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Abstract
The objective of this work was to perform a survey over the energy requirements of
various microalgae biomass production units to assist subsequent case studies
undertaken in the CCSP program. The report gives an overview of the energy
requirements assessment done in literature for the various equipment used in
cultivation of microalgae. This includes various cultivation systems (raceway ponds
and different types of photobioreactors), harvesting methods, drying of algal
biomass, and cell disruption methods. In addition, the effect of local conditions is
discussed.

Espoo, November 2016
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Preface
This work was carried out in Work Package 6 (WP6) of the Carbon Capture and
Storage Program (CCSP) research program coordinated by CLIC Innovation Oy with
funding from the Finnish Funding Agency for Technology and Innovation, Tekes. The
aim of WP 6, “Utilisation of microalgae for CO2 capture and biogas/-fuel production”,
was to identify conditions for feasible and sustainable algal solutions for CO2 capture
and utilisation. The objective of this task was to perform a survey over the energy
requirements of various microalgae biomass production units to assist subsequent
case studies undertaken in WP6. The report focuses on the production of raw
biomass. Therefore, the energy requirements of the multitude of processing options
that can be done to the biomass to refine it into various products are not assessed.
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1 Introduction
Mass cultivation of microalgae is considered a possible pathway to CO2 utilization in
the form of biofuel production. Microalgae for biofuels can be extremely efficient in
terms of land-use, as the potential oil productivity per hectare is much higher than
traditional seed crops (Rodolfi et al. 2009, Chisti 2007). In contrast to high-value
products, cultivation of microalgae for CO2 utilization and biofuel production puts high
demands on the sustainability and production costs. The investment and operational
costs, including energy consumption, need to be as low as possible and the
greenhouse gas savings need to be as high as possible. However, the production of
algal biomass and further recovery of different products consumes a lot of energy.
Main reasons for this are the constant mixing and circulation required of the
cultivation broth and the very low concentration of microalgae in the broth, requiring
large amounts of broth to be circulated and energy requiring dewatering and drying
methods for harvesting the microalgae.
In this report energy consumption of algae biomass production is surveyed.
Processes such as cultivation, harvesting, drying and cell disruption are included,
each process step including possible different methods are described shortly and
energy consumption of each step is discussed. Good references for more detailed
description of different methods are also given. Energy consumption is divided on the
heat and power. In addition the local condition and strain properties and the possible
needs which they bring are discussed shortly. The energy consumption numbers of
methods described are collected from literature, project partners, and equipment
manufacturers and attached to the report (Appendix).
Obtaining reliable data for the energy consumption of each step of the algae
production is difficult. The main reason for this is that no industrial scale process,
designed specifically for CO2 utilization and biofuel production yet exists.
Consequently, the data used in life-cycle assessments or techno-economic
evolutions are mostly extrapolated from laboratory scale systems or taken from
commercial schemes that have been designed to produce high-value products (such
as pigments and health food supplements). A review of life-cycle analyses (Slade
and Bauen, 2013) showed variations over one order of magnitude in the evaluations
of primary energy input needed for the cultivation and harvesting phase. In addition,
energy consumption depends also highly on site specific conditions. Thus, the
energy requirement figures collected in this report gives an insight on specific energy
consumption ranges of different processes rather than quantitative numbers for
calculations.
Although this review is not limited to any particular product from microalgae, for
microalgae cultivation to have any significant climate change mitigation systems
need to be large in scale, low in cost, and produce a bulk product that could replace
a product currently produced from fossil fuel. Therefore, much of the work collected
here concerns microalgae cultivation for biofuel production.

21.11.2016

2 Cultivation
Microalgae growth takes place by four major types of cultivation, depending on the
algae strain (Chen et al., 2011):
Photoautotrophic cultivation. This occurs when microalgae use light as the
energy source and inorganic carbon (e.g. CO2) as the carbon source to form
chemical energy through photosynthesis.
Heterotrophic cultivation. Heterotrophic cultivation occurs when microalgae
grow by consuming organic carbon (e.g. glucose, acetate, glycerol, sucrose,
lactose, galactose and mannose) under dark conditions, like bacteria.
Mixotrophic cultivation. This occurs when microalgae undergo photosynthesis
and use both organic compounds and inorganic carbon (CO2) as a carbon
source for growth.
Photoheterotrophic cultivation. Photoheterotrophic cultivation is when the
microalgae require light as an energy source although using mainly organic
compounds as the carbon source.
As this work focus on the use of CO2 as a raw material for feeding algae,
heterotrophic cultivation is outside the scope of this study. According to Chen et al.
(2011) photoheterotrophic and mixotrophic cultivation are rarely used in microalgal oil
production. Zhang (2015) claims that photoautotrophic production is the only method
that is technically and economically feasible for large scale production of algae.
Therefore, this section focuses on photoautotrophic cultivation methods for
microalgae.

2.1 Cultivation methods
The systems used for large-scale photoautrophic cultivation of microalgae are either
“open” systems, where the culture is directly exposed to the environment, or (semi-)
“closed” systems, where the culture is enclosed within a vessel or photobioreactor
(PBR). To these systems water, nutrients and CO2 are supplied. Except for providing
space to grow the mixing of the culture is an important task for the cultivation system.
The relative movement between water and algae is important for algae, as it exposes
the algae to fresh cultivation media and continuously removes extra-cellular products
(Round, 1981). Also, mixing enables access to light for all algal cells.
The main costs of growing microalgae arise from the mixing and mass transfer in
cultures (using paddlewheels, impellers, and airlifts) because of the energy
consumed (Costa and de Morais 2014, Norsker et al. 2011, Stephenson et al. 2010).
This section gives a brief summary of the main photoautotrophic cultivation systems
and the energy requirements associated with them. Commercial systems today use
mainly lagoons, raceway and circular ponds due to their low investment cost. Many
types of photobioreactors have reached the demonstration and implementation stage
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(especially tubular and flat-panel photobioreactors). Photobioreactors are also used
in the early stages of microalgae cultivation. See for instance Zittelli et al. (2013a &
2013b) and Tredici (2003) for a more thorough review of cultivation systems.
2.1.1 Open cultivation systems
Open cultivation systems are the main systems used to produce microalgae
commercially as well as in wastewater treatment systems, mainly because they are
the most economical systems for large-scale cultivation (Borowitzka & Moheimani,
2013). Open pond culture systems can be divided into:
Shallow lagoons and ponds (natural ponds)
Inclined systems
Circular central-pivot ponds
Mixed ponds
Raceway ponds
Open ponds are cheaper and easier to build and operate than closed systems due to
their simplicity. Major limitations include poor light utilisation by the cells, evaporative
water losses, diffusion of CO2 to the atmosphere, restriction of cultivatable algae
strains and large land-area requirements (Zhang 2015). Open ponds do not either
offer means for control of temperature or lightning and are prone to contamination.
Also pH and dissolved oxygen concentration my limit the growth parameters of open
tanks. Spirulina and Chlorella are the most commonly cultivated species in open
ponds around the world (Costa and de Morais 2014).
The most common cultivation systems for commercial production of algae today are
High Rate Algal Ponds (HRAP), also called Raceway Ponds (RWPs). Considering
large-scale microalgae production, RWPs show energy demand and plant complexity
considerably lower than photobioreactors (Chiaramonti et al. 2013). A typical
raceway pond consists of a closed loop oval channel, 0.25-0.4 m deep, open to air
and mixed with a paddle wheel to circulate the water and prevent sedimentation. The
depth is kept shallow to allow light to penetrate.
The energy requirements related to cultivation in open ponds comes from mixing and
circulation of the cultivation broth. In HRAPs, the cultures are typically mixed with
paddle wheels, because paddle wheels and durable pond mixers as they involve
mainly low speed moving parts and can be made of corrosion proof materials
(Oswald, 1988). Weissman and Goebel (1987), Oswald (1988), Stephenson et al.
(2010), and Chisti (2012) present the engineering fundamentals for calculating the
power requirements for open pond cultivation systems. The power requirement P (W)
of the paddlewheel to generate a volume flow rate Q (m3/s) of algal culture in a
typical raceway can be estimated using the following equation:
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(1)

=

, where L is the density of the culture broth (kg/m3), g the standard gravity (9.81
m/s2), H (m) the hydraulic head generated by the paddle wheel, and the overall
efficiency of the motor, drive and the paddlewheel. The volume flow rate depends on
the flow velocity u (m/s), the channel width w (m) and the depth (m) as follows:
(2)

=

The culture in the ponds must be circulated at about 20–30 cm/s, keeping the algae
suspended as well as providing relatively even illumination to the algae and
preventing thermal stratification1 (Borowitzka & Moheimani, 2013). The total hydraulic
head loss H (m) for water flowing at a velocity u in a straight channel of hydraulic
diameter dh and length Lr can be calculated with the following form of the Manning
equation:
= 6.35

(

)

(3)

/

, where fM is the Manning channel roughness factor (e.g. fM = 0.010 for glass, fM =
0.015 for unfinished concrete, and 0.025 for compacted gravel). The above equation
does not take into account for head losses around bends. The hydraulic diameter dh
can be calculated using the following equation:
=

4
+

(4)

The power required by the paddlewheel to overcome the head can then be rewritten
as:
( +

= 1.59

/

)

(5)

Since the depth of the channel is typically much smaller than it’s width and the
surface area A (m2) of the raceway can be approximated as Lr x w, Equation 4 can
be simplified as:
= 1.59

1

(6)
/

Unmixed ponds as shallow as 30 cm have been found to have a temperature difference of as much
as 8 °C from top to bottom on warm days (Oswald, 1988).
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As the power required to mix cultures increases as the cube of the velocity, ponds
should be designed to operate at the minimum velocity required for preventing algal
sedimentation and pond surface stratification and overheating. According to Oswald,
a minimum fluid velocity of 5 cm/s is required to prevent thermal stratification and
maintain algal or algal-bacterial flocs in turbulent suspension. As uniform velocities
are difficult to maintain in wide, shallow channels, minimum velocities of 15 cm/s are
in practice required for obtaining at least 5 cm/s in all locations.
From an engineering perspective the paddle wheel is a relatively inefficient mixing
device (overall efficiency of 0.17 in a channel with flat bottom; Borowitzka, 2005). In
addition, using a paddle wheel restricts the minimum depth of the pond to 0.2 m,
which results in a low biomass density (0.3 g DW per liter) (Norsker et al., 2011).
Table 1. Literature data on energy-related parameters for RWPs (Chiaramonti et al. 2013).

