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" A method is presented for development of a highly assimilated minimal growth medium.
" The highly minimal growth medium proved effective for C. vulgaris growth.
" Ion accumulation was limited in a growth medium recycling experiment.
" Biomass productivity was maintained with the recycled medium.
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When microalgae culture medium is recycled, ions (e.g. Na+, K+, Ca2+) that were not assimilated by the
microalgae accumulate in the medium. Therefore, a growth medium (HAMGM) was developed that
included ions that were more easily assimilated by Chlorella vulgaris, such as ammonium one (NH4

+).
Recycling performance was studied by carrying out 8-week continuous cultivation of C. vulgaris with
recycled HAMGM medium. No loss of biomass productivity was observed compared to culture in a con-
ventional medium, and accumulation of ions over time was negligible.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Microalgae exhibit broad biodiversity and have been used for
many decades as an important source of specific metabolites, such
as pigments, antioxidants and polysaccharides. Their main current
applications are biomass production for feed (Pulz and Gross, 2004),
aquaculture (Muller-Feuga, 2000; Spolaore et al., 2006) and food
supplements, with many other developments in wastewater treat-
ment, industrial CO2 fixation (Benemann, 2009; Çetinkaya Dönmez
et al., 1999; Mata et al., 2010) and future potential applications for
energy-related purposes (Chisti, 2007; Harun et al., 2010) and for
life support systems in space (Rossi et al., 2008).

Microalgae cultures are run in various types of cultivation
systems (open ponds, raceways, and closed photobioreactors)
depending on environmental conditions and applications. For
ll rights reserved.

RS, GEPEA UMR-CNRS 6144,
aint-Nazaire Cedex, France.

ourseau).
large-scale continuous cultures, open ponds or raceways are
widely used, due to their low cost (Borowitzka, 1999). Such exten-
sive systems can present very high culture volumes (up to several
thousand cubic meters) with biomass concentrations generally be-
low 1 kg m�3. Recycling culture medium could therefore save
much water, reduce nutrient inputs, and lower the economic and
ecological impacts of the process. However, recycling culture med-
ium can have negative effects on biomass growth due to the accu-
mulation of metabolites (lipids, polysaccharides, proteins or other
nitrogenous entities) released during growth when physiological
stress or cell lysis occur (Fogg, 1966; 1971), in particular in cul-
tures at high biomass concentrations (Richmond, 2004). Thus,
inhibitory and toxic effects of lipids have been described (Ikawa,
2004; Wu et al., 2006), and Robertson and Fong, 1940 reported
the release of a substance by C. vulgaris derived from fatty acid
photo-oxidation, chlorellin, which depressed microalgal growth.

In addition to excreted metabolites, minerals can also accumu-
late during growth medium recycling. This is especially the case for
counter ions of NH4

+, CO3
2�

, PO4
3� in salts such as NH4Cl, NaHCO3

and KH2PO4 which are not, or only poorly assimilated by the

http://dx.doi.org/10.1016/j.biortech.2012.07.085
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microalgae. These ions accumulate in the medium during recy-
cling, leading to a gradual change in the composition and in the
physical-chemical properties of the growth medium.

The present study investigates accumulation and impacts of
mineral matter during medium recycling, obtained at each bio-
mass harvest. The rapid increase in osmolality when recycling con-
ventional medium was confirmed. A highly assimilable minimal
growth medium (HAMGM) was developed for C. vulgaris. Algae
growth in this medium was compared with that in a conventional
medium. The ability of the HAMGM medium to maintain stable
long-term production with total medium recycling and reduced
ion accumulation was also verified.
2. Materials and methods

2.1. Strain and medium

The strain used in this study was C. vulgaris (211/19 SAG), cho-
sen for its ability to assimilate both ammonium (NH4

