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Abstract: Microalgae biofuel is expected to be an ideal alternative to fossil fuels to mitigate the effects
of climate change and the energy crisis. However, the production process of microalgae biofuel is
sometimes considered to be energy intensive and uneconomical, which limits its large-scale produc-
tion. Several cultivation systems are used to acquire feedstock for microalgal biofuels production.
The energy consumption of different cultivation systems is different, and the concentration of culture
medium (microalgae cells contained in the unit volume of medium) and other properties of microal-
gae vary with the culture methods, which affects the energy consumption of subsequent processes.
This review compared the energy consumption of different cultivation systems, including the open
pond system, four types of closed photobioreactor (PBR) systems, and the hybrid cultivation system,
and the energy consumption of the subsequent harvesting process. The biomass concentration and
areal biomass production of every cultivation system were also analyzed. The results show that the
flat-panel PBRs and the column PBRs are both preferred for large-scale biofuel production for high
biomass productivity.

Keywords: microalgae; biofuel; energy consumption ratio (ECR); cultivation; photobioreactors

1. Introduction

With the growth of the world’s population and the development of industrialization,
humans” demand for energy is expanding. The world’s energy consumption (583.90 EJ)
is 3.75 times higher than it was 50 years ago (155.69 EJ), of which fossil energy takes the
lead [1]. Today, the rate of burning fossil fuels is 136,762 TWh, significantly larger than
the rate of compensation provided by nature [1]. The world could soon face a serious
energy crisis if no modification is made to circumvent this trend. The massive combustion
of fossil fuels emits a significant amount of greenhouse gases (GHGs), causing global
warming [2]. The sixth assessment report (AR6) of the United Nations Intergovernmental
Panel on climate change (IPCC2019) noted that 23% of global carbon dioxide emitted from
human activities led to an increase of 1.0 °C in global temperature over pre-industrial time.
From 2030 to 2052, the world temperature is expected to increase by 1.5 °C. Climate change
has profound impacts on nature and human society. Consequently, there is an urgent need
for an environmentally friendly, sustainable alternative to fossil fuels.

Biofuel is a source of renewable energy derived from biomass. It has huge energy-
reserves and meets 30% of global demand without disrupting traditional agricultural
production and damaging the natural environment [3]. Biofuel’s excellent properties make
it a good representative of the new generation of energy. Microalgae are considered to be
the greatest-potential bioenergy material to complement traditional fossil fuels because
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of their rapid growth rate, high oil content [4], high carbon sequestration efficiency [5],
and low culture requirements [6]. Microalgae cells reportedly contain approximately 50%
carbon, so it can be calculated by element conservation that 1.83 kg carbon dioxide can be
fixed when producing 1 kg microalgae biomass [7]. Therefore, microalgae cultivation is an
efficient carbon fixation method. In addition to their ability of carbon fixation, microalgae
are believed to be a good feedstock for bioethanol, biodiesel, and biogas production [8].
However, current research suggests that the primary limit for the commercialization as well
as the industrial production of microalgae biofuels is the high energy consumption in the
production process [9]. Microalgae bioenergy cannot be widely produced in broad areas
because it is high-cost for its large energy consumption [10]. In general, the production
of microalgae biofuels includes two steps: the acquisition of microalgae raw biomass and
the extraction of biomass to produce biofuel. Specifically, the step of acquisition includes
cultivation and harvesting. Different cultivation and harvesting methods result in different
energy consumption. In addition, the physical and chemical properties of microalgae
raw bio-feedstock obtained by different cultivation and harvesting methods are different,
resulting in different energy consumption in the following processes of the whole life
cycle [8]. Therefore, comprehensive studies should be done evaluating different micro-
algae systems’ energy consumption in cultivation and harvesting processes to select more
economical systems for large-scale biofuel production.

Life cycle assessment (LCA) is a fundamental tool to evaluate the energy consumption
and environmental footprint of biomass-based energies [9]. Many researchers have assessed
the energy consumption during the whole life cycle of microalgal biofuels production with
certain open ponds or PBR systems by LCA. However, to the best of our knowledge, there
is no comparison of energy consumption among different cultivation systems based on
numerous studies. Thus, this paper aimed to review the recent studies of the energy
consumption of different cultivation systems, including open ponds, closed PBRs, and the
hybrid cultivation system, in microalgae cultivation and the subsequent harvesting process.
Furthermore, the microalgae growth parameters that affect the energy consumption such
as the biomass concentration and areal biomass production were also analyzed. In this way,
this review paper tried to select the suitable systems in providing abundant bio-feedstock
for microalgal biofuels production and provide further information and advice for this
industry.

2. Microalgae Fuels Production Process

Growing suspended in water, microalgae cells have efficient access to carbon dioxide,
water, and nutrients, making them more efficient in converting solar energy [11]. Microal-
gae’s high oil content makes it an ideal feedstock for renewable fuels, including biodiesel,
biogas, bioethanol, bio-oil, etc. [12-14]. The carbohydrates contained in the microalgae
cells are used to produce bioethanol, while the oil is used to produce biodiesel and the
biomass can also be used directly in the production of methane or bio-oil [15].

As shown in Figure 1, the biofuel production process can be divided into upstream
process (cultivation), midstream process (harvesting of microalgae biomass), and down-
stream process (biofuel production) [16]. A variety of cultivation systems can be used
for microalgae autotrophic cultivation and mixed cultivation, mainly divided into open
systems and closed systems. Harvesting is the process of concentrating the microalgae
medium to convert the biomass more efficiently. The oil in microalgae is converted into
biodiesel through transesterification [17]. Since the viscosity of microalgae oil is higher
than that of petroleum diesel, it is necessary to reduce its original viscosity and increase its
fluidity for use in diesel engines. The cellulose, sugar, or starch contained in the microalgae
biomass is converted into bioethanol by fermentation [12]. Biomass of high moisture
content can be converted directly to biogas averting drying via the following consecutive
stages: (1) hydrolysis, (2) fermentation, (3) acetogenesis, and (4) methanogenesis [18].
Pyrolysis can be used to convert algae biomass to bio-oil, which is one of the most popular
thermochemical conversion processes in recent times [11]. Pyrolysis can be classified into
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(1) conventional pyrolysis; (2) fast pyrolysis; and (3) flash pyrolysis based on differences in
the temperature and the duration of this process [12].
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Figure 1. Production process for microalgae fuels.

