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1. INTRODUCTION

1.1. General information

The resources of conventional (fossil) sources of energy that so far have been
the motor of technological and civilisation development are shrinking, and some
opinions expressed are such that those are the last remnants of what Man could
acquire from the ground. However, in the opinion of others (Ragheb 2010, Glasby
2006), conventional fuels flow continuously from the interior of the Earth and
their supplies are fundamentally inexhaustible. This view, alas, is overly optimis-
tic since it is known that fossil fuels originate from biomass subjected to anaero-
bic conditions on the bottom of the oceans and to extreme temperature and pres-
sure over millions of years. The very long waiting time for fossil fuels to be cre-
ated causes that we classify those fuels as non-renewable. Nevertheless, irrespec-
tive of whether the resources of those fuels will be exhausted in the near future or
not, it is a fact that their acquisition is more and more difficult and their combus-
tion has a negative effect on the climate and the biosphere. The fundamental
method of obtaining energy from organic compounds is their combustion. It
causes the breaking of bonds in hydrocarbons and the release of energy and car-
bon dioxide. Over as short a time as several decades humanity has burned a major
part of fuels formed from biomass that absorbed CO, and accumulated energy for
millions of years. This resulted in an excessive increase of CO, concentration in
the atmosphere. With relation to this, for decades now researchers have been
searching for sources of alternative fuels. The objective of the research is the de-
velopment of methods of acquisition of ecological fuel, renewable in 100%,
whose production and subsequent combustion would be maximally neutral for the
environment. One of the few available sources of renewable energy that meet
those requirements is fresh biomass, frequently taken to mean plant biomass. Pho-
tosynthesising organisms accumulate 407 kJ of energy in each mole of bound
carbon (Klass 2004). The “ecological” nature of biofuels consists in the fact that
CO; released in combustion is absorbed by successive plantings of energy crops —
and thus the biogeochemical cycle of carbon in nature is closed and does not
threaten with negative climatic consequences. With the help of various chemical
reactions and physical factors we can “replace” natural processes and directly
utilise the energy potential of biomass. That raw material, due to its rich chemical
composition, can be used for the production of various types of gaseous, liquid
and solid fuels (Chisti 2007).



To acquire plant biomass, various energy crops have been introduced in culti-
vation. The ultimate objective of energy crops cultivation is rapid production of
large amounts of biomass containing the highest possible peecentage of dry mat-
ter with high calorific value. The first ideas concerning the utilisation of biomass
for energy production yielded the so-called first-generation biofuels, based on e.g.
the acquisition of oil from seeds of oil-bearing plants — rapeseed, soybean, sun-
flower etc. Since those are edible plants, their cultivation for energy production
creates a strong competition with their utilisation for food. In consequence, this
has a negative bearing both on the amount of food produced and on the rise of its
prices.

Second-generation biofuels largely solve those problems, as in this case the
fuel is produced mainly form cellulose, e.g. straw, or from the cultivation of “en-
ergy” crops — Virginia mallow, Miscanthus, energy willow, Jerusalem artichoke
etc., that are not a source of food for humans or for farm animals. However, re-
moval of residues of those crops from fields causes impoverishment of soil in
organic matter, and the “energy” crops compete for arable soil area with crops
used for food production. An example here can be the production of ethanol from
cellulose of energy plants, being a second-generation biofuel. That technology,
however, is still a highly complicated and low-efficiency process, and under the
Polish conditions not economically viable. Hence, under our conditions, the produc-
tion of ethanol with that method is insufficient and cannot keep up with the growing
demand for the product. Therefore, the consequences of the production of such
fuels are the same as in the case of the first-generation biofuels (Abou-Shanab et al.
2010, Gnansounou et al. 2009, Oilgae Report 2009, Rosegrant 2008).

The situation is vastly different in the case of production of third-generation
biofuels among which we classify fuels produced from algae. Algal cultures are
characterised by extraordinary productivity, and they do not compete with agri-
cultural production in terms of food or of area used for crop plant production. At
the same time they have a beneficial effect on the natural environment as in algal
production municipal sewage can be used as a source of minerals. Moreover, ad-
ditional benefits result from the fact that algae absorb large amounts of carbon
dioxide that is currently generated in excessive levels. The fuel produced from
algae is environment-friendly as it is non-toxic and highly biodegradable (Tab.1)
(Oilgae Report 2009, Tanner 2009, Schenk et al. 2008).

Algae are the simplest and the most widespread autotrophic organisms on the
Earth. The number of algal species is still undetermined, but it is estimated at
even 10 million, most of which are probably microalgae, i.e. single-celled algae



(Barsanti and Gualtieri 2006). They do not constitute an official taxonomic group,
on the contrary — they are a highly diverse, polyphetic group of autotrophic spe-
cies that includes eukaryotic and well as prokaryotic forms, unicellular and multi-
cellular. Although in terms of evolution algae are precursors and predecessors of
green plants, the two groups cannot be linked in any simple way. All algal species
are characterised by the process of photosynthesis, and also they store similar
storage substances as those stored by higher plants, but here the similarity of al-
gae and plants ends. Algae do not produce specialised tissues like xylem or
phloem, nor organs such as leaves or roots. Also the system of reproduction of
algae is totally different than that of plants (Lee 2008, Barsanti and Gualtieri
2006, Burlew 1953).

Table 1. Comparison of biodiesel and diesel emissions (Khan ez al. 2009)

B100, B20,
Compound pure biodiesel 20% biodiesel + 80% diesel

Unburnt hydrocarbons -93 =30
Carbon dioxide =50 -20
Solids =30 22
Nox +13 +2
Sulphates -100 =20
Polycyclic aromatic hydrocarbons (PAH) -80 -13
Nitrated PAH -90 =50
Potential for ozone layer destruction =50 -10
CO, —80
SO, -100

(-) lower % emission of noxious compounds compared to 100% diesel,
(+) higher % emission of noxious compounds compared to 100% diesel.

Under favourable conditions, algae utilise sunlight very efficiently and double
their biomass very rapidly. Cells of certain algal species perform their cellular
divisions even every 24-72 hours, and Krzemieniewski et al. (2009) report a divi-
sion rate as fast as every 3.5 hours. Those numbers permit a rapid estimation that
under favourable environmental conditions algae can be harvested many times



during a year, and their combined yield can be even 1000-fold greater than from
conventional crop cultivations with yield harvested once or twice a year (Tab. 2).

Table 2. Comparison of some sources of biodiesel (Chisti 2007)

Area required to meet 50%

Crop guigﬁtze(:; (_)li)l of US demand
for transport fuels (mln ha)

Maize 172 1540

Soybean 446 594

Coconut 2689 99

Palm oil 5950 45

Microalgae (70% of oil in biomass) 136900 2

Microalgae (30% of oil in biomass) 58700 4,5

That high productivity of algae results from their high photosynthetic effec-
tiveness — ca. 5%, whereas plants accumulate only about 1% of solar energy
(Klass 2004).

Moreover, algae do not use up the stored energy for e.g. the development of
a root system, process of flowering or development of fruits. They use all their
energy for the processes of cellular division (growth), which is manifested in the
intensive increase of biomass. Since algae live in aquatic or wet environments,
their reproductive effectiveness depends primarily on the availability of nutrients,
sufficient amonts of CO,, suitable temperature and large area of exposure to
sunlight. Therefore, the latest technologies aim at ensuring such conditions for
algae in so-called photobioreactors. The design of photobioreactors permits inten-
sive breeding of algae on relatively very small areas (compared to agricultural
plantations), as the adopted solutions provide for a possibility of their vertical
structuring in several or even over a dozen stories. Such compact algal farm de-
sign will cause that they will require a minimum of land area compared to the area
requirements of crop plants to produce a comparable yield volume. Considering
the fact that certain algal species can also be applied for food or feed purposes, in
these times of overpopulation of the planet this would create a virtually inex-
haustible potential for the production of biomass. A distant but promising vision
is also the utilisation of oceans or desert areas for the production of algae, those —
from the viewpoint of human economy — being still vast non-productive areas.



Another highly positive feature of algal cultures is that they can be situated in
industrial zones and algal biomass can be produced using, firstly, contaminated
water, industrial and municipal wastewaters and richly fertilised runoff from ar-
able fields, and secondly — chimney gases that emit large amounts of CO,. Algae
are characerised by very rapid growth of biomass, which involves absorption of
enormous amounts of biogenic elements and CO,, which contributes to the pro-
tection and purification of the atmospheric air, waters, soil, and the biosphere as
a whole (Oilgae Report 2009, Spolaore et al. 2006, Klass 2004).

Under optimum culturing conditions, algae multiply very fast but they do not
accumulate too much storage materials. Storage substances of algae include e.g.
various carbohydrates similar to starch (e.g. laminarin, chrysolaminarin, paramy-
lon, blue-green algal starch) (Lee 2008). They appear in the cells of micro- and
macro-algae and can be successfully used for the production of bioethanol.
Whereas, in unfavourable environmental conditions, under stress, e.g. deficit of
nitrogen, phosphrus etc., algal cells accumulate lipids in the form of triacylglyc-
erides. Often droplets of oil are situated close to the mitochondrion (Oilgae Re-
port 2009, Hu et al. 2008). This ability relates basically only to microalgae. Lipids
in the form of triacylglycerides are an excellent substrate for the production of
biodiesel (Oilgae Report 2009, Hu et al. 2008). Other fuels that can be produced
from algae include e.g. biohydrogen, biomass — for direct combustion, biogas —
after fermentation, and other, e.g. biobutanol (Fig. 1) (Oilgae Report 2009).

Hydrogen Biodiesel
Separation Conversion
Extraction Bioethanol
(o1) -

Hy
Light O
1

Fig. 1. Potential pathways from microalgae to fuels (Posten and Shaub 2009)
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Unfortunately, today the production of fuels from algae is economically non-
viable. It is, however, one of very few real possibilities of meeting the world en-
ergy requirements in the future. No other method can ensure biomass production
at that level of efficiency with simultaneous positive effects on the environment.
It is predicted that as soon as within the next 10 years the algal industry will de-
velop and commercialise, giving the world the possibility of using natural, pure,
truly green energy (Oilgae Report 2009, Wijffels 2009). Analysis of economic
viability of algal production should be complemented, however, with the consid-
erable requirements of algae for CO, and with the possibility of their utilisation
for the purification of municipal sewage. Those advantages of algae can largely
enhance their attractiveness and cause that interest in their production will grow
both among the producers of biomass and among industrial plants facing prob-
lems with excessive emissions of greenhouse gases.

1.2. History of research on algae

The idea of using algae for human needs is not a new one (Ryan 2009). The
first literature references to algae apeared ca. 2500 years ago in China (Tseng
2004). Over the years, studies on the ustilisation of algae expanded from the pro-
duction of food to the production of a whole range of products: food, feed, fertil-
isers, cosmetics, dyes, antioxidants, as well as substances used in medical diag-
nostics or in biological research (Hu 2004).

Algae are also used for water treatment, and in the history there also appeared
an idea of sustaining human life in space based on the use of algae (Ryan 2009).
In the nearest future, however, algafarming will probably be focused mainly on
the production of clean and cheap energy.

The chemical composition of algae is rich and favourable for human and ani-
mal nutrition. In numerous studies it has been demonstrated that algal protein is of
comparable or even higher quality than that obtained from higher plants. More-
over, algae are a valuable source of vitamins, unsaturated fatty acids and antioxi-
dants (Becker 2004, Spolaore et al. 2006, Edwards 2008). No wonder, therefore,
that microalgae from the genera Nostoc, Arthrospira platensis (better known as
Spirulina), Aphanizomenon have been collected for food from natural reservoirs
for thousands of years (Jensen ef al. 2001). 2000 years ago, the Chinese collected
Nostoc algae at times of famine (Spolaore er al. 2006). In the 16™ century
Spirulina was consumed by the Aztecs in Mexico and by tribes living on Lake
Chad in Africa (Hu 2004, van lersel and Flammini 2010). Macroalgae, also called
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seeweed, have been harvested from natural habitats since the year 530. Since
1640 they are cultivated by man and consumed, especially in Asian countries, as
sushi or an additive for soups (Pulz and Gross 2004, Edwards 2008). Microalgae,
on the other hand, are added to feed for fish, snails, crustaceans and their larvae,
and also more and more often to feed for farm animals (Pulz and Gross 2004).

The extensive utilisation of algae results from their great diversity, and thus
also diversified chemical composition. The genus Rhodophyta produces agar-
agar, alginic acid and carrageenins, substances necessary in microbiology and
biotechnology. The first production of agar appeared in Japan in 1658. As early as
in the 18th century brown algae were used for the production of sodium carbonate
and iodine (Pulz and Gross 2004). The first pharmaceutical substance — chlorel-
line — was extracted from algae of the genus Chlorella in Japan during World War
Two (Ryan 2009). In the nineteen fifties systematic and in-depth studies on algae
were begun in search for high-value substances and proteins as well as antibiotics.
Algae proved to be an excellent source of a large number of nutraceutics, phar-
maceuticals, antibiotics, and also toxins (Borowitzka 1995, Spolaore et al. 2006).

In the nineteen fifties, Oswald et al. developed a method of water treatment
by means of algae. The idea was well based, as algae produce oxygen, reduce
eutrophicity of waters by absorbing biogenic elements, and absorb heavy metals.
That method of water purification is effective and it is now extensively used
(Oswald 2003).

Between the years 1959 and 1962, Professor Jack Myer and Professor Herb
Ward worked on algae for the U.S. Air Force’s School of Aviation Medicine
(SAM) (and later for the National Aeronautics and Space Administration —
NASA) in San Antonio, Texas (Ryan 2009). Their objective was to develop
a system that would be capable of sustaining human life indefinitely using solar
energy alone (Oswald 2003). They designed the “Algatron” — the most efficient
photobioreactor ever created. It was calculated that three “Algatrons” can supply
one person with 1600 kcal per day, and at the same time produce oxygen and
purify water. Unfortunately, the experience gained from the project was never
utilised outside of the laboratory (Ryan 2009, Oswald 2003).

The first “plantations” of algae were experimented with by Ferdinand Cohn.
In 1850 he maintained for a certain time a monoculture of the species Haemato-
coccus (Chlorophyceae) in his laboratory in Breslau (now Wroctaw) and called
the process a “plantation” (Preisig and Andersen 2005). In 1890, Beijerinck ac-
quired monocultures of Chlorella vulgaris (Borowitzka 1999). Soon after that,
there apeared ideas of creating a large and dense culture of microalgae. In1919,
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Warburg (Germany) introduced into his cultures bubbles of air enriched in CO,
and provided artificial lighting. Since the nineteen forties larger and larger struc-
tures were built and tested. Pilot semi-industrial installations were built mainly in
the USA, Israel, Japan and in Germany, under the supervision of such people as
Myers and Clark, Cook, Witsch, Gummert, Tamiya, Arthur D. Little. Arthur D.
Little constructed several pilot photobioreactors on the roof of a building at the
Massachusetts Institute of Technology (Preisig and Andersen 2005, Benemann
2008). Although ultimately the experiments of Arthur D. Little were declared to
be a failure, his documentation on algae is a foundation of knowledge on the cul-
turing of those organisms till today (Burlew 1953, Ryan 2009).

Nihon Chlorella Inc. was the first company to start producing Chlorella on a
commercial scale, in 1961 inTokyo. The culturing was conducted in three oval-
shaped ponds designed by Prof. Tamiya and occupied the area of 4000 m* (Hu
2004). In the nineteen seventies there appeared another algafarm, of the species
Spirulina, operated by Sosa Texcoco S.A. in Lake Texcoco in Mexico (Borowitzka
1999). In 1975, Larry Switzer created Earthrise Farms in southern California, the
largest Spirulina farm in the world, extending over an area of 44000 m® (Ryan
2009, Spolaore et al. 2006). A notable part of the world production of the species
takes place also in China and in India (Spolaore et al. 2006) (Fig. 2). At present
only several algal species are produced in the world on a commercial scale, for
use in the production of pharmaceuticals, food supplements and animal feed —
Spirulina, Chlorella, Dunaliella salina (used a source of f-carotene), and recently
also Haematococcus pluvialis (producing a dye and a strong antioxidant, astaxan-
thin) (Spolaore et al. 2006, Lorenz i Cysewski 2000).

In recent years, the world market of microalgae has reached the level of 5000
t of dry matter per year and generates a turnover of 1.25-10° USD per year; this
does not take into account products obtained from processing of microalgal bio-
mass (Pulz and Gross 2004).

The discovery and the idea that algal biomass can be used as a raw material
for the production of biofuels originated from the exeriments of Arthur D. Little
from the nineteen fifties. Meier (1955) proposed the production of methane from
the carbohydrate fraction of algal cells (Hu 2008). In the early nineteen sixties,
William Oswald and Clarence Golueke developed the idea and presented a tech-
nical-economic analysis of decomposition of algal biomass produced in large race
track-type ponds for methane production (Ryan 2009, Hu 2008). In the nineteen
seventies, the cost of fuels began to rise rapidly and thus the interest in the utilisa-
tion of microalgae for the production of methane, hydrogen or liquid biofuels



13

increased as well (Benemann 2008, Hu 2008). That energy crisis led to the crea-
tion of the U.S. Department of Energy’s Aquatic Species Program (DOE-ASP)
(Ryan 2009, Sheenan et al. 1996). The ASP program functioned for nearly two
decades (from 1978 to 1996 roku), in cooperation with the National Renewable
Energy Laboratory (NREL), and during that time many aspects concerning mi-
croalgae were investigated, which resulted in the development of the fundamental
knowledge on the acquisition of biofuels from algae (Sheenan et al. 1996). The
studies on the physiology of algae were focused on the capability of manay algal
species of induced biosynthesis of lipids under the effect of environmental
stresses. In this respect the researchers tended to favour diatoms (Bacillariophy-
ceae) and green algae (Chlorophyceae) (Hu 2008). The studies were conducted
using algal cultivations in open ponds in Roswell, New Mexico, where it was
possible to maintain long-term and stable cultures (Hu 2008). One of the conclu-
sions formulated during the program was that it would be necessary to apply ge-
netic modification of algae to induce increased production of triacylglycerides.
The first successful genetic transformation of diatoms Cyclotella cryptica and
Navicula saprophila took place in 1994 (Ryan 2009, Hu 2008). Nevertheless,
even at the most opimistic assumptions, it was estimated that the cost of produc-
ing algal biofuel would be from 1.40 to 4.40 USD per gallon, which means that
the proudction would be economically viable only if oil prices were higher than
60 USD per barrel (Oilgae Report 2009, Hu 2008). However, at that time oil
prices were much lower, and thus, after spending 25 million dollars, the Clinton
administration decided to terminate the ASP program (Oilgae Report 2009).

A Japanese project conducted by the New Energy Development Organisation
and Research for Innovative Technology of the Earth (NEDO-RITE Optical Fibre
Bioreactor project) revived the interest of researchers in algae. The program be-
gan in 1990 and lasted for 10 years, cooperating with 20 private companies, labo-
ratories and research institutions. It is estimated that about 250 million dollars
were spent on the program. As opposed to the earlier American program, the
Japanese focused on the utilisation of closed photobioreactors and on the produc-
tion of high-value products such as feed additives, antibiotics, and even paper or
concrete admixtures from algae. The arguments supporting such production in-
clude e.g. much lower utilisation of land area, greater efficiency, and better con-
trol of the conditions. The project involved also the use of artificial lighting by
means of fibreoptics. Unfortunately, the program did not end with a success, and
NREL even declared NEDO-RITE to have been a “total failure” due to the very
high production costs achieved (ca. 1000 dollars per m®). To summarise, the
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NEDO-RITE program, in spite of the huge financial outlays, did not contribute to
any notable expansion of knowledge on the acquisition of biofuels from algae
(Sheenan et al. 1995, Benemann 2008, Ryan 2009).
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Fig. 2. Global production figures of Spirulina by country (Borowitzka 1999)

After the ASP program was terminated, the development in the field of algal
biofuels slowed down. However, when oil prices took a significant rise in 2008
and many airlines went bankrupt due thigh fuel costs, biofuels returned to favour.
On the 7th of January, 2009, Continental Airlines Inc. conducted a successful test
flight of a Boeing 737 fuelled with a mixture of conventional jet fuel and biofuel
obtained from algae and jatropha (Ryan 2009).
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2. ALGAE
2.1. Systematics of algae

The systematics of algae is specific due to the polyphyletic nature of the group.
The primary classification comprises such traits as pigmentation, storage materials,
structure of cell wall, flagella and cilia, reproduction. Lee (2008) classifies algal
groups with respect to the method of organisation of chloroplasts which can have
from two to four membranes seperating them from the cytoplasm. At present the
systematic division undergoes modifications under the effect of new discoveries in
the field of cell genetics and ultrastructure. The most popular, so far, method of classi-
fication of algae is the following (Barsanti and Gualtieri 2006, Lee 2008):
Prokaryotic algae: Cyanophyta (Cyanobacteria, blue-green algae)

Eukaryotic algae: Chlorophyta (green algae) (two chloroplast membranes),
Rhodophyta (red algae) (two membranes),
Glaucophyta (two membranes),
Dinophyta (dinoflagellates) (three membranes),
Euglenophyta (three membranes),
Chlorarachniophyta (four membranes).
Heterokontophyta (four membranes) — this group includes e.g.:
Bacillariophyceae (diatoms),
Phaeophyceae (brown algae),
Chrysophyceae (golden algae),
Xanthophyceae (yellow-green algae),
Cryptophyta (four membranes),
Haptophyta (four membranes).

2.2. Forms of occurrence of algae

Algae assume diverse forms. The most common are unicellular species, the
smallest of which have diameters of the order of tenths of a micrometre, and the
biggest — up to several tens of micrometres. The individual cells may occur in
various forms:

e in the amoeboid form — characterised by the lack of cell wall, its motility
consisting in cytoplasm flowing to pseudopodia.

e Another motile form is the flagellate form — the cells have one or more fla-
gella that ensure their motility; frequently they also have no cell wall, but they
can produce other external structures (e.g. Fuglena). Both of the above groups
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include primarily mixotrophic species — during the day they stay in the upper

layers of a reservoir and behave like photoautotrophic organisms, and during

the night they forage on the bottom of the reservoir and absorb organic matter
and biogenic elements. Thanks to those properties such species participate in
the microbiological cycle and bring back decayed matter into the food chain.

e Still another form of unicellular specues is the coccoid form — the cells are
surrounded with typically developed cell wall and have a permanent shape
that is not necessarily spherical. Usually they have no capability of active mo-
tility (e.g. Chlorella vulgaris, photo 1.) (Wayda 2009).

Equally frequently encountered are the colonial forms of algae. Colonies are
formed when unicellular algae undergo cell division and do not fully separate.
Althouth the cells retain their independence, they are usually imbedded in mucilage
or linked by means of plasmodesms. Many species form colonies with incidental
numbers of lossely connected cells (Hydrurus, Synura (Heterokontophyta)), but
there are also such species whose colonies are well organised and individual cells
may be specialised — so-called coenobia (Volvox, Pediastrum). A similar form is
the filamentous colony in which cells are linked with each other with their cell
walls and assume the form of threads or beads (e.g. Arthrospira photo 2., Spiro-
gyra, Ulothrix, Oscillatoria, Tolypothrix, Cladophora, Stigonema). When cells
divide but no new cell walls are formed between them, there appears a unicelular
organism with multiple nuclei, called a siphonous or a coenocytic (e.g. Vaucheria).

Photo 1. Chlorella vulgaris (Internet [1])
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Photo 3. Laminaria sp. (Internet [3])

Macroalgae, commonly called seaweed, assume the form of a simple multicel-
lular organism whose “body” is a non-specialised or weakly specialised thallus.
In the case of brown algae, for example, the thallus can reach lengths of tens of
metres, and its morphology resembles that of the higher plants (e.g. Fucus, Lami-
naria, photo 3.) (Wayda 2009, Barsanti and Gualtieri 2006).
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2.3. Algal cell structure

2.3.1. General information

The basic cellular structure of algae is usually similar to the structure of
a typical plant cell (in eukaryotic algae) or a bacterial cell (in prokaryotic algae).
The size of a single cell is usually within the range of 5-50 pm. On their surface
algal cells have a negative charge (Shelef et al. 1984). The standard cell structures
and organelles may, however, differ from the plant or bacterial ones in their
shape, size, function or chemical composition. There may also appear structures
that ae characteristic only for a given group of algae. Therefore, in this work we
have concentrated on organelles with features characteristic for algae alone.

2.3.2. Chloroplasts

From the human point of view, the most important structures in algal cells are
the photosynthesising apparatus. They are responsible for the process of photo-
synthesis, i.e. for the absorption and conversion of energy which is the focus of
our interest. The photosythesising apparatus of prokaryotic algae are free thylako-
ids, embedded directly in the cytoplasm, most often concentrated peripherically in
several layers parallel to the cell wall, though that is not the only possible ar-
rangement. On the outer side of the thylakoids of cyanobacteria there are “gran-
ules”, called phycobilisomes, that contain pigments — phycobilins — indirectly
participating in the process of photosynthesis — phycocyanin, phycoerythrin and
their variants. Phycobilisomes appear also in eukaryotic algae from the groups
Glaucophyta, Rhodophyta and Cryptophyta (Tab. 3).

Eukaryotic algae have special organelles conducting photosynthesis — chloro-
plasts. Those structures have been formed through evolution, most probably
through the absorption of a blue-green alga cell by another cell, which is referred
to in the theory of endosymbiosis. Therefore, chloroplasts are semi-autonomous
organelles, having their own DNA, ribosomes, and dividing indepndently from the
cellular divisions. They are separated from the cytoplasm by two to four mem-
branes (Lee 2008). The number of chloroplasts in a cell, their size and shapes are
specific for a given species. As a rule, the shape of a chloroplast is oval, but e.g.
algae from the genus Spirogyra have chloroplasts that are elongated and twisted. In
almost all algal groups the chloroplast contains a pyrenoid. It is a protein structure
containing the enzyme RuBisCO, responsible for carbon dioxide fixation during the
process of photosynthesis. The pyrenoid may accumulate around itself storage ma-
terials, including droplets of oil. A common feature of all groups of algae is that



19

they contain chlorophylls — most frequently @, but sometimes also » and c¢. Apart
from that, they contain also various forms of carotenoids and xantophylls (fucoxan-
thin, zeaxanthin, lutein, violaxanthin and others) (Tab. 3). Algae living in the sur-
face layers of water reservoirs contain primarily chlorophyll and assume green col-
our. In algae living in deep water layers carotenoids and phycobilins dominate.
They absorb the sparse solar radiation that penetrates into the depth of water and to
which chlorophylls do not react. Those pigments transfer the absorbed energy to
chlorophyll which then proceeds to perform the photosynthesis proper (Lee 2008,
Barsanti and Gualtieri 2006).

