
Contents lists available at ScienceDirect

Bioresource Technology Reports

journal homepage: www.journals.elsevier.com/bioresource-technology-reports

Variations of culture parameters in a pilot-scale thin-layer reactor and their
influence on the performance of Scenedesmus almeriensis culture

M. Barceló-Villalobosa,⁎, C. Gómez Serranob, A. Sánchez Zuranob, L. Alameda Garcíab,
S. Esteve Maldonadoc, J. Peñab, F.G. Acién Fernándezb

a Department of Informatics, Universidad de Almería, E04120 Almería, Spain
bDepartment of Chemical Engineering, Universidad de Almería, E04120 Almería, Spain
c IES AZCONA, Calle Policía José Rueda Alcaraz, 1, 04006 Almería, Spain

A R T I C L E I N F O

Keywords:
Thin-layer cascade
Photosynthesis
Irradiance
Gradients
Temperature
Dissolved oxygen

A B S T R A C T

The variations in culture conditions (irradiance, temperature, pH and dissolved oxygen) in a thin-layer 120m2

surface reactor have been studied, both in terms of position inside the reactor and time of the daylight cycle.
Results demonstrate that average irradiance and temperature to which the cells are exposed are mainly a
function of time, whereas pH and dissolved oxygen concentrations also showed relevant gradients depending on
their position inside the reactor. The existence of gradients has been demonstrated to reduce the culture per-
formance, using both chlorophyll-fluorescence and net photosynthesis rate methods. Moreover, the influence of
culture conditions on Scenedesmus almeriensis cell performance was modelled. The obtained model allows us to
quantify the loss in productivity caused by inadequate culture conditions; the net photosynthesis rate being
demonstrated as only 32% of the maximal achievable. This is the first step in optimizing and scaling-up this type
of reactor for industrial applications.

1. Introduction

There is always a requirement for large-scale microalgae biomass
production to increase the biomass productivity of outdoor cultures and
to approximate it to the maximum theoretical values. To do so, three
major issues have to be solved: (i) to produce robust strains capable of
rapid growth and of producing large amounts of biomass under a wide
range of culture conditions, (ii) to use photobioreactors capable of
providing the optimal conditions required by the selected microalgae
strain, and (iii) to be able to adjust the overall production system op-
eration to the changing environmental conditions prevailing in the
actual outdoor cultures, both on an hourly and seasonal basis. The
production of different microalgae strains in raceway and tubular
photobioreactors has been widely reported; these technologies now
being the most extended worldwide for microalgae biomass production,
both in low-value and high-value applications, respectively (Benemann,
2013; Grobbelaar, 2010). In the case of thin-layer reactors, their use
still remains at the laboratory or pilot scale, no industrial facilities with
this technology exists as yet in spite of the high productivity already
reported when using these types of photobioreactors (Acién et al.,
2017).

Thin-layer reactors have been developed for decades at the

laboratory of photosynthesis in Trebon, Czech Republic (Masojídek and
Prášil, 2010). These reactors are characterized by their low-depth cul-
ture, which is recirculated over a flat surface by providing it with an
adequate slope of 0.1 to 2%. Under these conditions, the culture depth
ranges from 5 to 0.5 cm, and biomass concentration values of up to
40 g/L can be achieved (Masojídek et al., 2015). This technology has
been proposed as one of the most efficient in terms of areal pro-
ductivity, with values ranging from 30 to 50 g/m2·day (Masojídek et al.,
2015; Morales-Amaral et al., 2015a). The largest reactor of this type
was recently built and put into operation in Portugal, having a total
surface area of 1500m2; to date, no figures for this reactor are avail-
able. Data from small pilot-scale reactors, of up to 50m2, show that
they have certain problems related to an inadequate mass transfer ca-
pacity and the existence of pH and temperature gradients, along with a
significant accumulation of oxygen in the culture, reaching values of up
to 400%Sat (Lívanský et al., 2006; Morales-Amaral et al., 2015b).

