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Abstract This review summarizes the recent advances in high-density algal cultures in the field
of algal biotechnology. Photobioreactor engineering for economical and effective utilization of
algae and its products has made impressive and promising progress. Bioprocess engineers have
expedited the design and the operation of algal cultivation systems. Many of them in use today
are open systems due to cost considerations, and closed photobioreactors have recently at-
tracted a considerable attention for the production of valuable biochemicals or for special appli-
cations. For high-density cultures, the optimization of environmental factors in the photobiore-
actors have been explored, including light delivery, CO, and O, gas transfer, medium supply,
mixing and temperature. It is expected that further advanced photobioreactor engineering will
enable the commercialization of noble algal products within the next decade.
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INTRODUCTION

Photosynthetic cells are of great importance as primary
producers of organic matter and their ability to produce
oxygen. Many algal biotechnologists have studied the
utilization of their photosynthetic machinery for the pro-
duction of new bioproducts and possible environmental
applications over the last several decades. Dozens of algal
species are produced on a commercial scale for single-
cell proteins, polysaccharides, health food compounds
such as polyunsaturated fatty acids and vitamins in the
pharmaceutical and dietetic industries. In recent years,
there has been considerable interest in the production of
many clinically and medically important biochemicals
from algae, mainly those that are not obtainable by
chemical synthesis [1-3]. Numerous attempts have also
been made to exploit algal usage for the construction of
closed environmental life support system (CELSS) [4,5]
and environmental applications, including tertiary waste-
water treatment [6-8] and accumulation of heavy metals
[9,10]. With increasing energy costs, its application is
being extended to the fixation of carbon dioxide [11-16]
and the production of hydrogen gas [17-20].

Despite their recognized utility, algal biotechnologies
have progressed slowly, compared with the rapid and
significant advances in the commercial usages of bacteria,
yeast and mammalian cells. In the industrial scale appli-
cation of algae, the main problem is to justify the high
cost of installation and operation. In order to solve this
problem, algal biologists have isolated high value biopro-
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ducts using a high throughput screening system from
diverse and large groups of algae, which are estimated at
between 22,000 and 26,000 species. Bioprocess engi-
neers, however, have focused on reducing the production
costs and realizing the potential of algae, which has been
accelerated by the recent advances in photobioreactor
engineering.

ALGAL PRODUCTION SYSTEMS

The history of the commercial use of algal cultures
spans about 60 years with various applications [21]. So
far, two major approaches to the design of mass cultiva-
tion of algae have emerged: (1) relatively simple open
units, which are easy to maintain, in order to compete
with other methods of production, and (2) more sophis-
ticated closed photobioreactors for the cultivation of the
specialized algal strains for the production of specific
biochemicals.

Open Cultivation Systems

Many open cultivation system configurations, using
natural sunlight, were constructed after the late 1940s.
The pioneering experiments on outdoor open algal mass
production were reported from Germany [22] and the
United States [23]. Commercial algal productions are
mainly performed in these open systems, particularly
raceway and circular ponds [24-26], with the principal
advantage of using free light energy from the sun. How-
ever, large-scale open algal cultures typically result in low
cell densities, resulting in expensive harvesting proce-
dures and unfavorable economics in addition to difficul-
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ties with species control [27].

These systems are easily contaminated by other organ-
isms, so it is particularly difficult to maintain a monocul-
ture in open systems [28]. Thus, they have only proven
adequate for the cultures of specific species that grow in
highly selective environments that exclude contaminating
organisms. Furthermore, settling causes low yields, un-
stable algal populations and difficulty in distributing nu-
trients. Therefore, various mixing systems have been
added, such as propellers, paddle-wheels, rotating arms
and pumps efc., which increase the capital and operating
costs of these systems. Even considering these additional
costs, pond systems are among the least expensive to op-
erate, but are also frequently among the least productive.

Closed, Outdoor Systems

Until now, the outdoor mass culture of algae has been
undoubtedly the hottest topic in algal biotechnology, but
the overemphasis on open culture systems has undoubt-
edly retarded the development of algal biotechnology.
While open cultivation technology is more or less at a
standstill, closed photobioreactors in open spaces (usu-
ally outdoors) have been installed for the cultivation of
specialized algal strains for the production of specific
biochemicals [29]. The most widely adopted enclosed
photobioreactors are rigid tubular, thin-panel, or flat-
plate photobioreactors [30-33].