Table 3. Pigments and storage materials of algae (Barsanti and Gualtieri 2006, Czerpak and Czeczuga 1978)

- . Storage
Phylum Chlorophylls Phycobilins Carotenoids ~ Xantophylls materials
cyanophycin
c-phycoerythrin (ngF P r:rtzlg
c-phycocyanin myxoxanthin poym
Cyanophyta a,b . [B-carotene . arginine and
allophycocyanin zeaxanthin .
phycoerythrocyanin asparagine)
blue-green
algae starch
c-phycocyanin g . blue-green
Glaucophyta a allophycocyanin B-carotene zeaxanthin algac starch
r, b-phycoerythrin @ and
Rhodophyta a r-phycocyanin lutein red algae starch
. B-carotene
allophycocyanin
Phycoerythrin-545 a-, B- and .
Cryptophyta a,c r-phycocyanin c-carotene alloxanthin starch
a-, B- and fucoxanthin L
Heterokontophyta a,c — e-carotene violaxanthin chrysolaminarin
a- and . .
Haptophyta a,c — B-carotene fucoxanthin ~ chrysolaminarin
peridinin
. fucoxanthin
Dinophyta a,b,c - [-carotene diadinoxanthin starch
dinoxanthin
Euglenoph a,b - p-and diadinoxanthin aramylon
glenophyta i y-carotene P Y
lutein
Chlorarachniophyta a,b - - neoxanthin paramylon
violaxanthin
Chlorophyta a,b - o, - and lutein starch

y-carotene  prasinoxanthin




20

2.3.3. Stigma

The cells of motile species of algae often have the stigma, i.e. a drop of caro-
tenoids that responds to photo stimuli. Under the effect of light a response of the
cell takes place — positive or negative phototaxis (Barsanti and Gualtieri 2006).

2.3.4. External structures

In such a diverse group of organisms there occur various kinds of external cell
structures. Their function is to protect the cell from any mechanical, chemical or
physical damage, against pathogens, predators or from drying. By definition,
therefore, those structures should be strong and reliable, and permeable only in
a highly selective manner. From the viewpoint of the utility value of algae as pro-
ducers of oil for the production of biodiesel or biogas, all structures that inhibit
access to the protoplast are undesirable. Therefore, it is worthwhile to analyse
them more colsely, so as to be able to overcome those barriers more effectively.

In principle, simple cellular membranes appear only in the gametes and spores
of algae. The naked membrane encases the cells only for a short transition time,
and at further stages of development various protective structures are formed rap-
idly. Usually the cells are covered with various cell walls, and additionally they
can form mucilage layers or even hard shells. Mucilage covers most algal cells.
Mucilage coats can be produced by individual cells, but also by whole colonies of
cells that, thanks to the mucilage, are permanently held together. In forms produc-
ing filaments, the mucilage forms a kind of “tube” around the filaments. The mu-
cilage is usually colourless and transparent, but it may be coloured either from
external substances (e.g. from salts of iron), or from pigments produced by the
cell itself. The detailed composition of mucilage has so far been determined only
for a few species, e.g. in Nostoc commune the mucilage is formed of fibrillar glu-
cans similar to cellulose and of simple sugars, in Mycrocystis flos-aquae —
galacturonic acid together with pectin-like substances. The mucilage of cyanobac-
teria has a beneficial effect on the properties of soil — it protects the soil from
erosion, enhances water retention and mobility of elements in the soil.

Among the species from the phyla Heterokontophyta, Haptophyta and
Chlorophyta there are such that build various kinds of scale and plates around the
cells. Those can be built of organic substances, calcium carbonate or silica. The
scales can be arranged at random or in regular patterns. Another kind of such
a structure is the shell called lorica — in the form of a pot from which the flaggella
emerges. Diatoms (Bacillariophyceae) are characterised by a shell saturated with
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amorphous silica, with rich ornamentation specific for each species. The unique
feature of that group of organisms is that the outer structure consists of so-called
bottom and cover. The shapes of the cells and their relief are usually symmetrical,
and the symmetry can be radial or linear. Often on the shells there appear struc-
tures such as swellings, seams and pores that serve for contact with the external
environment, for gas and nutrient exchange, and for excretion of mucilage by
means of which diatoms can attach themselves to any surface and which is the
means of their motility. Beneath the shell, the cell is additionally protected with
coats of mucilage.

Dinoflagellates (Dinoflagellata) have, under the cellular membrane, a system
of flattened vesicles called the alveoli. These are usually arranged in a single row
immediately beneath the cellular membrane. The alveoles can contain cellulose
plates and form an overlapping armour on the cell. The plates may differ in thick-
ness, ornamentation, and usually they contain pores. Alveoles can also be empty,
and then the cells are naked. In such cells the alveoles play a structural function.
In many species, beneath the alveole layer there is a layer formed of cellulose and
dinosporin, a protein similar to sporopolenin but unique to the dinoflagellates.
That layer provides strengthening for the thin cellular membrane with the al-
veoles, and over time it becomes fossilised.

The typical cell wall appears both in prokaryotic and eukaryotic species. It is
defined as a stiff structure encasing the protoplast. In blue-green algae the cell
wall is of the Gram (-) type, built of peptidoglycan or of muramic acid and addi-
tionally it is covered with a coat of mucilage. The cell wall thickness is most often
in the range of 1-10 nm, but in certain species from the genus Oscillatoria it may
be even 200 nm. The cell wall of eukaryotes is always situated on the outside of
the cellular membrane and is comparable with the cell wall of plant cells. Basi-
cally it is built of two components — a fibrillar component, forming the scaffold-
ing of the wall, and an amorphous components that forms the filling between the
fibres. The fibrillar component is most often cellulose, though it can be substi-
tuted with mannan, chitin or xylan (Lee 2008). The cell wall can be adcrusted
with silica, calcium carbonate or acetolysis resistant biopolimer. The building of
the cell wall is the responsibility of the Golgi apparatus. The cell wall of brown
algae and red algae contains the largest amounts of amorphous materials filling
the fibrillar scaffolding of the cell walls, and that is why those algal groups are
used for the acquisiton of those components on an industrial scale. In red algae
the cell wall is built in 70% of water-soluble galactans, such as agar and carra-
geenans, that have the ability to form gels, and thanks to that they are used in the
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food and pharmaceutical industrys. In brown algae, the cell walls and the intercel-
lular spaces contain alginic acid and fucoidan. Salts of alginic acid have emulsify-
ing and stabilising properties.

Euglenoids are characterised by the appearance of the pellicle — a structure
that is one of the strongest external structures in microorganisms. In the case of
Euglena gracilis a pressure of nearly 138,000 hPa is required to crush that struc-
ture (Barsanti and Gualtieri 20006).

2.3.5. Structures and cells with special properties

Under unfavourable environmental conditions, especially during drought, algae
form special thick-walled spore-type cells, e.g. hypnospores and hypnozygota, sta-
tospores and akinetes. Hypnospores and hypnozygota are built de novo from the
protoplast that emerged from the mother cell wall, and protect the cell againt
drought. Statospores are formed within an existing cell, and their cell walls are built
of silica. Akinetes are common among blue-green algae. They are large cells en-
cased in thick cell wall that appear under the effect of deficit of biogenic elements
or light. They are extraordinarily resistant to desiccation and freezing, and can ger-
minate even after many years of dormancy (Barsanti and Gualtieri 2006).

Heterocysts are specialised cells appearing in blue-green algae and have the
ability of assimilation of atmospheric nitrogen. They have thick cell walls,
thinned cytoplasm, and contain cyanophycin as storage material. The assimilation
of nitrogen takes place with the help of the enzyme nitrogenase which is active
only under anaerobic conditions. However, blue-green algae cope very well with
the separation of nitrogenase from aerobic processes, i.e. photosynthesis, e.g.
through the activation of nitrogenase only in darkness (Tomaselli 2005, Barsanti
and Gualtieri 2006).

2.3.6. Genetic material and sexual processes

As concerns the genetic material there are distinct differences between the cells
of prokaryotic and eukaryotic algae. Cyanobacteria do not have any typical cell
nucleus. Immersed directly in their cytoplasm is a single larger molecule of DNA
and numerous plasmids, i.e. smaller molecules of DNA responsible for the forma-
tion of gas vacuoles, for resistance to antibiotics and for the production of toxins.
Although cyanobacteria reproduce only in the asexual manner, they have the ability
of recombination of genetic material through such processes as transformation and
conjugation. Transformation takes place when one cell secretes a part of its genetic
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material to the environment and another call absorbs it and attaches it to its own
DNA. Conjugation is a pseudosexual process in which two cells join with each
other by means of pili, i.e. thin hair-like bridges of cytoplasm, and exchange
plasmids.

The interphase cell nucleus of eukaryotic algae, the processes that take place
in it, karyokinesis or mitosis and cytokinesis, are comparable for the cell nuclei of
all eukaryotic cells.

The most frequent method of reproduction of algae is asexual reproduction
through simple division of cells, longitudinal or lateral, or through the division of
colonies. Numerous simultaneous divisions can take place, that lead to the ap-
pearance of a large number of small progenital cells (baecocytes). In Volvox or in
Pediastrum, the successive colonies have the same number of cells as the mother
colony. Other kinds of algae, e.g. cyanobacteria, can divide their colonies through
special fragments — hormogonia. Another kind of asexual reproduction is the pro-
duction of various kinds of spores. Zoospores are motile spores, with flagellas,
while aplanospores, autospores and hypnospores and non-motile.

Certain species of algae are characterised by sexual reproductive cycles, and
the diversity of the types of gametes produced and the reproductive cycles is very
extensive. The gametes of two individuals of a single species may not differ from
each other at all (isogamy), differ slightly in size (anisogamy) or resemble those
of higher organisms — the female gamete is large and non-motile, while the male
gamete is small and motile (oogamy). In various species of algae various kinds of
generation succession are observed:

e isomorphic — when similarly developed diploid (spore producing) and haploid

(gamete producing) organisms appear alternatively,

e heteromorphic — when there is alternation of diploid and haploid organisms,
but one or the other are smaller,

e diplontic or gametic life cycle — when the diploid phase is predominant, and
gametes are the only form of the haploid stage,

e haploid or zygotic life cycle — when the haploid phase is predominant, and
zygote is the only form of the diploid stage,

e three-phase alternation of generations in red algae, with haploid gametophyte,
diploid carposporophyte and diploid tetrasporophyte (Barsanti and Gualtieri

2006, Tomaselli 2004).
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2.4. Occurrence

It is hard to imagine any water reservoir without any presence of algae. Those
organisms are omnipresent — beginning with the oceans, through all fresh water
reservoirs, rivers, even puddles, and ending with extreme environments such as
hot springs, brines, arctic waters, or strongly polluted waters. They are also abun-
dant in land ecosystems. Most of algal species are cosmopolitan, and — depending
on the climate — the particular varieties and strains of a given species may assume
various adaptations and various ranges of tolerance to environmental factors.

Algal species living in the land environment usually absorb carbon dioxide
and water directly from the atmosphere. They are strongly exposed to desiccation,
excessive levels of light, and to sudden changes of weather. However, they have
developed certain defensive mechanisms protecting them against the harmful
effect of those factors. Most frequently land-living algae develop mucilage coats
that retain water and prevent desiccation of cells. Another strategy protecting
against drying is thicknening of the cell wall and transition into resting spore
state. There are also species that continue functioning even at low levels of water
in the cytoplasm, even as low as several percent. Protection against excessive
sunlight is achieved by algae by means of pigments such as astaxanthin or scy-
tonemin. Cells of land algae species produce also large amounts of unsaturated
fatty acids which, in turn, provide protection against freezing (Wayda 2009). On
land, algae constitute also a component of lichens where, together with fungi, they
form symbiotic relations, sometimes referred to as helotic.

However, a majority of algae are aquatic organisms. The waters of the oceans
are dominated in particular by the group of diatoms (Sheenan et al. 1998). Thanks
to their contractile vacuoles, algal cells are frequently capable of adapting, within
a broad spectrum, to the level of salinity of the water. Microalgae are passively
borne by the water, forming the phytoplankton. Obviously, being photosynthesis-
ing organisms, they are most abundant in the euphotic zone of water reservoirs.
They stay close to the water surface thanks to various mechanisms — blue-green
algae have gas vaculoes that give buoyancy, certain species of algae have flag-
elles that provide them with motility, other species resist sinking by means of
various protrusions and cell shapes, and other still modify their weight by accu-
mulating lipids (Shelef et al. 1984). In the littoral and in the shallower reservoirs
there are species of algae that settle down or get fixed to the bottom forming the
benthos, growing on stones (epilithes) or plants (epiphytes). On the bottoms of
deeper reservoirs we encounter species with blue, brown or red colouring, less
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frequently green — due to the weak penetration of blue light, absorbed by chlorol-
hyll, through the water (Wayda 2009). Brown thali form sometimes luxuriant
underwater vegetation at notable depths. Red algae were found at the depth of 268
m (Barsanti and Gualtieri 2006). There are also various interrelationships between
algae and aquatic animals. In freshwater reservoirs algal cells frequently develop
mucilage coating, thanks to which they are not digested in animal organisms.
They can live within the bodies of individuals belonging to zooplankton on the
basis of commensalism, absorbing carbon dioxide from them. In sea waters algae
are true symbionts of coelenterates. They use carbon dioxide produced by coelen-
terates, while coelenterates absorb oxygen and complex high-carbon organic
compounds produced by algae (Wayda 2009).

2.5. Role in nature

Algae play numerous important roles in nature. As the most common autotro-
phic organisms on Earth they constitute the base of the trophic pyramid of oce-
anic, see and freshwater ecosystems. They are the food not only for zooplankton,
but also for fish and other animals. At the same time, mixotrophic species of algae
absorb dead organic matter, bacteria and other small organisms, which permits
their inclusion in the cycle of matter — in other words they participate in the
microbiological loop. Algae are pioneer organisms which are the first to colonise
lands and waters poor in organic matter and create conditions favourable for the
development of plants and animals with higher environmental requirements. They
create ecosystems e.g. on rocks washed by the waves or situated within the tidal
zone (Wayda 2009). Under favourable conditions (in fertile and warm waters)
algae reproduce very fast, which in natural reservoirs or ponds is observable as
algal blooms (Photo 4). That phenomenon is undesirable for two reasons. Firstly,
when a large amout of algae decay simultaneously, the process of decomposition
of the biomass uses up the oxygen resources in the water, which in turn results in
the death of water animals and zooplankton (Jensen et al. 1989). Moreover, in the
case of blue-green lagae blooms, the water becomes contaminated with dangerous
hepato- and neurotoxins produced by blue-green algae (WHO 2003).

Algae are an important link in the biochemical cycle of various elements.
Blue-green algae, as the first autotrophic organisms on Earth, formed the atmos-
phere of the planet over millions of years. Originally, the Earth was surrounded
with a mixture of gases composed of ca. 80% of nitrogen, as much as 10% of
carbon dioxide and carbon monoxide, and with no oxygen content whatsoever.
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Blue-green algae saturated the atmosphere with oxygen and absorbed carbon di-
oxide, up to the present levels (78% of nitrogen, 21% of oxygen, 0.03% of carbon
dioxide). Also now algae, as the most numerous autotrophic organisms on Earth,
absorb as much carbon dioxide as the tropical forests, and produce more than
50% of atmospheric oxygen. Blue-green algae are among those few organisms
that have the capability of binding atmospheric nitrogen and are highly effective
in separating nitrogenase from aerobic processes.

Photo 4. Algae bloom (Internet [4])

Algal remains, under the effect of catagenesis, transformed into petroleum oil
and natural gas that are now used as fuels, and the calcified shells of dead algal
cells formed sedimentary rocks which are used e.g. in building. Silica shells of
diatoms formed the so-called diatomaceous earth. Algae participate also in the
sulphur cycle, marine algae playing in it a particular role. They produce consider-
able amounts of DMSP (dimethylosulphoniopropionate) from sulphuric amino
acids. DMSP is a gas which, in an oxygen atmosphere, becomes degraded and
oxidised to sulphur oxides that, in turn, become nuclei for condensation. Thus —
indirectly — algae affect also the climate on the Earth (Wayda 2009, Barsanti and
Gualtieri 2006).
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3. CULTIVATION

3.1. Cultivation conditions

The factors that affect the growth, development and properties of algal cells,
apart from the species-related traits, are the following:

e light, including the photoperiod,

e temperature,

e reaction

e nutrient medium, including gaseous CO,,

e stirring.

3.1.1. Light

From the human point of view, the most important process conducted by al-
gae is photosynthesis. Thanks to that process algae can convert the energy of pho-
tons in energy enclosed in the bonds of organic compounds. Photosyntheses is
divided into the light reactions (taking place in the presence of light) and the dark
reactions (taking place in darkness) (Fig. 3). For correct energy conversion, the
cultivation conditions must take into account both phases of photosynthesis.

2 H.O0 2 NADPH, ¢{0))
2
enzymes Light EE— Dark enzymes
0 reactions R reactions (CH,0)
2 2
3ATP carbohydrates

Fig. 3. Major products of the light and dark reactions of photosynthesis (Masojidek et al. 2004)

Light is available in varied amounts, depending on the geological region on
the globe. Only about 45% of the light radiation spectrum is photosynthetically
active (~ 400-700nm) and can thus be used by algae for capturing CO, during
photosynthesis. Th theoretical efficiency of light energy converion into chemical
energy in the process of photosyntheses is 11% (Gao et al. 2007). During the
night (or under other dark conditions) algae use up the stored energy for respira-
tion. Depending on temperature and other conditions, up to 25% of biomass pro-
duced during the day may lost again during the night (Chisti 2007).
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Ilumination of an algal culture does not automatically mean that photosyn-
thesis proceeds efficiently. If the nutrient medium contains a high concentration
of oxygen and low of carbon dioxide, photorespiration can take place. It is
a process similar to the mitochondrial respiration, but it takes place in the chloro-
plasts, in the presence of light, and “wastes energy”. The cells absorb oxygen and
evolve carbon dioxide. Depending on the species, photorespiration may lower the
efficiency of photosynthesis by as much as 50%. Therefore, the culture should be
artificially supplemented with carbon dioxide and, at the same time, excess of
oxygen produced should be taken out. Other factors inducing photorespiration
include high temperature and high light intensity (Barsanti and Gualtieri 2006,
Masojidek et al. 2004).

The relation between the rate of growth of algal cells and the intensity of light is
also non-linear (Fig. 4). Up to a certain, relatively low, light intensity the growth of
cells is directly proportional to increase of light intensity. Most algal species func-
tion in that manner up to light intensity of ca. 200 pE m™ s (44 W m™). That value
corresponds to a half of the optimum rate of growth of algal cultures ([m.x). At
higher light intensity the growth is slower and slower, until it reaches its maximum
value. Still higher light intensity causes photoinhibition, i.e. a decrease of produc-
tivity. This phenomenon is caused by excessive excitation and, consequently, de-
struction of the PSII system. Cultures maintained in suboptimum conditions are
particularly exposed to the risk of photoinhibition. Very low or very high tempera-
tures, nitrogen deficit, high concentration of oxygen in the nutrient medium, cause
that even relatively weak light may damage the photosynthesising apparatus. Such
conditions can easily lead to the occurrence of photooxidation, i.c. the destruction
of e.g. chloroplast lipids or molecules of chlorophyll by reactive forms of oxygen
(Kopcewicz et al. 2005). However, it is possible for algal cells to get accustomed to
more intensive light, through so-called photoacclimatisation. Frequently, the first
rapid response to high intensity of light is a change of pH. Various metabolic path-
ways get activated, e.g. transforming violaxanthin into zeaxanthin, which facilitates
the dissipation of energy in the form of heat. Another reaction is the inactivation of
PSII. Prolonged exposure to strong light results in a reduction or diminution of an-
tenna systems and an increase of the content of carotenoids. In such a situation,
carotenoids accumulate outside of the chloroplast, do not transfer energy to chloro-
phyll, and form a protective layer. A reverse situation takes place under weak light
conditions — then the number and size of antenna systems increase. When a culture
is planned in regions of the world with high insolation levels, it is advisable to
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search for species with naturally small antenna systems (Masojidek et al. 2004,
Vonshak and Torzillo 2004, Chisti 2007).
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Fig. 4. Effects of light intensity on specific growth rate of microalgae (Chisti 2007)

Studies conducted by Hobson et al. (1979) on the species Isochrysis galbana
demonstrated that the photoperiod directly regulates the rate of divisions. When
the duration of exposure to light is short (6 h), the level of chlorophyll in the cell
increases, but biomass growth is low, and there are also significant losses due to
respiration taking place in the dark. With an excessively long light period (18 h)
the amount of chlorophyll a in the cell is low, and biomass growth is also small
due to the possibility of occurrence of the process of photorespiration mentioned
above, or of inhibition of enzymes controlling the absorbtion of CO,. On the other
hand, Bouterfas et al. (2006) demonsrated that in three species, with illumination
of 300 umol m™ s™, the rate of cell division increased with extension of the light
period, up to continuous exposure to light for 24 hours a day. This was probably
related to the conditions under which the cells had lived prior to the study.

Light is absorbed by algae, but with increase in their density in a culturing
container that absorbtion gets weaker. For this reason all algae cultivation systems
are shallow and optimised for achieving the best possible transparency. An impor-
tant aspect is the ensure stable and repeatable illumination conditions for an algal
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culture. That problem is best solved by the use of photobioreactors which provide
much greater possibility of controlling the culturing conditions than is the case
with open ponds.

There are number of light sources that can be used to supply light energy re-
quired to maintain photosynthesis:

e fluorescent tubes,

e LEDs (light-emitting diodes),

e natural sunlight.

If an algae culture is very dense, arificial light can be delivered to a photobio-
reactor by means of diffusers or fibreoptics (Oilgae Report 2009).

3.1.2. Temperature

For most algal species the temperature range that is suitable for effective cul-
turing is from 20 to even 40°C (Goldman and Carpenter 1974).

3.1.3. pH

The most optimum pH for the cultivation of many algal species is 7-9 (Oilgae
Report 2009). An experiment conducted by Azov (1982) demonstrated that the
highest levels of dry matter production were achieved from cultures maintained at
pH 7.5. During the growth of a culture the reaction of the environment is chang-
ing — due to the absorption of CO, in the process of photosynthesis pH increases
and can reach very high values, even up to 11. This should be kept in mind and
pH should be maintained at a stable level, e.g. through supplementation with CO,.

3.1.4. Nutrient medium

The nutrient medium is defined as a mixture of various nutrient substances
(organic compounds and mineral components) used in the culturing of specific
organisms. Such nurient media can be classified in three groups:

e Enriched — providing the best effects of mulitplication of algal biomass due

to their rich composition of nutrients, e.g. Knop’s medium (Tabs. 4, 5),
e Minimal — containing only such elements that are necessary to sustain the
basic physiological functions (Tab. 6),

e Simple — containing a larger amount of nutrients, but guaranteeing only the

growth of less demanding organisms.
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KNO; Potassium nitrate 05gl!
Ca(NO0s), - 4H,0 Calcium nitrate 4-hydrate 05gl?!
KH,PO, Potassium dihydrogen phosphate 02gl!
MgSO, - TH,0O Magnesium sulphate 7-hydrate 0.15g1"
FeCl; - 6H,O Iron(IlT)chloride 6-hydrate 0.01gl"
H;BO0; Boric acid 0.003 g It
MnCl, - 4H,0 Manganese(II) chloride 4-hydrate 0.002 g 1"
NH4VO; Ammonium metavanadate 0.0003 g 1'!
ZnSO,- TH,0O Zinc sulphate 7-hydrate 0.0002 g 1"
(NH4)sMo,0y4 - 4H,0 Ammonium molybdate 4-hydrate 0.0001 g 1"
Table 5. Commercial medium
KNO; Potassium nitrate 10gl!
Ca(NO0s), - 4H,O Calcium nitrate 4-hydrate 05¢g1!
KH,PO, Potassium dihydrogen phosphate 1gl’
MgSO, - 7TH,O Magnesium sulphate 7-hydrate 1gl!
FeSO,- 7TH,O Iron(Ill)sulphate 7-hydrate 07gl"
H;B0, Boric acid 2g It
MnSO, - 4H,0 Manganese(I) sulphate 4-hydrate 1gl!
CuSO, - SH,0 Copper sulphate 5-hydrate 0.005 g 1"
ZnSO,- 7TH,0 Zinc sulphate 7-hydrate 1gl’
Table 6. Baslerowa-Dvorakova medium
KNO; Potassium nitrate 01gl!
KH,PO, Potassium dihydrogen phosphate 0.01g1"
MgSO, - 7H,0 Magnesium sulphate 7-hydrate 0.01gl"
FeCl; - 6H,0 Iron(IIT)chloride 6-hydrate 0.001 g1
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During the selection or composition of a nutrient medium for a given algal
species attention should be paid to the following elements:
Total content of salt (salinity) and the related osmotic pressure,
Chemical composition of cell, taking into account the main macroelements,
Sources of nitrogen (nitrates, ammonia, urea),
Sources of carbon (organic — HCO’; or inorganic — CO,),
pH,
Micro- and ultraclements, EDTA, vitamins (Grobbelaar 2004).
In 99.9% algae biomasss is constituted by six main elements: carbon (C),
oxygen (0O), hydrogen (H), nitrogen (N), sulphur (S) and phosphorus (P). Calcium
(Ca), potassium (K), sodium (Na), chlorine (Cl), magnesium (Mg), iron (Fe) and
silicon (Si) appear in smaller amounts. Other elements occur in trace amounts as
they are only used in catalytic reactions (Barsanti and Gualtieri 2006). The nutri-
ent requirements of algae are similar to those of higher plants. For their function-
ing algae use about 30 elements and compounds, but most recipes for nutrient
media for algae contain only a part of those. With relation to the species, method
of culturing and the purpose for which biomass in produced, different nutrient
media are required. This can be best exemplified by the cultivation of Dunaliella
salina from which at present mainly p-carotene is obtained. The first stage of the
cultivation is fast multiplication of biomass, and for that purpose a nutrient me-
dium with a high level of nitrogen and low salinity is required. In the second stage
the cells are subjected to stress related with the use of another nutrient medium,
with a low content of nitrogen and high salinity. That stress causes that the algae
produce large amounts of the carotenoid required (Grobbelaar 2004).

