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This paper presents a novel simulation tool to understand and analyze biological models
for wastewater treatment processes using microalgae. The models for this type of
processes are very complex to be analyzed because of the very different phenomena,
variables and parameters involved. The model already included in the tool has been
validated at controlled conditions simulating outdoor ones, it being useful to simulate real
outdoor cultures. The major contribution of the proposed tool is that these models can be
easily and interactively simulated and compared. The tool allows simulating biological
models only considering microalgae or including the microalgae-bacteria consortium.
Moreover, the simulations can be done only using the solar radiation contribution or by
adding the environmental and bacteria effects as cardinal terms. Furthermore, the effects
of the wastewater properties or different microalgae strains can be evaluated. The
interactive simulations can be performed for selected days as representative of the
different year seasons that are already preloaded in the tool. However, the user can
also load data from other locations to simulate the models under particular conditions.
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HIGHLIGHTS:

Understanding biological models using interactive tools.
Analysis of weather, nutrients and strain type effects on oxygen production.
Studying microalgae-bacteria consortia models with interactivity.

INTRODUCTION

Water has become a scarce and limited resource due to its growing consumption in developed industrial
countries, contamination of water sources and the lack of efficient technologies for retrievingmore usable
water (Li et al., 2019). The large volume of wastewater generated should be treated before being discharged
into natural watercourses or reused because untreated wastewater discharge pollutes the water bodies and
spreads water-related diseases (Singh, 2021). Although the conventional wastewater treatments have
shown adequate nutrients removal levels, they imply a high economic cost and a resource waste (Acién
et al., 2016). Therefore, in order to solve this situation, some eco-friendly alternatives have appeared for
wastewater treatment, which allow obtaining a treated effluent of good quality, an efficient nutrient
recovery, and production of energy and/or bioproducts at low cost (Puyol et al., 2017; Patel et al., 2021).
From these alternatives, a microalgae-based wastewater treatment process is one of the most promising
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technologies for the advanced treatment and nutrient recovery of
wastewater, and it has attracted more and more attention in recent
years. The reason for this increased interest is that the use of
microalgae has a dual benefit: economic wastewater treatment
and microalgae biomass production, that can be subsequently
converted into added-value products such as biofertilizers or
animal feed (Craggs et al., 2013; .Guzmán et al., 2020; Acién
et al., 2017; Li et al., 2019; Suganya et al., 2016).

Microalgae-based wastewater treatment is performed by
complex microalgae-bacteria consortia which varies as a
function of the environmental and operational conditions,
especially the composition of the wastewater being processed
(Acién et al., 2016). Although these interactions have been
studied for many years, it is still challenging to understand
what are the main processes that occur in microalgae-bacteria
systems because most of them take place simultaneously and are
strongly interdependent (García et al., 2006). Addressing this
challenge, mathematical models have been proposed as a useful
tool to understand and optimize biological systems (Bernstein
and Carlson, 2012; Klanchui et al., 2012) such as microalgae-
bacteria processes (Solimeno and García, 2019; Casagli et al.,
2021). During the last decades, different types of mathematical
models have been developed for understanding this interaction
between microalgae and bacteria for wastewater treatment
systems. Since Buhr and Miller (1983) developed the first
mathematical model to describe microalgae and bacteria
growth in wastewater, more complex models have
progressively emerged (Buhr and Miller, 1983; Reichert and
Vanrolleghem, 2001; Zambrano et al., 2016; Solimeno et al.,

2017). However, due to the complexity of these models and
the high number of parameters (more than 50 parameters), it
is very difficult to understand and analyze the effect of all of them
in a simple way. As a result, many simulations have to be carried
out in order to study the effect of all the components involved in
the process. This difficulty is evident at both the research level,
when a deep analysis of the system is required, and at the
understanding level, when the objective is to learn the
concepts related to this type of systems.

In recent years, interactive tools and virtual laboratories have
been presented as tools that allow simulating highly complex
models and control systems quickly and easily. Especially, the
interactive tools provide a high potential allowing a real-time
interaction between the modification of parameters and the
visualization of results (Guzmán et al., 2012). In essence,
interactive tools show a graphical interface with dynamic and
clickable components, which can be changed in order to
visualize the system response immediately, which naturally
lends itself to interactivity (Sánchez et al., 2005). These tools
have been used successfully in the field of Control Engineering
leading to very interesting results (Dormido et al., 2003;
Guzmán et al., 2006). Moreover, specific virtual labs have
been developed to simulate microalgae growth in
photobioreactors, which helps to learn how a microalgae-
based system work and to understand how the essential
variables are involved in the algae growth (Dormido et al.,
2014). However, to the best of the authors’ knowledge, no
interactive tool or virtual laboratory microalgae-bacteria
processes has been developed to date.
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Therefore, this work aims to develop an interactive tool based
on microalgae mathematical models to visualize the productivity
of the system as a function of the main environmental and
operational variables that determine microalgal performance.
The effect of each parameter is possible to visualize in real
time and instantaneously. Specifically, the proposed interactive
tool includes four possible models: the microalgae model only
with the light effect, the microalgae-bacteria model only with the
light effect, and these same two extended models including the
effect of other parameters, such as pH, temperature, dissolved
oxygen, nitrogen and phosphorous. Furthermore, it is possible to
modify the rest of the biological parameters associated with the
selected strain as well as the properties of wastewater to be treated.
All these analyses can be carried out taking climate and reactor
data (solar radiation, pH, dissolved oxygen, and culture
temperature) as inputs to the models for different seasons of
the year. All the proposed models included in the tool have been
validated using experimental data, thus demonstrating its
reliability. It is important to remark that the main
contribution of this work is the proposed Interactive Tool and
the combined implementation of the biological models. The
software tool allows to immediately observe the effect of more
than 50 parameters interactively, which is not possible in a
classical static simulation.