The advantages of these photobioreactors are: (1) im-
proved environmental control of important physico-
chemical variables (temperature, pH, pCO,, eic.); (2)
increased biomass concentration which makes harvesting
easier; and (3) effective sterilization of the system and
easier maintenance of a monoculture, due to the preven-
tion of major contamination from the environment. How-
ever, these systems are still subjected by outdoor condi-
tions and settling problems. Seasonal, latitudinal and di-
urnal variations in light conditions, ambient temperature
and dissolved oxygen make cultivation reproducibility
especially problematic [34,35]. Thus, for outdoor cultiva-
tion systems, it is technically difficult to establish high-
density photoautotrophic algal cultures, if not impossible.

Closed, Indoor Systems

In order to upgrade the level of algal biotechnology, to
those of bacterial and fungal biotechnologies, bioprocess
engineers have developed closed indoor photobioreactors,
using electric light for irradiation. As the usage of algae
expands to the manufacture of products for human con-
sumption, the manufacturers should guarantee the qual-
ity of their algal products. Thus, conventional fermentors,
such as stirred tank bioreactors and vertical cylindricel
columns, have been modified by employing artificial light
sources: fluorescent lights (light tubes) [36,37], optical
fibers [38,39] or light emitting diodes [40,41] and plates -
[42]. Internal radiators are especially known to distribute
light energy more efficiently inside photobioreactors than
external radiators. The complex geometries of these
photobioreactors can monitor and control the culture
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environmental conditions and growth parameters, and
the systematic design and scale-up strategy of these
photobioreactors have been examined for the successful
industrialization to a commercial scale [43]. However,
these closed, indoor photobioreactors are presently re-
stricted to laboratory scale operations, and their wide-
spread use has been limited by the high installation cost -
and scale-up problems.

It is rather difficult to directly compare the perform-
ance characteristics of open systems, closed outdoor sys-
tems and closed indoor photobioreactors. Each system
has both advantages and disadvantages, and the choice of
system depends on the production costs, value of the de-
sired products and the production quantity of the prod-
ucts. The performances of previously reported systems
are enumerated in Table 1, which clearly shows that the
light is the major limiting factor. Higher productivities
and cell concentration can be achieved in the photobiore-
actors with high S/V ratio.

FACTORS AFFECTING ALGAL GROWTH

When culturing a specific alga for commercial produc-
tion, the following factors should be considered: algal life
cycle, growth rate, productivity of the desired product,
genetic stability, nutritional requirement and tolerance to
shear stress. The interrelation between algal characteris-
tics and the design factors of a photobioreactor should
start by conceptualizing the algal microenvironment, and
a schematic representation for this is shown in Fig. 1.
Important factors in achieving high-density productive
algal cultures are: light energy supply (delivery and distri-
bution), CO, enrichment, O, removal, medium supply,
mixing and other control of environmental parameters
(temperature, pH, etc.). Each aspect will be discussed
separately in the following sections.

Supply of Light Energy

Light energy is essential for the phototropic growth of
algae, which is a particular concern for industrial applica-
tions. Thus, the provision of light energy is undoubtedly a
key design challenge for an efficient and economical
photobioreactor. When selecting a light source, both the
spectral quality and intensity must be considered. The
spectral quality of light utilized by algae is defined by the
absorption spectrum in the range of 400 to 700 nm for
the chlorophylls and other photosynthetically active pig-
ments, and the algal photosynthetic efficiency is a func-
tion of the spectral quality of the light sources [44,45].
The light sources available are incandescent lamps (tung-
sten or halogen lamps), discharge lamps (such as mer-
cury, xenon, fluorescent lamps), light-emitting diodes
(LEDs) and lasers. A detailed discussion on these light
sources can be found elsewhere [46,47]. To effectively
exploit the commercial potential of algae, a powerful and
efficient light source is desired, with a high ratio of en-
ergy supplied to that source, to energy released in pho-
tons. Furthermore, a reliable and defined light source is
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Table 1. Comparison of the performance of various algal photobioreactors
Productivit .
Reference c(}:lzg:g:r Total S./V ’ bilz)/[r?l);ss
design vol. L Ratio/m Pefzaéea_l pe_llr VOI-_l L
g m day g L' day 8
Davis, 1953 [93] Tubular 1 170¢ 11.7 1.3 18.5
Tamiya, 1953 [94] Tubular 40 40° 17 17.5¢
Juttner, 1977 [95] Column 30 28.6% 1.85¢
Pirt, 1983 [30] Tubular 4.6 127 52.8 20
Mori, 1985 [38] Tank 2.4 580 1.65% 5
Roubicek, 1986 [96] Falling-film 190 7.5¢ 1.2
Torzillo, 1986 [97] Tubular 8,000 10 25 1.2
Driessens, 1987 [98] Column 2 1¢ 10.417 4.19
Miyamoto, 1988 [99] Column 4.6 80 23 0.57
Treat, 1989 [100] Tank 2.5 8.2
James, 1990 [101] Column 200 0.66° 0.246
Lee, 1990 [102] Helix 0.315 127 - 4.6
Javanmardian, 1991 [39] Cylinder 1 320 1.51 7.5°
Ratchford, 1992 [31] FPARL* 10 50 2.27
Tredici, 1992 [32] VAP? 80 23.9 7
Takano, 1992 [103] LDOF¢ 25 692¢ 1.94 11.2
Yongmanitchai, 1992 [104] Tank 5.6 19.3 0.51 2.67
Burgess, 1993 [105] LDOF 2.5 1.9
Torzillo, 1993 [106] Tubular 145 54 27.8 6.3
Lee, 1995 [69] Slab 0.1 100 44 3.15 25
Hu, 1996 [107] Inclined slab 6 85 51.1 4.3 15.8
Hu, 1998 [108] Flat-plate 0.34 132 28.8 26.6
Degen, 2001 [55] Flat-panel 1.5 56 2.64 4.8