To properly optimize microalgae production in these reactors, the
first step is to characterize it and then determine how the culture
conditions change along the reactor length due to daily variations in
environmental conditions (i.e. light and temperature). It has been
widely reported that biomass productivity is influenced by temperature
and pH, as well as by dissolved oxygen. The effect of temperature is
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analogous to any microorganism, while inadequate pH also reduces
microalgae culture performance. Dissolved oxygen content is also a
critical parameter in microalgae production; it is well known that it
causes inhibition at concentrations above 250%Sat. (Camacho Rubio
et al., 1999; de Godos et al., 2014; Mendoza et al., 2013). These effects
have been previously reported in both tubular and raceway reactors,
allowing us to identify the major bottlenecks for each of these reactor
types; and consequently the best strategies to resolve them (de Godos
et al., 2014; Ippoliti et al., 2016b; Mendoza et al., 2013). Conversely, in
thin-layer cascades, the available information is far more limited, the
major challenges of which still need to be identified and overcome
before scaling-up this technology.

To evaluate the performance of whichever type of reactor, the usual
method is to focus on overall biomass productivity. However, biomass
productivity does not provide information regarding inadequate culture
conditions in the different parts of the reactor or about conditions
throughout the day; these measurements have to be carried out in
distinct parts of the reactor. Moreover, one also needs to establish the
performance of cells under these conditions so as to be able to evaluate
the losses in productivity resulting from inadequate culture conditions
at different reactor locations or at different points over the day. To
evaluate cell performance, rapid methods such as in situ fluorescence of
chlorophylls are effective although a more robust estimation can be
obtained by evaluating the net oxygen production rate under different
culture conditions (Malapascua et al., 2014). Data from cultures per-
formance can be used to develop reliable models that are useful for
optimizing the design and operation of any reactor type, including thin-
layer cascade reactors (Bernard and Rémond, 2012; Costache et al.,
2013; Gao et al., 2018; Ippoliti et al., 2016a).

In this paper, we study the existence of gradients for the most re-
levant culture parameters (temperature, pH and dissolved oxygen) in
thin-layer cascade reactors; both in terms of their location in the reactor
and their daily variation based on environmental conditions. Moreover,
we evaluated the performance of the microalgae cells under the dif-
ferent conditions using chlorophyll fluorescence and oxygen production
rate methods. Accordingly, the existence of adverse conditions in these
types of reactors is elucidated, and the losses in productivity are

quantified. This study is the first step in optimizing and scaling-up thin-
layer reactors for large-scale commercial microalgae production.

2. Materials and methods

2.1. Microorganism and culture conditions

The microalga strain Scenedesmus almeriensis (CCAP 276/24) was
selected for its adaptability and abundant growth in outdoor reactors.
The microalga was produced in a thin-layer reactor utilizing Mann &
Myers medium, prepared using fertilizers: (0.14 g·L−1 K(PO4)2,
0.18 g·L−1 Mg(SO4)2, 0.9 g·L−1 NaNO3, 0.02mL·L−1 Welgro, and
0.02 g·L−1 Kalentol) (Fernández et al., 2012). The inoculum for the
reactor was produced in a tubular photobioreactor (3 m3) using the
same culture medium. Tubular reactor was operated at a constant pH of
8 by the on-demand injection of CO2, whereas temperature was con-
trolled by passing cool water by an internal heat exchanger located into
the bubble column of this tubular photobioreactor. Dissolved oxygen
accumulation over 250%Sat. was avoided in the tubular photo-
bioreactor by supplying air to the bubble column for oxygen desorption.
On this way the culture was maintained below the critical values for
this strain (temperature below 40 °C, dissolved oxygen below 250%Sat.
(100%Sat. is equivalent to 9mg/L)).

