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A B S T R A C T

A Chlorella vulgaris UTEX 26 semicontinuous culture was implemented in 2000 L raceways with M medium
during spring season at greenhouse conditions. Areal biomass productivities between 20 and 26 gm−2 d−1 were
reached on the third day. The maximal areal lipid productivity obtained was 6.1 g m−2 d−1 and an increment in
the saturated fatty acids (SFA) proportion (C14–C18) was favored in comparison with the fatty acids obtained
with M medium in photobioreactors of 1 L and photoperiod light:darkness 12:12 h. After the eighth day of the
culture or biomass concentrations above 0.25 g L−1, the microalgal cultures were prone to contamination by
ciliates and amoebae, due to the sugars excreted by C. vulgaris UTEX 26. The periodical addition of NH4HCO3 to
the microalgal culture maintained the ammonium concentration between 25 and 50mg L−1, which contributed
to diminish the contamination risks by protozoa.

1. Introduction

The raceway (RW) reactors have offered a low cost microalgal
culture systems to produce nutritional supplements, aquaculture
feeding and biofuels among others, as well as wastewater treatment,
nitrogen fixation and CO2 mitigation (Hadj-Romdhane et al., 2012;

Mendoza et al., 2013a). Microalgae have been taken into consideration
as a feedstock for renewable biofuels production, such as bioelectricity,
methane, biohydrogen, bioethanol and biodiesel (Ramanna et al., 2014;
Chew et al., 2017; Fernández-Linares et al., 2017). However, microalgal
biomass production to obtain biofuels is not economically feasible yet,
whereby it is necessary to use high-productivity and economical
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reactors, as well as the use of economical, sustainable and available
nutrients.

The RW reactors are the engineered approach most frequently em-
ployed for the commercial microalgal cultures (Morales-Amaral et al.,
2015; Murphy et al., 2015; Yang et al., 2016), there are some culture
conditions, like temperature and light irradiance variations, that are
very difficult to control under outdoor conditions (Borowitzka and
Moheimani, 2013). Moreover, contamination by protozoa, ciliates and
other bacteria is a risk to microalgal production in the open systems.
These organisms compete with the microalgal culture for sunlight and
substrates (Lam et al., 2018). Grazers like ciliates, rotifers, copepods
and cladocera are larger in size than microalgae (Wang et al., 2013) and
they consume algae rapidly (Day et al., 2018, 2012), which leads to a
significant decrease of the biomass yield. Nevertheless, to improve the
microalgae production in RW, the selection of a suitable culture
medium for each species of microalgae, as well as the culture mode, i.e.,
continuous, semicontinuous or sequenced batch must be considered.
Additionally, modifications like baffles and flow deflectors in RW can
be implemented to improve the microalgal biomass production (Huang
et al., 2015). Several studies have been focused on implementing a
swing gas aerator to generate small bubbles for improving mass transfer
coefficient and microalgal growth rate in raceway ponds. Improvement
of paddlewheel efficiency has also been considered in order to minimize
energy costs (Yang et al., 2016).

The conventional culture media are not specific for a particular
microalga. The Bold's Basal Medium (BBM) contains 0.25 g L−1 of
NaNO3 as the sole nitrogen source and is widely used for culturing
several kinds of microalgae (Blair et al., 2014). Meanwhile, Highly
Assimilable Minimal Growth Medium (HAMGM) was designed for
Chlorella vulgaris culturing in an air-lift photobioreactor (PBR) under
continuous mode (Hadj-Romdhane et al., 2012). HAMGM medium
contains 1.099 g L−1 of NH4HCO3 as the nitrogen and carbon sources.
Particularly, the M medium was designed in our research group through
three stages of optimization, including the response surface method in
order to enhance the biomass and lipid production simultaneously from
C. vulgaris UTEX 26 cultivated in PBRs of 1 L and photoperiod of 12 h of
light: 12 h of darkness. Thus, the M medium improved by 40% the
biomass production (0.73 g L−1) compared to the BBM. The lipid con-
centration in the M medium was 85% higher than the one obtained in
HAMGM medium (Ramírez-López et al., 2016). An optimal medium
formulation is required to ensure sufficient provision of nutrients to
accomplish the maximal growth rate, and to produce biofuels at higher
efficiencies (Schenk et al., 2008).

On the other hand, the RWs show low biomass productivities
compared to the air-lift PBRs (Fon Sing et al., 2013). The main factors
that influence productivity in RW are: a) The poor mixing and plug flow
that occurs in the direction of flow, which leads to a low CO2 solubility
and O2 accumulation. b) The average annual irradiance level and 3)
The prevailing temperature. The culture temperature strongly affects
the algal biomass productivity; CO2 deficiency and alkalinization of the
medium (pH control problems). The light intensity declines with depth
and biomass concentration and restrain the specific microalgal growth
rate. Another problem with RW is the contamination by rain, dust and
zooplankton (grazers, bacteria and fungi) (Chisti, 2007, 2016; Lam
et al., 2018). Considering all of the above, is important to highlight that
the nutrients employed for the microalgal culture in a RW system
should be sufficient to maintain the microalgal growth.

The main goal of this work was to evaluate the productivities of
biomass and lipids of C. vulgaris UTEX 26, which was cultivated with M
medium and semicontinuous mode in 2000 L RW during spring season
at greenhouse conditions.

2. Materials and methods

2.1. Microalgal strain and inoculum growth conditions

The C. vulgaris UTEX 26 strain was acquired from the Culture
Collection of Algae, Texas University (Austin, Texas, EE.UU.). C. vulgaris
UTEX 26 was grown autotrophically in M medium (Ramírez-López
et al., 2016) in RW of 200 and 2000 L. The composition of the M
medium was (g L−1): NH4HCO3, 0.45; MgSO4·7H2O, 0.135; KH2PO4,
0.130; K2HPO4, 0.040; (NH4)2HPO4, 0.100; CaCl2·2H2O, 0.025;
Na2EDTA, 0.0375; FeSO4·7H2O, 0.00374; ZnSO4·7H2O, 0.0099; H3BO3,
0.00856; MnCl2·4H2O, 0.00198, CuSO4·5H2O, 0.00118,
(NH4)6Mo7O24·4H2O, 0.00071; CoCl2·6H2O, 0.00060.