2.1. Cultivation

The cultivation process of microalgae is one of the key factors affecting the biomass
yield. The cultivation methods of microalgae mainly include heterotrophic cultivation and
autotrophic cultivation, and some microalgae species can also be cultivated in a mixed
way [19]. It is reported that photo-autotrophic cultivation is the most efficient microalgae
cultivation method, which can maximize the photosynthesis rate and the cellular oil
content [20]. The main influencing factors in the cultivation process are light, temperature,
nutrition, pH, and so on. The common cultivation systems include the open pond or
open raceway pond system, flat-panel photobioreactor, tubular photobioreactor, column
photobioreactor, plastic bag photobioreactor, and so on. As shown in Figure 2, the main
energy-consuming parts of the cultivation process include the mixing and circulation of the
medium, pumping of CO, and nutrients, pumping of cooling water, and replenishment of
evaporating water loss [9,21-24]. For water cooling, several options such as the passive-
evaporative cooling system, direct immersion into thermoregulated pools, use of heat
exchangers, dark sheet shading of photobioreactors, and placement in greenhouses are
considered [25,26]. Different cooling strategies usually require a different amount of energy
input, making it a primary component of energy consumption. Sometimes, additional heat
and light are needed in cultivation [27,28].

2.1.1. Open Ponds System

Since open ponds have the advantages of simple construction and low cost, most
microalgae cultivation has been produced in open ponds irradiated by natural light in the
past 60 years [29]. Circular or raceway are two common designs for open ponds. Generally,
open ponds are designed as shallow ponds with a depth of about 0.3 m to ensure that a
large number of microalgae can receive enough radiation to get a high growth rate [30].
In open ponds, pumps or paddle wheels are used as the driving force to circulate culture
medium, which are the primary energy-consuming parts in cultivation. However, research
shows that the efficiency of electric energy for the paddle wheel is generally low, only
reaching about 10%—20% of electric energy input [31]. By improving the efficiency of the
paddle wheel, researchers are expected to improve the energy utilization efficiency in the
cultivation process. In the condition where the head difference is small, the efficiency of the
paddle wheel can reach 75% [32]. Moreover, the pumping of CO, and nutrients, as well as
the pumping of freshwater which is used to cool and replenish water lost by evaporation,
are also the main parts of total energy consumption. In areas where the temperature is
low, in order to maintain the suitable temperature for microalgae cultivation, additional
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heat is needed, so the heater is needed. For a cultivation of 2-day HRT (hydraulic retention
times) [27], the maximum energy consumption of the open ponds system was 0.4 kWh/m3.

Razon et al. cultivated Nannochloropsis sp. in open ponds with saltwater to produce
biogas. For 1.5 m? of biogas production, the energy consumption was 151 MJ and the net
energy ratio (NER) of the whole process was 0.12 [33]. In addition, the use of pre-treated
wastewater as nutrients and the reduction of fertilizer use in the cultivation process can
lower the energy input to some degree [34].
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Figure 2. The main energy consuming parts of the cultivation process.

2.1.2. Tubular PBRs

Tubular PBRs are the most common type of PBRs, which are usually composed of
tubes, degassing columns, and pumps [35]. As shown in Figure 3, the tubular PBR system
is primarily composed of the degassing column that circulates air, the pump system, and
cultivation tubes for microalgae. The microalgae culture flows from the degassing column
to the tubes first, then returns to the degassing column in a circulation. Due to the relatively
large light incident surface, tubular PBRs maximize the efficiency of radiation utilization
and at the same time, are controllable [36]. Culture mixing, culture circulation, and gas
pumping are the primary energy-consuming parts in the cultivation of the tubular PBRs.
However, microalgae often adhere to the inner wall in the tubular PBRs system. This leads
to a series of problems, such as increased flow resistance of culture medium in the tube,
decreased transmittance, and increased energy consumption in the cultivation process. In
order to solve these problems, several solutions are applied, such as increasing the flow
rate of culture, expanding the inner diameter of the tubes, and using an automatic cleaning
device [37]. Optimal temperatures for most species of microalgae are between 20 and 30 °C,
and direct radiation results in a higher temperature in the PBRs than that in the outer
environment [37]. Therefore, some measures should be taken to control the temperature in
the PBRs from varying, such as using a temperature sensor to interconnect with external
heat exchangers [38].

Dasan et al. [39] compared energy consumption between column PBRs and tubular
PBRs. The energy consumption per 1 batch of biomass (2924 kg) produced by tubular
PBRs in a low yield scenario was 10,973 kWh, and 4390 kWh in a scenario with high
yield, respectively, while that of column PBRs was only 1870 kWh in the same low yield
scenario and 275 kWh in the high yield scenario. The main reason for this difference in
energy consumption is that the tubular PBRs usually use pumps as the power of circulation,
transferring culture between tubes and degassing column, which consumes a large amount
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of energy. Other PBRs such as column PBRs and flat-panel PBRs, however, use aeration
devices to circulate the culture instead of pumps, with lower energy consumption.
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Figure 3. Schematics of a tubular PBR.

2.1.3. Flat-Panel PBRs

Another widely used PBR for microalgae cultivation is the flat-panel PBRs. The flat-
panel PBRs is a rectangular plate made of transparent or translucent materials such as
glass, plexiglass, polycarbonate, plastic bags, etc. [30]. It can be divided into the indoor
type and the outdoor type. The flat-panel PBRs’ structure is relatively simple, making
it easy to clean, process, and operate. Its high specific surface area contributes to the
better utilization of solar radiation by microalgae cells cultured, resulting in higher cell
concentration [30]. Based on the differences in culture mixing methods, flat-panel PBRs
can be divided into pump circulation PBRs and airlift PBRs. The schematics of pump
circulation PBRs and airlift PBRs are presented in Figure 4. The pump circulation PBRs use
the pumps to circulate the culture medium, while the airlift PBRs use the airlift system to
mix the culture medium evenly. At present, many novel flat-panel PBRs, which have good
prospects in the large-scale industrial production of microalgae bio-feedstock, have been
developed [40].

Airlift PBRs have many advantages, such as less shear stress on microalgae cells, higher
gas-liquid mass transfer rate, and higher mixing efficiency, so the energy consumption of
flat plate airlift PBRs is relatively low. In the same case, the energy consumption per unit
output is about one-tenth of that of tubular PBRs [41,42].

Brentner et al. [41] compared the energy consumption of tubular PBRs and flat-panel
PBRs. For every unit of microalgae biodiesel containing 10* MJ of energy, the energy
consumption of tubular PBRs was 43,900 kWh and that of flat-panel PBRs was only 544 kWh.
Ozkan et al. [42] stated that the energy consumption of open ponds PBRs, tubular PBRs,
and flat-panel PBRs in a microalgae bio-feedstock life cycle were 9.18 MJ/kg, 385.71 MJ /kg,
and 16.96 MJ/kg respectively.

2.1.4. Column PBRs

Column PBR systems can be divided into two types: bubble column PBRs and airlift
column PBRs. As is shown in Figure 5, column PBRs include a separation column type,
a coaxial tube type, an external circulation type, and a separation type. Regarding airlift
column PBRs, they are composed of an ascending zone and a descending zone. The
gas enters the PBRs through the bottom of the ascending zone, which makes the culture
medium at the bottom of the PBRs contain a large amount of gas, thus making it of low
density. Due to the influence of gravity, the gas at the bottom will automatically rise
and dissipate from the exhaust port. After the gas is dissipated, the gas content in the
microalgae culture medium decreases and the density increases. At this time, the gas will
return from the descending zone to the bottom of the ascending zone, thus forming a
cycle [43].
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Figure 5. Several kinds of airlift column PBRs: (a) separation column type, (b) coaxial tube type, (c)
external circulation type, and (d) separation type.

