactor light-intercepting surface; m?, V;, and Vyare
the illuminated and dark volumes of the suspension; O
is the calorific value of 1 g of biomass, kcal; and 14.4 is
the coefficient for the conversion of daily incident radi-
ation in kcal, with account taken for the 30% loss of
light energy due to the reflection from the photobiore-
actor and suspension surfaces.

When solar illumination is used, estimation of the
total light energy is much more difficult due to constant
variations in the light intensity and the angle of inci-
dence with respect to the solar light-intercepting sur-
face of the photobioreactor. In this case, an approxi-
mate formula for the estimation of the potential produc-
tivity can be written as follows:

_02V,IV)
5 jl(x)cosqa(t)dt,

h

where c is the day length, hours; ¢ is the angle of inci-
dence with respect to the photobioreactor light-inter-

_0.6nTS(1
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cepting surface at the time 7, ¢, is the beginning and ¢, is
the end of the light day; and 0.6 is the coefficient for
conversion of incident radiation in kcal with account
taken for 30% losses. Of course, the value of 1| signifi-
cantly depends on the cultivated strain of microalgae.
The above formulas apply to the mass culturing of ther-
mophilic algae, such as Chlorella, Scenedesmus, and
Spirulina, under the optimum regimes of cultivation
and light distribution in the culture. In turn, a consider-
able deviation in the values of the actual and calculated
productivity can indicate design or process errors in the
cultivation system or process.

Thus, with the productivity losses due to imperfect
cultivation equipment and processes excluded, the
potential productivity of microalgae can be estimated
within the range of 60-80 g of dry weight from 1 m? of
the illuminated surface per day under the conditions of
solar illumination and about 120-150 g under 24-h arti-
ficial illumination (with the achievable efficiency of
light-energy utilization of 12-14%).
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