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Summary

The doctoral thesis has be developed in the framework of the research project "Control and
optimization of biomass production with microalgae as a source of renewable energy" (DP12014-55932-
C2-1-R), which is focused on the modeling and control of the combined process of microalgae production
and wastewater treatment with industrial reactors. This research project is a continuation of a previous
project entitled "Modelling, Control and Optimization of Photobioreactors", where significant results
were obtained in the field of modelling and automatic control of microalgae production in closed tubular
photobioreactors. The current project continues in the same line, with the application of modelling and
control techniques for the optimal production of biomass, but now focused on open photobioreactors,
which are the most used worldwide.

This thesis aims to improve the knowledge regarding to open reactors characterization, light
distribution and utilization by microalgae, mass transfer and oxygen accumulation, as well as the use of
control strategies to improve this technology. Both, raceway and thin-layer reactors are considered in
this thesis. The information obtained from this thesis is being applied into the European Project Horizon
2020 SABANA focused to the development of microalgae based biorefineries for the improvement of
agriculture and aquaculture sectors.

The experimental work has been developed at three different locations: (i) “Las Palmerillas”
Experimental Station (Almeria, Spain) where experiments related with the improvement of open
raceway reactors was performed, (ii) “Algatech” Experimental Station (Tfebor, Czech Republic) where
experiments related with the evaluation of thin-layer reactors were performed, and (iii) “IFAPA”
Experimental Station (Almeria, Spain) where experiments related with the modelling of thin-layer
cascade reactors were carried out.

The major contributions on this thesis can be summarized such as:

1. Characterization and improvement of open raceway reactors

e Previous works demonstrated that dissolved oxygen accumulation affects to photosynthesis activity.
This thesis demonstrates that dissolved oxygen accumulation limits the biomass productivity in
raceway reactors if the mass transfer capacity is not improved. Although oxygen is desorbed to the
air in the channel and the paddlewheel, this is not enough to remove the oxygen produced by
photosynthesis when high biomass productivity is achieved, thus being necessary to include a sump,
which adequately designed and operated, contributes to avoid oversaturation of oxygen. Therefore,
the mass transfer capacity in the sump must be optimized to compensate the oxygen production
rate in the system. Moreover, the influence of gas flow on the mass transfer coefficient was also

determined, obtaining a calibrated empirical model. Using this model, it is possible to properly

\



regulate the air flow in the sump and thus, the reactor operation can be optimized. Full information
is available in (Barcelé-Villalobos et al., 2018).

To improve the productivity of microalgae reactors in order to optimize the light pattern at which
the cells are exposed to into the reactors must be optimized. For that, the first step is to know the
real light pattern taking place in raceway reactors. This thesis demonstrates that microalgae cells
are adapted to local irradiance because of the unfavourable cell movement pattern in raceway
reactors. It has also been demonstrated how the light regime at which the microalgae cells are
exposed to in a raceway reactor is far from the optimal one required to optimize the performance
of microalgae cultures through light integration. Photosynthesis rate measurements were
performed along different seasons at different daytime by using different light/dark cycles. These
assays confirmed that no light integration exists at 0.15 m water depth. Moreover, it has also been
confirmed that the cells are adapted to the local irradiance inside the reactor. Full information is
available in (Barcelo-Villalobos et al., 2019a).

Regarding control strategies, a selective control strategy proposed previously by Pawlowski et al.,
2015, has been used to control pH and dissolved oxygen simultaneously. In this control, the pH value
is prioritized over the dissolved oxygen value since it has a critical influence on the process
performance. This thesis demonstrates the correct functionality of this selective control approach
in a semi-industrial raceway (100 m?) operated in semi-continuous mode. Furthermore, the oxygen
mass transfer model already developed (Klal sump model) in the present thesis, has been validated
in a simulation stage to demonstrate that it is possible to adjust the mass transfer capacity of the
system close to the optimal value by controlling gas injections. Itis shown that it is possible to reduce
gas inflow actuations and control oxygen accumulation in the system by using a feedback control
strategy. Finally, it has also been demonstrated that when the dissolved oxygen reference goes
down respect to the initial reference (250% Sat), the necessary gas flow is higher (full information is
available in Barcel6-Villalobos et al., 2019c; Barcelé-Villalobos et al., 2019d)

Characterization and improvement of thin-layer reactors

It has been demonstrated that although thin-layer reactors are currently more productive than
raceway reactors, their productivity can also be improved if the operating conditions are optimized
close to the optimal culture values. This is the first step in optimizing and scaling-up this type of
reactor for industrial applications. This thesis demonstrates the influence of variations of culture
parameters (irradiance, temperature, pH and dissolved oxygen) on the performance of a microalgae
culture. Different assays were done to analyse the system parameters 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.
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Furthermore, it has also been demonstrated that the existence of culture parameters gradients
reduces the performance of the cultures (using two different methodologies: chlorophyll-
fluorescence and net photosynthesis rate methods). Moreover, the influence of culture conditions
on Scenedesmus almeriensis cell performance was modelled. Full information is available on
(Barcelé-Villalobos et al., 2019b).

e The performance of pilot scale thin-layer reactors located in Algatech (Trebon) has been also
evaluated. Temperature and dissolved oxygen production have been analysed and modelled at
three different pilot-scale thin-layer cascade reactors (small, medium, and large). Different assays
were developed to analyse: (i) the variation of culture conditions, (ii) oxygen mass balance and (iii)
model the oxygen production. Temperature is a stable parameter along the channel and through
the day. On the other hand, dissolved oxygen increases along the channel through the day as it is
expected by photosynthesis process. The modelling of oxygen production has been done by using
light integration is here reported. Temperature and dissolved oxygen measurements were done
along the thin-layer cascade reactor along the day. It was demonstrated that it is more accurately
to use the integrated average irradiance parameter than the average irradiance concept, to
demonstrate the effective light use into the culture. Full information is available on (Barcelo-

Villalobos et al., in review).
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Hypothesis and objetives

1. HYPOTHESIS AND OBJETIVES

Open reactors have been developed since 1950s to produce microalgae, due to its
simplicity and low cost of construction. Those advantages make them useful for the biomass
production in an industrial scale (Chisti, 2007). However, there still have some drawbacks to be
solved to make them a competitive technology. In this sense, previous works demonstrated that
improving design and operational conditions are essential to optimize the performance of these
systems (Chisti, 2012; Mendoza et al., 2013a). On the other hand, open reactors are highly
affected by environmental conditions which make difficult to produce biomass at outdoors
conditions with large variations of light and temperature taking place during solar cycle and
along the year. Moreover, dissolved oxygen and pH culture variations might affect to the
performance of these reactors. In this sense, accumulation of dissolved oxygen reduces the
photosynthesis rate in microalgae cultures when achieving high biomass productivity (Molina et
al., 2001). Previous works demonstrated that photosynthesis process decay when the dissolved
oxygen accumulation is over 250% Sat. (Pawlowski et al., 2015). All these aspects make
mandatory to develop models and control strategies to control the system 24 hours 365 days a
year.

Most of the previous works developed until now, consider only engineering aspects of
the reactors disregarding relevant biological aspects; when the biological aspects largely
influencing the biomass production capacity. Nowadays, there are physics, chemicals and
biological models which represent the temporal and spatial variations in these types of systems
(Fernandez et al.,, 2012; Fernandez et al., 2014a; Fernandez et al., 2014b). Models are a
simplified representation of a real system which allow to improve the knowledge of the process,
as well as to develop adequate control strategies to allow maximizing the system performance.
It is necessary to use dynamic models to estimate the influence of culture conditions on the
production capacity. Thus, the main objective of the thesis is to optimize the design and
operation of open photobioreactors by developing engineering-biological models suitable to be
used for that purpose.

Thus, this thesis makes contributions in modelling of open reactors applied to the
production of microalgae. It aims to demonstrate the effectiveness of the development and
implementation of proposed models in a semi-industrial scale. For that, the first step is to
determine the relevance of culture conditions prevailing in open reactors, and how it affects the

biomass production. The main factors that affect to the productivity of the systems include light
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utilization efficiency and dissolved oxygen concentration. As a result, this thesis provides two
biological models that allows to better understand the light efficiency as well as the oxygen mass
transfer in open reactors. Moreover, it gives a solution to the dissolved oxygen accumulation
problem, as well as to minimize CO,/air gas consumption, by using control strategies.

From the point of view of control, the first step to design advanced control strategies is
to obtain a model that reflects properly the dynamics of the system. There are a large number
of models, from those based on steady-state relationships (Rotatore et al., 1995) or lineal
approximations (Berenguel, 2004; Garcia Sanchez et al., 2003), to those based non-lineal
empirical features or first principles models. The control system designs must take into
consideration the dynamics of the system. So, an event-based control has been used to control
both raceway and thin-layer reactors located at Almeria (Spain). This type of control is especially
useful in bioprocess, as has been confirmed in previous works (Beschi, et al., 2014). This type of
control allows to adapt the system to the dynamic process of the system. This is one of the most
important difference compared to the classical feedback control. Previous works demonstrated
that the use of event-based control could improve the biomass production as well as reduce the

effort in controlling the effective use of CO, (Pawlowski et al., 2015).

Objectives

The objective of this thesis is the development of engineering- biological models of open
raceway reactors. The resulting models are suitable to be used for the optimization of design
and operation of these reactors, as well as for the development of control strategies to maximize
the process performance. To achieve this objective, the next tasks have been completed:

1. To determine the integration of light in open raceways and how to improve it to maximize
the performance of these systems (Barcelé-Villalobos et al., 2019a).

2. Todetermine the variation of culture parameters in open raceways, especially the existence
of dissolved oxygen accumulation phenomena and its influence on the performance of the
systems (Barcel6-Villalobos et al., 2018).

3. Todevelop adequate control strategies for pH and dissolved oxygen concentration allowing
to maximize the performance of the reactors, and to validate it (Barceld-Villalobos et al.,
2019c; Barcelé-Villalobos et al., 2019d).

4. To extend this knowledge to the case of thin-layer reactors, by analysing the influence of
variation of culture parameters (light, temperature, pH, dissolved oxygen) on the
performance of the cultures and how to improve it (Barcelé-villalobos et al., 2019b;

Alameda-Garcia et al., in review; Barceld-Villalobos et al., in review).
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2. INTRODUCTION

Microalgae are one of the most natural and efficient ways to recycle wastewater as well
as produce oxygen at the same time. Its performance depends on different factors: light,
temperature, pH, and dissolved oxygen accumulation. These organisms could be produced in
different type of systems (open and close photobioreactors). Furthermore, advance control
strategies could help to improve the productivity of these systems.

2.1 Relevance of microalgae

The overpopulation issue has been a concern issue to the scientific community since
1980. Gro Harlem Bundlandt point out: “If 7 billion people were to consume as much energy and
resources as we do in the West today, we would need 10 worlds, not one, to satisfy all our
needs” (Brundland, 1987). From that commission, it came out the necessity of consume sources
in a sustainable way without compromising the ability of future generations to meet their own
needs. The alternatives to solve the problem of overpopulation goes through saving natural
sources such as: energy, water and nutrients. Thus, producing microalgae could be a solution to
minimize this problem. That is because it has been considered one the most efficient technology
to use wastewater (water and nutrients) in oder to produce valuable biomass.

There is a large number of sectors where algae could be used. Thus, a large diversity of
products could be obtained from algae, to be used in agriculture and/or pharmaceutics industry
(Pulz and Gross, 2004). Microalgae can also be used for environmental caring such as: CO;
mitigation or wastewater treatment (Wang et al., 2008). The carbon fixed by the microalgae is
incorporated into proteins, carbohydrates, lipids and so on. Microalgae have been considered
as the most efficient technology to fix CO; in the world, but it goes further. It is well reported
that microalgae can contribute to wastewater treatment as a clean and natural way.
Furthermore, it allows to reduce water consumption as well as recover nutrients from
wastewater, such as: phosphorus and nitrates. Due to all these reasons, the processes based on
the use of microalgae are receiving a growing interest within the industrial sector worldwide
(Chisti, 2008; Mata et al., 2010).

Microalgae are photoautotrophic microorganisms, which means that their energy
source is light, and their carbon source is CO,. There is a wide diversity of species catalogued
and available, although only about 50 species have been studied in detail from the physiological
and biochemical point of view and less than 10 that have been commercially used. These

microorganisms live in complex habitats, so they must be adapted quickly to new culture
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conditions producing metabolites such as: proteins, antioxidants, and so on. These culture
conditions (light intensity, pH, temperature and dissolved oxygen) must be as close as possible
to the optimal values to maximize the performance of open reactors, as well as to ensure
efficient and stable biomass production.

2.2 Major factors determining microalgae performance

Light availability

Light is the energy input that must be optimized to ensure maximal productivities in
microalgae-based systems. It must be as high as possible, but it must not be provided in excess
to avoid photoinhibition process, which would damage the photosynthetic apparatus
(Photosystem | and Photosystem Il). Algae, as plants, can only take the Photosynthetically Active
Radiation (PAR) in the range from 400 to 700 nm. Furthermore, it should be taken into
consideration that algae are exposed to differentirradiances inside the cultures, being a function
of light intensity on the reactor surface and geometry and optical properties of the cultures. The
average irradiance, lav, measurement can be used as a combination of all these previous light
factors (Molina-Grima et al., 1994). The average irradiance is defined as a function of external
irradiance, biomass concentration, extinction coefficient of the biomass and light path of the
reactor.