I

Carbon

Carbon is the most important element absorbed by algae. It constitutes 46-
50% of dry biomass (Schulz 2006, Grobbelaar 2004, Doucha et al. 2005). De-
pending on the manner of nutrition of particular algal species, carbon is supplied
in gaseous or organic form. Photoautotrophic organisms absorb that element in
the form of gaseous carbon dioxide and build it into hydrocarbons on the pathway
of photosynthesis. Mixotrophic or heterotrophic algae absorb — instead of CO, —
ready organic substances, most often simple sugars, e.g. glucose, organic acids
(e,g, acetic acid, lactic acid), alcohols or amino acids (Lee 2004). It has been
demonstrated that in the case of Chlorella sp. mixotrophic nutrition is a more
effective method of cultivation than hetero- or autotrophic nutrition alone (Lalu-
cat et al. 1984).
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The cultivation of microalgae for energy generation should be based on
photoautotrophic nutrition, even if only for ecological reasons. Those organisms
are capable of absorbing 1.65-1.83 g of carbon dioxide per 1 g of biomass pro-
duced (Doucha et al. 2005), contributing to a considerable reduction of the con-
tent of that greenhouse gas in the atmosphere. In spite of the good water solubility
of CO,, the low content of the gas in atmospheric air (0.03%) does not ensure
optimum growth of algal biomass (Grobbelaar 2004). Therefore, in algal cultures
pumping of carbon dioxide is applied, at concentrations from several to even sev-
eral dozen percent (Ono and Cuello 2003). During the culturing, carbon dioxide is
quickly dissolved in the nutrient medium and assumes the forms of CO,, H,COs,
HCO;™ and COs>. Carbon is then absorbed by algae in the gaseous form, in the
following reactions:

2HCO; ¢ CO;* + H,0 + CO,
HCO; < CO,+ OH
CO;> + H,0 & CO,+ OH

As we can see, an excessive level of OH™ groups appears in the solution,
which causes an increase of the nutrient medium pH, frequently to the value of
pH 11. The best method of correction and maintenance of stable reaction is to
provide a continuous supply of CO, to the culture, which will rapidly acidify the
environment. A similar effect can be achieved through the addition of acetic acid
(Grobbelaar 2004). The pumping of gas causes not only its better dissolution in
the nutrient medium, but it also prevents the sedimentation of algal cells through
evoking a stirring effect in the culturing reservoir.

Nitrogen

This element can constitute 10% or more of dry matter of albal biomass, de-
pending on the species, culturing conditions and its availability for the cells. Ni-
trogen deficit is usually manifested by a change in the culture coloration to yel-
low-orange (due to a drop in the level of chlorophyll and an increase in the con-
tent of secondary carotenoids) and by the accumulation of organic compounds —
e.g. carbohydrates or lipids (Grobbelaar 2004).

Nitrogen can be supplied to algae in the form of:

e nitrates (NO5'), nitrites (NO,") — when nitrogen is absorbed from such a form
the pH of the nutrient medium increases,
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e ammonium (NH,") — duing nitrogen absorption from such a form the pH of
the nutrient medium decreases due to the evolution of H" ions, wich appears to
be an ideal solution taking into account the general tendency towards an in-
crease of pH during the growth of a culture; however, there is a risk that am-
monium ions will transform into gaseous ammonia which easily escape from
the nutrient medium,

e urea — Berman and Chava (1999) demonstrated that various species of algae
grow notably better in the presence of urea nitrogen than nitrate or ammonium
nitrogen. The reason for that, however, is not fully known. One of the hy-
potheses is that algae ustilise not only nitrogen but also carbon contained in
molecules of urea,

e other organic forms, e.g. amino acids (Flynn and Butler 1986).

All forms of nitrogen are intracellularily decomposed (organic forms) and/or
reduced (nitrates, nitrites), and transformed into the ammonium form, and only in
that form nitrogen is used for the production of cells’ own amino acids and pro-
teins. Therefore, from the energy point of view, the most favourable is direct use
of the ammonium form of nitrogen for algae nutrition (Flynn and Butler 1986,
Reynolds 2006).

Cyanobacteria have the ability of binding atmospheric nitrogen (N,) into
chemical compounds. In specialised cells — heterocysts — they conduct the follow-
ing reaction:

N,+8H +8¢ — 2 NH; + H,

The reaction is catalysed by the enzyme nitrogenase. For its proper activity,
nitrogenase requires anaerobic conditions, therefore the processes of photosynthe-
sis and nitrogen binding must be separated from each other.

Phosphorus

Biomass of microalgae contains up to ca. 1-1.2% of phosphorus in its dry
matter (Reynolds 2006). It is primarily a component of nucleic acids, ATP and
cell membranes in the form of phospholipids. Algae absorb phosphorus supplied
as orthophosphoric ions H,PO, and HPO,* (Oilgae Report 2009). The character-
istic fact is that algae absorb that element in the so-called luxury manner, i.e. in
largely excessive amounts, store it in their cells and use up when the level of
phosphorus in the environment becomes insufficient. The effects of phosphorus
deficit are similar to those of nitrogen deficit. However, additionally there appears
an inhibition of synthesis of phycobilisomes (Hu 2004a).



35

Elements such as nitrogen (N) and phosphorus (P) can be supplied to cultures
in the form of an agricultural fertiliser, which is simple, easily available, but may
notably increase the costs of algae cultivation (Braun and Reith 1993, Chisti
2008). There are several options of cheaper sources of those elements. The litera-
ture mentions the use of sewage, e.g. from fisheris, for that purpose (Aresta et al.
2005). It also provides the description of a system in which nitrogen and phospho-
rus are eliminated from sewage from a pigsty (Olguin et al. 2003). Another option
of obtaining nutrients is their recovery from residues after various technological
processes, e.g. anaerobic fermentation (Braun and Reith, 1993) or gasification
(Minowa and Sawayama 1999).

An interesting example of nutrient media are the so-called conditioned media,
CM. They are formed through the secretion, by a suspension of algae, of organic
substances to the substrate on which the coltivation is conducted — that phenome-
non is known as conditioning. Nutrient media obtained in this manner have a high
content of minerals and organic matter secreted by algal cells, and not as it was
thought before produced through the decay or damage to cells. Conditioned media
are most frequently used to augment the proliferation of cells in low density cul-
tures, as the initial density of cells has a considerable influence on the rate of
growth of plant cells (Schroder and Knoop 1995).

There are numerous reports confirming that conditioned media (CM), ob-
tained after the cultivation of various cells of prokaryotic and eukaryotic microor-
ganisms, display biological activity towards a large number of organisms (Bassler
1999). Microalgae produce bioactive compounds with varied biological activity
as well as chemical structure (Borowitzka 1995; Pulz and Gross 2004; Ordog et
al. 2004; Stirk et al. 2002).

Algae, both in cultivation and in natural conditions, produce and secrete di-
verse organic substances with a low molecular weight that display activity during
the reduction of CO, in the process of photosynthesis (Fogg 1983). Microalgae
produce also large amounts of secondary metabolites, especially under stress con-
ditions, such as limited availability of nitrogen, high salinity, high intensity of
light or low temperature (Wijffels 2007). Algae produce, and sometimes also
secrete numerous substances that display antioxidant properties, e.g. polyunsatu-
rated fatty acids and proteins (Pulz and Gross 2004).

An addition of CM to an algal cultivation may cause a very strong increase in
the size of the cell population. That stimulation can most probably be attributed to
regulator substances of universal effect, present in CM media, displaying strong
autostimulating properties.
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Such a medium, like other culturing media, loses its properties with the pas-
sage of time. But the interesting thing is that an addition of a culture of algae that
are active and secrete organic substances may cause the preservation of all origi-
nal parameters of the CM.

A culture augmented in this manner is called a “nurse culture”, and the sup-
porting cells are referred to as “feeder cells”. An additional advantage of nutrient
media of this kind is the possibility of their use in relation to an organisms that
did not produce the medium, and that efect is called “cross-conditioning”.

In suspension cultures of algae the growth of cell populations takes place
through the assimilation of compounds absorbed from the culturing medium.
With the passage of time the growth slows down, until at a certain point it ceases
due to the exhaustion of nutrients.

3.1.5. Stirring

Stirring time can be defined as the time required to achieve a homogeneous
mixture. Stirring is a very important parameter relating to photobioreactors. Its pri-
mary function is to maintain algal cells in suspension. It is also responsible for the
distribution of nutrients and of heat generated within the reactor, it improves the
trasfer of CO, to the reactor and mass flow between cells, removes oxygen formed
during photosynthesis, facilitates the flow of cells to the best illuminated parts of
the photobioreactor, and additionally reduces the risk of occurrence of the process
of photoinhibtion (Janvanmardian and Palsson 1991). Studies conducted so far
demonstrated differences in biomass growth for stirred and non-stirred cultures
maintained under identical conditions. The rate of growth of cells subjected to stir-
ring is in this case greater (Bosca ef al. 1991). Currently various stirring methods
are applied, depending on the species of algae in cultivation and on the cultivation
system used. In open ponds paddle-wheels are used, causing the flow of algal sus-
pension (Boussiba ef al. 1988, Hase et al. 2000). In photobioreactors, on the other
hand, rotors are employed (Ogbonna et al. 1999, Mazzuca, Sobczuk et al. 2006),
stirring through direct or indirect flow of air through the suspension (Ogbonna and
Tanaka 2001), or static stirrers installed inside a system of tubes (Ugwu et al.
2002). The growth rate of most photosynthesising cells is very low, therefore for
their correct development only a slight amount of stirring is necessary to achieve
the required production of biomass. This kind of stirring of algal suspension is en-
sured by exposing the algae to the effect of sunlight for only 1/10 of the duration of
the cultivation. That method additionally causes a faster growth of algae.
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3.1.6. Cultivation in sterile conditions

The risk of algal culture contamination by heterotrophic microorganisms is
reduced when the nutrient medium does not contain a source of organic carbon.
However, in many other objects where photoautotrophic cells are cultivated infec-
tion with other photoautotrophs may prove to be a major problem. Therefore,
before starting a new culture, the photobioreactor should be sterilised, and all
types of photobioreactors should be resistant to the procedures of steam, physical
or chemical sterilisation (Oilgae Report 2009).

During cultivation there may appear incteractions between algae and certain
bacteria. Bacteria can stimulate the growth of algae through the secretion of vita-
mins, organic substances that can form chelates, available forms of nitrogen, and
may affect the pH and the redox potential of the nutrient medium through the
evolution of CO,. On the other hand, bacteria can also inhibit the growth of algae
through competition against algae for elements, secretion of algicides, degrada-
tion of polysacchariddes and decomposition of algal cells (Banerjee et al. 2002).

3.2. Methods of cultivation
3.2.1. Batch culture

This is the simplest and the most frequently used method of cultivation. The
cultivation is conducted in batches. It consists in the inoculation of a portion of
algae in a fresh environment, incubation at suitable conditions, and after the algae
have grown the cultivation is ended with the harvest of all biomass grown from
the medium. The next cultivation is prepared totally from the beginning. That
method has numerous advantages, e.g. simplicity of maintenance, possibility of
rapid change of species cultivated or of adopted parameters in the new cultivation.
At the same time, however, it is also a low-efficiency method. In addition, with
that method of cultivation there is a high risk of infection of the culture in the
initial stage of growth, when there is a small number of cells in a highly fertile
environment which can then be easily dominated e.g. by undesirable other algal
species, bacteria, fungi etc. (Lee and Shen 2004, Oilgae Report 2009)

Algal cells introduced into a fresh and fertile environment display a typical
kinetics of growth which is composed of six phases (Fig. 5):

1. Lag phase — in this phase cells do not multiply; it is a preparatory period dur-
ing which algae adapt physiologically to cell divisions — e.g. the level of the
necessary enzymes increases; the phase can be shorter or longer, depending
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on how drastic a change of environment takes place, and on the growth stage
of the inoculated cells,

Acceleration phase — this is a short phase during which cell divisions begin
and accelerate to the highest rate of division (shortest cell cycle),

Exponential growth phase — the rate of divisions is maintained at a constant
maximum level, and the number of living cells increases logarithmically; this
phase is relatively short due to e.g. the fact that the cells soon begin to over-
shadow each other and then the rate of growth drops,

Retardation phase — the rate of divisions decreases, mainly due to the de-
creasing amount of light penetrating the suspension,

Stationary phase — the rate of division and the number of cells is maintained
at a constant level; the quality of the cells decreases with time, toxic secon-
dary metabolites may appear, and the chemical composition may become
poorer,

Decline phase — the number of cells begins to drop due to e.g. depletion of
biogenic elements and other nutrients, excessive changes of pH or infection;
cells are virile until they use up their storage materials; sometimes the process
of decay of cells is accompanied by the production of various kinds of spores
that will germinate as soon as the external conditions improve.

InN

Time

Fig. 5. Growth curve of an algal population under batch culture conditions (a) and corresponding
variations of the growth rate (b) (Barsanti and Gualtieri 2006)
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The key that will allow algae to be used for continuous production is the per-
manent maintenance of the culture in the phase of exponential growth (Barsanti
and Gualtieri 2006, Lee and Shen 2004).

3.2.2. Continuous culture

This method of cultivation consists in continuous harvesting of a part of
grown cells and addition of small amounts of fresh nutrient medium. The chem-
cial environment, the day and night cycles and the culture density are maintained
at a constant level. In this manner we achieve a culture that is permanently main-
tained in the phase of exponential growth and that can be supported for much
longer than a non-continuous culture. However, the cultivation cannot be contin-
ued infinitely. Over time there may appear bacterial or fungal infestation, there
may also appear zooplankton feeding on algal cells. Moreover, in the course of
the cultivation secondary metabolites and growth inhibitors produced by the algae
themselves accumulate in the medium. That is the defense of algae against exces-
sive culture density, and in intensive large-scale cultivations it may constitute an
important factor limiting the growth (Richmond 2000, Lee and Shen 2004, Oilgae
Report 2009).

4. CHOICE OF SPECIES FOR CULTIVATION

The group of green algae is related the closest with the higher plants and species
from that group are the most frequently studied and recommended for cultivation.
At the sime time, however, e.g. NREL (National Renewable Energy Laboratory in
USA) favours diatoms (Sheenan et al. 1998), and for years now Spriulina, a species
of blue-green algae, has been in cultivation (Oswald 2003).

Most of the species of algae are common all over the globe, but always there
is certain local occurrence of characteristic varieties and strains of a given species.
They are adapted to the conditions of their region, and therefore may display
unique traits, e.g. in their metabolism (US DOE 2010). Therefore, it is advisable
to collect, isolate and select strains from e.g. extreme environments, as they may
be naturally adapted to the cultivation that we plan to operate (Mata et al. 2010).
The more so if we plan to conduct algae cultivation in open ponds it is important
that the species to be cultivated is adapted to the local climatic and atmospheric
conditions etc.

The choice of species for cultivation is the key moment, as the traits of
a given organism will have an effect on every stage of cultivation and on further
processes involved in the production of biofuel. Even before we select a specific
species for cultivation, it is necessary to decide what kind of fuel we want to ob-
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tain from the biomass produced. Depending on the type of fuel we should search
for algal species with specific chemical composition — e.g. if our target is bio-
diesel we should search for a species that produces large amounts of lipids. The
succession of criteria used in the choice of a suitable algal species is, therefore, as
follows:

1. Making the decision on what type of fuel we want to produce,

2. Analysis and choice of the most suitable chemical composition of biomass

and content of dry matter,

3. Determination of the method of cultivation that will be favourable under

the local climatic conditions,

4. Confrontation of nutrient media which can be used with the nutrient re-

quirements of a given species of algae,

5. Rate of growth of the species measured as the amount of biomass pro-

duced in time,

6. Range of ecological tolerance of the species (to temperature, pH, salinity,

elevated saturation with oxygen),

7. Behaviour in culture with high population density,

8. Structure and size of cell,

9. Possibility of acquiring other valuable substances from a given species

(Mata et al. 2010).

At present the cultivation of algae solely for energy purposes is not economi-
cally viable. Therefore, for a long time still one should search for solutions that
would permit the utilisation of a single culture for multiple purposes — e.g. for the
production of valuable pharma- and nutraceuticals etc. (item 9.) (Wijffels 2009).

A compilation of desirable traits of algae for mass culture is presented in Ta-
ble 7 below.

Chemical composition is the key element in choosing the species, and also de-
termines the method of cultivation and the type of fuel to be produced. Species
with a high content of lipids are the most suitable for the production of liquid
esters and hydrocarbons, and moreover the high calorific value of their biomass
permits the acquisition of the largest amounts of methane (Fig. 6). The only
drawback of the production of methane from lipids is their long time of degrada-
tion compared to other substrates (Tab. 8). A high content of carbohydrates in
biomass permits the production of bioethanol (Fig. 7). Cells with a high content of
proteins are characterised by the lowest amounts of produced biogas due to
greater amounts of emitted NH; which can inhibit the process of fermentation
(Fig. 8) (Sialve et al. 2009, Feinberg 1984).
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Table 7. Desirable characteristics of algae for mass culture (US DOE 2010, Griffiths and Harrison

2009)

Feature

Benefit

Fast cell division

Gaining domination in the environment,
suppression of competitive species, reduction
of culture area

High content of the product of interest

Increased profits, but usually production
of valuable substances slows down the growth

Adaptation to extreme conditions

Reduced risk of infection and appearance
of predators, but such conditions may be hard
to maintain

Resistance to pathogens

Reduced risk of infection

Large cells, forming colonies
and filaments

Reduced costs of harvesting and further
production processes

Ability of spontaneous flocculation
without addition of chemical agents

Facilitates harvesting

Wide range of tolerance to environmental
factors, including high intensity of light

Permits less intensive control of conditions
and cutivation in various seasons of the year

High tolerance to high levels of CO,
and ability to absorb large amounts of CO,

Permits cultivation in the presence of high
concentration of CO, and its efective sequestration

Resistance to mechanical stress

Permits the use of pumps and various methods
of stirring without danger of damage to the cells

Resistance to contaminants

Possibility of cultivation in polluted wastewaters
and with the use of exhaust gases containing NOy
and SO,

Non-secretion of autoinhibiting substances
and ability of living in high-density cultures

Greater density of the culture
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Table 8. Methane yields for three types of organic compounds and time of hydrolysis (Sialve et al.
2009)

Substrate Methane yield (L CH, g s.m.o. ") Time of hydrolysis (days)
Proteins 0,851 0,43
Lipids 1,014 3,2
Crbohydrates 0,415 0,18
25
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Fig. 8. Fuel production from representative high-protein producers (Feinberg 1984)

The growth rate of a culture is defined as biomass increase in time. Biomass
increase is understood as increase in the mass of cells through their cell divisions
and denoted as 1. The maximum growth rate is achieved by algae in the phase of
the so-called logarithmic growth and it may amount to even 5.65 divisions per
day (Goldman and Carpenter 1974). Another way of defining the growth rate is
the increase of dry matter yield. Doucha and Livansky (2006) achieved dry mater
yield of 4 g m™ per day (Chlorella sp.) in their open-pond cultures.

An extremely important parameter that should be taken into account is the cul-
ture density that can be achieved. It is expressed in dry matter per litre or per unit of
photobioreactor area. Many algal species have the ability of self-control of exces-
sive growth by producing autoinhibiting substances. Whereas, there are also species
for which the primary limitation of growth is the availability of light. Doucha and
Livansky (2006) observed very high density of culture of the species Chlorella sp.
in open photobioreactors with depth of 6 and 8 mm — ca. 40 g of dry mater I'".

Under optimum culture conditions microalgae produce only small amounts of
lipids (accounting for 5 — 20% of dry cell matter). Usually those lipids are incor-
porated in the cellular membranes, chloroplast and plasmatic. They contain esters
of glycerol with medium, long and very long molecules of monounsaturated fatty
acids. They can also be composed of glycosylglycerides or phosphoglycerides
(Hu et al. 2004).

Under stress conditions algae cells produce notably greater amounts of lipids
(20-50% of dry matter, and even more) (Tab. 9). Stress reactions can be caused by
such factors as nitrogen and phosphorus deficit in the nutrient medium, and in
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some species — elevated salinity (Mutlu et al. 2011, Pick 2002). In such cases an
alternative metabolic pathway of lipid production is activated, and as a result lipids
are synthesised in the form of storage triacylglycerides. They are stored as droplets
of lipids (“lipid bodies”) in the cytoplasm or in the chloroplast. A negative effect of
cultivation under unfavourable conditions is simultaneous slowing down of the
growth rate (Sheenan et al. 1998). The species Botryococcus braunii is one of few
species in which high levels of long-chain hydrocarbons were discovered, amount-
ing to as much as 80% of dry matter. The molecules were similar to those found in
petroleum oil. It is probable that it was cells of that algal species that formed a con-
siderable part of todays’ oil resources in the world (Hu et al. 2004).

4.1. Examples of algal species of interest in terms of cultivation for energy

Botryococcus braunii (Trebouxiophyceae)

Photo 5. Botryococcus braunii with lipid droplets (Internet [12])

Species belonging to the group of green algae (Chlorophyta); its name ap-
pears in all discussions and studies concerned with biodiesel. It produces hydro-
carbons in amounts reaching even 86% of its dry matter. Botryococcus most
probably accounts for the greater part of all fossil fuel resources. There are three
varieties of B. braunii, distinguished on the basis of the hydrocarbons they pro-
duce — A,Band L.
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The cell wall of B. braunii is composed of a biopolymer which is resistant to
non-oxidative degradation, especially to acetolysis, which may reduce effective-
ness in the process of methane fermentation. It is also characterised by fluores-
cence under the effect of UV. Beneath the cell wall B. braunii has an intracellular
layer of mucoid polysaccharides, mainly galactose-related, that migrate to the
substrate increasing its viscosity. Cells are immersed in that extracellular sub-
stance, forming a kind of colonies, which has its advantages as well as disadvan-
tages. Larger cell aggregates mean easier harvesting, but the viscous substance
may clogg filters and other equipment elements (Lund University and Statoilhy-
dro 2008, Banerjee et al. 2002).

The species is characterised by relatively slow growth (Tab. 9). When B.
braunii absorbs CO, from clean air, the generation time is 6 days, and when a gas
mixture is supplied that contains 0.3% CO,, the growth period is 40 h. Towards
the end of the phase of logarithmic growth, the cells contain numerous chloro-
plasts and their cytoplasm is filled with droplets of lipids (Banerjee et al. 2002),
even when no stress conditions are applied (Lund University and Statoilhydro
2008). During the cultivation there takes place a change of the colour of the cul-
ture due to the accumulation of secondary carotenoids formed under the effect of
stress conditions — e.g. nitrogen deficit in the environment or excessive level of
illumination. Nitrogen deficit causes degradation of photosynthesising pigments
and thus inhibits the process of photosynthesis. Therefore the cell accumulates
those substabces as storage material. Production of polysaccharides and lipids is
the highest under stress conditions, e.g. lack of nitrogen in the substrate. The spe-
cies has a unique ability of spontaneous secretion of lipids outside of the cell
(Photo 5). When the source of nitrogen is ammonia, pH of the culture drops dras-
tically, causing a reduction of photosynthetic activity and of the production of
hydrocarbons, but at the same time there is an increase in the production of amino
acids. Utilisation of those latter causes a sudden drop of pH, decrease in the vis-
cosity of the substrate and transition of the culture into a stationary state. Phos-
phorus often disappears from the substrate already in the initial phase of cultiva-
tion and is accumulated by the cells. Even though the level of phosphorus in the
substrate is very low, the growth rate of the culture remains high. In the final
phase of cultivation phosphorus can be released during the lysis of the cells. The
N:P ratio has an effect on the content of lipids in algal cells. High intensity of
light causes an increase of the level of carotenoids and affects the colour of the
culture. Cells adapted to high intensity of light produce greater amounts of bio-
mass (ca. 7 kg m™) and a larger amount of hydrocarbons. Such cells are not sensi-
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tive to reaction changes within a broad range. During the cultivation an increase
of pH is observed, due to the utilisation of CO,. The optimum temperature is
about 25°C. Sodium fluoride enhances the growth of the culture when its concen-
tration is 0.1 g m” in the medium. B. braunii is frequently cultivated in the modi-
fied medium Chu —13. Using the modified Prat medium the achieved biomass
productivity was 3.9 kg per m’® during 3-4 days. A mature culture of the species
appears on the surface of the reservoir as a bloom that is easy to harvest (Banerjee
et al. 2002, Oilgae Report 2009, Lund University and Statoilhydro 2002).

Chaetoceros muelleri (Bacillariophyceae)

Species belonging to diatoms. Like all diatoms, it requires silica in the nutri-
ent medium (it is supplied in the form of sodium silicate). Studies conducted by
McGinnis et al. (1997) and within the ASP program (Sheenan et al. 1998) show
that the optimum conditions for C. muelleri are temperature of 30-35°C and con-
ductivity of 25 mS cm ~'. In the phase of logarithmic growth, under such condi-
tions, the growth rate may be even 3-4 divisions per day. This species has a high
content of lipids in the cells — under optimum conditions from 66.7 to 73.3 mg 1™,
and under stress conditions from 400.1 to 497.8 mg I (in terms of percentage
values, during a stress period the content of lipids in a cell increases from 19% to
38-39% — ASP subjected the cells to the stress of N and Si deficit).

Chlorella protothecoides (Trebouxiophyceae)

It is a Chlorophyta species which attains high productivity of biomass and lip-
ids under heterotrophic conditions — when it uses glucose or acetates as a source
of carbon, and when there is a deficit of nitrogen, the content of lipids in the cells
reaches 55.2%, and the production of lipids amounts to 654 mg 1" day™. Purely
autotrophic growth causes a high content of protein in the cells (ca. 54%) and
a low level of lipids (ca.14.5%) (Xu et al. 2006).

Dunaliella tertiolecta (Chlorophyceae)

Species belonging to green algae, characterised by two flagella, with cells of ca.
10 um in diameter. It is characterised by a broad range of tolerance to salinity and,
therefore, it is possible to safely cultivate the species in open cultures (Tsukahara
and Sawayama 2005). It achieves the greatest increase of biomass at a maximum
salt concentration of up to 10 g I'' and at light intensity of 300 pmol m™ s (Fig. 9).
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Biomass Productivity [mg L" day']

Photon Flux Density [umol m*s™] 100 10 Sodium Chloride [g L]

Fig. 9. Evolution of biomass productivity in function of NaCl concentration and illumination (Mas-
sart and Hantson 2010)

However, at such a configuration of culture conditions the production of oil is
not high. It increases under less favourable conditions — at salinity of about 50 g I"
and less intensive illumination (ca. 200 pmol m™ s™) (Fig. 10). This is attributed to
the production of glycerol as a substance that equalises osmotic pressure within the
cell (Massart and Hantson 2010). Detailed carbohydrate composition in the cell of
Dunaliella indicates that the production of fuel requires catalytic conversion, which
is a limitation on the utility value of the species (Sheenan et al. 1998).