This work is organized as follows. First, the biological models
used in the tool are summarized. Next, the models are validated
using experimental data obtained at controlled conditions. Then,
a detailed description of the interactive tool developed is
presented. Afterwards, several illustrative examples are
provided to show how the interactive tool can be used under
various types of possible scenarios.

MATERIAL AND METHODS

Biological Model
Microalgae wastewater treatment is performed by complex
microalgae-bacteria consortia which vary as a function of the
environmental and operational conditions (Acién et al., 2016).
Under illumination, microalgae perform photosynthesis that
turns carbon dioxide (CO2) and water into organic molecules.
In this process, microalgae reduce CO2 and split water to release
oxygen (O2). This oxygen is essential for the degradation of
organic compounds present in wastewater by aerobic bacteria
(heterotrophic bacteria). In turn, during bacterial oxidation of
organic matter, carbon dioxide is produced and is available for
photosynthesis, thereby completing the cycle (Zambrano et al.,
2016; Quijano et al., 2017). Apart from heterotrophic bacteria,
other bacteria populations appear in wastewater and establish
interactions with microalgae, emphasizing the nitrifying
bacteria, which perform the nitrification process. During
nitrification, nitrifying bacteria transforms ammonium, input
from sewage into nitrate, in the presence and with the
consumption of oxygen produced through photosynthesis
(Vargas et al., 2016) (see Figure 1).

According to the simple scheme proposed, an equilibrium
appears in wastewater treatment between the microalgae and the

bacteria through the gas exchanges such as oxygen production/
consumption. On the one hand, microalgae produce oxygen by
photosynthesis and consume part of them for endogenous
respiration. Moreover, heterotrophic and nitrifying bacteria
consume the released oxygen by respiration. In fact, this
makes possible to develop mathematical models based on net
oxygen production by microalgae-bacteria consortia in
wastewater treatment systems. As a result, and through oxygen
production, it is possible to obtain models to predict the biomass
productivity in these complex systems.

Mathematical Model Background
Sánchez-Zurano et al. (2021a) developed a dynamic model
considering several important environmental parameters
(light intensity, temperature, pH, and dissolved oxygen) on
microalgae and bacteria growth (Sánchez Zurano et al., 2021b).
The model equations were built using experimental data related
to the influence of the environmental parameters on the
photosynthesis rate and the respiration rate of microalgae-
bacteria consortium, distinguishing between microalgae
activity, heterotrophic activity, and nitrifying activity and by
considering the methodology proposed by (Sánchez-Zurano
et al., 2020a). After that, the model was validated using
experimental data from a laboratory culture of Scenedesmus
sp. growing with wastewater. In reality, three models, one for
each microbial population, were developed in order to assemble
all of them in one global model. The models were based on
measuring the oxygen production rate (PO2) for microalgae
and oxygen respiration rate for bacteria (RO2), both under
different conditions of light intensity, temperature, pH and
dissolved oxygen. The light is considered the decisive
parameter which allows obtaining the maximal productivity,
and the rest of the parameters (temperature, pH and dissolved
oxygen) provide a normalized effect in the models (0–1) and
modify the productivity obtained by the light influence.
Besides, it must be considered that microalgae-bacteria
systems are used to treat wastewaters with different
composition, including those from industrial, agricultural
and municipal sources. For that, along with environmental
conditions, the chemical characteristics of these wastewaters

FIGURE 1 | Overall scheme of microalgae-bacteria interaction in
wastewater treatment systems.
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may severely influence microalgae productivity (Kube et al.,
2018). Therefore, it is mandatory to include the influence of the
main nutrients present in wastewater into the microalgae-
bacteria mathematical models.