“Values not given by the authors. The values estimated indirectly from other parameters based on the article. °’VAP means vertical alveolar
panel. ‘FPALR represents flat plate, air-lift reactor. “LDOF stands for light-diffusing optical fibers. *Corrected value from [109]. Value from
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Fig. 1. Schematic representation of the factors influencing the
metabolic and growth performance of algae.

required for algal growth studies and mass cultivation.
The effect of light intensities (irradiance or illumina-
tion) has been studied in the greatest detail in connection
with growth and photosynthesis [48,49]. The total amount
of organic material that can be produced from light en-
ergy, by growing algal cells, increases with the intensity of
light up to a certain point (saturation intensity), but be-

yond that point, the amount produced per unit of light
energy decreases rapidly when the intensity of light in-
creases. Light of high intensity apparently stimulates a
process of photooxidation, which partially offsets some of
the photosynthesis. Higher light intensities beyond a cer-
tain threshold, normally damage the photosystems; the
damage caused by excess light is described by using the
term ‘photoinhibition’, which is a function of the tem-
perature, and shows a coupled response with the photo-
respiratory carbon metabolism [50,51].

Light energy is readily absorbed, as the antenna pig-
ments of the reaction centers of algal cells are very effi-
cient. As the light penetrates the algal culture, its intensity
is. dramatically decreased by mutual shading. Thus, the
light intensity emitted from the light sources should be
increased in order to overcome this light limitation
{52,53]. However, the exposure of cells to excess light
often leads to a decline in the algal growth rates. One
solution to this problem is the use of flashing light [54-
56]. The use of flashing light or flashing light effect with
proper parameters can significantly increase the overall
light utilization efficiency [57].

In order to maintain the light condition at an appropri-
ate level during cell cultivation, lumostatic operation has
been introduced during the culturing various photo-
autotrophic microalgae. The use of the lumostatic opera-
tion may allow not only the efficient utilization of light
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energy but also the production of cells in the same physio-
logical state. Lumostatic approaches have been attempted
based on the incident light intensity [58,59], average
light intensity [60] and specific light uptake rate [61].
For lumostatic operation, the major premise is the accu-
rate quantitative expression of the light conditions inside
photobioreactors. Hence, more study is required for dis-
criminating the light conditions, of either photoinhibition
or light limitation, in order to maintain the optimal light
condition during cell cultivation.

Carbon Dioxide Enrichment

Carbon dioxide (or bicarbonate after it dissolves into
the culture medium) is the source of the carbon in
photoautotrophically growing cells. Even when intense
mixing of the culture is provided, simple diffusion of CO,
from the air (0.03% CQO,) into the water is too slow to
replace the CO, assimilated by rapidly growing algae.
Thus, the algal cultures in photobioreactors are generally
CO,-limited and additional CO, must be supplied to the
medium to ensure satisfactory growth. Typically, CO,
concentrations above 1% (by volume) are generally consid-
ered to have an adverse effect on algal growth, and the
maximum growth is essentially the same regardless of the
CO, concentrations in the range 1 to 5%, balanced with
air. However, a gas supply with a high CO, partial pres
sure leads to a decrease in the specific growth rate of al-
gae which had been adapted to a low CO, partial pres-
sure [62]. The upper and lower limits of CO, are not well
defined [63], but aeration of algal cultures with 5~15%
CO, (or even pure CO,) is fairly routine laboratory prac-
tice.