2.2. Thin-layer reactor design and operating conditions

The thin-layer reactor is located at the “IFAPA” Research Centre,
(Almería, Spain). The reactor consists of two sloped cultivation plates,
each 40m long and 1.5m wide, connected by a flat channel that acts as
a solar collector. The culture is recirculated through this solar collector
by a pump after passing through a bubble column for pH adjustment
and oxygen desorption (Fig. 1)). The total surface area of the solar
collector reactor is 120m2 with a water depth of 0.02m; thus the total
culture volume in this section is 2.4 m3. The sump from which the
culture is recirculated has a culture volume of 0.7m3 whereas the
bubble column has a volume of 0.3 m3, making the total culture volume
3.4 m3. The reactor is operated in continuous mode by harvesting up to

Fig. 1. Scheme of the thin-layer cascade reactor located at the IFAPA Experimental Station (Almería, Spain) (Up). Images of reactor (below-left) and the plastic
chamber used to determine the net photosynthesis rate at the different positions (below-right).
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1.0 m3/day of culture, replacing it with fresh medium prepared using
freshwater and fertilizers; therefore, the imposed dilution rate is
0.3 day−1. Water evaporation from the reactor is compensated for by
the daily addition of water. The culture's pH is controlled by the on-
demand injection of CO2 into the bubble column; alternatively, air is
injected to remove oxygen and avoid dissolved oxygen accumulation.
The gas flow rate of both CO2 and air entering the bubble column is
measured using mass flow meters (PFM 725S-F01-F, SMC, Tokyo,
Japan). Air is supplied to the reactor via a blower providing 350mbar
overpressure through a fine bubble diffuser AFT2100 (ECOTEC, Spain)
capable of creating bubbles with a diameter of less than 2mm at the
minimum pressure drop. The culture's temperature was not controlled.

2.3. In situ measurements in the reactor

The existence of culture condition gradients was studied by mea-
suring the pH, temperature and dissolved oxygen in the culture at nine
different points along the reactor's length, using appropriate tempera-
ture, pH and dissolved oxygen probes (HI98198, Hanna, Spain).
Measurements were carried out at different times during the daylight
period to determine the variation in existing gradients throughout the
day. To analyse the influence of the culture conditions existing at each
reactor position on the culture's performance, the net photosynthesis
rate at each position was also measured. To do this, culture samples
were directly taken from the reactor at the different positions and in-
troduced into a 40mL plastic chamber (0.02 m in depth), measuring the
dissolved oxygen accumulation in this chamber over a period of 5min
on which maximum accumulation of 20% sat was measured (Fig. 1).

2.4. Offline measurements in the laboratory

In addition to the in situ measurements, the influence of culture
conditions on culture performance was determined offline in the la-
boratory, using the culture conditions (pH, temperature, dissolved
oxygen and irradiance) previously found in the reactor at the different
positions and times. Thus, it was possible to compare both the in situ
experimental measurements and those determined in the laboratory
under controlled conditions. Two methods were employed to evaluate
the influence of culture conditions on cell performance; the first based
on the net photosynthesis rate measurements while the second involved
chlorophyll-fluorescence measurements. Both are rapid methods al-
lowing us to evaluate the culture performance in a short time.
Additionally, to modelize the net photosynthesis rate response to
changes in culture conditions, a set of experiments was performed
under laboratory conditions over a wide range of pH (from 3 to 11),
temperature (from 8 to 46), dissolved oxygen (from 0 to 400%Sat.) and
irradiance (from 100 to 2500 μEm−2 s−1).

2.4.1. Net photosynthesis rate measurements
The net photosynthesis rate was measured using specially-built

photo-respirometer equipment. This equipment measures the variation
in dissolved oxygen in microalgae samples under controlled conditions.
The samples were placed in a stirred cylindrical glass chamber, 60mL
in volume and 2 cm in diameter, illuminated using two sets of LED
lamps placed to the right and left of the glass chamber. The lamps' in-
tensity was automatically regulated to obtain the desired irradiance
inside the chamber once the sample was added. The photo-respirometer
was also equipped with sensors for irradiance (ULM 500, Walz,
Germany), temperature (PT1000, Crison, Spain), pH (Crison 5343,
Spain) and dissolved oxygen (Crison 5002, Spain) located inside the
cylindrical glass chamber; to be exact, the irradiance sensor was posi-
tioned in the centre of the glass chamber whereas the other sensors
were located close to the surface to avoid shadows inside the system.