+) and nitrate
(NO3

�) as nitrogen source, with a preference for ammonium
(Reisner et al., 1960; Schuler et al., 1952). The autotrophic Sueoka
medium (Sueoka, 1960) described by Harris (2009) was taken as a
reference (conventional growth medium). The composition was
adapted to reach a biomass concentration of up to 2.5 g L�1 with
no mineral limitation. The composition of the conventional med-
ium was: (mmol L�1): NH4Cl, 27.1; MgSO4�7H2O, 1.14; KH2PO4,
4.48; CaCl2�2H2O, 0.34; NaHCO3, 20.0 and 1 mL L�1 of Hutner’s
trace element solution (Hutner et al., 1950). The growth medium
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Fig. 1. Schematic diagram of pilot plant for the continuous culture of Chlorella vulga
alight = 33 m�1), with regulated pH and temperature (q0 = 270 lmol m–2 s–1, pH = 7.5, T =
was prepared using distilled water. For all cultures in PBR, pH
and temperature were controlled at 7.5 and 25 �C.
2.2. Airlift photobioreactor

Experiments were conducted in a flat panel airlift photobioreac-
tor (PBR) (Fig. 1) with an optical path (e) of 0.03 m, a working volume
(V) of 1 L, and a specific illuminated surface area (alight) of 33.3 m�1

(for a flat PBR: alight = 1/e). The PBR was built of transparent material,
except for its rear side which was stainless steel (type 316L).

The PBR was illuminated with a panel of 80 white LEDs (light-
emitting diodes, P4 Cool White, Seoul SemiConductor). This colli-
mated light source was placed in front of the illuminated surface
and allowed an incident photon flux density (PFD, noted q0) of
up to 2000 lmol m�2 s�1, by varying the potential applied to the
light source. The PFD value was 270 lmol m�2 s�1. The PFD was
measured with a quantum sensor (LI-250A, LI-COR, Lincoln, NE).
The mean PFD on the PBR front face was determined by averaging
12 different measurement points inside the PBR, on the transpar-
ent front to take into consideration light attenuation across the
optical surface.

The culture was mixed by sterile air injection at the bottom of
the PBR. The pH and temperature were controlled by a pH/temper-
ature probe (sensor Mettler Toledo SG 3253) monitored by the
acquisition software LabVIEW. When the pH was higher than the
set point (pH > 7.5), CO2 was injected by activating a solenoid
valve. The culture medium was cooled (25 �C) by a blower fixed
on the rear side of the PBR.
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ris. The PBR used for these experiments is a flat-panel airlift (3 cm optical path,
25 �C). The dashed line represents the medium recycling step.
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The PBR was operated in a continuous mode with a constant
dilution rate controlled daily by measuring the flow rate. A meter-
ing pump (Stepdos� 08/RC, KNF Neuberger) was used to control
the flow rate of the inlet culture medium. Algae were recovered
by culture medium overflowing into a harvesting bottle.

2.3. Experimental set-up and recycling protocol

The experimental set-up is presented in Fig. 1. Its purpose was
to observe and identify possible drifts in biomass quality and pro-
ductivity due to mineral matter accumulation during medium
recycling. A protocol representative of real operating conditions
was applied. Culture medium was fed into the PBR at a flow rate
of Q0 = 0.432 L day�1 (5 � 10�9 m3 s�1) corresponding to a reten-
tion time of 2.31 days (for a PBR volume of 1 L). The culture was
continuously harvested by overflowing and stored for 3.5 days be-
fore treatment in an illuminated closed bottle mixed twice a day. A
specific experiment was performed, to check the absence of biolog-
ical degradation of the culture during storage: a culture volume
was maintained for 4 days in the same conditions of illumination
and mixing and a daily sampling showed that no change in bio-
mass quality and no organic matter excretion in the supernatant
occurred. Indeed, chlorophyll content and organic matter release
into the supernatant remained constant ([Chl-tot] = 5.79 ± 0.12%
(w/w), COD = 65.7 ± 7.5 mg L�1), as well biomass concentration
(CX = 2.15 ± 0.03 g L�1), proving that changes in the culture in the
storage bottle were negligible.