To better utilize sunlight radiation, the diameter of the airlift column PBRs should
not exceed 0.2 m, preventing the low light utilization efficiency of the PBRs center [37].
In addition, the height of column PBRs should be less than 4 m. On one hand, column
PBRs generally use transparent materials, which often have low strength and cannot be
overstressed. On the other hand, it is to avoid mutual masking between PBRs in large-scale
industrial production of microalgae. Airlift column PBRs are one of the most suitable
devices for the large-scale cultivation of microalgae [44]. However, the large investment
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and cleaning difficulty will increase the difficulty of the large-scale application of column
airlift PBRs [45].

A pilot-scale bubble column PBRs was used to cultivate microalga Phaeodactylum
tricornutum; the energy consumption per 1 kg production of biodiesel was 1.07 kWh [46].

2.1.5. Plastic Bag PBRs

The plastic bag PBR consists of one or more groups of suspended plastic bags. It
has the advantages of easy access to raw materials and low cost. Therefore, it has good
commercial prospects and gained worldwide focus [37]. In the plastic bag PBR system,
different volumes of plastic bags for specific demands can be made. Chen et al. used a
single 5 L plastic bag PBR to cultivate Chlorella on a large scale [47], and Abomohra et al.
used a set of culture systems consisting of 20 polyethylene plastic bags with a length of
2 m, a width of 20 cm, and a thickness of 0.2 cm [48]. For plastic bag PBRs with a larger
volume, the temperature inside can be controlled by the water surrounding, which is a
way to reduce the cost. The plastic bag PBRs can even be surrounded by seawater for
microalgae cultivation. The reason for this step is obvious. On one hand, the temperature
of the medium can be controlled stably due to large conduction of water; and on the other
hand, waves in the sea can act as a natural mixer as it shares a similar mixing effect for the
bio-feedstock, which can reduce the energy consumption caused by pumps and aeration
chambers, lowering the investment [49].

To promote the growth of microalgae cells in plastic bag PBRs, aerators or pumps are
used to circulate microalgae culture medium; blowers can be used to supplement CO; as
well. In addition, pumps can be used to transport water to cool the culture and supplement
the evaporation loss of culture. The energy consumption of plastic bag PBRs with pumps
and blowers is 382.7 GJ /ha per year (producing 36 t of Tetraselmis suecica sp. biomass) [50].
Lamps can also be used to provide a continuous light source for plastic bags, and the
energy consumption of the light source is about 2.17 MJ /g biomass [28].

However, there are many disadvantages of the plastic bag PBR system. First of all,
the plastic bag PBR is composed of soft plastic bags. The effect of gravity may cause the
distortion and deformation of plastic bags, which will lead to the occurrence of photoin-
hibition or the inhibition of the growth of microalgae cells in some areas due to the poor
mixing effect. Secondly, the material strength of the plastic bag PBR is low, which may
lead to leakage, which limits the possibility of large-scale industrial development of plastic
bag PBRs. Thirdly, the service life of plastic bag PBRs is short. Due to frequent cleaning,
the service life span of the bag is shortened to a certain extent, which is not economical in
the long run. At the same time, the uneconomical treatment of plastic bags also needs to
be improved.

2.1.6. Hybrid Cultivation System

Although investment in open ponds systems is lower than that of closed photobiore-
actor systems, open ponds systems are easy to be polluted by bacteria and protozoa [51]. In
contrast, although a closed photobioreactor has less chance of getting polluted, its sophis-
ticated manufacture and operation process costs more. Therefore, the hybrid cultivation
system, a combination of both systems, is recommended to reduce overall costs and to
increase the microalgae biomass productivity [52]. At the first stage, a large number of
stable and robust inoculums were obtained by a closed photobioreactor, and the exogenous
pollution of other microorganisms was controlled. In the second stage, microalgae were
cultivated on a large scale in the open pond system to obtain a large amount of biomass [53].
The two-stage hybrid cultivation method can give full play to the advantages of the two
types of systems and reduce the cost of microalgae cultivation. It is a reliable way to achieve
efficient and large-scale cultivation of microalgae.

A hybrid cultivation system including a paddle wheel raceway pond and an airlift
PBR to cultivate microalgae has a relatively low energy consumption, which is lower than
5.8 MJ/kg biomass [54].
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In conclusion, Table 1 shows the advantages, disadvantages and applications of the
cultivation systems.

Table 1. Advantages, disadvantages, and applications of various types of photobioreactors [55,56].

Closed PBR System Types Advantages Disadvantages Applications
Light deficit in the tubes
High energy consumption
e Large effective light surface Occupying a large area for
Tubular area tubes Suitable for outdoor
PBR e  High biomass productivity. pH and CO, concentration cultivation.
gradient in the culture
O, build-up
Cells adhering to the wall
e  Easy to process, clean
. Low cost
Flat-Panel ®  Different light path can be Difficult to process in large Suitable for
PBR designed according to the industrial scale. small-scale/laboratory
needs cultivation.
e  Large surface area
. Uniform mixing of culture
. High mass transfer efficiency Small volume
Column ° Uniform mixing High cost Suitable for small-scale
PBR ° Small shear force . Difficult to process in large /laboratory cultivation.
* Low energy consumption industrial scale
. Simple operation
Plastic ba . Low water consumption Membrane pollution For large scale CO,
PBR & o Lowcostin microalgae Requires microalgae culture to fixation and sewage
harvesting process be adsorbable treatment.
. Simple structure Covering large agricultural )
Open PBR system OpenPond ®  Lowcost area Current commercial
e  Simple operation Low effective land utilization production of microalgae.

rate

2.2. Harvesting

The harvesting process concentrates and dewaters the microalgae culture medium
to obtain a high concentration slurry for the next production process. In this process, the
concentration of microalgae culture medium is concentrated from 0.1-2.0% to 10-30% of
total suspended solids (TSS). The harvesting process is usually divided into two steps. The
first step is concentration. In this step, the concentration of microalgae culture medium
will be concentrated to about 7%. The second step is dehydration. After this step, the
concentration of microalgae culture medium will reach about 15% [57]. This process con-
sumes a lot of energy, accounting for about 20-30% of the total energy input [10]. Therefore,
reducing the energy input and investment of harvesting is an essential prerequisite for
large-scale biofuel production. Common harvest process methods mainly include floccula-
tion, flotation, electric treatment, filtration, centrifugation, and sedimentation, which can
also be combined flexibly in practical production. To reduce costs and improve harvesting
efficiency, flocculation is usually performed first, followed by centrifugation and filtration
processes.

