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Abstract

The integrations of wastewater treatment and microalgae-based biofuel have attended
considerable. This paper describes the overview of microalgae in terms of biofuel productivity,
cultivation of microalgae, harvesting microalgae and method for converting microalgae biomass to
biofuel productions. The species of microalgae mostly used for cultivating in the wastewater to
produce biofuel are presented. There are two major systems for cultivating microalgae: 1) opened
system (raceway, circular and unmixed pond) and 2) closed system (photobioreactor, tubular and flat
plate). The suitable selection of harvesting method is very critical because it can reduce the overall
cost. Microalgae can be harvested by flocculation, flotation, filtration and gravity, and centrifugal
sedimentation. In the present paper, the energy conversion process is explained and can be classified
into thermochemical and biochemical conversions. Microalgae biomass can be used in a wide range
of applications, including fertilizers, nutraceuticals, cosmetics, wastewater treatment, fish and animal
feeds, and biofuels. Furthermore, microalgae biomass can also be converted into bio-oil, ethanol,
methane, biodiesel and syngas. The selection of the conversion process depends on the species of
microalgae, the final productivity and the possible economic factor. Most researchers are investigated
the sustainable energy source as an alternative to fossil fuels. The microalgae are identified as the
best feedstock to be convert into a biofuel production. The microalgae cultivation does not need a
large land, possesses a high growth rate, and enhances the amount of lipid for a biofuel production.
There have been few studies involving microalgae biofuel production using industrial wastewater.
Finally, the future directions for integrated wastewater treatment and microalgae biofuel production

are suggested.
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1. Introduction

In the 21% century, there are two major
issues for human society in the world, 1) energy
and 2) water quality [1]. Water scarcity is a
growing international concern [2]. When the
water sources are contaminated from pollutants
making the water unsuitable for use [3]. For the
energy issue, the gap between the requirement
and the supply of energy is growing wider [4].
The 80% of global energy demand which
produces from fossil fuels. Fossil fuels as energy
sources are unsustainable due to the limited
resources [5].

Using fossil fuels cause global

warming and greenhouse effect gases. Therefore,
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the renewable clean energy is required as a
fossil fuel replacement [6]. Bioenergy is a key
role to meet the global challenges of clean and
sustainable energy requirement [4].

The interest in a biological wastewater
treatment and the biomass conversion from
waste to bioenergy production, is increasing.
Phytoremediation is a common wastewater
treatment using macro algae and microalgae for
the removal pollutants such as organic and
inorganic [2]. Fig. 1 shows the concept of using
treatment and

microalgae for wastewater

bicenergy production.

Bioenergy production

Gi> #Biodiesel
#Ethanol
®Fuel gas
Microalgae #Biofuel
Wastewater l:> Cultivation

Bioremediation

®Removal of pollutants

CN

(organic and inorganic)

Fig. 1 The concept about using microalgae for wastewater treatment and bioenergy production

(adapted from Ma et al. [7])

Microalgae can produce the lipid production
but they require the suitable physical and
chemical conditions such as temperature, light
and other conditions in the culture medium to
increase the overall lipid yield. The microalgae
have increased its attention in recent years [8].
The advantages of using microalgae as a source
of biomass for bioenergy production are: fast
growth, short time for generation, high oil
content, not much land requirements, synergy
with  CO,

biofixation and wastewater

bioremediation that can wuse nutrients in

wastewater to grow [7-8]. Moreover, biomass

from microalgae can be used in many

applications, such as fertilizers, cosmetics,

biofuels, fish and animal feeds [7].
studies on

There are many bioenergy

productions  from microalgae. Thus, the

bioenergy from microalgae is not new, and such
method can reduce the global warming and
greenhouse effect gases. Most of the studies
on cultivation collection of

focus system,
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microalgae, genetic engineering and system and
resource analysis [10]. This paper presents an
overall review on microalgae cultivation
technology and the method for converting the

microalgae to bioenergy production.

2. Microalgae for bioenergy production
There are about 100,000 species of algae
which 35,000 species are described before [11].
Microalgae are unicellular and autotrophic
organisms using sunlight, water and CO, from the
atmosphere to g¢row [11-14]. Diameter of
microalgae is usually smaller than 2 mm and
they are either single cellular or multicellular.
The microalgae can live in several environments
marine  water and

such as freshwater,

wastewater, depending on the species of
microalgae [15]. The microalgae are both of
autotrophic and heterotrophic. Non-
photosynthesis requires an external source of
organic compounds as nutrients sources.
Autotrophic microalgae convert solar radiation
and CO, absorbed by chloroplasts, to adenosine
triphosphate (ATP) and O, [16].