Every 3.5 days (twice a week), the entire stored harvested cul-
ture (VH = 1.52 L) was centrifuged (17,600 g, 15 min, 15 �C) to sep-
arate the supernatant from the biomass. Consumption of the main
nutrients was determined by ionic chromatography and then, the
supernatant was replenished with NH4Cl, MgSO4, KH2PO4, and
NaHCO3 as sources of main nutrients (respectively nitrogen, sulfur,
phosphorus and carbon), at the same time supplying the needs for
magnesium and potassium. The supernatant was finally reintro-
duced with no further treatment into the feeding medium bottle.
A sufficient volume of feeding medium (VF = 4 L) was chosen to
avoid interruption in the PBR feeding. The renewing time of the
feeding bottle sF (sF = VF/Q0) was equal to 9.26 days of (4 L/
0.432 L day�1) meaning that the volume of the feeding bottle
was totally renewed every 9.3 days. The recycling protocol thus
allowed the PBR to be run in continuous mode with permanent
feeding in recycled medium, allowing a quasi-steady-state to be
obtained enabling the investigation of the system’s stability.

2.4. Analytical methods

2.4.1. Biomass dry weight concentration
Biomass dry weight concentration was determined gravimetri-

cally. The sample was filtered through a rinsed glass-fiber filter
(Whatman GF/F), pre-dried and weighed. The filter was dried for
24 h at 105 �C, cooled in a desiccator and weighed again. Analyses
were performed in triplicate and the results are given as the aver-
age of the three measurements. Measurement of the biomass dry
weight concentration enabled determination of biomass produc-
tivity PX as:

PX ¼ CX :D; ð1Þ

with D = Q/V = 1/s, the dilution rate fixed by the feeding flow rate
(with Q the feeding flow rate of medium, V the PBR volume and s
the residence time of the culture in the PBR).

2.4.2. Pigment content
Pigments were extracted with pure methanol. A volume of

250 lL of culture was introduced into a 2-mL Eppendorf tube,
and 1250 lL of methanol was added. The tube was incubated for
45 min at 45 �C and centrifuged at 12,100 g for 5 min. The superna-
tant was analyzed with a UV–Vis spectrophotometer (Perkin-El-
mer, Lambda 10). Chlorophyll a (Chl-a), chlorophyll b (Chl-b) and
total chlorophylls (Chl-t) were determined according to Ritchie
(2006) as:

½Chl-a� lg mL�1 ¼ �8:0962� A652 þ 16:5169� A665

½Chl-b� lg mL�1 ¼ 27:4405� A652 þ 12:1688� A665

½Chl-t� lg mL�1 ¼ 19:3443� A652 þ 4:3481� A665

The analysis was performed in triplicate.

2.4.3. Elementary analysis
A volume of culture medium containing at least 30 mg of dry

matter was centrifuged at 3,900 g and washed three times with
distilled water to remove salt residues. The sample was lyophilized
(RP2V� freeze dryer, T = �42 �C, P = 0.005 bar). Elementary compo-
sition analysis was performed by the CNRS central analysis service
(Solaize, France). Carbon, hydrogen, nitrogen and sulfur contents
were determined by total combustion of the sample at 1500 �C
(for C and H), 1050 �C (N) or 1250 �C (S) under a controlled stream
of oxygen and helium. Oxygen content was determined by pyroly-
sis at 1080 �C under a nitrogen stream. The resulting gases were
quantified by a thermal-conductivity sensor or by an infrared spe-
cific detector (LECO, SC-144). Elementary composition gave the
overall stoichiometry of the biomass, and an estimate of the nutri-
ent requirement (Pruvost et al., 2009).