Lipid content [% wt]

Photon Flux Density [umol m*s™] 100 10 Sodium Chloride [g L]

Fig. 10. Evolution of lipid content in function of NaCl concentration and illumination (Massart and
Hantson 2010)
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Euglena gracilis (Euglenoidea)

Like all euglenoids, this is a mixotrophic species. It lives in both fresh and salt
water, as well as in the soil. Cell diameter is ca. 24-35 pum (Chae et al. 2006).
When the environment becomes too dry, it assumes the resting spore form (devel-
ops a thick cell wall) and remains dormant until the conditions improve. The stor-
age materials it produces include lipids (mainly in the form of wax ester, an ester
of myristic acid) and carbohydrates (in the form of paramylon — beta-1.3-glucan)
(Sheenan et al. 1998, Oilgae Report 2009). The optimum culture temperature is
ca. 27°C (Oilgae Report 2009, Chae et al. 2006). Euglena gracilis is adapted to
living at high carbon dioxide concentrations (up to 45%) (Ono and Cuello 2003).
It has a lipid content of 14-20% in dry matter (van Iersel 2010). Studies conducted
by ASP on, among others, Euglena gracilis (Sheenan et al. 1998) revealed the
mechanism of accumulation of lipids in cells of microalgae. In Fuglena gracilis
nitrogen deficit causes chlorophyll losses and thus inhibition of cell divisions. It
does not, however, affect the accumulation of lipids. Therefore, the synthesis of
lipids continues all the time at a constant level, and only the number of cells
steadily decreases. As a result the percentage content of lipids in a single cell
increases. The maximum rate of cell division of this species under autotrophic
conditions is 0.06 per hour (1.44 division per day) (Chae et al. 2006). A higher
rate of cell division is observed under mixotrophic conditions and in mixed cul-
tures (Friday et al. 2010).

Photo 6. Lipid droplets in Isochrysis galbana cells (marked with arrows) (Liu and Lin 2001)
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Isochrysis galbana (Prymnesiophyceae)

Golden algae species, with two flagella. It has no typical cell wall, but it is not
particularly sensitive to hydrodynamic stress. Cell diameter is ca. 5-6 pm (Falinski
2009, Liu and Lin 2001). Optimum temperature for the species is 27°C. I. galbana
has a broad range of tolerance with relation to substrate salinity, but it is highly
sensitive to iron deficit. In a closed culture, under conditions of nitrogen deficit the
content of lipids increases from 24% to 47% of dry matter (Kaplan et al. 1986).
Lipid droplets are formed within the chloroplast, then migrate to the cytosol and
reach the size of up to 3 um in diameter (Photo 6) (Liu and Lin 2001). The growth
rate in the phase of logarithmic growth is ca. 0.0288 h™ (0.69 division per day).
The cells are rich in EPA, PUFA and DHA acids and they are used to supplement
the diet of zooplankton (diatoms, Artemia); they are also used as feed in hatcher-
ies of small crustaceans, molluscs, shrimp (Falinski 2009).

Nannochloropsis salina (Eustigmatophyceae)

A green algae species with cell diamater of ca. 3.3 um, with particularly high
content of eicosapentaenoic acid (EPA) and violaxanthin. It is used in the cultiva-
tion of zooplankton, and is a source of nutrition for corals and other filtrators. It is
a species resistant to unstable conditions of temperature, illumination and pH and
to high salinity (Sukenik et al. 2009, Lund University and Statoilhydro 2008). Un-
der optimum conditions its content of lipids is ca. 28%. Under stress conditions it
increases even up to 54%, in which 34.4% is accounted for by fatty acids. Thanks to
its favourable chemical composition, it permits the production of greater amounts of
energy than in the case of B. braunii. Under optimum conditions the species dis-
plays a high content of proteins (55.8%) (Feinberg 1984). The similar species Nan-
nochloropsis oculata is characterised by the highest growth of biomass when culti-
vated with the use of an air mixture with 2% content of CO,; higher levels of car-
bon dioxide cause inhibition of further growth (Chiu et al. 2009).

Neochloris oleoabundans (Chlorophyceae)

Green algae species with a high content of lipids in the cells (ca. 23%, and
with nitrogen deficit that value increases to 37-40%) (Pruvost et al. 2009, Li et al.
2008). Li et al. (2008) demonstrate, moreover, that nitrates (e.g. sodium nitrate)
are the best sources of nitrogen. The species achieves the highest effects of bio-
mass production at sodium nitrate concentration of 10 mM (0.63 g 1" day™), and
the highest production of lipids at 5 mM (0.133 g I day™).
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Phaeodactylum tricornutum (Bacillariophyceae)

A diatom whose genome has been sequenced (Yu et al. 2009). The lipid con-
tent is relatively low, at 15-20%, maximum up to 30%, but the species displays
very rapid growth of biomass, especially under mixotrophic conditions, when
glycerol is the source of carbon and urea of nitrogen (up to 1.87 g I day™). Under
photoautotrophic conditions productivity at the level of 1.5 g 1" day” has been
achieved, with up to 0.08 divisions per hour, and high photosynthetic effective-
ness reaching up to 14% (Fernandez et al. 2003). Optimum conditions are pH 7.7,
temperature of 21.5-23°C (temperature above 35°C is lethal), oxygen below 400%
of saturation (Lund University and Statoilhydro 2008). It is a fresh-water species,
and although there is no drastic drop in biomass production during an increase in
the level of NaCl, there is a drop in the production of fatty acids. The growth of
biomass and the content of fatty acids are positively affected by an admixture of
vitamin B,,, magnesium sulphate, deficit of silicon, supplementation with CO, at
concentrations of up to ca. 1% (Yongmanitchai and Ward 1991). Lipids are ac-
cumulated only in the stationary phase of the culture (Yu et al. 2009)

Pleurochrysis carterae (Prymnesiophyceae)

A unicellular flagellate motile alga that has the ability of forming calcium
plates, scales covering the cell. It belongs to the class Haptophyta. Its rate of
growth at 28°C is 0.55 division per day, and at ele-
vated salinity even 0.92 division per day. The spe-
cies is characterised by productivity at the level of
0.54-0.63 g 1" day™, and lipid content in dry matter
reaches 33%. Biomass production can be addition-
ally enhanced by an addition of vitamin B;,. When
the growth rate is high, the volume of the cell de-
creases (Moheimani 2005) (Fig. 11).

Prymnesium parvum (Prymnesiophyceae)

A unicellular Chrysophyte (Golden alga). It has Fig. 11. Pleurochrysis carterae
two flagella that allow its mobility. It produces toX-  cell (Moheimani 2005)
ins dangerous to fish, but without any greater effect
on humans and cattle. The production of those toxins takes place under physiologi-
cal stress, e.g. at N or P deficit, and also when there appear variations of tempera-
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ture, salinity and insolation. The species grows within salinity range of 0.1-10%,
but the most optimum level is between 0.3 and 6%. The species produces dimethyl-
sulphonioproprionate and other unknown polyols, most probably for purposes of
osmoregulation. It lives in a broad range of temperatures, 2-30°C, and also of pH —
growth has been observed even at pH 5.8, though higher pH values are preferred. It
is capable of heterotrophic growth in darkness in the presence of glycerol, it feeds
on bacteria (especially with phosphorus deficit it satisfies its demand for that ele-
ment feeding on bacteria) and on other algae. It can absorb nitrogen from a variety
of sources: ammonia, nitrates, amino acids, kreatin, but not from urea. The con-
tent of lipids is 22-38%, and the rate fof growth at 27°C amounts to even 0.94
divisions per day (Oilgae Report 2009, Baker et al. 2007).

Scenedesmus dimorphus (Chlorophyceae)

A unicellular Chlorophyta species. It is one of the preferred species for the
production of biodiesel (lipid content from 16 to as much as 40%). The species
has heavy cells that tend to sediment when not in constant motion. Optimumu
temperature is 30-35°C. A widespread species (Oilgae Report 2009).

Tetraselmis suecica (Chlorophyceae)

A unicellular marine species with productivity at the level of 0.2 g "' day™,
which includes ca. 27-32 mg of lipids I day'. The rate growth is ca. 0.39 divi-
sion per day. What is important, lipids appear in the call already in the phase of
logarithmic growth (Montero et al. 2010). Under conditions of nitrogen deficit
there is an increase in the level of carbohydrates (from 10.7% to 47.1%), and
a drop in the content of proteins and lipids (from 67.6% to 28.3% and from 23.1%
to 14.6%, respectively), while under combined conditions of N and P deficit the
level of lipids increases (from 20% to 40%). The photosynthetic efficiency is
9.1% (Sheenan et al. 1998).
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Table 9. Lipid content and productivities of different microalgae species (Mata et al. 2010, Pruvost

et al. 2009)
Oil content Biomass Qil con- Biomass
Species in d.m. production Species tent in production
(%) (g/L/day) d.m. (%) (g/L/day)

Botryococcus 25.0-75.0 0.02 Monallanthus salina ~ 20.0-22.0 0.08
braunii

Chaetoceros .

. 33.6 0.07 Nannochloris sp. 20.0-56.0  0.17-0.51
muelleri

Chaetoceros 14.6- Nannochloropsis
calcitrans 16.4/39.8 0.04 oculata. 22.7-29.7  0.37-0.48
Chlorella 25.0-63.0  0.036-0.041  Nannochloropsis sp. ~ 12.0-53.0  0.17-1.43
emersoniti
Chlorella 14.6-57.8  2.00-7.70 Neochloris 29.0-65.0 0,55-0,63
protothecoides oleoabundans
Chlorella 19.0-22.0  0.23-1.47 Nitzschia sp. 16.0-47.0 -

sorokiniana

Chlorella 5.0-58.0 0.02-0.20 Paviova salina 30.9 0.14

vulgaris

Chlorella 2.0 2.90-3.64 Paviova lutheri 35.5 0.003-1.9
pyrenoidosa
Crypthecodinium 4 o s | 10 Phacodactylum 14 55 (361,50
cohmz tricornutum
Dunaliella Porphyridium 9.0-

o 6.0-25.0 0.22-0.34 . 18.8/60.7 0-004-0.74
Dunaliella 23.1 0.09 Scenedesmus 11.0-55.0 0.19
primolecta obliquus
Dunaliella 16.7-71.0 0.12 Scenedesmus 1.9-184  0.03-0.26
tertiolecta quadricauda
Euglena gracilis ~ 14.0-20.0 7.70 Skeletonema 13.5-51.3  0.06-4.3

costatum
Haematococcus 25.0 0.05-0.06  Spirulina platensis ~ 4.0-16.6  0.21-0.25
pluvialis
Isochrysis 70-40.0  032-1.60 Thalassiosira 206 0.12:032
galbana pseudonana
Monodus 16.0 0.19 Tetraselmis suecica  8.5-23.0 0.30

subterraneus
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5. TYPES OF CULTIVATION SYSTEMS FOR ALGAL BIOMASS

5.1. Introduction

The cultivation of energy crops and the technologies of processing their bio-
mass are a subject that is commonly known and extensively described in literature
(Koscik 2003). The production of various types of fuels from algal biomass, how-
ever, is based in part on other systems and processes that have not been fully re-
searched and developed. While the commonly used processes related with the
processing of plant biomass can be successfully applied in the processing of algal
biomass (e.g. transestrification in the production of biodiesel), the earlier stages of
the production are a totally different issue. The stages of production of algal bio-
mass and energy comprise the following:

a) Choice and selection of suitable species,

b) Cultivation in special culturing systems, taking into account the specific

physiology of algae,

¢) Separation from liquid nutrient medium (harvesting),

d) Further processing depending on the purpose of cultivation — dehydration,

extraction, conversion.

Due to the specific size of those organisms and their living conditions, their
cultivation requires the use of special systems.

5.2. Systems for cultivation of algae

The systems used for the cultivation of algae can be natural or artificial farm-
ing ponds or photobioreactors which provide the possibility of controlling all
parameters necessary for rapid growth of algal biomass (Fig. 12) (Tab. 10).

The cultivation of algae with the use of natural and artificial open ponds is
simple in terms of technology, but not always cheap when we compare the costs
of production with the productivity achieved.

5.2.1. Open ponds

The cultivation of algae in open farming ponds is not a new idea. That kind of
algae farming has been already well researched, and then developed and used
over the recent years (Hase et al. 2000, Bousiba ef al. 1988, Tredici and Materassi
1992). The first attempts at open production of algae were undertaken in Germany
during World War II, when they were used as a suplement for the daily diet.
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Table 10. Comparison of different culture devices

Parameter/problem Cultivation pond Photobioreactor
Required area Large Small
Loss of water Very h}gh, may cause the Low

precipitation of salts
Loss of CO, High, depending on depth Low

of the pond

Oxygen concentration

Usually sufficiently low
due to continuous spontaneous
degassing

Accumulation of O, in the closed
system requires gas exchange
in dedicated devices

Temperature

Highly variable, in certain
ponds control possibile through
regulation of depth

Cooling frequently required

Stress on cells

Usually low (gentle stirring)

Usually high (fast flow rates
required for good stirring of the
culture and for gas exchange)

Cleaning

Very simple, non-complicated

Required (contaminations and algal
growth on walls limit the acess
of light; however, cleaning leads to
abrasion of photobioreactor walls)

High (limitation of number

Risk of contamination of species that can Low
be cultivated)

Biomass quality Variable Reproducible
Biomass B . 1
concentration Low, between 0.1 and 0.5 g1 High, usually from 0.5to 8 g 1

Possibility of cltivation of only
Flexibility a few species, problems High, possibility of frequent change
of production in change of species cultivated of algal species ultivated

(contamination of new colony)

Process control and
reproducibility

Limited, regulation of flow
rates, mixing and temperature
possible only through change

in the depth of the pond

Possible under suitable conditions

Dependence on
weather conditions

High (intensity of light,
temperature, precipitations)

Medium (intensity of light,
required cooling)
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Start-up cycle 6-8 weeks 2-4 weeks

. Very high, ca. 250 000$-
Investment costs High, ca. 100 000$ per hectare 1000 0008 per hectare
Operation costs Low Higher (addition of CO,, removal

of oxygen, cooling, cleaning)

Lower due to high concentration
of biomass and better control
of species cultivated

High, depending on species

Costs of cultivation cultivated

()

D D L
IS /AN

=

Plate Tubular Cylindric
Photobioreactor Photobioreactor Photobioreactor

Open pond

Fig. 12. Various types of algae growing systems (Schenk ef al. 2008, Sanchez et al. 1999)

However, the ponds were used not only to produce food, but also e.g. for the
purification of wastewaters. The first country to apply that method of wastewater
treatment was the USA. Biomass acquired in that manner was used for the produc-
tion of methane which was applied as a source of energy (Burlew 1953, Oswald and
Golueke 1960). Two types of algae farming ponds are distinguished: natural,
among which we include lakes, lagoons and ponds, and artificial ponds or other
man-made water reservoirs. As a rule, algae farming is conducted in shallow ponds,
artificial reservoirs or in special ponds in the form of a recirculation loop.

An algae farming pond has the form of a recirculation loop (Photo 7). The
depth of the channel forming the loop is ca. 0.3 m. Suspension of algae is set in
motion by means of a turbine, which eliminates the phenomenon of sedimentation
of algae in the reservoir. Such production ponds are lined with white plastic. Their
primary advantage is simple design and operation. However, with the use of such
systems one should take into account such phenomena as diffusion of CO, to the
atmosphere, or water evaporation from the pond. Moreover, they require notable
area for the cultivation, do not provide the possibility of controlling the culturing
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conditions such as temperature or lighting. Algal vegetation depnds largely on the
location and, apart from tropical zones, is limited to the warmer months, due to
which the production of biomass is not overly effective (Ugwu et al. 2007). This
type of algae cultivation system is additionally exposed to contamination with
other microalgae, algae or bacterial species.

Photo 7. Open ponds (Internet [5])

5.2.2.Closed ponds

This system is, in a way, a combination of open ponds and closed photobiore-
actors. In this system the open culture of algae is enclosed within a greenhouse
structure. Such systems are equipped with filtration devices in which water is
purified and then used again. Structures of this kind use biological filters, sup-
plemented with chemical and mechanical methods of purification. There is also a
possibility of cultivation of more species than in the open systems, with simulta-
neous control of their domination in the culturing medium. The system creates
fewer problems than the open ponds, it is easier to maintain and operate, and pro-
vides greater guarantee of obtaining pure cultures of algae. Another advantage is
the possibility of increasing the amounts of carbon dioxide supplied to the cul-
tures, which leads to faster and greater increase of biomass. The costs of building
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a closed pond are higher than those of an open pond, but lower than the costs of
building a photobioreactor.

5.2.3. Photobioreactors

The necessity of achieving greater productivity and maintaining monoculture
of algae have led to the development of closed cultivation systems - photobioreac-
tors. Every process and every living cell requires a different kind of bioreactor
(Photos 8, 9, 10). Before designing a new photobioreactor is it required to identify
the purpose for which it will be used. Various types of designs present various
problems, but at the same time they provide beneficial solutions. At present there
are many types and variants of photobioreactors that differ in terms of design,
method of illumination or the way of stirring of the culture. Generally, however,
we can identify elements common for all kinds of photobioreactors, such as:

e system of illumination,

e optical transfer system,

e ventilation and gas exchange systems,

e stirring system,

e nutrient supply system,

e measurement systems (pH, illumination intensity, temperature),
e eclectrical system.

Photo 8. Tubular photobioreactor (Internet [6])
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Photo 10. Flat-panel photobioreactor (Internet [8])
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a) Flat panel photobioreactors

As early as 1953 a work was presented that described flat-panel containers as
a good system for cultivation of algae (Milner 1953) (Fig. 13). Following that
path, in 1985 a photobioreactor equipped with a fluorescent lamp was designed
(Samson and Leduy 1985), and a year later an outdoor-use reactor was designed,
built of thick-gauge transparent PVC (Ramos de Ortega and Roux 1986). With the
passage of time, more and more extensive research on reactors of this type was
conducted, and results describing the conditions of culturing of various types of
algae were presented in numerous publications (Tredici and Materassi 1992, Hu
et al. 1996, Zhang et al. 2002, Hoekema et al. 2002). The primary advantage of
flat-panel photobioreactors is the large area of illumination of the culture. Flat
panel photobioreactors are usually made of transparent plastics permitting the
maximum utilisation of solar energy. Oxygen accumulation in reactors of that
type is lower compared to cylindrical photobioreactors. It has also been demon-
strated that in flat panel photobioreactors it is possible to achieve highly efficient
photosynthesis (Hu et al. 1996, Richmond 2000), thanks to which they are highly
useful for the production of biomass. Nevertheless, with all of their advantages
they also have certain shortcomings that limit their usefulness (Tab. 11)

light re—d}stributing plate

4 - algae
suspension
liquid
flow Flow
control
aeration
002

Fig. 13. Schematic of flat-panel photobioreactor (Internet [9])
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b) Tubular photobioreactors

This is one of the most suitable types of photobioreactor for outdoor cultiva-
tion of algae. Such reactors are usually built of glass or plastic. Biomass contained
in the tubes circulates within the system under the effect of air pumps and an air
system. The reactors are built in the form of horizontal tubes or serpentines
(Chaumont 1988, Molina Grima 2001), vertical tubes (Pirt et al. 1983), as well as
sloping tubes (Lee and Low 1991, Ugwu 2002). The aeration and stirring of cul-
tures is effected usually by means of air pumps (Fig. 14). One of the fundamental
shortcomings of tubular photobioreactors is their low efficiency of biomass pro-
duction that decreases with increasing scale of the system. Another limitation of
biomass production in such system is the phenomenon of photoinhibition (Von-
shak and Torzillo 2004) and problms with controlling the temperature of the cul-
ture. It is possible to use thermostats to set the required temperature of the bio-
mass produced, but this is a solution that is dificult to apply and costly to operate.

window

gas out
&

pO2.pH. T
O

light emitting tube
——beam

—fibre ring
~—fibre optical nnglight

light source

Fig. 14. Schematic of tubular photobioreactor (Internet [10])
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¢) Cylindrical photobioreactors

Up till now photobioreactors of this type have been designed in various kinds
and sizes (Choi et al. 2003, Vega-Estrada et al. 2005, Garcia-Malea Lopez ef al.
2006, Kaewpintong et al. 2007). For the purpose of developing outdoor cultiva-
tion of algae, extensive research has been conducted on the illumination systems
in reactors of this type (Evers 1991, Eriksen ef al. 1996). Cylindrical photobiore-
actors occupy a small area, are fairly inexpensive in operation, and relatively easy
to maintain (Sanchez Miron et al. 2003). They have a simple structure, as they are
composed of a glass tube that gives the possibility of illuminating the culture with
either natural or artificial light (Fig. 15). The simple internal structure is well
adapted to the cultivation of photosynthesising organisms (Katsuda et al. 2000),
therefore reactors of this type appear to be a good tool for the production of algae
at an industrial scale. The limitations involved in the application of cylindrical
photobioreactors are presented in Table 11.

Agitation system

Feeding pump

System monitor
Medium

Sensor probes

Reactor tank Thermal jacket

Submerged aerator
Effluent

Fig. 15. Schematic of cylindrical photobioreactor (Internet [11])
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a) Photobioreactor Sartorius Stedim Biotech BIOSTAT® PBR 2S

Photo 11. Laboratory photobioreactor Sartorius Stedim Biotech BIOSTAT® PBR 28 a) cultivation
unit, b) control unit

Photobioreactors Sartorius Stedim Biotech BIOSTAT® PBR 28 are the basic
equipment of the laboratory dealing with algae at the Institute of Agrophysics,
PAS, Lublin. The laboratory photobioreactor with capacity of 3 1 permits the cul-
tivation of microalgae under sterile conditions. It is composed of a cultivation
module (Photo 11.a) and a control unit (Photo 11.b). The cultivation module con-
sists of an inner container with capacity of 1 1, in which the electrodes and the
gauges measuring the culturing parameters are placed, and of a system of glass
tubes that permit effective utilisation of light by algal cells. The light is provided
by fluorescent tubes and its intensity is fully controllable. The algal culture culti-
vated in the photobioreactor is in constant motion thanks to the application of a
peristaltic pump. Temperature is maintained thanks to a heating water jacket sur-
rounding the inner container. The control unit permits comprehensive control of
parameters during the production cycle and maintaining specific values of pH,
temperature or oxygen level. The advantage of those devices is the possibility of
setting various parameters in so-called cascades, making them dependent on one
another, e.g. automatic regulation of the intensity of light in relation to the optical
density of the culture or regulation of the flow rate in relation to oxygen content.
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The values of the parameters are recorded in time and the data can be exported to
other computer programs.

Table 11. Comparison of different algal biomass production systems (Ugwu et al. 2007)

System

Advantages

Disadvantages

Open pond

Relatively economical, easy
to clean after a cultivation
cycle, good for cultivation of
algal biomass.

Low level of control of cultivation
conditions, hard to maintain over long
period of time, poor production of
biomass, limited number of cultivated
species, large area of cultivation, high
risk of contamination of algae.

Flat-panel
photobioreactor

Large area and high degree of
illumination, suitable for
outdoor cultivation, good for
immobilisation of algae, high
productivity, relatively cheap,
easy to clean and conduct
cultivation, low increase

in oxygen level.

Larger scale production requires many
panel modules and support-structure
materials, difficult temperature control,
walls covered with growth to a certain
degree, possibility of appearance of

hydrodynamic stress in certain species.

Tubular
photobioreactor

Large area of illumination of
culture, relatively cheap,
suitable for outdoor cultiva-
tion, relatively good increase
of biomass.

Appearance of pH gradient, oxygen
and CO, dissolve in the reactor,
sludge and algal growth on the walls,
requires large area.

Cylindrical
photobioreactor

High efficiency of biomass
production, good circulation
of culture, low strain during
stirring, low energy consump-
tion, easy to sterilise, easy to
operate, good for immobilisa-
tion of algae, reduces the
effect of photoinhibition and
photooxidation.

Relatively small area of illumination
that further decreases with increase of
the scale of production, design requires
the use of special materials, possibility
of appearance of strains within the
photobioreactor.
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6. METHODS OF HARVESTING OF ALGAL BIOMASS
6.1. Introduction

The next stage of algal biomass production, after the cultivation of a suitable
amount of cells, is the harvesting. As opposed to the harvesting of conventional
crops, the harvesting of algae is — so far — a much more troublesome and a more
expensive process. It is estimated that the cost of this stage of algal biomass pro-
duction constitutes 20-30% of the total costs (Gudin and Therpenier 1986). The
main aspects that differentiate this stage of algal biomass production from crop
plants include:

e cultivation in liquid nutrient medium,

e microscopic size of the cells; often the fastest growing species of microalgae

are very small and motile, which precludes e.g. simple filtering (Oilgae Re-
port 2009),

e considerable dilution of the culture (from 0.02 % in open ponds 0.5% in tubu-
lar bioreactors, which means 1 ton of dry matter of algae per 2005000 m® of
nutrient medium) (van Iersel 2009),

o fast growth causes that harvesting can be made almost every day, and not
once a year.

The aim of harvesting is the separation of cells from the liquid medium in
which the cultivation is conducted (Fig. 16). That process should lead to the ob-
tainment of concentrated suspension with 5-25% content of dry matter (Shelef ez
al. 1984). An excessive content of water in the separated biomass has a negative
bearing on the feasibility of further processing, if it turns out that subsequent
thermal dehydration is necessary (Molina Grima et al. 2003). Taking into account
the initial density of the culture, this is an important problem.

One step concentration

Production step Two steps concentration Processing

| |
High Rate | Algal slurry Algal cake :
Algae Effluent : |
| |
harvesting | dewatering | .
a)0.02-0.06% |——>I| a)2-7% — 3| a)15-25% :—> extraction
|
| |
: b) 100 - 200 b)2-10 : drying
|

Fig. 16. Steps of algae harvesting; a) algal concentration (% TSS), b) concentration factor (Shelef et
al. 1984)
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The most frequently applied methods of harvesting are the following:
e Centrifuging,

e Filtration,

e Sedimentation,

e Flocculation,

e Flotation.