The photosynthesis rate is a function of irradiance at which the cells are exposed to,
defined by the Photosynthesis-Irradiance curve (P-1) (Molina Grima et al., 1994; Sanchez et al.,
2008). From this curve the optimal irradiance to be provided can be determined. Moreover,
maximal performance of the culture when providing this irradiance can be estimated, being also
useful to define the optimal operation conditions for any type of reactor.

To optimize the performance of any microalgae-based process, it is necessary to
adequately describe the light integration phenomena taking place on it. The impact of light
regime at which the cells are exposed to on both photosynthesis rate and photo-acclimation
phenomena is still poorly understood. However, it plays an important role on the culture
performance. It is well known that, depending on the mixing characteristics, algae will be
exposed to certain light/dark cycles (Janssen et al., 2000), what has an impact on the
photosynthesis process. Photosynthetic productivity (PO,, mg0/L-h) is a function of light
distribution and frequency (Brindley et al., 2011). Previous work developed a simplified model
that allows to quantify the effect of frequency of varying light on the photosynthetic response
of microalgae (Fernandez-Sevilla et al., 2018).

Temperature
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Temperature is one of the most difficult parameters to be controlled in outdoor
photobioreactors (Chu et al., 2016; Waller et al., 2012). That is because temperature varies
according to the solar radiation and environmental conditions prevailing outdoor. Furthermore,
it is well known that temperature affects to the photosynthesis rate and biomass productivity,
but also to the pigment content (Giannelli et al., 2015), as well as to the 0,/CO, solubility
(Raeesossadati et al., 2014).

The influence of temperature into the performance of different microalgae has been
previously studied. The optimum temperature for photosynthesis of blue-green algae
(cyanobacteria) is 20 °C from June to November, and ranged at 20-30 °C during summer. A
temperature between 22°C and 35°C was favourable for microalgae growth. Chlorella vulgaris
can grow in temperatures ranging 25-30°C, but also at temperatures ranging at 30-35°C.
Scenedesmus sp. grows in the ranges 10 to 40 °C. Spirulina species have the ability to grow in
temperatures range from 20 to 40°C, but the temperature affected the protein and
carbohydrate levels (Singh and Singh, 2015). Furthermore, results from H. pluvialis showed that
the growth rate declined with above-optimal increases in temperature, and the final maximum
cell concentration at 30.5°C reached only 35% of that attained at the optimal temperature of
20°C (Giannelli et al., 2015).

This thesis provides a preliminary study of both, the optimal and harmful effects of
temperature to the photosynthetically activity of the algae. Future studies should be done to
obtain a more appropriate definition and modelling of optimal temperature according to
temperature dependence on growth phases (Giannelli et al., 2015).

pH

Regarding pH, this variable strongly influences the productivity of microalgae-based
systems, both by affecting the optimal pH for the different microorganisms, and by influencing
the availability of carbon into the culture medium. At pH values lower than the optimal one the
photosynthesis rate decreases, but also for values upper than the optimal one the performance
of the cells strongly reduces (Costache et al., 2013). The pH control is done by injecting CO,. Itis
well known that the application of CO; has a direct influence on the pH value since it changes
the acidity of the microalgae growth medium. The CO; is not solely used for pH control purposes,
but also for supplying inorganic carbon to avoid carbon limitation of the photosynthesis rate.

It is well demonstrated that in outdoor cultures the pH varies along the day if it is not
properly controlled. The widest range in pH variations was from 7.3 to 8.3 for Scenedesmus
almeriensis (Costache et al., 2013). Moreover, tolerance to pH is different for each strain.
Diatoms such as Phaeodactylum can tolerate pH values up to 10.3, whereas chlorophytes such

as Dunaliella, are unable to grow when the pH exceeds 9.3. For cyanobacteria such as Spirulina,
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optimal pH can be above 9.5 (Jiménez et al., 2003). In summary, for most microalgae strains,
growth is optimal at pH values between 7.0 and 8.0; although for cyanobacteria, the optimal pH
isin the 8.0 to 9.0 range.

To maximize biomass productivity in photobioreactors, it is essential to control pH as
well as to supply carbon as a nutrient source at the same rate as that required for biomass
production. On the other hand, one of the disadvantages of using CO; injections for controlling
pH is that the production costs of the biomass production are highly inscreased. It has been
estimated that the cost of providing CO; is approximately 30% of the total microalgal production
system cost (Benemann, 1997). Thus, improvement of CO, efficiency must be taken into
consideration. In this sense, control strategies play an important role (Pawlowski et al., 2014b).
Previous works demonstrated that, control strategies can be used to keep the pH close to the
optimal values and saving CO; injections at the same time (Pawlowski et al., 2015).

Dissolved oxygen concentration

This is one of the most important drawbacks that should be solved to make this
technology suitable for industrial scale. It is known that when dissolved oxygen concentrations
rise two times above the equilibrium with the air, the photosynthesis rate is generally inhibited
(Jiménez et al., 2003;Mendoza et al., 2013b). Furthermore, it has been demonstrated that the
biomass productivity increases up to double when there is an adequate oxygen removal to
maintain the dissolved oxygen concentration below 200 %Sat compare to the productivity
obtained when there is no oxygen removal (de Godos et al., 2014). Oxygen removal is likely to
be a more critical design criterion than carbon supply due to the lower solubility of oxygen
compared to CO,. This thesis presents models and control approaches to contribute in the
oxygen removal issue.

2.3  Microalgae production systems

Traditionally, photobioreactors systems have been used to produce microalgae biomass
in a large scale. The variety of the existing designs allows grouping them in different categories
depending on the position, gas exchange system, arrangement of the units, system for culture
circulation or construction material; resulting in a large number of possibilities. The culture
depthis also a very important parameter, since it directly affects to the average irradiance within
the culture. The open raceways, which are the ones used in this thesis, were the first systems
utilized for large production of microalgae. The principles for the design and construction of this
type of reactors were reviewed in (Oswald and Golueke, 1967).

The raceway reactors were firstly designed in the 60s (Oswald and Golueke, 1967). Since

then, they have been slowly improved. The basic raceway reactor configuration consists of two
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loops connected to a paddlewheel which recirculates the liquid along the channels, usually at
water depths between 0.2 and 0.3 m. Due to the low efficiency of the paddlewheel (below 50%),
the overall surface of large raceway reactors cannot exceed 5,000 m?2, for which an average
power consumption of 10 W/m? is required. Moreover, in a less common configuration, the
raceway reactor has internal channels that create turbulences, with up to four straight channels
included (Acién et al., 2017). The latest raceway designs include a sump before the paddlewheel,
which is used for CO,/air injections as well as for oxygen desorption. Usually, CO; injections are
made on demand by using a control system.

Thin-layer cascade reactors were firstly developed in 60s at Trebon, Czech Republic. The
unit are characterized by two sloped cultivation plates where the lower end of the upper plate
is connected by a trough to the beginning of the lower plate, which is declined in the opposite
direction. The suspension flows go into a tank from where it is circulated by a pump to the upper
part of the cultivation area. The second generation of thin-Layer cascade reactors constructed
at the Institute of Microbiology in Trebon (Czech Republic) were made of stainless steel (Acién
et al., 2017). Furthermore, the last thin-layer generation goes further. The suspension flows go
into a bubble column where it is circulated by a pump to the upper part of the reactor. The
bubble column is used for oxygen desorption as well as for CO,/air injections. One of the
advantages of using these types of reactors is the efficiency of light utilization due to the short
optical path ranging from 0.006 to 0.02 m. Moreover, it can be operated at high densities of
biomass (25-35 g/L) (Acién et al., 2017), what prevents from contaminations.

This thesis is focused in open reactors due to their convenience respect to design and
operating cost; these are cheaper than closed reactors. Raceway reactors and thin layer reactors
have been analysed to improve their operational conditions to make them a suitable technology
in an industrial scale.

To improve the open reactors’ operational conditions, two aspects should be
considered: fluid dynamics and mass transfer. The optimization of fluid dynamics is a very
important aspect to be considered since it can minimize the energy consumption; therefore, it
can reduce the operational cost of biomass production in an industrial scale. It allows to ensure
a properly circulation of the culture, that avoids cell sedimentation as well as reducing the
existence of nutrient gradients and improving the light cycle to which the cells are exposed to.

Concerning mass transfer, during the photosynthesis process microalgae consume
carbon and release oxygen. Therefore, to optimize the performance of this process, two
objectives should be considered: to avoid carbon limitation and, at the same time to avoid
inhibition by oxygen accumulation. Both phenomena reduce cell performance and, in turn, the

photosynthesis rate. These drawbacks are directly related to the reactor’s mass transfer
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capacity. The CO, mass transfer has already been improved in previous works (Duarte-santos et
al., 2016). On the other hand, oxygen mass transfer is an objective still to be improved, and thus,
this have been one of the pillars of the present thesis due to its importance in reactors’ designs
and optimal operation.

2.4 Advanced control strategies

The optimal operation of the photobioreactors needs the development of control
strategies to ensure an adequate control of culture conditions along the day. This allows to
maximize the productivity of the system since it is automatically controlled. Nowadays,
microalgae are receiving more attention by the control community, due to the challenges
appeared about the reduction cost in their production. There are few studies related to the
control of culture conditions or addressed to the global optimization of these production
systems from a control point of view, mainly due to the high complexity of the required models
or problems associated to these systems. It is well demonstrated that the control strategies give
the opportunity to optimize reactors productions (Fernandez et al., 2016), specially the control
design that optimized the biomass production in a global way such as the hierarchical control or
multiscale strategies (Fernandez et al., 2016).

Several control systems have been developed to control pH and dissolved oxygen. Most
of the existing works are related to the pH control in photobioreactors, which provide promising
performance results with an adequate CO; supply. For instance, a PID (Proportional Integral
Derivative) controller plus feedforward was developed (Fernandez et al., 2010), where a
simplified linear model of pH evolution based on disturbances was used for control design
purposes. In (Romero-Garcia et al., 2012) a FSP (Filtered Smith Predictor) control approach was
employed in real system to account for long delays in the process. The proposed control solution
was able to reduce the Integral Absolute Error and the time for the solution addition in more
than 25%. In these two works, significant improvements to on/off controllers were obtained.
Conversely, MPC (Model Predictive Control) algorithms have been used for pH control problems
with satisfactory results for real-time applications where high-quality control is desired (Lazar et
al., 2007; Oblak et al., 2010; Senthil et al., 2012).The use of the Generalized Predictive Controller
(GPC) can be found in Berenguel et al.,(2004), where overall control performance was improved
compared to the classical on/off controller. The predictive algorithm was able to capture the
process dynamics and the on/off valve limitation explicitly in the constrained control problem.
Thus, CO; injections and losses were considerably reduced compared to the commonly used

on/off controllers with a promising trade-off between performance and control effort.
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Regarding to the dissolved oxygen control problem, fewer works are found in the
literature. Dissolved oxygen removal remains a significant challenge for the control community,
despite the considerable technical advances in this field such as those reported in (Mendoza et
al., 2013a;Peng et al., 2013). There was a significant lack of control solutions for controlling both
variables, pH and dissolved oxygen simultaneously until (Pawlowski et al., 2015) work. In that
work, event-based control strategies was successfully applied for this purpose. The main
difference to the classical control approaches is that, in the event-based approach, the control
system can adapt the actuation rate to the process dynamics and process disturbances
(Pawlowski et al., 2011). This feature is especially useful in a bioprocess applications, as has been
confirmed in several recent works (Beschi et al., 2014; Pawlowski et al., 2014a, 2014b).

Most of the previous control systems were based on black box models, thus existing a
high dependence of the reactor from which the control approaches were designed for. To avoid
this dependence, the control approaches could be developed based on biological models.
Therefore, this thesis is focused on the development of physics/biological models which are
derived from fundamental laws. Specifically, two biological models for the dissolved oxygen
accumulation and the light path behaviour respectively were developed. These models are then
used to design new control approaches. For example, a new control law has been proposed to
optimize the dissolved oxygen accumulation problem derived from a new model based on first

principles.
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3. MATERIAL AND METHODS

The techniques and methodologies described below were used to achieve the objectives
outlined in this thesis. They involve all the requirement for algae production as well as for
optimization process: culture conditions, reactors and operational conditions, laboratory
methods, fluid dynamics, mass transfer and control strategies.

3.1 Microorganism and culture conditions in reactors located at Almeria (Spain).

The microalgae Scenedesmus almeriensis (CCAP 276/24) was used (Figure 3.1). It is an
algae isolated in the facilities “Las Palmerillas” experimental station, thus being a local specie
adapted to environmental conditions prevailing in Almeria (Spain). Moreover, it predominates
against other species in open bioreactors. The inoculum for the raceway reactor was produced
in a 3.0 m3 tubular photobioreactor under controlled conditions at pH =8 and at a temperature
ranging from 18 to 222C using freshwater and Mann & Myers medium prepared using fertilizers:
(0.14 g-L'* KH,(P0O4)2, 0.18 g-L* Mg(S04), -7H,0, 0.9 g-L™* NaNOs, 0.02 mL-L* Welgro, and 0.02 g-L°
! Kalentol). In addition, NaHCOs was provided once a week to maintain the medium’s alkalinity

at the optimum 7 mM.

