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 Glycogen accumulation caused

spontaneous settling through
increase in speciﬁc density.
 Settling velocities of carbohydraterich Arthrospira reached 0.64 m h1.
 The biomass could be concentrated at
least 15 times, allowing 93.9% of
water removal.
 Spontaneous settling can be used as
low-cost method for preconcentrating Arthrospira.
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a b s t r a c t
The ﬁlamentous cyanobacterium Arthrospira platensis is an attractive feedstock for carbohydrate-based
biofuels because it accumulated up to 74% of carbohydrates when nitrogen stressed. Nitrogen stressed
A. platensis also settled spontaneously, and this occurred simultaneously with carbohydrates accumulation, suggesting a link between both phenomena. The increased settling velocity was neither due to production of extracellular carbohydrates, nor due to degradation of gas vacuoles, but was caused by an
increase in the speciﬁc density of the ﬁlaments as a result of accumulation of carbohydrates under the
form of glycogen. Settling velocities of carbohydrate-rich A. platensis reached 0.64 m h1, which allowed
the biomass to be harvested using a lamella separator. The biomass could be concentrated at least 15
times, allowing removal of 94% of the water using gravity settling, thus offering a potential application
as a low-cost and high-throughput method for primary dewatering of carbohydrate-rich A. platensis.
Ó 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Microalgae (including cyanobacteria) are attracting a lot of
interest as a new source of biomass for production of biofuels
⇑ Corresponding author. Tel.: +32 56 246072; fax: +32 56 246999.
E-mail address: Orily.Depraetere@kuleuven-kortrijk.be (O. Depraetere).
http://dx.doi.org/10.1016/j.biortech.2014.12.084
0960-8524/Ó 2014 Elsevier Ltd. All rights reserved.