2.4.4. Ion concentrations
The PO4

3�, SO4
2� and Cl� ions were assayed using an anionic

chromatograph (Dionex-ICS 900), equipped with a guard column
AG9-HC (4 � 50 mm) and a separation column AS9-HC
(4 � 250 mm). The eluant was a solution of 0.9 mM Na2CO3, with
a flow rate of 0.9 mL min�1. For the assay of NH4

+, Mg2+, K+, Ca2+

and Na+, a cationic chromatograph was used (Dionex-DX 120),
equipped with a guard column CG16 (5 � 50 mm) and a separation
column CS16 (5 � 250 mm). Elution was with 17 mM H2SO4 at a
flow rate of 1.2 mL min�1. Detection was by conductivity, and data
acquisition and processing were accomplished with a dedicated
software program (Chromeleon).

2.4.5. Osmolality
Osmolality was determined by measuring the freezing point of

the solution with an automatic osmometer (Löser, type 15). Linear
correlation between osmolality (n) and freezing point gave osmo-
lality using the following equation (Keitaro, 2003):

n ¼ DT ð�CÞ
1:858

ð2Þ

where 1.858 is the freezing point of a solution with an osmolality of
1 osmol.

3. Results and discussion

3.1. Productivity of a continuous culture of C. vulgaris

C. vulgaris productivity (Px) was first determined with a contin-
uous culture in a flat-panel airlift PBR. The conventional medium
(Sueoka medium) was supplied to this chemostat, which was kept
under continuous illumination with a PFD of 270 lmol m�2 s�1

and a temperature and a pH of 25 �C and 7.5. A maximal maximum
volumetric productivity (Pmax) of 0.76 kg m�3 day�1 was obtained
for an optimal dilution rate (Dopt) close to 0.68 day�1 (Fig. 2). For
each experiment, the medium composition was analyzed to make
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sure there was no mineral limitation that would give light-limited
conditions, where only light limits growth, as described by Cornet
and Dussap (2009) and Pruvost et al. (2011).

As discussed by Takache et al. (2010), as soon as values of the
dilution rate are higher than optimal (D > 0.68 day�1 here), light
transmission occurs across the culture volume because of the
too-low biomass concentrations, leading to the so-called ‘‘kinetic
regime’’. Besides a lower productivity, this results in an unstable
regime with a risk of culture wash-out. Thus in order to facilitate
further experiments to investigate the long-term stability of the
process, the PBR was run with a dilution rate below the optimal
value, around 0.40 day�1 for subsequent recycling experiments.
The corresponding biomass productivity was 0.64 kg m�3 day�1

with a corresponding biomass concentration in the PBR of
1.5 g L�1 (Fig. 2).
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3.2. Culture medium recycling with conventional medium

Recycling experiments were conducted for eight weeks
(56 days) by harvesting and recycling the medium twice a week.
During this period, 16 harvests and medium recycling processes
were performed, and the feeding bottle was renewed six times
(i.e. 56 days/sF). Fig. 3 represents the time course of biomass
concentration, biomass productivity, and total chlorophyll content
obtained with cultures fed by the recycled conventional medium.
Constant biomass productivity was maintained for the total dura-
tion of the experiment (around 0.50 kg m�3 day�1). Biomass qual-
ity seemed unaffected, the total chlorophyll content averaged
5.5% with a relative standard deviation of only 0.4%. Each individ-
ual pigment category (Chl-a, Chl-b) was stable, as well as the
absorbance ratio (A480/A665) linked to carotenoid and chlorophyll
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contents, which ranged here between 0.74 and 0.78 (results not
shown). Although some authors have observed the presence of
inhibitors in culture medium, inhibition or a growth rate decrease
were not observed in the present experiments, likely due to the
fact that growth inhibition seems more important in the case of
high cells density cultures. In fact, inhibitory activity was observed
for biomass concentration ranging between 6 and 7 g L�1 (Rich-
mond, 2004; Richmond and Zou, 1999), whereas in the present
case biomass concentration remained moderated (CX = 1.5 g L�1).
Although the microalgal culture seemed to be in steady-state
throughout the 16 recycles, a regular increase in total ion concen-
tration and osmolality was observed in the supernatant, with a 4-
fold increase in osmolality after 8 weeks of recycling due to the
accumulation of unassimilated ions (Fig. 4). The main ions involved
were chloride (Cl�) and sodium (Na+) supplied by the main nutri-
ent sources Na2HCO3 and NH4Cl. The concentrations of Cl� and Na+