2.2.1. Sedimentation

Sedimentation is a technique to harvest microalgae biomass by gravity. The cell den-
sity and cell size of microalgae have significant effects on sedimentation efficiency [58].
Sedimentation technology is more suitable for the harvesting of species with higher cell
density, such as Melosira sp., while not being suitable for microalgae species with low cell
density, such as Microcystis aeruginosa. Various factors can affect the sedimentation perfor-
mance, such as temperature, microalgae species, etc. [58]. The process of sedimentation is
often time-consuming and low efficiency. To solve this problem in industrial production,
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sedimentation is usually achieved by combining the use of flocculation, centrifugation, and
other technologies to reduce the sedimentation time and improve production efficiency [59].

2.2.2. Filtration

Filtration is a standard solid-liquid separation technology. In the process of microal-
gae harvesting, the culture solution passes the filter membrane due to the effects of gravity,
pressure, and vacuum force, while microalgae cells are intercepted by the membrane and
concentrated into biomass. Based on the characteristics of the solution, kinetic conditions,
and membrane kinds, filtration can be divided into microfiltration (0.1-10 um), macrofil-
tration (10 pm), dead-end filtration, ultrafiltration(0.02-0.2 pm), tangential flow filtration,
vacuum filtration, and pressure filtration [60].

Compared with other harvesting technologies, filtration technology harvests a better
quality bio-feedstock because no chemicals are added during filtration, with little damage
to cells. Filtration is a more energy-saving way of harvesting microalgae bio-feedstock. The
energy consumption of concentrating microalgae culture to 75 times that of initial culture
medium (150 g/L) is about 0.3-0.7 kWh/ m3 by filtration [61], and the energy consumption
of concentrating microalgae culture to 151 times that of its initial culture medium is about
2.15 kWh/m3 [62]. In order to collect bio-feedstock more efficiently with higher recovery,
additional energy input is needed. Brentner et al. [41] used the harvest method of filtration
under chamber pressing to produce 10* MJ microalgae biodiesel, consuming 2200 kWh of
energy, with a biomass recovery reaching 95%. Razon et al. used a combined method of
gravity sedimentation and microfiltration to produce 2.6 m3 biogas, requiring 99.7 MJ of
energy for the harvest process [33].

2.2.3. Centrifugation

Centrifugation technology is the improvement of gravity sedimentation technology,
which can separate microalgae cells from the culture medium by centrifugal force instead of
gravity. Although there are some problems in large-scale applications, such as high energy
consumption, high cost of equipment, operation, and maintenance, centrifugation is still
the most widely used harvesting technology for its high biomass recovery, usually higher
than 95% [63]. Centrifugation can be used in the harvest of many kinds of microalgae.
Since there is no need to add flocculants and chemicals in centrifugation, the quality of raw
bio-feedstock collected after centrifugation is high.

However, the energy consumption of the centrifugation process is high, normally
reaching 14-20% of the total energy consumption of the microalgae biofuel’s energy life
cycle [64]. Brentner et al. [41] compared the energy consumption of centrifugation and
flocculation in the scenario of 95% of the cell recovery. To produce 10* MJ of microalgae
biodiesel in production, the energy required for centrifugation was 2500 kWh, while it was
only 250 kWh for flocculation. A similar difference existed in two methods whether they
were carried with pH regulations or adding different flocculants like aluminum or chitosan.
Tredici et al. produced 36 tons of bio-feedstock with an annual energy consumption for
centrifugation of 81.6 GJ/ha [50]. Gwenny et al. stated that the energy consumption
required for centrifugation was 1.4 kWh/m3, with a recovery of 97% [65]. In order to
reduce the energy consumption of centrifugation, the culture medium should be settled or
flocculated in advance to improve the initial concentration of culture medium. Xin et al. [66]
used flocculation before centrifugation for the treatment of bio-feedstock of Chlorella sp.,
and the energy consumption for the combined process was only about 1 kWh/m?3.

2.2.4. Flotation

Flotation technology is a harvesting technology that collects biomass by producing
a large number of microbubbles (bubble diameter < 0.1 mm) that attach to the surface
of microalgae cells as a carrier. Microalgae cells, which are attached with microbubbles
then float to the liquid surface, are harvested as bio-feedstock [67]. Flotation does not
require additional pressure, so its energy consumption is relatively low, making it a popular
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technology in microalgae harvest process. However, in order to produce microbubbles,
it is necessary to add some surfactants to change the hydrophobicity of the microalgal
cellular surface. In that way, the cell is more easily combined with the bubbles to improve
the recovery [68]. However, these surfactants generally have bad effects on the growth
of microalgae and pollute the downstream process. Therefore, the microbubbles should
be better produced by physical flotation methods such as dissolved air flotation and
electrolytic flotation instead of chemical methods. In this way, the bio-feedstock collected
is not severely damaged or polluted.

2.2.5. Flocculation

As the surface of microalgae cells is negatively charged, surface charge neutralization
is applied to be the primary mechanism involved to harvest microalgae of flocculation [69].
Raw microalgae bio-feedstock harvested by the flocculation process has high economic
value and recovery, greatly reducing energy input. Therefore, flocculation technology is
another primary harvesting method for microalgae. Flocculation methods are normally
divided into chemical flocculation, physical flocculation, and biological flocculation from
the perspective of flocculants used [70].

Chemical flocculation, as mentioned, is to add chemical substances, including inor-
ganic and organic substances, into the culture medium to accelerate the sedimentation of
microalgae cells. Chitosan is a commonly used kind of polymer flocculant. Chlorella biomass
recovery by chemical flocculation with chitosan reaches more than 90% in 2-3 min [23].
Physical flocculation mainly includes electric flocculation and magnetic flocculation. Com-
pared with chemical flocculation, physical flocculation avoids the problems of culture
pollution and harmful byproducts caused by chemical additives. Biological flocculation
primarily uses the viscous substances and biosurfactants produced by the organism itself
or during its metabolism to make the microalgae cells aggregate with each other through
netting or bond bridging to be finally collected as bio-feedstock [71]. Certain fungi, bacte-
ria, and microorganisms and their active substances are conducive to the flocculation of
biomass as well.

Some microalgae cells can flocculate naturally without adding flocculants. These cells
secrete synthetic glycosides or polysaccharides and other active substances to their surface.
The interaction among the surrounding microalgae cells leads to the auto-aggregation and
auto-flocculation of microalgae cells [72]. For these microalgae cells, the chemical additive
is needless in the harvesting process. The biomass collected in this way is praised for its
high quality as well as its high recovery.

Dasan et al. used aluminum as flocculant in the flocculation process before centrifu-
gation. For the open ponds system, column PBR system, and tubular PBR system, the
energy consumption of cultivating one batch (2924 kg) of microalgae bio-feedstock was
542.8 kWh, 11.83 kWh, and 5.225 kWh, respectively, which was mainly because of the
different concentrations of microalgae culture medium in different cultivation systems [39].

The advantages and disadvantages of various algae harvesting techniques introduced
are shown in Table 2.

Table 2. Advantages and disadvantages of various algae harvesting techniques [51,73,74].