6.2.Centrifuging

Centrifuging is one of tghe fastest and most efficient methods of biomass
separation. However, it requires very high investment in terms of energy and fi-
nance. Due to its energy requirements, it can be used only in the production of
microalgae for the acquisition of valuable substances, e.g. pharmaceutical, or for
feed for aquacultures (Molina Grima et al. 2003). Over 95% of biomass can be
centrifuged at acceleration of 13000 g, and with decrease in acceleration the rate
of recovery of biomass decreases as well (Haesman et al. 2000). Speeds that high
usually damage the cells, and therefore should not be used in laboratory practice
for the maintenance of collections of cultures (Knuckey et al. 2006).

6.3. Filtration

Filtration is a method of biomass separation consisting in the application of
filters or screens with suitable mesh size, on which the cell are retained while the
liquid passes freely. The process be conducted by gravity, under pressure or under
vacuum. There are numerous filter designs — disc filters, drum filters, belt presses,
microstrainers and other (Shelef ef al. 1984). The advantage of the method is pri-
marily its low cost and the lack of a need of using chemical reagents (Rossignol et
al. 1999). However, due to the small sizes of microalgae cells (Chlorella, Du-
naliella, Scenedesmus — average of 5—-10 um), it is necessaru to use filters of very
fine mesh that are prone to rapid clogging (Shelef ef al. 1984). Therefore, filtra-
tion is the most suitable method for the harvesting of colony-forming algae or of
species with exceptionally large cells, e.g. Arthrospira platensis or Coelastrum
proboscideum (Mohn 1980). In a paper by Molina Grima et al. (2003) it was pro-
posed to use diatomaceous earth as an auxiliary filtration layer on the filter. Such
a solution permits the recovery of even small microalgae cells (e.g. Dunaliella).
The shortcoming of the method, however, that the recovered material will have a
content of the filtration layer.
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Filtration is an economical method of microalgae harvesting at a relatively
small scale (up to 2000 1 per day), whereas on the industrial scale centrifuging is
more efficient and more economically viable (Molina Grima et al. 2003).

6.4. Sedimentation

Sedimentation permits free deposition of cells on the bottom of the sedimenta-
tikon tank. This is not easy as algal cells are naturally adapted to stay in a suspen-
sion close to the surface of the culture reservoir due to the competition for light.
We should mention here the electric charge on the cell surface that causes mutual
repulsion, and also the fact that algal cells maintain density similar to that of the
nutrient medium. Additional mechanisms that passively keep the organisms close
to the surface include the formation of gas vacuoles by blue-green algae, active
movement, generation of various shapes and sizes of cells. The rate of settlement
of cells with spherical shape (e.g. Chlorella) is defined by the Stokes’ Law
(Shelef et al. 1984). The method can be applicable for the harvesting of cells with
high density, e.g. diatoms which have a silica armour (Oilgae Report 2010).
However, sedimentation as a method is neither efficient nor fast. The average
concentration that has been achieved in tests amouted to 1.5% total suspended
solids (TSS) (Shelef e al. 1984). One of the possible ways of making the process
of sedimentation more effective is the addition of flocculants.

6.5. Flotation

Flotation is a method of separation which is based on the difference in the af-
finity of the surfaces of the bodies to be separated to gas or air bubbles. The proc-
ess causes adhesion of cells to gas bubbles and the formation of froth on the sur-
face of the liquid culture that can be easily harvested (Shelef et al. 1984). Flota-
tion can be applied with relation to particles with diameters below 500 um (Matis
et al. 1992). To facilitate the separation of biomass with the method, it can also be
combined with the addition of flocculants (Shelef et al. 1984). Flotation can pro-
ceed in various manners, and we distinguish the following, among others:

e Dissolved Air Flotation — consisting in the saturation of the suspension with
air under conditions of high pressure, and then subjecting the suspension to
the effect of atmospheric pressure; the air bubbles produced have average di-
ameters of 40 pm; in conjunction with flocculation, this method can provide
separation of 80-90% of biomass with dry matter content of 6% (Shelef et al.
1984, Uduman et al. 2010)
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e Dispersed Air Flotation — in this method air bubbles have diameters of 700—
1500 um (Uduman et al. 2010); Chen et al. (1998) demonstrated that in com-
bination with certain surfactants this is a highly efficient method of separation
of microalgae; the process is related with the pH of the culture — pH 4 is the
value at which the properties of the cell surface change

e FElectroflotation — bubbles are generated through electrolysis — chlorine on the
anode, and hydrogen on the cathode; in this method constant conductivity
should be maintained in the culture at all times; it is possible to obtain bio-
mass with 5% dry matter content (Shelef et al. 1984).

In their report, Koopman and Lincoln (1983) also mention autoflotation, i.e. a
method consisting in the utilisation of oxygen produced by the algae in the culture
as the flotation gas. However, that method can only be applied in situations where
the level of saturation with oxygen is not less than 16 mg 1.

6.6. Flocculation

Flocculation is a method of separation consisting in inducing particles or cells
to form larger aggregates (Molina Grima et al. 2003). The process facilitates fur-
ther harvesting through other processes — sedimentation, centrifuging, flotation or
filtration (Shelef et al. 1984). The essence of the process of flocculation of cells
of microalgae is the neutralisation or reduction of the negative charge on the sur-
face of cells that causes their mutual repulsion and maintenance in the state of
permanent dispersion in the suspension (Molina Grima et al. 2003). There are
a number of factors that initiate the process, and they can be divided into the fol-
lowing:

a) inorganic compounds containing polyvalent cations, e.g. Fe™, AI® —
FeCl;, Al (SQO,);, Fea(SOy)s3; for those to have the desired effect, the reac-
tion of the environment must be suitable (usually acid) (Uduman et al.
2010, Papazi et al. 2010); another kind of an inorganic flocculant is cal-
cium hydroxide (Ca(OH),) which causes increase of pH to 11, inducing
the formation of Mg(OH), which has a flocculation effect; the method has
its limitations — the concentration of magnesium ions must by higher than
10 mg 1", and the aggregates formed must have a high content of calcium
(Shelef et al. 1984). Lee et al. (1998) demonstrated that an excellent
method of separation of the species Botryococcus braunii is just the regu-
lation of pH to the value of 11 (e.g. by adding NaOH), without any adi-
tion of specialised chemical flocculants. The advantage of this procedure
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is the absence of reagents in the recovered biomass, and moreover the re-
action can be safely reversed by adding HCI.

b) organic cationic polymers; apart from the neutralisation of the cell surface
charge, polymers physically attach cells to their large molecules through
the process of bridging; that process, however, takes place only in envi-
ronments with salinity not higher than 5 kg m™; at a high ionic force the
polymers assume compact arrangement of molecules which then cannot
attach algal cells; the general rule is such that the greater the molecular
weight of the polymer the more efficient the flocculation (Molina Grima
et al. 2003, Uduman et al. 2010); an example of an organic flocculant is
chitosan — a non-toxic and edible compound.

Bio-flocculant

argei microalgae

1 2 3 4

Fig. 17. Bioflocculation (Internet [13])

Apart from flocculation caused by physical and chemical factors, other kinds of
flocculation include also autoflocculation and bioflocculation. Autoflocculation is
the phenmenon of spotaneous joining of cells under the effect of raised pH which,
in turn, is caused by the consumption of CO, from the medium by the cells them-
selves. The necessary factor for that process to take place in an adequate level of
orthophosphates and calcium in the nutrient medium (Sukenik and Szelef 1984).
Bioflocculation is a process consisting in the joining of algal species (or other or-
ganisms, e.g. bacteria) that have the ability of autoflocculation with species that do
not have that ability (Fig. 17). The result of that operation is effective flocculation
of both species through the retention of cells of the species without the ability of
autoflocculation in the aggregates of the other species (Salim et al. 2010).
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7. ENERGY PRODUCTS
7.1. Conversion of microalgae biomass

Microalgae biomass is one of the potential sources of biofuels. The basic way
of utilisation of microalgal biomass is its conversion for energy purposes. The
conversion can take place through thermochemical, biochemical and chemical
processes, and through direct combustion. The technologies of algal biomass con-
version are presented in Figure 18.

Methane,

Gasification

Termochemical

Microalgal conversion
biomass

Pyrolysis Bio-agil, charcoal

Liquefaction

Chamical reaction Transestrification Biodiesel

Direct combustion Power generation Electricity

Fig. 18. Microalgal biomass conversion processes (Wang et al. 2008)

The processes of thermochemical conversion of microalgal biomass include
its gasification, pyrolysis and liquefaction. The products of the process of bio-
chemical conversion can be ethanol, biogas, and of the chemical conversion -
biodiesel (Lewandowski 2007).
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Pyrolysis is thermal conversion of biomass under conditions of high tempera-
ture and absence of oxygen. Pyrolysis can be an autonomous process or a stage of
the gasification of biomass. The end products of pyrolysis are pyrolytic oils (bio-
oils) and small amounts of pyrolytic gases and solid products. The process of
pyrolysis was used for the first time to obtain liquid fuels from microalgae in
1986. The technology is used primarily in the conversion of lignincellulose bio-
mass for the production of bio-oils. However, literature reports indicate that the
process of pyrolysis can be more suitable for microalgal biomass due to the fact
that pyrolysis of microalgae proceeds at a lower temperature than that of lign-
incellulose biomass, and the bio-oils obtained are of higher quality. Microalgae
are characterised by a high content of lipids, soluble polysaccharides and proteins,
which undergo pyrolysis more easily than lignincelulose biomass. Moreover, the
costs of pyrolysis of lignincellulose are relatively higher than those of pyrolysis of
algae (Huang et al. 2010).

With relation to the rate of the process of decomposition of organic compo-
nents, we distinguish so-called fast and slow pyrolysis. Compared to the slow (con-
ventional) pyrolysis, fast pyrolysis is a technology where the production of biofuels
proceeds directly to the liquid form, at relatively low temperatures (450°C-550°C),
high heating rates (103°C s™'-104°C s ') and a short time in the reactor. The oil
produced as a result of fast pyrolysis of microalgal biomass amounts to ca. 70% of
the weight of the fuel. Experimental results indicate that fast pyrolysis is an effec-
tive method of production of biofuels and gases from microalgae (Tab. 12) (Huang
et al. 2010). They also indicate that the best for the pyrolysis of micoalgal biomass
is the reactor with a fluidal deposit (Peng and Wu 2000).

Gasification is a process of biomass conversion into gaseous products through
its partial oxidation. It is a high-temperature process usually taking place in the
temperature range of 800°C-900°C, leading to the obtianment of synthesis gas.
Synthesis gas contains hydrogen, carbon oxide, and small amounts of methane,
carbon dioxide, water vapour and nitrogen. The amount and composition of the
gas produced depend on the gasification factor, temperature, pressure, and the
technology of gasification (Wang et al. 2008).

The synthesis gas produced is converted, e.g. through the Fischer-Tropsch
synthesis, into biofuels. The process of gasification is conducted in ordinary reac-
tors or in reactors with fluidal deposit (Lewandowski 2007).

Microalgae biomass is characterised by high moisture, and the conventional
thermochemical methods require dry raw material. To skip the dehydration stage,
which is a process with high energy requirements, it is proposed to apply the
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technology of catalytic gasification of high-moisture biomass at low temperature.
In that process microalgal biomass undergoes direct gasification to methane. As
during gasification nitrogen contained in algal biomass is converted into ammo-
nia, it can be recovered and re-used in algal cultures (Minowa and Sawayama
1999). A schematic diagram of catalytic gasification of microalgal biomass at low
temperature is presented in Figure 19 (Amin 2009).

Table 12. The application of fast pyrolysis for some microalgal species (Huang et al. 2010)

Optimal o
T lvsi Heati Oil yield
e rolysis eatin,
Samples P . Yoy & (% biomass References
of pyrolysis temperature rate .
dry weight)
X)
. Fast Peng and Wu
C.protothecoides pyrolysis 773 - 52 2000
. Fast o -1 Miao and Wu
C.protothecoides pyrolysis 773 600°C s 18 2004
Mzcro.cystzs Fast . 773 600°C ! 24 Miao and iWu
aeruginosa pyrolysis 2004
Heterotroficzna
hodowla .
C. protothecoides f ;Stsis 723 600°C s 57,9 Miao 3%%:"“ @)
Heterotrophic pyroly
C. protothecoides
. Fast 1 .
C.protothecoides . 773 10K s 53,3 Demirbas 2006
pyrolysis
Microalgal cultivation
A 4
Low temperature catalytic gasification
A 4
H,, CH, s
Co, Ammonia
Energy

Fig. 19. Diagram of a microalgal system for fuel production by gasification at low temperature
(Amin 2009)
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7.2. Biodiesel

The energy crisis enforces the search for new biological sources of biomass rich
in lipids. Particular interest is focused on microalgae that are natural producers of
triacylglycerols (TAG) which are the material used in the production of biodiesel.

Triacylglycerols are esters of higher fatty acids and glycerol, and they are present
in all vegetable oils. As opposed to the higher plants, algae are characterised by
greater diversification of fatty acids. Under optimum growth conditions, algae synthe-
sise fatty acids with medium-long carbon chains (C;¢-C4), long carbon chains (C,¢-
Cis) and very long chains (>C,), as well as derivatives of fatty acids which are in-
cluded in the composition of the cell membranes. The fatty acid profile can vary with
relation to the species or strain and to the conditions in the growth environment. Un-
der unfavourable conditions or due to the aging of cells the fatty acid metabolism of
microalgae undergoes a change towards the biosynthesis and accumulation of neutral
lipids, mainly in the form of triacylglycerols. Triacylglycerols do not play any struc-
tural function, but they constitute an energy reserve. As a result of the change in the
lipid metabolism, triacylglycerols may account for as much as 80% of the total lipid
content in the cell and can be converted into biodiesel (Miao and Wu 2006). Assaying
of the fatty acid profile is of key importance for the determination of the applicability
of a given species for biodiesel production. Studies conducted so far indicate that one
of the most important factors affecting the lipid metabolism in microalgal cells is the
limitation of nitrogen availability (Hu et al. 2008, Tang et al. 2011). As opposed to
the higher plants, in which particular lipids can be synthesised and accumulated in
specific cells, tissues or organs, the synthesis and accumulation of various kinds of
lipids by microalgae take place in a single cell.

Among algae, the highest potential for biodiesel production is displayed by
microalgae, primarily green algae, due to their ability of accumulating consider-
able amounts of lipids in their cells. Lipid content in the cells of the most com-
mon algae (Chlorella, Dunaliella, Isochrysis, Nannochloris, Nannochloropsis,
Neochloris, Nitzschia, Phaeodactylum and Porphyridium sp.) varies from 20% to
50%, but under certain conditions it may even reach 80% (Amaro et al. 2011;
Mata et al. 2010). Literature data indicate applicability for biodiesel production
of, among others, the fresh-water microalgae Scenedesmus sp., Chlorella sp.,
Spirogyra sp., Spirulina sp. and marine species from the genera Synechccocus sp.,
Dunaliella sp. (Scott et al. 2010, Singh et al. 2011). The lipid content and the
achieved productivity of Chlorella indicate that it can be the optimum species for
biodiesel production (Amaro et al. 2011, Lv et al. 2010).



73

7.2.1. Factors affecting accumulation of lipids

7.2.1.1 Method of cultivation

The types of nutrition most frequently used in microalgae cultivation for en-
ergy purposes are photoautotrophic and heterotrophic. Whereas, mixotrophic and
photoheterotrophic growth is less frequently used in the production of microlagae.

A. Phototrophic cultures

The most frequently applied methods of microalgae cultivation, utilising solar
radiation or artificial illumination, are those based on phototrophic growth of mi-
croalgae. The fundamental requirements for the phototrophic nutrition of micro-
algae are the availability of carbon dioxide, micro and macroelements, and light.
Phototrophic cultivation of microalgae can be conducted in systems of open cul-
tures (e.g. ponds) and closed cultures (photobioreactors). The closed system of the
photobioreactor is favourable for those species of microalgae which can easily
succumb to infection by other microorganisms. The exception are those species
that can survive under extreme conditions, such as e.g. high pH (e.g. Spirulina),
salinity (e.g. Dunaliella), or those characetrised by rapid growth rates (e.g. Chlor-
ella) in open culture systems. In the production of long-chain fatty acids (DHA,
EPA) it is suggested to use photobioreactors due to the possibility of better con-
trol of environmental conditions (Huang et al. 2010). The high costs of operation
and capital investment and the small production scale compared to the open sys-
tems of cultivation indicate that the use of photobioreactors for large-scale bio-
diesel production may not be feasible or profitable. Open ponds are characterised
by relatively low costs of operation compared to the closed photobioreactors, and
in this respect are more favourable for use in biodiesel production.

Cells of microalgae from phototrophic cultures, depending on the species, are
characterised by varied content of lipids within the range from 5% to 68%
(Amaro et al. 2011). Increase in lipid content in the cell is an effect of depletion
of the source of nitrogen or exhaustion of nutrients (Mata ef al. 2010). Limitation
of the availability of e.g. nitrogen increases the content of lipids but reduces bio-
mass productivity. Therefore, lipid content cannot be the sole factor determining
the possibility of utilisation of microalgae for oil production. Instead, we should
consider lipid productivity which represents jointly the content of lipids and bio-
mass production. Lipid productivity is a more suitable index indicating the possi-
bility of utilisation of microalgae for oil production. The highest lipid productivity
achieved in a phototrophic culture of Chlorella sp. was 179 mg'L'd" with 2%
CO; (Chen et al. 2011).
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The slow growth of microalgae in photobioreactors is mentioned as a short-
coming of phototrophic cultivation. This is related with the phenomenon of
photoinhibition or reduced accessibility of light in cultures with high cell density.
Whereas, the utilisation of CO, as a source of carbon for the production of mi-
coalgal biomass is given as the primary advantage of the use of phototrophic cul-
tures (Chen et al. 2011).

B. Heterotrophic cultures

Certain species of microalgae display the ability of not solely phototrophic
nutrition but, like bacteria, can also grow in darkness, using organic compounds
as a source of energy.

The primary advantages of utilising heterotrophic cultures in the cultivation of
microalgae include the elimination of the necessity of light, good control of the
cultivation processes, and low costs of harvesting resulting from the higher den-
sity of cells produced through heterotrophic growth as compared to phototrophic
growth. In heterotrophic cultures oriented at the production of lipids the most
important component of the nutrient pool is the source of carbon. Microalgae can
utilise organic sources of carbon such as glucose, fructose, saccharose, lactose,
galactose, mannose, acetic acid, acetates, glycerol (Liang ef al. 2009).

Cultures with heterotrophic growth are characterised by considerably higher
lipid productivity than cultures with phototrophic growth (Tab. 13). Lipid content
increase of 40 % was obtained in a culture of Chlorella protothecoides after the
change from phototrophic conditions to heterotrophic cultivation conditions (Li-
ang et al. 2009). However, the heterotrophic system of microalgae cultivation,
utilising sugars as the source of carbon, is much more susceptible to infection
with heterotrophic species of bacteria and fungi than cultures with phototrophic
growth (Chen et al. 2011). Multiple experiments demonstrate, however, that
properly managed cultures of microalgae are fairly resistant, and infections are
often an indicator of poor cultivation conditions (De Pauw et al. 1984).

C. Mixotrophic cultures

Mixotrophic microalgae can conduct the process of photosynthesis and also
utilise for their growth both inorganic carbon (CO,) and organic compounds as a
source of carbon. This means that they have the ability of growth in phototrophic
or heterotrophic conditions, using either or both types of growth. Compared to the
phototrophic and hetetrophic cultivation conditions, cultures with mixotrophic
growth are less frequently used in biodiesel production (Chen et al. 2011).
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In the mixotrophic cultivation, microalgae require the presence of light during
the utilisation of organic compounds as a source of carbon. The requirement of
availabiliy of light as a source of energy and of organic compounds at the same
time is the main difference between mixotrophic and photoheterotrophic cultures
(Chojnacka and Marquez-Rocha 2004). The utilisation of photoheterotrophic
growth, as in the case of mixotrophic growth, for the needs of biodiesel produc-
tion is very rare (Chen ef al. 2011).

D. Comparison of various cultivation conditions

Although the ability to accumulate lipids in the cells of microalgae, and thus
the possibility of obtaining oil, is a species-related feature, literature reports indi-
cate that cultures with heterotrophic growth have considerably greater efficiency
of oil production than algae cultivated in other conditions (Chen ef al. 2011). Het-
erotrophic cultures can, however, be very easily infected, especially in open cul-
ture systems, which is a notable problem in the case of large-scale production.
Comparison of various cultivation conditions is presented in Table 13.

Table 13. Comparison of the characteristics of different cultivation conditions (Chen et al. 2011)

System
of cultivation, Costs Remarks
type of reactor

Cultivation Source Source Cell
conditions of energy  of carbon density

Open ponds

Phototrophic Light Inorganic Low or photo- Low Low §e11
. density
bioreactors
Contamina-
Heterotrophic ~ Organic Organic High Fermentor Average UOICIZ’S?SIgh
of substrates
. Contamina-
. Organic Closed . .
Mixotrophic Light a.nd and Me- photobio- High tions, high
organic . . dium costs
norganic reactors
of substrates
Contamina-
tions, high
Closed '
Photohetero- . . Me- . . costs
trophic Light Organic dium Photobio- High of substrates,
reactors .
high costs

of equipment
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In the cultivation of microalgae for biodiesel production the phototrophic cul-
tures are the most frequently used. They are the easiest in industrial-scale applica-
tion, and at the same time they are the most prospective due to the possibility of
utilisation of CO, from combustion gases. Cultures of microalgae based on the
phototrophic growth are, however, characterised by considerably lower oil pro-
ductivity than hereotrophic cultures, mainly due to the slow growth of cells and
low biomass productivity (Tab. 14). On the other hand, low costs of intensifica-
tion of phototrophic cultivation cause that the method is still highly attractive.
There is only sparse information in the literature on the utilisation of mixotrophic
and photoheterotrophic cultures for oil production. The primary limitation to the
utilisation of those two methods of microalgae cultivation is the high risk of infec-
tions. The cultivation conditions of such cultures may also require the use of
photobioreactors, which significantly increases the costs (Chen ef al. 2011).

Table 14. The lipid content and productivities of different microalgae species under different culti-
vation conditions (Chen et al. 2011)
a-CO,, b- glucose, c-acetate, d-glycerol

Cultivation Mass Lipid con- Lipid pro-

Species - K| tent ductivity Source
conditions (gL d) (% d.m.) (mg L d)
Phototrophic® 002002y 0030 gp.54  Mlimaneral
2000
Chlorella . b 1209,6- Xiong et al.
protothecoides Heterotrophic 2,2-7.4 50,3-57,8 3701.1 2008
Heterotrophic” 1,7-2,0 430-48,7  7327-9320 Aeral 2007
Phototrophic® 0,01 33,0-38,0 4,0 Liang et al.
’ 20 ’ 2009
Chiorella i oterotrophic™  0,08-0,15  23,0-360 27,0350  Langeral
vulgaris 2009
Liang et al.

. . b’d _ R _
Mixotrophic 0,09-0,025 21,0-34,0 22,0-54,0 2009
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7.2.1.2. Temperature

Temperature is one of the main factors affecting the fatty acid profile of mi-
croalgae. For many algae and blue-green algae a general trend has been observed
consisting in an increase in the content of unsaturated fatty acids with decreasing
temperature and an increase in the level of saturated fatty acids with increase of
temperature (Lynch and Thompson 1982; Raison 1986; Sato and Murata, 1980).
Temperature also has an effect on the total content of lipids in the cell. It was
observed that increase of temperature was accompanied by an increase of the
content of lipids in cultures of Ochromonas danica (Aaronson 1973) and Nan-
nochloropsis salina (Boussiba et al. 1987). Whereas, in the cultivation of Chlor-
ella sorokiniana at various temperatures no significant changes in lipid content
were observed (Patterson 1970). The literature provides only a limited amount of
information on the effect of temperature on the metabolism of lipids, which
makes it impossible to identify a general trend (Hu et al. 2008).

7.2.1.3. Light intensity

Algae growing under various light conditions display differences in their
chemical composition, content of pigments and photosynthetic activity. Low light
intensity induces the production of polar lipids, mainly membrane lipids related
with chloroplasts. High intensity of light causes a reduction in the total content of
polar lipids, and a simultaneous increase in the level of neutral lipids, primarily
triacylglycerols. Light intensity has also an effect on the degree of saturation of
fatty acids. It is assumed that the conditions of poor light intensity are conducive
to the production of PUFA which are incorporated in the structures of cell mem-
branes. Whereas, high intensity of light stimulates the synthesis of fatty acids,
causing an increase of production of saturated and monounsaturated fatty acids
(Brown et al. 1996; Khotimchenko and Yakovleva 2005; Napolitano 1994;
Spoehr and Milner 1949; Sukenik et al. 1989).

7.2.1.4. Growth phases and physiological status

The content of lipids and aftty acids is also subject to change during the par-
ticular growth phases of microalgae. As indicated by research, the biochemical
composition of microalgae in the exponential phase differs from that in the sta-
tionary phase. In studies on the fatty acid profile of mciroalgae Thalassiosira sp.,
Tetraselmis sp., Dictyosphaerium pulchellum, Stichococcus sp., Chlorella sp.,
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Scenedesmus falcatus, Anacystis sp., Synechococcus sp. and Synechocystis sp.
higher content of fatty acids was found in the stationary phase than in the expo-
nential phase. In the stationary phase an increase in the content of triacylglycerols
was observed for many species of microalgae. In cells of Parietochloris incise the
content of triacylglycerols increased from 43% in the exponential phase of growth
to 77% in the stationary phase, and in the case of a culture of Gymnodinium sp.
the level of triacylglycerols increased from 8% in the exponential phase to 30% in
the stationary phase. The effect of transition from the phase of exponential growth
to the stationary phase was a decrease in the share of PUFA in the total lipid con-
tent (Bigogno et al. 2002, Mansour et al. 2003).

The composition and content of lipids and fatty acids are also affected by the
ageing of the culture. With increasing age of the culture an increase was observed
in the total content of cellular lipids, e.g. in cultures of Chlorococcum mac-
rostigma and Nitzschia palea (Hu et al. 2008). Whereas, in the case of a culture of
P. tricornutum no effect of culture ageing on the total cotnent of fatty acids was
observed, although the accumulation of triacylglycerols was notable and the con-
tent of polar lipids was reduced (Alonso et al. 2000). A distinct increase of the
level of saturated and monounsaturated fatty acids and simultaneous drop of the
level of PUFA with the ageing of the culture was demonstrated on the basis of
analysis of fatty acid composition of cultures of P. tricornutum and Chaetoceros
muelleri. A majority of studies on the lipid metabolism of microalgae were con-
ducted in batch cultures. For this reason it is difficult to separate the true effects
of culture ageing from the effects of nutrient deficiency on the metabolism of
lipids (Hu ef al. 2008; Liang et al. 2009).