To determine the photosynthesis rate, samples from the thin-layer
cascade were taken and then placed inside the stirred cylindrical glass
chamber. Each sample was exposed to three-minute light periods to

measure and register the variation in dissolved oxygen under all the
conditions. The photosynthesis rate was calculated from the slope of
dissolved oxygen accumulation during the light periods. The variations
in dissolved oxygen were evaluated in the 70–140%Sat range, for which
the oxygen mass transfer was confirmed to be negligible. Irradiance was
modified by adjusting the power of the LED lamps whereas the pH was
modified by adding HCl or NaOH to achieve the desired values. The
temperature was modified by heating/cooling the samples, whereas the
dissolved oxygen concentration was modified by bubbling pure N2/O2

gases.

2.4.2. Chlorophyll-fluorescence measurements
A Pulse-Amplitude-Modulation fluorometer device was utilized

(Junior PAM, Walz, Effeltrich, Germany) to estimate the photosynthetic
activity of the microalgae cells using the Rapid Light Curves of Electron
Transport Rate at different irradiances and culture conditions. Samples
from the reactor were directly adjusted to the required culture condi-
tions (temperature, pH, dissolved oxygen) and subject to irradiances
from 0 to 1500 μE/m2·s (Figueroa et al., 1997). Measurements were
performed in parallel with photo-respirometry experiments thus al-
lowing us to compare the performance of both methods in order to
elucidate the influence of culture conditions on photosynthetic process
performance.

2.5. Biomass concentration and statistical analysis

The microalgal biomass concentration was measured using dry
weight measurements. For this, 50mL samples were filtered through a
Macherey-Nagel MN 85/90 glass fibre filter, and the filters containing
the algae were dried in an oven at 80 °C for 24 h. Data were analysed
using the Statistica v.7 program. Data from the reactor were obtained
from a total of 30 samples. Each measurement was performed in tri-
plicate, both in situ and under laboratory conditions.

3. Results and discussion

3.1. In situ measurements in the reactor

The performance of whichever microalgae culture is a direct func-
tion of the irradiance to which the cells are exposed, in addition to how
close the culture conditions are to those that are optimal for the selected
microalgae, these being different for each strain. Light availability in
outdoor reactors is a function of solar radiation on the reactor surface
and reactor/culture parameters such as the light path, biomass con-
centration and biomass extinction coefficient. Therefore, to determine
the average irradiance in outdoor cultures, the simplified equation
proposed by Molina can be used (Eq. (1)), it providing the volumetric
mean irradiance inside the reactor (Grima et al., 1994). Table 1 shows
the most relevant irradiance values determined in the thin-layer reactor
at different times. Because the entire solar collector is exposed to the
same irradiance, the external irradiance on the reactor surface (Io) is a
unique value at each point in time. The irradiance inside the culture
was measured at the centre of the culture depth at different positions; a
mean value of all the experimental values being obtained, which cor-
responds to the entire reactor (Imean). Finally, because the culture's
hydraulic residence time in the solar collector is really short, only

Table 1
Hourly variation in light availability and culture parameters in the thin-layer
reactor. Mean values at the different positions measured.

Time Io, μE/m2s Imean, μE/m2·s Iav, μE/m2·s T, °C pH DO2, %Sat.