Harvesting Technique Advantages Disadvantages
Low energy consumption e  Time-consuming
Sedimentation Happens naturally o  Low harvest efficiency
High water content
Fast, effective e  High energy consumption
Centrifugation High recovery e  High operating cost and equipment cost

Suitable for large microalgae species e  Not suitable for large-scale harvesting
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Table 2. Cont.

Harvesting Technique Advantages Disadvantages
e  High recovery
¢ Nochemical demand ) e  High energy consumption
Filtration e  Low energy consumption e  Requires pressured or vacuum environment
e Small shear force e  Not suitable for microalgae with small cells
e  Time-saving
e  Water can be recycled
e  Suitable for large-scale harvesting e  Needs surfactant
Flotation e Low cost e  High cost for preparing microbubble
e  Time-saving
Fast, simple
) Suitable for large-scale harvesting e  High cost of flocculants and operators
Flocculation Less damage to cells, suitable for e  Difficult to separate flocculants from culture
various microalgae
e  Low energy consumption
2.3. Drying

Normally, the water content is still high in raw bio-feedstock after harvesting. There-
fore, further treatment is needed to dry the bio-feedstock for biofuel production. Drying
treatment is important not only because dried bio-feedstock is more convenient for biofuel
transportation, but also because it prevents the reproduction of harmful microorganisms,
extending the storage time for biofuels. In the production of microalgae biodiesel, it is nec-
essary to first extract the oil from the dried biomass so that the transesterification reaction
performs successfully later. The oil extraction rate of dried bio-feedstock is significantly
higher than that of wet bio-feedstock [75].

Typical drying methods include rotary, spray, solar, freeze, cross-flow, vacuum, flash-
ing, incinerator, and toroidal [75]. However, from an economic point of view, the huge
energy demand in the drying process has brought great challenges to the feasibility of
microalgae biofuel production [76-78]. The energy consumption of traditional drying
methods accounts for approximately 59.3-85% of total energy input.

Brentner et al. [41] compared the total energy consumption of drying the bio-feedstock
of Scenedesmus dimorphus sp. to produce 1 unit of biodiesel (10* M]), in Phoenix, AZ, US. The
energy consumption for the drying process varied from 14,885 MJ to 16,360 MJ, covering a
primary proportion of total energy consumed. Beal et al. [54] dried Staurosira sp. biomass in
airlift PBR with ring dryers, consuming 212,406.48 M]/day, which equaled 47% of the total
energy input (453,891.46 MJ /day), to produce 2563.69 kg/day of lipid and 13,896.04 kg /day
of non-lipid biomass. In Chile, the bio-feedstock of Phaeodactylum tricornutum sp., cultivated
in bubble column PBR, was dried applying a freeze-drier technology with a recovery of
80%, consuming 40.79 kWh, nearly twice the energy input for the harvesting and cultivation
process in generating 12 kg of dried biomass [46].

Freeze drying is commonly regarded as a way of preserving complete cellular com-
ponents because when microalgae are dried at low temperature, their cellular biological
activity and internal degrading enzyme activity are also weakened so that their cells remain
unchanged for a long time [79]. However, freeze drying requires a long processing time
and expensive equipment, which makes it not suitable for the industrial scale of the drying
process of microalgae bio-feedstock [80]. For the spray drying and rotary drying, a diluted
solution or spray of microalgae culture is heated into dry powder. They are favored for
their rapid water removal rate and less damage to microalgae cells. However, the operation
of spray drying and rotary drying is complicated. Moreover, spray drying and rotary
drying require not only large investment in the drying plants and equipment, but also
taking care of the relatively high operating cost [79]. In order to excellently reduce the
energy consumption in the drying process, solar energy can be used for drying. Solar
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drying was applied to the bio-feedstock of Chlorella sp. cultivated in flat-plate PBR, an
effective drying method that consumes almost no electricity [66].

To reduce energy consumption, wet bio-feedstock (medium containing more than
80% of moisture) can be directly extracted by enzymatic hydrolysis, without experiencing
the drying process. Furthermore, enzymatic hydrolysis can be carried out under mild
conditions so that many active cellular substances can be maintained during the process.

In addition, microalgae bio-feedstock with certain moisture can be fermented directly
to produce bioethanol, biogas, etc. In this way, the energy demand greatly reduces. For
biogas produced without drying the bio-feedstock, it even provides extra energy for the
drying process and reduces net energy input by 84%, an alternative for traditional power
sources [76]. Biogas is primarily composed of CHy and CO,. The production of biogas is
an anaerobic digestion process, including hydrolysis, fermentation, and methanogenesis.
In the hydrolysis stage, the compound is decomposed into soluble sugars. Then, the
fermentation bacteria transform them into alcohols, acetic acid, volatile fatty acids, and
gases containing Hy and CO,. Then, the main compound is metabolized into CH4 and CO,
by methanogens. Microalgae bioethanol is usually generated from starch, cellulose, and
other carbohydrates in microalgae bio-feedstock by microbial fermentation and distillation.
The residue after oil extraction can also be used as the substrate for ethanol fermentation.

In this section, the mechanism as well as the energy consumption parts in cultivation,
harvesting, and drying processes are illustrated. Different technologies and systems applied
affect not only the energy input for these parts, but also the energy input of the whole life
cycle process. To better quantify the energy consumption of different cultivation systems,
comparisons are made in the next section.

3. Literature Review Results
3.1. The Energy Consumption Ratio of Cultivation

This review aims to examine the energy consumption of different cultivation systems
via the parameter of energy consumption ratio (ECR), which can be calculated by the
total direct energy input in the cultivation process divided by the energy contained in
microalgae biomass produced. ECR shows the direct energy required to produce a unit of
microalgae biomass. It is feasible to compare the data from different studies through this
parameter. It can be calculated by the following equation:

ECR = Ejotal input/LHVbiomass'PrOduCtivity 1

Eiotal input 1s the total direct energy input in the cultivation process, including the
energy consumption for circulating the culture and pumping the water, CO,, and nutrients
into the systems, and the additional heat or light provided in some studies, while the
energy contained in materials input is not taken into consideration. The energy contained in
microalgae biomass is represented by the low heating value (LHV) of produced microalgae
biomass, which is estimated to be 22.2 M] /kg [50].

Figure 6 shows the energy consumption ratio of different cultivation systems, and the
data being analyzed are shown in Table 3. Compared with most closed PBR systems, open
ponds require less energy, with an average energy consumption ratio of 0.07. The hybrid
cultivation systems use both PBR and open pond systems to cultivate microalgae, so its
energy consumption ratio is between that of most PBR systems and open pond systems,
with an average of 0.17. In PBR systems, flat-panel PBRs and bubble column PBRs have
the lowest average energy consumption ratio, while tubular PBR and plastic-bag PBR have
the higher energy consumption ratio.