increased from 14.08 and 10.87 mmol L�1, respectively in the ini-
tial feeding medium, to 74.08 and 72.61 mmol L�1 in the final feed-
ing medium, after the eight weeks of recycling, i.e. 5.3- and 6.7-fold
increases in concentration. By contrast, there was no significant
accumulation in the supernatant of magnesium, calcium or potas-
sium ions. Fig. 4 shows, for example, that Mg2+ disappeared and
that Ca2+ and K+ accumulated, but in small proportions compared
with Na+ and Cl�. This observation can be explained by the small
quantities of Mg2+, Ca2+ and K+ in the culture medium and by their
possible biological consumption by microalgae. At the end of the
recycling assay, these minor ions represented only 4% of the total
ion concentration, whereas sodium and chloride ions represented
around 90%. The concentrations of the main nutrients (nitrogen,
phosphorus and sulfur) were kept almost constant (within 10%)
during the experiments by adjusting their concentrations in the
feeding medium at each recycle. The increase in osmolality seems
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Fig. 4. Time course of the ion concentration in the medium during Chlorella vulgaris grow
and accumulated during the recycling.
therefore to be due to the accumulation of certain specific ions,
such as Na+ and Cl�. These results confirmed that conventional cul-
ture media, such as Sueoka medium, could lead to a rapid mineral
accumulation when the medium is recycled.

3.3. Stoichiometry of the biomass synthesis

Although no limitation effects were observed, longer periods of
recycling could probably lead to an osmotic stress with possible
adverse effects on the biomass production and quality. Such effects
have been observed by Alyabyev et al. (2007), who showed that C.
vulgaris growth was reduced at a NaCl concentration higher than
500 mM. In the present experiments, it would have required
48 weeks before the salts concentration would have increased to
more than 500 mM. Under such conditions where the productivity
PX is moderate, a culture could maybe be maintained for a long
time with no inhibition, although it cannot be excluded that high
salinity could have some negative effects. However, for high-pro-
ductivity cultures, high and inhibiting salts concentrations would
appear after a few weeks. To prevent such potential negative ef-
fects, a culture medium highly assimilable for C. vulgaris was de-
signed to avoid mineral accumulation. For this purpose, the ions
that were only weakly consumed (Mg2+, K+) or not consumed
(Na+), were replaced by ammonium (NH4

+), which is assimilated
by microalgae. Ion concentrations were then limited to the strictly
metabolic needs of the biomass by measuring ion consumption in
standard photosynthetic growth (no mineral limitation). Elemen-
tary analysis was performed on biomass from three different batch
cultures of C. vulgaris. Results were similar and the biomass
stoichiometry was computed from average mass contents over
the three batches. The results shown in Table 1 are given in terms
of mass fraction of each element i analyzed, xm,i. The sum of the
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Table 1
Mass fractions, molecular fractions and molar fractions normalized to carbon, for each element i of Chlorella vulgaris.

Element (i) Mass fraction (xm,i) (%) Standard deviation (%) Normalized mass fraction (x’m,i) (%) Mole fraction (xn,i) (%) Mole fraction/mole fraction in C (xn,c)

C 47.13 0.75 49.83 29.33 1
H 6.97 0.07 7.37 52.07 1.775
O 28.82 3.89 30.47 13.45 0.459
N 8.11 0.90 8.57 4.33 0.148
S 0.70 0.19 0.74 0.16 0.006
P 1.23 0.29 1.30 0.30 0.010
K 1.06 0.39 1.12 0.20 0.007
Mg 0.40 0.07 0.42 0.12 0.004
Ca 0.17 0.08 0.18 0.03 0.001
Total 94.59 – 100 100 –
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fractions of all elements analyzed was not equal to 1 because of
experimental errors and also possibly because not all the microel-
ements were analyzed (analyzed elements are summarized in Ta-
ble 1). To determine a stoichiometric equation for the biomass
synthesis from these results, normalized mass fractions (x0m;i) and
mole fraction (x0n;i) of each element i were computed as:

x0m;i ¼
xm;iP

xm;i
; ð3Þ

and

x0n;i ¼
x0

m;i
MiX

i

x0
m;i
Mi

ð4Þ

where Mi is the molecular weight of the element considered.The
stoichiometric coefficients for the biomass synthesis were then
determined by normalizing the mole fractions of each element i
by the carbon mole fraction:

xn;i=C ¼
x0n;i
x0n;c

ð5Þ

Finally, a stoichiometric equation of C. vulgaris growth was estab-
lished on the basis of the elementary analysis (C, H, O, N, S, P) (Roels,
1983):

CO2 þ 0:148NHþ4 þ 0:006H2SO4 þ 0:010H3PO4

þ 0:571H2O!hv
CH1:776O0:459N0:148S0:006P0:010 þ 1:088O2 ð6Þ

The biomass C-molecular weight (Mx) calculated from the nor-
malized was equal to 24.02 gC mol�1. The stoichiometric equation
for biomass synthesis (Eq. (6)) gives an estimate of nutrient
requirements from their assimilation in the biomass.

These requirements can also be deduced from ion consumption
in the culture medium, estimated as the difference between
nutrient concentrations in the inlet (feeding) and outlet (harvest)
of the PBR operated in continuous steady-state mode. Nutrient
Table 2
Nutrient disappearance in the medium (determined by ionic chroma
biomass (determined by elementary analysis) for Chlorella vulgaris. The

Ion Accumulation of nutrients
in the biomass (mmol molx

�1)
Disappeara
in the medi

NH4
+ 147.6 146.8

SO4
2� 5.56 6.01

PO4
3� 10.08 8.60

K+ 5.79 5.79
Mg2+ 3.80 8.01
Ca2+ 0.92 2.34
Cl� – �1.56
Na+ – �1.78
concentrations can be measured, for example, by ionic chromatog-
raphy (IC) as discussed by Pruvost et al. (2011). Nutrient require-
ments were computed in this work both by nutrient assimilation
by the biomass and by nutrient disappearance from the medium
(Table 2). The nutrient requirements estimated from the ionic anal-
ysis of the culture medium and the biomass elementary analysis
were very close for ammonium, sulfate, phosphate and potassium
ions. Minor nutrients, magnesium and calcium requirements com-
puted from accumulation in biomass were lower than those ob-
tained from the measurement of nutrient consumption in batch
experiments. As the concentrations of magnesium and calcium
ions were very low (<50 mg L�1), this difference can be attributed
to insufficient sensitivity of the ionic chromatograph. In addition,
decreased magnesium and calcium concentrations in the medium
could probably also have been adsorbed onto the external cell sur-
face since, biosorption of these ions by microalgae is a well-known
phenomenon (Çetinkaya Dönmez et al., 1999; De-Bashan and Ba-
shan, 2010). As the biomass was abundantly washed with distilled
water before elementary analysis, the ions could have desorbed
and thus would not have been measured during elementary anal-
ysis. This ion biosorption introduced a difference in the require-
ments calculation between the two methods. However, ionic
analysis of the medium and elementary analysis of the biomass
provided consistent estimations of the consumption of major
nutrients (NH4

+, SO4
2�, PO4

�). The ionic chromatography measure-
ments also confirmed the absence of significant consumption of
Cl� and Na+ ions during biomass growth (the negative values being
possibly attributable to uncertainties in ionic chromatograph
measurement).