2.2. Raceway pond cultures at greenhouse conditions

The inocula for 2000 L RWs were obtained from microalgal cultures
grown in 200 L RWs, consisting of 2.05m channels, each one of 0.25m
wide and connected by 180° bends at both ends to provide a total
surface area of 1.2m2. Experiments were performed in two 2000 L RWs;
the dimensions of each one of the channels were 3.1m long and 0.75m
wide, connected by 180° bends at both ends to provide a total surface
area of 6.37m2. The culture medium depth was 0.18m and mechanical
agitation was provided by two paddle wheel systems (67×30 cm each
paddle) at a superficial flow velocity of 30 cm s−1. All open systems
were conducted at greenhouse conditions in Mexico City (19 N 30′
50.24″, 99W 7′ 34.45″).

Microalgal cultures were performed at semicontinuous mode,
completing 5 cycles (10–14 d cycle−1), for 62 days during spring season
(March 23–May 24). The working volume of the 2000 L RWs was
1100 L. During the harvesting, half of the culture volume was removed
and replaced with the same volume of fresh culture medium. The water
losses due to evaporation were quantified and replaced periodically.
Light irradiance and greenhouse temperature were recorded with a data
logger T&D RTR-500.

Samples were taken on days 0, 3, 6, 10 and 14 during the microalgal
culture according to each culture cycle length. The samples taken were
analyzed for biomass, ammonium and nitrate concentrations. Lipids in
biomass were determined on days 6, 10 and 14 of each culture.
Ammonium concentration was maintained between 25 and 50mg L−1

to minimize and avoid contamination by protozoa (ciliates and
amoebae).

2.3. Analytical methods

2.3.1. Biomass and lipid determination
The dry biomass, quantitative lipid and fatty acids methyl esters

(FAMES) determinations were carried out according to Ramírez-López
et al. (2016). The samples were analyzed in triplicate.

2.3.2. Microalgal culture parameters
Ammonium and nitrate concentrations were determined color-

imetrically (Ramírez-López et al., 2016). All the analyses were carried
out in the culture supernatant obtained by centrifugation at 3823×g for
10min (Hermle Z306, Germany). The culture temperature, pH and
dissolved oxygen (DO) in the microalgal cultures were continuously
determined with Hydrolab DS 5 probe (Hach).

2.4. Data analysis

All experiments were carried out in triplicate. The results were
submitted to an ANOVA analysis (p < 0.05) to identify the relative
significance of each treatment using Minitab 17 statistical software.
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3. Results and discussion

3.1. Semicontinuous culture of C. vulgaris UTEX 26 in 2000 L raceway
pond system

In this section the evolution of the semicontinuous culture of C.
vulgaris UTEX 26 in 2000 L RW systems (during five culture cycles)
using M medium is presented. The culture cycle I started with a biomass
concentration of 0.08 g L−1, reaching the highest biomass concentra-
tion of 0.34 g L−1, on day 8 of the microalgal culture (Fig. 1a). During
this culture cycle, cellular agglomerates of C. vulgaris UTEX 26 were
observed. These cellular agglomerates could be due to the excretion of
organic metabolites, mainly carbohydrates, which was previously de-
monstrated in 1 L PBRs in which the carbohydrate concentrations were
25–40mg L−1. It has been reported that carbohydrates are the products
mostly excreted by phytoplankton (Lee et al., 2009; Hadj-Romdhane
et al., 2013) although there is evidence on the microalgae production of
exopolysaccharides such as uronic or pyruvic acids, which are re-
sponsible for cell adhesion (Lee et al., 2009). Additionally, C. vulgaris
JSC-7 produces a polysaccharide with phosphodiester (PO2

−), hydroxyl
and carboxyl groups, which serves as binding sites for autoflocculation
(Alam et al., 2014). This kind of polysaccharides could be associated
with the cell wall of C. vulgaris UTEX 26 and cause the microalgal ag-
glomerates. In the same way, it is possible that the RWs hydrodynamics
had favored the microalgal agglomeration.

Microalgae such as C. vulgaris present a preference for NH4
+ as the

nitrogen source (Hadj-Romdhane et al., 2012; Ramírez-López et al.,
2016). This is due to the passive diffusion of NH4

+ into the cell whereas
the NO3

– uptake requires membrane transporters and ATP (Liu et al.,
2015). In this work, the concentration of NH4

+ decreased 50% on the
third day of the first culture cycle (Fig. 1b); however, only 0.13 g L−1 of
biomass was produced, which does not explain the decrease of the in-
itial concentration of NH4

+ by assimilation. Most likely, a part of NH4
+

was removed from the system by stripping, particularly when the pH of
the microalgal culture oscillated between 8 and 8.7. As the pH in-
creases, the dissociation equilibrium of dissolved ammonia favors the
formation of the gaseous NH3, which is easier stripped than the NH4

+

form, the NH4
+ predominates at pH values bellow 9.25 (pKa= 9.25).

Markou et al., (2014) reported higher ammonia losses (higher as 80%)

when total ammoniacal nitrogen concentrations increased in the
medium of Arthrospira platensis and ammonia losses were the highest
when the initial pH was 10. Morales-Amaral et al. (2015) reported
losses of 40% of initial NH4

+ by stripping in a raceway system with a
medium at a pH of 8.0, which was controlled by the addition of CO2.
Considering the above, in order to minimize the loss and ensure the
NH4

+ presence in the culture medium during most of the culture cycles,
NH4HCO3 was gradually supplemented through the cycles, beginning at
the second culture cycle, maintaining the NH4

+ concentrations be-
tween 25 and 50mg L−1 in the culture medium. Considering the che-
mical equilibrium between NH4

+ and NH3, at 20 °C, pH of 8.5 and
without stripping, the NH3 concentrations may have been between 4.4
and 8.8mg L−1. This strategy also contributed to the decrease of the
risk of contamination by protozoa and rotifers, such as occurred in
previous batch cultures of Chlorella protothecoides carried out by the
working group, who used BBM medium maintaining the pH lower than
9.0, bubble column of 5 L and 50mg L−1 of NH4

+ for the control of
contamination. Méndez and Uribe (2012) reported the application of
doses of 60mg L−1 of urea or 100mg L−1 of NH4HCO3 (equivalent to
22.7 mg L−1 of NH4

+) in the outdoor Arthrospira sp. culture for the
control of Branchionus sp. and Amoeba sp. Additionally, Schlüter and
Groeneweg (1985) cultivated Scenedesmus costato-granulatus and found
that the rotifers (Brachionus rubens) died within two days with NH3

concentrations over 6mg L−1, which is close to the NH3 concentrations
employed in this work.