(Baeyens et al., 2015; Borowitzka and Moheimani, 2013). Microalgae do not require fertile land and thus avoid competition with
conventional crops for food or feed production. Today, only a few
species of microalgae are produced on a large scale. Among them,
the cyanobacterium Arthrospira, also known as ‘Spirulina’, represents about 60% of the global microalgal biomass production. The
reason for this dominance of Arthrospira is that it is an extremo-
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phile adapted to alkaline conditions that can easily be cultivated in
simple open ‘raceway’ ponds with low risk of contamination of the
culture. An interesting property of Arthrospira in terms of biofuel
production is that it accumulates large amounts of carbohydrates
under nutrient-stressed conditions (i.e. up to 70%) (Aikawa et al.,
2012; Markou et al., 2012). When this biomass is used in a bioreﬁnery context, high-value chemicals (e.g. gamma-linolenic acid,
phycocyanin or other proteins in the case of Arthrospira;
(Spolaore et al., 2006) are ﬁrst extracted from the biomass while
the carbohydrate-rich fraction can be converted into biofuels
(Bilad et al., 2014; Wijffels et al., 2010). These carbohydrates can
be readily converted into bioethanol using alcoholic fermentation
(Markou et al., 2013). Other options for conversion of carbohydrates into biofuels include butanol, methane or hydrogen fermentation or catalytic conversion of carbohydrates into hydrocarbons
by hydrodeoxygenation (Grilc et al., 2014).
Because biomass concentrations in microalgal cultures are typically low (about 0.5 g dry weight L1) and microalgae are small in
size, harvesting microalgae from large-scale production systems is
a major challenge and requires processing huge volumes of culture
at a minimal cost (Uduman et al., 2010). Although harvesting by
centrifugation is currently the preferred method in microalgae production, the energy demand is too high for applications such as
biofuel production. The energy input for harvesting could be significantly reduced if a two-stage process is used in which microalgae
are pre-concentrated using a low-energy technology prior to complete dewatering using centrifugation (Brentner et al., 2011). Harvesting by means of membrane ﬁltration is theoretically possible
but suffers from problems with membrane fouling (Bilad et al.,
2014). Flocculation followed by simple gravity sedimentation is
seen as a promising low-energy pre-concentration method
(Vandamme et al., 2013a). Flocculation, however, requires addition
of a chemical, which increases the cost and results in contamination of the biomass with the ﬂocculant. In an ideal scenario, preconcentration can be achieved by simple gravity sedimentation
without the need for a chemical ﬂocculant.
Because Arthrospira forms relatively large ﬁlaments, it can theoretically be harvested in an energy-efﬁcient way using a strainer.
This method is problematic because small ﬁlaments pass through
the strainer and are returned to the culture when the medium is
recycled. This results in an accumulation of small ﬁlaments in
the culture and a decline in harvesting efﬁciency (Belay, 1997).
Reducing the mesh size of the strainer results in low ﬂow rates
and makes this method of harvesting impractical, particularly for
production of Arthrospira for commodity applications such as biofuels. A recent study reported that Arthrospira settles spontaneously when it accumulates carbohydrates under nutrient-stressed
conditions (Markou et al., 2012). This spontaneous settling has a
lot of potential to be used as a low-cost and high-throughput
method for pre-concentrating carbohydrate-rich Arthrospira biomass for the production of biofuels.
Although this spontaneous settling of Arthrospira has been
referred to as bio-ﬂocculation, little is known about the underlying
mechanism. Spontaneous settling has been observed in other microalgae or cyanobacteria and may have several causes. In many
species of microalgae, nitrogen or phosphorus stress results in
excretion of extracellular carbohydrates and these may cause
aggregation of cells and thus cause settling (Christenson and
Sims, 2011; Eldridge et al., 2012). Arthrospira platensis contains
gas vacuoles to maintain its buoyancy and the spontaneous settling may be caused by the loss of these gas vacuoles, as has been
observed in the cyanobacterium Anabaena ﬂos-aquae (Dinsdale and
Walsby, 1972). Finally, the settling of the ﬁlaments may be the
result of an increase in the density of the ﬁlaments caused by accumulation of carbohydrates under the form of glycogen, which has a
high speciﬁc density (1.40–1.62 g mL1), as has been observed in
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the cyanobacteria Oscillatoria, Spirulina and Microcystis (Van Rijn
and Shilo, 1985). The latter mechanism would imply a direct causative link between carbohydrate accumulation and the spontaneous settling behavior.
This spontaneous settling may be used to replace straining as a
low-cost and high-throughput method for primary concentration
of carbohydrate-rich Arthrospira biomass. For this method to be
practical, however, it is important that the settling velocity is sufﬁciently high in order to process large volumes of culture medium
in a short time. Also, the ﬁnal sludge volume that is generated
should be sufﬁciently small for a large volume of medium to be
removed during the pre-concentration step (Vandamme et al.,
2013b). These aspects of the settling behavior of nutrient-stressed
and carbohydrate-rich Arthrospira ﬁlaments have so far not been
investigated.
The aim of this study was to evaluate the potential of spontaneous settling as a low-cost method for harvesting carbohydrate-rich
Arthrospira cultured under nutrient-stressed conditions. The ﬁrst
goal was to investigate to what extent settling and carbohydrate
accumulation occured simultaneously in nutrient-stressed Arthrospira. The second goal was to elucidate the underlying mechanism
responsible for the settling of Arthrospira and to assess whether
there was a direct causal link with carbohydrate accumulation.
The ﬁnal goal was to determine the maximum settling velocity
and the proportion of medium that could be removed to assess
the potential of using settling as a high-throughput method for
harvesting carbohydrate-rich Arthrospira in large-scale production
systems.
2. Methods
2.1. Arthrospira strain and culture conditions
The strain A. platensis SAG21.99 (SAG, Germany) (further
referred to as Arthrospira) was cultivated in 2 L bottles in nonsterile medium with constant stirring and bubbling with 0.2 lmﬁltered air. The light intensity was 100 lmol photons m2 s1,
illumination following a light/dark cycle of 16/8 h. The temperature was set at 20 °C. The culture medium used was Zarrouck’s
medium as modiﬁed by Cogne et al. (2003). Accumulation of carbohydrates and spontaneous settling were induced by N stress, which
was achieved by reducing the initial N concentration (as NaNO3) in
the medium from 400 to 20 mg L1. Preliminary experiments had
shown that a concentration of 20 mg L1 N resulted in an increase
in the carbohydrate content of the biomass without a reduction in
the total biomass yield.
2.2. Experimental set-up
To study the inﬂuence of N stress on the carbohydrate accumulation and the settling behavior of Arthrospira, three replicate N
stressed batch cultures (20 mg L1 NaNO3-N) were compared with
three replicate control batch cultures (400 mg L1 NaNO3-N). Samples were collected daily, from day 1 up to day 9, to estimate the
biomass density by optical density measurements (at 750 nm).
Optical density measurements were calibrated against dry weight
measurements determined gravimetrically after ﬁltration of a
known culture volume on a pre-weighed GF/C ﬁlter. For analysis
of total carbohydrate content, the biomass was collected on the
last day of the experiment (day 9) on a GF/C ﬁlter and the total carbohydrate content was determined by the phenol–sulfuric acid
method using glucose as a standard (DuBois et al., 1956). The dissolved nitrate concentration in the culture medium was measured
daily with the 2.6-dimethylphenol method (APHA, 2005) after
ﬁltering the medium over a 0.45 lm cellulose nitrate ﬁlter. The
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settling efﬁciency g gives an indication of the proportion of the
Arthrospira ﬁlaments that settles spontaneously after a given time.
g (Eq. (1)) was calculated from the difference between initial (C0)
and ﬁnal (Ct) optical density in a small 4 mL cuvette after
t = 60 min.