For tubular PBR, more energy is needed to not only maintain the circulation of culture
medium, but also obtain higher growth efficiency by better gas-liquid transmission [81].
From Figure 7, it can be concluded that an average biomass concentration of 6.43 kg/m?
can be obtained by tubular PBR, due to its large available surface area for illumination [82].
However, low areal biomass productivity is obtained by this system, suggesting low culture
volume per area. This is because, on one hand, tubes are shortened to transport CO,, and
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O, as well as to regulate pH more efficiently. On the other hand, the diameter of tubes
is reduced to prevent the impact of photo limitation [37]. Its low areal productivity even
increases the demand for more land in large-scale bio-feedstock production.
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Figure 6. Comparison of energy consumption ratio of different cultivation systems.
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Figure 7. Comparison of biomass concentration and areal biomass productivity of different cultiva-
tion systems.

The average energy consumption ratio of plastic bag PBR is the highest, reaching 0.68.
Tredici et al. [50] used blowers to circulate culture medium, which is the main part of the
energy consumption. However, although it consumes a lot of energy with relatively low
biomass concentration, plastic-bag PBR has great potential for microalgae cultivation for
its high areal biomass productivity and low cost.
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The energy consumption ratio of column PBRs is the lowest with only 0.06. Although
column PBRs gain low average biomass concentration, they have relatively large areal
biomass productivity. This may be because no internal structures that consume energy are
required to be installed, except for spargers [35]. Therefore, the transporting of CO, and
mixing the culture can be done at the same time.

Results suggest that the most suitable system for industrial scale biofuel production
may be flat-panel PBRs, which have the lowest energy consumption ratio and the highest
areal biomass productivity. Flat-panel PBRs have a large illumination surface area, so the
photosynthetic efficiencies are high [83]. However, flat-panel PBRs are not profitable or
sustainable for commercial-scale cultivation, because to control culture temperature and
ensure transmission efficiency, the volume of a flat-panel PBRs is difficult to enlarge [84].
Similar findings are observed in several studies. Dasan et al. [39] compared the energy
consumption in the life cycle of the open pond, column PBR, and tubular PBR, and in the
cultivation process, the energy consumption of open pond is the lowest while the tubular
PBR is the highest. Brentner et al. [41] found that compared with annular PBR and tubular
PBR, flat-panel PBR consumes less energy when applied to microalgae cultivation.

PBR systems generally obtain higher biomass concentration than open pond systems
do. For the hybrid system, since the PBR system is used only to produce high-purity
microalgae in the early stage, and in the following stage microalgae are usually cultivated
in open pond systems, the biomass concentration of hybrid systems is similar to that of
open pond systems.

Microalgae bio-feedstock is concentrated by harvesting to further produce biofuels.
Therefore, the difference in biomass concentration directly affects the energy consumption
of the subsequent steps. As such, although the open pond system consumes less energy on
average, it is not necessarily the most energy-saving from the view of the whole life cycle.

Table 3. Energy consumption ratio, biomass concentration, and areal biomass production of different cultivation systems.

. Energy Biomass Areal biomass
Site Location Mécrgéailegsae Cultivation System Consumption Concentration Production Notes References
P Ratio ® (kg/m®) (kg/m?/d)
. b Low biomass
— Chlorella vulgaris Tubular PBR 0.61 8.00 0.02 production [39]
— Chlorella vulgaris Tubular PBR 0.24° 20.00 0.03 High blor_nass [39]
production
. b Low biomass
— Chlorella vulgaris Open raceway pond 0.02 1.00 0.06 production [39]
. . b High biomass
Chlorella vulgaris Open raceway pond 0.03 0.48 0.44 production [39]
. Low bi
— Chlorella vulgaris Bubble column PBR 0.10° 0.75 0.01 I‘jrvg duotion” [39]
- Chlorella vulgaris ~ Bubble column PBR 0.02° 259 0.04 High biomass [39]
production
. : microalga P. d 4
Concepcion, Chile tricornuitum, Bubble column PBR 0.01¢ 0.96 0.02 — [46]
Phoenix, AZ, US s;?z%izsﬁls‘s Open raceway pond 0.06 0.47 0.05 —_ [41]
. Scenedesmus y
Phoenix, AZ, US dimorphus Flat-Panel PBR 0.05 4.00 0.07 — [41]
Bissau, Guinea — Open raceway pond 0.06 — 0.02¢ — [85]
Huelva, Spain — Open raceway pond 0.07 — 0.02¢ — [85]
Uppsala, Sweden — Open raceway pond 0.19 — 0.01°¢ — [85]
Bissau, Guinea — Tubular PBR 0.32 — 0.03°¢ — [85]
Huelva, Spain — Tubular PBR 0.36 — 0.02¢ — [85]
Uppsala, Sweden — Tubular PBR 0.74 — 0.01°¢ — [85]
Tuscany, Italy Tetraselmis suecica Plastic bag PBR 0.68° — 0.15f — [50]
— Chlorella vulgaris Open raceway pond 0.03° — 0.02 Waste water [86]
— Chlorella vulgaris Open raceway pond 0.02° — 0.02 Fresh water [86]
. . PBR + Open raceway b Low-N, -,
Texas/Hawaii, US Staurosira sp. d 0.41 0.36 0.02 paddle-wheel pond [54]
pon circulation 24 h/day
. . PBR + Open raceway b Low-N, airlift pond =)
Texas/Hawaii, US Staurosira sp. pond 0.15 0.36 0.02 circulation 16 h/day [54]
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Microalgae Energy Biomass Areal biomass
Site Location Speci 8 Cultivation System Consumption Concentration Production Notes References
pecies Ratio ? (kg/m®) (kg/m?/d)

. . PBR + Open raceway b High-N, airlift pond =
Texas/Hawaii, US Staurosira sp. pond 0.09 0.62 0.03 circulation 16 h/day [54]

. PBR + Open raceway b High-N, airlift pond =
Texas/Hawaii, US Desmodesmus sp. pond 0.13 0.45 0.02 circulation 16 h/day [54]

. PBR + Open raceway b High-N, airlift pond =
Texas/Hawaii, US Desmodesmus sp. pond 0.09 0.45 0.02 circulation 12 h/day [54]
Fort Saskatchewan — Open raceway pond 0.04° — — [87]
Fort Saskatchewan — Column PBR 0.13° — — [87]

— Nannogglorop sis Open raceway pond 0.12 0.35 0.01 [22]
— N“””"g’;"’mps“ Tubular PBR 5.04 1.02 0.03 [22]
— N”"””;gl“mp“s Flat-Panel PBR 022 2.7 0.03 22]

‘—’ represents the information not mentioned in the articles. ® Energy consumption ratio is the total energy consumption (MJ) divided by
energy contained in microalgae biomass (M]). b Calculated with the energy contained in microalgae biomass, which is 22.2 MJ/kg [50]. ¢ A
total of 12 kg of dried microalgae biomass is required when producing 1 kg of biodiesel. ¢ Calculated by biomass concentration multiplied
by volume of microalgae culture and divided by occupied area. ¢ Calculated with a 300-day cultivation season per year. f Calculated with a
240-day cultivation season per year.