Enclosed photobioreactors require a continuous supply
of soluble inorganic carbon to provide a sufficient carbon
source to the growing algal cells. The required inorganic
carbon is most commonly introduced in the form of bub-
bles of enriched CO, gas mixture. CO, gas may be ex-
pensive if purchased commercially, even though it can be
obtained by the combustion of fossil fuels [13]. Thus, an
efficient sparging system and mixing pattern have been
sought, which will retain the bubbles until they are com-
pletely absorbed into the medium. It is known that thz
dissolving rate of gaseous CO, depends on the contact
time of the bubble with the medium, bubble size and ths
state of saturation of the medium for CO,, as well as the
pressure and temperature of the reactor. Sodium bicar-
bonate and similar salts can also be used as an alternative
carbon source. However, such salts usually cost more
than three times that of gaseous CO, per unit of carbon.

Oxygen Removal

Oxygen is a product of photosynthesis, but a high level
of dissolved oxygen inhibits algal growth, even at high
concentrations of CO, [64,65]. Particularly, in enclosed
photobioreactors, oxygen supersaturation reaches no
more than 400~500%, even under sufficiently intense
mixing conditions. Respiration in the dark region, or dut-
ing the night, also builds up the level of dissolved oxygen
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in an algal suspension. However, many algal species can-
not withstand the exposure of 2~3 hours to oxygen levels
much above air-saturation (7.5 mg/L at 30°C). This O,
inhibition of photosynthesis is precisely discussed in
terms of the Warburg effect, photorespiration or photore-
duction.

The removal of excess O, is a mass transfer problem
comparable to that of the CO, supply. The principal con-
trol possibilities are decreased pressure of oxygen, higher
agitation, and higher temperature. At present, two major
solutions of, (1) increasing turbulence, and (2) O, strip-
ping with air, are open to the photobioreactor design and
operation. Vigorous mixing decreases the O, tension in
the culture, particularly when mixing is administered by a
properly designed device. Efficient gas exchange systems
are also installed such as a degassing station, in photo-
bioreactor systems.

Nutrient Supply

Nutrient availability is an important factor controlling
the levels of the primary productivity of photosynthetic
organisms [66,67]. Media with different compositions
are supplied to the cells in the form of carbon dioxide,
water and mineral salts in macro or micro quantities. The
macronutrients considered essential for normal growth
include carbon, nitrogen, phosphorus, hydrogen, oxygen,
sulfur, calcium, magnesium, sodium potassium and chlo-
rine. The micronutrients needed in trace quantities of
micro-, nano- or even picograms per liter are iron, boron,
manganese, copper, molybdenum, vanadium, cobalt, nickel,
silicon and selenium. Some micronutrients may require a
chelating agent to allow them to be dissolved or to mini-
mize their toxicity. The nutrient requirements can be es-
timated from the elemental biomass composition or
stoichiometry of growth [68].

Algae may secrete autoinhibitory compounds when the
major nutrients are exhausted during batch cultivation.
Thus the spent medium is removed and replenished by
perfusion with fresh medium, or by on-line ultrafiltration
with highly concentrated medium [39,40,69]. The on-
line replenishment of medium can be achieved either by
continuous culture or perfusion (including dialysis and
ultrafiltration). The major difference between the two
methods is whether the reactor loses biomass during the
replenishment process. A semi-batch or fed-batch modes
cannot be used when the accumulation of autoinhibitors
retards or inhibits the algal growth and photosynthesis.

Mixing

Continuous mixing of an algal suspension is important
and necessary, to keep the cells in suspension, to enhance
light utilization efficiency, to improve gas exchange, to
eliminate thermal stratification, and to help nutrient dis-
tribution. The degree of mixing has already been shown
to significantly influence the algal productivity [70,71].
Settling occurs when the flow is too slow and will be par-
ticularly severe in the areas where turbulence is smallest.
The accumulation of cells in dead zones will affect cell
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deterioration, anaerobic decomposition and the quality of
the product. However, mechanical agitation and bubble
break-up often lead to hydrodynamic stress, resulting
into restrictions to the algal growth and metabolic activity
[70,72]. Turbulence also causes a continuous shift in the
relative positions of the cells with respect to the photic
zone which relates to the flashing light effect [56]. In a
deliberately designed mixing system with an optimal time
scale, each cell can absorb light energy while exposed to
the light, and then uses up the absorbed photons while in
the dark layer [55].