9:00 643 97 129 13.7 8.1 141
11:00 1620 90 324 19.7 8.3 195
13:00 902 101 180 23.2 8.6 197
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2min, the biomass concentration along the channel length would be
considered constant as no biomass concentration gradients exist. Ac-
cordingly, a single average irradiance value in the reactor (Iav) could be
calculated at each point in time (Eq. (1)). The data show that the ir-
radiance on the reactor surface varies over time from 643 to 1620 μE/
m2·s; the maximal value being obtained at 11:00 h (as there was cloud
at noon). Based on these values, the average irradiance to which the
cells were exposed inside the reactor varied from 129 to 324 μE/m2·s for
the same period of time. These values do not agree with those de-
termined experimentally, which ranged from 90 to 101 μE/m2·s, al-
though they are in the same order of magnitude. This is because it is
difficult to adequately measure irradiance in thin-layer reactors - small
variations in the sensor position and in the culture depth have a large
effect on the final values. Consequently, utilizing average irradiance
values instead of experimental measurements is recommended. In terms
of the culture conditions inside the reactor, the mean values of tem-
perature, pH and dissolved oxygen ranged from 13.7 to 23.2 °C, from
8.1 to 8.6, and from 141 to 197%Sat., respectively; thus, they were in
the range recommended for most microalgae strains (Table 1). It is
important to note that, under these conditions, the biomass pro-
ductivity measured was 11.7 g/m2·day, with the reactor being operated
in continuous mode at 0.3 day−1 in winter time. This productivity was
not high when compared to the 38 g/m2·day previously reported in a
224m2 unit (Doucha et al., 2009), or the 42 g/m2·day reported when
using centrate from an anaerobic digester as the nutrient source in a
32m2 unit (Morales-Amaral et al., 2015a); although these values were
obtained in summer time.

= − −Iav Io
Ka Cb p

exp Ka Cb p
· ·

(1 ( · · ))
(1)

Regarding the existence of gradients along the length of the reactor,
the results show that the irradiance measurement at the different po-
sitions and times had no clear tendency, the standard deviation of the
measurements being high; thus, these measurements were not confin-
able (Fig. 2A). This is due to the significant variation in the irradiance
measurements caused by small changes in the culture depth along the

reactor length, or because of the particular position where the light
sensor was located. Therefore, it is recommended that the average ir-
radiance values obtained from Eq. (1) are used. In contrast, the tem-
perature showed a clear pattern, with no variation observed based on
the position, yet it did increase with time (Fig. 2B). The culture tem-
perature increases due to infrared radiation absorption from solar ra-
diation - the larger the area exposed to the light (or solar radiation), the
greater the increase in temperature. These figures show that, along the
channel length, no temperature gradients occurred in thin-layer re-
actors, or they were not relevant; this is because of the short time to
which the culture is exposed to solar radiation in the channel. However,
during the day, the temperature increases because the energy input is
greater than the output, which mainly results from evaporation. In a
220m2 thin-layer reactor, a temperature increase from 20 to 35 °C was
previously reported during the daylight period (Doucha et al., 2009).

In the case of pH, a similar trend was observed. The pH only slightly
increased along the channel length but mean values over the day clearly
increased (Fig. 2C). This signifies that the existence of pH gradients
along the channel length can be disregarded as they are too small to
significantly influence the performance of the cultures. This small pH
increase along the channel length is explained by the on-demand in-
jection of CO2 and the significant capacity of the carbonate-bicarbonate
buffer in the culture medium, which compensates for the inorganic
carbon consumption caused by photosynthesis along the channel
length. However, the increase in pH over time, and moreover the ex-
istence of pH values above the set point of 8.0, indicates that overall
CO2 injection was inadequate. According to these figures, the CO2

consumed by the microalgae was higher than the CO2 transference
capacity, and although pH values were not too high, the mean hourly
values increased from 8.1 to 8.6 (Table 1). The control of pH in thin-
layer reactors has been already reported as a major factor determining
the efficiency of these systems; and especially the efficiency of CO2

utilization (Lívanský and Doucha, 1996). The carbon supply is widely
used to control and maintain pH close to the optimal value, which is
important for ensuring optimal operating conditions inside the reactor;
hence, the control of pH in thin-layer reactors must be carefully