To investigate whether carbohydrate accumulation and spontaneous settling occurred simultaneously during N stress, three replicate N stressed Arthrospira cultures were monitored with a high
frequency. Samples were collected from the culture twice daily
(at 9.00 h and at 17.00 h) between days 4 and 9. On every sampling
occasion the biomass density was estimated by optical density
measurements (at 750 nm) as well as by gravimetrical analysis
(after ﬁltration of a known culture volume on a pre-weighed GF/
C ﬁlter). The total carbohydrate content of the biomass, the dissolved nitrate concentration in the medium and the settling efﬁciency (Eq. (1)) were measured as described above.

To evaluate the inﬂuence of gas vacuoles on the settling behavior of Arthrospira ﬁlaments, the settling velocity was compared
between ﬁlaments with intact gas vacuoles and ﬁlaments with collapsed gas vacuoles. Gas vacuoles were collapsed by applying pressure to the cell suspension in a closed syringe (Kim et al., 2005).
Phase contrast microscopy was used to verify the gas vacuole
diminishment after the pressure treatment.
To investigate whether the settling behavior was caused by
changes in the density of Arthrospira ﬁlaments, the speciﬁc density
of the ﬁlaments was estimated from isopycnic banding in a sucrose
gradient (cf. Oliver and Walsby, 1984). Solutions with decreasing
sucrose concentrations (1.308–1.036 g mL1) were carefully layered on top of each other and loaded with an 2 mL Arthrospira suspension. After density gradient centrifugation at 300 g for 20 min,
the Arthrospira ﬁlaments formed discrete isopycnic bands at the
interface between two different sucrose layers with a known density. The density of the control and N stressed biomass with intact
gas vacuoles and after collapsing the gas vacuoles by pressuring
the ﬁlaments (see above) was estimated.

2.3. Carbohydrate analyses

2.5. Statistical analyses

Because Arthrospira accumulates carbohydrates as glycogen
(Aikawa et al., 2012), the glycogen content was determined by
KOH (30%, w/v) extraction according to Ernst et al. (1984) as modiﬁed by Hasunuma et al. (2013). To determine the type of carbohydrates that were formed under control and N stressed conditions,
biomass from 2 L of a control and a N stressed culture was harvested over a 20 lm mesh, rinsed with water and lyophilized.
The biomass was resuspended in water and cells were disrupted
using high pressure cell disruption (TS HAIVA, Constant Systems,
LTD) (2 times 2.7 kbar). After high pressure cell disruption, the biomass was again lyophilized. The monosaccharide composition was
analyzed in detail using Gas Chromatography/Mass Spectrometry
with Electronic Impact Ionization (GC/MS-EI) as described elsewhere (Pierre et al., 2014).
To investigate the effect of extracellular polysaccharides on the
settling behavior of Arthrospira, the dissolved sugars in the supernatant were measured using the phenol–sulfuric acid method (see
above). To determine whether extracellular polysaccharides
caused ﬂocculation, the settling efﬁciency was compared of Arthrospira from a 9 days old N stressed culture in its native medium and
in fresh medium without extracellular polysaccharides.