Figure 3.1. Microscope view of Scenedesmus almeriensis

3.2 Microorganism and culture conditions in reactors located at Trebon (Czech Republic)

The microalga Chlorella spp. was used (Figure 3.2). It belongs to the culture collection of
the Laboratory of Algal Biotechnology at the Institute of Microbiology (Trebon, Czech Republic).
The cultures were grown photoautotrophically in a mineral medium in a fed-batch regime

(Doucha et al., 1995).

Figure 3.2. Microscope view of Chlorella spp.
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3.3 Reactors and operational conditions

This section describes the reactors and facilities used for the results obtained in this
thesis. Moreover, the operational conditions for each facility are detailed.

3.3.1 Raceway reactor

The raceway reactor used in this thesis is located at the “Las Palmerillas” Research
Centre, 36° 48'N-2° 43'W, part of the Cajamar Foundation (Almeria, Spain) (Figure 3.3, Figure
3.4). The reactor consists of two 50 m long channels (0.46 m high x 1 m wide), both connected
by 180° bends at each end, with a 0.59 m* sump (0.65 m long x 0.90 m wide x 1 m deep) located
1 m along one of the channels (Barcelo-Villalobos et al., 2018). A paddlewheel system was used
to recirculate the culture through the reactor at a regular velocity of 0.2 m-s™, although this
could be increased up to 0.8 m-s™ by manipulating the frequency inverter of the engine. The pH,
temperature and dissolved oxygen in the culture were measured using appropriate probes
(5083 T and 5120, Crison Instruments, Barcelona, Spain), connected to an MM44 control-
transmitter unit (Crison Instruments, Spain), and data acquisition software (Labview, National
Instruments, USA) providing complete monitoring and control of the system. The culture pH was
maintained at 8.0 by on-demand CO; injections whereas temperature was not controlled; this
varied by +5°C with respect to the daily mean air temperature, which, in turn, varied from 12°C
in winter to 28°C in summer.

The raceway reactor was inoculated and operated in batch mode for one week, after
which it was operated in continuous mode a culture depth of 0.15 m. Different dilution rates
were assays: 0.1,0.2, 0.3, 0.4 day™. Only samples from stable conditions were used. Evaporation

inside the reactor was compensated for by the daily addition of fresh medium.

Figure 3.3. General view of the raceway reactors located at the "Las Palmerillas" experimental station in
Almeria (Spain) working in continuous mode from May 2016 to June 2018.
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Figure 3.4. Sections of the 100 m? raceway reactor. (A) Paddlewheel, (B) Sump, (C) Loop

3.3.2 Thin layer reactor at IFAPA Experimental Station

The thin layer reactor is located at the “IFAPA” Research Centre, (Almeria, Spain) (Figure
3.5, Figure 3.6) and it was also used in this thesis. The reactor consists of two sloped cultivation
plates where the lower end of the upper plate is connected by a trough to the beginning of the
lower plate, which is declined in the opposite direction. The suspension flows go into a sump
from where it is circulated by a pump to the upper part of the cultivation area. The bubble
column is used for mixing, degassing and mass transfer exchange.

The pH, temperature and dissolved oxygen in the culture were on-line measured using
appropriate probes (5083 T and 5120, Crison, Barcelona, Spain). The gas flow rate entering the
reactor was measured by a mass flow meter (PFM 725S-FO1-F, SMC, Tokyo, Japan). The pH of
the culture was controlled at 8.0 by on-demand injection of CO,, controlled by the DagDactory
software. On the other hand, temperature was not controlled. Air was supplied to the reactor
by a blower giving 350 mbar overpressure, through a fine bubble diffuser AFT2100 (ECOTEC,
Spain) providing bubbles with a diameter smaller than 2 mm at the minimum pressure drop. The
culture received continuous air injection, regardless of the CO, demand. The demand for carbon
was supplied by the injection of pure CO; using an event-based pH controller at pH 8 (Pawlowski
et al., 2016).The reactor was operated in semi-continuous mode at dilution rates from 0.3 day™*
at a culture depth of 0.02 m. Evaporation inside the reactor was compensated for by the daily

addition of fresh medium.
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Ty

Figure 3.5. General view of the thin layer reactor located at the "IFAPA" experimental station in Almeria
(Spain) working in continuous mode since June 2018.

Figure 3.6. Sections of the 120 m? thin layer reactor. (A) Bubble column, (B) Plate, (C) Sump

3.3.3 Thin layer at Algatech Experimental Station

Different thin layer reactors have also been evaluated at the “Algatech” Experimental
Station (Trebon, Czech Republic) (Figure 3.7) working at biomass concentrations ranging from
25-55 g/L at batch mode. Samples were taken from different equidistant positions (n=16, n=14
and n=18 respectively) at three different thin-layer cascades with different capacity (A=200 L,
B=600 L, C=2200 L) at four different times (9:00, 11:00, 13:00 and 15:00 h) for 15 days.
Microalgae are grown in a smooth thin-layer cascade of 6 mm. The unit consists of two declined
cultivation lanes made of glass plates in the case of small and big units and stainless steel in the

case of the medium unit. All of them are supported by scaffolding. They are made up of several
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parts: retention tank (degasser), inclined cultivation surface, circulation pump, CO, supply and a
three-way valve. The end of the upper lane is connected to the beginning of the lower lane by a
channel. The suspension flows go into the retention tank (degasser), from where it is pumped
by a circulation pump via a riser back to the upper part of the cultivation area, being distributed
by a perforated tube. Measurement and control sensors (pH, dissolved oxygen, temperature
and liquid level) are mounted in the degasser and in the connecting trough. The cycle takes
about 60-80 s, which can be varied by altering the pump velocity. The suspension can be

harvested via a three-way valve. The whole system is controlled manually.

Figure 3.7. General view of the thin layer reactors (A=200 L, B=600 L, C=2200 L) located at the "Algatech"
Experimental Station in Trebon (Czech Republic). Pictures from August 2018.
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3.4 Reactors operation

The present thesis has been developed by using a Supervisory Control and Data
Acquisition (SCADA) software available at the different facilities. Each SCADA allows to
accomplish data acquisition requirements by collecting data from different sensors (irradiance,
pH, temperature and dissolved oxygen), showing all the data through a graphical user interface,
and including the implementation of adequate control strategies to optimize the reactor

performance.

3.4.1 Operation of raceway reactor located at “Las Palmerillas” Experimental
Station (Almeria, Spain)

The operation of the raceway reactor located in “Las Palmerillas” Experimental Station
was performed by using a data acquisition software developed by the Automatics, Robotics and
Mechatronics research group of the University of Almeria using Labview (National Instruments)
(Figure 3.8). The software allows to control the dilution rate by two methods: manually (Manual)
or automatically (Automadtico). Firstly, it is necessary to check the volume to inject in the script
screen. On the other hand, by working in the manual mode, we had to push the buttons valve
of medium (VMediol) and pump of medium (B Medio 1). The harvesting process was made by

using two pumps.
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Figure 3.8. SCADA Control system architecture used in “Las Palmerillas” Experimental Station (Almeria, Spain)
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3.4.2 Operation of thin-layer reactor located at “IFAPA” Experimental Station
(Almeria, Spain)

The operation of the thin-layer reactor located at “IFAPA” Experimental Station (Figure
3.9) was performed by using a data acquisition software developed by the Biotechnology of
microalgae group from University of Almeria using DagFactory (Azeotech). The software allows
to register and control all the operation parameters such as irradiance, pH, temperature and
dissolved oxygen, in addition dilution rate, and compensation of water losses by evaporation.
Additionally, this software allows to manipulate the composition of culture medium, and to

optimize the injection of CO; or air into the sump to optimize the performance of the reactors.
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Figure 3.9. SCADA Control system architecture used in IFAPA Experimental Station (Almeria, Spain)

3.4.3 Operation of thin-layer reactors located at “Algatech” Experimental Station
(Czech Republic)

The operation of the three thin-layer reactors located at “Algatech” Research Centre in

Trebon (Czech Republic) was performed manually.
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3.5 Laboratory methods

3.5.1. Determination of biomass concentration

To quantify the biomass concentration (Cb), the dry weight of the samples was
determined in a gravimetric manner. For this, filters of 90 mm diameter and 1 um of pore
diameter, previously stored in an oven at 80°C for 24 hours, were placed on a biichner funnel

made of porcelain in contact with a vacuum flask connected to a vacuum pump (Figure 3.10).

Blchner funnel
: 5 ~ filter paper

\ to vacuum
vacuum flask / source

/
/ ‘ \\

( >

Figure 3.10. Biomass quantification method.

Samples of 50 to 250 ml of culture, depending on the biomass concentration, were
filtered. The filter with the biomass is deposited again in the oven at 80 °C and after 24 hours it
is weighed again. The difference between the weight of the filter with the biomass (Pf) and the
the filter before filtering the biomass (Pf-b) in grams, divided by the volume (V) filtered in litres

is the dry weight of the biomass in grams per litre of culture (Equation 1).

_ (Pf_b - Pf) Equation 1

C
b v

3.5.2. Optical properties of the culture

The spectrophotometric procedure was chosen as a rapid method of monitoring cell
growth. Thus, the absorbance of the culture was used as a parameter in a spectrophotometer
(GENESYS ™ 10S UV-Vis, Thermo Scientific, USA) at a wavelength of 680 and 750 nm. The
relationship between absorbance and biomass dry weight was determined experimentally for
the different stains that had been used in the present thesis. For this issue, samples of culture

were taken under different culture conditions of dilution rate, the absorbance was measured
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and a dry weight of each of them was made. The obtained values were adjusted to a straight

line of Abs versus Cb in the linearity interval determined for each operational condition.

3.5.3. Fluorescence chlorophylls

The stress of microalgae in the different operating conditions was studied by means of
the analysis of the photosynthetic activity through the fluorescence measurements of

chlorophyll (Figure 3.11).

Plant adapted
to darkness

Light input Saturation

Figure 3.11. Fluorescence parameters. Fm: Maximum fluorescence in cells adapted to darkness, Fv: Variable
fluorescence in cells adapted to darkness, Fv = Fm - Fo, Ft: Basal fluorescence in cells subjected to light.

The photosynthetic activity can be determined in a non-intrusive way under different
conditions through the fluorescence of chlorophyll associated with photosystem Il (Schreiber et
al., 1995). When a chlorophyll molecule is excited by light, the energy absorbed can be dissipated
through three processes: photochemical energy, thermal dissipation and fluorescence. The
three processes compete with each other, so that the increase in the efficiency of any of them
results in the decrease in the performance of others. When a cell is illuminated with light of an
irradiance low enough that it does not produce a photochemical response, the cell emits a low
fluorescence signal called F,, from photosystem II. If a pulse of saturating light is applied next,
the fluorescence reaches maximum values (Fn), leaving the reaction centers completely
reduced. Fo,: Minimum fluorescence in cells acclimated to darkness. The optimal quantum yield
(Fv / Fm) indicates the maximum efficiency in the photochemical energy conversion processes
of the microalgae adapted to darkness. This is an indicator of the redox state of the energy
transfer system towards the electron sinks in the assimilation processes of carbon and nitrogen.

Two different devices were used depends on the use of the measurement. The daily

fluorescence measurements were taken with an AquaPen-C AP-C 100 modulated amplitude
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pulse fluorometer (Photon Systems Instruments, Czech Republic) (Figure 3.12). The microalgae
was previously incubated for 15 min in the dark to ensure that all the reaction centres were

closed, then a saturation pulse was emitted, determining the optimal quantum yield (Fv / Fm).

=1
%

Figure 3.12. Aquapen (Photon Systems Instruments, Czech Republic)

On the other hand, the fluorescence measurements done in the thin-layer cascade
reactor at different operational conditions of pH and temperature were done by using a Pulse-
Amplitude-Modulation fluorometer device (Junior PAM, Walz, Effeltrich, Germany) (Figure
3.13). It was used to estimate the photosynthetic activity by using Rapid Light Curves of Electron
Transport Rate at different light intensities (0, 25, 45, 66, 90, 125, 190, 285, 420, 625, 845, 1150,
1500 pE m2s?).

Figure 3.13. Pulse-Amplitude-Modulation fluorometer device (Junior PAM, Walz, Effeltrich, Germany)
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3.5.4. Off-line measurement of net-photosynthesis rate

Photosynthesis measurements were performed in a specifically built photo-
respirometer equipment. This designed equipment measures the variation of dissolved oxygen
in microalgae samples under controlled conditions. The samples were placed in a 60 mL
cylindrical stirred glass chamber with a diameter of 2 cm, which is illuminated using two sets of
fluorescent lamps (Osram 80 W) placed at right and left of the glass chamber. The intensity of
the lamps was manually regulated to obtain the desired irradiance inside the centre of the
chamber once the sample was added.

The photo-respirometer is also equipped with sensors of irradiance (ULM 500, Walz,
Germany), temperature (PT1000, Crison, Spain), pH (Crison 5343, Barcelona, Spain) and
dissolved oxygen (Crison 5002, Barcelona, Spain) located inside of the cylindrical glass chamber,
being the irradiance sensor located in the centre of the glass chamber whereas the other sensors
were located close to the surface to avoid shadows into the system (Figure 3.14).

In order to calculate the photosynthesis rate of microalgae cultures, samples were taken
and located into the cylindrical stirred glass chamber. Each sample was exposed to different light
periods to measure and register the variation of dissolved oxygen under any conditions, being
the oxygen production expected due to active microalgae photosynthesis. Photosynthesis rate
was calculated as the sum of the slope of dissolved oxygen accumulation during light periods.
Variations of dissolved oxygen were performed in the range of 70-140 %Sat, at which the oxygen

mass transfer was confirmed to be negligible.