Apart from light, microalgae require nitrogen (N) and
phosphorus (P) for their autotrophic growth, in which they
fix inorganic carbon (CO2 and HCO3). Concerning nitrogen,
ammonium (NH4

+) is the main nitrogen form in wastewater,
while nitrate (NO3

−) usually appears in a low concentration.
Most microalgae can utilize nitrogen in different forms.
However, ammonium was known to be preferred by many
microalgae because it requires less energy for assimilating (Kim
et al., 2016). For that, in the biologic models, the effect of
nitrogen on microalgae activity is calculated as a function of
the nitrogen in form of ammonium (N-NH4

+) present in the
culture. In place, only if there is not ammonium in the medium,
microalgae consume nitrate and its activity depends on
nitrogen in form of nitrate (N-NO3

−) concentration.
Concerning bacteria activities, the effect of nutrients is
considered too. For heterotrophic respiration, the
concentration of both N-NH4

+ and P-PO4
3- is included in

the model along with the concentration of biodegradable
organic matter (Ss), which is calculated as a certain
percentage of the total organic matter concentration (COD).
During bacterial organic matter oxidation, CO2 is produced,
and it is available for photosynthesis and nitrification
processes. Moreover, the normalized effect of the N-NH4

+

and P-PO4
3- concentration is taken into account to

determine the nitrifying respiration. Therefore, the equations
proposed by Sánchez-Zurano et al. (2020c) can be improved by
adding the terms related to nitrogen and phosphorous
availability (Sánchez-Zurano et al., 2020b), and the effect of
the biodegradable organic matter and the inorganic carbon as
follows:

PO2ALG � PO2(I)ALG · PO2(T)ALG · PO2(pH)ALG · PO2(DO2)ALG
· PO2(CO2)ALG · PO2(N)ALG · PO2(P)ALG − RO2(I)ALG

(1)

RO2HET �RO2(I)HET ·RO2(T)HET ·RO2(pH)HET
·RO2(DO2)HET ·RO2(N)HET ·RO2(P)HET ·RO2(Ss)HET

(2)

RO2NIT � RO2(I)NIT · RO2(T)NIT · RO2(pH)NIT · RO2(DO2)NIT
· RO2(CO2)NIT · RO2(N)NIT · RO2(P)NIT

(3)

Previous models allowed to assemble a global model, ABACO
model, to calculate the oxygen production by a microalgae-
bacteria consortium in wastewater treatment (Eq. 4):

PO2 � PO2ALG − RO2HET − RO2NIT (4)

Finally, ABACO model was calibrated and validated in the
laboratory photobioreactors using pig slurry as a nutrient source,
demonstrating the validity of the developed model (Sánchez-
Zurano et al., 2021b).

Biological Models for the Interactive Tool
As described earlier, processes that occur in microalgae systems
are difficult to understand because most of them take place
simultaneously and they are strongly interdependent. For that,
it is very challenging to understand a microbiological system
where a wide variety of metabolic processes coexist and are
affected by multiple variables such as solar radiation,
temperature, pH, etc. For these reasons, the implementation of
an interactive tool that allows the visualization of all these
variables and checking their effect on the microalgae-bacteria
system is especially useful. The interactive tool proposed in this
work includes four different oxygen production models for the
microalgae-wastewater treatment problem. A more
comprehensive version of the models described in the
“Mathematical model background” section is implemented
because the effect of the principal nutrients in wastewater
treatment (nitrogen and phosphorous) has been also included.
The four scenarios proposed in the tool are based on: 1) there are
only microalgal cells in wastewater treatment and they are
affected by solar radiation; 2) three populations coexist in
wastewater treatment (microalga, heterotrophic bacteria and
nitrifying bacteria) affected only by solar radiation; 3) the
wastewater treatment is performed by microalgae cells and its
activity is a function of solar radiation, temperature, pH,
dissolved oxygen, nitrogen and phosphorous; 4) finally, the
more complex model involves both microalgae and bacteria
(heterotrophic and nitrifying bacteria) affected by solar
radiation, temperature, pH, dissolved oxygen, nitrogen and
phosphorous.

The next sections briefly describe these four different models.
Notice that the simulation and comparison of these four different
models will allow to obtain a better understanding of the
microalgae-bacteria consortium and the effect of all the
environmental and operation variables and parameters. More
details about the models, the equations and the parameters can be
found in Supplementary Table 1.

Light Microalgae Model
The simplest models for describing microalgae growth in
different cultivation systems are based on the effect of solar
radiation. Despite several light intensity models have been
developed to describe microalgae photosynthesis and growth
kinetics (Aiba, 1982; Eilers and Peeters, 1988), one of the most
accepted models nowadays is the Molina model (Grima et al.,
1994) in which the oxygen production is a function of specific
maximum photosynthetic rate (PO2,max), average irradiance
(Iav), photosynthetic parameter constant (Ik), and a form
parameter (n). Using this simple model, it is possible to
determine what is the oxygen production by microalgae in a
wastewater system according to the following equation:

PO2 � PO2ALG · [I] (5)

when only solar radiation is considered. This simplification of the
model described by Sánchez-Zurano et al. (2021a) allows to offer
an idea of the maximal productivity obtaining in a wastewater
bioreactor in which microalgae are the only microbial population
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and the rest of the operational and environmental parameters do
not affect the process.