In the second cycle, on the third day of microalgal culture, coeno-
bium of Scenedesmus sp. were observed, and on the 9th day there was a
contamination by ciliates in one of the RWs, for this reason it was
decided to add 65mg L−1 of NH4

+ in the form of NH4HCO3 in order to
eliminate the ciliates. On day 10 the biomass production (0.38 g L−1)
was 22.6% higher than the biomass obtained in culture cycle I, there-
fore, it did not increase significantly (Fig. 1a).

The accumulation of organic compounds excreted in the culture
medium increases the risk of contamination (Moheimani y Borowitzska,
2006; Hadj-Romdhane et al., 2013). Protozoa appeared in the C. vul-
garis UTEX 26 cultures when the microalgal biomass was of 0.35 g L−1

and this is related to the presence of carbohydrates in the culture
medium. The presence of excreted carbohydrates was previously de-
termined in C. vulgaris UTEX 26 cultures carried out in 1 L PBR under
controlled conditions at which the biomass concentration was of
0.49 g L−1 and the excreted carbohydrates concentration was of
25–40mg L−1.

On day 14 of the culture cycle III (34 days of semicontinuous cul-
ture), the highest biomass production (0.62 g L−1) was reached
(Fig. 1a). This biomass production was similar to the biomass con-
centration reported by Wang et al. (2014), who cultured Chlorella pyr-
enoidosa with an optimized F-Si medium, in 0.35m2 bubbling open
ponds (bubbling air supplemented with 2% CO2 at 22.5 L min−1) at 45
L as the working volume and 14 cm depth and outdoor conditions. In
this culture cycle, both C. vulgaris UTEX 26 and Scenedesmus sp. were
present. It is important to highlight that in this work open systems were
used. Despite of being located inside a greenhouse, the RWs were
subject to biological contamination, water evaporation and fluctuations
in light irradiance and temperature, therefore, this work provides in-
formation on the performance of the C. vulgaris UTEX 26 cultures
amended with M medium in open systems, which will basically serve to
improve the microalgal culture strategies at large scale.

In the last four culture cycles, the volumetric and areal biomass
productivities decreased considerably after the third day of the micro-
algal culture, when the biomass concentration was of 0.33 g L−1.
Biomass productivities could have been affected by the cell density,
which avoids the passage of light through the culture, by the shadow
effect of upper cells. In this regard, in the culture cycles II and III, on the
third day, an areal biomass productivity of 20.1 gm−2 d−1 was ob-
tained, it was 136% higher than the biomass productivity reported for a
RW with the same configuration that was used in this work (Huang

Fig. 1. a) Biomass production of C. vulgaris UTEX 26 with M medium in 2000 L
RW at greenhouse conditions, during the five culture cycles (I, II, III, IV, V). b)
Profiles of ammonium, nitrate and total nitrogen concentrations during the five
culture cycles (I, II, III, IV, V).
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et al., 2015). Also, it was 38.6% higher than the biomass productivity
obtained in a modified RW with inclined baffles (at bottom) and flow
deflectors, in which C. pyrenoidosa was cultivated for three days (Huang
et al., 2015). Furthermore, the areal biomass productivity obtained in
these culture cycles on third day was 2.4 times higher than the areal
biomass productivity obtained with Nannochloropsis oculata in 200 L
RW, which were operated under semicontinuous mode at greenhouse
conditions (Millán-Oropeza and Fernández-Linares, 2017). The afore-
mentioned could indicate that the semicontinuous culture cycles for C.
vulgaris UTEX 26 should not be longer than three days to obtain high
areal biomass productivities.

In the culture cycle IV, the biomass of C. vulgaris UTEX 26 decreased
due to the appearance of amoebas; however, there was presence of
Scenedesmus and Chlorococcum. The presence of these microalgae ex-
erted an effect on the color of the microalgal culture, which was darker.
In this culture cycle, the biomass production was significantly lower
(p < 0.05) compared with the culture cycle III. On third day, an areal
biomass productivity of 27 gm−2 d−1 was obtained, it was 12.5%
higher than the areal biomass productivity obtained by Morales-Amaral
et al. (2015), who cultivated Scenedesmus sp. in a RW under different
conditions, i.e., 32m2 and 4.4m3 of total culture volume with an aer-
ated tank (1m depth) at semicontinuous mode and a daily renewal rate
of 20%. During this culture cycle the NO3

– concentrations in the culture
medium increased (Fig. 1b), which was due to nitrifying bacteria such
as Nitrosomonas and Nitrobacter, whose presence was proven by their
growth in the Winogradsky media (Data not shown). During the culture
cycles IV and V, a competition for the NH4

+ between microalgae and
nitrifying bacteria occurred, this was assumed by the increase in NO3

–

concentrations whereas the microalgal biomass did not exhibit the same
behavior. It has been reported that in a culture medium with NH4

+

concentrations higher than 0.018mg L−1, the NO3
– assimilation is

suppressed (Addy et al., 2017).
On the other hand, considering the coexistence of Chlorococcum and

nitrifying bacteria during the last two culture cycles, a consortium that
could be used for the NH4

+ removal in wastewater could have been
naturally integrated. In such scenario, the microalgae would provide
oxygen for nitrification development, which has already been reported
by Karya et al. (2013), who created a consortium with Scenedesmus
quadricauda and nitrifying bacteria from activated sludge coming from
a wastewater treatment plant.