Oswald provides to calculation examples of the power consumption from mixing for a
large paddle-wheel mixed raceway pond 20 cm deep with a channel width of 6 m: 7
kWh/ha/day using a velocity of 15 cm/s, and 53 kWh/ha/day using a velocity of 30
cm/s, i.e. 0.03-0.2 W/m2. Pilot tests have given results of the same order of
magnitude, with mechanical power consumption of 0.08-0.6 W/m2 for velocities of 2540 cm/s (Weissman et al. 1989).
Published data on energy-related parameters (as bend head loss coefficient,
hydraulic theoretical power, paddle wheel efficiency, overall efficiency and total
energy consumption) of traditional RWPs differ widely among authors (Table 1). A
critical comparison of the energy requirement calculations by various authors is
presented by Chiaramonti et al (2013) and shows variations from 0.24 – 1.12 W/m2
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(Table 1). Still, the energy requirements from mixing are significantly lower for open
ponds than for closed photobioreactor systems, so LCA calculations typically use a
power consumption of 0.5 - 1 W/m2 for HRAP ponds (e.g. Jorquera et al. 2010, Slade
and Bauen 2013, Norsker et al. 2011).
2.1.1.1 CO2 injection
In order to provide CO2 to the microalgae and drive out the oxygen produced by the
algae, air mixed with CO2 or flue gas can be injected. According to Weissman and
Goebel (1987) gas lift mixing could also be provided by flue gas or CO2 injection
through a carbonation sump (a depression in the floor of the pond, where gas in
injected at the bottom to prolong the liquid-gas contact time). In theory, the
carbonation sump could be designed so that flue gas injection would provide the
necessary mixing energy needed for an open pond, but the overall power
requirements would be about the same as for a paddlewheel mixing system
(Weissman and Goebel 1987). In addition, using pure CO2 for providing the
necessary mixing energy would cause a large part of the injected CO2 to escape to
the atmosphere. The CO2 injection using a 0.9 m deep sump was tested by
Weissman et al. (1989). Although an uptake of over 80% of the CO2 injected was
achieved, the sump caused 17-25% of the total energy requirements for circulating
the cultivation medium around the raceway. The depth of the sump needed for
acquiring a good absorption of CO2 in the injected flue gas also affects the energy
requirements – according to Stephenson et al. (2010) deepening a sump from 3 to 6
m more than doubles the energy requirements of biodiesel production from
microalgae.
When pure CO2 is purchased and used, the pressure of the bottled CO2 is enough for
injecting the CO2 and no further pumps are needed. When flue gas or purified CO2
from a nearby industrial facility is used, additional blowers and pumps are needed.
Delrue et al. (2012, supplementary material) indicate that underestimation of the
energy requirements for CO2 aeration could be one reason for the wide ranges of
energy consumption estimates found in literature for raceway cultivation. However,
one reason could also be the different assumptions used in the calculations (use of
pressurized or non-pressurized CO2, CO2 concentration in the gas, depth of sump
etc.). According to Collet et al. (2011) and Brentner et al. (2011) the energy
requirements for aeration with pure CO2 in an open pond is only about one tenth of
the energy required by the paddle wheel. If flue gas (containing typically less than 15
vol-% CO2) is used, more power is naturally needed for transferring and injecting the
gas than when transferring and injecting pure CO2. According to Stephenson et al.
(2010) lowering the CO2 concentration from 12.5 to 9 vol-% would raise the energy
requirements of biodiesel production from microalgae with 70%.
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2.1.2 Photobioreactors
Closed or semiclosed photobioreactors (PBRs) are controlled environments, which
allow algal species to be cultivated that cannot be grown in open systems. Most of
the start-up companies in the algal biofuel sector focus on PBRs. PBRs have a
number of advantages of open pond systems, including minimal CO2 and water
losses, much better process control and flexibility, and minimal dependence on
weather. Also, PBRs may attain higher productivities than ponds and require less
space. However, the investment costs are typically more than 10 times higher (>USD
100/m2) compared to open systems and scale-up is more difficult because of
engineering issues related to gas/liquid mass transfer, prevention of wall growth, as
well as energy efficient mixing and cooling of the culture (Styring, 2011). In addition,
photobioreactors require much more energy for building than open ponds
(Stephenson et al. 2010).
Table 2. Advantages and disadvantages of various PBRs (Bahadar & Bilal Khan, 2013)

Photobioreactors can be classified according to their design or mode of operation
(Tredici, 2003). Considering the design, reactors can be
flat or tubular,
horizontal, inclined, vertical or spiral, and
manifold or serpentine.
Operational classifications of PBRs include
air or pump mixed,
single phase reactors (gas exchange take place in a separate reactor) or twophase reactors (where both gas and liquid are present).
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annular reactors, where the internal cylindrical cavity is typically used for
providing artificial light
Considering construction materials PBRs can
be made of glass or plastic, and
be rigid or flexible.

The specific energy requirements for photobioreactors come from mixing and
circulation of the cultivation broth, gas exchange, as well as overcoming altitude
differences (e.g. due to orientation and inclination). Temperature control is normally
handled by evaporative cooling (i.e. spraying with water).

Figure 1. Common closed photobioreactor geometries. Typical surface to volume ratios are 80-100 m2/m3 (modified after
Posten, 2009).

2.1.2.1 Vertical columns and sleeves
In vertical columns CO2 containing gas (air and/or CO2-enriched air) is provided by
spargers. The incoming gas stream also provides the overall mixing, so all the
energy input comes from the compressed gas stream. There are two main types of
vertical tubular reactors that can be differentiated, based on their mode of liquid flow.
Bubble column reactors are cylindrical vessels with a height larger than twice the
diameter. Mixing and CO2 mass transfer is accomplished through the bubbling gas
mixture from the gas sparger in the bottom of the reactor. Bubble columns can also
be annular, where the inner cylinder is typically used for providing artificial
illumination (Figure 1). In contrast to bubble columns, where the gas moves
randomly, airlift photobioreactors are vessels that have two interconnecting zones – a
riser, where the incoming gas mixes with the cultivation media and a downcomer,
where the cultivation media is returned, after the gas has disengaged from the
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media. The riser and downcomer can be two separate tubes or the zones can exist in
the same vessel, separated only by flow patterns due to reactor design (Figure 2).
Chisti (1989; 1998) explains the principles for calculating the power input to
pneumatically agitated bioreactors. Since the kinetic energy of the gas jet is
negligible, the specific power input, or the power input (PG) per unit volume of the
liquid (V) can be simplified as
(7)

=

for bubble columns, and
=

(8)
1+

for airlift bioreactors, where UG and UGr is the actual height-averaged superficial gas
velocity, the density of the liquid (kg/m3), g the standard gravity (9.81 m/s2), Ar the
cross-section area of the riser and Ad that of the downcomer. The actual heightaveraged superficial gas velocity can be calculated as
=

(9)

1+

, where Qm is the molar flow rate of the gas, hL is the static height of the gas-free
liquid, R is the gas constant, T is the absolute temperature, A is the cross-sectional
area of the column and Ph is the pressure in the head zone. For an airlift reactor, a
hypothetical superficial gas velocity (UG) can be converted to the superficial velocity
in the riser (UGr) according to the following equation:
=

(10)

, where A is the sum of the cross-sectional areas of the riser and the downcomer.
Typically, gas sparging in PBRs serve multiple functions such as maintaining the
cells in suspension, providing carbon to the broth, distributing light and dissolved
nutrients, and stripping the oxygen generated by photsynthesis (Pegallapati et al.
2014). The extent of gas sparging is can be quantified in terms of the gas flow
rate:culture volume ratio; Q/V (min-1): the higher the Q/V ratio, the higher the power
requirements. The operational Q/V ratio has to be maintained high enough for
keeping the cells in suspension and to provide the CO2 needed for achieving the
desired growth rate, but below the threshold that the microalgae species can tolerate.
Although bubble columns and airlift systems cause lower shear stress for microalgae
than mechanical mixing, even air bubbling may case some stress to the cells
(Tredici, 2003).
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According to Chisti (1998), the specific power input does not normally exceed 3
kW/m3 in pneumatically agitated bioreactors, with a value of 2 kW/m3 being a more
typical maximum. However, in animal cell culture applications the power input is
typically less than 100 W/m3 is (Chisti, 1998). On the other hand, the power input
must be high enough to drive out the generated oxygen. According to Sierra et al.
(2008) the minimum power input needed to prevent accumulation of oxygen in a
bubble column is 40 W/m3.
A method for calculating the optimal mechanical power input for bubbling columns
has been proposed and validated by Arudchelvam and Nirmalakhandan (2012a,b,c).
According to this method, the Q/V ratio required to maintain a biomass density of X
(g/L) in suspension can be estimated from
=

60(4 + 5)

(11)

, where is the specific weight of the broth (N/m3) and H is the culture depth (m). The
Q/V ratio required to supply the necessary carbon to maintain a desired growth rate
of µ (g L-1 day-1) can be estimated as
=

(12)
25.9

, where a is the CO2 content of biomass (approximated as 1.833 g CO2 per g dry
biomass) and y is the CO2 content in the sparging gas (vol%). The higher of the
results from Equation 11 and 12 is then taken as the optimal gas:culture volume
ratio, (Q/V)opt. At this optimum, the total power requirement per culture volume
(W/m3) from sparging can be calculated as:
=

(13)
60

Using the method by Arudchelvam and Nirmalakhandan, Pegallapati et al. (2014)
calculated the optimal mechanical energy requirements of various PBRs in published
experimental work. They found the optimal energy requirement at a range of 9 – 120
W/m3 for bubbling columns and 6 – 71 W/m3 for annular reactors. Excluding the data
for smaller-scale reactors (<1 m in height) gives more consistent numbers: 33 – 49
W/m3 for bubbling columns and 30 – 71 W/m3 for annular reactors.
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Figure 2. Different type of pneumatically agitated reactors (modified after Chisti,
1998).
Vertical reactors are at a large angle to the solar radiation, causing a large amount of
the solar energy to be reflected and thus a relatively low productivity outdoors
(Tredici, 2003). In addition, the surface-to-volume ratio is relatively low, causing a
relatively low productivity. On the other hand, oxygen build-up is not a problem in
vertical columns due to effective gas exchange and the short path for transferring
oxygen out of the liquid. According to Tredici (2003) the oxygen removal capacity is
fourfold in bubble columns in comparison to horizontal serpentine reactors. Although
vertical columns can serve as PBRs, they are limited in size to a few meters in
height. In several designs aimed at larger scale cultivation, vertical columns are used
for gas exchange of the cultivation broth (carbon dioxide in, oxygen out), while the
actual cultivation takes place in tubular reactors.
2.1.2.2 Tubular reactors
The most common PBR designs are based on tubular PBRs (Zittelli et al., 2013a). In
tubular photobioreactors the culture-containing tubes are mostly placed horizontally
to maximize sunlight uptake. The tubes can be straight, connected in series by bends
(serpentine configuration, Figure 1) lying flat on the ground or stacked on top of each
other in several planes, or be curved and arranged as coils (helical configuration).
The tubes can also be connected in parallel with a manifold connecting the tubes at
each end (Figure 1).
The power consumption (P) for broth circulation in a tubular reactor can be calculated
as
=

(14)
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, where h the head of liquid pressure (m), and the flow rate of the liquid (Pirt et al.,
1983). The head of liquid for horizontal tubular reactor can be calculated as
static head = velocity head + shear head + friction head in bends or
=

2

+

+

2

(15)
2

, where v is the liquid flow velocity (m/s), L the length of the tubing (m), d the tube
diameter (m), s the shear factor for friction between liquid flow and wall, n the number
of bends in the loop, and b the bend factor arising from resistance to change in flow
direction at a bend.
A separate airlift reactor is typically employed for gas exchange of the cultivation
media, i.e. providing carbon dioxide to the media and removing oxygen. The aeration
reactors are typically vertical tubular reactors, for which the energy requirements can
be calculated with the equation presented in the previous section.
Still, oxygen is relatively difficult to remove from horizontal tubular reactors, causing
oxygen buildup that reduces the photosynthetic efficiency. Another major drawback is
the relative high energy consumption from pumping the culture at turbulent velocities
needed for exposing the culture evenly to light. The energy needed to mix the culture
by turbulent flow is strongly dependent on the tube diameter (Figure 3). A high
enough velocity is needed partly to create sufficient turbulence for enabling exposure
to lights for all cells and partly to avoid detrimental concentration of dissolved oxygen
in the tubes (Norsker et al., 2012). On the other hand, the fragility of the microalgae
cells will determine the maximum velocity that can be allowed (Acién Férnandez et
al. 2001). For instance, Torzillo et al. (1993) observed a significant decrease in
culture productivity when raising the pumping velocity from 0.3 m/s to 0.8 m/s.

specific power input (W/m2)