Light Microalgae-Bacteria Model
Despite the usefulness of the previous model, the actual integrated
model considering simultaneous growth of microalgae and
bacteria in wastewater treatment should be considered. For
this reason, it is recommendable to add the effect of bacteria
populations to the model presented in Eq. 6. Thus, if the presence
of microalgae and bacteria consortia is considered in wastewater
treatment, and only the influence by solar radiation is considered,
the new equation is described as follows:

PO2 � PO2ALG [I] − RO2HET − RO2NIT (6)

Microalgae Full Model
On the other hand, another comprehensive model for microalgae
activity can be obtained by extending the model in Eq. 7 to
influence both the environmental parameters (light intensity,
temperature, pH and dissolved oxygen) and operational
conditions such as culture media composition (nitrogen and
phosphorous) and inorganic carbon availability. The inorganic
carbon has been calculated according to the equilibrium with
carbonate and bicarbonate species by considering a total
inorganic carbon (TIC) vale of 100 g L−1 and using the real
pH values included in the tool for each specific day.
Therefore, a new model only for microalgae cells which
oxygen production is determined by solar radiation and the
effect of other normalized factors can be obtained:

PO2 � PO2ALG ([I] · [T] · [pH] · [DO] · [CO2] · [N] · [P])
(7)

Microalgae-Bacteria Full Model
Finally, the most complex model for microalgae-bacteria systems
can be obtained by including microalgae activity, heterotrophic
activity and nitrifying activity. All these microbial populations are

affected by the environmental and operational parameters, being
solar radiation the decisive factor for determining oxygen
production by the consortia. The full model including all the
possible parameters and populations is the most realistic model
described in this work and the final model used for calculating the
real oxygen production of the system (Eq. 8):

PO2 � PO2ALG ([I] · [T] · [pH] · [DO] · [CO2] · [N] · [P])
− RO2HET([I] · [T] · [pH] · [DO] · [N] · [P])
− RO2NIT([I] · [T] · [pH] · [DO] · [CO2] · [N] · [P])

(8)

Raceway Reactor: Real Dataset
The real data included in the interactive tool for each season
(spring, summer, autumn and winter) were collected from a
raceway reactor located at the IFAPA Research Centre
(Almería, Spain) (Figure 2). The raceway reactor consists of
a polypropylene algal pond of two 50 m length channels
(0.46 m high × 1 m wide) connected by 180°bends at each
end, with a 0.59 m3 sump (0.65 m long × 0.90 m wide × 1 m
deep) located 1 m along one of the channels (Barceló-
Villalobos et al., 2018). Guide vanes made of polypropylene
were placed in the bends of the photobioreactors. In the
raceway reactor, the microalgae-bacteria culture is
circulated using a rotating paddlewheel actuated by an
electric motor. pH is controlled to 8.0 by on-demand
injection of pure CO2 in the sump. Also, air is supplied to
remove excess dissolved oxygen on demand. Environmental
parameters such as pH, temperature and dissolved oxygen in
the culture were measured using appropriate probes (5083 T
and 5,120, Crison, Barcelona, Spain), connected to an
MM44 control-transmitter unit (Crison Instruments, Spain),
and data acquisition software (Labview, National Instruments)
providing complete monitoring and control of the installation.
Also, the solar radiation was collected using an adequate
sensor (Pyranometer Kipp & Zonen CM 6B). The reactor is

FIGURE 2 | Raceway reactor. The real input data for simulating the seasons of the year were collected from the sensor located in it.
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operated in semi-continuous mode throughout the year
collecting daily and replaced with fresh wastewater.

By default, representative data from raceway reactors located
in Almería (Spain) are preloaded in the tool. However, the user

can load his/her own data for a particular analysis. Notice that the
dissolved oxygen, pH and temperature balances are not included
in the tool, since the objective is the comparison of biological
models under the same reactor and weather conditions.

FIGURE 3 | Experimental validation of the full microalgae-bacteria model proposed (A), Real input data from the laboratory stirred-tank reactor used for the
validation (B).
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Laboratory Stirred-Tank Reactor: Biologic
Model Validation
To validate the model implemented in the proposed interactive
tool, experiments were performed in a stirred tank reactor
(0.08 m in diameter, 0.2 m in height and with a 1 L capacity)
operated at laboratory but simulating outdoor conditions. The
reactor was filled with 20% of Scenedesmus sp. inoculum and
primary domestic wastewater. The reactor was artificially
illuminated using eight 28W fluorescent tubes (Philips
Daylight T5) on a simulated daylight cycle. The culture
conditions inside the reactor, such as pH (Crison 5,002,
Barcelona, Spain), temperature and dissolved oxygen
(Crison 5,002, Barcelona, Spain) were monitored. To
prevent the adverse effect of excessive dissolved oxygen
accumulation, the dissolved oxygen was controlled and
kept below 200%Sat by supplying air on demand. CO2 was
likewise injected on demand to control the pH at 8. The
oxygen mass transfer coefficient (KLa) in the stirred tank
reactor was 0.9 h−1. The reactor was operated in batch mode
for 6 days, after which it was operated in continuous mode to
reach the steady state. For this, 20% of the culture volume was

harvested every day and replaced with fresh culture medium.
The data from the steady state was used for the validation
process, in which the composition of the wastewater was:
146 mg L−1 N-NH4, 3.8 mg L−1 N-NO3, 15.2 mg L−1 P-PO4

and 391 mg L−1 COD.