The synthesis of triacylglycerols and the process of their accumulation in the
cytosol can be, with few exceptions, the response of algae to stress conditions.
Under the effect of stress, excess of electrons accumulated in the photosynthetic
chain of electron transport may cause excessive production of reactive forms of
oxygen, which may lead to inhibition of the process of photosynthesis and to
damage to lipids of the cell memberanes, to proteins and other macromolecules.
The triacylglycerol synthesis pathway is coordinated with the secondary synthesis
of carotenoids. Carotenoids are located in the granular and lamellar structures of
photosynthesising chromatophores. Lipid-rich carotenoids play a protective role
against the processes of photooxidation, controlling or reducing the amount of
light falling on the chloroplast. The synthesis of TAG can also make use of PC
(phosphatidylcholine), PE (phosphatidylethanolamine), galactolipids or toxic fatty
acids excluded from the system of membranes as donors of the acyl group, and
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thus play the role of a mechanism of detoxification of lipids of membranes (Hu et
al. 2008, Rabbani et al. 1998).

7.2.1.5. Nutrients

Limited availability of nutrients is one of the stress conditions that lead to the
accumulation of lipids coupled with reduced rate of growth (Roessler 1990).
Among the nutrients, nitrogen deficit is one of the most important factors affect-
ing the metabolism of lipids in algae. A general tendency of the accumulation of
lipids, especially triacylglycerols, in response to nitrogen deficit has been ob-
served for numerous species or strains of various taxa of algae. Illman (2000)
found in his study an increase in the content of lipids, in response to reduced lev-
els of nitrogen in the substrate, in all five strains of Chlorella included in the
study, among which the increase of lipids was 63%, 56% and 40%, respectively,
in the dry matter of C.emersonii, C. minutissima and C. vulgaris. The availability
of nitrogen in the nutrient medium should be balanced so as to optimise the pro-
duction of lipids and biomass.

Other nutrients whose deficit stimulates the accumulation of lipids include
phosphates and sulphates. Limitation of phosphorus availability caused an in-
crease in the level of lipids, mainly triacylglycerols, in cultures of Monodus sub-
terraneus (Eustigmatophyceae) (Khozin-Goldberg and Cohen, 2006), P. tricornu-
tum and Chaetoceros sp. (Bacillariophyceae), I. galbana and Paviova lutheri
(Prymnesiophyceae), and a decrease of the content of lipids in cells of Nan-
nochloris atomus (Chlorophyceae) and Tetraselmis sp. (Prasinophyceae) (Hu et
al. 2008, Reitan ef al. 1994).

Research shows that limitation of the availability of sulphur leads to an in-
crease in the total lipid content in green algae Chlorella sp. and C. reinhardtii
(Sato et al. 2000).

Iron availability in the substrate is another factor which affects the metabo-
lism of lipids in microalgae cells. It has been demonstrated that high concentra-
tions of iron induced lipid accumulation in Chlorella vulgaris (Liu et al. 2002).

7.2.1.6. Carbon dioxide

Sources of CO, for microalgae can include atmospheric carbon dioxide, ex-
haust gases, industrial gases, or soluble carbonates. Assimilation of CO, by mi-
croalgae is pH-dependent. For optimum growth, microalgae require at least 1% of
CO; in the atmosphere. Literature reports indicate that certain species of microal-
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gae are characterised by good tolerance to high concentrations of CO, (and high
temperature) and low levels of SO, and NO, (up to 150 ppm) (Matsumoto et al.
2003). Research shows that Chlorella kessleri and Scenedesmus obliquus display
tolerance to high contents of CO, (up to 18%) (de Morais and Costa 2007). As
follows from literature reports, the fatty acid profiles and the content of fatty acids
in cells of microalgae may differ notably with relation to various concentrations
of CO,. Tsuzuki noted that increase in the concentration of CO, from 0.036% to
2% might cause an increase in the content of saturated fatty acids in C. vulgaris
(Tsuzuki 1990). In a study on the effect of high concentrations of CO,, within the
range from 0.03% (air) to 50% CO,, on the production of lipids and the ability
CO, binding by S. obliquus and C. pyrenoidosa it was found that high level of
carbon dioxide (30%-50%) was conducive to the accumulation of polyunsaturated
fatty acids. Whereas, low concentrations (0.03%) of CO, were favourable for the
accumulation of saturated fatty acids such as palmitic acid and short-chain fatty
acids (Tang et al. 2011). Increase in the content of lipids in microalgae cultures
was also observed at CO, levels from 2% t05% (Yue and Chen 2005).

Studies on the efficiency of photosynthesis of various microalgae, taking into
account CO, binding and lipid productivity, conducted on 27 algal strains, re-
vealed the highest growth rates for Chlorella sp., Chlamydomonas sp. and Synne-
cococcus sp. At CO, concentration of 3% the effectiveness of lipid production of
the microalgae under study amounted to 0.322 g d”', and at 0.03% CO, their lipid
productivity was 0.190 g d”' (Fulke et al. 2010). The content of CO, in the atmos-
phere is not sufficient for the achievement of the fast growth rates and high pro-
ductivity of microalgae, required for the production of biofuels. Gases from the
processes of combustion contain usually up to 15% CO,. Therefore, processes of
combustion are capable of providing sufficient amounts of CO, for large-scale
production of microalgae (Kumar et a/. 2010). An important problem is the con-
tent of pollutants in exhaust gases, SO, NOy, that have to separated from CO, due
to their toxic effect on the growth of algae. However, the process of purification
increases the costs of biomass production, where the source of carbon accounts
for ca. 60% of the total costs of nutrients used in the cultivation.

7.2.2  Stages of biodiesel production

Biodiesel production from wet biomass of microalgae takes place in stages and
comprises the dehydration of algae, extraction of oil, and oil coversion to biodiesel
(Chisti 2007). The stages of biodiesel production are presented in Figure 20.
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Fig. 20. The stages of biodiesel production from microalgae (Mata et al. 2010)

81



82

7.2.2.1. Disintegration of cells

The process of biodiesel production requires prior liberation of lipids from the
intracellular structures. The process of lipid liberation should be conducted at high
efficiency, with cost- and energy-saving methods, thus permitting limitation of the
use of organic solvents and maximising the yield of liquid fuels. The proces of lib-
eration of lipids to the surrounding liquid is conducted with the use of various
methods of disintegration. The disintegration of cells of microalgae is performed
with the use of e.g. microvawes, the bead-beating method (mechanical disintegra-
tion), ultrasonic methods and the addition of 10% NaCl (Amaro et al. 2011). How-
ever, none of these methods is sufficiently effective. Lee studied the application of
various methods of disintegration and the yield of lipids from Botryococcus sp., C.
vulgaris and Scenedesmus sp. (Lee et al. 2010). The most efective for Botryococcus
sp. was the application of the method of bead-beating and microvawes, the yield of
lipids being 28.1 % and 28.6%, respectively. The lowest yield of 8.8% was obtained
in the case of sonification. For C.vulgaris and Scenedesmus sp. the most effective
method was the application of microwaves. The effectiveness of the methods of cell
disintegration in the extraction of lipids varies with relation to the various species of
microalgae, but the application of microwaves appears to be the simplest and the
most efficient method (Amaro et al. 2011).

7.2.2.2. Extraction of lipids

The ideal method of extraction of lipids from microalgae should not only be
specific to lipids, in order to minimise co-extraction of non-lipid compounds, but
also selective towards specific fractions of lipids.

The literature provides descriptions of numerous methods of lipid extraction
from microalgae, among which the best known include oil expression, fluid-fluid
extraction, supercritical fluid extraction (SFE), and the application of ultrasounds
(Singh and Gu 2010). Table 15 presents the advantages and limitations of the
most popular methods of extraction.

Solvents most frequently used for lipid extraction include chloroform-
methanol, hexane, ethanol (96%), and hexane-ethanol mixture. Also a mixture of
hexane with isopropanol is used. Hexane is as good a solvent for the extraction of
lipids as the classic chloroform-methanol mixtures. In addition, it is characterised
by lower extraction efficiency than chloroform, but it is also less toxic. It has
marginal affinity to non-lipid contaminants (it extracts considerably less non-lipid
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material, including undesirable pigments) and displays greater selectivity towards
neutral lipid fractions. Extraction with ethanol may lead to the isolation of unde-
sirable compnents, e.g. sugars, amino acids, hydrophobic proteins or pigments
(Amaro et al. 2011, Mata et al. 2010).

Table 15. Advantages and limitations of various extraction methods for algae oil (Harun et al. 2010)

Method of extraction Advantages Limitations
. Easy in application, does not require Large number of samples
Oil press .
the use of a solvent required, slow process

Most organic solvents are
combustible and /ot toxic;

Extraction with a Relatively low costs of solvents, Recovery of solvents is cost
solvent replicable process and energy consuming;
Large amunt of solvents
required

Insufficient interaction

. . n reritical
Non-toxic (no organic solvents), between supercritical CO,

SFE . .. and sample,
high selectivity of the process fails in quantitative extraction
of polar analytes
Reduced time of extraction,
reduced use of solvent;
Ultrasounds improved solvent High energy consumption

penetration into cell materials,
improved liberation of cell contents
to the substrate

A promising and pro-ecological technology, that may replace conventional
solvents in lipid extraction, is the extraction with carbon dioxide in supercritical
state. The main advantage of that technology is the low toxicity of the solvent.
Extraction in the supercritical state is much more effective that the traditional
methods of separation with the use of solvents. Supercritical fluids are selective,
thus ensuring purity and high concentration of the product. In the extraction with
CO; in supercritical state, carbon dioxide — after exceeding the critical parameters
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(through heating and pressure changes) — is introduced into the extractor where is
acts as a solvent in oil extraction. The primary limitation of this method of extrac-
tion is the very high cost of the process (Amaro ef al. 2011).

7.2.2.3. Process of transesterification

Due to the similar physical and chemical properties of vegetable oils and mi-
croalgae oil, the technologies used for biodiesel production from crop plants can
also be applied for the production of biodiesel from microalgae. Table 16 presents
a comparison of properties of microalgae oil, diesel fuel, and the requirements of
the ASTM (American Society for Testing and Materials) standard for biodiesel.

Table 16. Comparison of properties of microalgae biodiesel, diesel fuel and ASTM standard
(Amin 2009)

Properties mi}cgrige(lilzzzl()il Diesel fuel ASTsl:gnli‘i;)rddiesel
Density (kg 17) 0.864 0.838 0.86-0.90
Viscosity (mm? s, at 40°C) 5.2 1.9-4.1 3.5-5.0
Flash point (°C) 115 75 Min.100
Solidifying point (°C) -12 -50do 10 -

Summer max 0

Cold filter plugging point (°C) -11 -3.0 (max. —6.7) Winter max<—15
Acid value (mg KOH g™) 0.374 Max. 0.5 Max. 0.5
Heating value (MJ kg™!) 41 40-45 -

H/C ratio 1.81 1.81 -

Among the available methods of biodiesel production from microalgae, trans-
esterification with methanol is the most frequently applied. That process leads to
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the obtainment of methyl esters of higher fatty acids, commonly known as bio-
diesel. The main problem involved with the use of vegetable oils and microalgae
oils as fuels for diesel engines is their greater viscosity compared to diesel fuels
produced from petroleum oil (Tab. 16). The process of transesterification causes a
reduction of the initial vicsosity and improves fluidity. Biodiesel production from
microalgae requires large amouts of biomass. The reaction of the process of trans-
esterification is presented in Figure 21.

R1
O—C/ O
\ OH : /
0 Q K
[N s o—cH
H,0 C—R 2 5
\ Catalyst\ /
/CH—O +3H0—OH—> CH—OH R:-C
O—CH,
HZO\ H,O
o)
0 . A
/ OH =
B—C\\ O—CH,
O
Triacylglycerol Methanol Glycerol Methyl esters
(TAG)

Fig. 21. Transesterification of triacylglycerides with methanol. R'-R? — bicarbonate groups (Mata et
al. 2010)

As a result of the reaction of tranesterification, the glycerol contained in the
molecule of lipid (triacylglycerol) is replaced with aliphatic alcohols. The prod-
ucts of the reaction are methyl esters of fatty acids and glycerol as a by-product.
Alcohols commonly used for transesterification include methanol, ethanol, propa-
nol, butanol and amyl alcohol, but due to its low cost methanol has the most ex-
tensive application. The reaction of transesterification proceeds in stages, with the
production of intermediate products - diacylglycerols and monoacylglycerols. The
effectiveness of the process of transesterification depends on such factors as the
catalyst used, the molar ratio of alcohol to oil, temperature, and purity of reagents.
The catalysts in the reaction of transesterification can be acids, bases and enzymes
(lipases). Akaline catalysts of transesterification provide higher reaction and con-
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version rates than acid cataysts. Transesterification conducted with the use of
alkaline catalysts is approximately 4000 times faster than a reaction with acid
catalyst (Chisti 2007, Mata et al. 2010).

The conventional methods of dehydration and extraction of oil from biomass of
microalgae are costly and require large inputs of energy. An alternative for the tra-
ditional methods of extraction and transesterification is the method of conversion of
wet biomass of microalgae into biodiesel with supercritical methanol. Transesterifi-
cation of oils with supercritical alcohols significantly reduces the time of trans-
esterifiiation and is characterised by lower energy requirements compared to the
conventional methods thanks to the elimination of the processes of dehydration and
the processes of extraction. The cost of biodiesel production in the supercritical
conditions is lower by ca. 50% as compared to the conventional methods. Super-
critical methanol ensures maximum conversion of triacylglycerides into suitable
esters of fatty acids in a single-stage process. The technology ensures energy-
efficient biodiesel production from microalgae biomass without the need of using
a catalyst (Anitescu et al. 2008, Patil e al. 2011, Warbi et al. 2004).

7.3. Production of biogas from microalgal biomass

The production of biogas is one of the simplest direct methods of the utilisa-
tion of wet biomass of microalgae for energy purposes with the exclusion of the
energy-costly process of dehydration and subsequent chemical extraction. The
low content of cellulose, lack of lignin and presence of polysaccharides (alginate,
mannitol, laminarin) make the biomass of microalgae an easy material for the
process of methane fermentation. Under the conditions of anaerobic fermentation,
those features guarantee good stability of the process and high efficiency of proc-
essing (Sialve et al. 2009).

The utilisation of the carbohydrate fraction of cells of microalgae for the pro-
duction of methane was first proposed by Meier (Dembiras 2010). The idea was
developed by Golueke ef al. who performed a technical and economic feasibility
analysis of the fermentation of biomass of microalgae (primarily Chlorella and
specfies of Scenedesmus) cultivated in large ponds (Gouleke et al. 1957). Those
authors demonstrated that the rate of biodegradation of biomass of microalgae
was slower by 60%-70% with relation to the rate of degradation of active sludge.
They also indicated possible limitations of the process: high pH, toxic effect of
ammonia or resistance of algal cells. Golueke and Oswald were the first to present
the process of methane fermentation in conjunction with the processes of produc-
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tion of microalgae (Golueke and Oswald 1959). The energy crisis of the nineteen
seventies caused the reappearance of interest in algae as a source of fuels. De-
tailed technical analyses conducted by Benemann demonstrated that microalgae
cultivation systems could produce biogas at costs competitive to the projected
prices of fossil fuels (Dembiras 2010, Posten and Schaub 2009).

Table 17. Proteins and carbohydrates content of various species of microalgae (Demirbas 2010)

Algae strain Protein (% dwt) Carbohydrate (% dwt)
Scenedesmus obliquus 50-56 10-17
Scenedesmus quadricauda 47 -
Scenedesmus dimorphus 8-18 21-52
Chlamydomonas rheinhardtii 48 17
Chlorella vulgaris 51-58 12-17
Chlorella pyrenoidosa 57 26
Spirogyra sp. 6-20 33-64
Dunaliella bioculata 49 4
Dunaliella salina 57 32
Euglena gracilis 39-61 14-18
Prymnesium parvum 28-45 25-33
Tetraselmis maculate 52 15
Porphyridium cruentum 28-45 40-57
Spirulina platensis 52 8-14
Spirulina maxima 28-39 13-16
Synechoccus sp. 46-63 15
Anabaena cylindrica 43-56 25-30
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One of the methods of estimating the potential of microalgae in the process of
methane fermentation is the determination of their cell composition. Changes in
the cell composition may have an effect on the efficiency of the process of fer-
mentation. The content of proteins, lipids and carbohydrates is a species-related
trait, but it also depends on environmental factors (Sialve et al. 2009). In the
process of biomethane production, as in the case of biodiesel production, lipids
play an important role. The possibility of their conversion into biomethane is
greater (1390 L kg™ t.d.m.: 72% CH,, 28% CO,) than in the case of proteins (800
L kg' t.d.m.: 60% CH,, 40% CO,) and carbohydrates (746 L kg t.d.m.: 50%
CH,, 50% CO,) (Schenk et al. 2008). Table 17 presents the content of proteins
and carbohydrates in various species of microalgae.

The mineral composition of microalgae cells meets the nutrient requirements
of anaerobic bacteria. Moreover, the main compoments of algal cells: carbon,
nitrogen and phosphorus, and such elements as iron, cobalt and zinc have a stimu-
lating effect on the process of methanogenesis. Of particular importance in the
process of methane fermentation is the C/N ratio determining the availability of
carbon and nitrogen contained in the raw material. Compared to the land plants,
many species of microalgae are characterised by a high content of proteins, de-
noted by a low value of C/N ratio. For the land plants that ratio is 36, while for
fresh-water algae its value is 10.2 (Elser et al. 2000; Sialve et al. 2009).

The process of methane fermentation taking place under anaerobic conditions
leads to the production of biogas whose main components are methane and car-
bon dioxide.

Anaerobic fermentation of algae is conducted by three groups of bacteria:

1. hydrolysing bacteria, that transform polymerised organic compounds into

monosacharides, carboxyl acids and alcohols,

2. acidogenic bacteria, that transform the products of hydrolysis into ace-

tates, carbon dioxide and hydrogen,

3. methane bacteria, that convert the products of acidogenesis to methane

and carbon dioxide.

The duration of the process of fermentation is from 10 days to several weeks
(Vergara-Fernadez et al. 2008).

Table 18 presents the yield of methane from various species of algae.

Methane obtained from the process of fermentation can be used as gas fuel
and also can be converted into electric energy. A schematic diagram of the pro-
duction of biogas from microalgae biomass in presented in Figure 22. Biomass
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residues from anaerobic fermentation can be further processed and utilised e.g. as
a fertiliser.

| Complex Organics (Algae) |

Hydrolytic bacteria

Phase | =
Organic Acids

Hydrogen producing
acetogenic bacteria

l l

| Homo acetogenic bacteria
| H,, CO, formate | > Acetate
I

Methanogenic bacteria

Phase Il

Fig. 22. Biogas production process (Vergara-Fernadez et al. 2008)

Table 18. Methane yield from differnent algae strains (Harun ez al. 2010)

Biomass Methane yield (m® kg™) Reference
Laminaria sp. 0.26-0.28 (Chynoweth 2005)
Gracilaria sp. 0.28-0.4 (Bird et al. 1990)
Macrocystis 0.39-0.41 (Chynoweth 2005)
L.Digitata 0.5 (Morand and Briand 1999)

Factors affecting the efficiency of methane production include the following:
e content of organic substances,
e pH,
e temperature,

hydraulic retention time (HRT).

Literature data indicate that increase in temperature of the fermentation proc-
ess from 35°C to 50°C can increase the rate of biodegradation of algal biomass by
5% to 10%. The results of studies by Chen (Sialve et al, 2009), who achieved the
highest methane yield at temperature of 40°C, indicate that the temperature range
of mesophilic fermentation is opimal for the fermentation of microalgae biomass.
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At the same time they indicate slower degradation of organic compounds under
the conditions of mesophilic fermentation (Sing and Gu 2010). The key questions
for the process of fermentation of microalgae biomass, emphasised in scientific
piublications, are the following:

e the presence of sodium (salts) in the biomass of marine algae may inhibit

the process of anaerobic fermentation

e the efficiency of methane production from microalgae biomass can be in-

creased through breaking of the cell walls and liberation of organic com-
pounds contained in the cells

e nitrogen content in the cells of certain algae can be high, which increases

the level of ammonia in the process of fermentation and may have an in-
hibiting effect on the process (Demirbas 2010).

The content of methane in the biogas obtained in the process of methane fer-
mentation is similar in most studies and falls within the range of 69-75%. This
indicates that biomass of microalgae is a good substrate for methane fermentation
(Sialve et al. 2009).

The costs of methane production from microalgae biomass are higher com-
pared to other sources of biomass, e.g. grasses, wood. The optimum solution pro-
viding a reduction of the costs of production and increasing profitability of meth-
ane production is the application of integrated processes of cultivation of microal-
gae and sewage treatment. In spite of the fact that microalgae biomass has a high
potential for biogas production, no industrial-scale production systems have been
implemented so far (Sing and Gu 2010).

8.  ECONOMICS OF PRODUCTION OF MICROALGAE

The existing cultivations of algae most frequently provide biomass for the
production of valuable chemical substances (e.g. B-carotene from Dunaliella sa-
lina, astaxanthin from Haematococcus pluvialis). Algae as a source of energy are
not yet produced at a large scale, but that potentiality will start to develop.

Wijffels et al. (2010) calculated the cost of production of algae under Euro-
pean conditions (Holland). The factors taken into account included the following:

e natural illumination — insolation conditions,

e moderate climate,

e replacement of plastic elements every year,

e productivity of algae at levels realistically achieved at present,

e purchase of biogenic elements and CO,.
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The costs of cultivation of microalgae vary primarily with relation to the scale
of production. The costs of production on an area of 1 ha in flat-panel photobiore-
actors amount to ca. 9 EUR per kilogram of biomass. The main cost items are
human labour (24%) and energy (18%). Considerable reduction of costs appears
at the moment of increasing the scale of production — on the area of 100 ha the
unit cost drops to 4 EUR per 1 kg of biomass, notable cost savings being achieved
in the costs of employment of personnel, while the costs of energy increase to
35% of the total costs. That cost item includes, among other things, the stirring of
the cultures and the pumping of gases. Under such conditions, the amount of en-
ergy consumed in the cultivation is greater than the energy accumulated in the
bonds of the biomass, which of course causes that the whole process is unsuitable
for the production of energy.

Assuming that CO, and fertilisers were delivered at no cost (as e.g. residual
material from incineration plants and sewage treatment plants), the costs of en-
ergy were reduced by 10%, the photosynthetic efficiency raised to 7%, and the
whole cultivatoin transferred to a location with greater insolation (e.g. the Carib-
bean) — unit cost of 0.4 EUR kg could be realistically achieved. Chisti (2007)
calculated that the cost of production reaching 10,000 tons a year would attain
unit costs of $ 0.47 and $ 0.60 per kilogram of biomass, respectively, for produc-
tion in photobioreactors and ponds, and one litre of oil produced from micoalgae
biomass would cost $2.80, which is more or less in conformance with the calcula-
tions presented in the Oilgae Report (2009). Taking into account that the price of
diesel fuel in the USA, without taxes etc., is $0.49 per litre (in 2006)(Chisti 2007),
and in Europe the price of biodiesel is 0.5 EUR per litre (Wijffels 2009), it turns
out that the production of microalgae focused on biodiesel production is unrealis-
tic. If the biomass contained 40% of lipids, the costs of production would need to
be within 0.2 EUR/kg, and that would have to include the costs of extraction of
oil conversion into biodiesel.

Chisti (2007) provides a formula that can be used to calculate the threshold of
profitability of microlage oil production (per litre), in comparison to the price of
crude oil (per barrel):

Co,a=69-10°C,

C ... — cost of production of microalgae oil (per litre),
C .. — crude oil price (per barrel).
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The average crude oil price over the recent period (March 2011) is $116 per
barrel, which gives a threshold of profitability at the level of $0.80 for the produc-
tion of 1 litre of microalgae oil.

Cultivation of microalgae will certainly not be based on the production of
biodiesel as the sole product, as that would not be profitable. For microalgae cul-
tivation and energy production from microalgae to be profitable it is necessary to
undertake activity and research in many fields. First of all, the necessary objective
of such activity is to ensure that all the components of algal cells are utilised (pro-
teins, lipids, carbohydrates and others).

e Lipids — biodiesel, chemical industry, fatty acids omega —3

e Carbohydrates, proteins — for food, feed, chemical reagents

e Pigments, vitamins and other valuable components — e.g. for supplements

e Oxygen — should also be recovered

Wijftels et al. (2010) analysed the following example: algae with lipid content
of 40%, 50% proteins, 10% cabohydrates, being utilised as follows:

o 25% of lipids for feed and for food components (e.g. omega-3 acids)

(2 EUR per kg) and 75% for diesel (0.5 EUR per kg)

e 20% of water-soluble proteins for food (5 EUR per kg), 80% of insoluble
proteins for feed (0.75 EUR per kg)

e Carbohydrates can be utilised in various ways, having a low content of
cellulose, and more of fructans, glucans, glycerols — ca. 1 EUR per kg.

e Apart from that, algae reduce the levels of nitrogen and phosphorus. The
cost of conventional purification is ca. 2 EUR per 1 kg of nitrogen. Algae
have a content of 70 kg of nitrogen per 1000 kg of biomass, thus we can
save 140 UER per 1 ton of produced biomass. Likewise for phosphorus.

e One ton of algae produces 1600 kg of gas rich in oxygen; the value of that
gas is ca. 0.16 EUR per kg.

The calculated total value of all products from algae would be ca. 1.65 EUR
per 1 kg of biomass, with projected unit cost of production of ca. 0.4 EUR per 1
kg of biomass. The example is illustrated by a pie chart (Fig. 23). Moreover,
Chisti (2007) proposes fermentation of the remaining material, which would yield
an additional profit.

Further steps that should be undertaken to improve the profitability of micro-
algae production relate to genetic and metabolic engineering. Thanks to those
modern techniques it is potentially possible to:

e increase the photosynthetic efficiency to 7-9%,

e increase the rate of biomass production,
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increase the content of lipids in the cell,

broaden the tolerance of algal species to e.g. high temperatures,

increase the capacity of light absorption, so that production can increase
with increase in light intensity,

eliminate photoinhibition,

eliminate susceptibility to photooxidation.