Figure 3.14. Infographic of the respirometer equipment build up by the Chemical Engineering department
in the University of Almeria (Spain).
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3.6 Fluid dynamic

Fluid-dynamics in raceway reactors is classically defined by the Manning's equation. This
equation relates the power consumption in raceway reactors as a function of the volumetric
flow rate (Q), the liquid density (p), the Manning friction factor (n), the mean channel velocity
(v), the total length of the raceway (L) and the hydraulic radius (Equation 2). Alternatively, the
power consumption can be calculated as a function of the head loss in the system (2F) and the
total liquid volume in the reactor (V) using the Bernoulli’s equation (Equation 3). The head loss
is a function of the reactor length (L) and the hydraulic diameter (D) (Equation 4). This is in
addition to the Darcy number (fp), which takes account of the turbulence and relative roughness.
The advantage of using Bernoulli’s (Equation 4) is that the head loss associated with various
features (e.g. bends) can be calculated and then added to that in the channels to determine the
contribution of different components to the overall head loss under different operating
conditions. The head loss in a bend, or other feature, is calculated as a function of the feature’s

discharge coefficient (K) (Equation 5).

p_ng n2 V2L Equation 2
- R%/3
p_ SF Q p Equation 3
V
SE_ f Lv? Equation 4
=f, ——
2D
2 Equation 5
Z:Ffeature = Kfeature VE

Although Manning’s equation has been traditionally used to design raceway reactors, it
has recently been demonstrated that the Bernoulli’s equation can also be applied for this type

of reactors, and even provide more accurate results (Mendoza et al., 2013a).

3.7 Mass transfer

The oxygen mass transfer capacity (NO;) is a function of mass transfer coefficient (Klal),
the driving force (Fiml) and the volume of the sump (V) (Equation 6). Previous works
demonstrated that the fluid dynamics (K.a.) remains constant during the day whereas the driving
force (Fimi) is measured as a function of the dissolved oxygen concentration (DO,) entering the

culture at the different positions (Equation 7). The difference between the dissolved oxygen
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concentration in the liquid (O, mg/L) and that in equilibrium with the gas phase (air) (DO,*, mg/L)

is calculated by using the Henry's law.

No, = Kiqy - Fipy -V Equation 6

(DO; oyt —DO,") — (DO, 1, — DO,Y) Equation 7
(DOZ out — DOZ*)
(D02, — DO, ")

Fiml =

Ln

Previous works have already demonstrated the differences between the driving force
and the mass transfer coefficient in the different parts of raceway reactors (Mendoza et al.,
2013b). The mass transfer coefficient into the sump (Klal) is a function of the sump design, its
geometry, the type of diffuser installed and the liquid to gas ratio inside the system. The higher
this value is in the reactor the higher the system’s mass transfer capacity is. This parameter is

one of the most relevant when designing any raceway reactor.

3.7.1. Oxygen mass balance in a raceway reactor

Oxygen mass balances were performed to study the main phenomena taking place
inside the raceway reactors. For this, the dissolved oxygen concentration was measured at three
different positions (after the paddlewheel, after the sump and at the end of the loop). The
oxygen mass balance allows to calculate the accumulation of dissolved oxygen as a function of
oxygen production and mass transfer in each of these sections. Oxygen is produced by
photosynthesis and is therefore modified as a function of the culture conditions, especially by
changes in solar radiation throughout the day. In contrast, the mass transfer capacity is only a
function of fluid dynamics and the driving force in the different parts of the reactor; the fluid
dynamics remaining constant during the day whereas the driving force is measured as a function
of the dissolved oxygen concentration in the culture at the different positions commented above
along the day. Therefore, for any raceway reactor section, the following balance defines the

dissolved oxygen concentration (Equation 8).

Oz,inlet + Oz,produced = 02,outlet + 02,accumulati0n Equation 8

In Equation 8, O3 inet refers to the dissolved oxygen concentration measured after the

paddlewheel. O; produced refers to the dissolved oxygen produced along the loop. Oz outiet refers to
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the dissolved oxygen concentration measured after the sump, and O3 accumuiation refers to the
oxygen produced over the time.

In this work it is assumed that the sump is completely dark, because in this section less
than 3% of the total volume has irradiance values above 10 uE-m™s™. So, no photosynthesis
takes place. Furthermore, oxygen production in the paddlewheel section can be disregarded;
hence the dissolved oxygen mass balance is defined by Equation 9, where PO, represents the
oxygen production at the loop (P05 ;40p) and NO; represents the oxygen mass transfer capacity

in each of the reactor sections (NO3 100p, NO2 sump, NO2 paddiewneet)-

POZ,loop + NOZ,loop + N02,sump + Noz,paddlewheel = 02,accumulation Equation 9

The mass transfer capacity is calculated as a function of the global mass transfer
coefficient in each reactor section (Klal), multiplied by the driving force. This means that the
difference between the dissolved oxygen concentration in the liquid ([0:]) and that in
equilibrium with the gas phase (air) ([02*]), which is calculated using Henry’s law and the section
volume (V) (Equation 10). The influence of temperature on the solubility of dissolved oxygen
was included using Equation 11. In this case, the global mass transfer coefficient refers to the

liquid phase, assuming that the main resistance to mass transfer takes place here.

NO, = K,a,([0,] — [0; DV Equation 10

[0;] =12.408 — 0.1658 * T Equation 11

It was reported in Mendoza et al., (2013b), that the global mass transfer coefficient in
the loop of raceway reactors is very low, at 0.9 h, as it is independently constant of the culture
conditions. This coefficient can be strongly modified if the liquid velocity is greatly enhanced.
However, in raceway reactors, the liquid velocity is adjusted to 0.2 m-s™* to minimize power
consumption — and for this reason, the value of 0.9 h is acceptable as the global mass transfer
coefficient in the loop. Moreover, by applying the oxygen mass balance to the loop, it is possible
to obtain a “virtual oxygen production sensor” as a function of the dissolved oxygen
concentration at the beginning and end of the loop, and the flow of liquid inside the reactor

(Quiquia); as defined by Equation 12.

POZ,loop = Qliquid ([Oz]outlet - [Oz]inlet )loop - Klal,loop([oz] - [0;])looleoop Equation 12
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In Equation 12, PO, refers to oxygen production (mg/L h), Qiiquia is the caudal of the liquid
(L/s), O, refers to dissolved oxygen, Klal refers to mass transfer coefficient (h) and V refers to
the volume (L).

In addition to this, it has been also reported in Mendoza et al., (2013b) that the global
mass transfer coefficient at the paddlewheel is in the 164 h™! range. This remains constant as it
is a function of the paddlewheel configuration and the rotation speed, which stays constant
despite the solar radiation and the culture conditions imposed on the reactor. Consequently, by
knowing the photosynthetic production of oxygen from Equation 13 and the global mass
transfer coefficient for the paddlewheel, the global mass transfer coefficient for the sump can

be easily calculated using Equation 16.

NO; sump = 02 accumutation = PO2100p = NO2100p — NO3 pagdiewneet Equation 13
NO; sump = Ki@sump ([02] = [03]) sump Veump Equation 14
K1a; 5ump ([02] = [03 D) sumpVsump = Equation 15

alo,] Equation 16

reactor T - POZ,loop - Klal,loop ([02] - [0;])10017]/10017

- Klal,paddlewheel([oz] - [05])paddlewheelVpaddlewheel

In this way, by using only the two dissolved oxygen probes located at the beginning and
the end of the loop, it is possible to determine both the photosynthesis rate and the global mass
transfer coefficient in the sump from the virtual sensors by applying the detailed equations.
Given that the global mass transfer coefficient in the sump can be modified simply by varying
the air gas flow, it is greatly advantageous to be able to measure this coefficient during the
reactor operation. Moreover, calibration curves can be obtained to further adjust the mass

transfer capacity in the sump by modifying the air flow rate.

3.7.2. Oxygen mass balance in a thin-layer cascade reactor

Oxygen mass balance was also performed to study the net oxygen production taking
place in thin-layer reactors. For that aim, the dissolved oxygen concentration was measured at
nine different positions in the loop of the reactor. Oxygen is produced by photosynthesis, then
dissolved oxygen concentration modifies as a function of the culture conditions, especially by
changes in pH, temperature and irradiance throughout the day. Therefore, for any section of the

thin-layer reactor the following oxygen balance can be defined (Equation 17).
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02,inlet + 02,pr0duced = 02,outlet + Oz,accumulation Equation 17

Samples were taken at different positions manually. Then, the measurements were
considered as stable at each time, and net oxygen production was calculated as follows

(Equation 18-Equation 20); where PO, represents the oxygen production.

02,produced = 02,accumulation Equation 18
02,produced = PO, Equation 19

_d[0,] Equation 20
02,accumulated - T

The oxygen mass balance allows to calculate the oxygen production and accumulation
by two methodologies, then allowing to compare them. Thus, it is possible to determine the
agreement between both methods: (1) calculating the oxygen production rate by measuring the
accumulation of dissolved oxygen in a closed plastic chamber of 40 mL with 2 cm depth for 5
minutes, or (2) calculating the oxygen production rate as the accumulation of dissolved oxygen
along the reactor by using manual probes and considering the mass transfer capacity on the

channel.

3.7.3. Oxygen mass balance in three thin-layer cascade reactors

To analyse the influence of culture conditions existing at each reactor, the oxygen mass
balance was performed to study the net photosynthesis taking place in the cultures. For that
objective, the dissolved oxygen concentration was measured at different positions in the loop
of every reactor. Oxygen is produced by photosynthesis and is therefore modified as a function
of the culture conditions, temperature and irradiance throughout the day. Therefore, for any
thin layer reactor section, the following balance defines the dissolved oxygen concentration

(Equation 21).

Oz,inlet + Oz,produced = 02,outlet + 02,accumulati0n Equation 21

Samples were taken at different positions manually. Then, the measurements were
considered as steady state, and net oxygen production was calculated as follow (Equation 22-
Equation 24); where NO; represents the mass transfer and the mass transfer coefficient (klal)

defined in Alameda-Garcia et al., (in review) was used.
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POZ,produced = POZ,net + NOZ Equation 22

PO - (Oz,end B OZ,initial) x Q ] Equation 23
Znet Section liq

NO, = Fiml X K, Equation 24

3.8 Modelling

Modelling process requires different steps to be followed such as: experimental tests,
model definition, model calibration, and model validation (Figure 3.15). Once the different
experiments have been done to obtain reliable data, the second step is to filter the data to
reduce the dispersion and ensure adequate data quality. Then, the model structure and
parameters are defined to create the model. Afterwards, the model parameters are obtained
from the calibration process by using part of the data from the experiments. Finally, the model
is validated by following a cross validation procedure and using the rest of the data from the
experiments. Then, the modelling process ends when the model validation successes with an
adequate goodness of fitting to the real data. Otherwise, the calibration and validation
processes are repeated until getting a reasonable result.

The different modelling techniques utilized in this thesis are described below.
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Figure 3.15. Flowchart of stages of system identification

3.8.1 Modelling light integration by microalgae in raceway reactors

This section describes the methodology used to analyse the light integration by

microalgae in raceway reactors.

A total of 172 samples were taken from the raceway reactor at different times
throughout the year (from February to July) and at different times of the day (8:00 h, 10:00 h,
12:00 h and 14:00 h). The photosynthesis rate (PO,, mg O, L h'!) was calculated by diluting the
culture and providing the target light conditions, measuring the oxygen production over the
time. The performance of the microalgae cells under continuous light conditions was evaluated
first as a control stage. Following this, the performance of the cells under different light regimes
was determined. In the first set of experiments, the irradiance without cells was kept at 500 UE

2 51 and the light and dark times were modified from 1 to 10 s. In the second set of

m
experiments, the irradiance was adjusted to that existing in real outdoor reactors whereas the
light and dark times were adjusted close to those experimentally determined by CFD, thus

ranging from 1 to 24 s. In each experiment, the irradiance without cells (lo), the irradiance with
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cells (1), the light time, and the dark time were fixed. From these values, the different parameters
were calculated. The average irradiance (lav) was calculated as the light inside the jacketed
vessel multiplied by the proportion of time that it was illuminated (Equation 25). The illuminated
cycle proportion,®, was calculated as the illuminated time to total time ratio (Equation 26). The

light exposure frequency, v, was calculated as the inverse of the total cycle time (Equation 27).

ty; H
lav = I light Equation 25

tigne T taark

o= Liight Equation 26
tigne T taark
1 Equation 27
v

tigne + taark

3.8.2 Modelling of photosynthesis rate as a function of culture conditions

In this section, photosynthesis rate was modelling according to culture conditions from
in situ measurements in outdoor conditions. Different methodologies have been analysed: in

situ and off-line net photosynthesis rate as well as chlorophyll-fluorescence measurements.

The existence of culture condition gradients was studied by measuring the pH,
temperature and dissolved oxygen in the culture at nine different locations along the reactor
length, using appropriate temperature, 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 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 introduced into a 40 mL plastic
chamber (0.02 m in depth), measuring the dissolved oxygen accumulation in this chamber over

a period of 5 minutes.

In addition to the in situ measurements, the influence of culture conditions on the
culture performance was determined offline in the laboratory, 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;
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the first based on the net photosynthesis rate measurements while the second involved
chlorophyll-fluorescence measurements. Both are rapid methods allowing us to evaluate the
culture performance in a short time. Additionally, to model 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°C), dissolved

oxygen (from 0 to 400 %Sat.) and irradiance (from 100 to 2500 pE m2s?).