0.5
0.4
0.3
0.2
0.1
0
0

0.05

0.1

0.15

0.2

0.25

diameter (m)
Figure 3. Specific power input per unit of collector aperture area as a function of tube diameter
(calculated for a Reynolds number of 10,000, derived from Burgess & Fernandez-Velasco, 2007)
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As the energy requirements from pumping is largely depending on tube diameter and
culture velocity, a large variation in reported pumping energy requirements for tubular
PBRs is to be expected. However, there seem to be some confusion in the literature
on the power requirements for tubular photobioreactors, with very high numbers of
2000-3400 W/m3 being reported as typical requirements (e.g. Jacobi & Posten, 2013;
Sierra et al., 2008; Jorquera et al., 2010; Hall et al. 2003, Posten, 2009). As Norsker
et al. (2012) indicate these numbers seem to originate from a single study by Hall et
al. (2003) comparing results of experimental work with tubular photobioreactors.
While the power requirements for the work by Hall et al. seem correctly calculated
and can be repeated (a specific power input from gas of 800-3400 W/m3), the
recalculation of the data presented by Acién Férnandez et al. (2001) seems incorrect:
Acién Férnandez et al. reports a specific power input of 170 W/m3 for a maximum
velocity of 1.0 m/s, while the recalculation by Hall et al. 2003 gives 1600 W/m3 for a
velocity of 0.5 m/s.
Another cause to confusion is that some authors report only the power requirements
from the aeration reactor while other report only the power requirements from
circulation of the fluid. For instance, Torzillo et al. (1993) reports relatively low power
requirements for circulating the broth: 0.04 W/m2, which corresponds to 2 W/m3 for
their cultivation unit (140 L culture volume, 7.8 m2 reactor area).
2.1.2.2.1 Serpentine photobioreactors
Serpentine photobioreactors are systems in which several straight transparent tubes
are connected in series using U-bends, forming a flat loop that can be arranged
either vertically or horizontally (Figure 1). A separate reactor vessel (bubble column
or airlift reactor) is normally used for gas exchange (aeration) and nutrient addition.
The broth circulation is achieved either by pumping, or by using an airlift column
(Tredici, 2003; Figure 4). According to Pirt et al. (1983) about 15% of the pump
power consumption is spent for moving the suspension around the bends.
Power is consumed both from cultivation pumping around the loop and for air blowing
into the aeration reactor. Since the aeration reactors are typically vertical tubular
reactors, the energy requirements can be calculated with the equation presented in
the previous section.
Acién et al. (2012) reported detailed energy requirements for a pilot-scale tubular
reactor system similar to that presented in Figure 4 (3 m3 culture volume per PBR, 10
PBRs in total), giving 330 W/m3 electrical power consumption for the centrifugal
pumps for pumping the cultivation in the bioreactors and an additional 130 W/m3 for
aerating the broth (a bubble column was reportedly used for degassing). Pure CO2
was used in the pilot, presumably purchased readily pressurized, since no power
requirements were reported for the CO2 delivery system.
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Figure 4. PBR with horizontal serpentine loop for solar collection and an airlift system for degassing (Molina et al. 2001).

In comparison to raceway ponds, the energy requirements for serpentine tubular
photobioreactors are high. Stephenson et al. (2010) compared the energy
requirements for these two systems for producing biodiesel and found that the
energy requirements were 30 times higher for the tubular photobioreactors (200 GJ/t
biodiesel) than for the open raceway ponds (6.5 GJ/ton biodiesel). They also
calculated the electrical power consumption for circulating the broth at 0.5 m/s purely
by air-lift (using flue gases and air) to 290 W/m3. Lowering the speed to 0.35 m/s
would reduce the power consumption with 40%.
According to Tredici (2013) the serpentine design, which has been much
experimented with at the research level, is not favoured for scale up, as it suffers
from inadequate degassing (removal of oxygen) and inadequate illumination due to
little radial movement of the fluid in the tubes. In addition, the serpentine design
suffers from wall growth as well as both insufficient temperature control and
ineffective mixing. Even commercial systems for small-scale production of
microalgae are based on a manifold arrangement of tubes.
2.1.2.2.2 Helical tubular reactors
The helical type photobioreactor consists of a coiled transparent and flexible tube of
small diameter with separate or attached degassing unit. A centrifugal pump is used
for driving the culture through the long tube to the degassing unit. It’s advantage
includes better CO2 transfer from gas phase to liquid due to its long CO2 absorbing
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pathway. However, the energy requirements due to the pump are relatively high and
the associated shear stress limits its commercial use. Also, fouling is a problem.
Watanabe et al. (1995) calculated the power requirements of a compressed, airdriven diaphragm pump used for providing the force to circulate the broth in a 12 L
helical tubular photobioreactor to 360 W/m3, but argues that with a more efficient
pump the power could be reduced to one fifth of that. Pegallapati et al. (2011)
estimated the mixing energy requirements for a 6 L helical tubular PBR presented by
Watanabe et al. (1996) to 6 W/m3. However, the method by Pegallapati et al. seems
only to take into account the energy required for mixing and not the energy required
for pumping. Hall et al. (2003) calculated the energy requirements for a 75 L outdoor
helical tubular photobioreactor, using air injection for both mixing and fluid circulation.
According to their findings, the total power consumption was 800-3400 W/m3, of
which the power required for pumping the fluid around the reactor was 1-4% while
the rest was due to mixing.
2.1.2.2.2.1 Manifold photobioreactors
In manifold PBRs a series of parallel tubes are connected at the ends by two
manifolds: one for distribution and one for collection of the culture suspension (Figure
1). Since there are no bends as in serpentine reactors, less energy is required for
fluid circulation in a manifold reactor (Tredici, 2003). Different types of manifold
reactors have been experimented with, including the near-horizontal reactor
presented by Tredici et al. (1998) and the inclined-tube air-lift reactor analysed by
Vunjak-Novakovic et al. (2005). Rather common, both at pilot scale and in
commercial plants, are manifold PBRs arranged like fences.
In commercial designs the manifold configuration is preferred over serpentine
(Tredici 2003). Roquette Klötze BmhH & Co operates a vertically arranged manifold
PBR system for commercial production of Chlorella consisting of 48 mm glass tubes,
arranged in 20 separate units covering 35 m2 each. The total cultivation volume is
600 000 L and the PBR system is located in a greenhouse covering 1.2 ha (Zittelli et
al., 2013a).
Norsker et al. (2012) calculated the specific power requirements for a tubular
manifold photobioreactor, giving power requirements of 76-133 W/m3 for a cultivation
circulation pump (pump efficiency = 0.5) at a culture velocity of 0.5 m/s, depending
on the smoothness of the inner tube surface. The power requirement for the air
blower for degassing the culture was approximately one fifth of that of the circulation
pump.
Tredici et al. (1998) describes a near-horizontal manifold tubular reactor for biological
hydrogen production, tested with 6-90 m long tubes. The PBR consists of parallel
tubes installed with a slope about 10%. A manifold tube, containing a small gassing
tube, connects the tubes at the bottom (Figure 5, left-hand picture). At the top the
tubes are connected to a degasser manifold tube. In this system pumps are not
needed for cultivation mixing. Compressed gas is introduced into the bottom of most
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of the tubes and flows up with some of the liquid to the degasser, inducing an air-lift
recirculation flow through the tubes that are not gassed, resulting in mixing of the
entire culture. The compression energy requirements due to the 4-m hydrostatic
head of water (50-m long tubes, 8% slope) were estimated at 44.4 kJ/m2/day.

Figure 5. Schematic of a near-horizontal tubular reactor (left-hand picture, Tredici et al., 1998) and an inclined-tube airlift reactor (right-hand picture, Vunjak-Novakovic et al. 2005).

2.1.2.3 Flat plate reactors
Inclined or vertical flat PBRs represent very promising culture systems (Zittelli et al.,
2013b). Flat panel PBRs have a cuboidal shape, designed to minimize the light path
(Figure 1). They are characterized by high surface area to volume ratio and open gas
disengagement systems. The panels can be oriented and tilted at different angles in
order to adjust the intensity of incoming light and make use of diffuse and reflected
light. For low investment costs flat panels can be constructed as rigid plastic shells or
flexible plastic bags. Flat panels can also be closely packed together in order to
achieve high areal productivities. Air-bubbling can be used for mixing, ensuring
adequate turbulence, a good mass transfer capacity, and scouring of the reactor
walls. However, relatively high bubbling rates must be used to be efficient, which
require typically much more energy than raceway pond mixing. CO2 containing gas is
provided by various spargers, and mixing can be either purely by incoming gas or
aided by mechanical motors. Temperature control can be achieved by evaporative
cooling (water spraying) or by heat exchangers. Some of the designs show good
scalability.
Sierra et al. (2008) describes the fluid dynamics and mixing characterization of a flat
plate PBR. As the power input to the reactor comes from the aeration, the power
requirements per volume unit can be calculated with the same equations as that for
bubbling columns:
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=

(16)

According to the calculations by Sierra et al., the minimum power input needed to
prevent accumulation of oxygen in a flat-panel reactor (of a certain geometry) is 53
W/m3, while that of a bubble column is 40 W/m3.
Using the method described by Arudchelvam and Nirmalakhandan (2012a,b,c),
Pegallapati et al. (2014) calculated the optimal mechanical energy requirements of
various PBRs in published experimental work. The optimal energy requirement was
at a range of 10 – 180 W/m3 for the various flat-panel PBRs described in the
literature studied. Excluding the data for smaller-scale reactors (<0.5 m in height)
narrows the range to 50 – 180 W/m3. Again, the method seems only to calculate the
power requirements for sparging (aeration) and excludes that of pumping.
As an example of commercial flat photobioreactor designs, a Flat Panel Airlift (FPA)
photobioreactor, developed and patented in the early 2000’s, has recently been
scaled-up and tested by Subitec GmbH for CO2 removal. The basic design of the
reactor is a plastic plate divided into large riser zones, into which compressed air is
injected, and smaller down-comer zones. The rising air bubbles induce vortices that
move the cells in and out of the illuminated layers. Productivities of 1.5 g L-1 day-1
have been achieved with various microalgal species. Recent developments have
been made towards reducing the power requirements from 500 to 200 W/m3. The
reactor cost is about €1 L 1, equivalent to about 40 €/m2. The main advantages of this
system are industrial relatively low reactor production costs, good mixing and short
light-path. Using the numbers from the pilot installation a biomass production cost of
4.2 €/kg was estimated (Zittelli et al., 2013b). In 2008 demonstration plants for CO2
capture from waste gases were built in Hamburg, Germany (1,400 L total volume)
and in Stuttgart (4,300 L total volume).
Tredici et al. (2015) studied the energy requirement for a large “green wall panel”
(GWP) demonstration plant, consisting of 315,000 L total culture volume held in
flexible, flat PBRs constructed from disposable transparent LDPE, occupying a land
area of 1 ha. The main power consumption was due to aeration (culture bubbling) of
the flat panel reactors (0.7 m in height), which was 73 W/m3 in daytime and 31 W/m3
during night. The culture and growth medium pumping requirements were only 1.2
W/m3 (Figure 6).
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Figure 6. Energy consumption for operation of a 1-ha flat panel PBR cultivation facility (unit: kWh/day)

2.1.3 Comparison of energy requirements by various PBRs
Acién Fernández et al. (2013) sums up the energy requirements for various
photobioreactors rather well: the power consumptions for a raceway, flat panel and
tubular reactors are on the order of 1 W/m3, 50 W/m3, and 500 W/m3, respectively.
Although the energy requirements of PBRs are much higher than that of raceway
ponds, downstream energy requirements for PBRs are lower than that for open
ponds as the algae concentration is higher in PBRs. The power consumption of a
bubble column is on the same order as that for the flat panel reactor. The lower
power consumption of open raceway ponds are their principal advantage besides
their small capital investment and are the reactors of choice with microalgal species
that are tolerant to variations in culture conditions. Tubular photobioreactors have
despite their high power consumption and cost a role in producing sensitive and
highly valuable strains used in the production of foods, feeds and fine chemicals. In
these applications the PBRs are optimized for biomass productivity and not energy
efficiency. Pegallapati et al. (2014) has demonstrated that PBRs optimized for
biomass productivity are not necessarily energy efficient. According to Jacobi &
Posten (2013) a decoupling of mixing and gas supply could be one way to lower the
energy requirements for PBRs.
When considering cultivation of microalgae for biofuel production the energy
requirements of the cultivation equipment needs to be compared against the energy
contained in the biomass product. According to Lundquist et al. (2010), the overall
content of the algal biomass is 20 MJ/kg. As the biomass productivity is typically far
below 1 kg/m3/day (typically less than 0.1 kg/m3/day for open ponds, less than 0.8 for
PBRs), the energy content of the biomass cultivated can be considered far below 230
W/m3. Therefore, photobioreactors do not seem a sustainable option for microalgae
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biofuel production from a carbon management perspective (except if renewable
power is used for generating the electricity consumed by the cultivation).
Energy requirements calculated and measured for various photobioreactors are
collected in the Appendix. The Appendix includes the energy requirement
assessment by Pegallapati et al. (2014).

