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� A mathematical model to evaluate lipid productivity of C. sorokiniana is proposed.
� Experiments were performed in batch lab-scale and BIOCOIL photobioreactors.
� Quite good lipid productivity and FAMEs composition was attained with the BIOCOIL.
� Experimental data have been successfully predicted through the proposed model.
� The model allows optimizing the fed-batch operation of the BIOCOIL.
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a b s t r a c t

A novel mathematical model for the quantitative assessment of the effect of dissolved nitrogen on the
autotrophic batch-growth and lipid accumulation of Chlorella sorokiniana, is proposed in this work.
Model results have been validated through comparison with suitable experimental data performed in
lab photobioreactors. Further experiments have been then performed using the BIOCOIL photobioreactor
operated in fed-batch mode. The experimental results, which show that a maximum growth rate of
0.52 day�1 and a lipid content equal to 25 %wt can be achieved with the BIOICOIL, have been successfully
predicted through the proposed model. Therefore, the model might represent a first step toward the
development of a tool for the scale-up and optimization of the operating conditions of BIOCOIL photo-
bioreactors. Finally, the fatty acid methyl esters obtained by trans-esterification of lipids extracted from
C. sorokiniana, have been analyzed in view of the assessment of their usability for producing biodiesel.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

It is well recognized that microalgae represent today one of the
most promising renewable feedstocks for the production of a wide
range of consumer goods such as biofuels, nutraceuticals, pharma-
ceuticals, bioplastics, functional food, lubricants and food for aqua-
culture systems. However, the current technology, based on the
exploitation of closed photobioreactors (PBRS), should be properly
optimized, in order to become economically sustainable. In partic-
ular, lipid productivity of microalgae should be increased with
respect to the values achieved so far. Several methods are currently
being investigated for boosting lipid biosynthesis in microalgae.
Aside the ones based on the exploitation of genetic engineering
tools, all these techniques have in common process conditions that
lead the microalgae to face stress conditions which trigger lipid
synthesis. Specifically, techniques exploiting extreme pH and
temperature conditions, high radiation, osmotic stress, and high
heavy metals concentration, are currently under investigation
(Sharma et al., 2012). While some of these methods are able to
increase the lipid content of microalgae, most of them result in a
significant lowering of the biomass productivity which, in turn,
cancels out the positive effect deriving from augmented lipid
content.

Although it still poses concerns of reduced biomass productiv-
ity, the induction of nitrogen starvation in the culture seems to
be the only feasible technique for boosting lipid productivity on
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Notations

Cb concentration of total microalgal biomass (gdw m�3)
Cf concentration of the fatty acid fraction of algal biomass

(gFe m�3)
C‘ concentration of the lipidic fraction of algal biomass

(gdw m�3)
CN total mass concentration of N species in bulk phase

(gN m�3)
Cx concentration of functional fraction of algal biomass

(gdw m�3)
I0 incident light intensity (lE m�2 min�1)
D dilution ratio (min�1)
Iav average light intensity within the culture

(lE m�2 min�1)
kd mass loss of the functional fraction of microalgae

(min�1)
kf!‘ rate constant for the conversion of fatty acids to lipids

(min�1)
KN half saturation constant of nitrogen (gN m�3)
MWN molecular weight of nitrogen (gN molN�1)
P carbon-specific photosynthetic rate (net carbon fixation

rate) (gC gdw�1 min�1)
Pmax
c carbon-specific maximum photosynthetic rate

(gC gdw�1 min�1)
Psat
c carbon-specific light-saturated photosynthetic rate

(gC gdw�1 min�1)
qChla chlorophyll-a cell quota (gChla gdw�1)

q‘ lipid cell quota (gdw gdw�1)

qmax
‘ maximum lipid quota of microalgae (gdw gdw�1)

qN nitrogen cell quota (gN gdw�1)

Qmax
N maximum nitrogen cell quota above which nitrogen

uptake is stopped (gN gdw�1)
Qmin

N minimum nitrogen cell quota under which growth is
inhibited (gN gdw�1)

vN nitrogen uptake rate (gN gdw�1 min�1)

vmax
N maximum nitrogen uptake rate (gN gdw�1 min�1)

R radius of photobioreactors or of the tube of BIOCOIL (m)

Greek letters
a optical cross section of chlorophyll-a (m2 gChla�1 )
cc=x average carbon content of the functional fraction of

microalgae (gC gdw�1)
cc=f average carbon content of the fatty acid fraction of

microalgae (gC gdw�1)
l specific growth rate of the non-lipid fraction of microal-

gae (min�1)
lmax maximum specific growth rate of the non-lipid fraction

of microalgae (min�1)
hNChla weight of chloropyll synthesized for unit weight of

nitrogen assimilated (gChla gN�1)
hN;max
Chla maximum chloropyll synthesized for unit weight of

nitrogen assimilated (gChla gN�1)
sa optical extinction coefficient for biomass (m2 g�1)
x angle of incidence of light (rad)
Cf!‘ rate constant for the conversion of fatty acids to lipids

(g m�3 min�1)
U quantum efficiency of photosynthesis (gC lE�1)
P volumetric productivity (gdw m�3 min�1)

Superscripts
0 initial value
f final value
max maximum value
min minimum value
sat saturation value
tot total value

Subscripts
b total biomass which accounts both lipid and non-lipid

fraction
c carbon specific value
Chla chlorophyll-a
f fatty acid fraction of biomass
f ! ‘ conversion of fatty acids to lipids
‘ lipid fraction of biomass
x functional fraction of biomass
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the large scale in an economically sustainable fashion (Concas
et al., 2014b; Sharma et al., 2012). Indeed, under nitrogen starva-
tion, biomass growth and photosynthesis become decoupled and,
while protein synthesis is interrupted due to the unavailability of
nitrogen, carbon internalization continues due to the photosyn-
thetic mechanism. This leads to the unbalancing of carbon and
nitrogen content within the cell which, as a response, activates
specific metabolic processes aimed to store the excess carbon into
high energy molecules such as lipids. However, as for the tech-
niques based on the induction of stress conditions, although the
lipid content is augmented, the growth rate decreases correspond-
ingly and thus the resulting lipid productivity is similar to the one
which might be obtained by cultivating microalgae under normal
conditions. Hence, since the increase of lipid productivity is the
target of the nitrogen starvation strategy, it is apparent that the
identification of the trade-off value of nitrogen concentration is a
key issue in view of the implementation of this technique at the
industrial scale.

For these reasons, further and deeper investigations about the
effect of nitrogen depletion on lipid productivity are required espe-
cially for strategic microalgal strains such as Chlorella sorokiniana.
Despite the fact that, the latter one is a very promising strain in
view of producing biofuels (Kobayashi et al., 2015), only few
papers have been so far devoted to the systematic investigation
of the effect of nitrogen starvation on the lipid productivity and
quality of C. sorokiniana, especially when grown under photoau-
totrophic conditions. In fact, most of the work refers to mixo-
trophic and/or heterotrophic conditions (Kobayashi et al., 2015;
Orsini et al., 2016a,b).