3.8.3 Modelling oxygen production of three thin-layer reactors

In this section, the oxygen production was modelled according to the culture conditions
effects temperature and dissolved oxygen on the performance of photosynthesis activity. Firstly,
temperature and dissolved oxygen gradients were analysed. Furthermore, oxygen production
was modelled comparing different models.

The existence of culture conditions gradients was studied by measuring the dissolved
oxygen concentration and temperature in the culture. Samples were taken from different
equidistant positions (n=16 for the small reactor, n=14 for the medium, and n=18 for the large
one) along each reactor, on the three different size reactors available (small=200 L, medium=600
L, large=2200 L). Measurements were done by using dissolved oxygen and temperature probes
(H198198, Hanna, Czech Republic). Measurements were carried out at different times during the
daylight period (9:00, 11:00, 13:00 and 15:00 h.) to determine the variation in existing gradients
throughout the day for 15 days. Oxygen production has been modelled comparing different
models: Molina Grima et al., 1994 model (Equation 28), Molina Grima model including
temperature effect (Equation 29), Molina Grima model including dissolved oxygen inhibition

effect (Equation 30), and Molina Grima modified model (Equation 31) that uses the light

frequency.
PO, - — POy o X I™ Equation 28
Ty
PO, max X lav™ Equation 29
PO =—————— XRO2(T
2L I} + Iav™ T

where RO2(T) is the cardinal temperature model from (lppoliti et al., 2016)

POy ppax X lav™ DO, " Equation 30
P02(1,D02) T — -

I} + Iav™ DO 1max
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PO _ PO; gy X lavint™ b lavint — lav X tlight Equation 31
2(avint) = 4 JquInt® where,favmt = tlight + tdark

In the previous equations, the Costache et al., 2013 parameters were used (PO, max=220, k=60,
n=2, DO, max= 32.09 mg/L, m=5.46). The last step was to compare each model with the

experimental oxygen production (PO,, mg O,/gb h) (Equation 32).

(slope D0O,) x Qliq Equation 32
POZ,Experimental = Section

3.9 Control strategies

Control strategies were used to improve the operationing conditions of the reactors.
Two control strategies were used in the raceway reactor located at “Las Palmerillas”
Experimental Station, to operate it and compare both: on/off strategy and selective control
strategy. Moreover, a feedback control strategy for the air injection was used at IFAPA
Experimental Station in simulation.

This thesis provides the use of different control systems to control the pH and dissolved
oxygen, two very important parameters that should be controlled close to the optimal values to

ensure a better production of the systems.

3.9.1. On/off control strategy

A simple feedback strategy has been used to make corrective actions based on the
difference between the desired and the actual values of a variable. It can be described as follows
(Equation 33):

U = {Umax if e> 0,} Equation 33
Uninif e<0

In the previous equation, the control error e = r-y is the difference between the
reference (or command) signal r and the output of the system y, and U is the actuation

command. Figure 3.16 shows the relation between error and control. This control law implies

that maximum corrective action is always used (Astrom, 2019).

wh

Figure 3.16. Input-output characteristics of on-off controllers
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This on-off control has been used to control the pH parameter. Previous works provide
promising performance results when there is an adequate CO, supply (Pawlowski et al., 2017).
The classical On/off controller was used by using MATLAB script as follow:
pH_filtrada=(sum(pH_old))/10; % pH filtered
phref_rw1=7.8; % Reference pH which depends on the strain used
ZM=0.2; % Dead zone
if pH_filtrada > phref_rw1+ZM && Rad > 50
VCO02 =100;
else if pH_filtrada <phref_rw1-ZM;
VCO2 =0;
end
end
However, the on/off control has some drawbacks. It has not control about the amount
of CO; injections to reduce and high pH variations are obtained (even including a dead zone).
Furthermore, the valve is totally opened during the injections which may leads to increase the

energy cost.

3.9.2. Selective control strategy

The event-based control strategies have been successfully applied to control pH and
dissolved oxygen variables. The main difference respect to the classical control approaches is
that, in the event-based approach, the control system can adapt the actuation rate to the
dynamics and disturbances (Pawlowski et al., 2011). This feature is especially useful in a
bioprocess application, as it has been confirmed in several recent works (Beschi et al., 2014;
Pawlowski et al., 2014a, 2014b).

The selective control approach developed by (Pawlowski et al., 2015) was used. This
selective event-based control scheme is shown in Figure 3.17, and thanks to its operation mode
one can switch between the control signals provided by the pH and DO controllers. The switching
between the two controllers takes place when the selective control satisfies a logical condition
within the established band (control performance precision in the case of pH and a maximum
limit for dissolved oxygen). It should be noted that the priority variable is the pH control, where
the controller CpH tries to compensate for pH variability caused by the photosynthesis process
and the CO, supply. When pH is within a certain range and the dissolved oxygen is close to

surpassing its maximum limit, the control approach disconnects the pH control (and thus the
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CO; injection) and switches to the dissolved oxygen control signal. In this way, the control
scheme is continuously switching between both control algorithms according to the needs of
both the pH and the DO control problems. Thanks to this control approach, the interaction
between air injection and the deterioration in CO; assimilation is avoided (Pawlowski et al.,

2015).

D02
Set-point
H U pH
S LN pH Controller L o
% uEn Biological
Set-point <=2 Process
175 ]
_boz DO2 Controller %
o
D02

Figure 3.17. Selective control scheme for a raceway reactor (Pawlowski et al., 2015 modified).

3.9.3. Feedback control strategy for the air injection flow

A feedback control strategy with a set-point generator was developed in this thesis to
regulate the air injection flow. This control approach allows to control the dissolved oxygen
accumulation into the reactor by improving the mass transfer coefficient. The control strategies
that have been developed until now, use a fixed air injection flow through the day. In this thesis,
it is demonstrated that it is possible to save air injections actions by using a feedback control
strategy, as well as, to reduce the dissolved oxygen accumulation into the reactor until values

lower than the optimal dissolved oxygen imposed (usually below 250% Sat.).

The control strategy proposed in this thesis (Figure 3.18) includes two different
possibilities. The first one is to set a fixed set-point for the DO, (that usually works at 250% Sat)
and the controller opens or closes the air valve to regulate the de DO, by using a fixed air
injection flow. This first option is the classical control approach to regulate the DO,. On the other
hand, in the second option the DO, set-point is estimated by using an on-line oxygen production
estimation (PO2 estimated; Equation 34) and is the contribution of this thesis. Now, the set-point
value is calculated by using the liquid caudal (Qliq), the dissolved oxygen measurement at the

loop (DOaio0p) and at the sump (DOa2sump). The estimation should be equal to the dissolved oxygen
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desorption (NO2, Equation 35) to ensure lower values of dissolved oxygen than the Fixed

DO2set-point.

PO2o5timatea = Qliq X (D02Loop - DOZSump) Equation 34
NO2 = P02, stimated Equation 35

Then, the next step is to calculate the estimated mass transfer coefficient (Klal estimated)
which is is calculated at every minute (Equation 36,Equation 37). Once the estimated Klal value
is obtained and the variable air gas injection set-point (L/min) is calculated at every minute by
using the empirical model developed in this thesis in Barcelé-Villalobos et al., (2018) (Equation

38,Equation 39). So, this air gas is injected into the system by using the proportional valve.

NO2 = Klalysrimatea * (DO2gymp — 03) XV Equation 36
_ (PO2¢stimatea — Pozset—point) Equation 37
Klalestimated - *
(DO2ymp — 03) X V
Gas inyection Equation 38
Ugr = ———
Sump area
G . ti S x 0.9123 Klalestimated Equatlon 39
as inyection = Sump area ’—
10379
Fixed DO,
Set point Loop
Variable DO, PE——
PO, Set point Klal and air EE—
Estimated | | flow estimators | ontrofier
Variable Air
.- ,._,-fe_ll pomnt s Reactor
./ Controller - valve
D02 Sump
DOIE Loap

Figure 3.18. Feedback control strategy proposed to ensure optimal dissolved oxygen (DO;) accumulation into the
system

The feedback control strategy proposed has been validated in simulation by using the Fernandez
et al., (2016) model.
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4.RESULTS AND DISCUSSION

Production of microalgae at a large scale requires the use of efficient photobioreactors
to enhance their productivity. Two types of open reactors have been analysed: open raceway
reactors and thin-layer cascade reactors, both described in the Material and Methods chapter.
Some drawbacks must be solved to make this technology suitable in the future. It is well known
that light integration as well as dissolved oxygen accumulation are two of the main problems
that should be solved to make microalgae cultures more productive. The solutions proposed in
this thesis go through the improvement of fluids dynamics, as well as, biological modelling and
the development of feedback control strategies to operate the reactor automatically.

In a first step, both technologies have been characterized regarding the dynamic
variations of the culture parameters (dissolved oxygen, temperature, pH and solar radiation) to
identify which are the problems that should be solved to make this technology suitable for future
developments. Next, the dynamics of the systems have been analysed at the different sections
of the reactors (sump, loop, paddlewheel, and thin-layer’s channel) to know the limitation of
each one and propose new strategies to control the systems by using biological models. This is

the first step to optimize and scale-up this type of reactors for industrial applications.

4.1. Characterization and improvement of raceway reactors

4.1.1. Variation of culture conditions

The variation of culture parameters in a raceway rector has been analysed for two years.
The solar irradiance on the reactors surface varies over the year ranging from 409 to 814 W/m?
being the maximal value being obtained at 14:00 h in summertime. Temperature and pH are
constant along the day. On the other hand, light integration and dissolved oxygen depend on
the culture conditions and the solar radiation variation along the day, respectively. In terms of
the culture conditions inside the reactor through a year, the mean values of pH, dissolved oxygen
and temperature (Figure 4.19) range from 8.07 to 8.61, 146 to 220 % Sat., and 13.91t0 32.88 °C,
respectively. This difference regarding temperature range is due to night cooling and daylight
warming.

Regarding variation along the year, pH is a stable parameter at the set point control-
imposed pH=8. Moreover, dissolved oxygen modified along the day with the solar radiation

depends on the biomass concentration and the season of the year. The highest dissolved oxygen
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accumulation take place during summer and spring time as expected, and the maximum value
is lower than 250%Sat according to the control strategy imposed. On the other hand, the lower
range is during winter. Furthermore, the highest temperature corresponds to summer whereas

the lowest was in winter. Spring and autumn have similar temperature pattern.
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Figure 4.19. Variation of culture parameters (Solar radiation, pH, Dissolved oxygen, and Temperature) in the 100 m?
raceway reactor located in the experimental station “Las Palmerillas” (Almeria, Spain). Mean values from two years
assays
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4.1.2. Oxygen mass transfer capacity

Regarding dissolved oxygen concentration, it has been demonstrated that there is an
accumulation along the day due to the high oxygen production rate, which can reach values over
6 g/min in summer time (Barceld-Villalobos et al., 2018). Previous works demonstrated that
there is a negative effect of excess of dissolved oxygen concentration on the photosynthesis rate
(Pawlowski et al., 2015). That is the reason for which dissolved oxygen concentration over 250
%Sat (22 mg/L) should be avoided, to make open reactors a more productive technology. Notice
that this contribution is very important to define dissolved oxygen set-points in the control
algorithms.

A solution to avoid dissolved oxygen accumulation has been proposed in the present
thesis through the improvement of the mass transfer capacity of the system. To achieve this,
the variations in the volumetric mass transfer coefficient in the sump has been studied and
modelled as a function of the air flow rate (L/min), and therefore the superficial gas velocity in
the sump (m/s). Moreover, the developed model has been used to estimate the mass transfer
requirements in the sump as a function of the target dissolved oxygen concentration and the
oxygen production rate. This would allow to automatically control the system and to reduce the
oxygen accumulation significantly along the year, as a function of overall oxygen production rate
at each moment.

Results presented in (Barceld-Villalobos et al.,, 2018) demonstrated that dissolved
oxygen is accumulated in raceway reactors when no appropriate mass transfer capacity is
provided. Moreover, the sump is the main section that contributes to the oxygen removal.
Furthermore, it is reported that the mass transfer capacity is a relevant parameter that can be
used in a control strategy. Furthermore, it has also been demonstrated that mass transfer
capacity can be improved by controlling the air flow into the sump. Controlling the efficiency of
these inputs, it is far enough to control the oxygen accumulation until concentrations of 15 mg/L
along the year. Thus, an empirical model (Klal= 10379 Ugr®9'?3, R2=0.9772) has been developed
that relates the gas inflow with the mass transfer coefficient (h) of the system (Figure 4.20)
(Full information is available in Barceld-Villalobos et al., 2018). The proposed model allows to

determine and optimize the mass transfer capacity in the sump for any existing raceway reactor.
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Figure 4.20. Variation in the mass transfer coefficient in the sump as a function of the air flow rate, expressed as the
superficial gas velocity. Values obtained using the proposed methodology to estimate the mass transfer coefficient in
raceway reactors. Data shown as mean +SD, n=31.

4.1.3. Lightintegration

Light gradients exist in any microalgae culture as a function of solar radiation, geometry
and optical properties of the culture. Moreover, the light regime at which the cells are exposed
to in any system is also a function of movement of the cells along this gradient, being defined as
light history of the cells. Photosynthesis rate is a function of irradiance at which the cells are
exposed to. When exposition to light is fast enough to achieve integration of light by the
photosynthetic apparatus, the maximal performance is obtained. In the opposite, when the cells
expend too much time at each position, local adaptation takes place and the lower performance
is achieved. To determine the extension of light integration phenomena in raceway reactors is
mandatory to determine how to optimize it.