The microalgae produce biomass that can be
converted to renewable fuel such as ethanol,
biodiesel, bio-oil and charcoal [17].

The advantages of microalgae utilization as
the resources of biomass include [6], [17]:

* Microalgae are an efficient biological
system for harvesting the solar energy to
produce the organic compound;

* Microalgae can produce high concentrations
of proteins, lipids, pigments and carbohydrates;

* Microalgae cell is a simple cell division

cycle;
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Microalgae can grow in  several
environments;

* Biomass from microalgae can easily be
adapted to various options of operational or
technological skills;

* Microalgae have very short harvesting life.

Microalgae are rich in oil [6]. Eighty
percentages of biomass from microalgae can
produce oil [18-19]. The Aquatic Species
Program (ASP) considered three main options of
biomass from microalgae that can be converted
to fuel production [6], [20], including biodiesel,
ethanol and methane. The last option is the
direct combustion of the biomass from the
microalgae for production of electricity [6].

Microalgae cultivation on the wastewater had
developed from the microalgae in wastewater
treatment [21]. In 1950, USA started to study
how to use the microalgae for wastewater
treatment [22]. The Wastewater is unique in
chemical and physical properties in comparison
with the fresh water and the marine water [21].
The microalgae have some advantages because
of their structures and metabolisms in their cells
[1]. The microalgae can use organic and
inorganic nutrients from the wastewater to
produce biomass that can be used as raw
material for biofuel productions. The wastewater
is suitable for microalgae cultivation due to the
nutrient content that can support the
microalgae growth [23]. The nutrients exist in
wastewater include nitrate, ammonia, organic
nitrogen, phosphate, urea and trace minerals
such as Mg, K, Fe, Ca, Cu and Mn. Many
researches indicated that ammonium had effect
on microalgae as much as concentration. The

microalgae require nitrogen source for their
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growth. One thing to be concern is nitrogen
source is not easy to manage in wastewater.
Table 1 shows the summary of the studies on
species of microalgae that can be cultivated in
the wastewater. Therefore, using wastewater as
a resource for microalgae cultivation could serve
dual purposes: 1) improving microalgae biomass
and 2)

production improving  wastewater

treatment efficiency.

3. Microalgae cultivation system

There are many systems for cultivating the
microalgae. The microalgae can be cultivated in
open systems including raceway, circular,
inclined and unmixed pond or in closed system
including photobioreactor, tubular, fermenter-
type, vertical, flat plate, flat tank, bubble
column, serpentine, annular and internally
illuminated photobioreactors [34].

The opened systems are very simple and
usually established as shallow ponds by the
walls for microalgae growth. Water and nutrients
can easily be added by runoff water [9], [35] or
by wastewater from the point sources. Water,
nutrients and CO, are continuously fed to the
ponds. The opened systems have received a lot
of attention for the commercial cultivation
because of its ease of set-up process [34].

The closed system cultivation has less
contamination and easy to control [34]. The
closed system can be an indoor with artificial
light or outdoor with direct sunlight [9].]

3.1 Opened pond system

Opened pond systems are commonly used

for cultivation of microalgae at the commercial
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level [1]. The cost of a system that uses an
opened pond of large-scale microalgae for
producing microalgae biomass, is lower than
closed system. Raceway ponds commonly use
because of their simple set-up process [36]. The
raceway ponds are operated with the aid of
flow

paddle wheels to make the water

continuously [34]. The raceway ponds can
increase the productivity by improving the CO,
mass transfer [37]. High rate algae pond (HRAP)
has been used in the opened pond system for a
wastewater treatment. Most researches have
reported that the opened pond does not need a
lot of maintenance or cost. Nevertheless, the
opened ponds need some maintenance and
easy for contamination. Other uncontrollable
factors are intensity, sunligsht and temperature.
High biomass productivity cannot be achieved
from these systems. The number of species that
can be cultivated in opened ponds include
Chlorella sp., Duniella sp. and Spirulina sp. [38].
3.2 Closed system
The limitations of opened ponds can be
adjusted by photobioreactors, as an alternative
way to overcome the low productivity and
contamination [16], [38]. The closed system has
many benefits including high microalgae biomass
production, the environmental issue
management, and another microalgae species
contamination prevention. The popular types of
photobioreactor are tubular, column and flat
plate. The most popular reactor is the vertical
tubular reactor with has high surface, low cost,

low shear forces, high CO, use efficiency and

ability to use sunlight [34].
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Table 1 Summary of microalgae that cultivate in wastewater.