In this part, the net energy ratio (NER) of the whole life cycle of microalgae biofuel is
also taken into consideration. The NER is defined as energy output divided by the energy
input, which is used to measure the energy efficiency. Although the difference of cultivation
methods only affects energy consumption in the cultivation and harvesting process, it is
meaningful to compare the total energy consumption of different cultivation systems over
the whole life cycle to figure out whether a system is profitable and sustainable. Generally,
an energy production process is considered to be profitable only if the value of NER is
greater than 1.0 [88,89]. The biomass NER and biofuel NER results of present studies are in
Figures 8 and 9, respectively [21,22,39,50,54,85,87,90,91]. The biomass NER values differ
between 0.2 and 8.34, and the biofuel NER values vary between 0.07 and 3.05. The NER
value differs by the category of cultivation system. The lowest value is observed in the
tubular PBR system, while the highest is in the open pond system. Flat-panel PBR seems
to be the most energy-saving closed system from the figures. It should be noted that the
NER results of different studies change widely for a particular cultivation system, and the
difference of NER is also observed with different processes in certain studies. In addition,
from Figures 8 and 9, it can be seen that recent studies did not gain higher NER values than
the earlier ones, illustrating that more energy-efficient technologies were not applied to the
life cycle analysis (LCA) studies.

Column PBR-supercritical water gasification [87]

Column PBR-hydrothermal liquefaction [87]

Column PBR-pyrolysis [87]

Hybrid system-target openalgae |54]

Hybrid system-target HTL [54]

Hybrid system-openalgae |54]

Hybrid system-HTL |54]

Hybrid system-wind [54]

Hybrid system-fermentation [54]

Hybrid system-high-N green [54]

Hybrid system-high-N [54]

Hybrid system-low-N |54]

Hybrid system-demonstration [54]

Flat-panel PBR [50]

Tubular PBR [22]

Flat-panel PBR [22]

Open pond [22]

Open pond-Uppsala-indirect and direct [85]

Open pond-Huelva-indirect and direct [85]

Open pond-Bissau-indirect and direct [85]

Tubular PBR-Uppsala-indirect and direct [85]

Tubular PBR-Huelva-indirect and direct [85]

Tubular PBR-Bissau-indirect and direct [85]
1 1 1 T 1 T I T 1 T

0 1 2 3 4 5 6 7 8 9 10
NER (Biomass)

Figure 8. Comparison of NER values for microalgae biomass from recent studies.
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Tubular PBR [22]

Flat-panel PBR [22]

Open pond [22]

Open pond-flue gas and wastewater [90]
Open pond-flue gas [90]

Flat-panel PBR-flue gas and wastewater [90]
Open pond-flue gas and wastewater [90]
Open pond-flue gas [90]

Flat-panel PBR-flue gas and wastewater [90]
Flat-panel PBR-flue gas [90]

Open pond-scenario 3 [91]

Open pond-scenario 1 [91]

Open pond-low biomass production [39]
Open pond-high biomass production [39]
Column PBR-low biomass production [39]
Column PBR-high biomass production [39]
Tubular PBR-low biomass production [39]
Tubular PBR-high biomass production [39]
Hybrid system [21]

I I I 71
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

NER (Biofuel)
Figure 9. Comparison of NER value for microalgae biofuel from recent studies.

3.2. The Energy Consumption Ratio of Harvesting

The ECR of harvesting is also calculated by Equation (1), and the total direct energy
input includes the electricity and heat consumption in this process. The materials input is
not considered. The literature review results of the energy consumption ratio of different
harvesting technologies are shown in Table 4.

Centrifugation is a common harvesting method, but it has relatively high direct energy
consumption, with an energy consumption ratio of 0.18-0.9 [41,50,85,92]. The concentration
of microalgae in the culture solution before harvesting was the main factor affecting the
energy consumption of the centrifugation process. When the concentration of microalgae
before harvesting changed from 0.2 to 4 kg/m?, the energy consumption ratio changed
from 0.33 to 0.067 [85,92]. Different cultivation systems have different concentrations of
microalgae. Compared with closed PBR systems, the concentration of microalgae in the
open pond system is lower. This is the reason that although the energy consumption of the
open pond system is low in cultivation, its energy consumption is significantly higher in the
harvesting process. Taking the energy consumption of harvesting into consideration, some
PBR systems such as the column PBR and the flat-panel PBR obtain a high concentration of
microalgae in the harvesting process, having great potential in industrial scale bio-feedstock
production. It is also possible to use other technologies to pre-concentrate the microalgae
culture and increase the concentration of slurry, thus reducing the energy consumption of
the process. Bva et al. [92] and Jonker et al. [85] settled the culture before centrifugation to
reduce the energy consumption of the harvesting process by 90%.

The energy consumption of filtration is generally small, whether for press filtration
or ultra/micro filtration. Like centrifugation, concentrations are different as obtained
by different filtration methods, resulting in different energy consumption. The energy
consumption ratio is 0.003-0.018 when bio-feedstock cultivated in column PBR and an
open pond system is filtrated by ultra/micro filtration [87]. The energy consumption for
the filtration of culture from the open pond system is 0.002-0.003 when pre-concentrated
by settling [54]. Since the energy consumption of flocculation alone without pre-treatment
is high, about 0.09, it is not advocated for industrial use. One possible economic solution
might be using the combined method of flocculation—settling—centrifugation, with an
energy consumption ratio varying from 0.002 to 0.058 for different cultivation systems.
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Table 4. The energy consumption ratio of different harvesting technologies.