The most recent and comprehensive study available in the liter-
ature about the effect of nitrogen starvation on the photoau-
totrophic growth and lipid accumulation of C. sorokiniana is the
one by Negi et al. (2015). In this work, by assessing growth, photo-
synthesis and respiration rates as well as the chlorophyll and lipid
content dynamics of C. sorokiniana, it was demonstrated that this
strain is capable to achieve high lipid productivities even when
grown under N-limiting conditions. These results confirm that
the N-starvation strategy might be adopted at the industrial scale
to boost lipid productivity of microalgae. In spite of the relevance
of these results, no quantitative and exhaustive explanation about
how nitrogen can influence the lipid biosynthesis in C. sorokiniana
under photoautotrophic conditions, has been so far provided. In
particular, no mathematical models capable to describe the effect
of nitrogen starvation on the photoautotrophic growth and lipid
accumulation of C. sorokiniana has been so far proposed. Such a
lack, which is common to most of the studies available in the
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literature, represents one among the different causes which have
limited the exploitation of the nitrogen starvation strategy to
improve bio-oil yields of C. sorokiniana at the large scale.

Consequently, the goal of the present work is to propose a com-
plete mathematical model to quantitatively describe the growth of
C. sorokiniana and its capability to accumulate lipid in response to
nitrogen starvation operating conditions. In order to validate
model results, specific experiments in batch photobioreactors have
been performed using this strain while the dissolved nitrogen con-
centration was changed. In these experiments, particular attention
has been devoted to the assessment of the effect of nitrogen con-
centrations on the final quality of FAMEs (Fatty Acid Methyl Esters)
obtained by transesterification of lipids. In fact, the latter one is a
critical parameter for the sustainable application of the microalgae
technology to the large scale (Klofutar et al., 2010; Likozar and
Levec, 2014; Šoštarič et al., 2012). Finally, once the optimal nitro-
gen concentration identified, the possibility to scale-up the inves-
tigated process in a BIOCOIL photobioreactor has been evaluated,
for the first time, with C. sorokiniana. The obtained experimental
results, which confirmed the possibility to exploit C. sorokiniana
in a productive framework, have been suitably predicted through
the proposed model.

2. Methods

2.1. Microorganism and culture medium

An authentic fresh water strain Chlorella sorokiniana was
obtained from Sammlung von Algenkulturen at the University of
Göttingen (SAG 211-8k) and then investigated in this work. Stock
cultures were propagated and maintained under axenic conditions
in Erlenmeyer flasks with a Bold’s basal medium (BBM), whose
composition is shown in the Supplementary material, under incu-
bation conditions of 25 �C, a photon flux density of 98 lE m�2 s�1

provided by four 15 W white fluorescent tubes, and a light/dark
photoperiod of 12 h. Flasks were incubated in an orbital shaker
and continuously shaken at 65 rpm.

2.2. Culture medium

The BBM growth medium was used for the cultivation of C.
sorokiniana in the base case batch experiment. The initial concen-
tration of nitrogen in the BBM medium, hereafter indicated by
the symbol C0

N , was equal to 41.6 gNm�3 corresponding to 250
gNaNO3

m�3. However, the latter one was varied in the framework
of suitable experiments performed with the aim of assessing the
effect of nitrogen starvation on lipid productivity of C. sorokiniana.
Specifically, the effects arising from the reduction by one-fifth
(1/5N-BBM) and the increase by five times (5N-BBM), respectively
the initial nitrogen concentration, were investigated. The growth
medium used during the experiments in the BIOCOIL was the
standard BBM specified above.

2.3. Culture conditions

Batch growth experiments were performed in 1 L Pyrex bottles
under axenic conditions. During cultivation, the culture was agi-
tated at 300 rpm using magnetic PFTE stir bars and a magnetic stir-
rer. The bottles and the magnetic stir bars, as well as culture media,
were sterilized in autoclave at 121 �C for 20 min prior tomicroalgae
inoculation. During cultivation, the bottles were stoppered by
means of cotton plugs wrapped in cotton gauze in order to prevent
external contamination while, at the same time, assuring
atmospheric CO2 diffusion within the culture. Algae were cultured
at room temperature and under a photon flux density of
100 lE m�2 s�1 provided by six 11 W white fluorescent tubes and
a light/dark photoperiod of 12 h. All experiments were carried out
in duplicate. Further experiments were then performed out using
theBIOCOILphotobioreactor,which consistedof a 6 Lhelical tubular
photobioreactor coupledwith a degasser system, as described in the
literature (Steriti et al., 2014). Briefly, the light collector of the pho-
tobioreactor consisted of 66 m transparent polyurethane tubing
having a diameter of 2 cm and arranged around a circular metal
frame. Itwas internally illuminated by three 60 Wwhite fluorescent
lamps providing a light intensity of 100 lE m�2 s�1 for a light–dark
photoperiod of 12 h. Liquid circulation in the light collector was
assured by a peristaltic pump. The degasser unit was a 1 L bubble
column that allowed removing photosynthetic oxygen by exposing
the broth to atmosphere. Once the culture approached the station-
ary growth phase, the photobioreactor was operated in fed-batch
mode. Specifically, after the 14th cultivation day, 800 mL of culture
weredailywithdrawnand then replacedby an equal volumeof fresh
BBM medium. The withdrawals made during the operation in fed-
batch mode were then used for lipid extraction.

2.4. Biomass and pH measurement

The growth of microalgae was monitored through spectropho-
tometric measurements (Genesys 20 spectrophotometer, Thermo
Scientific, Walthman, USA) of the culture media optical density
(OD) at 663 nm wavelength (D663) with 1 cm light path. The bio-
mass concentration Cb (gdw L�1) was calculated from OD measure-
ments using a suitable Cb vs OD calibration curve, which was
obtained by gravimetrically evaluating the biomass concentration
of known culture medium volumes that were previously cen-
trifuged at 4000 rpm for 15 min and dried at 105 �C for 24 h. The
pH was measured daily by pH-meter (Basic 20, Crison).

2.5. Lipid colorimetric quantification

A colorimetric method recently proposed in the literature and
based on the use of Sulpho-Phospho-Vanillin (SPV) was adopted
to quantify the lipid content of microalgae (Mishra et al., 2014).
To this aim, 0.6 g vanillin were dissolved in 10 ml absolute ethanol
and then in 90 ml deionized water and stirred continuously. Subse-
quently 400 ml of concentrated phosphoric acid was added to the
mixture. The resulting reagent was then used to perform the SPV
reaction with a known amount of algal biomass suspended in a
known volume (100 ll) of water. In the present work a further step,
with respect to the current literature (Mishra et al., 2014), was car-
ried out wherein the algal cells were lysed by sonication using an
ultrasonic bath for 30 min before quantification. Subsequently,
2 mL of concentrated (98%) sulfuric acid was added to the sample.
The resulting solution was heated for 10 min at 100 �C and then
cooled for 5 min using an ice bath. Next, after the addition of
5 mL of freshly prepared phospho-vanillin reagent, the sample
was incubated for 15 min at 37 �C and shaken at 200 rpm. After-
ward, the absorbance at 530 nmwas measured and then translated
in terms of lipid content of the sample by using a calibration curve,
i:e: lipids ðmgÞ ¼ 0:209 � OD530 þ 0:017; which was previously
obtained by performing the SPV reaction with known amounts of
lipid created by dissolving canola oil in chloroform according to
the procedure proposed in the literature (Mishra et al., 2014).