3.4. Development of the HAMGM medium

The guideline for the development of a highly assimilable min-
imal growth medium was to replace unassimilated ions by ammo-
nium (NH4+), which can be assimilated by C. vulgaris. The
concentrations of the main nutrients (NH4+, SO4

2�, PO4
3�) needed

to reach a given biomass concentration in the PBR were estimated
tography) compared with accumulation of the nutrients in the
results are normalized to 1 mol of biomass.

nce of nutrients
um (mmol molx

�1)
Deviation between accumulation
and disappearance (%)

0.48
8.09

14.7
0.07

110
155
–
–
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Table 3
HAMGM medium composition developed for Chlorella vulgaris. This
medium provides a maximum biomass concentration of 1.7 g�L�1.

Nutrient C (mg L�1) C (mmol L–1)

NH4HCO3 1099 13.9
MgSO4�7H2O 187 0.76
(NH4)2SO4 0 0
KH2PO4 72.5 0.53
(NH4)2HPO4 164 1.24
CaCl2�2H2O 50 0.22
Hutner 0.5 mL L�1

Table 4
Ion concentrations in the HAMGM medium.

Nutrient C (mg L�1) C (mmol L�1)

NH4
+ 295 16.4

SO4
2- 73 0.76

PO3
2� 169 1.76

HCO3
� 848 13.9

Mg2+ 18.2 0.76
K+ 21.1 0.54
Cl- 15.4 0.43
Ca2+ 8.8 0.22
Total 1449 34.77
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from the biomass synthesis equation. Mass yields of each element i
(Yi/Cx) defined as the ratio of the amount of the element consumed
to the amount of the biomass produced were deduced from Eq. (6):

Yi=Cx ¼
mass of element i consumed
mass of biomass produced

¼ bi �
Mi

MX
ð7Þ

with bi, the stoichiometric coefficient of i in the biomass synthesis
equation, Mi the molecular weight of i, and Mx the molecular weight
of the biomass.

The following values of mass yields in nitrogen, sulfur and
phosphate were obtained: YNH4

+
/Cx = 0.112 g gX

–1, YSO4
2�

/Cx = 0.025
g gX

�1, YPO4
3�

/Cx = 0.040 g gX
–1. These mass yields were used to

determine the stoichiometric amounts of major nutrients needed
to produce a biomass with a desired concentration (here,
1.7 g L�1). For each element i, the mass yields were deduced from
the following mass balance equation:

Accumulation of element i

in biomass

� �
¼

Element i drained off
from the medium

� �
ð8Þ

Q � CX � Yi=Cx ¼ Q � ðCin
i � Cout

i Þ ð9Þ

where Yi/Cx, MX and Mi are the same as in Eq. (7), Q the inlet medium
flow rate, CX the biomass concentration, and Ci

in and Ci
out the

concentrations of element i at the inlet and outlet of the PBR.
Ci,min was defined as the minimum inlet mass concentration of
nutrient i corresponding to the minimal requirements with no
limitation (Ci,min = Ci

in and Ci
out). The minimal concentrations of

the minor nutrients (K+, Mg2+, Ca2+) were computed with the more
precise data from ionic chromatography analyses, which takes into
account the proportion of ions adsorbed onto the biomass (Table 2).
The concentrations Ci of main and minor nutrients used to design
the HAMGM medium were obtained by considering an excess of
30% with respect to the minimal concentration to avoid any mineral
limitation (Ci = 1.3 � Ci,min).

In contrast to major nutrients, the quantification of micronutri-
ent needs (trace elements, usually supplied by Hutner’s solution) is
very difficult due to their very small concentrations. However
Cogne et al. (2003) demonstrated that it is possible to reduce the
quantities of these microelements with no impact on growth of
Arthrospira platensis. A series of tests was thus performed on contin-
uous cultures with decreasing quantities of Hutner’s solution to
determine the minimal concentration of trace element acceptable
(i.e. that did not slow the microalgae growth), and thus to limit
their accumulation during recycling. Half the original concentra-
tion of the salts in Hutner’s solution was found to be sufficient to
conduct a continuous culture up to a biomass concentration of
1.7 g L�1. This was verified with a continuous culture maintained
for several weeks. Thus a 0.5 mL L–1 Hutner’s solution was used in
the composition of the HAMGM instead of the usual 1 mL L–1.