All experimental tests and analyses were carried out at least in
triplicate. Statistical analyses were performed using Sigma-plot 11
(Systat Software, Inc.). Before evaluating the results with one-way
analysis of variance (ANOVA), normality of the data was checked
with the Shapiro–Wilk normality test. To analyze for pairwise differences, a Tukey’s post hoc test was performed. The signiﬁcance
threshold of each statistical analysis was set at p = 0.05.

g¼

C0  Ct
 100
C0

ð1Þ

2.4. Settling behavior of control and N stressed Arthrospira
The settling velocity v was determined in small 4 mL cuvettes as
well as in 1 L Imhoff cones. In the experiments with the 4 mL cuvettes, the settling velocity (Eq. (2)) was calculated from the exponential decrease in optical density in the cuvette over time (C0
and Ct are the optical density at the start and at time t, respectively,
and h is the distance between the top of the suspension and light
beam (Smith and Davis, 2012).
v

C t ¼ C 0 e h t

ð2Þ

Image analysis was used to estimate the settling velocity in 1 L
Imhoff cones. Images of the Imhoff cones were automatically taken
every 5 min during one hour. Gray values were analyzed as function of height using Image J (NIH, USA) to determine the height
of the interface between the clariﬁed medium and the settling ﬁlaments every 5 min. The height of the interface was subsequently
plotted in function of the settling time and the settling velocity was
estimated from changes in the height of the interface over time.
The maximum settling velocity was estimated from the initial linear portion of the settling curve.

3. Results and discussion
3.1. Inﬂuence of N stress on carbohydrate accumulation and settling
There was no signiﬁcant difference in growth between the N
stressed cultures and the control cultures. Final biomass concentration was similar in the N stressed (0.66 ± 0.04 g L1) and control cultures (0.59 ± 0.06 g L1). In the N stressed cultures, N
was depleted on day 5 and this resulted in carbohydrate accumulation and spontaneous settling of the ﬁlaments. The settling efﬁciency increased to 93 ± 1% and the carbohydrate content was
about 74 ± 3% on day 9 in the N stressed culture. On day 9, there
was almost no settling in the control culture and the carbohydrate content remained low (13 ± 1%). The accumulation of carbohydrates under N stress has also been observed in previous
studies. Arthrospira responds to N stress by reducing protein synthesis (which requires large amounts of N) and redirecting photosynthesis products towards production of storage carbohydrates
(Hasunuma et al., 2013). Recent evidence suggests Arthrospira
may even convert proteins into storage carbohydrates during N
stress (Deschoenmaeker et al., 2014; Hasunuma et al., 2013). A
previous study has also observed spontaneous ﬂocculation of
Arthrospira, but under P stress rather than N stress (Markou
et al., 2012).
The settling efﬁciency and carbohydrate content of the biomass were monitored with a high temporal resolution in three
replicate N-limited Arthrospira batch cultures (Fig. 1a and b).
Monitoring started on day 4, one day before the N concentration
in the medium was exhausted. As soon as N was depleted from
the medium, the carbohydrate content as well as the settling efﬁciency started to increase. The settling efﬁciency reached a maximum at the end of day 6 but the carbohydrate content continued
to increase up to the end of the monitoring period (on day 9). The
fact that the carbohydrate content and settling efﬁciency simultaneously increased could point to a link between both phenomena.
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Table 1
Monosaccharide composition (w/w) (% of total sugars) of N stressed and control
Arthrospira biomass harvested 5 days after depletion of N from the medium.
Monosaccharide composition (w/w)