2.6. Cell disruption, lipid extraction and fatty acid methyl esters
analysis

Once the culture in the photobioreactor reached the stationary
growth phase, microalgae were first harvested and then
centrifuged to obtain a concentrated pellet of wet biomass. The



Fig. 1. Conceptual scheme of phenomena taken into account by the model: (a) The high value of photosynthetic rate P caused by the high light intensity boosts excess carbon
acquisition which drives lipid synthesis, even if nitrogen is available and proteins are simultaneously synthesized; (b) The photosynthetic rate P decreases as a result of the
increased optical density of the culture while the available nitrogen concentration is still high thus provoking the use of all the acquired carbon for the production of
functional biomass; (c) The consumption of nitrogen doesn’t permit the synthesis of functional material and thus all the carbon is used for the synthesis of lipids.
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exact weight of dry biomass contained in the wet pellets was eval-
uated by means of a suitable calibration line obtained by gravimet-
rically evaluating the wet weight of biomass obtained after
centrifugation and its corresponding dry weight after drying at
105 �C for 24 h (Steriti et al., 2014). Next, wet pellets containing
known amounts of dry biomass were subjected to the cell disrup-
tion procedure, which consisted of contacting them with selected
volumes of the disrupting solution within a falcon flask that was
kept sealed and continuously shaken at 300 rpm at room temper-
ature for a suitably prolonged time. The disrupting medium con-
sisted of an aqueous solution of H2O2 (0.5 M). Once the desired
contact time was elapsed (4 min), the disruption reaction was sud-
denly quenched by diluting the entire reacting mixture ten times
of its original volume through the addition of ethanol (Steriti
et al., 2014). Neutral lipid extraction was then performed directly
on the wet disrupted biomass by taking advantage of ethanol
and hexane according to a method consisting of a slight modifica-
tion of a technique proposed in the literature (Fajardo et al., 2007).
The percent weight of lipids extracted from the dry biomass was
then evaluated as the ratio between the weight of lipid obtained
and the dry weight of microalgae subjected to extraction. The com-
position of FAMEs, obtained by transesterification of the extracted
lipids with methanol-acetyl chloride, was determined according to
the European regulation EEC n� 2568 (1991). To this aim, a suitable
chromatograph equipped with a flame ionization detector (FID)
(Thermo Trace Ultra, GC-14B) and a RTX-WAX column T (fused sil-
ica) maintained at 180 �C was used.
3. Mathematical model

3.1. Conceptual model

According to the present model, the cell is considered to consist
of three distinct compartments, i.e. the free fatty acid fraction (f),
the lipid fraction (‘) and finally the functional fraction (x) which
represents the bio-synthetic apparatus and is constituted by all
the molecules having functions different from the energy storage
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one. On the contrary, the fractions (f) and (‘) account for all the
intracellular compounds whose role is to store the carbon (and
thus energy) excess deriving from photosynthesis under nitrogen
starvation. The sum of the masses of the above fractions returns
the total microalgal biomass (b). Moreover, the growth of microal-
gae is conceptually divided into three phases wherein different
phenomena rule the synthesis of functional biomass or lipids
depending on the light intensity and nitrogen availability in solu-
tion (Fig. 1).

As shown in Fig. 1, during microalgae cultivation, the dissolved
inorganic carbon (i.e. CO2ðaqÞ;HCO�

3 ;CO
2�
3 ) is taken up by the cell

from the bulk liquid and then used in the dark phase of photosyn-
thesis by the Calvin’s Cycle to produce glyceraldehyde 3-phosphate
(qc in the figure). The so fixed carbon is then involved in the central
metabolic pathways of the cell leading to the biosynthesis of sev-
eral macromolecules among which the functional ones, i.e. pro-
teins, nucleic acids, phospholipids and carbohydrates, as well as
the storage ones, i.e. fatty acids and lipids. Thus, depending on
the ratio between the internal carbon and nitrogen, metabolism
is shifted toward the production of functional or storage molecules.
In particular, during the first days of cultivation, the low initial
optical density permits a proper diffusion of light in the culture
and thus photosynthesis can take place very efficiently leading to
an high carbon fixation rate (cf. Fig. 1a). Furthermore, since the cul-
ture is initially nitrogen-replete, even nitrogen is absorbed from
solution during this phase and thus functional biomass (x) can be
synthesized by the cell through a suitable combination of the fixed
carbon with the fixed nitrogen. Nevertheless, the high initial pho-
tosynthetic rate leads the internal carbon to exceed the maximum
C:N stoichiometric ratio allowed to synthesize proteins. Accord-
ingly, an excess of carbon takes place. As shown in Fig. 1a, the latter
one is used by the cells for the production of fatty acids that are
subsequently expelled from the chloroplast to the cytoplasm and
thus elaborated in the endoplasmic reticulum to produce lipids
(Mairet et al., 2011).

As cell number increases, the optical density of the culture is
augmented and consequently the carbon fixation driven by photo-
synthesis is reduced. Therefore, at a certain point, the internal
nitrogen and carbon are almost balanced, and thus the latter one
is preferably used along with nitrogen to produce functional com-
pounds, i.e. proteins, thus preventing lipid synthesis due to the
unavailability of excess carbon (Fig. 1b).

Under batch conditions, as the growth process proceeds further,
the nitrogen in solution is consumed and thus the corresponding
intracellular concentration becomes very low. Accordingly, the
minimum stoichiometric ratio N:C needed to synthesize proteins
is not guaranteed anymore and thus all the carbon internalized
by photosynthesis from this moment on, is used to produce fatty
acids and then lipids (cf. Fig. 1c). Given the high energy density
of lipids, this mechanism permits the cell also to store the energy
excess, which enters the cells when the light incoming flux is too
high.

An attempt to model these phenomena from the kinetic point of
view was made in the literature (Mairet et al., 2011). However, the
fatty acids compartment was neglected since their conversion to
lipids was considered to occur very quickly. On the contrary, the
present model takes separately into account the conversion of
the excess carbon into fatty acids and the conversion of fatty acids
into lipids. In fact, the process of conversion of fatty acids into
lipids englobes the phases wherein the fatty acids are expelled
from the chloroplast toward the cytoplasm, the passage from the
cytoplasm to the endoplasmic reticulum, the reactions within
the latter one which lead to the production of lipids and, finally,
the expulsion of lipid droplets into the cytoplasm (Concas et al.,
2014a). Accordingly, the assumption that the conversion of fatty
acids would occur very quickly seem to be somehow unrealistic
and thus the two steps depicted in Fig. 1 are considered separately
in the model here proposed.