Programing Software to Implement the
Interactive Tool
Sysquake (Anon), a Matlab-like language with fast execution and
excellent facilities for interactive graphics, was used to code the
interactive tool for these microalgae-bacteria models. Sysquake
allows that the tool is delivered as a stand-alone executable that is
readily accessible for free for both professionals and students
(Díaz and Dormido, 2015).

RESULTS AND DISCUSSION

Full Biologic Model Validation
An experimental validation has been performed to compare the
experimental oxygen production by a microalga-bacteria culture

FIGURE 4 | Main screen of the interactive tool.
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and the oxygen production predicted by the full microalgae-
bacteria model under particular operational conditions. In
practice, the real data obtained from a laboratory stirred-tank
reactor, fed with primary domestic wastewater, were compared
with the simulated oxygen production by the full microalgae-
bacteria model given by Eq. 8, which considers the effect of the
whole environmental and operational conditions (light,
temperature, pH, dissolved oxygen, nitrogen and
phosphorous). For the purpose of this comparative being as
precise as possible, the real data from the sensors located in
the stirred-tank reactor (radiation, pH, dissolved oxygen and
temperature) were introduced in the biologic model to
simulate the oxygen production by the microalgae-bacteria
consortia. Furthermore, the wastewater properties introduced
in the biologic model and used for the simulation were the
same nutrient measurements described in “3.1. Laboratory
stirred-tank reactor: Tool validation”. Specifically, a five days
dataset from the laboratory reactor under different
environmental conditions was used. For the validation, the
oxygen production was determined as a function of dissolved
oxygen in the reactor measured and taking into account the
oxygen mass transfer in the reactor. Real data are shown in
Figure 3A by dots, while the full model values are represented
by a solid line. From this figure, it can be observed that the
model highly fits the experimental oxygen produced by the real
system for the given days, which confirms the validation of the
oxygen production model included in the interactive tool. The
maximal oxygen production measured and simulated was 0.3
mgO2/Lmin throughout the test. In Figure 3B, data of
radiation, pH, dissolved oxygen and temperature during the
5 days dataset measured in the laboratory stirred-tank reactor
are shown, which were the inputs used for the proposed
biological model to simulate the data presented in
Figure 3A. As observed, these results suggested that the
biologic model is capable to reproduce the behavior of the
microalgae-bacteria consortia despite the wide environmental
variability in parameters as temperature.

Interactive Tool Description
Once the theoretical concepts of the microalgae-bacteria models
have been summarized, the functionality of the developed tool is
described in this section. The tool is freely available through http://
www.eu-sabana.eu/ at the Data and Software website section and
does not require a Sysquake license to be run. Windows and Mac
versions are available for free. On the other hand, a short video
tutorial can be found to describe the main capabilities of the tool.
Figure 4 shows the main screen of the tool.

The graphic part of the tool has been organized in order to
facilitate to the user an understanding of the main biologic
components which appear in the models along with the
operational and environmental parameters that affected them.
Moreover, different microalgae strains and bacteria properties
can also be analyzed. The users can easily work simulating all of
the proposed models on the screen at the same time, which is very
useful for a deeper understanding. Moreover, it is possible to
visualize the models throughout the four seasons of the year. All
the models are always simulated for 24 h, where real data for pH,

dissolved oxygen, solar radiation, and medium temperature are
used as input to the models. These real data are modified
according to the selected season of the year. Data from the
raceway reactor described in Interactive Tool Description is
preloaded in the tool by default. However, the user can load
his/her own data from the “Load data” available in the tool.
Instructions are given at the tool website. In the following, the
main features and options of the tool are described.

The left-hand side of the screen is the parameter section,
which is divided into two parts: the model parameters part
that is located at the upper area of the screen, and the
graphical option parameters located at the lower part of
the screen. From the model parameters part, it is possible
to modify the different wastewater properties such as organic
matter concentration (COD), readily biodegradable soluble
organic matter (Ss), the nitrogen in form of nitrate N-NO3

-,
nitrogen in form of ammonium N-NH4

+, and phosphorous
P-PO4

−3 concentrations. Moreover, all the model parameters
for microalgae, heterotrophic bacteria and nitrifying bacteria
(see Supplementary Tables 2, 3) can be interactively
modified in this area. Each parameter value in this area
can be changed by using a text field or a slider element.
The last one allows easily observing the effect of the
corresponding parameter in an interactive manner. On the
other hand, the graphical parameter option is focused on
switching on or off the graphical results of the models. Two
groups of checkboxes are available to show or to hide the
plots for the different simulated models or the cardinal
elements at the right-hand side of the screen. Furthermore,
an option to select the season of the year is shown. Once the
season of the year is selected, the real data (that includes pH,
dissolved oxygen, solar radiation and medium temperature)
of a characteristic day for the selected season is used as input
to the models as commented above. Together with this
option, a checkbox called “Real Data” is also available to
show or to hide the used real data in the plots.