Fig. 2. Variation in culture parameters (temperature, pH and dissolved oxygen) with the position and time of day in the thin-layer reactor operated in continuous
mode at 0.3 day−1 at the IFAPA research centre.
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designed.
Regarding the dissolved oxygen concentration, a much larger var-

iation was observed, both in terms of position and time. The dissolved
oxygen concentration clearly increased with the position along the
channel length due to oxygen accumulation produced by photosynth-
esis; the channels' desorption capacity not being enough to remove this
oxygen (Fig. 2D). Through the day, the increase in average irradiance
also enhanced the production of oxygen, and gradients of dissolved
oxygen concentration increased. The mean values of dissolved oxygen
concentration ranged from 141 to 197%Sat (Table 1) although values
up to 225%Sat were experimentally determined at the end of the
channel at 13:00 h, even on a cloudy day. Dissolved oxygen reduces the
performance of microalgae cultures if concentration values exceed
250%Sat.; this is because the photosynthesis rate reduces exponentially
above this value (Fernández et al., 2012; Pawlowski et al., 2014). The

existence of excessive dissolved oxygen in thin-layer reactors has al-
ready been reported, with values up to 23mg/L being measured
(Doucha and Lívanský, 2006; Lívanský and Doucha, 1996).

To determine the influence of these experimental conditions on
culture performance, in situmeasurements of net photosynthesis rates at
different reactor positions were carried out. These were taken at the
beginning, middle and end of the channel, as well as in the sump
(Fig. 3). The data show that the net photosynthesis rate varies based on
the position in the reactor and the time (as a result of changes in solar
radiation availability over time). In terms of the position, the sump is
shown to be a dark volume, with the cells respiring in this section; here,
values as low as −23mgO2/L·h were measured. Conversely, in the
channel, a greater photosynthesis rate is always measured after the
bubble column, where the culture is adjusted to the optimal conditions;
thus, at the beginning of the solar collector, values from 55 to

Fig. 3. In situ measurements of the photosynthesis rate at different positions in the thin-layer reactor.

Fig. 4. Offline measurements of the photosynthesis rate versus the irradiance for samples directly taken from the reactor (A). Influence of temperature (B), pH (C) and
dissolved oxygen (D) on the normalized photosynthesis rate of S. almeriensis at irradiance of 200 μEm−2 s−1. Lines correspond to the proposed models (Eqs. (3)–(5)).
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115mgO2/L·h were measured. In the middle of the channel, the net
photosynthesis rate reduces, reducing yet further at the end of the
channel; this confirms that the modified culture parameters along the
channel length create adverse conditions for the photosynthetic pro-
cess. The values at the end of the channel ranged from 29 to 83mgO2/
L·h. The hourly variation in the photosynthesis rate agrees with the
variation in solar irradiance measured on the reactor surface, and the
average irradiance calculated inside the culture; behaviour that we
expected to see.

3.2. Offline measurements in the laboratory

To confirm the influence of changing culture conditions on the cell
performance offline, measurements were performed in the laboratory
that simulated the culture conditions prevailing outdoors. For this, the
net photosynthesis rate and chlorophyll-fluorescence methods were

used. Regarding the net photosynthesis rate, experiments were carried
out that modified the irradiance to which the cells were exposed,
showing the typical light curve response of the photosynthesis rate
(Fig. 4A). These measurements were performed under the optimal
conditions of temperature (25 °C), pH (8.0) and dissolved oxygen
(9mg/L=100%Sat.). By fitting the experimental values to the hyper-
bolic model proposed by Molina et al., (Eq. (2)) (Molina-Grima et al.,
1994), the characteristic parameter values of the model were obtained
(PO2,max= 380 mgO2/L·h, Ik= 200 μE/m2·s, n= 2). Therefore, for the
entire solar radiation range, we can simulate the curve representing the
model. The data show that the model accurately represents the ex-
perimental figures; moreover, one can observe that a maximal photo-
synthesis rate of 350mgO2/L·h is achieved at average irradiances of
500 μE/m2·s; above this value the cultures become saturated.