Characteristics of

Biomass productivity

Species Wastewater L Ref.
wastewater (mglL"d")
284 mgL™" COD
Piggery 836 mgL " TN 1.80 [24]
Botryococcus 0 )
788 mgL " NO,
braunii n
Secondary treated 7.67 mgl” NO5
35 [25]
sewage 0.19 mgL-1 NO,
128.6 mgL " TN
Municipal (centrate) . 820 [26]
120.6 mgL ™ TP
Chlamydomonas ;
128 mgL ™ TKN
reinhardltii .
Municipal wastewater 67 mgL ™ NH, 2 [27]
120 mgL™ TP
85.9 mglL " NH,"
Centrate, municipal .
1323 mgL " TN 920 [28]
wastewater 0
2151 mgL " TP
10-400 mgL ™" TN
Chlorella sp. Animal wastewater . 6.83 [29]
0.7-4.4 mgL™ TP
1323 mgL' TN
Municipal wastewater 215.1 mgL' TP 0.92 [28]
2389.5 mglL " COD
1008 mgL ™" NH,"
Dairy manures 180 mgL TP 80-152 [30]
Chlorella vulgaris 17820 mglL™ COD
1.6-9.8 mgL' TN
Dried anaerobic sludge . 39-195 [31]
1.1-3.0 mgL™" TP
Consortia 2.83 mgL’1 NO;
Carpet mill . s 41 [32]
microalgae 4.8 mgl ™ PO,
5.3-97.6 mgL" NO;
Scenedesmus Municipal wastewater | 27.7-207.2 mgL ™" NH," (53]
73.7 33
acutus after aerobic treatment | 7.3-122.1 mgL' PO,”

273.5-782.8 mgL™ COD
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Table 2 The comparison of open ponds and photobioreactors [1], [16], [39-40], [42].

System Advantages

Limitations

Raceway pond  |-Easy set up

-Easy maintenance

-Easy cleaning
-Low energy input

-Utilized non-agricultural land

-Low capital and operation costs

-Poor biomass productivity

-Large area of land required

-Easy contaminated

-Limited to a few strains of algae
-Poor mixing, light and CO, utilization
-Loss of water

-Grow slower

Tubular -Good biomass productivity

photobioreactor |-Suitable for outdoor cultures
-Large illumination surface area
-Single species culture

-Easy to operate

-Short time for harvesting

-High surface to volume ratio

-Large are of land required

-Gradients of pH, dissolved oxygen and CO,
along the tubes

-Required supplied of air to operate by using
airlift pumps

-High concentration of O, will inhabit
photosynthesis

-Fouling

Flat plate -Relatively cheap

photobioreactor |-High biomass productivity
-Good for microalgae
immobilization

-Easy cleaning

-Good light path

-Large illumination surface area
-Low O, accumulation

-Low contamination

-Good for indoor and outdoor

cultures

-Difficult large scale-up

-Difficult control for temperature
-Some degree of wall growth
-Difficult control for CO,

-Photo-inhibition may occurs

Microalgae in photobioreactor are cultivated
in suspension, and the systems are closed while
the water can be circulated by pumps [39].
Photobioreactors consist of an array of plastic
tubes or straight glass [16], [40]. The tubular

array captures the sunlight. Gas liquid mass

transfer is very important feature for the

photobioreactors. The microalgae in
photobioreactors can be re-circulated by pump
and air lift system. Thus the CO, and O, can be
exchanged between the aeration gas and the

liguid medium [16]. Flat plate photobioreactors
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can achieve high cell densities due to the large
surface area exposed for the solar capture [16],
[38]. The flat plate reactors are more suitable
than the tubular reactors for large scale [16]. A
larger reactor of species can be cultivated in
Table 2

photobioreactors  [41]. shows the

comparisons  of  opened ponds  and
photobioreactors. The opened pond system
causes lower productivity of microalgae biomass
than that of the closed pond system, due to
some limitation factors such as lacking of carbon
dioxide, decreasing of evaporation, incapable
mixing, suitable temperature for growth and light

intensity limitation [16].