For that, a simple simulation exercise was performed considering the operation of the
100 m? raceway reactor under the culture conditions imposed (Dilution rate=0.2 day?, Cb=1.2
g-Ll). Knowing the extinction coefficient of the biomass (Ka=0.15 m?-g?), the light profile inside
the reactor at different solar hours/irradiances could be estimated using the Lambert’s law
(Figure 4.21A). This was performed in a spring day in Almeria (Spain) where the raceway reactor
is located. The results show how the irradiance inside the reactor exponentially decreased with
culture depth regardless to the solar irradiance on the reactor surface. This is because only the

first 0.04 m (approximately) of the culture receives a light intensity greater than the minimum
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value, of Ic=40 uE/m?s, required for photosynthesis. Therefore, approximately 73% of the
culture isin total darkness, receiving insufficient light for photosynthesis to take place. From this
data, the maximal proportion of illuminated culture was calculated to be 27%. In terms of the
photosynthesis rate, by considering the local irradiance at different culture depths and the
hyperbolic growth model found in springtime, the variation in the photosynthesis rate with the
culture depth at different solar irradiances can also be easily calculated (Figure 4.21B). The
results show how most of the photosynthesis took place in the first 0.035 m of culture; only at
a very high irradiances did photosynthesis take place at culture depths greater than 0.050 m.
However, independent of the solar irradiance, there is always a large reactor volume performing
respiration in complete darkness.

In most studies focusing on the flashing effect, light is represented as an oversimplified
on/off signal. A better option is to represent the light pattern, assuming that the light source
switches between two intensities (Demory et al., 2018). However, an even better approach is
obtained when considering the light profile on the entire reactor, as demonstrated here, as well
as using the complete optimal light regime history (although this requires more complex and

time-consuming computing efforts) (Brindley et al., 2016).
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Figure 4.21. Variation in the local irradiance (A) and average irradiance (B) with the culture depth for a Scenedesmus
almeriensis culture produced in a 100 m2 raceway reactor in continuous mode at 0.2 day1.

Moreover, it has also been demonstrated that the cells are fully adapted to local irradiances
which was validated in the real outdoor raceway at different seasons (winter, spring, summer)
(Barcelé-Villalobos et al., 2019a). In this sense, the first set of experiments was performed taking
the culture from the raceway reactor and evaluating its photosynthesis rate under laboratory
conditions. Outdoor conditions were simulated by providing light and dark times based on the
experimental results from a raceway reactor. For this, a complete factorial experimental design
was performed considering light and dark times of 1, 2, 3, 4, 5 and 10 s, and the photosynthesis
rate under these conditions was determined (Figure 4.22). Based on the irradiance provided,
the maximum photosynthesis rate, PO2io, was calculated using the Molina-Grima hyperbolic
model (Equation 40). By employing the average irradiance to which the cells were exposed to,
calculated as the irradiance provided multiplied by the percentage of time by which it was

provided, the theoretical maximal photosynthesis rate with full light integration (PO2iav) was
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determined (Equation 41). Conversely, the theoretical minimum photosynthesis rate, if null light
integration took place, PO2local, was calculated as the sum of the photosynthesis rate during
light and dark periods, both calculated using the same hyperbolic model previously determined
(Equation 42). The experimental photosynthesis rate, PO2exp, must be midway between these
two limit values. Results show as the higher the frequency at which the light was provided, the
greater the light integration with the experimental values of the photosynthesis rate

approaching the PO2iav values.

POy gy X 10" Equation 40
PO,;, = W RO,
PO, pax X lav™ Equation 41
POy = —2m ~ 7 4 RO
2iav I,? + lav™ + 2
PO310ca1 = (POZio : d>)light + (RO, - (1 - @) )dark Equation 42

Future works should be necessary to know the PO, max, and Ix values for different strains.
Furthermore, additional experiments should be done to implement this model (Equation 42) in
the SCADA architecture and connect it to the actuators related to the culture depth operational

conditions to increase the efficiency of solar radiation assimilation.
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Figure 4.22. (A) Variation in the photosynthesis rate (mg O,/g biomass h) of Scenedesmus almeriensis cultures in a
raceway reactor as a function of the average irradiance (LEm2 s'1) to which the cells were exposed, under different
light/dark cycles ranging from 1 to 10 s. POsiav corresponds to the modelled photosynthesis rate if complete light
integration takes place; whereas PO;local corresponds to the modelled photosynthesis rate with null light integration.
(B) Variation in the normalized photosynthesis rate with the duty cycle for the same experiments.

To validate this fact, a large set of experiments was performed over six months,
maintaining the raceway reactor in semi-continuous mode and taking samples from the reactor
to evaluate the photosynthesis rate in the laboratory, simulating the real light/dark cycles at
which the cells were exposed to inside the outdoor reactor. In this case, the external irradiance
provided was that found in the outdoor reactor at different daylight times, where several
samples were measured each day at different hours of the day, with light times ranging from 1
to 8 s while dark times ranged from 1 to 24 s. To take into consideration the variation in culture
conditions at different seasons, the performance of the cells was periodically evaluated taken
directly from the reactor under continuous light. In this way, the P-I curve of the culture was
obtained as a control curve. The results confirmed that the hyperbolic model is always suitable
to fit the light response of the Scenedesmus almeriensis cells, including from real outdoor
reactors in different seasons (Figure 4.23). However, the results clearly show how the behaviour
was not the same for all the seasons evaluated. The cultures grown in spring performed better

than those grown in summer and winter. By fitting the experimental data to the hyperbolic
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model, the characteristic parameter values were calculated for the cultures obtained in each
season (see Table 1). The values were similar to the previous ones not only in terms of the
maximal photosynthesis rate and the half-saturation irradiance, but also in terms of the
respiration rate and the minimum irradiance required to start photosynthesis. The major
difference was for the maximum photosynthesis rate, which was notably high for the culture
grown in spring; thus, indicating the adequacy of the operating conditions during this period.

To consider the variation in cell performance along the different seasons, the analysis of
the influence of average irradiance and light/dark cycles on the performance of outdoor cultures
was applied to the entire set of data from the six-month operation of the raceway reactor.
Hence, Figure 4.24 demonstrates a slightly better correlation in the winter time, what it is also
highly acceptable for spring and summer time, especially considering the large variations in
culture conditions that take place in outdoor reactors and the large number of measurements
taken (up to 172). In Barbosa et al., (2003) study, the effect of a medium-frequency cycle time
(10-100 s) and light fraction (0.1-1) on the growth rate and the biomass yield of the microalgae
Dunaliella tertiolecta was studied. The biomass yield and growth rates were mainly affected by
the light fraction while the cycle time had little influence (Barbosa et al., 2003).

This thesis also demonstrated that the continuous light model from Molina Grima et al.
(1994) is appropriate for a raceway reactor with a biomass concentration ranging from 0.2-0.4

g/L (Barcel6-Villalobos et al., 2019a) working in continuous mode at a dilution rate of 0.2 day™.
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Figure 4.23. Variation in the photosynthesis rate with average irradiance for three Scenedesmus almeriensis samples
produced in a 100 m2 raceway reactor in continuous mode at 0.2 day-! for different seasons.
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Table 1. Characteristic parameter values of the hyperbolic model determined from the different samples studied:
samples from the same reactor at different biomass concentrations; samples from the same reactor in different
seasons.

Cb PO2 max n 1k RO2 Ic (O}
g/L mg 02/gb h ME/m?s mg0;/gbh  puE/m?s %
0.1 101.3 2.01 82.2 -18.7 40.0 0.93
0.2 101.4 1.99 90.5 -18.9 43.0 0.86
0.4 63.5 2.00 61.3 -18.5 39.0 0.75
Season PO2 max n 1k RO2 Ic (0}
mg O,/gb h ME/m?s mg 0,/gbh  HE/m’s %
Winter 130.0 2.00 120.0 -10.0 35.0 0.86
Spring 180.0 2.00 70.0 -20.0 26.0 0.86
Summer 160.0 2.00 90.0 -20.0 34.0 0.86

4.2. Characterization and improvement of thin-layer reactor

Thin-layer cascade reactors have been less studied and developed than raceway
reactors. Moreover, they have been demonstrated to be more efficient than raceway reactors
due to the lower light path that enhances the light regime at which the cells are exposed to in
this type of systems, thus achieving higher biomass productivities (Morales-Amaral et al., 2015).
These reactors are usually operated at culture depths ranging from 0.006 m to 0.020 m
(Masojidek et al., 2011). It is very important to know the major bottlenecks limiting the capacity

of this type of reactors for its further improvement for industrial purposes.

4.2.1. Variation of culture conditions

The variation of culture conditions in thin-layer reactors was studied (Temperature, pH
and dissolved oxygen) (Figure 4.25) (Full information available in Barcelé-villalobos et al.,
2019b). Results demonstrated that no gradients of temperature take place in thin-layer reactors
along the channel, or they are not relevant, at least during the 80 m of the entire channel. This
is due to the short residence time of the culture into the channel, when it is exposed to solar
radiation.

Regarding the pH, results showed that the pH slightly increases along the channel. That
means that the existence of pH gradients along the channel can be neglected or they are so
small to have a large influence into the performance of the cultures. This small pH change along

the channel is explained by the on-demand injection of CO, and the large buffer capacity of
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carbonate-bicarbonate buffer existing into the culture medium, that allows to compensate the
consumption of inorganic carbon by photosynthesis along the channel. However, the increase
of pH with time, and moreover, the existence of pH values upper than set point of 8.0, indicates
that overall CO; injection could be inadequate in some cases. According to these results, the CO,
consumption by the microalgae was higher than the CO; transference capacity, and although pH
values are not too high, the mean hourly value increases from 8.1 to 8.6.

Regarding dissolved oxygen concentration, a much larger variation with both the
position and time was observed. It clearly increases with the position due to the accumulation
of oxygen produced by photosynthesis along the channel, the desorption capacity on the
channels being not enough to remove this oxygen. Along the day, the larger average irradiance
also enhances the production of oxygen, and gradients of dissolved oxygen concentration
increases. Mean values of dissolved oxygen concentration vary from 141 to 197 % but values up
to 225 %Sat were experimentally determined at the end of the channel at 13:00, including in a

cloudy day.
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Figure 4.25. 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! at the
IFAPA research centre.
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4.2.2. Oxygen mass balance

This is the first time that mass transfer capacity has been determined in thin-layer
cascade reactors, which highly influences on the productivity of these systems. Dissolved oxygen
(mg/L) measurements were done along the channel as well as oxygen production measurements
(mg/L h) along different days (n=5) by using the following equation (Equation 43). As a result, a
mass transfer coefficient of 9.25 h™ was calculated (Alameda-Garcia, et al., in review). This value
is higher than the mass transfer coefficient calculated before for a raceway 0.9 h™ in (Mendoza
etal., 2013a). That difference could be due to the different culture depths 0.15 m and 0.02 m in

raceway and thin-layer cascade respectively.

Quig - (DO, —DO,y,) + % 4 Equation 43

tal Fipy -V

In Equation 43, the different parameters used were: mass transfer coefficient (Klal),
caudal of liquid (Qlig), dissolved oxygen concentration (DO), volume (V) and logarithmic mean

driving force (Fimi).

4.2.3. Modelling the net photosynthesis rate

To confirm the influence of changing culture conditions on the cell performance off-line,
measurements were performed in the laboratory to simulate the culture conditions prevailing
outdoors. For this purpose, the net photosynthesis rate and chlorophyll-fluorescence methods
were used. Regarding the net photosynthesis rate, different assays were carried out to modify
the irradiance to which the cells were exposed to. Results show the Monod’s type light curve
response of the photosynthesis rate (Figure 4.26). These assays were performed under the
optimal conditions of temperature (25°C), pH (8.0) and dissolved oxygen (9 mg/L =100 %Sat.).
By fitting the experimental values to the hyperbolic model proposed by Molina et al., (Equation
44) (Molina-Grima et al., 1994), the characteristic parameter values of the model were obtained
(PO2,max=380 mg0,/L-h, ,=200 uE/m?:s, n=2). Therefore, the curve that represents the model for
the entire solar radiation range can be simulated. Figure 4.26 shows how the model accurately
represents the experimental data. Moreover, it can be concluded that a maximal photosynthesis

rate of 350 mg0,/L-h is achieved at the average irradiances of 500 uE/m?:s; that is because the
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culture becomes saturated above this value. These assays were carried out under controlled

conditions of biomass concentration of 0.2 g/L.

POy max 1oy Equation 44
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Figure 4.26. Off-line measurements of the photosynthesis rate versus the irradiance for samples directly taken from
the reactor.

The net photosynthesis rate response was analysed under different culture parameters
(temperature, pH and dissolved oxygen) conditions. Thus, net photosynthesis rate
measurements were taken at different temperature, pH and dissolved oxygen ranges. For each
set of data, the experimental photosynthesis rate values were normalized (by dividing each
value between the maximum value) to better understand the values obtained and compare
them with the final value obtained.