2.2 Effects of local conditions
The siting of an outdoor microalgae production facility requires careful consideration.
Ideally, the climate should allow for a high biomass productivity to be maintained for
the entire calendar year. Access to water (of sufficient quality for make-up), nutrients
and carbon dioxide is also important.
For open ponds, the productivity is influenced primarily by the average annual
irradiance level and the prevailing temperature (Chisti, 2012). Other factors to
consider for an open pond are humidity, rainfall, wind velocity, the likelihood of
storms and floods, and the presence of dust and other pollutants in the atmosphere.
Local topography and geology also affects the suitability of construction of raceway
ponds.
2.2.1 Heating and cooling
In order to achieve maximal productivity, the cultivation needs to be kept at optimal
temperature for the algal species. The optimal temperature for growth varies widely
with microalgae species. Temperature can also affect the biochemical composition of
the biomass (Chisti, 2016).
The energy balance of the cultivation in both open ponds and flat panel PBRs has
been explained by (Marsullo et al. 2015). The thermal balance for an open pond or
PBR can be expressed as
=

(17)

where VR is the volume of the pond or reactor, Cp the heat capacity of the growth
medium, w the density of the growth medium, Tw the temperature of the brew, Qirr
the heat flow rate (W) by sunlight, Qalgae the light energy flow rate to algae during
growth, Qrad the heat flow rate by emission of long-wave radiation in the infrared
region, Qevap the heat flow rate caused either by evaporation or condensation, Qconv
the heat flow rate by convection, Qcond the heat flow rate via conduction and Qexch the
heat removed by a heat exchanger.
The temperature in an open pond is affected by the solar radiance, evaporation and
temperature of air. The temperature generally varies cyclically, with the day-night
cycle. During the morning, the productivity of the pond is normally limited by low
temperatures (Tredici, 2003). Raceways located in tropical regions with a uniform,
warm temperature throughout the year and low diurnal variation maintain a high
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productivity all the year. Most algae cultivated in warm climates in open raceway
ponds have an optimal growth temperature in the range of 24-40 °C (Chisti, 2012;
Hangata et al. 1992). The temperature of large raceways is normally not controlled,
as it is impractical (Chisti, 2012). In tropical regions no temperature control is
needed, as the water temperature normally does not rise during the day more than
10 °C due to evaporation. Hence, Qexch can be set to zero for open ponds. Instead,
freshwater needs to be added periodically to make up for evaporative loss. In the US,
evaporation can be between 0.8 to 2.5 m per year (Delrue et al. 2012, supplementary
data). Evaporative losses through heating of open ponds pose a problem for cold
climates (Pfromm et al. 2011). In temperate regions, the productivity is strongly
influenced by the length of the growing season. Here, some temperature control
could be enabled by heating of chilling of the makeup water (Chisti, 2012). The
culture could also be recirculated through external heat exchangers for temperature
control, but is unlikely to be an economical option (Chisti, 2012). Alternatively,
different algae could be grown in different seasons.
In PBRs the temperature can be more easily controlled using heat exchangers or
direct contact with water, either by sprinkling or by keeping the PBRs submersed in a
water pond. Thus, the heat that needs to be removed or added can be expressed as:
=0

=

(18)

In PBRs the temperature can be more easily controlled using heat exchangers or
direct contact with water, either by sprinkling or by keeping the PBRs submersed in a
water pond. In warm climates where PBRs can overheat during midday the
temperature is normally controlled by shading and/or spraying of water using
sprinklers (evaporative cooling). According to Delrue et al. (2012, supplementary
data) the water needed for cooling is 1 L/m3 of PBR/min (with a 5% blowdown) and
can represent between 0.3 – 2 % of the total energy consumption for cultivation.
PBRs can also be immersed in a water bath, although its cost-effectiveness is
doubtful (Tredici, 2003). Also seawater can be used for cooling PBRs through the
use of heat exchangers (Tredici et al., 2015). The water required for cooling can be
calculated as
=

(18)