Biofuels Chemicals

150 € 200 € Oxygen
256 €

Food proteins N removal

. 500 € ‘ 140 €
. Sugars

Feed proteins 100 €
300 €

Fig. 23. Value of algal biomass per 1000 kg after biorefining (Wijffels 2010)

Moreover, a lot remains to be done in the area of the design of photobioreac-
tors. Particularly important problems that need to be solved include the following:

adaptation of stirring intensity so that every cell spends adequate periods
of time exposed to light and in the dark part of the photobioreactor,
equally important, adaptation of stirring to such intensity that no damage
is caused to the cells,

another problem is the deposition of cells on the walls of photobioreac-

tors, which inhibits light penetration to the deeper areas of the structure
(Chisti 2007).

Oilgae Report (2009) gives the following costs of the production of microalgae:

Open ponds:

Investment costs - $125,000-$150,000 per hectare

Operating costs - $15,000-20,000 per hectare per year ($2.27 per one gallon of
biodiesel)

Closed ponds:
Investment costs - $200,000 per hectare per year
Operating costs - $20,000-25,000 per hectare per year
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Photobioreactors:

Investment costs - $0.4-1 mln per hectare

Operating costs - $ 25-30000 per year at production of 1 T of biomass per day
($9.83 per gallon of biodiesel)

Cost of CO, — from $2 to $25 per 1 ton of algal biomass
Cost of nutrient medium — ca. $40-50 per 1 ton of algal biomass

Separation of biomass (operating costs):
Filtration: ca. $100 per 1 million gallons
Centrifuging: ca. $400 per 1 million gallons
Flocculation: ca. $1000 per 1 million gallons
Flotation: from ca. $50 to $200 per 1 million gallons

Acquisition of oil (operating costs):
Mechanical oil press: $ 35/ T (ca. 12 ¢ per gallon)
Extraction with a solvent: § 55/ T (ca. 20 ¢ per gallon)

Conversion to biofuel (operating costs):

Biodiesel production — transesterification $0.25 per gallon

Production of ethanol from starch (through fermentation) $0.7 per gallon
Production of ethanol from cellulose (through fermentation) $1.3 per gallon
Anaerobic fermentation 2-3 ¢ per 1 kWh of generated energy
Gasification/pyrolysis/Fischer-Tropsch, gasification + FT: ca. $0.8 per gallon
Direct combustion: 6¢ per 1 kWh



95

9. REFERENCES

Aaronson S., 1973. Effect of incubation temperature on the macromolecular and lipid content of the
phytoflagellate Ochromona danica. J. Phycol., 9, 111-113.

Abou-Shanab R.A.L, Jeon B. H., Song H., Kim Y., Hwang J., 2010. Algae -Biofuel: Potential use as
sustainable alternative green energy. The Online Journal on Power and Energy Engineering
(OJPEE), 1 (1), 4-6.

Alonso D.L., Belarbi E.H., Fernandez-Sevilla J.M., Rodriguez-Ruiz J., Grima E.M., 2000. Acyl lipid
composition variation related to culture age and nitrogen concentration in continuous culture of the
microalga Phaeodactylum tricornutum. Phytochemistry, 54,461-471.

Amaro H.M., Guedes A.C., Malcata F.X., 2011. Advances and perspectives in using microalgae to pro-
duce biodiesel. Applied Energy 88, 3402-3410.

Amin S., 2009. Review on biofuel oil and gas production processes from microalgae. Energy Conversion
and Management 50, 1834-1840.

Anitescu G., Deshpande A., Tavlarides L., 2008. Integrated technology for supercritical biodiesel produc-
tion and power cogeneration. Energy Fuels, 22, 1391-1399.

Aresta M., Dibenedetto A., Barberio G., 2005. Utilization of macro-algae for enhanced CO, fixation and
biofuels production: Development of a computing software for an LCA study. Fuel Process. Tech-
nol., 86 (14-15), 1679-1693.

Azov Y., 1982. Effect of pH on inorganic carbon uptake in algal cultures. Applied and Environmental
Microbiology. Vol. 43, No. 6, 1300 - 1306.

Baker J.W., Grover J.P., Brooks B.W., Urena-Boeck F., Roelke D.L., Errera R., Kiesling R.L., 2007.
Growth and toxicity of Prymnesium parvum (Haptophyta) as a function of salinity, light, and tem-
perature. J. Phycol., 43, 219-227.

Banerjee A., Sharma R., Chisti Y., Banerjee U.C., 2002. Botryococcus braunii: a renewable source of
hydrocarbons and other chemicals. Crit. Rev. Biotechnol., 22, 245-279.

Barsanti L., Gualtieri P., 2006. Algae: Anatomy, Biochemistry, and Biotechnology. CRC Press.

Bassler L.B., 1999. How bacteria talk to each other: regulation of gene expression by quorum sensing.,
Curr Opin Microbiol., 2, 582-587.

Becker W., 2004. Microalgae in human and animal nutrition. In: Richmond, A. (ed.), Handbook of mi-
croalgal culture: Biotechnology and applied phycology. Blackwell, Oxford. 312 - 351.

Belcher H., Swale, E., 1976. A beginner's guide to freshwater algae. London, HMSO.

Benemann J. 2008. Japanese NEDO RITE Project 1990-2000. in: Overview: Algae Oil to Biofuels.
(http://www.nrel.gov/biomass/pdfs/benemann.pdf, Accessed on 19.11.2010)

Berman T., Chava S., 1999. Algal growth on organic compounds as nitrogen sources. Journal of Plankton
Research. Vol. 21(8), 1423-1437.

Bigogno C., Khozin-Goldberg L., Boussiba S., Vonshak A., Cohen Z., 2002. Lipid and fatty acid composi-
tion of the green oleaginous alga Parietochloris incisa, the richest plant source of arachidonic acid.
Phytochemistry, 60, 497-503.

Bird K.T, Chynoweth D.P, Jerger D.E., 1990. Effects of marine algal proximate composition on methane
yields. J Appl Phycol., 2, 207-13.

Borowitzka MLA., 1995. Microalgae as sources of pharmaceuticals and other biologically active com-
pounds. J. Appl. Phycol., 7, 3-15.

Borowitzka M.A., 1999. Commercial production of microalgae: ponds, tanks, tubes and fermenters. J.
Biotechnol., 70, 313-321.

Bosca C., Dauta A., Marvalin O., 1991. Intensive outdoor algal cultures. How mixing enhances the photo-
synthetic production rate. Bioresource Technol., 38, 185-188.



96

Boussiba S., Vonshak A., Cohen Z., Avissar Y., Richmond A., 1987. Lipid and biomass production by
the halotolerant microalga Nanochloropsis salina. Biomass, 12, 37-47.

Boussiba S., Sandbank E., Shelef G., Cohen Z., Vonshak A., Ben-Amotz A., Arad S., Richmond A.,
1988. Outdoor cultivation of the marine microalga Isochrysis galbana in open reactors., Aquacul-
ture, 72, 247-253.

Bouterfas R., Belkoura M., Dauta A., 2006. The effects of irradiance and photoperiod on the growth rate
of three freshwater green algae isolated from a eutrophic lake. Limnetica, 25(3), 647-656.

Braun A., Reith J., 1993. Algen in de Nederlandse energiehuishouding, in opdracht van het programma,
Energiewinning uit Afval en Biomassa (EWAB) van Novem. Utrecht, Braun Consultants.

Briand X., Morand P., 1997. Anaerobic digestion of Ulva sp. relationship between Ulva composition and
methanisation. J. Appl. Phycol., 9, 511-24.

Brown M.R., Dunstan G.A., Norwood S.J., Miller K.A., 1996. Effects of harvest stage and light on the
biochemical composition of the diatom Thalassiosira pseudonana. J. Phycol., 32, 64-73.

Burlew J.S., 1953. Algal culture. From laboratory to pilot plant. Carnegie Institution Of Washington
Publication 600. Washington, D. C.

Chae S.R., Hwang E.J., Shin H.S., 2006. Single cell protein production of Euglena gracilis and carbon
dioxide fixation in an innovative photo-bioreactor. Bioresource Technol., 97(2), 322-329.

Chaumont D., Thepenier C., Gudin C., 1988. Scaling up a tubular photobioreactor for continuous culture
of Porphyridium cruentum — from laboratory to pilot plant. In: Stadler, T., Morillon, J., Verdus,
M.S., Karamanos, W., Morvan, H., Chistiaen, D. (Eds.), Algal Biotechnology. Elsevier Applied Sci-
ence, London, 199-208.

Chen C.Y., Yeh K.L., Aisyah R., Lee D.J., Chang J.S., 2011. Cultivation, photobioreactor design and
harvesting of microalgae for biodiesel production: A critical review. Bioresource Technol., 102, 71-
81.

Chen Y.M,, Liu J.C., Ju Y.H., 1998. Flotation removal of algae from water. Colloids and surfaces B:
Biointerfaces, 12, 49 - 55.

Chisti Y., 2007. Biodiesel from microalgae. Biotechnol. Adv., 25, 294-306.

Chisti Y., 2008. Response to Reijnders: Do biofuels from microalgae beatbiofuels from terrestrial plants?,
Trends Biotechnol., 26(7), 351-352.

Chiu S.Y., Kao C.Y., Tsai M.T., Ong S.C., Chen C.H., Lin C.S., 2009. Lipid accumulation and CO,
utilization of Nannochloropsis oculata in response to CO, aeration. Bioresource Technol., 100, 833-
38.

Choi S.L., Suh LS., Lee C.G., 2003. Lumostatic operation of bubble column photobioreactors for Haema-
tococcus pluvialis cultures using aspecific light uptake rate as a control parameter. Enzyme Mi-
crob.Technol., 33, 403-409.

Chojnacka K., Marquez-Rocha F.J., 2004. Kinetic and stoichiometric relationships of the energy and
carbon metabolism in the culture of microalgae. Biotechnology 3, 21-34.

Chynoweth D.P., 2005. Renewable biomethane from land and ocean energy crops. Hort Science, 40 (2),
283-286.

Czerpak R., Czeczuga B., 1978. Occurrence, biosynthesis and biological role of carotenoids in algae (in
Polish). Wiadomosci botaniczne, tom XXII, zesz. 1, 47-59.

de Morais M.G., Costa J.A.V., 2007. Biofixation of carbon dioxide by Spirulina sp. and Scenedesmus
obliquus cultivated in a three-stage serial tubular photobioreactor. J. Biotechnol., 129, 439-445.

De Pauw N., Morales J., Persoone G., 1984. Mass culture of microalgae in aquaculture systems: progress
and constraints. Hydrobiologia, 116/117, 121-34.

Demirbas A., Demirbas M.F., 2010. Algae Energy. Algae as a New Source of Biodiesel. Green Energy
and Technology. Springer London.



97

Demirbas A., 2006. Oily products from mosses and algae via pyrolysis. Energy Sources, Part A: Recov-
ery, Utilization and Enviromental Effects, 28 (10), 933-940.

Demirbas A., 2009. Production of biodiesel from alga oils. Energy Sources, part A, 31, 163-169.

Demirbas A., 2010. Use of algae as biofuel sources. Energy Conversion and Management 51. 2738-2749

Doucha J., Livansky K., 2006. Productivity, CO,/O, exchange and hydraulics in outdoor open high den-
sity microalgal (Chlorella sp.) photobioreactors operated in a Middle and Southern European cli-
mate. J Appl Phycol., 18:811-826.

Doucha J., Straka F., Livansky K., 2005. Utilization of flue gas for cultivation of microalgae (Chlorella
sp.) in an outdoor open thin-layer photobioreactor, J Appl Phycol., 17, pp. 403-412

Edwards M., 2008. Green Algae Strategy — End Biowar and Engineer Sustainable Food and Biofuels.
Tempe, Arizona, USA, LuLu Press.

Elser J.J., Fagan W.F., Denno R.F., Dobberfuhl D.R., Folarin A., Huberty A., 2000. Nutritional con-
straints in terrestrial and freshwater food webs. Nature, 408, 578-80.

Eriksen N.T., Geest T., Iversen J.J.L., 1996. Phototrophic growth in the lumostat: a photo-bioreactor with
on-line optimization of light intensity. J. Appl. Phycol., 8, 345-352.

Evers E.G., 1991. A model for light-limited continuous cultures: growth, shading, and maintenance,
Biotechnol. Bioeng., 38, 254-259.

Falinski K.A., 2009. Effects of different aeration conditions on Isochrysis galbana (T-ISO) CCMP 1324
in a bench-scale photobioreactor. A Thesis presented to the Faculty of the Graduate School of Cor-
nell University.

Falquet J,. 1997. The nutritional aspects of Spirulina. Antenna Technologies.

Feinberg D.A., 1984. Fuel options from microalgae with representative chemical compositions. Solar
Energy Research Institute, U. S. Department of Energy.

Fernandez AF.G., Hall D.O., Guerrero C.E., Rao K.K., Molina Grima E., 2003. Outdoor production of
Phaeodactylum tricornutum biomass in a helical reactor. J. Biotechnol., 103, 137-152.

Flynn K.J., Butler 1., 1986. Nitrogen sources for the growth of marine microalgae: role of dissolved free
amino acids. Mar. Ecol. Prog. Ser., Vol. 34, 281-304.

Fogg G.E., 1983. The ecological significance of extracellular products of phytoplankton photosynthesis.,
Bot Mar., 26, 3-14.

Friday E.T., Rapheal E., Nwalo F.O., Ayodele S.M., 2010. Mixed cultivation of Euglena gracilis and
Chlorella sorokiniana: a production method of algae biomass on a large scale. J. Appl. Biosci., 35,
2225-2234.

Fulke A.B., Mudliar S.N., Yadav R., Shekh A., Srinivasan N., Ramanan R., Krishnamurthi K., Devi S.S.,
Chakrabarti T., 2010. Bio-mitigation of CO,, calcite formation and simultaneous biodiesel precursors
production using Chlorella sp. Bioresource Technol., 101, 8473-8476.

Gao K.S., Wu Y.P,, Li G., Wu H.Y., Villafane V.E., Helbling E.W., 2007. Solar UV radiation drives CO,
fixation in marine phytoplankton: A doubleedgedsword. Plant Physiol., 144(1), 54-59.

Garcia-Malea Lopez, M.C., Del Rio Sanchez, E., Casas Lopez, J.L., Acien Fernandez, F.G., Fernandez
Sevilla, J.M., Rivas, J., Guerrero, M.G., Molina Grima E., 2006. Comparative analysis of the outdoor
culture of Haematococcus pluvialis in tubular and bubble column photobioreactors. J. Biotechnol.,
123, 329-342.

Glasby G.P., 2006. Abiogenic Origin of Hydrocarbons: An Historical Overview. Resource Geology,
56, 83-96.

Gnansounou E., Dauriat A., Villegas J., Panichelli L., 2009. Life cycle assessment of biofuels: Energy and
greenhouse gas balances. Bioresource Technology, 100, 4919-4930.

Goldman J.C., Carpenter E.J., 1974. A kinetic approach to the effect of temperature on algal growth.
Limnology and Oceanography, 19(5), 756-766.



98

Golueke C.G., Oswald W.J., 1959. Biological conversion of light energy to the chemical energy of meth-
ane. Appl. Microbiol., 7, 219-227.

Golueke C.G., Oswald W.J., Gotaas H.B., 1957. Anaerobic digestion of algae. Appl. Microbiol., 5, 47-55.

Gouveia L., 2011. Microalgae as a Feedstok for Biofuels. Springer Briefs in Microbiology.

Griffiths M.J., Harrison S.T.L., 2009. Lipid productivity as a key characteristic for choosing algal species
for biodiesel production. J. Appl. Phycol., 21, 493-507.

Gudin C., Therpenier C., 1986. Bioconversion of solar energy into organic chemicals by microalgae. Adv
Biotechnol Processes, 6, 73-110.

Harun R., Singh M., Gareth M.F., Danquah M.K., 2010. Bioprocess engineering of microalgae to produce
a variety of consumer products. Renew. Sust. Ener. Rev., 14, 1037-47.

Hase R., Oikawa H., Sasao C., Morita M., Watanabe Y., 2000. Photosynthetic production of microalgal
biomass in a raceway system under greenhouse conditions in Sendai City. J. Biosci. Bioeng., 89,
157-163.

Heasman M., Diemar J., O’Connor W., Sushames T., Foulkes L., Nell J.A., 2000. Development of ex-
tended shelf-life microalgae concentrate diets harvested by centrifugation for bivalve molluscs — a
summary. Aquaculture Research, 31, 637-659.

Ho S.H., Chen W.M., Chang J.S., 2010. Scenedesmus obliquus CNW-N as a potential candidate for CO,
mitigation and biodiesel production. Bioresour Technol., 101, 8725-8730.

Hobson L.A., Hartley A., Ketcham D.E., 1979. Effects of Variations in Daylength and Temperature on
Net Rates of Photosynthesis, Dark Respiration, and Excretion by Isochrysis galbana Parke. Plant
Physiol., 63, 947-951.

Hoekema S., Bijmans M., Janssen M., Tramper J., Wijffels R.H., 2002. A pneumatically agitated flat-
panel photobioreactor with gas recirculation: anaerobic photoheterotrophic cultivation of a purple
nonsulfur bacterium. Int. J. Hydro. Energy., 27, 1331-1338.

Hu Q., Sommerfeld M., Jarvis E., Ghirardi M., Posewitz M., Seibert M., Darzins A., 2008. Microalgal
triacylglycerols as feedstocks for biofuel production: perspectives and advances. Plant J., 5, 621-639.

Hu Q., 2004. Industrial Production of Microalgal Cell-Mass and Secondary Products - Major Industrial
Species: Arthrospira (Spirulina) platensis. In: Handbook of Microalgal Culture: Biotechnology and
Applied Phycology (ed A. Richmond), Blackwell Publishing Ltd, Oxford, UK, 264-272.

Hu Q., 2004a. Environmental Effects on Cell Composition. In: Handbook of Microalgal Culture: Bio-
technology and Applied Phycology (ed A. Richmond), Blackwell Publishing Ltd, Oxford, UK. p. 83
-93.

Hu Q., Sommerfeld M., Jarvis E., Ghirardi M., Posewitz M., Seibert M., Darzins A., 2008. Microalgal
triacylglycerols as feedstocks for biofuel production: perspectives and advances. The Plant Journal.,
54, 621-639.

Hu Q., Guterman, H., Richmond, A., 1996. A flat inclined modular photobioreactor for outdoor mass
cultivation of phototrophs. Biotechnol. Bioeng., 51, 51-60.

Huang G., Chen F., Wei D., Zhang X., Chen G., 2010. Biodiesel production by microalgal biotechnology.
Applied Energy, 87, 38-46.

Illman A.M., Scragg A.H., Shales S.W., 2000. Increase in Chlorella strains calorific values when grown
in low nitrogen medium. Enzyme Microb. Tech., 27, 631-635.

Janvanmardian M., Palsson B.O., 1991. High density photoautotrophic algal cultures: design, construction
and operation of a novel photobioreactor system. Biotechnol. Bioeng., 38, 1182-1189.

Jensen G.S., Ginsberg D.I., Drapeau M.S., 2001. Bluegreen algae as an immuno-enhancer and biomodu-
lator. J. Am. Nutraceutical Assoc., 3, 24-30.

Jensen G.L., Bankston J.D., Jensen J.W., 1989. Pond aeration. Southern Regional Aquaculture Center
Publication, Number 370.



99

Kaewpintong K., Shotipruk A., Powtongsook S., Pavasant P., 2007. Photoautotrophic high-density culti-
vation of vegetative cells of Haematococcus pluvialis in airlift bioreactor. Bioresource Technol., 98,
288-295.

Kaplan D., Cohen Z., Abeliovich A., 1986. Optimal Growth Conditions for Isochrysis galbana. Biomass,
9,37-48.

Katsuda T., Arimoto T., Igarashi K., Azuma M., Kato J., Takakuwa S., Ooshima H., 2000. Light intensity
distribution in the externally illuminated cylindrical photo-bioreactor and its application to hydrogen
production by Rhodobacter capsulatus., Biochem. Eng. J., 5, 157-164.

Khan S.A., Rashmi, Hussain M. Z., Prasad S., Banerjee U. C. 2009. Prospects of biodiesel production
from microalgae in India. Renew. Sust. Energ. Rev., 13, 2361-2372.

Khotimchenko S.V., Yakovleva .M., 2005. Lipid composition of the red alga Tichocarpus crinitus ex-
posed to different levels of photon irradiance. Phytochemistry, 66, 73-79.

Khozin-Goldberg 1., Cohen, Z., 2006. The effect of phosphate starvation on the lipid and fatty acid com-
position of the fresh water eustigmatophyte Monodus subterraneus. Phytochemistry, 67, 696-701.

Kitaya Y., Azuma H., Kiyota M., 2005. Effects of temperature, CO,/O, concentrations and light intensity
on cellular multiplication of microalgae, Euglena gracilis. Adv. Space Res., 35, 1584-1588.

Klass D.L., 2004. Biomass for renewable energy and fuels. In: Cleveland, C.J. (Ed.), Encyclopedia of
Energy, vol. 1. Elsevier, San Diego, 193-212.

Knuckey R.M., Brown M.R., Robert R., Framption D.M.F., 2006. Production of microalgal concentrates
by flocculation and their assessment as aquaculture feeds. Aquacultural Eng., 35, 300.

Koopman B., Lincoln E.P., 1983. Autoglotation harvesting of algae from high-rate pond effluents. Agri-
cultural Wastes, V. 5, Issue 4, 231-246.

Kopcewicz J., Lewak S., Gabrys$ H., 2005. Physiology of Plants (in Polish). Warszawa: Wydawnictwo
Naukowe PWN, 621-626.

Koscik B. (Ed.). 2003. Energy crops (in Polish). Akademia Rolnicza w Lublinie.

Krzemieniewski M., Debowski M., Zielinski M., 2009. Algae as an alternative for land-growing energy
crops (in Polish). Czysta Energia, 9 (95), 25-27.

Kumar A., Ergas S., Yuan X., Sahu A., Zhang Q., Dewulf J., Malcata F.X., van Langenhove H., 2010.
Enhanced CO, fixation and biofuel production via microalgae: recent developments and future direc-
tions. Trends in Biotechnology, 28, Issue 7, 371-380.

Lalucat J., Imperial J., Pares R., 1984. Utilization of light for the assimilation of organic matter in Chlor-
ella sp. VI79. Biotechnol. Bioeng., 26, 677-681.

Lavens P., Sorgeloos P., 1996. Manual on the production, and use of live food for aquaculture. FAO, Fish.
Tech. Pap. 361. Rome, Italy.

Lee J.-Y., Yoo C., Jun S.-Y., Ahn C.-Y., Oh H.-M., 2010. Comparison of several methods for effective
lipid extraction from microalgae. Bioresour Technol., 101, (1), 75-77.

Lee R.E., 2008. Phycology. Cambridge University Press. Cambridge.

Lee S.J., Kim S.-B., Kim J.-E., Kwon G.-S., Yoon B.-D., Oh H.-M., 1998. Effects of harvesting method
and growth stage on the flocculation of the green alga Botryococcus braunii. Letters in Applied Mi-
crobiology, 27, 14-18.

Lee Y.K., 2004. Heterotrophic carbon nutrition. In: Handbook of Microalgal Culture: Biotechnology and
Applied Phycology (ed A. Richmond), Blackwell Publishing Ltd, Oxford, UK, 116-124.

Lee Y .K., Shen H., 2004. The microalgal cell. In: Handbook of Microalgal Culture: Biotechnology and
Applied Phycology (ed A. Richmond), Blackwell Publishing Ltd, Oxford, UK, 3-19.

Lee E.T.Y., Bazin M.J., 1990. A laboratory scale airlift photobioreactor to increase biomass output rate of
photosynthetic algal cultures. New phytol., 116, 331-335.



100

Lee Y.K., Low C.S., 1991. Effect of photobioreactor inclination on the biomassproductivity of an outdoor
algal culture. Biotechnol. Bioeng., 38, 995-1000.

Lewnadowski W.M., 2007. Pro-ecological renewable sources of energy (in Polish). Wydawnictwo Nau-
kowo-Techniczne.

Li Q., Wang MY, 1997. Use food industry waste to produce microbial oil. Science and Technology of
Food Industry, 65-69.

Li X.F., Xu H., Wu Q.Y. 2007. Large-scale biodiesel production from microalga Chlorella protothecoides
through heterotropic cultivation in bioreactors. Biotechnol. Bioeng., 98, 764-771.

Li Y., Horsman M., Wang B., Wu N., Lan C. Q. 2008. Effects of nitrogen sources on cell growth and
lipid accumulation of green alga Neochloris oleoabundans. Appl. Microbiol. Biotechnol., 81, 629 -
636.

Liang Y.N., Sarkany N., Cui, Y., 2009. Biomass and lipid productivities of Chlorella vulgaris under
autotrophic, heterotrophic and mixotrophic growth conditions. Biotechnol. Lett., 31, 1043-1049.

Liu C.P,, Lin L.P., 2001. Ultrastructural study and lipid formation of Isochrysis sp. CCMP1324. Bot. Bull.
Acad. Sin., 42,207-214.

Liu Z.Y, Wang G.C, Zhou B.C., 2002. Effect of iron on growth and lipid accumulation in Chlorella
vulgaris. Bioresour. Technol., 99, 4717-4722.

Lorenz R.T., Cysewski G.R., 2000. Commercial potential for Haematococcus microalgae as a natural
source of astaxanthin. Trends Biotechnol., 18, 160-167.

Lorenz R.T., 2002. U.S. Patent Nr 6,344.214. Method for retarding and ameliorating fever blisters and
canker sores. Washington, DC: U.S. Patent and Trademark Office.

Lv J.-M,, Cheng L.-H., Hu X.-H., Zhang L., Chen H.-L., 2010. Enhanced lipid production of Chlorella
vulgaris by adjustment of cultivation conditions. Bioresource Technology, 101, 6797-6804.

Lynch D.V., Thompson G.A., 1982. Low temperature-induced alterations in the chloroplast and micro-
somal membranes of Dunaliella salina. Plant Physiol., 69, 1369-1375.

Mansour M.P., Volkman J.K., Blackburn S.I., 2003. The effect of growth phase on the lipid class, fatty
acid and sterol composition in the marine dinoflagellate, Gymnodinium sp. in batch culture. Phyto-
chemistry, 63, 145-153.