Regarding the temperature parameter, the results show that when it is below 26°C, or
above 34°C, the culture performance is significantly reduced. Furthermore, at temperatures of
12°C and 46°C, the photosynthesis rate is highly neglected (Figure 4.27A). 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 of this range, it is highly reduced nearing zero at pH values of 3 and 10 (Figure
4.27B). Regarding the influence of the dissolved oxygen concentration, a different trend was
observed. The photosynthesis rate remains constant at dissolved oxygen concentrations below
15 mg/L (135 %Sat.), whereas above 20 mg/L (180 %Sat.), it nears zero (Figure 4.27C). These
results confirm previous studies concerning the effect of culture conditions on Scenedesmus

almeriensis, which showed that the optimal pH should be in the range of 7.0 to 9.0, and the
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maximal photosynthesis activity to be at a temperature of 35 °C, reducing dramatically at
temperatures above this value (Costache et al., 2013).

The experimental figures can be fitted to the different models (Equation 45-Equation
47) in order to model the influence of culture conditions on cell performance. In case of
temperature and pH, to use the cardinal model is recommended (Bernard and Rémond, 2012;
Ippoliti et al., 2016), whereas for dissolved oxygen, to use models that consider the inhibition by

product is advised (Costache et al., 2013).

RO2(T) = (@ — Tmax)(T — Tmin)2 Equation 45
(Topt — Tmin) (((Topt — Tmin)(T — Topt)) — ((Topt — Tmax)(Topt + Tmin — ZT)))
RO2(pH) = (pH — pHmax) (pH — pHmin)2 Equation 46
(pHopt — pHmin) (((pHopt — pHmin) (pH — pHopt)) — ((pHopt — pHmax) (pHopt + pHmin — ZpH)))
po, \" ;
RO2(D0,) = 1— ( z ) Equation 47
DOZ,mux

The different parameters used in the previous equations were: temperature (T),
maximum temperature (Tmax), minimum temperature (Tmin), optimum temperature (Topt),
maximum pH (pH max), minimum pH (pHmin), optimum pH (pHopt), dissolved oxygen (DO.,),
maximum dissolved oxygen (DO, max).

In terms of the temperature, the maximum and minimum tolerable temperatures were
48°C 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, respectively, 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 25 mg/L (225 %Sat.).

Results from in situ net photosynthesis measurements are comparable to those
obtained when evaluating the electron transfer rate of the cells in the reactor by taking
chlorophyll fluorescence measurements. The data in Figure 4.28 show that temperature has a
negative effect on the electron transfer rate at values of 8°C and 46°C, with no photo inhibition
being observed up to 1500 pE/m? s. Regarding 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 concentrations below 150% Sat. Above this value, it is significantly reduced.
The utilization of Chlorophyll-fluorescence measurements 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).
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4.3. Evaluation of thin-layer cascade reactor

4.3.1. Variation of culture conditions

Results from thin-layer cascade reactors already installed in Trebon (Czech Republic)
were used to validate the major achievements from thin-layer reactor being operated at IFAPA
research centre (Full information available in Barcelé-Villalobos et al., (in review). Data shows
(Figure 4.29) that the temperature is quite stable along the channel, independently of the
reactor size. It ranges from 24°C to 28°C in the small unit. Moreover, it ranges from 25°C to 29°C
in the medium unit; with a peak around 31°C in the turn section of the reactor. This is because
of having a narrow and long channel (about 4 meters long) with no waterfalls, so the culture
cannot be refresh enough. On the other hand, in the large unit the temperature ranges from
26°C to 28°C, with a peak at 30.55°C, also due to the turn section.

Concerning oxygen, results demonstrate (Figure 4.29) that dissolved oxygen
concentration increases along the channel from 150 %Sat up to values of 400 %Sat and 344 %Sat
in the small and medium units, respectively. That is because the mass transfer capacity in those
reactors is not enough to desorb the oxygen produced, as well as by the high biomass
concentration achieved (ranging from 30-40 g/L). On the other hand, the accumulation of
dissolved oxygen in the larger unit is only up to 177 %Sat. That is due to a lower oxygen

production in this reactor.
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Figure 4.29. Variation of culture parameters (Dissolved oxygen and temperature) with the position and time of the day (9:00, 11:00, 13:00 and 15:00 h) in three thin-layer
reactors (A=194.24 L, B=550 L and C=2200 L) operated in batch mode and located in Tfeborn (Czech Republic). Mean values of 15 days.
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4.3.2. Oxygen mass balance

To maintain the dissolved oxygen concentration below adverse values, it is imperative
to improve the reactor design as well as the operating conditions, especially the mass transfer
capacity. Previous works concluded that being able to manipulate the mass transfer capacity of
raceway reactors in order to maintain the dissolved oxygen concentration below inhibitory
values is a challenge (Barcelé-Villalobos et al., 2018). Regarding thin-layer reactors, there still
much work to do. Alameda-Garcia, et al., (in review) demonstrated a higher mass transfer
coefficient (klal) in thin-layer reactor’s channel compare to the raceway reactor loop. This value
(9.25 h''), was used to analyse mass transfer capacity in the three thin layer reactors evaluated
at “Algatech” Experimental Station facilities. Results show (Figure 4.30) that the mass transfer
capacity of each thin layer analysed is below 4% of total oxygen production (PO; produced, Mg/gb
h). Thus, itis correct to assume that the net oxygen production (PO, net) is equal to the generated

oxygen production (Equation 48).

POZ,produced = PO, pe¢ Equation 48
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Figure 4.30. Oxygen mass balance at three thin-layer reactors (A=Small, B=Medium, C=Big)
located at Trebon (Czech Republic).

4.3.3. Modelling oxygen production

The influence of culture conditions into the performance of Clorella sp. cells was modelled as
photosynthesis rate (PO,, mg/gb h) according to the experimental dissolved oxygen
measurements. Oxygen production (PO;) was modelled according to dissolved oxygen

concentration (DOC) and temperature variables. Dissolved oxygen effect has been included into
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the model by using Costache et al., (2013) inhibition model (Equation 49). As a result, there is a
very high reduction of the oxygen production (Figure 4.31). On the other hand, the temperature
cardinal model proposed by Ippoliti et al., (2016) (Equation 50) has been used to analyse the
temperature effect on oxygen production. It has been demonstrated that temperature values

are not harmful, in this case, the values are close to the optimal values (Figure 4.31).

po, \" .
DO, model = (1 - ( z ) ) Equation 49

D02,max

RO2(T) = (I — Tmax)(T — Tmin)2 Equation 50
(Topt — Tmin) (((Topt — Tmin)(T — Topt)) - ((Topt — Tmax)(Topt + Tmin —
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Figure 4.31. Comparison of oxygen production model (PO2 (1)) by including the temperature effect (PO2 (I, T)) and
the dissolved oxygen effect (PO2 (1,002)).

Figure 4.32 demonstrates that, if we include the effect of temperature and optimal
dissolved oxygen parameters into the oxygen production model (Modeled PO2(lav, T, Optimal
D02 model); Equation 51), it is not enough to validate the experimental values of oxygen
production. Thus, it might be another factor that affects to the oxygen production and it is not

included into the model.

PO, ppax X lav™

I} + Iav"

DO, " Equation 51
p 02(1av,T,D02) =

XRO2(T) X |1 —|——
( ) ( <D02,max

Where, DO2 was 10.8 mg/L (120% Sat.)
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Figure 4.32. Comparison of experimental data respect to: modeled PO2 (lav, T, Optimal DO2) and modeled PO2
(lavint, T, Optimal DO2) at three different thin-layer cascade reactors (Small, Medium and Large).

A previous work (Barceld-Villalobos et al., 2019a) demonstrated that the light penetrance into
the culture depends on the location of the algae along the water depth. Thus, light/dark time
and volume should be taken into consideration to better understand and model the

photosynthesis rate (mg O,/gb h) according to the design of the reactor.

The different sections of the reactors have different light/dark behaviour. For instance, bubble
column and sink/sump/reservoir sections should be considered as dark volumes. On the other
hand, the loop section should be considered as light volume. Moreover, water depth and water
speed also influence into the light/dark cycling. Thus, the culture expends some time in light or
dark zone. It depends on the residence time at each section of the reactor. In case of large dark

time, the culture might be in respiration process due to the dark photosynthesis phase.

Three different size reactors have been analysed in this work. A small reactor with a total volume
of 200 L (dark volume of 56 L and light volume of 144 L); a medium reactor, with a total volume
of 600 L (dark volume of 60 L and light volume of 540 L); and a large reactor with a total volume

of 2200 L (dark volume of 850 L and light volume of 1350 L).

The culture is exposed to solar radiation along the channel (48, 54 and 113 seconds at the small,
medium and big reactors respectively). As higher is this time, as better the productivity of the
system should be due to photosynthesis process. It might be achieved by improving the

light/dark cycles in the reactor. Previous works demonstrated the improvement of productivity
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of the reactors by this (Barceld-Villalobos et al., 2019a; Fernandez-Sevilla et al., 2018). On the
other hand, the culture is exposed to darkness in the reservoir section for values of 19, 6 and 71
seconds, at the small, medium and large reactors respectively. As longer is this time, as lower is
the productivity of the system -291, 301 and 263 g 0,/m? d at the small, medium and large
reactors respectively. Furthermore, there is a big influence of biomass concentration into the
productivity of the system that should be considered in future works (28, 37 and 40 g/L mean
values), to analyse how the biomass concentrations affects to the light path penetrance as well

as to the light/dark volume.

In this work, we propose to include the light parameter as an average integrated irradiance
(lavint), where the light/dark time is included (Equation 31, Equation 52). That is because the
light time and dark time affect to the photosynthesis and respiration process respectively.
Results demonstrated that experimental data fit the PO2 lavint model (Equation 31) in a 81% of
the cases (R?=0.8115). Moreover, light frequency was incorporated to the model with optimal
conditions of dissolved oxygen by the inclusion of the average irradiance integration concept

(lavint) (Modeled PO2 (lavint, T, Optimal DO2 Model), Equation 53).

lav X tlight Equation 52

lavint = light + t dark

PO, jpax X lavInt™
I} + IavInt®

Do, m Equation 53
POZ (lavInt,T,D02) —

XRO2(T) x|1-—
( ) ( (Doz,max

As a result (Figure 4.32,Figure 4.33), the modelled data reach much better results compare to

lav concept. It is shown that light/dark frequency is optimal for the medium thin-layer cascade

reactor (540 L light volume and 60L dark volume).

This work demonstrates that the influence of the light/dark time and volume ratio regarding the
design and operationing conditions of the reactor should be taken into consideration to achieve
a maximal productivity of the system (Full information available in (Barcelé-Villalobos, et al.,

under review).

68



Results and discussion

® Small TLC Medium TLC @ Large TLC

Modeled PO, (lavint), mg/gb h

R?=0.8115

0 50 100 150 200 250 300
Experimental PO,, mg/gb h

Figure 4.33. Validation of PO2 (lavint) model (Equation 31) at three thin-layer cascade reactors.

4.4. Control strategies implementation

Finally, this thesis provides some solutions regarding the use of control strategies to
improve the efficiency of open reactors and to make this technology more competitive in the
market. These control approaches were designed according to the experimental and biological
models developed in this thesis. The advantage of using biological models for control design
purposes is that these are useful to understand the biological behaviour of the technology. As
much amount of data is being used to validate those models along the year, as much robust the
model and the control strategy are. This is the main reason because the models developed in
this thesis have been made by using a large set of assays all over a year, at different time seasons,
to make them a powerful and robust tool for designing control strategies.

An event-based selective approach to control the operationing conditions of the
reactors was used in “Las Palmerillas” and “IFAPA” Experimental Stations facilities. On the other
hand, a feedback control strategy with a set-point generator has been tested in a simulation
study.

The event-based selective strategy has been used to control both, pH and dissolved
oxygen accumulation, around the desired set-point (pH=8.0, 250%Sat. respectively). The
advantage of using this control strategy is to ensure pH control and at the same time, control
dissolved oxygen accumulation below a specific set-point. Figure 4.34 demonstrates how the
selective control approach switches between CO; and air injections to reach these simultaneous
objectives. pH is controlled around a value of 8.0, and the dissolved oxygen is always below the

desired value of 250%Sat (Full information is available in Barcelé-Villalobos, et al., 2019c).
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Figure 4.34. Experimental results for the raceway reactor’s selective control scheme

As it was commented previously, open reactors have the big drawback of dissolved
oxygen accumulation. It is well known that dissolved oxygen accumulation can affect to
photosynthesis process if it is over 250 %Sat (Mendoza et al., 2013b; Pawlowski et al., 2015).
This fact can be solved with a control approach as the one described before, but on the other
hand, it can be reached by calculating and providing the optimal air gas injection to the reactor.

To solve that and ensure the optimal gas inflow, mass transfer coefficient control was
mandatory. Thus, a feedback control strategy with a set-point generator was proposed to use
the optimal air gas injection at each time. Until now, the reactor works by using a fixed air gas
injection flow along the day. In this thesis, it was demonstrated that it is possible to determine
the optimal air injections to the necessity of the system through a feedback control strategy.
Some of the main advantages of using this strategy are: use the optimal CO,/air injections and
reduce the number of injections. Notice that these injections are adjusted to the necessity of
the culture at every time. Consequently, sources of CO, and air as well as energy consumption
are reduced.

The model presented in Fernandez et al., (2016) has been improved, by including mass
transfer capacity property as Barceld-Villalobos et al., (2018). The model is based on
physicochemical and biological principles and predicts temperature, pH and dissolved oxygen
dynamics in raceway photobioreactors, considering the transport phenomena.