where
is the mass flow-rate (kg/s) and T the temperature difference between
inlet and outlet of cooling water (K).
In cold climates, it is not necessarily feasible to operate a microalgae cultivation
facility during winter due to the high energy requirements for heating the cultivation
media. For instance, keeping a water temperature at 20ºC would require over 600
W/m2 during winter nights in open pond race-ways (Kujanpää et al. 2016). Covering
the ponds during night might be an effective way or reducing heat transfer losses. In
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addition, it might be possible to utilize waste heat from nearby industry to keep the
cultivation warm.
2.2.2 Light provision
In outdoor microalgae systems, sunlight is the major light source, while indoor
cultivation mainly uses artificial light sources. Even for indoor systems it is possible to
transmit solar radiation from outside using solar energy-excited optical fiber systems.
Using sunlight has its drawbacks, as no means for exposure control, direct exposure
of microalgae to UV irradiation (Chen et al., 2011), day-night cycles, and
unpredictable variations in intensity and uneven distribution (on large areas) due to
clouds. The current value of the solar constant, i.e. the intensity of the solar radiation
on a surface normal to the sun’s rays, just beyond the earth’s atmosphere at the
average earth sun distance, is 1367 W/m2 (ASHRAE, 2011). Some of the sun’s direct
radiation is scattered by nitrogen, oxygen and other molecules in the atmosphere, as
well as by aerosols, water droplets, dusts and other particles. Attenuation of the solar
rays is also caused by absorption in the atmosphere. In practice, the solar radiation
on Earth’s surface rarely exceeds 950 W/m2 (ASHRAE, 2011). In addition, the
average solar radiation naturally decreases from the equator towards the poles,
making it more challenging to provide enough light for supporting microalgal growth.
A common engineering problem with photoautotrophic cultivation is to enable access
to light in cultivations with high cell density. In order to enable sufficient light to also
reach all microalgae cells, open ponds are kept as shallow as possible, normally only
restricted by the minimum depth that a paddle wheel can operate on, and (in terms of
HRAPs) in constant motion. Different photobioreactor designs have been constructed
to improve the natural light supply and enhance the biomass production performance
(see e.g. Chen et al. 2011). The most successful designs seem to have been those
minimizing the path for light to reach the cells. In terms of open ponds, this means
minimizing the depth of the pond, which can be enabled by using pumps instead of
paddle wheel for mixing.
Artificial light can be provided to enhance growth. However, artificial light sources
have a high power consumption and, thus, high operating cost. In terms of cultivating
microalgae from a climate mitigation perspective (e.g. biofuel production or CO2
utilization) using artificial light is contradicting with the prime motivation for using
microalgae, which is using microalgae as a means for converting energy from the
sun into a product. It could be argued that renewable power could be used for
generating the electricity for illumination. However, if renewable power is readily
available there are more efficient means for utilizing CO2 or producing biofuel than
microalgae cultivation. Therefore, the energy requirements of artificial light were not
studied in this review. For a review on energy requirements of artificial lighting, see
for instance Chen et al. (2011).
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3 Harvesting
Low cell densities and the small size of some algal cells make the recovery of
biomass difficult (Brennan and Owende 2010). Generally harvesting process for
microalgae is a two stage process including bulk harvesting (also called primary
harvesting) and thickening (also called secondary harvesting). Bulk harvesting, or
separation of biomass from water aims to concentration of 2-7% total solids.
Technologies concerned with bulk harvesting include flocculation, flotation and
gravity sedimentation. (Brennan and Owende 2010). For most downstream
processing, a thickening step is required to increase the solid concentration.
Thickening or secondary harvesting, concentrates the slurry using technologies such
as centrifugation, filtration or ultrasonic aggregation.
The final solid content needed varies for this secondary harvesting step and ranges
from 20-50 % solids for downstream processes that can tolerate significant moisture
content (e.g. hydrothermal liquefaction and aqueous extraction) to >90 % solids for
dry feedstocks needed for traditional solvent extraction (e.g. hexane extraction). To
reach >90 % solids, dewatering with thermal dryers is need.
Chen et al. (2011) reported an older study where algae removal using filtration,
flotation, centrifugation, precipitation (i.e. flocculation), ion exchange, passage
through a charged zone, and ultrasonic vibration were compared. The study
concluded that only centrifugation and chemical precipitation (i.e. flocculation) are
economically feasible options, with centrifugation being marginally better.
Flocculation combined with centrifugation are chosen for harvesting methods in
several life-cycle assessment preformed for microalgae-to-biodiesel processes (Xu et
al. (2011), Monari et al. (2016), Stephenson et al. (2010), Khoo et al. (2011)).
The selection of harvesting technique depends on the specie of microalgae, the final
desired product(s) and the processes subsequently used. Desired microalgal
properties which simplify harvesting are large cell size, high specific gravity
compared to the medium, and autoflocculation properties (Khoo et al. 2011;
Udumann et al. 2010).
Any suitable harvest method must be capable to process the large volumes typical of
algal biomass production processes. Filtration may be unsatisfactory because it can
be relatively slow. For extremely low value products, gravity sedimentation, possibly
enhanced by flocculation, may be the best choice whereas centrifugal recovery of the
biomass is feasible for high-value products. Centrifuges can process large volumes
relatively rapidly and the biomass can remain fully contained during the recovery. A
further consideration in selecting a suitable harvest process is the acceptable level of
moisture in the product. Gravity sedimented sludge is more dilute than centrifugally
recovered biomass. Too high moisture content in the harvested biomass can
substantially influence the economics of product recovery further downstream if
dehydration of the biomass is required after harvest. (Molina Grima et al., 2003).
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3.1 Harvesting methods
3.1.1 Bulk harvesting
3.1.1.1 Flocculation
In flocculation dispersed particles are aggregated together to form large particles for
settling (Chen et al., 2011). The flocs are collected from the bottom of the settler with
a wiper. Flocculation is the first stage in bulk harvesting process and it often is a
preparatory step prior to other harvesting methods such as filtration, centrifugation or
flotation since the microalgal flocs may have a specific gravity close to and even
below that of water, and the sedimentation of flocs may not be possible (Brennan and
Owende, 2010; Udumann et al., 2010).
Since microalgae cells are charged negatively, which prevents natural aggregation of
cells in suspension, addition of flocculants neutralises or reduces the negative charge
(Brennan and Owende, 2010). Flocculation processes are divided into
autoflocculation, chemical coagulation and electrolytic processes (Chen et al., 2011).
Autoflocculation is the spontaneous floc formation and settling of algae (Udumann et
al., 2010). Autoflocculation takes advantage of natural means to force cells to
aggregate in floccs (Allnutt and Kessler, 2015). In autoflocculation carbonate salts
precipitate with algal cells in elevated pH. It is a consequence of photosynthetic CO2
consumption with algae. Prolonged cultivation under sunlight with limited CO2 supply
assists autoflocculation of algal cells. (Chen et al., 2011)
For the treatment of large quantities of numerous kinds of microalgal species,
chemicals are added to microalgal culture to induce flocculation. Two kinds of
flocculants according to their chemical compositions may be used; either inorganic
flocculants or organic polymer/polyelectrolyte flocculants. Inorganic coagulants, like
iron-based or aluminium based coagulants are used to neutralize or reduce the
negatively surface charge of the microalgal. (Chen et al., 2011). Most commonly
used inorganic flocculants include aluminium sulfate, ferric sulfate and lime.
Aluminium sulfate (Al2(SO4)3) have been widely used to flocculate algal biomass in
wastewater treatment processes. (Udumann et al., 2010). Polymeric flocculants can
be either anionic, cationic, or non-ionic. It has been found out that cationic
polyelectrolytes are the most effective flocculants for microalgae recovery. (Udumann
et al., 2010). Chitosan is an edible nontoxic polymer flocculant that has proved
effective with various microalgae. (Molina Grima et al., 2003).
A combined flocculation process is a multistep process using more than one type of
flocculant. (Chen et al., 2011). The response to certain flocculants and the
effectiveness of its dosage will vary tremendously from one algal species to another
(Brentner et al., 2011). Ideally, the flocculants used should be nontoxic, inexpensive,
and effective in low concentration, and they should be selected so that further
downstream processing is not adversely affected by its use (Molina Grima et al.,
2003).
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For harvesting algae, flocculation is clearly the lowest impact process but most of the
environmental burden comes from the selection of the flocculant. Lime addition
carries a heavy burden, but aluminum sulfate and chitosan are close in their overall
impacts. (Brentner et al., 2011).
One of the main diadavantages of using flocculants to aid microalgae recovery is that
it involves the addition of chemicals into the system, which results in an increase in
total dissolved solids (Udumann et al., 2010).
Typical concentrations in microalgal harvesting achieved with flocculation are 2 to 3
wt.% (Xu et al., 2011, Khoo et al., 2011).
3.1.1.2 Flotation
Flotation is a gravity separation process which exploits differences in the surface
properties of particles. Gas bubbles are generated in a liquid. The bubbles become
attached to solid particles or immiscible liquid droplets causing the particles or
droplets to rise to the surface where they accumulate as a floating sludge. (Smith,
1995). Flotation, unlike flocculation, does not require any addition of chemicals
(Brennan and Owende, 2010).
Flotation is stated to be more beneficial and effective than sedimentation with regard
to removing microalgae. Flotation can capture particles with a diameter of less than
500 µm. Mass cultivation of algae need a high overflow rate, which favours flotation
in which algae are moving upwards (Chen et al., 2011). However, there is very
limited evidence of flotation’s technical or economic viability (Brennan and Ovende,
2010).
Based on the bubble sizes used in the flotation process, the applications may be
divided into dissolved air flotation (DAF) and suspended/dispersed air flotation (SAF).
(Chen et al., 2011). Dissolved air flotation is the most widely used flotation
techniques used in industrial effluent treatment (Udumann et al., 2010). In DAF, the
pressure reduction of a water stream that is presaturated with air at excess pressures
produces 10-100 µm bubbles. The bubbles rise through the liquid and carry the
suspended solids to the surface, which can then be skimmed off. Dissolved air
flotation is often combined with chemical flocculation, and it is possible to obtain
microalgal slurris of up to 6 % (Udumann et al., 2010). In SAF, 700-1500 µm bubbles
are formed by a high speed mechanical agitator with an air injection system (Chen et
al., 2011).
3.1.1.3 Settling/Sedimentation/Gravity sedimentation
One of the most straightforward methods for harvesting algal cultures is to let them
settle naturally (Allnutt and Kessler, 2015). In settling processes, particles are
separated from a fluid by gravitational forces acting on the particles. The particles
can be liquid drops or solid particles and the fluid can be a liquid or a gas. (Smith,
1995). Sedimentation is the separation of suspended solid particles from a liquid
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mixture by gravity settling into a clear fluid and a slurry of higher solids content
(Smith, 1995).
Gravity sedimentation is commonly applied harvesting technique for algae biomass in
waste water treatment because of the large volumes treated and the low value of the
biomass generated (Brennan and Owende, 2010). Gravity sedimentation, possible
enhanced by flocculation may be the method of choice for extremely low value
products (Molina Grima et al., 2003). Harvesting by sedimentation at natural gravity
is accomplished via lamella separators and sedimentation tanks (Udumann et al.,
2010).
The settling characteristics of algal cells are influenced by density and radius of the
cells. Too low density microalgal particles do not settle well and are unsuccessfully
separated by settling. (Chen et al., 2011). Gravity sedimentation is only suitable for
large, ca. >70µm microalgae (Brennan and Owende, 2010).
Typical concentrations in microalgal harvesting achieved with gravity sedimentation
alone is 1,5 wt.% (Chen et al. 2011). Gravity sedimented sludge is typically more
dilute than centrifugally recovered biomass (Molina Grima et al., 2003).
3.1.2 Thickening
3.1.2.1 Centrifugation
Centrifugal separation is used when gravity separation (settling, sedimentation or
flotation) is too slow and the particles do not settle readily or at all (Smith, 1995).
Gravity separation may be too slow because of the closeness of the densities of the
particle. In centrifugal separation processes, the separation of particles from a fluid is
accomplished by centrifugal forces acting on the particles. Geankoplis, 1993).
Centrifugation is reliable but energy intensive and subsequently costly. It may be
used for harvesting algal cells when the desired products are much more valuable
than biofuels, for example in the case of extraction of nutraceuticals from algal cells.
(Brentner et al., 2011; Dassey et al, 2013).
For commercial recovery of high-value products, centrifugation appears to be the
preferred method of recovering the alga from the broth. Centrifugation may be
preceded by a flocculation step to improve recovery rate. When centrifugal recovery
is not feasible (e.g. when the alga being recovered is fragile), microfiltration can be a
suitable alternative. (Molina Grima et al., 2003).
Most microalgae can be recovered from the liquid broth using centrifugal separation.
A drawback of centrifugation is the possible damage of microalgal cell structure due
the exposures of cells to high gravitational and shear forces. (Chen et al., 2011).
Other disadvantages of the process include high energy costs and potentially higher
maintenance requirements due to freely moving parts (Brennan and Owende, 2010).
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Low-speed centrifugation may be a more feasible alternative for dewatering
microalgae slurries if a flocculant agent is used to increase the average particle size
from 10 m to 10 mm by forming large masses of many small particles to facilitate
solid separation from a liquid media (Rogers et al., 2014).
Typical concentrations in microalgal harvesting achieved with centrifugation are 15 to
30 wt.% (Delrue et al., 2012, Xu et al., 2011, Khoo et al., 2011, Molina Grima et al.,
2003).
3.1.2.2 Filtering and screening
In filtration, suspended solid particles in a liquid are removed by passing the mixture
through a porous medium that retains particles and passes the clear filtrate
(Geankoplis, 1993). Filtration is performed on screens by gravity or on filters by
vacuum, pressure or centrifugation (Couper et al., 2010). Filtration can be a relatively
time consuming process (Molina Grima et al., 2003).
In microalgae harvesting with filtering and screening, microstrainer and vibrating
screen filters are two of the primary screening devices. Microstrainers are realized as
rotating filters with fine mesh screens with frequent backwash. Typical microstrainers
are chamber filter press, rotary drum vacuum filter and rotary drum pressure filter.
(Chen et al., 2011). A high microalgal concentration can result in blocking the screen,
whereas a low microalgal concentration can result in inefficient capture of algal cells.
(Chen et al., 2011).
In a rotary drum precoat filtration process, a filter-aid (e.g. diatomaceous earth or
cellulose) is first filtered through the filter cloth to form a precoat of the filter aid after
which the biomass slurry is filtered through the precoat layer. The settled biomass is
finally recovered by scraping off together with a thin layer of the filter aid. Since the
biomass is contamined with the filter aid, the recovery by precoat filtration is not
suitable if the biomass is intended for use as aquaculture feed, or further processing
is required for extracting intracellular products from the biomass. (Molina Grima et al.,
2003). The addition of filtering aids can improve the effectiveness of macrofiltration
methods, but not without adding significant cost and downstream processing
complications (Allnutt and Kessler, 2015).
Filter presses operating under pressure or vacuum are satisfactory for recovering
relatively large microalgae (e.g. Coelastrum proboscideum and Spirulina platensis)
but fail to recover organisms approaching bacterial dimensions (e.g., Scenedesmus,
Dunaliella, Chlorella). For the small cells of Dunaliella, filtration through cellulose
fibers, sand filters, and other filter materials has not proved practical. However,
Dunaliella grown in salt ponds have been recovered by passing diluted culture broth
through diatomaceous earth. (Molina Grima et al., 2003).
A conventional filtration process operating under pressure or suction is most suitable
for harvesting relatively large (> 70 µm) microalgae, but it cannot be used to harvest
algae species less than 30 µm. For recovery of these, membrane microfiltration and