=
+

PO
PO I

I I
·max av

n

k
n

av
n2

2,

(2)

To analyse the net photosynthesis rate response to changes in cul-
ture parameters (temperature, pH and dissolved oxygen), normalized
values were used. To do this, net photosynthesis rate measurements
were taken at different temperature, pH and dissolved oxygen values;
for each data set, the experimental photosynthesis rate values were
divided by the maximal value to help understand and compare the final
results. Regarding the temperature, the results show that temperatures
below 26 °C, or above 34 °C, significantly reduce the culture perfor-
mance; at temperatures of 12 °C and 46 °C, the photosynthesis rate
becomes almost negligible (Fig. 4B). In the case of pH, a similar trend
was observed - the net photosynthesis rate is close to the maximal value
from 5.7 to 8.0; outside this range it markedly reduces, nearing zero at
pH values of 3 and 10 (Fig. 4C). Regarding the influence of the dis-
solved oxygen concentration, a different trend was observed - the
photosynthesis rate remaining constant at dissolved oxygen con-
centrations below 15mg/L (135%Sat.) whereas above 20mg/L (180%
Sat.), it nears zero (Fig. 4D). These results confirm previous studies
concerning the effect of culture conditions on Scenedesmus almeriensis,
which showed the optimal pH to be in the range of 7.0 to 9.0, and the
maximal photosynthesis activity to be at a temperature of 35 °C, redu-
cing dramatically at temperatures above this (Costache et al., 2013).

The experimental figures can be fitted to the different models to
modelize the influence of culture conditions on cell performance. In the
case of temperature and pH, using the cardinal model is recommended
(Bernard and Rémond, 2012; Ippoliti et al., 2016a) whereas for dis-
solved oxygen, using models that consider the inhibition by product is
advised (Costache et al., 2013; Ippoliti et al., 2016a).

= − −
− − −

− − + −

RO T T Tmax T Tmin
Topt Tmin Topt Tmin T Topt

Topt Tmax Topt Tmin T

2( ) ( )( )2
( )((( )( ))

(( )( 2 ))) (3)

=
− −

− − −

− − + −

RO pH
pH pHmax pH pHmin

pHopt pHmin pHopt pHmin pH pHopt

pHopt pHmax pHopt pHmin pH

2( )
( )( )2

( )((( )( ))

(( )( 2 ))) (4)

⎜ ⎟= − ⎛
⎝

⎞
⎠

RO DO DO
DO

2( ) 1
max

m

2
2

2, (5)

By fitting the experimental values to these equations, the models'
characteristic parameter values were obtained. In terms of the tem-
perature, the maximum and minimum tolerable temperatures were 48
and 7 °C, respectively, while the optimal temperature was 30 °C. For pH,
the maximum and minimum tolerable values were 9.6 and 2.0, re-
spectively, whereas the optimal pH was 6.8. In the case of the dissolved
oxygen concentration, the maximum dissolved oxygen concentration
tolerated by the culture was 25mg/L (225%Sat.), the proposed model's
form parameter having a value of 3.5.

These results are comparable to those obtained when evaluating the

Fig. 5. Influence of temperature (A), pH (B) and dissolved oxygen (C) on the
electron transfer rate of Scenedesmus almeriensis cells. Data from Chlorophyll-
fluorescence measurements.
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electron transfer rate of the cells in the reactor by taking chlorophyll
fluorescence measurements. The data in Fig. 5 show that temperature
has a negative effect on the electron transfer rate at values of 8 and
46 °C, with no photo inhibition being observed up to 1500 μE/m2·s. In
the case of pH, an adverse effect was observed at values below pH 5 and
above pH 8; the lowest electron transfer rate being measured at pH 3.
Finally, regarding the influence of dissolved oxygen, a similar trend was
observed to that of the photosynthesis rate - the electron transfer rate
showed a similar trend to that of irradiance at dissolved oxygen con-
centrations below 150%Sat.; above this value it significantly reduced.
Although a relationship between the electron transfer rate and the
oxygen production rate can be developed, it is preferable to use the
previous models of the photosynthesis rate as a function of the culture
conditions to estimate Scenedesmus almeriensis cell behaviour under
different conditions. The utilization of Chlorophyll-fluorescence mea-
surements to identify adverse culture conditions in thin-layer reactors
has already been reported; they are also recommended as a rapid tool
for optimizing water depth in these types of reactors (Jerez et al., 2014,
2016).