3.2. Growth and nutrient’s consumption dynamics

In quantitative terms, the net carbon fixation rate

PðgCg�1
dwmin�1Þ can be evaluated as a Poisson function of average

light intensity Iav ðlEm�2min�1Þ as follows (Quinn et al., 2011)):

P ¼ Psat
C � 1� exp �a �U � qChla � Iav

Psat
C

 !" #
ð1Þ

where qChlaðgChlg�1
dwÞ represents the intracellular content of

chlorophyll-a and aðm2g�1
ChlÞ is the optical cross section of

chlorophyll-a, while UðgClE
�1Þ is the quantum efficiency of photo-

synthesis. The symbol Psat
C represents the carbon-specific light-

saturated photosynthetic rate which can be written as follows
(Ward et al., 2012):

Psat
C ¼ Pmax

C � 1� Qmin
N

qN

 !
ð2Þ

where qNðgNg�1
dwÞ is the intracellular quota of nitrogen while

Qmin
N ðgNg�1

dwÞ is the minimum content of nitrogen that allows the cell
to survive while the remaining symbol’s significance is reported in
the Notation. Depending upon the availability in solution, as well as
from the intracellular content, nitrogen is continuously absorbed by
the cell and used, along with the intracellular carbon, to build up
functional biomass (x). Specifically, the rate of nitrogen uptake is
related to the nitrogen concentration in solution and is down-
regulated by a linear satiation function of the cell quota qN as cells
approach their maximum allowed content of nitrogen (Ward et al.,
2012):

mN ¼ mmax
N

Qmax
N � qN

Qmax
N � Qmin

N

 !
� CN

KN þ CN
ð3Þ

where CN is the total mass concentration of nitrogen in the bulk liq-
uid. From Eq. (3) it can be inferred that the function expressing the
cell satiation state, reported within parenthesis, is zero when the
cell quota qN is equal to its maximum allowed value Qmax

N , while it
reaches the value 1 when qN approaches the minimum allowed

value Qmin
N below which no cell growth can take place. Such a func-

tion well describes the real behavior of microalgae cells which are
capable to assimilate nitrogen at a rate which increases as its inter-
nal content decreases. On the other hand, when the internal quota is
maximum, microalgal cells activate specific mechanisms that pre-
vent excessive accumulation of any type of nutrient by decreasing
to zero the uptake rate (Ward et al., 2012). Since the nitrogen
uptake by algae leads to its consumption in the growth medium,
the following mass balance can be written to describe the time evo-
lution of its concentration in the bulk liquid phase of the batch sys-
tem under investigation:

dCN

dt
¼ �mN � Cx ð4Þ

along with the corresponding initial condition:

CN ¼ C0
N ¼ MWN ½NO�

3 �0 at t ¼ 0 ð5Þ
where Cx is the concentration of the functional fraction of algal bio-

mass and ½NO�
3 �0 is the initial molar concentration of nitrates in the

growth medium. On the other hand, nitrogen absorption leads the
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internal nitrogen quota qN to increase according to the following
ordinary differential equations (Cherif and Loreau, 2010):

dqN

dt
¼ mN � l � qN ð6Þ

along with the initial condition:

qN ¼ q0
N at t ¼ 0 ð7Þ

where the product l � qNðgNg�1
dwmin�1Þ represents the rate at which

nitrogen is consumed within the cell to produce functional proteins.
The material balance for the functional fraction in batch reactors
can be then written as follows (Packer et al., 2011):

dCx

dt
¼ ðl� kdÞ � Cx ð8Þ

along with the corresponding initial condition:

Cx ¼ C0
x at t ¼ 0 ð9Þ

The specific rate lðmin�1Þ at which the functional biomass
grows, can be limited either by nitrogen or by the intracellular car-
bon that, in the last resort, depends from light intensity. When
growth occurs under nitrogen starvation conditions, the rate can
be quantitatively evaluated through the well-known Droops model
(Cherif and Loreau, 2010). On the contrary, when carbon (and thus
light intensity) is the main limiting factor, the growth rate of
microalgae can be described through the standard single-hit Pois-
son model of photosynthesis (Packer et al., 2011). Such model
allows evaluating the specific growth rate through normalization
of the net carbon fixation rate of microalgae, to the carbon content
cc=x (gC gdw�1) of the functional fraction of microalgae. According to
the literature the value of cc=x is considered to remain constant dur-
ing microalgal growth (Packer et al., 2011). Under these assump-
tions, the Liebig’s Law of the minimum for describing the specific
growth rate of functional fraction of microalgae can be written as
follows:

l ¼ min lmax 1� Qmin
N

qN

 !
;
P
cc=x

( )
ð10Þ

The significance of the symbols is reported in the Notation. The
equation above states also that, when the intracellular nitrogen is
enough, all the carbon fixed in Calvin’s Cycle is used along with
nitrogen for producing functional biomass (x).

3.3. Lipid accumulation dynamics

As it can be observed from Fig. 1, under nitrogen starvation con-
ditions and if light intensity is sufficient, internal carbon is used to
produce functional biomass at a rate ðl � cc=xÞ which is lower than
that one (P) at which carbon is fixed by photosynthesis. Basically,
under nitrogen starvation, carbon uptake and functional biomass
growth become decoupled and, as a result, an excess of carbon is
internalized with respect to the minimum amount needed to syn-
thesize functional biomass. The carbon excess is then stored by the
cells in the form of lipids through an intermediate step consisting
of the synthesis of fatty acids (Mairet et al., 2011). The rate at
which the excess carbon is converted into fatty acids is thus equal
to ðP � cc=xlÞ � Cx=cc=f and, accordingly, the mass balance for the
fatty acids is given by:

dCf

dt
¼ ðP � cc=xlÞCx

cc=f
� Cf!‘ ð11Þ

along with the initial condition:

Cf ¼ C0
f at t ¼ 0 ð12Þ
where cc=f ðgC � g�1
dwÞ is the average carbon content of microalgal fatty

acids while Cf!‘ðgdw �m�3 �min�1Þ is the rate at which they are con-
verted into lipids (triacylglycerols). The latter one is assumed to
depend in a linear fashion from the concentration of free fatty acids
as well as from an additional saturation term that takes into
account the decrease in oil production as cells become saturated
with oil (Surisetty et al., 2010). Therefore, the mass balance for
the lipidic fraction can be written as follows:

dC‘

dt
¼ Cf!‘ ¼ kf!‘ � Cf � 1� q‘

qmax
‘

� �
ð13Þ

along with the corresponding initial condition:

C‘ ¼ q0
‘C

0
b at t ¼ 0 ð14Þ

where q‘ is the lipid cell quota which can be evaluated at each cul-
tivation time as q‘ ¼ C‘=Cb, being Cb the total biomass concentra-
tion, i.e. the sum of the three compartment concentrations
Cb ¼ C‘ þ Cf þ Cx.