21.11.2016

ultra-filtration are technically more viable alternatives. (Brennan and Owende, 2010).
Membrane-based separations are attractive as these offer several advantages over
traditional separation technologies including high reliability, direct scalability along
with superior chemical, mechanical and thermal properties (Bhave et al., 2012).
Membrane filtration by size exclusion is a simple and cost effective separation
technique; however even advanced filtration methods are subject to caking and
erosion which can lead to significant reductions in efficiency over the lifetime of the
membrane (Rogers et al., 2014).
Membrane microfiltration is suitable for fragile cells but large-scale processes for
producing algal biomass do not generally use membrane filtration. Although
microfiltration membranes provided higher initial fluxes than the ultrafiltration
membranes, the former tended to clog up more readily causing membrane
replacement and pumping to be the major cost contributors to membrane filtration
processes. Generally, microfiltration can be more cost-effective than centrifugation if
only small volumes (e.g., < 2 m3/day) are filtered. For larger scale of production (e.g.,
>20 m3/day), centrifugation may be a more economic method of recovering the
biomass. (Molina Grima et al., 2003).
Global Algae Innovations have invented a new harvesting system that is based on
membrane and has very low energy consumption numbers (www.globalgae.com).
3.1.2.3 Electrophoresis techniques
In electrolytic methods, which is are a potential approach to harvest algae without the
need to add any chemicals, an electric field drives charged algae to move out of the
solution (Chan et al., 2011). The advantage of using electrophoresis techniques
included environmental compatibility, versatility, energy efficiency, safety, selectivity,
and cost effectiveness (Udumann et al., 2010).
Three common electrophoresis processes are electrolytic coagulation, electrolytic
flotation, and electrolytic flocculation. In electrolytic coagulation reactive electrodes
produce metal ions that induce coagulation of the microalgal mass and result in the
removal of suspended solids. (Udumann et al., 2010).
In electrolytic flotation, the cathode is made from an inactive metal that generates
hydrogen bubbles from water electrolysis. The bubbles adhere to the microalgal flocs
and carry them to the surface. Electrolytic flotation provide end concentrations in the
range of 0,2 to 0,7 % (Allnutt and Kessler, 2015 ) or even 3 to 5 % (Udumann et al.,
2010).
Electrolytic flocculation is based on the movement of negatively charged microalgae
toward the anode. Upon reaching the anode, the algal particles lose their charge and
are able to form aggregates. (Udumann et al., 2010).
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3.2 Specific energy consumption in harvesting
3.2.1 General
Xu et al., (2011) have stated that it has been pointed out that the dewatering of
microalgae is one of the main bottlenecks in algal culturing. Due to the small
diameter and surface charge of microalgae, harvesting can be among the most
energy intensive process steps in algal biofuel production (Brentner et al., 2011).
Power consumption of harvesting depends in addition to the technology used on the
concentration factor as well as on the initial and final concentration.
According to Molina Grima et al. (2003), Davis et al., (2016), Dassey et al., (2013)
and Allnutt and Kessler (2015) harvesting is responsible of 20-30 % of biomass
production costs. Such cost estimates are typically associated with the dewatering of
microalgae with centrifugation (Dassey et al., 2013). Xu et al., (2011) compared
different dewatering processes and stated that the energy consumption for the
dewatering process corresponds from 17,7 to 90,2 % of the total energy
consumption. Wang et al. (2013) estimated that the downstream processes of
microalgae drying and lipid extraction would take up to 50-90 % of the overall energy
consumption.
The selection of suitable harvesting method depends in addition to the properties of
the algae species and desired end concentration on the end product. Due the high
energy consumption demand, harvesting with centrifugation may be feasible for highvalue products, but it is far too costly in an integrated system producing low-value
products, such as algal oils for biofuel production. Instead, techniques such as
membrane filtration with remarkably lower energy demand would appear to be more
suitable for harvesting algae for biodiesel application. However, the harvested
product from membrane filters may be too dilute for lipid extraction and may thus
need additional concentration. (Dassey et al., 2013).
Since thermal drying consumes significantly more energy than mechanical solidliquid separation, the microalgae should be dried as far as possible by mechanical
drying before a thermal dryer is used.
3.2.2 Dry route vs. wet route
To improve the overall energy balance, the energy consumption of the dewatering
must be reduced. This can be achieved either by improving the dewatering efficiency
by using new low energy consuming drying techniques (dry route), or by avoiding the
drying process by applying oil extraction in the water phase (wet route). (Xu et al.,
2011).
In dry route, the energy consumption in the dewatering process is minimized by
combining several effective and complementary dewatering techniques. The
dewatering process in the dry route may comprise of flocculation, centrifugation,
mechanical dewatering and finally thermal drying. In wet route, the thermal drying
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step is left out. Due to this, the energy consumption for the dewatering via the wet
route is only 12 % of that via the dry route. However, it is still not clear to what extend
dewatering is necessary and/or economical in the wet route. (Xu et al., 2011). As a
rule of thumb, in the wet route the final dry content after dewatering is 20-35 wt.%,
and in the dry route as high as 90 wt.%.
What is saved in the energy consumption in the dewatering process of the wet route
may be lost in the extraction process, since according to Xu et al. (2011) the oil
extraction process via the wet route consumes 2,8 times more energy than the oil
extraction process via dry route.
3.2.3 Bulk harvesting
3.2.3.1 Flocculation
Flocculation requires energy for a short period to mix the cells with a coagulant
(Brentner et al., 2011). In general, flocculation requires less energy than
centrifugation. Sander and Murthy (2010) identified a 50 % higher energy demand in
centrifugation than in flocculation when compared to other algal harvesting
technologies such as separation or filtration. Main limitation of flocculation is that
flocculants can be expensive, especially at high dose, and they may cause
contamination issues (Udumann et al., 2010).
Table 3 summarizes the energy consumption figures for flocculation. As shown in the
table, the values vary from 0,002 to 0,2 MJ/MJ of biodiesel or 0,002-0,1 kWh/m3.
With flocculation over 95 % of microalgae may be removed (Udumann et al., 2010).

Table 3. Energy consumption figures for flocculation of microalgae.
Intial solid
weight,
wt.%
0.05

Final solid
weight,
wt.%
2

Energy
requirement

Energy unit

Microalgae (lipid%)

Reference

0.008

MJ/MJ biodiesel

Chlorella vulgaris (19,7 %)

Xu et al., 2011

0.05

2

0.019

MJ/MJ biodiesel

Chlorella vulgaris (19,7 %)

Xu et al., 2011

?

?

0.180

MJ/MJ biodiesel

Nannochloropsis (29 %)

Monari et al, 2016

0.17

?

0.013

MJ/MJ biodiesel

Chlorella vulgaris (? %)

Stephenson et al., 2010

0.05

3

0.002

MJ/MJ biodiesel

Nannochloropsis sp. (25%)

Khoo et al., 2011

?

?

0.090

MJ/MJ biodiesel

Scenedesmus dimorphus (25 %)

Brentner et al., 2011

?

?

0.100

kWh/m3

Scenedesmus dimorphus (25 %)

Brentner et al., 2011

0.05

3

0.002

kWh/m3

Nannochloropsis sp. (25%)

Khoo et al., 2011

0.005

kWh/m3

With chitosan flocculant

0.120

kWh/m3

With AlCl3 flocculant

Allnutt and Kessler,
2015
Allnutt and Kessler,
2015
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3.2.3.2 Flotation
Table 4 summarizes the energy consumption figures for flotation. As shown in the
table, the values vary from 0,05 to 20 kWh/m3 for dissolved air flotation (DAF). DAF
units harvest effectively algae, but they are typically expensive to operate as a result
of the electrical requirements of the saturation system i.e. due the energy needed to
compress the air. The saturation system is estimated to account for more than 50 %
of the total operating cost. Suspended air flotation (SAF) may be more appropriate
than DAF for algae harvesting since it requires less energy (bubbles are generated
with surfactants instead of pressure eliminating the need for a compressor and highpressure saturator) and provides an algal slurry of comparable quality. (Wiley et al.,
2011). For suspended air flotation (SAF) the energy demand estimate is 0,003
kWh/m3. Dissolved air flotation combined with flocculation can reach to microalgal
removal efficiencies of 90-95 % (Udumann et al., 2010; Davis et al., 2016), or even
99 % (Wiley et al., 2011).
Table 4. Energy consumption figures for fotation of microalgae.

Dissolved air
flotation (DAF)
Dissolved air
flotation (DAF)
Dissolved air
flotation (DAF)
Dissolved air
flotation (DAF
Dissolved air
flotation (DAF)
Dissolved air
flotation (DAF)
Suspended air
flotation (SAF)
Electroflotation

Intial solid
weight,
wt.%
1

0.03

Final solid
weight,
wt.%
6

Energy
requirement

Energy
unit

1.3

kWh/m3

Davis et al. 2016

6

10-20

kWh/m3

Udumann et al. 2010

1.5-20

kWh/m3

Wiley et al. 2011

0.25

kWh/m3

0.3

kWh/m3

Allnutt and Kessler,
2015
Zamalloa et al. 2011

2

Microalgae
(lipid%)

Reference

0.052

kWh/m3 Nannochlorops Manganaro et al., 2015
is salina (25 %)

0.003

kWh/m3

Wiley et al. 2011

0.3-2

kWh/m3

Wiley et al. 2011

3.2.3.3 Settling/Gravity sedimentation
While settling is the slowest separation option, it is also the one with the lowest
energy requirement (Allnutt and Kessler, 2015). The microalgal suspension is
pumped continuously, but the slurry is removed discontinuously. The main form of
energy required is that needed in pumping the slurry. (Udumann et al., 2010).
Settling also requires energy for a short period to mix the cells with a coagulant
(Brentner et al., 2011). Table 5 summarizes the energy consumption figures for
settling/gravity sedimentation. According to Davis et al., (2016) and Beal et al.,
(2015) with settling 90-99 % of microalgal can be recovered.
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Table 5. Energy consumption figures for settling/gravity sedimentation of microalgae.
Intial solid
weight, wt.%

Final solid
weight, wt.%

Energy
requirement

Energy
unit

Microalgae
(lipid%)

Reference

?

0.5-3

0.1

kWh/m3

?

Wiley et al. 2011

?

2

0.43

kWh/m3

?

Davis et al. 2016

3.2.4 Thickening
3.2.4.1 Centrifugation
Centrifugation is an energy intensive harvesting method. Nevertheless, centrifugation
is a preferred method of recovering algal cells. (Molina Grima et al., 2003). The
energy demand depends on the cell size of the alga species to be centrified. Monari
et al., (2016) have stated that Nannochloropsis centrifugation has a large energy
demand due to the small size of the cells. Sander and Murthy (2010) identified a high
energy demand of centrifugation (50% higher than flocculation) in comparison to
other algal harvesting technologies such as separation or filtration.
For most applications, centrifuges are adjusted to maximize capture efficiency
(Dassey et al., 2013). According to Davis et al. (2016) and Beal et al. (2015) capture
efficiency of 97-99 % may be reached with centrifugation. According to Dassey et al.
(2013), cost effective usage of centrifuges may or may not coincide with the highest
capture efficiency. They stated that it requires an energy input of nearly 20 kWh/m3 to
reach the cell removal efficiency of 94 %. If the efficiency id decreased to 17 %, only
0,80 kWh/m3 of energy is required. The decreasing of the capture efficiency
increases the incoming flow rate. Despite lower harvesting efficiencies, greater
process volumes with lower energy consumption are more economical than greater
harvesting efficiencies of smaller process volumes which require more energy.
Table 6 summarizes the energy consumption figures for centrifugation. As shown in
the table, the values vary from 0,6 to 8 kWh/m3 or 0,01-0,9 MJ/MJ of biodiesel.
Table 6. Energy consumption figures for centrifugation of microalgae.
Intial solid
weight,
wt.%

Final solid
weight,
wt.%

Energy
requirement

Energy unit

?

?

0.95

kWh/m3

Evodus

10

22

0.9-8

kWh/m3

?

22.2

8

kWh/m3

0.04

4

1.3

kWh/m3

?

Wiley et al. 2011
Stephenson et al.,
2010
Dassey et al., 2013

0.04

22

8

kWh/m3

?

Dassey et al., 2013

2

12

3.65

kWh/m3

Nannochloropsis salina
(25 %)

Manganaro et al.,
2015

0.19

?

1.20

kWh/m3

Tetraselmis suecica

Tredici et al., 2015

3

20

0.63

kWh/m3

Rogers et al., 2014

?

?

1

kWh/m3

?
Scenedesmus dimorphus
(25 %)

Microalga (lipid%)

Chlorella vulgaris ( %)

Reference

Brentner et al. 2011
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Scenedesmus,
Coelastrum
proboscideum
Scenedesmus,
Coelastrum
proboscideum
Scenedesmus,
Coelastrum
proboscideum

Molina Grima et al.,
2003

?

12

1

kWh/m3

?

2-15

0.9

kWh/m3

?

22

8

kWh/m3

?

0.4

0.3

kWh/m3

Coelastrum
proboscideum

Molina Grima et al.,
2003

2

20

9.9

kWh/m3

?

Beal et al., 2015

6/13

20

1.35

kWh/m3

?

Davis et al., 2016

?

?

3.30

kWh/m3

?

Allnutt and Kessler,
2015

2

16

0.011

2

16

0.011

3

20

0.007

3

20

0.009

3

15

0.034

?

22.2

0.054

?

30

0.396

?

?

0.048

?

?

0.9

2.5-3.5

20-30

0.004-0.012

2.5-3.5

20-30

0.01

MJ/MJ
Chlorella vulgaris (19,7
biodiesel
%)
MJ/MJ
?
biodiesel
MJ/MJ
Chlorella vulgaris (25 %)
biodiesel
MJ/MJ
Chlorella vulgaris (25 %)
biodiesel
MJ/MJ
Nannochloropsis sp.
biodiesel
(25%)
MJ/MJ
Chlorella vulgaris ( %)
biodiesel
MJ/MJ
Nannochloropsis (29 %)
biodiesel
MJ/MJ
?
biodiesel
MJ/MJ
Scenedesmus dimorphus
biodiesel
(25 %)
kWh/kg of
water
?
evaporated
kWh/kg of
water
?
evaporated

Molina Grima et al.,
2003
Molina Grima et al.,
2003

Xu et al., 2011
Xu et al., 2011
Rogers et al., 2014
Rogers et al., 2014
Khoo et al., 2011
Stephenson et al.,
2010
Monari et al, 2016
Delrue et al., 2012
Brentner et al. 2011
Delrue et al., 2012
Delrue et al., 2012

3.2.4.2 Filtering and screening
Table 7 and Table 8 summarize the energy consumption figures for filtering as
preconcentration step and for filtering as main concentration step. As shown in the
table, the values vary from 0,2 to 6 kWh/m3 or 0,03-0,8 MJ/MJ of biodiesel.
According to Davis et al. (201&) and Beal et al. (2015) with filtration, 98 % of
microalgae can be recovered.
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Table 7. Energy consumption figures for filtering of microalgae, filtering used as preconcentration.