4. Microalgae harvesting systems

Harvesting is the serial progress of water

removal from microalgae cultivation and
supports the different of downstream processes.
The downstream process is dewatering, drying
and lipids extraction. It is very important to
choose a suitable harvesting method to reduce
the overall cost [42]. The harvesting methods
always depend on the species of microalgae
such as size, density of microalgae. Normally,
the microalgae harvesting is a two-stage process.
The first stage is a bulk harvesting to separate
the biomass from the bulk suspension such as
flocculation, flotation or gravity sedimentation.
The second stage is thickening to concentrate
the slurry though techniques like centrifugation,
filtration and ultrasonic aggregation [16], [42-43].

4.1 Screening

Screening is the first process for wastewater
treatment plant. Microalgae harvesting also uses
the screening.

The principle of screening
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involves introducing microalgae biomass onto a
screen of given aperture size. The aim of
screening is to take the particle or microalgae
biomass and put into the space of screening
medium. The efficiency of screening depends on
the spacing between the screen opening hole
and the microalgae particle size. Two screening
devices of for harvesting microalgae include
microstrainer and vibrating screen, a common
screening device.

4.2 Flocculation

Microalgae generally have negative charge at
their microalgae cell surface that prevents self-
aggregate. Flocculation is used for microalgae
suspension. Substance is combined with the
negative charge of microalgae cell surface.
Adding of a flocculants into the medium, the
metal salts such as ferric chloride, aluminum
sulfate and ferric sulfate from flocculants act to
displace the charge and allow the aggregation of
microalgae, resulting in a better sedimentation
[8]. Alum and ferric chloride are flocculants that
used for harvest microalgae [44]. Use of
chemical flocculants is expensive for a large
operation [6], [8]. Autoflocculation, is the
spontaneous aggregation of microalgae, can
occur by limitation of carbon or certain abiotic
factors [8], [45]. The flocculation process
requires lower energy than other methods, such
as filtration, flotation, gravity sedimentation, and
centrifugal sedimentation.

4.3 Filtration

Filtration is a commonly used for separating
of liquid and solid phases. It is a flowing of
microalgae suspension that passes through filter
equipment using suction pump. The microalgae
filtration

pass through other process for
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prevention of pore blocking or membrane
fouling. The filtration is suitable for large colony
or large cell of microalgae. The filtration is
separated into 0.1 to 10 microns. There are
many types of filtration process such as vibrating
screen, belt filter, vacuum drum, microfiltration,
vacuum filtration, dead end filtration, and
pressure filtration [46]. The filtration tends to be
costly, energy intensive, fouling and pumping
[45].

4.4 Flotation

Flotation is based on the trapping of
microalgae cells using dispersed bubbles. It
depends on air or gas foam. Air and particle are
attached each other and then push them to the
top of water, they are harvested using a
skimming equipment. Some cells of microalgae
float the surface water [16]. The flotation aims
to enhance the solid loading, how many percent
that the solid is floated, and make the product
be clearly. Flotation has many different kinds
such as dissolved air flotation, electro flotation,
dispersed flotation and ozone flotation.

4.5 Gravity sedimentation

Gravity sedimentation is commonly used for
harvesting microalgae biomass. It is a technique
to separate liquid and solid to get clear water
and take a feed suspension into slurry in high
concentration. The gravity sedimentation is
suitable for high density and large size of
microalgae [47]. However, it may take more time
to setting them down for small cell.

4.6 Centrifugal sedimentation

Centrifugal sedimentation is the way to
separate to liquids that cannot mix together. It is
reliable method of

the most rapid and

recovering suspended microalgae [48]. The
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centrifugal  sedimentation is  similar  with
sedimentation tank but the particle suspension
is forced using centrifugation for their division
which is greater than gravity force. Two
important factors for centrifugal sedimentation
are size and density of microalgae. There are
many kinds of centrifugal sedimentation such as
solid bowl decanter, hydro cyclone, nozzle type,
solid ejecting disc, imperforate, multi-chamber,
tubular centrifuge and decanter centrifugation.
This process is rapid and energy intensive. The
centrifugal sedimentation has a high energy cost

and a high maintenance requirement [16], [42].