N stressed

Control

Rhamnose (%)
Glucose (%)
Galactose (%)
Mannose (%)
Glucuronic acid (%)
Xylose (%)
Galacturonic acid (%)
Fructose (%)
Unknown (%)

0.14
83.2
0.81
3.91
4.95
Trace
4.02
2.32
0.65

30.1
30.9
21.4
1.42
6.58
2.23
6.02
1.21
0.14

Under N stressed conditions, the main monosaccharide was glucose (83.2%) and the content of rhamnose (0.14%), galactose
(0.81%) and uronic acids (8.97%) was low. This suggested that the
N stressed Arthrospira ﬁlaments largely accumulated glycogen
instead of associated extracellular polysaccharides. This was conﬁrmed by analysis of the glycogen content using KOH extraction.
The glycogen content in the N stressed culture was 86.1%.
Dissolved polysaccharides in the medium of the N stressed culture were low, about 10 mg total sugars L1 or similar as in the
control culture. When Arthrospira from a 9 days old N stressed culture was transferred to fresh medium without dissolved polysaccharides, the settling efﬁciency was slightly higher (89 ± 1.0%)
than in the native medium (85 ± 0.4%). This indicated that dissolved polysaccharides are not responsible for the observed settling behavior.
3.3. Relation between speciﬁc density and settling

Fig. 1. Changes in biomass density (as optical density measured at 750 nm and as
dry weight) (a) and changes in settling efﬁciency (%) and total carbohydrates (%) in
the biomass (b) of a N stressed Arthrospira batch culture.

3.2. Relation between extracellular polysaccharides and the settling
behavior of N stressed Arthrospira ﬁlaments
The settling of particles in a liquid is described by Stokes’ law.
All other elements being equal, the settling velocity is determined
by the size and the speciﬁc density of the particle. Thus, the settling of N stressed Arthrospira ﬁlaments could have been the result
of an increase in effective particle size caused by aggregation of ﬁlaments, or due to a change in their density. Aggregation of microalgae is also referred to as bioﬂocculation and can result from an
increased production of extracellular polysaccharides associated
with the ﬁlaments (Christenson and Sims, 2011). Associated extracellular polysaccharides of Arthrospira mostly consist of rhamnose
and have a high content of uronic acids (Majdoub et al., 2009). Carbohydrates that are produced intracellularly, on the contrary, are
accumulated as glycogen and thus consist of glucose (Aikawa
et al., 2012; Hasunuma et al., 2013). To test whether N stressed
Arthrospira produced extracellular or intracellular polysaccharides,
the monosaccharide composition of the carbohydrates in the biomass of a N stressed culture was compared with a control culture
harvested after 9 days (Table 1). The biomass from the control culture contained 8 ± 1% total sugars while biomass from the N
stressed culture treatment contained 57 ± 4% total sugars. The
main monosaccharides in the control culture were rhamnose, glucose and galactose (30.1%, 30.9% and 21.4%, respectively). The
uronic acids glucuronic and galacturonic acid contributed 12.6%
to the total sugar monomers. The high rhamnose and uronic acid
content indicated that extracellular polysaccharides made a substantial contribution to the total sugars in the control culture.