Pre-Harvesting

. Energy
Microalgae Species Cultivation System Harvesting Technology Cg/x[:::g?:agtaign Consumption Notes References
in 2
(k g/ms) Ratio
Microalga P. Bubble column PBR Centrifugation 0.96 0.274 b [46]
Tricornutum, & . .
. Flocculation(Alum) + Settling + b Scenario 1: Low
Chlorella Vulgaris Open raceway pond Centrifugation 0.48 0.058 biomass production [39]
. Flocculation(Alum) + Settling + b Scenario 2: High
Chlorella Vulgaris Open raceway pond Centrifugation 1 0.033 biomass production [39]
Chlorella Vulgaris Bubble column PBR Flocculatclon(Alum) * Settling + 0.75 0.007 AScenario 3: Low [39]
entrifugation biomass production
Chlorella Vulgaris Bubble column PBR Flocculatlon(Alum) * Settling + 2.59 0.002° 'Scenarlo & ng.h [39]
Centrifugation biomass production
. Flocculation(Alum) + Settling + b Scenario 3: Low
Chlorella Vulgaris Tubular PBR Centrifugation 8 0.003 biomass production [39]
Chiorella vulgaris Tubular PBR Flocculation(Alum) + settling + 20 0.002° Scenario 4: High [39]
centrifugation biomass production
Scenedesmus dimorphus — Centrifugation — 0.325° [41]
Scenedesmus dimorphus — Chamber press filtration — 0.286 [41]
Scenedesmus dimorphus — Chamber press filtration — 0.286 ° [41]
Scenedesmus dimorphus — Flocculation(Alum/ph- — 0.033" [41]
lime/chitosan)
— Open raceway pond Centrifugation 0.2 0.330 [85]
— Open raceway pond Settling + centrifugation 0.2 0.027 [85]
Scenedesmus dimorphus — Chamber press filtration — 0.286° [41]
. Flocculation(Alum/ph- b y
Scenedesmus dimorphus — lime/ chitosan) — 0.033 [41]
— Open raceway pond Centrifugation 0.2 0.330 [85]
— Open raceway pond Settling + centrifugation 0.2 0.027 [85]
— Tubular PBR Centrifugation 4 0.067 [85]
— Tubular PBR Settling + centrifugation 4 0.027 [85]
Tetraselmis suecica Plastic bag PBR Centrifugation — 0.176 ® [50]
Chlorella sp. Flat-Panel PBR Flocculation + settling + 2 0.009 b [66]
centrifugation
Low-N, paddle-wheel
Staurosira sp. er:CBer{v+ OpoerI: d Settling + centrifuge 0.36 0.081° pond circulation [54]
ayp 24 h/day
. PBR + Open . . b Low-N, airlift pond ,
Staurosira sp. raceway pond Settling + filter press 0.36 0.003 circulation 16 h/day [54]
. PBR + Open . ) b High-N, airlift pond )
Staurosira sp. raceway pond Settling + filter press 0.618 0.002 circulation 16 h/day [54]
o PBR Ultra/micro filtration _ 0.011° [87]
membrane + centrifugation
Ultra/micro filtration b
- Open raceway pond membrane + centrifugation - 0.062 [87]
Chlorella vulgaris Open raceway pond Flocculation + centrifugation — 0.088° Waste water [86]
Chlorella vulgaris Open raceway pond Flocculation + centrifugation — 0.139° Fresh water [86]

‘—’ represents the information not mentioned in the articles. ® Energy consumption ratio is the total energy consumption (M]) divided by
energy contained in microalgae biomass (MJ). ? Calculated with the energy contained in microalgae biomass, which is 22.2 MJ/kg [50]. € A
total of 12 kg of dried microalgae biomass is required when producing 1 kg of biodiesel. 9 Calculated with a 320-day cultivation season per

year.

4. Challenges and Future Development

Many studies have shown that the NER of microalgae biofuel production is lower than
1.0 [37,88,89], which means unprofitable for long term operation. However, microalgae are
rich in protein, polysaccharides, fatty acids, vitamins, pigments, etc., so some high-margin
secondary products can be obtained during the energy production. In addition, considering
the carbon sequestration ability of microalgae, it is a feasibly profitable way for energy
companies in carbon trading. At present, the large-scale production of microalgae biofuel
has already gained some progress. The company named Algenol Biotech LLC in the United
States applied the enclosed PBR system to produce 8000 gallons of liquid biofuel per acre
per year [93]. Another company named SyntheticGenomics Inc in the United States also
applied the closed PBR system to produce 1600 gallons per acre per year of lipid [93].
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Technological advances in the algae industry are changing rapidly and with the
progress of technology, the energy consumption of the whole biofuel system will reduce and
the cost for producing unit biofuel will decrease as well. Thus, the technology improvement
and innovation of cultivation systems may be the future research directions. For example,
increasing the light path or light dilution inside the flat-panel and column PBR systems and
the ratio of suspended culture to total volume improves the photosynthesis efficiency [94].
Many factors display important impacts on photosynthesis efficiency including the vertical
or horizontal distribution of the column PBR or the tubular PBR and the angles of the
flat-panel PBR [95]. The drying technology should also be improved to reduce energy
demands for other processes in the biofuel production cycle. Vicente et al. [96] and Kita
etal. [97] used direct transesterification of fungal lipids or thermal pretreatment of B. braunii
after the solvent extraction to reduce extra energy input. Last but not least, the location
where microalgae receive a high average amount of radiation and require less water for
cooling to a moderate temperature should be carefully selected [98].

It is worth noticing that an innovative PBR system, the photovoltaic coupled PBR
system, is currently emerging as a highly economic system. Nwoba et al. [99] applied
a photovoltaic coupled vertical flat-panel PBR (1 ha) to obtain an annual areal biomass
productivity of 66 t/ha and a NER of 3.0, while 0.6-7.1 of NER was obtained by traditional
PBR systems [50,100]. Its excellent ability in utilizing excess solar radiation might be
a future way in large-scale and sustainable biofuel production. It also helps solve the
problem of overheating and high energy input for microalgae biofuel production. Morales
et al. [101] evaluated optimal integration of biomass production with photovoltaic panels
in open raceway pond systems (145 ha) and suggested that 20% coverture of photovoltaic
panels is the best scenario from an energetic and environmental perspective, with a NER of
2.9 and annual areal biomass productivity of 62.1 t/ha.

As for research needs, the future work will focus on analyzing the energy consump-
tion ratio of the whole life cycle process including the extraction, transesterification, and
different compositions of biofuel produced. Moreover, the influence of changes in growth
parameters for different cultivation systems should be considered including the bioreactor
volume and the ratio of area illuminated.

5. Conclusions

This paper compared the energy consumption of several cultivation systems that are
commonly used in large-scale microalgae production. Unlike previous studies, we com-
pared as many cultivation systems as we could, aiming to analyze the energy consumption
of different systems comprehensively. The open pond system is the most energy-saving
and most widely used one of all the systems, but considering the limitations of open ponds
such as low productivity, uncontrollability, and contamination susceptibility, it is necessary
to develop outdoor PBRs suitable for mass biofuel production. Flat-panel PBRs consume
less energy and produce more biomass per unit area than other PBRs, which will be a
suitable cultivation system if the problems of scaling can be solved. Moreover, column
PBRs show slightly lower areal productivity and lower biomass concertation than flat-panel
PBRs, but they are easier to scale up. Therefore, the flat-panel PBR as well as the column
PBR are both preferred for large-scale biofuel production for high biomass productivity.
As for the harvesting methods, the mixed process flexibly combining flocculation, settling,
and centrifugation is the most energy efficient. The concentration of microalgae before
harvesting observably influences the energy consumption of harvesting; thus, PBRs that
can produce a higher concentration of culture medium show more potential economically.

For companies that plant microalgae on a large scale, gradually replacing current open
raceway ponds with enclosed flat-panel PBR and column PBR systems will be a feasible
way to increase productivity and reduce cost. Flexible combinations of flat-panel PBRs and
column PBRs should be carried out for different growth situations. In addition to biofuels,
producing some higher value byproducts is also profitable for companies.
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However, the results of this work are mainly based on the data reported in the
literatures published in recent years, so some delays may be found due to the rapid
development of microalgae industry. The energy consumption of some innovative PBRs
will be studied in the future. Furthermore, energy consumption is directly related to the
cost of companies, so the economic assessment among different cultivation systems will be
done in the future, too.
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