When the nutritional requirements are satisfied, and
the other environmental conditions are not growth-
limiting, mixing designed to create turbulent flow consti-
tutes the most important requisite for consistently high
yields of algal mass. Both the productivity of algal sys-
tems and the cost of their construction and operation are
determined to a great extent by the nature of the mixing
system employed. Practically, mixing is achieved by gas
bubble dispersion and broth mixing and the cost for con-
struction and operation should also be considered. Aera-
tion-induced hydrodynamic stress can also be alleviated
by the addition of carboxymethylcellulose (CMC) to in-
crease the viscosity of the culture [73,74].

Temperature Control

One of the most distinctive environmental factors is the
seasonal and diurnal variations in the ambient tempera-
ture. Payer et al. [75] investigated the temperature re-
sponses of 34 different green and blue-green species. The
majority of the algae exhibited a temperature growth re-
sponse curve with a wide plateau in the optimal tempera-
ture range, with a sudden decline outside of this range.
The change of the culture temperature also profoundly
influences the overall productivity or the cellular compo-
sition, as photosynthesis and respiration are fundamen-
tally enzyme-based reactions [76,77]. The effects of tem-
perature on algal photosynthesis have been reviewed, fo-
cusing on the phenotypic and genotypic differences,
variations in the photosynthetic metabolism and in the
maximum specific growth rate, as a function of tempera-
ture [78,79].

Temperature is almost invariably measured and con-
trolled during the operation of photobioreactor. The al-
gae in outdoor photobioreactors are exposed to seasonal
and diurnal variations in the temperature and light inten-
sity. Without temperature control equipment, the tem-
perature, during the summer, in a closed photobioreactor
can reach 10~30°C higher than ambient temperature for
several hours. Thus, evaporative cooling and shading are
conventionally used, by the spraying water onto the
photobioreactor surface and by blocking the sunlight to a
certain degree, respectively. Heat exchangers are mainly

incorporated for the heating of cultures in colder climates.

In order to reduce the cost of cooling and increase the
various reaction rates within the cell, the cultivation tem-
perature should be operated at the maximum possible for
not induce stress in the organism.
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Other Factors

The pH in autotrophic algal cultures increases con-
tinuously as a result of the depletion in carbon through
photosynthesis. The pH of the culture medium affects
both the liquid chemistry of polar compounds and the
availability of many algal nutrients such as CO,, iron and
organic acids [80,81]. Variation in the pH also exerts ion
transport systems at the plasmalemma, electrical charge
of the cell wall surface and the associated membrane po-
tentials [82]. Thus, the use of commercial pH controllers
is required to maintain the optimal pH range for algal
growth or product formation.

Algae are reported to be relatively insensitive to pres-
sure. They can grow at the vapor pressure of water, to an
upper limit that probably exceeds 1 atm. However, the
pressure, together with the temperature and pH, has a
significant effect on the solubilities of gases essential to
algae, and hence, could have an indirect effect on algal
growth [83]. The possibility of applying culture pressure
monitoring has also been explored for the estimation of
the biomass production in closed photobioreactors [84].

The osmotic pressure in algae is regulated by organic
metabolites such as polyhydric alcohols (glycerol, manni-
tol or sorbitol, cyclohexanetetraol), glycosides (galac-
toglycerides, floridoside, and isofloridoside), amino acids
(proline and glutamic acid) and other osmoregulators
{85]. The most outstanding example of osmoregulation
in algae is Dunaliella [86,87].

Strain Development

The molecular tools of modern genetic biotechnology
are being applied for enhancing the tolerance to chilling
and salt stress, and are now becoming available for allow-
ing their low-cost, large-scale, commercial production
[88,89]. Potentially practical mutants that are not light
saturated or inhibited at high light intensities, could be
derived by reducing antenna sizes, and they exhibited
increased photosynthetic rates under high light intensities
[90,91]. By introducing a human glucose-transporter
gene, researchers have genetically modified the alga,
Phaeodactylum tricornutum, to thrive on exogenous glu-
cose in the absence of light [92]. This remarkable pro-
gress can be applied to make other commercially valuable
algae also grow in the dark. The impact will be absolutely
remarkable when conventional fermentation technology is
successfully applied to the industrial production of these
algae.
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