The spontaneous settling of the N stressed Arthrospira may also
be related to an increase in the speciﬁc density of the ﬁlaments. An
increase in density can be caused by the degradation or collapsing
of gas vacuoles. These gas vacuoles are comprised of gas-ﬁlled protein structures. Arthrospira may degrade these proteins to mobilize
N when N is exhausted from the culture medium. The gas vacuoles
may also collapse due to an increase in intracellular turgor pressure
as a result of the intracellular accumulation of carbohydrates, as
was
suggested
by
Deschoenmaeker
in
A.
platensis
(Deschoenmaeker et al., 2014), and Dinsdale and Walsby in the cyanobacterium A. ﬂos-aquae (Dinsdale and Walsby, 1972).
The proteinaceous gas vacuoles of cyanobacteria can be easily
collapsed by pressurization. To evaluate whether N stressed
Arthrospira still contained intact gas vacuoles, the speciﬁc density
(determined using isopycnic banding in a sucrose gradient) and
the settling velocity of Arthrospira ﬁlaments were compared before
and after pressurization in control as well as N stressed cultures
(Table 2). Arthrospira ﬁlaments from the control cultures had a speciﬁc density <1.04 g mL1 and a settling velocity of 0.01 m h1.
After destruction of the gas vacuoles by pressurization, the speciﬁc
density of the control culture increased slightly to 1.15–
1.22 g mL1 and the settling velocity to 0.07–0.08 m h1. Arthrospira collected from a N stressed culture on day 8 had a speciﬁc
density of 1.12–1.15 g mL1 and a settling velocity of 0.15 m h1.
When the gas vacuoles were destroyed by pressurization, the speciﬁc density increased to 1.27–1.31 g mL1 and the settling velocity increased to 0.26 m h1. The fact that the density and the
settling velocity of the N stressed biomass increased strongly when
the ﬁlaments were pressurized indicated that a large part of the
gas vacuoles were still intact. This showed that the spontaneous
settling of N stressed Arthrospira is not caused by a loss of gas
vacuoles.
The analysis of the monosaccharide composition as well as the
glycogen analysis (see above) had indicated that the N stressed
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Table 2
Estimated settling velocities (m h1, measured in 4 mL cuvettes) and speciﬁc
densities (g mL1, estimated from isopycnic banding in a sucrose gradient) of
Arthrospira from N stressed treatment and Control treatment at different culture age
(day 6 and 8). Settling velocities are compared between Arthrospira ﬁlaments before
and after pressurization.
Before pressurization

After pressurization

N stressed

Control

N stressed

Control

Settling velocity (m h1)
Day 6
0.048 ± 0.009
Day 8
0.152 ± 0.009

0.005 ± 0.001
0.014 ± 0.002

0.180 ± 0.027
0.257 ± 0.007

0.067 ± 0.012
0.076 ± 0.001

Densities (g mL1)
Day 6
1.04–1.08
Day 8
1.12–1.15

<1.04
<1.04

1.22–1.27
1.27–1.31

1.15–1.22
1.15–1.22

culture accumulated glycogen, which is the typical C storage compound in Arthrospira (Aikawa et al., 2012; Deschoenmaeker et al.,
2014). Because glycogen has a high speciﬁc density (1.40–
1.62 g mL1), the spontaneous settling of N stressed Arthrospira
may be caused by an increase in density of the ﬁlaments as a result
of the accumulation of glycogen. Isopycnic banding in a sucrose
gradient indeed showed that the speciﬁc density of N stressed
Arthrospira harvested on day 8 was substantially higher than that
of the control Arthrospira, <1.04 g mL1 in the control culture versus
1.12–1.15 g mL1 in the N stressed culture. The settling velocity of
the ﬁlaments on day 8 was also higher in the N stressed conditions
than in control conditions: 0.014 m h1 in the control culture versus 0.152 m h1 in the N stressed culture. This showed that the settling behavior of Arthrospira was primarily regulated by changes in
the density of the ﬁlaments probably related to the accumulation
of glycogen. The regulation of buoyancy in cyanobacteria by
changes in glycogen content also occurs in natural lakes in
response to N limitation (Van Rijn and Shilo, 1985).
3.4. Potential of using spontaneous settling for harvesting
carbohydrate-rich Arthrospira
The direct causative link between carbohydrate accumulation
and spontaneous settling has a lot of potential to pre-concentrate
carbohydrate-rich Arthrospira biomass using only gravitational
force. To separate particles from a liquid using only gravitational
force on an industrial scale, clariﬁers or lamella separators are used
(Fujisaki, 2010). For these systems to work efﬁciently, however, it
is important that the particles have a sufﬁciently high settling
velocity. If the Arthrospira ﬁlaments settle too slowly, the separator
would have to be impractically large. Moreover, the retention time
of the ﬁlaments in the system would be high and this could result
in a deterioration of biomass quality. Although the settling velocity
of N stressed Arthrospira ﬁlaments was roughly estimated using
small 4 mL cuvettes (see above), additional experiments were carried out in Imhoff cones to obtain a more accurate estimate of the
settling velocity.
The settling behavior was studied in a 10-day old N stressed
culture with a carbohydrate content in the biomass of 74%. When
monitoring the settling behavior in Imhoff cones, a clear interface
was formed between the clariﬁed medium and the settling biomass. The height of the interface was determined using image
analysis and was plotted over time to produce a settling curve
(Fig. 2). The ﬁrst 5 min were characterized by a short lag phase,
probably resulting from residual turbulence after ﬁlling the Imhoff
cones. This was followed by a linear settling period lasting 15 min.
After 20 min, the settling velocity decreased and this is called the
transition phase. This slow-down in settling velocity could be
ascribed to hindered settling (Pahl et al., 2012). At the end, a slow
but stable decrease in the interface height was observed resulting