Masojidek J., Koblizek M., Torzillo G., 2004. Photosynthesis in microalgae. In: Handbook of Microalgal
Culture: Biotechnology and Applied Phycology (ed A. Richmond), Blackwell Publishing Ltd, Ox-
ford, UK. 20 - 39.

Massart A., Hantson A-L., 2010. Optimization of the medium composition of the microalga 'Dunaliella
tertiolecta Butcher' in order to combine high cell density and accumulation of lipids for biodiesel
production. CISA, Environmental Sanitary Engineering Centre, Italy, Third International Sympo-
sium on Energy from Biomass and Waste, Venice, Italy; 8-11 November 2010.

Mata T.M., Martins A.A., Caetano N.S., 2010. Microalgae for biodiesel production and other applica-
tions: a review. Renewable and Sustainable Energy Reviews, 14, 217-232.

Matis K.A., Gallios G.P., Kydros K.A. 1992. Separation of fines by flotation techniques. Separations
Technology, Volume 3, Issue 2, Pages 76-90.

Matsumoto M., Hiroko Y., Nobukazu S., Hiroshi O., Tadashi M., 2003. Saccharification of marine mi-
croalgae using marine bacteria for ethanol production. Appl. Bioch. Biotech.,105, 247-254.

Mazzuca Sobczuk T., Garcla Camacho F., Molina Grima E., Chisti Y., 2006. Efects of agitation on the
microalgae Phaeodactylum tricornutum and Porphyridium cruentum. Bioproc. Biosyt. Eng., 28,
243-250.

McGinnis K. M., Dempster D. A., Sommerfeld M.R., 1997. Characterization of the growth and lipid
content of the diatom Chaetoceros muelleri. J. Appl. Phycol., 9, 19-24.



101

Miao X.L., Wu Q.Y., 2004. Fast pyrolysis of microalgae to produce renewable fuels. Journal of Analyti-
cal and Applied Pyrolysis., 71, 855-863

Miao X.L., Wu Q.Y., 2004a. High yield bio-oil production from fast pyrolysis by metabolic controlling of
Chlorella protothecoides. Journal of Biotechnology, 110, 85-93.

Miao X.L., Wu, Q.Y., 2006. Biodiesel production from heterotrophic microalgal oil. Bioresour. Technol.,
97, 841-846.

Milner H.W., 1953. Rocking tray. In: Burlew, J.S. (Ed.), Algal Culture from Laboratory to Pilot Plant.
Carnegie Institution, Washington, DC, 600, 108.

Minowa T., Sawayama S., 1999. A novel microalgal system for energy production with nitrogen cycling.
Fuel, 78, 1213-1215.

Moheimani N.R., 2005. The culture of coccolithophorid algae for carbon dioxide bioremediation. Thesis
presented for the degree of Doctor of Philosophy of Murdoch University.

Mohn F.H., 1980. Experiences and strategies in the recovery of biomass from mass cultures of microal-
gae. In: Shelef G, Soeder CJ, (ed.). Algae biomass. Amsterdam: Elsevier; 547- 71.

Molina Grima E., Belarbi E.-H., Acién Fernandez F.G., Robles Medina A., Chisti Y., 2003. Recovery of
microalgal biomass and metabolites: process options and economics. Biotechnol. Adv., 20, 491-515.

Montero M.F., Aristizabal M., Reina G.G., 2011. Isolation of high-lipid content strains of the marine
microalga Tetraselmis suecica for biodiesel production by flow cytometry and single-cell sorting. J.
Appl. Phycol., 23(6), 1053-1057.

Morand P., Briand X., 1999. Anaerobic digestion of Ulva sp. 2. Study of Ulva degradation and methanisa-
tion of liquefaction juices. J. Appl. Phycol., 11,165-77.

Mutlu Y.B., Isik O., Uslu L., Koc K., Durmaz Y., 2011. The effects of nitrogen and phosphorus deficien-
cies and nitrite addition on the lipid content of Chlorella vulgaris (Chlorophyceae). African Journal
of Biotechnology, Vol. 10(3), 453-456.

Napolitano G.E., 1994. The relationship of lipids with light and chlorophyll measurement in freshwater
algae and periphyton. J. Phycol., 30, 943-950.

Ogbonna J.C., Soejima T., Tanaka H., 1999. An integrated solar and artificial light system for internal
illumination of photobioreactors. J. Biotechnol., 70, 289-297.

Ogbonna J.C., Tanaka H., 2001. Photobioreactor design for photobiological production of hydrogen. In:
Miyake, J., Matsunaga, T., San Pietro, A. (Eds.), Biohygrogen II - An Approach to Environmentally
Acceptable Technology. Pergamon Press, 245-261.

Oilgae Report - Academic Edition. 2009.

Olguin E.J., Galicia S., Mercado G., Pérez, T., 2003. Annual productivity of Spirulina (Arthrospira) and
nutrient removal in a pig wastewater recycling process under tropical conditions. Journal of Applied
Phycology, 15(2), 249.

Ono E., Cuello J.L., 2003. Selection of optimal microalgae species for CO, sequestration. Second Annual
Conference on Carbon Sequestration 5-8 May 2003. Hilton Alexandria Mark Center, Alexandria,
VA.

Ordog V., Stirk W.A., Lenobel R., Bancifova M., Strand M., van Staden J., Szigeti I., Németh L., 2004.
Screening micoalgae for some potentially useful agricultural and pharmaceutical secondary metabo-
lites. J. Appl. Phycol., 16, 309-314.

Oswald W.J., 2003. My sixty years in applied algology. J. Appl. Phycol., 15(2-3), 99-106.

Oswald W.J., Golueke C.G., 1960. Biological transformation of solar energy. Adv. Appl. Microbiol., 2,
223-262.

Papazi A., Makridis P., Divanach P. 2010. Harvesting Chlorella minutissima using cell coagulants. J.
Appl. Phycol., 22, 349-355.



102

Patil P.D., Gude V.G., Mannarswamy A., Deng S., Cooke P., Munson-McGee S., Rhodes 1., Lammers P.,
Nirmalakhandan N., 2011. Optimization of direct conversion of wet algae to biodiesel under super-
critical methanol conditions. Bioresource Technology, 102, 118-122.

Patterson G., 1970. Effect of temperature on fatty acid composition of Chlorella sorokiniana. Lipids, 5,
597-600.

Peng W.M., Wu Q.Y., 2000. Effect of temperature and holding time on production of renewable fuels
from pyrolisys of Chlorella protothecoides. J. Appl. Phycol., 12,147-152.

Pick U., 2002. Adaptation of the halotolerant alga Dunaliella to high salinity. In: A Lauchli,Luthge, (red.),
Salinity: Enviroment, Plants, Molecules. Kluwer Academic Publishers, Dordrecht, the Netherlands,
97-112.

Pirt S.J.,, Lee Y.K., Walach M.R., Pirt M.W., Balyuzi H.H.M., Bazin M.J., 1983. A tubular photobioreac-
tor for photosynthetic production of biomass from carbon dioxide: design and performance. J. Chem.
Tech. Biotechnol., 33B, 35-38.

Posten C., Schaub G., 2009. Microalgae and terrestrial biomass as source for fuels — A process view.
Journal of Biotechnology, 142, 1, 1, 64-69.

Preisig H.R., Andersen R.A., 2005. Historical review of algal culturing techniques. In: Andersen R. (ed.)
Algal Culturing Techniques. Elsevier Academic Press, 1-12.

Pruvost J., Van Vooren G., Cogne G., Legrand J. 2009. Investigation of biomass and lipids production
with Neochloris oleoabundans in photobioreactor. Bioresour. Technol., 100(23), 5988-5995.

Pulz O., Gross W., 2004. Valuable products from biotechnology of microalgae. Appl. Microbiol. Bio-
technol., 65, 635-648.

Rabbani S., Beyer P., Von Lintig J., Hugueney P., Kleinig H., 1998. Induced B-carotene synthesis driven
by triacylglycerol deposition in the unicellular alga Dunaliella bardawil. Plant Physiol., 116, 1239-
1248.

Ragheb M., 2010. Biogenic and abiogenic petroleum. In: Ragheb M. Nuclear, plasma and radiation sci-
ence, Inventing the future. University of Illinois at Urbana — Champaign.

Raison J.K., 1986. Alterations in the physical properties and thermal responses of membrane lipids: corre-
lations with acclimation to chilling and high temperature. In: St John J.B., Berlin E., Jackson E.D.
(ed.), Frontiers of Membrane Research in Agriculture, Totowa, NJ, Rowman and Allanheld, 383-
401.

Ramos de Ortega, A., Roux, J.C., 1986. Production of Chlorella biomass in different types of flat bioreac-
tors in temperate zones. Biomass, 10, 141-156.

Reitan K.I., Rainuzzo J.R., Olsen Y., 1994. Effect of nutrient limitation on fatty acid and lipid content of
marine microalgae. J. Phycol., 30, 972-979.

Reynolds C.S., 2006. The ecology of phytoplankton. Cambridge University Press.

Richmond, A., 2000. Microalgal biotechnology at the turn of the millennium: a personal view. J. Appl.
Phycol., 12, 441-451.

Roessler P.G., 1990. Enviromental control of glycerolipid metabolism in microalgae: commercial impli-
cations and future research direction. J. Phycol., 26, 393-399.

Rosegrant M.W., 2008. Biofuels and Grain Prices: Impacts and Policy Responses; International Food
Policy Research Institute, Washington, USA.

Rossignol N., Vandanjon L., Jaouen P., Qeumeneur F., 1999. Membrane technology for the continuous
separation microalgae:culture medium: compared performances of cross-flow microfiltration and ul-
trafiltration. Aquacultural Engineering, 20, 191-208.

Ryan C., 2009. Cultivating Clean Energy. The Promise of Algae Biofuels. Report by the Natural Re-
sources Defense Council (NRDC) and Terrapin Bright Green, LLC. Washington, DC. NRDC Publi-
cations.



103

Salim S., Bosma R., Vermue M.H., Wijffels R.H., 2010. Harvesting of microalgae by bio-flocculation. J.
Appl. Phycol., 23(5), 849-855.

Samson R., Leduy A., 1985. Multistage continuous cultivation of bluegreen alga Spirulina maxima in the
flat tank photobioreactors. Can. J. Chem. Eng., 63, 105-112.

Sanchez Miron A., Contreras Gomez A., Garcia Camacho F., Molina Grima E., Chisti Y., 1999 Compara-
tive evaluation of compact photobioreactors for large-scale monoculture of microalgae. J. Biotech-
nol., 70, 249-270.

Sato N., Hagio M., Wada H., Tsuzuki M., 2000. Environmental effects on acidic lipids of thylakoid mem-
branes. In: Recent Advances in the Biochemistry of Plant Lipids, Portland Press Ltd., 912-914.

Sato N., Murata N., 1980. Temperature shift-induced responses in lipids in the blue-green alga, Anabaena
variabilis: the central role of diacylmonogalactosylglycerol in term-adaptation. Biochim. Biophys.
Acta, 619, 353-366.

Schenk P.M., Thomas-Hall S.R., Stephens E., Ute C. Marx U.C., Mussgnug J. H., Posten C., Kruse O.,
Hankamer B., 2008. Second Generation Biofuels: High-Efficiency Microalgaefor Biodiesel produc-
tion. Bioenerg. Res., 1, 20-43

Schenk P.M., Thomas-Hall S.R., Stephens E., Marx U.C., Mussgnug J.H., Posten C., Kruse O., Hank-
amer B., 2008. Second generation biofuels: High-efficiency microalgae for biodiesel production.
Bioenergy Research, 1, 20-43.

Schroder R., Knoop B., 1995. An oligosaccharide growth factor in plant suspension cultures: a proposed
structure. J. Plant Physiol., 146, 139-147.

Schulz T., 2006. The economics of micro-algae production and processing into biodiesel. Government of
Western Australia, Department of Agriculture and Food.

Scott S.A, Davey M.P, Dennis J.S, Horst I., Howe C.I., Lea-Smith D.J., Smith AG., 2010. Biodiesel from
algae: challenges and prospects. Curr Opin Biotechnol., 21, 277-286.

Sharma Y., Singh B., Korstad J., 2011. A critical review of recent methods used for economically viable
and eco-friendly development of microalgae as a potential feedstock for synthesis of biodiesel. Sub-
mitted to Environmental Science & Technology.

Sheehan J., Dunahay T., Benemann J., Roessler, P., 1998. Look Back at the U.S. Department of Energy's
Aquatic Species Program: Biodiesel from Algae; Close-Out Report. Golden, CO, National Renew-
able Energy Institute, NREL/TP-580-24190.

Shelef G., Sukenik A., Green M., 1984. Microalgae Harvesting and Processing: A Literature Review. A
Subcontract Report. Solar Energy Research Institute. Prepared for the U.S. Department of Energy.
Technion Research and Development Foundation ltd. Haifa, Israel.

Sialve B., Bernet N., Bernard O., 2009. Anaerobic digestion of microalgae as a necessary step to make
microalgal biodiesel sustainable. Biotechnol Adv., 27, 409-416.

Singh A., Nigam P.S., Murphy J.D., 2011. Mechanism and challenges in commercialisation of algal
biofuels. Bioresour Technol., 102, 26-34.

Singh J., Gu S., 2010. Commercialization potential of microalgae for biofuels production. Renewable and
Sustainable Energy Reviews, 14, 2596-2610.

Spoehr H.A., Milner, H.W., 1949. The chemical composition of Chlorella; effect of environmental condi-
tions. Plant Physiol., 24, 120-149.

Spolaore P., Cassan C. J., Duran E., Isambert A., 2006. Commercial applications of microalgae. J. Biosci.
Bioeng., 101, 87-96.

Stirk W.A., Ordég V., van Staden J., Jager K., 2002. Cytokinin- and auxin-like activity in Cyanophyta
and microalgae. J. Appl. Phycol., 14, 215-221.



104

Sukenik A., Beardall J., Kromkamp J. C., Kopecky J, Masojidek J., van Bergeijk S., Gabai S, Shaham E.,
Yamshon A., 2009. Photosynthetic performance of outdoor Nannochloropsis mass cultures under a
wide range of environmental conditions. Aquat Microb Ecol. Preprint, 1-12.

Sukenik A., Shelef G., 1984. Algal autoflocculation-verification and proposed mechanism. Biotechnol
Bioeng. Feb., 26(2), 142-7.

Sukenik A., Carmeli Y., Berner T., 1989. Regulation of fatty acid composition by irradiance level in the
eustigmatophyte Nannochloropsis sp. J. Phycol., 25, 686-692.

Tang D., Han W., Li P., Miao X., Zhong J., 2011. CO, biofixation and fatty acid composition of
Scenedesmus obliquus and Chlorella pyrenoidosa in response to different CO, levels. Bioresource
Technology, 102, 3071-3076.

Tanner S., 2009. Biofuels of the third generation — Do microalgae solve the energy problem? Department
of Environmental Science, ETH Zurich

Tredici M.R., Materassi R., 1992. From open ponds to vertical alveolar panels: the Italian experience in
the development of reactors for the mass cultivation of photoautotrophic microorganisms. J. Appl.
Phycol., 4, 221-231.

Tseng C.K., 2004. The past, present and future of phycology in China. Hydrobiologia, 512:11-20.

Tsukahara K., Sawayama S., 2005. Luiquid fuel production using microalgae. J. Jpn. Petrol. Inst., 48, (5),
251-259.

Tsuzuki M., 1990. Effects of CO, concentration during growth on fatty acid composition in microalgae.
Plant Physiol., 93, 851-856.

U.S. DOE., 2010. National Algal Biofuels Technology Roadmap. U.S. Department of Energy, Office of
Energy Efficiency and Renewable Energy, Biomass Program.

Uduman N., Qi Y., Danquah M. K., Forde G. M., Hoadley A., 2010. Dewatering of microalgal cultures: a
major bottleneck to algae-based fuels. Journal of Renewable and Sustainable Energy, 2, 012701, 1-
15.

Ugwu C.U., Aoyagi H., Uchiyama H., 2008. Photobioreactors for mass cultivation of algae, Bioresour.
Technol., 99, 4021-4028.

Ugwu C.U., Ogbonna J.C., Tanaka H., 2002. Improvement of mass ransfer characteristics and productiv-
ities of inclined tubular photobioreactors by installation of internal static mixers. Appl. Microbiol.
Biotechnol., 58, 600-607.

van lersel S. (Ed.). 2009. ALGAE-BASED BIOFUELS: A Review of Challenges and Opportunities for
Developing Countries. FAO Environment and natural resources management working paper. No. 33.
Rome. FAO.

van lersel S., Flammini A., 2010. Algae-based biofuels: applications and co-products. FAO Environ-
mental and Natural Resources Service Series, No. 44 — FAO, Rome.

Vega-Estrada J., Montes-Horcasitas M.C., Domin1 "gues-Bocanegra A.R., Canizares-Villanueva R.O.,
2005. Haematococcus pluvialis cultivation in split-cylinder internal-loop airlift photobioreactor un-
der aeration conditions avoiding cell damage. Appl. Microbiol. Biotechnol., 68, 31-35.

Vergara-Fernandez A., Vargasa G., Alarcon N., Velascoc A., 2008. Evaluation of marine algae as a
source of biogas in a two-stage anaerobic reactor system. Biomass and Bioenegy, 32, 338-344.

Vonshak A., Torzillo G., 2004. Environmental stress physiology. in Handbook of Microalgal Culture:
Biotechnology and Applied Phycology (ed A. Richmond), Blackwell Publishing Ltd, Oxford, UK,
57-82.

Wang B., Li Y., Wu N,, Lan Ch.Q., 2008. CO, bio-mitigation using microalgae. Applied Microbiology
and Biotechnology, 79, 707-718.

Warabi Y., Kusdiana D., Saka S., 2004. Reactivity of triglycerides and fatty acids of rapeseed oil in super-
critical alcohols. Bioresource Technology, 91, (3), 283-287.



105

Wayda M., 2009. Glony. Instytut Botaniki UJ.

WHO 2003. Guidelines for Safe Recreational Water Environments, Volume 1: Coastal and Fresh Waters.
World Health Organization.

Wijffels H.R., 2007. Potential of sponges and microalgae for marine biotechnology., Trends Biotechnol.,
26,26-31.

Wijffels R.H., Barbosa M.J., Eppink M.H.M., 2010. Microalgae for the production of bulk chemicals and
biofuels. Biofuels, Bioprod. Bioref., 4, 287-295.

Wu Q.Y., Yin S., Sheng G., Fu J., 1994. New discoveries in study on hydrocarbons from thermal degra-
dation of heterotrophically yellowing algae. Sci. China, 37, 326-335.

Xu H., Miao X., Wu Q. 2006. High quality biodiesel production from a microalga Chlorella protothe-
coides by heterotrophic growth in fermenters. J. Biotechnol., 126, 499-507.

Yongmanitchai W., Ward O.P., 1991.Growth of and Omega-3 Fatty Acid Production by Phacodactylum
tricornutum under Different Culture Conditions. Appl. Environ. Microb., 57(2), 419-425.

Yu E.T.,, Zendejas F.J., Lane P.D., Gaucher S., Simmons B.A., Lane W.W., 2009. Triacylglycerol
accumulation and profiling in the model diatoms Thalassiosira pseudonana and Phaeodactylum
tricornutum (Baccilariophyceae) during starvation. J. Appl. Phycol., 21, 669-681.

Yue L., Chen W., 2005. Isolation and determination of cultural characteristics of a new highly CO,-
tolerant fresh water microalga. Energy Convers. Manag., 46, 1868-1876.

Zhang K., Kurano N., Miyachi S., 2002. Optimized aeration by carbon dioxide gas for microalgal produc-
tion and mass transfer characterization in a vertical flat-plate photobioreactor. Bioproc. Biosys. Bio-
eng., 25, 97-101.

Internet:

(1]
http://ctfb.unh.edu/phycokey/Choices/Chlorophyceae/unicells/non_flagellated/CHLORELLA/Chlore
lla_02 600x450_ botany.natur.cuni.cz_vulgaris.jpg (accessed on 27.09.2012)

[2] http://galerie.sinicearasy.cz/galerie/Cyanobacteria/Oscillatoriales/Arthrospira/Arthrospira_sp.jpg
(accessed on 18.11.2011 1.)

[3] http://images.marinespecies.org/resized/91 kelp-forest-laminaria-hyperborea.jpg (accessed on
18.11.2011r.)

[4] http://plants.ifas.ufl.edu/manage/sites/default/files/01 algae 07.jpg (korzystano 18.11.2011 r.)
[5] http://www.makebiofuel.co.uk/wp-content/uploads/2010/10/Seambiotic Ponds 540x354.jpg
(accessed on 18.11.2011)

[6] http://brae.calpoly.edu/CEAE/images/biofuels3.gif (accessed on 24.11.2011)

[7] http://www.pittstate.edu/dotAsset/274023 jpg (accessed on 05.10.2012)

[8] http://i50.tinypic.com/2a0ixjk.jpg (accessed on 05.10.2012)

[9]
http://3.bp.blogspot.com/_RiZ7emAk6FM/TOz3ADzp3II/AAAAAAAAAAW/IPxnrzjGwZ8/s1600/
8.png (accessed on 24.11.2011, modified)

[10] http://www.photobiology.com/v1/csoegoer/image272.gif (accessed on 24.11.2011)

[11] http://upload.wikimedia.org/wikipedia/commons/e/ee/Bioreactor principle.svg (accessed on
24.11.2011)

[12]
http://ctb.unh.edu/phycokey/Choices/Chlorophyceae/colonies/colonies_not flagellated/ BOTRYOC
OCCUS/Botryococcus_07_600x410.jpg (accessed on 27.09.2012)

[13] http://www.algae.wur.nl/NR/rdonlyres/37999FB5-37D1-495C-957A-
FBBCDS52555D2/153426/Figl.png (accessed on 05.10.2012)



106

10. SUMMARY

World’s energy demand has been constantly increasing for decades. Yet, fos-
sil fuels stock, which we use the most extensively, will probably be depleted
soon. Moreover, combustion of these conventional fuels leads to excessive carbon
dioxide emission. This process causes a multitude of unfavorable consequences
for Earth’s climate and biosphere. That is why the scientists have been searching
for alternative fuel sources for years. These fuels have to meet some require-
ments, and general goal is that they must be neutral to the natural environment,
truly clean and “green”. One of the possibilities of obtaining friendly energy is
biomass processing. Nowadays, a few species of energy plants (e.g. rapeseed,
soybean, corn) are used for this purpose. However, traditional cultivation produc-
tivity is poor and insufficient and also it occupies the land that would preferably
be destined for food and feed production.

Algae are potentially a much more efficient source of biomass than all energy
plants. They are simple plant-like, photoautotrophic organisms, predominantly
single-celled. These so-called microalgae have the ability to grow and divide very
fast. In optimal conditions, their cell cycle could last only a few hours. This
means that biomass increase is extremely rapid. Cultivation can be supplied with
exhaust gases and wastewater, because algae absorbs great amounts of carbon
dioxide and nutrients.

Some species of microalgae accumulate large amounts of lipids, when treated
by nitrogen-starving conditions. Composition of fatty acids is often appropriate
for biodiesel production. Biofuels that we can obtain from algal biomass include:
bioethanol, methane, hydrogen and more.

This review presents fundamentals about morphology, anatomy, physiology
and biochemistry of microalgae as well as describes basic information about the
cultivation. It characterises some species which could be suitable for energy pro-
duction, the cultivation devices, methods of cultivation and harvesting and also
products that can be obtained from the biomass of microalgae. In the end, there is
the balance sheet for the production of microalgae for energy purposes.

11. STRESZCZENIE
MIKROGLONY — HODOWLA I WYKORZYSTANIE BIOMASY NA CELE ENERGETYCZNE

Obecna trudna sytuacja energetyczna na §wiecie zmusza naukowcow do po-
szukiwania alternatywnych, odnawialnych zrédet energii. Biomasa roslinna jest
substratem, ktory mozna wykorzystaé w sposob wszechstronny, z ktérego mozna
wyprodukowa¢ wiele roznych rodzajow paliw. Poczawszy od oleju rzepakowego
uzywanego jako komponent biodiesel’a, skrobi¢ kukurydziang do produkcji eta-
nolu, skonczywszy na roslinach typowo celulozowych np. wierzba energetyczna,
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ktore moga shuzy¢ do spalenia bezposredniego. Uprawa roslin energetycznych nie
jest jednak na tyle wydajna, aby zaspokoi¢ $wiatowe potrzeby energetyczne,
a ponadto stanowi konkurencj¢ dla upraw zywieniowych i paszowych. Sktada si¢
na to m.in. mata efektywnos$¢ fotosyntetyczna, umiejscowienie wartosciowych
substancji tylko w niektorych organach rosliny oraz powolny wzrost i plonowanie
jedynie raz, dwa razy do roku.

Mikroalgi sa to autotroficzne organizmy jednokomorkowe, ktore swa fizjo-
logia przypominaja rosliny. Posiadaja one jednak wiele pozytywnych cech, ktore
kwalifikuja je jako potencjalne niezwykle wydajne Zrodlo biomasy. Mikroalgi
maja bardzo wysoka efektywnos¢ fotosyntetyczna, co przeklada si¢ na szybka
produkcje biomasy. W sprzyjajacych warunkach podziaty komoérkowe przepro-
wadzane sa nawet co kilka godzin, przy czym wymagania srodowiskowe tych
organizméw sa stosunkowo niewielkie. Do hodowli mozna z powodzeniem wy-
korzystywa¢ $cieki komunalne oraz gazy spalinowe, co dodatkowo korzystnie
wplywa na $rodowisko.

Niektore gatunki mikroalg, w odpowiednich warunkach, gromadza duze ilo$ci
thuszczu w komorkach, ktory ma odpowiedni profil kwasow thuszczowych do
produkcji biodiesel’a. Biomase alg mozna takze poddaé przetworzeniu na inne
paliwa, np. bioetanol czy biogaz.

W opracowaniu zawarto podstawowe informacje na temat budowy i fizjologii
mikroalg, a takze opisano zagadnienia zwigzane z hodowla na cele energetyczne.
Wyrdzniono gatunki mikroalg, ktére przejawiaja korzystne cechy w hodowli,
przedstawiono rodzaje urzadzen hodowlanych, metody hodowli oraz czynniki
wptywajace na efektywnos¢ hodowli. Ponadto omowiono podstawowe metody
separacji biomasy z plynnego srodowiska, produkty, ktéore mozna uzyskac¢ po
przetworzeniu biomasy oraz przedstawiono przykladowe zestawienie ekono-
miczne produkcji alg na cele energetyczne.
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