The right-hand side of the screen is devoted to showing
the graphical results of the simulated models or the real data
used as inputs to the model. When the “Real Data” checkbox
is switched on, the real input data is shown in the graphics.
The dissolved oxygen and the pH are shown at the top, and
the solar radiation and the medium temperature are shown
at the bottom. However, when the “Real Data” checkbox is
switched off (option by default) the simulation results for
the models are presented. As mentioned previously, all the
models are simulated for a whole day, where the time
scale is shown in minutes. The graphic at the upper part
of this area shows the results for the four biological models
described by equations 5–8. The plots in the lower graphic
show all the cardinal elements involved in the different
models. Notice that these two graphics will only show
those results that are selected in the graphical parameter
option of the tool.

Illustrative Examples
As described above, the multiple options available in the tool
allow simulating a large number of possible scenarios with
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scientific-practical interest. Some of the main ideas that can be
analyzed with the tool are listed below:

• To simulate the oxygen production by a microalgae-based
system considering the presence or absence of bacteria
populations.

• To simulate different microalgae strains with different
properties and to observe their behavior under different
weather conditions and under the presence/absence of
bacteria.

• To evaluate the effect of different biomass concentrations or
medium height in the reactor.

• To analyze the differences between the “theoretical oxygen
production” (determined by solar radiation parameter) and
the more realistic oxygen production, including the
environmental and operational variables.

• To take into account and modifying the biological
parameters which determining the microalgae and
bacteria activities.

• To analyze and to visualize the effect of each factor involved
in the biological models. For instance, the effect of each
cardinal term.

• To evaluate the biological models in all seasons of the year
(summer, spring, autumn and winter).

• To visual the real data used for the simulation tool and to
relate it with the effect of the different elements.

In the following, a set of illustrative examples are exposed to
show the usefulness of the tool. Notice that the interactive
capabilities of the tool are difficult to be shown in a written
document. So, we encourage the reader to download it and to
evaluate the examples by himself/herself.

Importance of Environmental Factors on Microalgae
Productivity
The impact of environmental variables on microalgae growth in
outdoor cultivation has been widely reported [33]. Compared to
laboratory cultivation, in which most of the environmental
conditions are controlled, the diurnal and seasonal fluctuations
in irradiance and temperature in outdoor cultures involve potential
complications on microalgae activity. This effect has been
evaluated in Figure 5 by using the tool, where the four possible
biological models presented in this work have been simulated using
data from spring and winter seasons. Figure 6 shows the used real
input data of pH, dissolved oxygen, medium temperature and solar
radiation for these two seasons. The upper plots in Figures 5A,B
show the oxygen production by the four biological models for a full
day. In this simulation, it can be fully appreciated an oxygen
production slight downturn in the models with bacteria compared
to biological models which considering only microalgae activity.
However, it is remarkable the strong decrease in the oxygen
production when environmental and operational factors are
considering in microalgae models and microalgae-bacteria

FIGURE 5 | Biological models results for different seasonal data to demonstrate the environmental variables effect on the productivity of the microalgae systems.
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models. In the bottom plots of Figures 5A,B, the normalized effect
of the environmental parameters (pH, dissolved oxygen and
temperature) on the microalgae cells is shown.

For microalgae growth, pH is one of the most important
factors because it deeply influences most of the enzymatic
reactions. Despite a majority of microalgae strains have the
optimal pH in the neutral to slightly alkaline range, this is
characteristic of each one and should be considered in the
mathematical models. Moreover, it should be noted that
during the photosynthetic activity, an increase in pH is
produced and it should be controlled to avoid inhibitory
effects. Currently, a possible strategy to mitigate this negative
effect on microalgae activity is to control the pH with injection of
CO2 on demand (Duarte-Santos et al., 2016). As may be seen in
the figure, a good pH control make it possible that microalgae can
be cultivated in optimal conditions and their production is not
affected by abrupt pH changes due to photosynthetic activity. A
similar behavior is observed in the dissolved oxygen because
microalgae release a large quantity of oxygen during the light
hours by photosynthesis. Part of this oxygen is removing by the
oxygen desorption process while the rest remains in the culture
reducing the photosynthesis rate and favoring the
photorespiration of the culture (Costache et al., 2013; Rubio
et al., 1999). To solve this problem, most microalgae systems
have an air injection system to remove the oxygen excess.
Therefore, if pH and dissolved oxygen are well controlled,
they will not have a drastic negative effect on productivity.