Finally, in the last cycle and with a significantly lower biomass
(p < 0.05) than that obtained in the culture cycles III and IV (Fig. 1a),
Chlorococcum and Scenedesmus sp. predominated over C. vulgaris UTEX
26. In the culture cycles IV and V no ciliates or amoebas appeared
unlike the culture cycles II and III, when the predominant microalgae
was C. vulgaris UTEX 26, which could indicate that this microalgae is
more susceptible to protozoa contamination.

Considering the biomass results obtained in the five culture cycles of
this work and the days of appearance of protozoa, for C. vulgaris UTEX
26 cultures in 2000 L RWs with a working volume of 1100 L some
suggestions could be implemented. For example, it may be necessary to
diminish the time and the renewal rate of the microalgal culture to
three days and to 15 or 20%, respectively, in order to ensure a greater
light penetration and an increase in the biomass productivities. With
this strategy, the accumulation of organic compounds excreted by mi-
croalgae, which causes the appearance of protozoa even at concentra-
tions of NH4

+ higher than 30mg L−1, would also decrease.

3.2. Lipid concentrations and fatty acid profiles

At the end of the first culture cycle (10 days), 277mg L−1 of lipids
were obtained (Fig. 2). This was the maximal lipid concentration ob-
tained in the five culture cycles, which corresponded to an areal lipid
productivity of 6.1 gm−2 d−1, this was 18.7% lower than the lipid
productivity obtained with C. pyrenoidosa grown with an optimized F-Si
medium, in 0.35m2 bubbling open ponds at outdoor conditions (Wang

et al., 2014). Luo et al. (2016) reported lipid productivities of
13.42 ± 0.04mg L−1d−1 with Coelastrella sp. cultivated in 40% of
anaerobically treated swine wastewater. The productivity reported was
51.55% lower than the maximum productivity obtained in this work.

In the culture cycles II, III and IV, the highest lipid production was
also presented on day 10 (Fig. 2) and there were no significant differ-
ences against the first cycle. In the culture cycle V, the lipid con-
centration was significantly lower (p < 0.05) compared to the first
four culture cycles (Fig. 2) and C. vulgaris UTEX 26 no longer pre-
dominant in the microalgal culture.

Gas chromatograph analysis of lipids extracted from microalgal
culture grown on RW with M medium showed a fatty acid profile that
consisted of fatty acids with carbon chains ranging from C14 to C18
(Table 1) on day 10 of culturing, during the culture cycles I, II, III y IV.
The main fatty acids were palmitic acid (C16:0) and stearic acid
(C18:0), followed by oleic acid (C18:1) and linolenic acid (C18:3),
which are suitable for obtaining biodiesel with good properties (Cho
et al., 2015; Jusoh et al., 2015). Chlorella sorokiniana grown with
wastewater at laboratory scale, showed a similar fatty acid profile, with
carbon chain lengths between C14-C18 (Ramanna et al., 2014). Simi-
larly, Millán-Oropeza and Fernández-Linares (2017) found that the
most abundant fatty acids in N. oculata, cultivated in 200L RW at
greenhouse conditions were C16:0 and C18:0 with an abundance of
37.2 and 27.1%, respectively.

The percentage of saturated fatty acids (SFA) increased up to 1.6
times (culture cycle I) than the SFA obtained with 1L FBRs (Ramírez-
López et al., 2016). In culture cycle I, the SFA percentage was six times
higher than the unsaturated fatty acids. The highest percentages of SFA

Fig. 2. Microalgal lipid production using M medium in 2000 L RW at green-
house conditions during the five culture cycles (I, II, III, IV, V).

Table 1
Fatty acid profiles of the microalgal cultures grown with M medium on day 10
of culture, corresponding to the first four culture cycles in semicontinuous
mode, in 2000 L RW at greenhouse conditions (% of total FAMES).

Culture cycle

I II III IV

Fatty acid %

C14:0 4.2 4.6 5.4 5.3
C16:0 52.7 44.9 41.7 40.1
C16:1 2.5 3.8 3.4 5.6
C18:0 29.1 26.6 23.2 17.9
C18:1 3.0 6.3 4.6 6.2
C18:2 1.8 4.0 3.3 3.9
C18:3n3 6.7 9.8 18.4 21.0
C14-C18 100 100 100 100
Unsaturated 14.0 23.9 29.7 36.7
Saturated 86.0 76.1 70.2 63.3
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were obtained in the first two growing cycles (Table 1) and decreased as
the seminontinuous culture progressed, which is related to the popu-
lation transition and decrement of C. vulgaris UTEX 26.

Additionally, the presence of myristic acid (C14:0) in this work was
determined in the culture cycles I-IV. Myristic acid was not identified
when the microalgal strain was cultivated with M medium in 1 L FBRs
at controlled conditions under artificial light, photoperiods and tem-
perature (Ramírez-López et al., 2016). Nitrogen and phosphorus

deprivation, salinity stress, carbon source, metal ions, pH and tem-
perature are the most important and applicable environmental para-
meters on the algal lipid content and composition (Sajjadi et al., 2018).
The controlled conditions of temperature, light and aeration of the C.
vulgaris cultures in FBR of 1L were very different from those of the RW
in greenhouse conditions, which had no temperature control and were
subject to the circadian cycle, which in turn affects the pH as well as the
availability of CO2 and ammonium in the medium. The temperature not

Fig. 3. a) pH values of the semicontinuous cultures of C. vulgaris UTEX 26 at greenhouse conditions during the five culture cycles (I, II, III, IV, V). b) Temperatures of
the semicontinuous cultures of C. vulgaris UTEX 26 at greenhouse conditions during the five culture cycles (I, II, III, IV, V). c) Dissolved oxygen (DO) variation in the
semicontinuous cultures of C. vulgaris UTEX 26 at greenhouse conditions during the five culture cycles (I, II, III, IV, V).
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only strongly influences the growth rates and carbon fixation, but also
affects biochemical composition such as lipids, proteins and carbohy-
drates (He et al., 2018). Seasonal temperature fluctuations, daily tem-
perature variations, and abrupt temperature variations can modify the
growth conditions of microalgae and thus its productivities (Sajjadi
et al., 2018). Roleda et al., (2013) reported the variation in the amount
and lipid profile in Thalassiosira pseudonana, Odontella aurita, Nanno-
chloropsis oculata, Isochrysis galbana, Chromulina ochromonoides, and
Dunaliella tertiolecta, due to the temperature and the composition of the
medium. Light intensity exerted only a minor impact on the fatty acid
composition (Breuer et al., 2013; Liu et al., 2012; Pal et al., 2011). Fatty
acid profiles in C. vulgaris under either continuous monochromatic il-
lumination or wavelength shifts were not altered significantly with the
change of the wavelength; however, total FAME was highly dependent
upon light illumination (Kim et al., 2014).