3.3. Evaluation of productivity losses in the thin-layer reactor

The results reported here demonstrate that inadequate culture
conditions occur in thin-layer reactors, both along the channel length
and over time. Experimental photosynthesis rate measurements confirm
that these inadequate culture conditions reduce the net photosynthesis
rate of the Scenedesmus almeriensis produced in this type of reactor.
Moreover, Chlorophyll-fluorescence measurements confirm this beha-
viour, allowing us to identify the value limits for the most relevant
culture conditions such as temperature, pH and dissolved oxygen. To
quantify the loss in productivity caused by inadequate culture

conditions along the channel length and over time, the normalized
photosynthesis rates for each of the main variables have been calcu-
lated using the obtained models (Fig. 6). The results show that in the
early morning, low temperature is the main factor inhibiting Scene-
desmus almeriensis cell performance, with normalized photosynthesis
rate values below 0.4 being measured at 9:00 h, although these increase
to 0.87 at noon (Fig. 6A). Conversely, the pH level is adequate in the
early morning when the CO2 demand is low, the normalized photo-
synthesis rate being 0.84; however, this drops to 0.59 at noon when the
CO2 supply is insufficient to cover the culture demand (Fig. 6B). The
dissolved oxygen concentration is the variable showing the greatest
variation depending on the position in the channel, with the normalized
photosynthesis rate decreasing along the reactor length from 0.94 to
0.87 in the early morning, and from 0.84 to 0.53 at noon (Fig. 6C).
When multiplying all these factors together, the overall normalized
photosynthesis rate can be calculated. The results show that, in the
early morning, the normalized photosynthesis rate remains below 0.24
wherever the position along the channel, increasing up to maximal
values of 0.43 at noon at the beginning of the channel but dropping to
0.27 at the end of the channel at this time (Fig. 6D). This behaviour has
already been reported in tubular photobioreactors producing T-ISO,
with similar normalized photosynthesis rates (Ippoliti et al., 2016b). It
has therefore been demonstrated that this methodology is a useful tool
for optimizing the design and operation of whichever type of large-scale
reactor.

When considering all these factors, the average normalized photo-
synthesis rate was 0.32, indicating that one could increase the net
photosynthesis rate to 68% if the culture conditions inside the reactor
were improved. In terms of the net photosynthesis rate, this signifies
that the mean measured value of 62mgO2/L·h could be increased to
185 mgO2/L·h under optimal culture conditions. Considering the basic

Fig. 6. Variation in the normalized photosynthesis rate at different positions and times in the thin-layer reactor as a function of the prevailing culture conditions. A)
Influence of temperature, B) influence of pH, C) influence of dissolved oxygen concentration, D) influence of temperature+ pH+dissolved oxygen concentration.
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photosynthesis equation, this means that the maximal achievable pro-
ductivity is close to 32 g/m2·day, even though the estimated pro-
ductivity, according to the developed model, was 10.5 g/m2·day; the
actual value being measured on the basis of the biomass dry weight and
a dilution rate of 11.7 g/m2·day. Accordingly, it has been demonstrated
that thin-layer reactors still need to be better characterized and eval-
uated to achieve robust systems that can perform adequately at the
industrial scale. Moreover, the modifications required to achieve full
control of control conditions allowing to optimize the biomass pro-
ductivity must be also analysed from the sustainability point of view,
the sustainability of microalgae based processes being recently dis-
cussed (Barsanti and Gualtieri, 2018).

4. Conclusions and future prospects

Inadequate culture conditions occur in thin-layer reactors, both
with the position along the reactor and over time. Temperature mainly
varies along the day, no gradients with the position being observed,
whereas large variation f of pH and especially of dissolved oxygen
concentration occurs both with time and position. The inadequacy of
culture conditions was demonstrated to reduce the performance of
Scenedesmus almeriensis cultures. The methodology used here is of great
use for improving the design and performance of whatever reactor. It
has been demonstrated that the net photosynthesis rate can be multi-
plied three-fold if optimized thin-layer reactors are used.
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