3.4. Evaluation of light distribution and its effects on the chlorophyll’s
synthesis

Finally, in order to complete the set of equations of the model it
should be specified that the term qChla in Eq. (1) represents the
amount of chlorophyll-a (Chla) per unit of microalgal biomass,
namely the chlorophyll cell quota ðgChla � g�1

dwÞ. In this regard, it is
important to highlight that the Chla content of algae change as a
result of photo-acclimation phenomena. Specifically, as the light
intensity ðIavÞ in the culture decreases due to the increase of med-
ium optical density, the algal cell is capable to synthesize ‘‘ex novo”
new photosynthetic units (PSUs), containing chlorophyll-a, in order
to better capture the incident photons (Strzepek et al., 2012). This
acclimation mechanism allows the algae to adapt pigment (and
especially chlorophyll) synthesis to light intensity. Ultimately, in
order to acclimate to the low light conditions, microalgae utilize a
certain fraction of the assimilated nitrogen for synthesizing new
molecules of Chla. Consequently, the synthesis rate of chlorophyll-
a is strictly linked to the nitrogen uptake rate ðvNÞ and thus themass
balance for the chlorophyll cell quota canbe thenwritten as follows:

dqChla

dt
¼ hNChla � mN � l � qChla ð15Þ

along with the initial condition:

qChla ¼ q0
Chla at t ¼ 0 ð16Þ

where hNChlaðgChla � g�1
dwÞ is the amount of chlorophyll-a synthesized

for every weight unit of nitrogen assimilated by algae. In the light
of what above, hNChla depends upon light intensity as follows (Ward
et al., 2012):

hNChla ¼ hN;max
Chla � P

a �U � qChla � Iav

� �
ð17Þ

where hN;max
Chla Z is the maximum ratio at which nitrogen can be used

for chlorophyll synthesis. In order to evaluate the average light
intensity ðIavÞ within the culture, the following equation has been
considered (Concas et al., 2016):

IavðtÞ ¼ 2 � I0ðtÞ
R � sa � CbðtÞ � p 1½

�
Z p

2

0
cosðxÞ � expð�2 � R � sa � CbðtÞ � cosðxÞÞ � dx

#
ð18Þ

where the symbol significance is reported in the Notation. The inci-
dent light intensity I0ðtÞ appearing in Eq. (18), which varies with
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Fig. 2. Comparison between model results (fitting and prediction) and experimental data in terms of evolution in time of total biomass concentration (a and c), and in terms
of lipid content (b and d) of microalgae when varying the initial concentration of nitrogen in solution.
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time as a square wave having amplitude equal to 100 lE m�2 s�1

and a photoperiod equal to 12 h, is evaluated according to the
method proposed by Concas et al., (2014b).

3.5. Mathematical modeling of the BIOCOIL photobioreactor

In order to quantitatively interpret the experimental results
obtained with the BIOCOIL, through the present model, the follow-
ing considerations have been made. During cultivation, the culture
was entirely recirculated in the BIOCOIL and thus, from a macro-
scopic point of view the reactor was operated in the batch mode.
Thus, the same equations so far presented, hold true for the simu-
lation of growth and lipid production in the BIOCOIL with the
exception that the reactor radius R in Eq. (18) coincides in this case
with the radius of the tube of the coil, which is equal to 1 cm. Fur-
thermore, to simulate the fed batch operation of the BIOCOIL
occurring after 14 days of cultivation, the following equations were
adopted instead of the Eqs. (4), (8), (11) and (13) respectively.

dCN

dt
¼ �mN � Cx þ D � ðC0

N � CNÞ ð19Þ

dCx

dt
¼ ðl� kd � DÞ � Cx ð20Þ
dCf

dt
¼ ðP � cc=xlÞCx

cc=f
� Cf!‘ � D � Cf ð21Þ

dC‘

dt
¼ kf!‘ � Cf � 1� q‘

qmax
‘

� �
� D � C‘ ð22Þ

along with the same corresponding initial conditions reported in

the Eqs. (5), (9), (12) and (14) respectively. The symbol Dðmin�1Þ
represents the dilution ratio adopted during the fed batch cultiva-
tion of the reactor.

3.6. Numerical methods adopted for solving the mathematical model

The proposed mathematical models consists of a system of ordi-
nary differential equations which was numerically integrated as an
initial value problem with the Gear method by means of the sub-
routine DIVPAG of the standard numerical libraries (IMSL), while
the integral of Eq. (18) was solved by invoking the IMSL subroutine
DQDAWO. Tuning of model parameters values to fit the experi-
mental data was carried out through an optimization procedure
which minimize an objective function by means of the Fortran sub-
routine BURENL (Manca and Buzzi-Ferraris, 1996) based on the
least-squares method.



Table 1
Model parameters.

Symbol Value Units References

C0
b

65.0 � 95.0 gdw m�3 Experimentally evaluated

KN 19.00 gN m�3 Concas et al. (2014b)
Pmax
c 1.69 � 10�3 gC gdw�1 min�1 Falkowski et al. (1985) and MacIntyre

et al. (2002)
Qmax

N 7.70 � 10�2 gN gdw�1 Concas et al. (2014b) and Picardo
et al. (2013)

Qmin
N

4.76 � 10�2 gN gdw�1 Bougaran et al. (2010), Mairet et al.
(2011) and Packer et al. (2011)*

kd 1.20 � 10�5 min�1 Edmundson and Huesemann (2015)
and Richards and Mullins (2013)

kf!l 3.00 � 10�4 min�1 This work

q0Chla 1.20 � 10�2 gChla gdw�1 Piorreck et al. (1984)

q0N 7.10 � 10�2 gN gdw�1 Evaluated from Picardo et al. (2013)
qmax
‘ 3.10 � 10�1 gdw gdw�1 Evaluated as the max value observed

in the experiments
q0‘ 1.21 � 10�1 gdw gdw�1 Experimentally evaluated
vmax
N 4.02 � 10�5 gN gdw�1 min�1 Evaluated from Shriwastav et al.

(2014)
a 7.50 � 101 m2 gChla�1 This work
cc=f 7.60 � 10�1 gC gdw�1 Evaluated from experiments and

Geider and La Roche (2002))
cc=x 6.10 � 10�1 gC gdw�1 Packer et al. (2011)

hN;max
Chla

2.14 � 10�1 gChla gN�1 Ward et al. (2012)

lmax 7.25 � 10�4 min�1 Kumar and Das (2012) and Picardo
et al. (2013)*

sa 4.35 � 10�1 m2 g�1 Concas et al. (2014b)
U 1.20 � 10�6 gC lE�1 Packer et al. (2011)

* Average between the values reported by the references.

Table 2
Fatty acid methyl esters profile of lipids extracted from the microalgae cultivated
under the different nitrogen concentrations investigated.