Additionally, Deng et al. (2018) reported the absence of myristic
acid when Chlorella kessleri UTEX 2229 was grown in mixotrophic
cultures, under photoperiods of 4:20 and 0:24 light:dark with a light
intensity of 90 μmol photons m−2s−1; however, under longer periods of
illumination, myristic acid was detected in the lipid profile.

3.3. Variation of pH, temperature and dissolved oxygen (DO) in the
microalgal culture and fluctuations of temperature and light irradiance in the
greenhouse

Regarding the pH variation in the microalgal culture, in all the
culture cycles, the highest pH values were recorded from 18:00 to

20:00 h, while the lowest values were in the morning, from 8:00 to
10:00 h (Fig. 3a). In the culture cycles I, II and III, pH values oscillated
between 8.0 and 9.0, with daily average values of 8.5, which are within
the interval for the optimal microalgal growth (Kumar et al., 2015). A
different behavior was observed in the culture cycle IV, where the pH of
microalgal culture decreased from daily average values of 8.0 (first
days) to values of 6.5 at the end of the culture cycle. The pH decrease in
the culture cycles IV and V was due to the nitrification process, in which
the NH4

+ was oxidized to NO3
– and H+ ions were released into the

culture medium to form HNO3, which is responsible for the acidifica-
tion of the microalgal culture (Addy et al., 2017). The competition of
microalgae and nitrifying bacteria for NH4

+, along with the pH de-
crease in the second half of the culture cycles IV and V, could have
affected the biomass production (Fig. 1a).

Regarding the microalgal culture temperature (Fig. 3b), the highest
temperatures were recorded between 15:00 to 18:00 h, while the lowest
temperatures were recorded between 7:00 to 9:00 h. On average, the
temperatures ranged between 17.0 and 28.4 °C in all culture cycles,
therefore, the global daily average temperature of the microalgal cul-
tures was of 22.7 °C.

The average DO concentration for the first three culture cycles was
of 8.5 mg L−1, with a minimum between 5 and 7mg L−1 at night. In the
culture cycles IV and V, the average DO concentration decreased to
7mg L−1 and the minimum oscillated between 2 and 5mg L−1, which
was attributed to the O2 consumption by nitrifying bacteria. On the
other hand, the maximal daily DO concentrations (Fig. 3c) were similar
to the DO recorded with S. quadricauda grown in 1 L PBRs with aeration

Fig. 4. a) Light irradiance inside the greenhouse during the five cycles of the semicontinuous cultures of C. vulgaris UTEX 26. b) Temperatures inside the greenhouse
during the five cycles of the semicontinuous cultures of C. vulgaris UTEX 26.
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and mechanical agitation (Karya et al., 2013). Although these values of
DO were up to 70% lower than the DO concentrations reported by
Mendoza et al. (2013b) with a Scenedesmus sp. culture, in RWs with
100m2 and a sink of 0.59m3 for aeration enriched with 10 and 100% of
CO2. DO concentrations above 25mg L−1 have been reported as critical
for microalgal growth, since the biomass concentration decreases due to
cellular damage by photo-oxidation and there is inhibition of photo-
synthesis by respiration (Jiménez et al., 2003; Kumar et al., 2015). It is
unlikely that a cellular damage occurred in the microalgal cultures
carried out in the present work because DO values were never higher
than 16mg L−1 during all the culture cycles.

The highest values of light irradiance inside the greenhouse were
recorded between 12:00 and 16:00 h every day (Fig. 4a), and the daily
maximal average of light irradiance inside the greenhouse was of
908.5 μEm−2 s−1. The highest temperatures inside the greenhouse
(Fig. 4b) corresponded to the period of the greatest light irradiance. The
average global daily temperature in the greenhouse was of 31 °C.

In particular, to clearly appreciate the correlation between light
irradiance, DO, temperature culture and pH, the third day of culture
cycle III was chosen (April 15, 2016) (Fig. 5). In an entire day, it could
be observed that the DO increased as the day progressed and the light
irradiance increased. This demonstrated that there was a proportional
relation between the light irradiance and the DO concentration in the
microalgal culture (Fig. 5a). The DO concentration in the medium
during the microalgal growth is related to the photosynthetic activity, a
high photosynthetic activity favors high DO values, which is directly
related to the light irradiance that the microalgal culture receives (Jeon

et al., 2005). This same behavior was reported by Mendoza et al.
(2013b) and Fernández et al. (2016) with microalgal cultures carried
out in RW of 100m2 in Almeria, Spain. During the darkness period, in
this work, the DO concentrations were close to 6mg L−1, whereas
Mendoza et al. (2013b) reported values of 7.5 mg L−1 (O2 saturation)
during the darkness period in Scenedesmus sp. cultures in RW of 100m2

with a sink of 0.59m3 for aeration enriched with 10 and 100% of CO2.
Around 8:00 h, the DO concentrations close to saturation (7.5 mg L−1)
were recorded, which soon increased to reach a super-saturation with
DO concentrations close to 10.5 mg L−1, this was observed between
11:00 and 14:00 h (Fig. 5a). Then, the DO decreased as well as the light
irradiance, coinciding with the period of maximal culture temperatures
(25 °C) of all day, also causing the decrease of the O2 and CO2 solubi-
lities.