5. Energy conversion process

The energy conversion processes from

microalgae biomass can be classified into
thermochemical and biochemical conversions
[48-49]. The thermochemical conversions
include gasification, pyrolysis, liquefaction, direct
combustion, and hydrogenation. The
biochemical conversions include fermentation,
anaerobic digestion and transesterification. Fig 2
biomass

shows the converting microalgae

process. The microalgae biomass can be

converted into bio-oil, ethanol, methane,
biodiesel, syngas, hydrogen and electricity. The
selection of conversion process is determined by
the species of microalgae to biomass, final
productivity that needed and the possible
economic factor [16], [42].

5.1  Thermochemical conversion

5.1.1 Gasification

Gasification can be wused for converting
microalgae biomass into syngas and fuel gas by
partial oxidation with air at high temperatures

ranging from 800 to 1000 °C [50]. Syngas can
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produce a wide variety of potential feedstock
[16]. The syngas from this process is a low
calorific gas and it can be used directly as a fuel
for engines and turbines [16], [42], [51].

5.1.2 Pyrolysis

Pyrolysis is an energy process for converting

microalgae biomass by heating at temperature

Thermeochemical Conversion

e=d

N

Biochemical Conversion
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ranging from 350 to 700 °C in the absence of air
or oxygen become bio-oil, syngas and charcoal

[52]. There are 3 classes of pyrolysis process
include flash pyrolysis, fast pyrolysis and
conventional pyrolysis [42]. The fast pyrolysis

can directly produce a liquid fuel [53].

—

> ‘ Bio-oil, Syngas, Charcoal

—

P Bio-oil, Solid Residues
—_— Electricity
F— Direct Combustion

Hydrogenation o
—_—> Bio-oil

— —
Anaerobic Digestion |————————> Methane, Hydragen

Fig. 2 The energy conversion process from microalgae biomass [6], [16], [42]

5.1.3 Liquefaction
Liquefaction is an energy process for
converting the wet microalgae biomass to
biofuels [54]. The liquefaction has a temperature
ranging from 200 to 350 °C at high pressure (5-20
MPa) with catalyst convert to bio-oil and
hydrogen [44], [52]. The liquefaction is a
practical option for the conversion of wet
microalgae biomass to bioenergy.

5.1.4 Direct combustion

The microalgae biomass is burnt in the air to
convert the chemical energy that stored in
microalgae biomass into hot gases with
temperature ranging from 800 to 1,000 °C [42],

[52]. Direct combustion is suitable for microalgae

biomass which has the moisture content less
than 50% dry weight [42]. Limitations of direct
combustion  are  the  requirement  of
pretreatment such as grinding, chopping and
drying and some extra cost [16], [52].
5.1.5 Hydrogenation

Hydrogenation is a process that adds the
hydrogen atoms to double bonds of a molecule
by catalyst [55]. Microalgae hydrogenation is
performed by

using an autoclave at high temperature and

using the pressure conditions of catalyst and

solvent [6].
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5.2 Biochemical conversion
5.2.1 Fermentation
Fermentation is an energy process for

converting  microalgae  biomass, containing
starch, cellulose and sugar to ethanol. The
fermentation is commonly used in a large scale.
The first step is to extract the starch from the
microalgae cell and to convert the starch by
enzymes into sugars. Then, sugars are converted
to ethanol by yeast. The distillation process is
used to purify the ethanol by removing the
water and impurities.

5.2.2 Anaerobic digestion

Anaerobic digestion is an energy process for
converting organic waste to a biogas, consisting
of methane and carbon dioxide. Methane and
carbon dioxide from this process can be used
directly as cooking fuel, gas-quality bio-methane
and generating power gas engines [42]. The
anaerobic digestion is suitable for high moisture
material such as wet microalgae biomass [16].

5.2.3 Transesterification

Transesterification is a process of exchanging
an ester compound with another alcohol [6].
The reaction of transesterification is fat or oil
conversion using alcohol into ester and glycerol.
transesterification s

The productivity of

biodiesel.

6. Conclusions

The microalgae have attended considerable
in recent year. The cultivation of microalgae can
be used in wastewater treatment and renewable
energy. The advantages of using microalgae are
fast growth, high oil content and synergy with
CO, biofixation. For cultivating microalgae and

energy conversion process, there are many
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systems that still required a high investment in
comparison with the conventional diesel from
fossil or conventional wastewater treatment.
The new approach involves several industrial
wastewaters to attain the optimum technology
for improvement microalgae biomass
production. This topic is very challenging for
improving the alternative energy that can be
used and reduced the use of fossil fuels. Future
research in the directions discussed in this
review will ensure sustainable microalgae for
biofuel production using industrial wastewater as

a resource.
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