Carbon
n�

FAME BBM (%wt) 5N-BBM (%
wt)

1/5N-BBM (%
wt)

C14:0 Myristic 0.58 ± 0.01 0.15 ± 0.22 –
C16:0 Palmitic 27.50 ± 0.62 11.05 ± 0.01 20.79 ± 2.79
C16:1 Palmitoleic 5.18 ± 2.15 3.28 ± 1.34 7.25 ± 0.11
C17:0 Heptadecanoic 0.23 ± 0.04 0.16 ± 0.01 –
C18:0 Stearic 3.77 ± 0.30 1.51 ± 0.01 4.52 ± 0.29
C18:1 Oleic 9.65 ± 0.61 6.00 ± 0.39 15.71 ± 2.22
C18:2 Linoleic 32.18 ± 1.25 30.09 ± 0.84 28.84 ± 3.80
C18:3 Linolenic 19.72 ± 1.53 47.33 ± 0.68 21.22 ± 9.29
C20:0 Arachidic 0.43 ± 0.10 – 1.42 ± 0.25
C20:4 Arachidonic – 0.12 ± 0.12 –
C22:0 Behenic 0.18 ± 0.03 – 0.10 ± 0.15
C22:6 Docosahexaenoic 0.11 ± 0.04 0.09 ± 0.14 –
C24:0 Lignoceric 0.34 ± 0.08 0.18 ± 0.26 0.12 ± 0.16
– Other PUFAS 0.12 ± 0.01 – –
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4. Results and discussion

4.1. Results obtained with lab-scale PBRs

Specific experiments were carried out by cultivating C. sorokini-
ana in batch stirred bottles where the initial concentration of dis-
solved nitrogen was suitably changed. In particular, the growth
and lipid accumulation kinetics occurring when using nitrogen
concentration equal to the one of BBM, i.e. 41.6 gNm�3; was first
investigated as base case. The obtained results are shown in
Fig. 2a in terms of algal biomass concentration evolution. It can
be observed that the culture starts growing almost exponentially,
without a significant lag phase, until about 20 days when the
decelerating growth takes place. After 22 days, the culture achieves
a kind of ‘‘plateau’’ in correspondence of biomass concentration of
about 1000 gdwm�3; as a result of the exhaustion of nutrients avail-
able in solution. The corresponding evolution of lipid content is
shown in Fig. 2b. As it can be observed, by starting from an initial
value of about 12%wt, the lipid content increases significantly dur-
ing the first cultivation days achieving a value close to 20%wt after
only 4 days. Subsequently, the lipid content keeps increasing, even
if with a reduced rate, and attains the value of about 26%wt after
30 days of cultivation.

Both in Fig. 2a and b, the comparisons between experimental
data and model results are also shown. The model parameters
adopted to perform the simulation are reported in Table 1. It
should be noted that all model parameters are taken from the lit-
erature except for the optical cross section of chlorophyll-a (a)
and the kinetic rate constant ðkf!‘Þ of conversion of fatty acids into
lipids, which have been suitably tuned through a nonlinear fitting
procedure to quantitatively interpret the experimental data.

The relative error obtained by the fitting procedure is equal to
8% while the values of a and kf!‘ result to be 7.5 � 101 m2g�1

Chla;

and 3.0 � 10�4 min�1, respectively. It should be noted that, to the
best of our knowledge, the value of the optical cross section of
Chl-a (aÞ is not available in the literature for the strain
C. sorokiniana. On the other hand, the obtained value is consistent
with the range of values proposed in the literature for the optical
section of different strains (Méléder et al., 2013).

From Fig. 2a and b, it is worth noting that, in general, the pro-
posed model quantitatively captures both the growth trend and
the lipid accumulation dynamics. The ‘‘oscillating” behavior of
model displayed in Fig. 2a is due to the fact that, in absence of light,
photosynthesis does not take place and thus biomass concentra-
tion does not increase correspondingly. On the other hand, from
Fig. 2b it can be observed that model results show a slightly differ-
ent trend of lipid accumulation with respect to the one observed in
experiments, especially in the period of time ranging from 15 to
20 days. The simulated behavior can be explained as follows. Dur-
ing the first cultivation period (cf. phase 1 in the Figures), the cul-
ture is nitrogen replete and, at the same time, the low optical
density permits a high penetration of light in the culture and thus
photosynthesis can take place very efficiently thus leading to a
high carbon fixation rate (P). Therefore, even if nitrogen is present
in solution at high concentration, the term P is so large that growth
rate is nitrogen controlled (cf. Fig. 1a). Accordingly, the term
ðP � cc=xlÞ � Cx=cc=f is greater than zero and the fatty acids synthesis
(and thus lipid production) takes place at a high rate according to
Eqs. (11) and (13). This explains the fast rate at which lipids are
synthesized during the first cultivation days. However, as the cul-
ture grows, the optical density is augmented and the growth
becomes light limited (cf. Fig. 1b). As a consequence, the term
ðP � cc=xlÞ � Cx=cc=f tends to vanish and thus the fatty acid synthesis
is correspondingly inhibited (cf. Fig. 1b). Accordingly, the lipid con-
tent of microalgae stops growing, achieves a kind of plateau, and
even starts to slightly decrease in the period ranging from 15 to
21 days (cf. Fig. 2b). Nevertheless, as the culture grows further
nitrogen consumption leads the culture to become nitrogen lim-
ited again to the point that the biomass concentration achieves a
plateau when the dissolved nitrogen is consumed. Under these
conditions, growth and lipid synthesis become decoupled and,
since the growth rate l becomes equal to zero while the term P
is greater than zero (cf. Fig. 1c), the rate of fatty acids production
ðP � cc=xlÞ � Cx=cc=f starts growing again. Accordingly, the simu-
lated lipid content increases significantly in the period ranging
from 22 to 30 days (cf. Fig. 2b). In the last cultivation days, this
simulated trend is slightly different from the one observed in the
experiments since the real value of the minimum nitrogen quota

ðQmin
N Þ is probably lower than the one taken from the literature.