The temperature and pH of the microalgal culture presented a be-
havior similar to the light irradiance and the DO concentration at dif-
ferent times of the day. The highest values were moved towards the
afternoon, between 15:00 and 19:00 h, while the lowest values were
recorded in the morning, between 6:00 and 10:00 h. Increments in pH
and temperature of microalgal culture during the day were due to
photosynthesis and solar radiation, respectively. Particularly, for the
third day of the culture cycle III, the pH oscillated 0.4 units, while the
culture temperature oscillated 10 °C (Fig. 5b). Fernández et al. (2016)
cultivated Scenedesmus almeriensis CCAP 276/24 in a RW of 100m2 in
Almeria, Spain, and obtained a proportional variation between the light
irradiance, DO and pH of the microalgal culture. The increase and de-
crease of values of these parameters were presented at the same time

Fig. 5. Daily representation of the light irradiance variation, DO, culture temperature and pH during the C. vulgaris UTEX 26 culture, in 2000 L RW. Data correspond
to April 15, 2016 (day 3 of the culture cycle III).
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during the day, unlike what happened in this work, because the max-
imal pH values occurred when the light irradiance and DO began to
decrease (Fig. 5). Slegers et al. (2013) reported maximum temperatures
of the medium, in microalgal cultures carried out in Holland and in
Algeria, when the light irradiance and the DO concentration began to
decrease, the same effect was observed in the present work.

4. Conclusions

The utilization of M medium with NH4
+ concentrations between 25

and 50mg L−1, as an operative strategy for a C. vulgaris UTEX 26 cul-
ture at pilot scale and semicontinuous mode, favored competitive areal
biomass productivities (20–26 gm−2 d−1, on the third day) and de-
creased the protozoa appearance. A shorter culturing time and renewal
rate for the microalgal culture to three days and 15 or 20%, respec-
tively, could ensure a greater light penetration and an increase in the
biomass productivities. In regards of lipid production, an increment of
the proportion of SFA (C14-C18) was favored.

Acknowledgements

The authors are grateful for the financial support provided by the
Unidad Profesional Interdisciplinaria de Biotecnología of Instituto
Politécnico Nacional (grant SIP 20170982), to SENER (Secretaría de
Energía, grant 174627) and to CONACyT (Consejo Nacional de Ciencia
y Tecnología, grant 362086). The authors would also like to thank
Claudia Guerrero Barajas for her participation in reviewing the paper
and the relevant comments that enhanced the final version of this
manuscript.

References

Addy, M.M., Kabir, F., Zhang, R., Lu, Q., Deng, X., Current, D., Griffith, R., Ma, Y., Zhou,
W., Chen, P., Ruan, R., 2017. Co-cultivation of microalgae in aquaponic systems.
Bioresour. Technol. 245, 27–34.

Alam, M.A., Wan, C., Guo, S.-L., Zhao, X.-Q., Huang, Z.-Y., Yang, Y.-L., Chang, J.-S., Bai,
F.-W., 2014. Characterization of the flocculating agent from the spontaneously
flocculating microalga Chlorella vulgaris JSC-7. J. Biosci. Bioeng. 118, 29–33.

Blair, M.F., Kokabian, B., Gude, V.G., 2014. Light and growth medium effect on Chlorella
vulgaris biomass production. J. Environ. Chem. Eng. 2, 665–674.

Borowitzka, M., Moheimani, N., 2013. Open pond culture systems. In: In: Borowitzka, M.,
Moheimani, N. (Eds.), Algae for Biofuels and Energy, vol. 5. Developments in Applied
Phycology. Springer, Netherlands, pp. 133–152.

Breuer, G., Lamers, P.P., Martens, D.E., Draaisma, R.B., Wijffels, R.H., 2013. Effect of light
intensity, pH, and temperature on triacylglycerol (TAG) accumulation induced by
nitrogen starvation in Scenedesmus obliquus. Bioresour. Technol. 143, 1–9. https://
doi.org/10.1016/j.biortech.2013.05.105.

Chew, K.W., Yap, J.Y., Show, P.L., Suan, N.H., Juan, J.C., Ling, T.C., Lee, D.-J., Chang, J.-
S., 2017. Microalgae biorefinery: high value products perspectives. Bioresour.
Technol. 229, 53–62.

Chisti, Y., 2007. Biodiesel from microalgae. Biotech. Adv. 25, 294–306.
Chisti, Y., 2016. Large-scale production of algal biomass: raceway ponds. In: Bux, F.,

Chisti, Y. (Eds.), Algae Biotechnology. Green Energy and Technology. Springer,
Cham.

Cho, H.U., Kim, Y.M., Choi, Y.-N., Xu, X., Shin, D.Y., Park, J.M., 2015. Effects of pH
control and concentration on microbial oil production from Chlorella vulgaris culti-
vated in the effluent of a low-cost organic waste fermentation system producing
volatile fatty acids. Bioresour. Technol. 184, 245–250.

Day, J.G., Gong, Y., Hu, Q., 2018. Microzooplanktonic grazers – a potentially devastating
threat to the commercial success of microalgal mass culture. Algal Res. https://doi.
org/10.1016/j.algal.2017.08.024.

Day, J.G., Slocombe, S.P., Stanley, M.S., 2012. Overcoming biological constraints to en-
able the exploitation of microalgae for biofuels. Bioresour. Technol. 109, 245–251.
https://doi.org/10.1016/j.biortech.2011.05.033.

Deng, X., Chen, B., Xue, C., Li, D., Hu, X., Gao, K., 2018. Biomass production and bio-
chemical profiles of a freshwater microalga Chlorella kessleri in mixotrophic culture:
effects of light intensity and photoperiodicity. Bioresour. Technol. https://doi.org/
10.1016/j.biortech.2018.11.032.

Fernández, I., Acién, F.G., Guzmán, J.L., Berenguel, M., Mendoza, J.L., 2016. Dynamic
model of an industrial raceway reactor for microalgae production. Algal Res. 17,
67–78.

Fernández-Linares, L.C., González-Falfán, K.A., Ramírez-López, C., 2017. Microalgal
biomass: a biorefinery approach. In: Tumuluru, J.S. (Ed.), Biomass Volume
Estimation and Valorization for Energy. InTech, pp. 293–313.

Fon Sing, S., Isdepsky, A., Borowitzka, M.A., Moheimani, N.R., 2013. Production of
biofuels from microalgae. Mitig. Adapt. Strateg. Glob. Change. 18, 47–72.

Hadj-Romdhane, F., Jaouen, P., Pruvost, J., Grizeau, D., Van Vooren, G., Bourseau, P.,
2012. Development and validation of a minimal growth medium for recycling
Chlorella vulgaris culture. Bioresour. Technol. 123, 366–374.