Finally, the temperature is one of the most crucial factors in
the open microalgae-bacteria systems because can modify the
microalgae-bacteria growth. To evaluate the temperature effect
on microalgae system, three questions should be considered: i) it
is not feasible to control the temperature of the culture; ii) optimal
temperature depends on each microalgal species (mesophilic,
thermophilic and psychrophilic strains); iii) temperature
fluctuations depend on geographic localization and season of
the year (Ras et al., 2013). In the figure, it is observed that during
the spring season, the temperature in the light hours rises up to
24–25°C, which are considering favorable values for the
microalgae strain evaluated (Scenedesmus almeriensis).
However, when it is evaluating the oxygen production in
winter (Figure 3B), the situation is markedly different due to
the low temperatures (10–15°C). No different effects with respect
to the rest of the variables (dissolved oxygen and pH) between
both seasons were observed. As multiple authors have described,
the temperature has remarkable effects on microalgae systems
which implicated that below or above optimal temperatures, the
activity drastically decreases (Costache et al., 2013; Ras et al.,
2013). Therefore, biological models coupled with models of the
temperature evolution in the reactors could be especially useful
for researchers in microalgae fields to predict the weather impact
on the microalgae cultures. These predictions/simulations, along
with economic strategies such as regulated the weight of the
cultures or covered the systems (greenhouse effect), will allow
maximizing the biomass productivity.

FIGURE 6 | Real input data for the examples showed in Figure 2 to demonstrate the environmental variables effect on the productivity of the microalgae systems.
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FIGURE 7 | Application of the biological models to predict the productivity of the microalgal based system using different types of wastewater: (A)wastewater from
primary treatment; (B) centrate from anaerobic digestion; (C) Pig manure.
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Influence of Wastewater Composition on
Microalgae-Bacteria Systems
Microalgae-based technologies have been used for the treatment
of human sewage, industrial wastes, and other wastes such
as piggery effluent or effluent from food processing factories
(Abdel-Raouf et al., 2012). However, most of the microalgae
systems used wastewaters from the wastewater treatment plant, in
which different types of wastewater are found, noting wastewaters
after primary treatment when the solids and fats are removed or
the centrate from anaerobic digestion, which contains a high
contaminant concentration (Acién et al., 2016). The composition
of these wastewaters varies significantly for some reasons such as
the location tested and the variations in water consumption in
households or the predominant activities in the surrounding area
(agriculture, industry, farms, etc.) (Henze et al., 2015). All these
wastewaters contain the main nutrients required for microalgae
and bacteria growth: organic matter (COD), nitrogen (N) and
phosphorus (P). However, the concentrations of them vary
between the wastewater used and have the potential to affect
the productivities of microalgae-bacteria cultures significantly. To
evaluate the influence of nitrogen, phosphorous and organic
matter concentrations on microalgae-bacteria systems, the use
of three types of wastewater for microalgae production has been
simulated with the tool: primary domestic wastewater, centrate
from anaerobic digestion, and pig manure during the summer
season (Figure 7). The composition of these wastewaters is shown
in Table 1 (Acién et al., 2016). Wastewater from primary
treatment contains an adequate level of nutrients for
microalgae growth, being ammonium the most frequent
nitrogen source with concentrations ranging from 0 to
100 mg L−1, while the concentration of nitrate is significantly
less. In Figure 7A, it possible to appreciate the oxygen production
expected when primary domestic wastewater is used. With these
wastewater properties and using the spring real data, the maximal
oxygen production obtained with the full microalgae-bacteria
model would be 0.2 mgO2/L min. Given these nutrients values,
one may note that both heterotrophic and nitrifying bacteria are
in optimal growth conditions ranged the normalized effect of
nitrogen, phosphorous and organic matter between 0.9 and 1. For
microalgae activity, the nitrogen concentration is remarkable
because its normalized effect is 0.7, which corresponds to 30%
less than the possible maximal value. However, the use of centrate
(Figure 7B) and pig manure (Figure 7C) for microalgae
production, involve a strong reduction in oxygen production,
being 0.12 and 0.06 mgO2/L min respectively. These data are
caused by the high values of ammonium in the medium
(506.5 mg L−1 N-NH4

+ for centrate and 2,900 mg L−1 N-NH4
+

for pig manure). It has been largely reported that ammonium
reduces the performance of microalgae cultures, especially at

concentrations upper than 100 mg L−1 (Cabanelas et al., 2013).
Values above this limit are commonly found in centrate and
animal manure, making it necessary to dilute this effluent prior to
use as the culture medium inside the reactor (García et al., 2017).
For that, knowing the exact composition of the wastewater to be
treated is mandatory for an optimal treatment process and
biomass production, especially to determine if additional
carbon, nitrogen, or phosphorus need to be added when a low
nutrient concentration appears. By contrast, the use of wastewaters
that contain high nutrients values (such as centrate or animal
manure), require a prior dilution to avoid inhibition caused by
an excess of ammonium or others micropollutants, such as heavy
metals. Moreover, this type of wastewaters should be diluted before
use, because of their color could prevent light penetration (Acién
et al., 2016). Therefore, this interactive tool allows us to simulate
different scenarios, without the need to carry out long experiments,
to obtain an approximation of the productivity of the wastewater
treatment process based on microalgae-bacteria consortia.