However, it can be stated that, in general the experimental
behavior is well captured by the model even in terms of lipid
synthesis dynamics.
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In order to confirm the model capabilities, further experiments
were performed and simulated. In particular, the new experiments
were performed by setting the initial concentration of dissolved
nitrogen equal to 5 times the corresponding value in the BBMmed-
ium. The corresponding experimental results are those marked
with the tag 5 N-BBM in Fig. 2c and d. It can be observed from
Fig. 2c that, under such operating conditions the culture keeps
growing during the whole investigated time interval. Conse-
quently, the value of biomass concentration at the end of the
experiment, i.e. 2500 gdwm�3, is more than doubled with respect
to the one correspondingly achieved in the base case experiment.
Such a behavior is due to the fact that microalgae can prevent
the decrease of their nitrogen cell quota by taking advantage of
nitrogen available in solution which allows the sustainment of
microalgal growth for a prolonged period of time. As it can be
observed from Fig. 2c, such experimental behavior is quite well
predicted by the proposed model without adjusting any model
parameter with respect to the values of Table 1. The evolution of
lipid accumulation observed in the framework of the same exper-
iment is shown in Fig. 2d. Likewise what happened during the
experiment with the BBM medium, also in this case a significant
increase of the lipid content can be detected in the first days of cul-
tivation. In fact the lipid content passes from an initial value of
12 wt% to about 19–20 wt% after 10 days of cultivation. This is
because, during the first cultivation days, the low optical density
of the culture allows an effective penetration of light which in turn
boosts the photosynthetic fixation rate of carbon (cf. Fig. 1a). How-
ever, as it can be seen from Fig. 2d, after 10 days the lipid content
of microalgae starts to decrease due to the fact that the increased
optical density of culture and the simultaneous high availability
of nitrogen leads the culture to be light-limited and thus, according
to Fig. 1b, all the fixed carbon is used to synthesize functional bio-
mass (x) rather than fatty acids. Therefore, the concentration of
fatty acids (Cf Þ and lipids ðC‘Þ stops growing while the functional
biomass ðCxÞ keeps increasing. As a consequence, the lipid content
q‘, i.e. the ratio between C‘ and the total biomass Cb ¼ Cx þ Cf þ C‘,
decreases. As it can be observed, the model is capable to reproduce
these phenomena and to predict the experimental data quite well
without tuning any model parameter.
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Fig. 3. Comparison between the cumulative weight percentages of macrocategories
of FAMEs related to their usefulness for producing biodiesel and obtained under the
investigated operating conditions.
In the Fig. 2c and d, the experimental results obtained when
using an initial nitrogen concentration reduced by five times
(1/5N-BBM) with respect to the one of the BBM medium, are also
shown. In particular, as it can be appreciated from Fig. 2c, the cul-
ture achieves the steady state after about 10 days as a result of the
consumption of nitrogen available in solution when the biomass
concentration approaches a lower value of about 500 gdwm�3. On
the contrary, the corresponding evolution of lipid shows a rowing
trend for the entire investigated period of time (cf. Fig. 2d). In par-
ticular, when the nitrogen concentration in solution is reduced by
five times the lipid accumulation dynamics in the first 15 days of
cultivation is quite similar to the one already observed when culti-
vation was performed under the base case conditions or using 5N-
BBM. However, after 15 days, i.e. when the biomass concentration
achieves the steady state (cf. Fig. 2c), the corresponding lipid con-
centration greatly augments thus reaching quite high values, i.e.
�30%wt, at the 25th day of cultivation. This is since, when the bio-
mass stops growing because of the achievement of the minimum
nitrogen cell quota, all the carbon assimilated through photosyn-
thesis is converted into fatty acids, and then into lipids, rather than
into structural molecules. Therefore, when growth of biomass
stops, lipids accumulate significantly within the cell. As it can be
observed from the Fig. 2c and d, even in this case, the model well
simulates the experimental results without tuning any parameter,
thus confirming its predictive capability and reliability.
4.2. FAMEs obtained by transesterification of lipids produced in lab-
scale PBRs

In order to verify whether the different cultivation conditions
had affected the quality of microalgal lipids, the content of FAMEs
was analyzed. It should be clarified that the FAMEs under concern
are those obtained by transesterification of the lipids extracted
from microalgae. The comparison among FAMEs profiles is
reported in Table 2 in terms of weight percentage of each fatty acid
with respect to the total amount of FAMEs identified. It can be
observed that the FAMEs obtained from microalgae cultivated in
the BBM medium showed a relatively high content of useful acids
for producing biodiesel, i.e. palmitic (C16:0), linoleic (C18:2) and
oleic acids (C18:1), even if a significant content of linolenic acid
(C18:3) was detected. The latter one, in view of producing biodie-
sel, represents a counterproductive form of FAME due to its high
instability under the action of light, temperature and oxygen and
thus the lower its concentration the better is the potential biodie-
sel quality. Very similar FAMEs composition was obtained by
transesterification of lipids extracted from microalgae cultivated
under nitrogen starvation conditions (1/5N-BBM), even if in this
case a slightly lower amount of linoleic acid and a slightly higher
one of oleic acid (C18:1) were observed, respectively. By compar-
ison, FAMEs obtained from microalgae cultivated under nitrogen
excess (5N-BBM) displayed an higher content (�47%wt) of linole-
nic acid and thus were characterized by a lower suitability to pro-
duce biodiesel.

In order to get a quick idea about the effect of the initial nitro-
gen concentration on the suitability of the FAMEs for the produc-
tion biodiesel, in Fig. 3 the aggregate amounts of fatty acids
pertaining to the two macro categories ‘‘desired” and ‘‘undesired”
are shown. Specifically the category ‘‘desired” takes into account
the saturated fatty acids, the monounsaturated and linoleic acid
while the ‘‘undesired” macro-category refers to the polyunsatu-
rated ones with more than 2 double bonds. It can be observed that,
with the view of producing biodiesel, the characteristics of oils
extracted from microalgae grown in normal BBM and under nitro-
gen starvation conditions (1/5N-BBM) are quite similar since they
have almost the same amounts of desired and undesired FAMEs,
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respectively. On the contrary, the lipids extracted from microalgae
grown in the nitrogen-rich growth medium (5N-BBM) are charac-
terized by a significantly higher content of unsaturated fatty acids
with more than two double bonds and thus are less suitable to be
exploited for the production of biodiesel. Ultimately, while the bio-
mass productivity of the culture grown in nitrogen-rich growth
medium is quite high (cf. Fig. 2c), both the lipid content (cf.
Fig. 2d) and its quality (cf. Fig. 3) are not satisfactory when com-
pared to the corresponding ones obtained with the BBM and
1/5N-BBM medium. On the other hand, the lipids obtained when
using the latter ones are quite similar both in terms of percent con-
tent and quality. However, since the biomass productivity obtained
using the BBMmedium is quite higher than the one obtained under
nitrogen depletion, the former growth medium (i.e. the BBM) rep-
resents the optimal compromise between lipid productivity and
quality achievable using C. sorokiniana grown under autotrophic
conditions.
Fig. 4. Comparison between model results (predictions) and experimental data in
terms of evolution in time of total biomass concentration (a) and lipid content (b) of
microalgae when cultivated in the BIOCOIL photobioreactor using an initial
nitrogen concentration equal to the one the BBM growth medium, i.e. 41.16 g m�3.
4.3. Results obtained with the BIOCOIL

For the reasons above, the BBM growth medium was used to
perform the scale-up experiments in the BIOCOIL. In this regard,
the evolution of biomass concentration during cultivation of C.
sorokiniana in the BIOCOIL is shown in Fig. 4a. It can be observed
that, such strain is capable to grow effectively in this photobioreac-
tor showing a growth dynamics quite similar to the one already
observed in the 1 L batch reactors, except for the seemingly lower
value of biomass concentration achieved at the steady state. How-
ever, this lower biomass concentration is probably the result of the
fed batch operation of the reactor starting from the 14th cultiva-
tion day. In fact, from that moment on, a culture volume of
800 mL was daily withdrawn from the reactor and then replaced
by an equal volume of fresh BBM medium. The slight oscillations
of experimental data noticeable around the value of about 900
(g m�3) are just the result of this operation mode. Indeed, after
each withdrawal, the biomass concentration first decreases and
then re-starts growing due to the higher nutrient availability deriv-
ing from the fresh medium addition. The seeming steady state is
slightly different from the one achieved in the corresponding batch
experiments (cf. Fig. 2a) just because the fed-batch operation mode
was started before the real steady state could be achieved in the
BIOCOIL. According to the results shown in Fig. 2a, the steady state
should be achieved at biomass concentration of about 1000 gdwm�3

while in this case the fed batch operation was started when the
culture reached biomass concentration of about 900 gdwm�3. Apart
from this aspect, the observed growth in the BIOCOIL demonstrates
that the photobioreactor can be suitably operated in fed-batch