Fig. 2. Changes in the position of the interface height between the clariﬁed medium
and the settling biomass and settling velocity over time of a 10-day old N stressed
Arthrospira batch culture in a 1 L Imhoff cone over the course of 1 h.

from compression of the sludge. The linear settling period was
used to calculate the maximum settling velocity, which was estimated to be 0.64 ± 0.01 m h1.
Based on this settling velocity, the potential for harvesting of N
stressed Arthrospira was evaluated using a lamella separator. A
lamella separator allows for continuous harvesting and has the
advantage of combining a low footprint and a high throughput
with an acceptable investment cost and a low energy consumption
(Smith and Davis, 2012). A lamella separator has previously been
used in a pilot system for harvesting microalgae from high-rate
algal ponds used for domestic wastewater treatment (Craggs
et al., 2012). The upstream ﬂow velocity (U) (Eq. (3)) for a lamella
separator can be estimated by the Ponder–Nakamura–Kuroda
(PNK) equation (Hill et al., 1977).

U ¼ v ðL cos h þ b sin hÞ

ð3Þ

When using a lamella separator for harvesting a homogeneous
suspension of small particles like Arthrospira, the distance between
the plates (b) can be relatively short, e.g. about 2 cm. For a standard
angle (h) of the plates with the horizontal of 70° and a length of the
plates of 1 m (L), the upstream ﬂow velocity in the separator is
about 11.6 m h1 if a settling velocity (v) of 64 cm h1 is assumed
for Arthrospira ﬁlaments with a glycogen content of 74%. A typical
open-pond Arthrospira farm today produces 30 tons ha1 year1
and the biomass concentration of the culture is 0.5 kg m3
(Benemann, 2013). In such a facility, about 60,000 m3 of culture
needs to be processed per year per hectare of open pond culture
to harvest the biomass, or approximately 200 m3 each day. Assuming an upstream ﬂow velocity of 11.6 m h1, a lamella separator of
about only about 1 m2 is capable to process this volume of culture
each day.
In the experiments with the Imhoff cones, the biomass settled
after about 40 min. At this stage, the sludge volume was
95 ± 5 mL (9.5% of the culture volume). The sludge volume slowly
decreased to 66 ± 3 mL (7% of the culture volume) after 60 min
due to the slow process of compaction of the sludge. One hour is
an acceptable time for harvesting microalgae and should minimize
deterioration of the biomass quality. This means that 94% of the
culture medium could be removed using spontaneous settling in
a lamella separator. The sludge that was obtained after spontaneous settling had a dry matter content of 1.34%. This can be further
increased to 20% by removing all extracellular water. To achieve
this, a mechanical method such as centrifugation or ﬁlter pressing
can be used. Because most of the water had already been removed
by gravitational force, the energy demand was much lower than
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when a mechanical method would be used for harvesting of an
Arthrospira culture that was not pre-concentrated.
4. Conclusions
Arthrospira can accumulate large amounts of carbohydrates as
glycogen, a glucose polymer that can be easily converted into biofuels. The accumulation of glycogen resulted in an increase in the
speciﬁc density of the ﬁlaments and this in turn caused an increase
in the settling velocity to 0.64 m h1. With this settling velocity, a
lamella separator with a footprint of only 1 m2 should be sufﬁcient
to harvest the biomass from a 1 ha open pond culture and to
remove 94% of the water using only gravitational force.
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