Liqoflux capillary
filter
Cylindrical sieve
rotators
(pressure filter);
Engelsmann.
Filter basket
(pressure filter);
Seitz Dinglinger.

Intial
solid
weight,
wt.%
0.01-0.3

Final
solid
weight,
wt.%
1-1.5

Energy
requireme
nt

Energy unit

Microalga (lipid%)

Reference

0.35

kWh/m3

7.5

0.30

kWh/m3

Coelastrum
proboscideum

Molina Grima et al.,
2003

5

0.20

kWh/m3

Coelastrum
proboscideum

Molina Grima et al.,
2003

Microalga (lipid%)

Reference

Liqoflux

Table 8. Energy consumption figures for filtering of microalgae

Zobi harvester,
membrane

Intial
solid
weight,
wt.%
From
cultivati
on dry
weight

Belt filter press
Belt filter press

1

Final
solid
weight,
wt.%
15-20%

Energy
requireme
nt

Energy unit

<0.1

kWh/m3

www.globalgae.com

18

0.50

kWh/m3

Wiley et al., 2011

20

0.3

kWh/m3

22-27

0.88

kWh/m3

18

0.50

kWh/m3

18

5.9

9.5

Scenedesmus
acutus
Coelastrum
proboscideum
Coelastrum
proboscideum

Molina Grima et al.,
2003
Molina Grima et al.,
2003

kWh/m3

Coelastrum
proboscideum

Molina Grima et al.,
2003

0.45

kWh/m3

0.88

kWh/m3

Molina Grima et al.,
2003
Brentner et al., 2011

0.79

MJ/MJ
biodiesel
MJ/MJ
biodiesel
kWh/kg of
water
evaporated
kWh/kg of
water
evaporated
kWh/kg of
dry biomass

Coelastrum
proboscideum
Scenedesmus
dimorphus (25 %)
Scenedesmus
dimorphus (25 %)
Chlorella vulgaris
(19,7 %)

Netzsch chamber
pressure filter
Belt press
pressure filter;
Bellmer
Non-precoat
vacuum drum
filter, Dorr Olliver
Belt vacuum
filter, Dinglinger
Chamber press
filtration
Chamber press
filtration
Rotary press filter

16

30

0.026

Belt filter press

3

30

0.000180.00055

4

Belt filter press

0.0075

Belt filter press

0.34

Davis et al., 2016

Brentner et al., 2011
Xu et al., 2011
Delrue et al., 2012
Delrue et al., 2012
Delrue et al., 2012

3.2.4.3 Electrophoresis techniques
Uduman et al. (2010) estimated that the energy consumption in electrolytic
coagulation is between 0,8-1,5 kWh/m3 and in electrolytic flocculation 0,331 kWh/m3.
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Allnutt and Kessler estimated the energy consumption in electrolytic harvesting to be
0,039 kWh/m3. In electrolytic flotation it is higher than in electrolytic coagulation. The
recovery efficiencies in all three processes are between 90-99,5 % (Uduman et al.,
2010; Allnutt and Kessler, 2015).

3.3 The effect of process parameters
consumption in harvesting

on

specific

power

Power consumption of total harvesting process depends on the technology used, the
algae species, the concentration factor, and the initial and final concentration. Here
the model has been developed to find out the critical steps concerning the power
consumptions in harvesting. The model predicts the total power consumption of
harvesting consisting of two harvesting steps concentrating the biomass to 200 g/L
(20 %) Base values are 0.5 g/L before primary harvesting, 30 g/L after primary
harvesting and 200 g/L after secondary harvesting. The sensitivity of harvesting on
the following parameters was studied:
Dry content before primary harvesting. The parameter depends on cultivation
system, being usually higher in PBR than in open ponds. The selected base
value for parameter, 0.5 g/L (0.05%), represents open pond value. Range
used here was 0.1-2 g/L.
Dry content between harvesting steps. The parameter depends on algae
specie and the primary harvesting method, being normally 2-7%. The selected
base value was 3%.
Power consumption in primary harvesting (bulk harvesting). As shown in Table
3 to Table 5 the values vary from 0.002 to 20 kWh/m3. 20 kWh/m3 is far too
high to be used in algae harvesting, and the range selected was 0.01-1
kWh/m3. The selected base value is 0.1 kWh/m3.
Power consumption in secondary harvesting (thickening). The values vary
even inside same method a lot (e.g. centrifugations 0.6 to 8 kWh/m3, Table 6).
The base value selected was 1 kWh/m3 and range 0.5-6 kWh/m3.
Figure 7 clearly shows that the harvesting dry content i.e. dry content before primary
harvesting and primary harvesting power consumption are those two which have the
highest effect on total power consumption. In primary harvesting most of the water is
removed e.g. with our base values over 98 % of water is removed in primary
harvesting and less than 2 % in secondary harvesting. This indicates that even if the
specific power consumption per m3 is low in primary harvesting the impact can be
high for total harvesting power consumption.
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1.2
1
0.8
0.6
0.4
0.2
-100%

0%

100% 200% 300%
Change in base value

400%

0
500%

kWh/kg dry biomass

1.4

Dry content before primary
harvesting (0.5 g/L)
Dry content between
harvesting steps (30 g/L)
Power consumption, primary
harvesting (0.1 kWh/m3)
Power consumption
secondary harvesting (1
kWh/m3)

Figure 7. The effects of different process parameters on specific power consumption in harvesting. Base value shown in
legend parenthesis. X-axis shows the change of that parameter from base value.

4 Drying of algal biomass
4.1 Drying methods
After recovery or harvesting, the dewatered slurry can be dried for stability, end use,
extraction, or other further processing. The level of dewatering depends on the
requirements of subsequent processes and end products. Drying the biomass after
harvesting is a crucial step from techno-economic viewpoint, partially because it is a
very energy intensive unit operation. Different drying methods utilized in algal
biomass drying include sun drying, low-pressure shelf drying, spray drying, drum
drying, fluidized bed drying, rotary drying, flash drying and freeze drying (Brennan &
Owende 2010; Ryan 2009, Show et al. 2013, Show et al. 2015, Prakash et al. 1997).
Little research has been done on evaluating the best possible methods of drying
algae on large scale with biodiesel production in mind. According to Ryan (2009)
current drying practices appear to favour drum dryers over solar or freeze drying.
Spray drying is found to be an appropriate drying method for production of algae for
human food. In addition, rotary drying and other emerging methods may soon
outperform conventional ones, due to drum dryer’s considerably high energy
consumption (Ryan 2009). Different methods are discussed shortly below.
Solar drying
Solar heat drying is accomplished either by direct sun radiation or by solar water
heating. The main disadvantages of sun drying include long drying times, the
requirement for large drying surfaces, and the risk of material loss. Sun radiation
causes algal chlorophyll to disintegrate, thereby altering the texture and colour of the
final product. Also, solar radiation is uncontrollable and the problem of algae
overheating could occur. Therefore operational reliability is low and highly dependent
on the weather and location. Using wind energy may improve the drying efficiency.
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(Zhang 2015) Solar drying is said to be the cheapest dehydration method (Zhang
2015, Lundqvist et al. 2010). However the other costs than energy costs may raise
high in solar drying e.g. the amount of work needed for spreading algae biomass and
collecting it.
Spray drying
Spray dryers are normally used for liquid and dilute slurry feeds, but can be designed
to handle any material that can be pumped. The material to be dried is atomized in a
nozzle, or by a disc-type atomizer, positioned at the top of a vertical cylindrical
vessel. Hot air flows up the vessel and conveys and dries the droplets. The liquid
vaporizes rapidly from the droplet surface and open, porous particles are formed.
(Towler and Sinnot, 2013) When trying to isolate high value products from
microalgae, spray drying is often the method of choice; however, there is the risk of
causing deterioration of pigments or other components (Brennan et.al. 2010). The
main advantages of spray drying are the short contact time, making it suitable for
drying heat-sensitive materials, and good control of the product particle size, bulk
density, and form. Because the solids concentration in the feed is low, the heating
requirements will be high. (Towler and Sinnot, 2013). Spray drying is found to be an
appropriate drying method for production of algae for human food (Show et al. 2013.
The main drawback of spray drying is the high operating cost (Show et al. 2013,
Brennan et al. 2010).
Drum drying
Drum dryers or rotary drum dryers are used for liquid and dilute slurry feeds. They
are an alternative choice to spray dryers when the material to be dried will form a film
on a heated surface, and is not heat sensitive. A drum dryer consists essentially of a
revolving, internally heated drum, on which a film of the solids is deposited and dried.
(Towler and Sinnot, 2013). It seem that drum dryers are called as rotary dryers in
some microalgae related articles (Show et. al. 2013, Zhang 2015), however these
dryers are two different type of drying systems. Drum dryers are used for microalgae
drying due to convenience and dependability in spite of its high capital and
operational cost (Prakash et al. 1997).
Rotary drying
In rotary dryers, the solids are conveyed along the inside of a rotating, inclined
cylinder and are heated and dried by direct contact with hot air or gases flowing
through the cylinder. In some, the cylinders are indirectly heated. Most commonly,
the drying gas is heated by a steam heater at the dryer inlet or is direct-fired with a
fuel. They are suitable for continuous operation at high throughputs, and have a high
thermal efficiency and relatively low capital cost and labor costs. (Towler and Sinnott,
2013). Based on Ryan (2009), rotary drying and other emerging methods may soon
outperform conventional ones, due to drum dryer’s considerably high energy
consumption.
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Fluidized bed drying
In fluidized-bed dryer, the drying gas is passed through the bed of solids at a velocity
sufficient to keep the bed in a fluidized state, which promotes high heat transfer and
drying rates. The main advantages of fluidized dryers are rapid and uniform heat
transfer; short drying times, with good control of the drying conditions; and low floor
area requirements. The power requirements are high compared with other types.
(Towler and Sinnott, 2013).
Flash drying
Flash dryers also called pneumatic dryers, are similar in their operating principle to
spray dryers. The product to be dried is dispersed into an upward-flowing stream of
hot gas by a suitable feeder. The equipment acts as a pneumatic conveyor and
dryer. Contact times are short, and this limits the size of particle that can be dried.
(Towler and Sinnot, 2013)
Pneumatic dryers are suitable for materials that are too fine to be dried in a fluidizedbed dryer but which are heat sensitive and must be dried rapidly. The thermal
efficiency of this type is generally low.
Freeze drying
Freeze drying, removes water content from the biomass under a low air pressure
vacuum, causing water inside the cells to slowly vaporize. The process ends in a
condenser, with the algae solidly frozen, maintaining cell structure without
degradation. (Ryan, 2009). In microalgae research laboratories, freeze-drying is
commonly used, but it is too expensive to be used in large scale (Molina Grima et al.,
2003).