Hadj-Romdhane, F., Zheng, X., Jaouen, P., Pruvost, J., Grizeau, D., Croué, J.P., Bourseau,
P., 2013. The culture of Chlorella vulgaris in a recycled supernatant: effects on biomass
production and medium quality. Bioresour. Technol. 132, 285–292.

He, Q., Yang, H., Hu, C., 2018. Effects of temperature and its combination with high light
intensity on lipid production of Monoraphidium dybowskii Y2 from semi-arid desert
areas. Bioresour. Technol. 265, 407–414. https://doi.org/10.1016/j.biortech.2018.
06.044.

Huang, J., Qu, X., Wan, M., Ying, J., Li, Y., Zhu, F., Wang, J., Shen, G., Chen, J., Li, W.,
2015. Investigation on the performance of raceway ponds with internal structures by
the means of CFD simulations and experiments. 2015. Algal Res. 10, 64–71.

Jeon, Y.-C., Cho, C.-W., Yun, Y.-S., 2005. Measurement of microalgal photosynthetic
activity depending on light intensity and quality. Biochem. Eng. J. 27, 127–131.

Jiménez, C., Cossío, B.R., Niell, F.X., 2003. Relationship between physicochemical vari-
ables and productivity in open ponds for the production of Spirulina: a predictive
model of algal yield. Aquaculture 221, 331–345.

Jusoh, M., Loh, S.H., Chuah, T.S., Aziz, A., Cha, T.S., 2015. Elucidating the role of jas-
monic acid in oil accumulation, fatty acid composition and gene expression in
Chlorella vulgaris (Trebouxiophyceae) during early stationary growth phase. Algal
Res. 9, 14–20.

Karya, N.G.A.I., van der Steen, N.P., Lens, P.N.L., 2013. Photo-oxygenation to support
nitrification in an algal–bacterial consortium treating artificial wastewater.
Bioresour. Technol. 134, 244–250.

Kim, D.G., Lee, C., Park, S.-M., Choi, Y.-E., 2014. Manipulation of light wavelength at
appropriate growth stage to enhance biomass productivity and fatty acid methyl ester
yield using Chlorella vulgaris. Bioresour Technol. https://doi.org/10.1016/j.
biortech.2014.02.078.

Kumar, K., Mishra, S.K., Shrivastav, A., Park, M.S., Yang, J.-W., 2015. Recent trends in the
mass cultivation of algae in raceway ponds. Renew. Sustainable Energy Rev. 51,
875–885.

Lam, T.P., Lee, T.-M., Chen, C.-Y., Chang, J.-S., 2018. Strategies to control biological
contaminants during microalgal cultivation in open ponds. Bioresour. Technol. 252,
180–187. https://doi.org/10.1016/j.biortech.2017.12.088.

Liu, J., Yuan, C., Hu, G., Li, F., 2012. Effects of light intensity on the growth and lipid
accumulation of microalga Scenedesmus sp. 11–1 under nitrogen limitation. Appl.
Biochem. Biotechnol. 166, 2127–2137. https://doi.org/10.1007/s12010-012-
9639-2.

Lee, A.K., Lewis, D.M., Ashman, P.J., 2009. Microbial flocculation, a potentially low–cost
harvesting technique for marine microalgae for the production of biodiesel. J. Appl.
Phycol. 21, 559–567.

Liu, N., Li, F., Ge, F., Tao, N., Zhou, Q., Wong, M., 2015. Mechanisms of ammonium
assimilation by Chlorella vulgaris F1068: isotope fractionation and proteomic ap-
proaches. Bioresour. Technol. 190, 307–314.

Luo, L., He, H., Yang, C., Wen, S., Zeng, G., Wu, M., Zhou, Z., Lou, W., 2016. Nutrient
removal and lipid production by Coelastrella sp. in anaerobically and aerobically
treated swine wastewater. Bioresour. Technol. 216, 135–141.

Markou, G., Vandamme, D., Muylaert, K., 2014. Ammonia inhibition on Arthrospira
platensis in relation to the initial biomass density and pH. Bioresour. Technol. 166,
259–265. https://doi.org/10.1016/j.biortech.2014.05.040.

Méndez, C., Uribe, E., 2012. Control of Branchionus sp. and Amoeba sp. in cultures of
Arthrospira sp. Lat. Am. J. Aquat. Res. 40, 553–561.

Mendoza, J.L., Granados, M.R., de Godos, I., Acién, F.G., Molina, E., Banks, C., Heaven, S.,
2013a. Fluid-dynamic characterization of real-scale raceway reactors for microalgae
production. Biomass Bioenergy 54, 267–275.

Mendoza, J.L., Granados, M.R., de Godos, I., Acién, F.G., Molina, E., Heaven, S., Banks,
C.J., 2013b. Oxygen transfer and evolution in microalgal culture in open raceways.
Bioresour. Technol. 137, 188–195.

Millán-Oropeza, A., Fernández-Linares, L., 2017. Biomass and lipid production from
Nannochloropsis oculata growth in raceway ponds operated in sequential batch mode
under greenhouse conditions. Environ. Sci. Pollut Res. 24, 25618–25626.

Moheimani, N.R., Borowitzka, M.A., 2006. The long-term culture of the coccolithophore
Pleurochrysis carterae (Haptophyta) in outdoor raceway ponds. J. Appl. Phycol. 18,
703–712.

Morales-Amaral, M.M., Gómez-Serrano, C., Acién, F.G., Fernández-Sevilla, J.M., Molina-
Grima, E., 2015. Outdoor production of Scenedesmus sp. in thin-layer and raceway
reactors using centrate from anaerobic digestion as the sole nutrient source. Algal
Res. 12, 99–108.

Murphy, T.E., Kapili, B.J., Detweiler, A.M., Bebout, B.M., Prufert-Bebout, L.E., 2015.
Vertical distribution of algal productivity in open pond raceways. Algal Res. 11,
334–342.