Once the desired nutrient composition of the HAMGM medium
(NH4

+, HCO3
�) was known, the required concentrations of salts was

determined. Nitrogen was supplied as ammonium bicarbonate
(NH4HCO3), so that the bicarbonate (HCO3

�) mole concentration
was equal to that of the ammonium. Phosphate was partly sup-
plied as potassium phosphate (KH2PO4) to meet the potassium
ion intake needs and the rest as ammonium phosphate ((NH4)2-

HPO4). The sulfur and magnesium requirements were met with
magnesium sulfate (MgSO4�7H2O). Calcium was supplied as cal-
cium chloride (CaCl2).

The HAMGM medium composition obtained in this way is given
in Tables 3 and 4. The total ion concentration of HAMGM is
1.57 g L�1, as compared 4.10 g L�1 for the more concentrated
conventional medium, corresponding to a 62% decrease in mass
in initial nutrient supply. Although the cost of nutrients is probably
higher for HAMGM, the decrease in initial nutrient supply would
allow economical saving. As an example, considering nutrients
prices for the biggest packaging proposed by a lab-scale nutrients
supplier (5 kg or 25 kg), the economical saving was estimated
around 50%. The HAMGM medium fulfilled the purpose of mini-
mizing nutrient supply and losses, and accumulation of the
non-assimilated ions and water consumption (WC) by 77% during
medium recycling. Without recycling, the 8-week culture needed
24.2 L of water (continuous culture with D = 0.43 days–1 and PBR
volume = 1 L). With recycling HAMGM medium, water consump-
tion (WC) was reduced to 5.6 L. The initial feeding medium volume
(4 L) was four times greater than the PBR volume (1 L) and at every
recycle, water loss (WL) due to evaporation and harvesting, repre-
sented 10% of PBR volume and was determined by Eq. (10).

WL ¼ 0:1� volume of the PBR � number of recycles ð10Þ

WC ¼ Initial feeding medium volumeþWL ð11Þ
3.5. Validation of the HAMGM medium

To check that the HAMGM medium could ensure the same pro-
ductivity as conventional medium, C. vulgaris was grown in HAM-
GM and conventional medium under the same culture conditions
(continuous culture with D = 0.43 day�1, q0 = 270 lmol m�2 s�1,
pH = 7.5, T = 25 �C). The volumetric biomass productivity obtained
at steady-state was around 0.68 kg m�3 day�1 (Fig. 2), very close to
that obtained with the conventional medium (5.8% of deviation). C.
vulgaris culture in HAMGM medium was thus considered as vali-
dated. In a final step, the recycling of C. vulgaris growth medium
was tested using HAMGM medium (Fig. 5). A constant productivity
was maintained throughout the eight weeks of the recycling proce-
dure. More interestingly, ion accumulation was clearly reduced in
comparison with the conventional medium. As expected, ion
concentrations in the PBR effluent remained almost constant
throughout the recycling experiment, with values of total ion
concentration ranging between 250 and 350 mg L�1. The nutrient
feeding was limited to the physiological needs of C. vulgaris. The
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Fig. 5. Time course of the ion concentration in the outflow PBR during the Chlorella vulgaris growth medium recycling with the HAMGM medium: all ions are largely
consumed by the microalgae and so ion accumulation is limited.
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small fluctuations in concentration observed were attributable to
slight variations in the supply pump during the experiment.
4. Conclusion

Controlling and reducing nutrient intakes in large-scale contin-
uous cultures are key economic and ecologic issues. A highly
assimilable minimal growth medium (HAMGM) was developed
and validated for C. vulgaris by running continuous long-term cul-
tures. The initial nutrient inputs were limited to the physiological
requirements of microalgae, and unassimilated ions were replaced
by ammonium (NH4

+). When HAMGM medium was recycled, ion
accumulation was thus limited and very close biomass productiv-
ities were achieved with conventional and HAMGM media. Water
consumption was reduced by around 77% and nutrients cost saving
estimated around 50%.
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