4.2 Specific energy consumption in drying
Drying is a highly energy-intensive process. The main reason for is the need to
supply the latent heat of evaporation to remove the water (or other solvent).
Cultivation and dewatering (specifically drying) are the major energy consumers in
the microalgae biomass production process. According to Boer et. al. (2012) the
energy required for cultivation dominates when photo bioreactors are employed
instead of open raceway ponds, and the energy for drying dominates when the water
content must be reduced to approximately 9 % for oil extraction. Based on Show et
al. (2015) drying may consume as much as 75% of the overall cost in the algae
processing.
The need of heat per kg water evaporated is high, 2260 kJ/kg (0.628 kWh/kg) (100
°C). Furthermore, dryers tend to have inherently low thermal efficiency. In general
thermal efficiencies reported for different dryers vary from 40 % to 85 % (Peters et al.
2003; Valentas et al. 1997). Dryer type, size, operating condition and product being
dried affect the thermal efficiency of drying (Baker et. al. 2007). The Table 9 shows

21.11.2016

values collected from microalgae related literature. Values varies from 0.3 to 1.08
kWh per kg evaporated water, two of numbers being less than the latent heat of
water. Delrue et. al. (2012) is a techno-economic study and the value is said to be
optimistic, which it really seems to be, being less than half of water latent heat. Other
value 0.56 kWh/kg is based on van Gemert (2009) work in sludge drying and the part
of evaporation heat is recovered, which enable low energy need in drying.
Table 9. Energy consumption of drying in microalgae literature.

Thermal dryer
Thermal dryer

kWh/kg
evaporated water
0.92
0.92-1.08

Microalga (lipid %)

Reference

Nannochloropsis (29 %)
Chlorella vulgaris (19,7 %)

Monari et al. 2016
Xu et al. 2011

0.56

Chlorella vulgaris (19,7 %)

0.3

Xu et al. 2011; van
Gemert, 2009
Delrue et al. 2012

0.9

Delrue et al. 2012

Thermal drying
with Delta Dryer
Natural gas belt
thermal dryer
Natural gas drum
thermal dryer
Thermal, natural
gas fired

0.988

Sander and Murthy,
2010

In addition to the use of thermal energy, there is power consumption of drying i.e.
electricity needed for fans, vacuum pumps, chillers, mechanical drives and other.
Specific electricity consumptions of different dryers are seldom reported in literature.
Values found in literature (Table 10) were all 0.1 kWh/kg evaporated water.
Table 10. Some power consumption numbers for drying in addition to thermal energy.

Thermal
drying
Rotary drum
dryer
Spray drying
Solar drying

kWh/kg
evaporated
0.032

Microalga (lipid%)

Neste Jacobs
benchmark
Show et al. 2015

0.077
0.1
0.02-0.04

Reference

Media not mentioned, may
be other than algae

Brew-report, app.4
Delrue et al., 2012

5 Cell disruption
Based on Günerken et al. (2015) the cell wall structure of microalgae is complex and
poorly understood and is known to have an important effect on the disruption
efficiency. Microalgae cells are small, covered with a relatively thick and tough cell
wall and products are usually located in globules or bound to cell membranes,
making extraction of intracellular products challenging.
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Algal oil extraction methods can be briefly classified as dry and wet processing. In
the dry processing, oil is extracted after algal biomass has been dried, and the drying
needs a lot of energy as discussed earlier. In the wet processing, the direct extraction
of oil from the wet fresh algal cells avoids the major cost from the drying of biomass
and there algal cell disruption is seen as a key factor to liberate oil out of cell to
facilitate the wet extraction (Wang et al. 2015).
Some microalgal cells are very easy to break, for example dunaliella does not have
cell wall at all, so a mild or more energy efficient disruption technique or no disruption
at all can be chosen. More commonly cell walls are relatively thick and hard to break,
for example Nannochloropsis is known to have high lipid content but also a cell wall
which is hard to break. Because of different characteristics of microalgal species,
especially the cell wall properties, the calculating a general energy consumption
value for a given cell disruption method and therefore making a direct comparison of
different techniques is impossible.
However efficient cell disruption is an essential pre-treatment step to maximize
intracellular product recovery from microalgae biomass (Günerken et al. 2015). A
feasible energy-efficient cell disruption method should be established to ensure a low
operating cost, high product recovery, and high quality of the extracted products.
According to Lee et al. (2012) the energy required for cell disruption may become a
critical consideration in the production of low valued commodities such as biofuels.

5.1 Cell disruption methods
Cell disruption methods currently available can be divided into two main groups
based on the working mechanism of microalgal cellular disintegration. These groups
are (i) mechanical and (ii) non-mechanical methods (Figure 8). In this chapter
method are discussed very shortly, a review on methods and a good summary on
studies done on field can be found for from Günerken et al. 2015.
Table 11 shows the key parameters affecting the yield of cell disruption methods and
Table 12 compares different methods with each other.
Mechanical methods include bead milling, high speed homogenization, high pressure
homogenization, ultrasonication, microwave and pulsed electric field. Destruction of
the cell wall in a non-specific manner is usually achieved by mechanical strong forces
such as solid-shear forces (e.g., bead mill, high speed homogenization), liquid-shear
forces (e.g., high pressure homogenization, microfluidization), energy transfer
through waves (e.g., ultrasonication, microwave), currents (e.g., pulsed electricfield)
or heat (e.g., thermolysis, autoclaving). (Günergen et al. 2015, Wang et al. 2015)
Non-mechanical methods include chemical treatment and enzymatic treatment.
These methods often involve cell lysis with chemical agents, enzymes or osmotic
shock. These methods are considered more benign than mechanical processes. For
example, chemical and enzymatic methods rely on selective interaction with the cell
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wall or membrane components that modifies the cell boundary layer and allows
products to leach. (Günergen et al. 2015)
Bead milling, high-pressure homogenization, and ultrasonication treatments are the
most widely used mechanical methods on laboratory-scale for microalgal cell
disruption. For industrial-scale applications, bead milling, high-pressure
homogenization and high speed homogenization are considered as the most feasible
methods (Günerken et al. 2015, Wang et al. 2015). The cell disruption efficiencies
achieved by mechanical methods are usually relatively high compared with other
methods. Also combinations of mechanical and non-mechanical methods have been
tested. (Wang et al. 2015)
There are also new developments and the new technologies in microalgae cell
disruption, which are emerging rapidly. These include explosive decompression,
atomic force microscopy, laser treatment, microfluidizer, pulsed arc, high frequency
focused ultrasonication and cationic polymer coated membranes. (Günerken et al.
2015)

Figure 8. Classifiacation of cell disruption methods (Adobted from Günergen et al. 2015).
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Table 11. Process parameters affecting the yield for different cell disruption methods (adobted from Günerken et al.
2015).

Table 12. Comparison of cell disruption methods in terms of key figures (adopted from Günerken et al. 2015).

5.2 Specific energy consumption in cell disruption
For the non-mechanical methods, energy consumption is changing proportionally to
treatment time, temperature and stirring. The settings of these parameters, and
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therefore the energy consumption, are related to the type of disruption agent, cell
properties, morphology, cultivation conditions (e.g., open pond, photobioreactor,
temperature, medium) and stage of growth. (Günerken et al. 2015) In general energy
consumption of non-mechanical methods are lower than that of mechanical methods.
Generally for mechanical methods, the energy consumption and cost effectiveness
are affected by process parameters, concentration, the scale, type of microalgae,
cultivation conditions (e.g., open pond or photobioreactor) and stage of growth,
whereof the concentration has a strong influence. (Günerken et al. 2015). Also
according to Günergen et al. 2015 the disruption efficiencies for bead mill, high
pressure homogenizer and high speed homogenizer are positively affected by an
increasing dry cell weight until a certain level (15–25%), while other methods such as
microwave treatment are negatively affected. Aggressive mechanical techniques,
such as bead mill, high pressure homogenizer and high speed homogenizer,
consume per method nearly the same amount of energy to process a unit of volume,
independent whether the feed is diluted or concentrated. Hence, for these methods,
processing higher concentrations per unit of time is more cost effective.
Table 13summaries the energy consumption numbers found in literature. The values
varied between 0.007-147 kWh/kg disrupted biomass or 0.175-1249 kWh/m3 of algal
slurry. Based on literature studies (Lee et al. 2012; Halim et al. 2012; Lee et al.,
2010) high pressure homogenization has the highest energy consumption, followed
by microwave treatment and ultrasonication. However other studies (McMillan et al.
2013) have concluded that that microwave treatment is the most energy consuming
method, followed by water bath, laser treatment, and high speed homogenization. So
there seems not to be a clear trend between different methods. Also according to
Günerken and also the (Table 13) the comparison of energy consumption data of cell
disruption methods is impossible because the energy consumption is highly related
to process and design parameters and microalgae specie.
Table 13. Specific energy consumption of different cell disruption methods.

Cell disruption
method

High pressure
homogenization

Energy
Energy
Microalga
requirement requirement (lipid%)
(kWh/kg
(kWh/m3 of
disrupted
algal slurry)
biomass)
147
1249 *
Chlorococcum sp.

High pressure
homogenization

0.25

37.5 *

Chlorella sp.

Ultrasonication

36.7

312 *

Chlorococcum sp.

Dry
weight
(%)

Reference

0.85 %

Günerken et al.
(2015), Lee et al.
(2012), Halim et al.
(2012b)
Günerken et al.
(2015), Boer et al.
(2012), GEA, (2011)
Günerken et al.
(2015), Lee et al.
(2012)

15 %
0.85 %
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Solvent assisted
microwave
treatment
Microwave
treatment

2.67

200 *

Scenedesmus sp.

7.5 %

Günerken et al.
(2015)

117

583 *

0.5 %

Microwave
treatment

17.3

24.2 *

Botryococcus sp.,
Chlorella sp.,
Scenedesmus sp.
Nannochloropsis
oculata

Water Bath

4.67

6.54 *

Nannochloropsis
oculata

0.14 %

Laser treatment

3.70

5.18 *

Nannochloropsis
oculata

0.14 %

High speed
homogenization

0.125

0.175 *

Nannochloropsis
oculata

0.14 %

10

350 *

Chlorella sp.

3.5 %

Pulsed electric
field treatment

0.07

17.5 *

Isocrysis sp.

25 %

Ultrasound

0.06

9*

Species not given

15 %

GEA Ariete
homogenizer
High pressure
homogenization
Stirred ball mill

0.088

18.6

22 %

0.203

45.1

Chlorella vulgaris
( %)
(25%)

Günerken et al.
(2015), Lee et al.
(2010)
Günerken et al.
(2015), McMillan et
al. (2013)
Günerken et al.
(2015), McMillan et
al. (2013)
Günerken et al.
(2015), McMillan et
al. (2013)
Günerken et al.
(2015), McMillan et
al. (2013)
Günerken et al.
(2015), Boer et al.
(2012)
Günerken et al.
(2015), Boer et al.
(2012)
Günerken et al.
(2015), Boer et al.
(2012)
Stephenson et al.,
2010
Davis et al., 2012

0.463 **

139

Bead milling

0.14 %

20 %

Chlorella vulgaris
30 %
(19,7 %)
Stirred ball mill
0.067 **
56.7
Chlorella vulgaris
85 %
(19,7 %)
Sonicator
0.007 **
1.37
Chlorella vulgaris
20 %
(25 %)
* Unit conversion performed without taken into account disruption yield
** Unit: kg / dry biomass

Xu et al., 2011
Xu et al., 2011
Rogers et al., 2014

6 Conclusions
When considering the use of micro-algae cultivation for CO2 utilisation by production
of biofuels the energy requirements of microalgae cultivation are significant. The
choice of cultivation reactor system affects the energy requirements significantly. The
current published literature indicates that the energy requirements of
photobioreactor-based cultivation systems are so high that more energy is required
for producing the biomass than what is contained in the biomass (Figure 9). Raceway
pond (RP) systems require less energy and can yield more energy contained in the
biomass than what is required for the cultivation, but still a significant amount of
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energy is required for harvesting and drying. Also, raceway pond systems require a
larger area than photobioreactor-based systems. Although a lot of effort has been put
into R&D for generating biofuels from microalgae, current R&D is moving away from
biofuels and focusing more on producing higher-value products from microalgae.

Figure 9. Net energy ratio (NER) for micro-algae biomass production: comparison of published values with normalised
values. (The NER is defined as the sum of the energy used for cultivation, harvesting and drying, divided by the energy
content of the dry biomass) (Slade & Bauen, 2013).
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