Production of Specific Microalgae in Wastewater for
Industrial Purposes
Currently, the production of some specific microalgal strains has
attracted considerable interest worldwide due to their
applications in biofuels, animal food ingredients or agriculture.
However, a pure production of microalgae may remain costly for
animal feed or agricultural purposes. Despite the wastewater
cultivation has made microalgae biotechnology sustainable and
economically viable, several other questions related to microalgae
production should be considered. As previously mentioned, if pH
and dissolved oxygen are controlled and an adequate composition
is achieved in the influent wastewater, the two determining
factors for production would be light and temperature. In
Almería, the light conditions are adequate to maintain
production throughout the year (San Pedro et al., 2015).
However, the temperature is still a challenge. In this example,
we propose the production of two strains of microalgae with
different industrial/ commercial interests in Almería (using the
actual real data registered) and the minimum, maximum and
optimal temperatures reported in (Bernard and Rémond, 2012).
The proposed strains are Dunaliella tertiolecta (Tamin � 5°C;
Tamax � 38.9°C; Taopt � 32.6°C) and Nannochloropsis oceanica
(Tamin � -0.2°C; Tamax � 33.3°C; Taopt � 26.7°C). The first one,
Dunaliella tertiolecta has been proposed as a potential candidate
for biofuels production because of its high oil content and rapid
growth rates (Tang et al., 2011). In Figure 8, the oxygen
production by Dunaliella tertiolecta is shown in spring
(Figure 8A), summer (Figure 8B), autumn (Figure 8C) and
winter (Figure 8D) along with the cardinal effect of temperature
using its temperature specific parameters. The rest of parameters

TABLE 1 | Composition of the wastewaters used for the simulations.

Parameter (mg·L−1) Primary treatment Centrate from anaerobic digestion Pig manure

COD 500 300 22,000
N-NO3 2.4 5.3 740
N-NH4 62.6 506.5 2,900
P-PO4 11.3 12 130
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FIGURE 8 | Oxygen production by Dunaliella tertiolecta during the seasons of the year using the proposed biological models, along with the temperature effect
using its temperature specific parameters: spring (Panel 8A) summer (Panel 8B), autunm (Panel 8C), winter (Panel 8D).
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FIGURE 9 | Oxygen production by Nannochloropsis oceanica during the seasons of the year using the proposed biological models, along with the temperature
effect using its temperature specific parameters: spring (Panel 9A) summer (Panel 9B), autunm (Panel 9C), winter (Panel 9D).
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are the predetermined by the model and the wastewater used is
from primary treatment. The model shows the strong influence of
temperature on oxygen production by Dunaliella tertiolecta. Due
to its optimal temperature is above 30°C, the major productivity is
observed in summer by reaching an oxygen production around
0.22 mgO2/Lmin. The oxygen production decreases both in
spring and autumn owing to the falling temperature, which a
temperature effect on microalgae cells of 0.6–0.7 at noon.
Moreover, the microalgae activity has reduced sharply in
winter, being the oxygen production 0.03 mgO2/Lmin. This is
presumably because of the low temperatures registered in the
winter season with a cardinal effect ranged from 0.05 to 0.2. These
results reveal that this strain should be produced in summer
periods and even so in spring or autumn seasons (accepting the
decrease in productivity), but it is not recommendable in winter.
Another microalga with special interest because of its significant
capacity to accumulate lipids and various bioactive compounds is
Nannochloropsis, widely used for biodiesel fuel and as an
aquaculture feed (Li et al., 2020). In Figure 9, the production
of Nannochloropsis oceanica has been evaluated in Almería
during spring (Figure 9A), summer (Figure 9B), autumn
(Figure 9C) and winter (Figure 9D). Both the oxygen
production and the temperature cardinal effects are shown. In
these figures, it is possible to observe that the best period to
cultivate Nannochloropsis oceanica is spring with an oxygen
production around 0.2 mgO2/Lmin. This productivity
decreases in autumn (0.15 mgO2/Lmin), while it is not
possible to produce this strain in summer because of the high
temperatures such as it can be seen in Figure 9B, with negative
values in the temperature cardinal element. Besides, the
production in winter is possible but obtaining a low
productivity (0.06 mgO2/Lmin). The results from this section
reveal the importance of learning about the selected strains before
their large-scale production because of the biological aspects of
each microalgal strain are crucial to maximize the economic
efficiency of the process. In addition, it should be borne in mind
that the production of strains has been evaluated using the
environmental conditions of Almería, which must be adapted
to other locations, since some microalgae cultures in Almería in
summer are unfeasible due to high temperatures but may be
perfectly valid in the same season but in another location.

CONCLUSION

Microalgae-bacteria biological models have been proposed and
experimentally validated. These models include many equations

and parameters and are difficult to interpret in a simple and
practical way. However, the use of interactive tools is presented as
a promising alternative not only for understanding microalgae-
bacteria processes, but also it is a possible solution to predict the
productivity of microalgae-bacteria system and consequently, to
avoid long experiments, waiting time, and additional costs.
Furthermore, the tool allows to obtain fast simulations and
make interactive comparisons that very useful for a deep
understanding. Notice that some examples have been included
in this paper to show the capabilities of the proposed tool, but
many other scenarios can be easily simulated with a high scientific
interest.
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