Pal, D., Khozin-Goldberg, I., Cohen, Z., Boussiba, S., 2011. The effect of light, salinity, and
nitrogen availability on lipid production by Nannochloropsis sp. Appl. Microb. CELL
Physiol. 90, 1429–1441. https://doi.org/10.1007/s00253-011-3170-1.

Ramanna, L., Guldhe, A., Rawat, I., Bux, F., 2014. The optimization of biomass and lipid
yields of Chlorella sorokiniana when using wastewater supplemented with different
nitrogen sources. Bioresour. Technol. 168, 127–135.

Ramírez-López, C., Chairez, I., Fernández-Linares, L., 2016. A novel culture medium
designed for the simultaneous enhancement of biomass and lipid production by
Chlorella vulgaris UTEX 26. Bioresour. Technol. 212, 207–216.

Roleda, M.Y., Slocombe, S.P., Leakey, R.J.G., Day, J.G., Bell, E.M., Stanley, M.S., 2013.
Effects of temperature and nutrient regimes on biomass and lipid production by six
oleaginous microalgae in batch culture employing a two-phase cultivation strategy.
Bioresour. Technol. 129, 439–449. https://doi.org/10.1016/j.biortech.2012.11.043.

Sajjadi, B., Chen, W.-Y., Raman, A.A.A., Ibrahim, S., 2018. Microalgae lipid and biomass

C. Ramírez-López et al. Bioresource Technology 274 (2019) 252–260

259

http://refhub.elsevier.com/S0960-8524(18)31633-X/h0005
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0005
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0005
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0010
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0010
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0010
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0015
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0015
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0020
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0020
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0020
https://doi.org/10.1016/j.biortech.2013.05.105
https://doi.org/10.1016/j.biortech.2013.05.105
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0030
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0030
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0030
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0035
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0040
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0040
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0040
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0045
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0045
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0045
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0045
https://doi.org/10.1016/j.algal.2017.08.024
https://doi.org/10.1016/j.algal.2017.08.024
https://doi.org/10.1016/j.biortech.2011.05.033
https://doi.org/10.1016/j.biortech.2018.11.032
https://doi.org/10.1016/j.biortech.2018.11.032
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0065
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0065
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0065
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0070
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0070
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0070
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0075
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0075
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0080
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0080
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0080
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0085
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0085
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0085
https://doi.org/10.1016/j.biortech.2018.06.044
https://doi.org/10.1016/j.biortech.2018.06.044
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0095
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0095
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0095
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0100
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0100
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0105
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0105
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0105
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0110
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0110
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0110
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0110
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0115
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0115
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0115
https://doi.org/10.1016/j.biortech.2014.02.078
https://doi.org/10.1016/j.biortech.2014.02.078
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0125
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0125
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0125
https://doi.org/10.1016/j.biortech.2017.12.088
https://doi.org/10.1007/s12010-012-9639-2
https://doi.org/10.1007/s12010-012-9639-2
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0140
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0140
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0140
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0145
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0145
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0145
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0150
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0150
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0150
https://doi.org/10.1016/j.biortech.2014.05.040
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0160
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0160
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0165
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0165
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0165
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0170
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0170
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0170
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0175
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0175
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0175
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0180
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0180
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0180
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0185
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0185
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0185
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0185
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0190
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0190
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0190
https://doi.org/10.1007/s00253-011-3170-1
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0200
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0200
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0200
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0205
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0205
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0205
https://doi.org/10.1016/j.biortech.2012.11.043


for biofuel production: a comprehensive review on lipid enhancement strategies and
their effects on fatty acid composition. Renew. Sustain. Energy Rev. 97, 200–232.
https://doi.org/10.1016/j.rser.2018.07.050.

Schenk, P.M., Thomas-Hall, S.R., Stephens, E., Marx, U.C., Mussgnug, J.H., Posten, C.,
Kruse, O., Hankamer, B., 2008. Second generation biofuels: high-efficiency for bio-
diesel production. Bioenerg. Res. 1, 20–43.

Schlüter, M., Groeneweg, J., 1985. The inhibition by ammonia of population growth of
the rotifer, Brachionus rubens, in continuous culture. Aquaculture 46, 215–220.

Slegers, P.M., Lösing, M.B., Wijffels, R.H., van Straten, G., van Boxtel, A.J.B., 2013.
Scenario evaluation of open pond microalgae production. Algal Res. 2, 358–368.

Wang, H., Zhang, W., Chen, L., Wang, J., Liu, T., 2013. The contamination and control of
biological pollutants in mass cultivation of microalgae. Bioresour. Technol. 128,
745–750. https://doi.org/10.1016/j.biortech.2012.10.158.

Wang, W., Han, F., Li, Y., Wu, Y., Wang, J., Pan, R., Shen, G., 2014. Medium screening
and optimization for photoautotrophic culture of Chlorella pyrenoidosa with high lipid
productivity indoors and outdoors. Bioresour. Technol. 170, 395–403.

Yang, Z., Cheng, J., Liu, J., Zhou, J., Cen, K., 2016. Improving microalgal growth with
small bubbles in a raceway pond with swing gas aerators. Bioresour. Technol. 216,
267–272.

C. Ramírez-López et al. Bioresource Technology 274 (2019) 252–260

260

https://doi.org/10.1016/j.rser.2018.07.050
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0220
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0220
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0220
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0225
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0225
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0230
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0230
https://doi.org/10.1016/j.biortech.2012.10.158
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0240
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0240
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0240
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0245
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0245
http://refhub.elsevier.com/S0960-8524(18)31633-X/h0245

	Biomass and lipid production from Chlorella vulgaris UTEX 26 cultivated in 2 m3 raceway ponds under semicontinuous mode during the spring season
	Introduction
	Materials and methods
	Microalgal strain and inoculum growth conditions
	Raceway pond cultures at greenhouse conditions
	Analytical methods
	Biomass and lipid determination
	Microalgal culture parameters

	Data analysis

	Results and discussion
	Semicontinuous culture of C. vulgaris UTEX 26 in 2000 L raceway pond system
	Lipid concentrations and fatty acid profiles
	Variation of pH, temperature and dissolved oxygen (DO) in the microalgal culture and fluctuations of temperature and light irradiance in the greenhouse

	Conclusions
	Acknowledgements
	References