mode using a dilution ratio of about 0.133 day�1 while ensuring
the culture stability for very prolonged periods of time. As it can
be observed from Fig. 4a, the corresponding experimental results
are well predicted by the proposed model even when considering
the fed-batch operation mode of the reactor. The saw-tooth trend
of model results after the 14th day are due to the simulation of this
operation mode. The dynamic evolution of lipid content during
growth within the BIOCOIL is shown in Fig. 4b. Also in this case
the evolution of the lipid accumulation is relatively similar to the
one already observed in the small-scale reactors even if, overall,
smaller lipid contents are achieved in the BIOCOIL. In fact, starting
from an initial value of about 12%wt, the lipid content significantly
grows during the first 5 days of cultivation reaching a value close
to 23%wt. Subsequently the lipid accumulation occurs with a
slower rate until the value of about 25%wt is achieved at the
35th day of cultivation. Such slight difference with the correspond-
ing results obtained in the batch reactor, might be due to the fact
that, while the oxygen developed by photosynthesis could be
released from the liquid phase in the small batch reactor while
the medium is pressurized in the tubes of the BIOCOIL and thus
the photosynthetic oxygen is accumulated in the liquid phase, as
growth proceeds. However, it is well known that, at high concen-
tration, dissolved oxygen can damage the photosystem II of
microalgae, thus reducing the capability of photosynthesis to fix
the carbon that is subsequently converted into lipids. Moreover,
the high concentration of oxygen might trigger lipid peroxidation
phenomena (Concas et al., 2015), thus leading to a lower lipid con-
tent of microalgae. On the other hand, the observed reduction of
lipid content might be due to the different reactor geometry and
the resulting illumination conditions achieved in the BIOCOIL. Nev-
ertheless, all these assumptions about the reduction of lipid con-
tent should be confirmed by focused experiments. In Fig. 4b, the
comparison between experimental data and model predictions, is
also shown. As it can be observed, while the general trend of lipid
content evolution is enough well captured by the model, the
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experimental data regarding the period of time ranging from 5 to
20 days are over-estimated by the proposed model probably due
to the fact that the latter one neglects the potential lipid oxidation
phenomena discussed above. However, in general terms, it can be
stated that even with reference to the lipid accumulation dynam-
ics, the results obtained in the laboratory photobioreactors are well
reproduced in the BIOCOIL, thus confirming the scalability of the
obtained results also in terms of lipid productivity. Moreover, the
proposed model, which should be any way improved, might be
used in its present form to get an idea about the scale-up of the
experimental results obtained at the laboratory level and thus for
the optimization of the design and the set-up of BIOCOIL reactors.

An example of how the model might be used to identify the
operating conditions which allow optimizing the BIOCOIL’s
productivities is shown in Fig. 5, where modeling results are
reported in the form of contour maps showing the values of the
Fig. 5. Simulated optimization maps of (a) biomass ðg m�3 min�1Þ and (b) lipid
productivities ðg m�3 min�1Þ achievable by operating the BIOCOIL photobioreactor
in fed-batch mode starting from the 35th to the 75th day of cultivation, while using
different values of initial nitrogen concentration as well as different dilution ratios.
average biomass and lipid productivities obtained by performing
several simulations with different couples of values of initial con-
centrations of nitrogen C0

N and dilution rate D. The average produc-

tivities in terms biomass Pbðgm�3min�1Þ and lipid P‘ðgm�3min�1Þ
were evaluated, respectively, according to the following equations
by assuming that the reactor was operated in the fed-batch mode
starting from ti ¼ 15ðdayÞ until tf ¼ 75ðdayÞ day of cultivation, i.e.
for two months, and then discharged at t ¼ tf :

Pb ¼
R tf
ti
D � CbðtÞ � dt þ Cbðtf Þ

tf � ti
ð23Þ
P‘ ¼
R tf
ti
D � C‘ðtÞ � dt þ C‘ðtf Þ

tf � ti
ð24Þ

As it can be observed, the optimization maps of Fig. 5 would
allow one to suitably choose the value of the dilution ratio and of
the initial concentration of nitrogen which result in the achieve-
ment of the optimal productivity in terms of biomass or lipids. In
particular the maximum simulated lipid productivity, in this case,

was equal to about 0.032 gm�3min�1 (cfr. region colored in red in
Fig. 5b) and could be achieved through different couples of values
of C0

N and D. This productivity value is quite good with respect to
the average values of lipid productivity reported in the literature
(Concas et al., 2014a). Such kind of tool would permit also to reduce
the costs of nitrogen-based nutrients since, as it can be seen from
the Figure, it shows that over a certain concentration of dissolved
nitrogen there are no improvements in the resulting lipid produc-
tivity (cf. Fig. 5b). Therefore, the use of too high concentration of
dissolved nitrogen as well as unsuitable dilution ratios might be
potentially avoided by using the proposed mathematical model.
4.4. FAMEs obtained by transesterification of lipids produced in the
BIOCOIL

Finally, in Fig. 6 the FAMEs profile of the oil extracted from the
biomass grown in the BIOCOIL and then subjected to transesterifi-
cation, is shown. By comparing the obtained results with the ones
correspondingly achieved in the small batch reactor (cf. Table 2),
no significant differences arise apart for a slight improvement of
the quality of the oil. In fact, it can be observed from Fig. 6 that
the main components are the linoleic (34%wt) and palmitic
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extracted from C. sorkiniana cultivated in the BIOCOIL photobioreactor.
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(30.5%wt) acids which involve together the 63%wt of all the FAMEs.
In this case the linolenic acid content is about 14%wt which, alone,
represents all the ‘‘undesired” category of FAMES. Overall, the
desired forms of FAMEs is of about 86 wt% while in the small pho-
tobioreactors the corresponding FAMEs amounted was of about
80 %wt in the best of the cases investigated. Therefore, from the
qualitative point of view it can be stated that a slight improvement
of the oil quality is achieved by cultivating C. sorokiniana in the
BIOCOIL. However, the linolenic acid content is still slightly greater
(14%wt) with respect to the maximum threshold (12%wt) imposed
by European regulation for the quality biodiesel (EN 14103). For
this reason, in order to be suitably exploited, the biodiesel obtained
from C. sorokiniana should be subjected to a hydrogenation post-
treatment. On the other hand, suitable techniques capable to
reduce the amount of unsaturated FAMES, during the lipid extrac-
tion process itself, are currently under investigation along these
lines.
5. Conclusions

A mathematical model for the simulation of the effect of
nitrates on the batch growth and lipid accumulation of C. sorokini-
ana, is proposed. By comparing model results with experimental
data a good matching is obtained. The model has been then suc-
cessfully used to entirely predict the experimental results related
to the growth in a BIOCOIL photobioreactor operated at a higher
scale in fed-batch mode. The model thus permits to develop suit-
able optimization maps for the scale-up of the BIOCOIL. The FAMEs
composition of lipids extracted from C. sorokinina is very close to
the value which permits the production of biodiesel without a suit-
able pre-treatment.
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