Different results have been obtained from the simulation approach:

(1) The optimization of mass transfer coefficient (Klal, s') allows to properly control

dissolved oxygen accumulation until the set-point imposed (250% Sat.) (Figure 4.35).
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(2) It is demonstrated that the mass transfer coefficient (Klal, s™*) can be controlled as a
fixed or a variable parameter. The present thesis shows that it should be controlled in a variable
manner to optimize the air gas injections into the system (Figure 4.36).

(3) Furthermore, regarding air gas injections (L/min), it is possible to control it by a fixed
and/or a variable manner (Figure 4.37).

(4) It is also demonstrated that it is possible to adjust the dissolved oxygen set-point to
different values, depends on the requirements of the strain used in the reactor. As much higher
is the value of dissolved oxygen set-point the lower mass transfer coefficient (klal) is required;
thus, lower amount of gas injections is required (Figure 4.38).

(5) Different mass transfer coefficients (Klal, s?) should be used, depends on the
dissolved oxygen set-point (Figure 4.39). As lower is the dissolved oxygen set-point, the higher
amount of dissolved oxygen should be desorp to the atmosphere, which means that a higher
value of mass transfer coefficient (klal) should be imposed.

(6) A variable control of mass transfer coefficient allows to control and save gas
injections and use it efficiently. As lower is the dissolved oxygen set-point imposed, as higher is
the amount of gas injections (L/min) that should be inject; which means, increasing of the

production costs of the system (Figure 4.40) (Full information is available in (Barcelé-Villalobos,

et al.,2019).
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Figure 4.35. Simulation of dissolved oxygen accumulation into the culture at different control conditions.
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Figure 4.37. Simulation of air gas injection (L/min) into the culture at different control conditions.
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Figure 4.40. Simulation of air gas injection (L/min) into the culture at different dissolved oxygen set-points
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5. CONCLUSIONS

The main objectives of this PhD thesis are to provide biological models and control
strategies for microalgae production systems in a semi-industrial scale. Previous works were
focused on closed photobioreactors due to its less risk of contaminations, but these are more
expensive than open reactors related to their construction and production. Thus, this thesis has
been focused on two types of open reactors: raceway and thin-layer reactors.

Raceway reactors are usually characterized by a paddlewheel and a culture depth of 15
c¢cm. On the other hand, thin-layer cascade reactors are characterized by a shallow culture depth
of 4-0.6 cm. Both of these reactors have some drawbacks to be solved in order to make them a
suitable technology for industrial scale: dissolved oxygen accumulation and light integration. To
fulfil these drawbacks, different models and a feedback control strategy have been developed.

In a first step, both technologies have been characterized regarding the dynamic
variations of the culture parameters (dissolved oxygen, temperature, pH and light integration)
to identify the dynamics at the different sections of the reactors (sump, loop, paddlewheel, and
thin-layer’s channel) along the year. This is the first step to optimize and scale-up this type of
reactors for industrial applications.

Regarding raceway reactor, this technology has been used to optimize the dissolved
oxygen accumulation issue as well as to improve the knowledge of light integration.

There is an accumulation of dissolved oxygen along the day due to high oxygen
production rate, which can reach values over 6 g/min in summer-time (Barcel4-Villalobos et al.,
2018). To solve this problem, the first step of this work was focused on mass transfer analysis to
better understand the fluid-dynamics of the system along a year. Fluid-dynamics improvements
were developed to achieve a better desorption of the dissolved oxygen to the atmosphere. It
has been demonstrated that the mass transfer coefficient (h!) must be changed along the year
(depends on the season) to achieve optimal values of dissolved oxygen concentration into the
reactor (Barceld-Villalobos et al., 2018). Thus, an empirical model has been developed to
determine and optimize the mass transfer capacity in the sump for any existing raceway reactor.

Regarding light integration, it is well known that light regime at which the cells are
exposed into the reactor depends on both: the solar irradiance and the movement of cells along
the channel. The results showed how the irradiance inside the reactor exponentially decreased
along the culture depth regardless to the solar irradiance on the reactor surface (Barceld-

Villalobos et al., 2019a).
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This thesis demonstrated that the cells are fully adapted to local irradiances which was
validated in the real outdoor raceway at different seasons (winter, spring, summer) (Barcelo-
Villalobos et al., 2019a). Furthermore, the continuous light model from Molina-Grima et al.,
(1994) is appropriate for a raceway reactor with a biomass concentration ranging from 0.2-0.4
g/L (Barceld-Villalobos et al., 2019a).

Concerning thin-layer cascade reactors, they have been less studied even though they
are more efficient than raceway reactors, achieving higher biomass productivities (Morales-
Amaral et al., 2015). It is shown that dissolved oxygen accumulation into the system was high
due to the inefficient desorption capacity on the system to reduce it (Barcelé-villalobos et al.,
2019b). Thus, it was necessary to determine their mass transfer capacity (Alameda-Garcia, L. et
al., in review) to properly operate the reactor under the optimal operational conditions because
it highly influences on the productivity of these systems; as previous works demonstrated
(Mendoza et al., 2013).

The next step was to confirm the influence of changing the culture conditions on the cell
performance. Thus, in situ outdoor measurements and off-line measurements in the laboratory
were performed by using net photosynthesis rate and chlorophyll-fluorescence methods.

The net photosynthesis experimental data have been fitted to different models (Barcelo-
villalobos et al., 2019b). Moreover, results from in situ net photosynthesis measurements are
comparable to those obtained when evaluating the electron transfer rate of the cells in the
reactor by taking chlorophyll fluorescence measurements (Barceld-villalobos et al., 2019b). The
utilization of Chlorophyll-fluorescence measurements to identify adverse culture conditions in
thin-layer reactors has already been reported (Jerez et al., 2014, 2016).

The last step concerning biology issues was to validate the major achievements from
thin-layer cascade reactors at the thin-layer cascade reactors already installed in Tfebon (Czech
Republic). It has been shown that the mass transfer capacity in those reactors is not enough to
desorb the oxygen produced. Moreover, the oxygen production has been modelled according
to dissolved oxygen and temperature parameters effects. As a result, there is a very high
reduction of the oxygen production due to dissolved oxygen over-accumulation. It also has been
demonstrated that temperature values is not harmful, in this case, the values are close to the
optimal values (Barceld-Villalobos et al., in review).

On the other hand, the inclusion of the temperature and optimal dissolved oxygen
parameters into the oxygen production model (Modeled PO2(lav, T, Optimal DO2 model) was
not enough to validate the experimental values of oxygen production. Thus, it might be another
factor that affects to the oxygen production and it is not included into the lav model. Previous

works demonstrated that the light penetrance into the culture depends on the location of the

78



Conclusions

algae along the water depth (Barceld-Villalobos et al., 2019a). Moreover, in this thesis, it is
proposed to include the light parameter as an average integrated irradiance (lavint), where the
light/dark time is added. As a result, the modelled data reach much better results compare to
lav concept (Barceld-Villalobos, et al., in review).

In order to optimize the production of the reactors, different control strategies (on-off
control and a selective control strategy) were analysed to control pH and dissolved oxygen
parameters. Moreover, a new feedback control strategy with a set-point generator was
proposed and has been tested in simulation approach to control and reduce the dissolved
oxygen accumulation into the system by improving its mass transfer capacity. The present thesis
demonstrates that this strategy gives a solution to the dissolved oxygen accumulation
drawbacks.

Firstly, on-off control was used to reduce and control pH variations. On the other hand,
it has some disadvantages respect to others control strategies; the valve is totally opened during
the injections which may leads to increase the energy cost and also the control performances
are very poor.

Secondly, the selective control approach developed by Pawlowski et al., (2015) was used
to adapt the actuation rate to the dynamics and disturbances, as it is proposed by (Pawlowski,
etal., (2011). The pH control was prioritized over the dissolved oxygen. This thesis demonstrates
how the selective control approach switches between CO, and air injections to reach these
simultaneous objectives. pH is successfully controlled around a value of 8.0, and the dissolved
oxygen is always below the desired value of 250%Sat (Barceld-Villalobos et al., 2019d).

Finally, it is demonstrated that it is possible to save air injections actions by using a new
feedback control strategy, as well as, to reduce the dissolved oxygen accumulation into the
reactor until values lower than the optimal dissolved oxygen imposed (usually below 250% Sat.).

Future efforts should be concentrated on the optimization of the operating conditions

according to the environmental conditions where the reactor is place on.
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ARTICLE INFO ABSTRACT

Keywords: In the present work, a methodology is proposed to determine the mass transfer capacity in existing microalgae
Microalgae raceway reactors to minimize excessive dissolved oxygen accumulation that would otherwise reduce biomass
Raceways productivity. The methodology has been validated using a 100 m? raceway reactor operated in semi-continuous

Mass transfer
CO,, transfer
Oxygen desorption

mode. The relevance of each raceway reactor section was evaluated as well as the oxygen transfer capacity in the
sump to different air flow rates. The results confirm that dissolved oxygen accumulates in raceway reactors if no
appropriate mass transfer systems are provided. Therefore, mass transfer in the sump is the main contributor to
oxygen removal in these systems. The variation in the volumetric mass transfer coefficient in the sump as a
function of the gas flow rate, and therefore the superficial gas velocity in the sump, has been studied and
modelled. Moreover, the developed model has been used to estimate the mass transfer requirements in the sump
as a function of the target dissolved oxygen concentration and the oxygen production rate. The proposed
methodology allows us to determine and optimize the mass transfer capacity in the sump for any existing ra-
ceway reactor. Moreover, it is a powerful tool for the optimization of existing reactors as well as for the design
optimization of new reactors.

1. Introduction

Raceway reactors have been used since the 1950s for the industrial
production of microalgae. Today, > 90% of worldwide microalgae
biomass production is carried out using these types of reactors [1]. The
major advantage of raceway reactors is their simplicity and low con-
struction cost. However, these reactors have certain problems related to
their low productivity, high risk of contamination and poor control of
growing conditions, in addition to their low mass transfer capacity. It
has been demonstrated that the mass transfer capacity in these reactors
is limited and must be improved to allow significantly increased bio-
mass productivity [2]. In this regard, improvements are necessary in the
fluid dynamics, the related CO, absorption and the oxygen desorption
to enhance productivity in these systems [1-3]. Moreover, models are
required that allow us to determine the mass transfer capacity and
overall performance of these reactors for the scaling-up of any reactor
type.

To maximize the performance of any microalgae strain, the culture
conditions prevailing inside the reactor must be as close to optimal as
possible for that strain. Any deviation from optimal culture conditions
in outdoor cultures reduces productivity by > 50% compared to indoor

* Corresponding author.
E-mail address: mbv001@ual.es (M. Barcel6-Villalobos).
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production, even when using closed tubular photobioreactors. These
deviations and losses in productivity are still higher in raceway reactors
where there is less control of the culture conditions [4,5]. By providing
the most suitable culture conditions possible, we can increase biomass
productivity, thus reducing the production costs per biomass unit as
well as ensuring efficient and stable biomass production. Concerning
CO,, transfer, some works have been carried out optimizing the utili-
zation of the supplied CO, to save costs; this is because CO, can con-
tribute up to 30% of the total biomass production cost [6,7]. None-
theless, much less attention has focused on dissolved oxygen
accumulation in the system. It is commonly believed that oxygen is
naturally desorbed to the atmosphere without the need for specific
desorption systems. However, this is erroneous and the negative effect
of dissolved oxygen accumulation on biomass productivity in raceway
reactors has already been proven, with values surpassing 300 %Sat.
reported [2,9]. In this regard, to ensure that dissolved oxygen accu-
mulation does not diminish biomass productivity in raceway reactors, it
is imperative to improve the reactor design as well as the operational
conditions, especially the mass transfer capacity.

Although the utilization of raceway reactors for the production of
microalgae was first proposed in the 1960s, only recently has its design
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been revised, both from the fluid-dynamic and mass transfer capacity
points of view [3,8-12]. Most of the studies focus on improving fluid
dynamics to minimize power consumption, especially in biofuels pro-
duction, whereas others focus on CO, transfer to make more efficient
use of this expensive raw material. However, only a few studies have
focused on oxygen removal and its improvement. Nonetheless, it was
reported that reducing dissolved oxygen below 250 %Sat. by injecting
flue gases as a source of CO, leads to an increase in biomass pro-
ductivity above 30% compared to cultures operated with pure CO, in
which dissolved oxygen increases above 300 %Sat. [3]. Thus, it was
concluded that being able to manipulate the mass transfer capacity of
raceway reactors in order to maintain the dissolved oxygen content
below inhibitory values is a challenge.

In this paper, the mass transfer capacity of a pilot-scale raceway
reactor is studied to identify the major phenomena taking place, the
oxygen accumulation and the contribution of each reactor section to the
mass transfer capacity of the entire reactor. The objective is to be able
to fit the mass transfer capacity to that required for the productivity or
photosynthesis rate of the specific biomass. To do this, a simple novel
methodology has been developed using online dissolved oxygen sensors
that do not disturb the reactor's normal operation; these can be used to
audit any raceway reactor. The methodology has been validated and
utilized to estimate the optimal operating conditions in an existing ra-
ceway reactor, making it a useful tool for improving this reactor type.

2. Materials and methods
2.1. Microorganism and culture conditions

The microalgae strain Scenedesmus almeriensis (CCAP 276/24) was
used. Inoculum for the raceway reactor was produced in a 3.0m®
tubular photobioreactor under controlled conditions: at pH = 8 and at a
temperature ranging from 18 to 22 °C using freshwater and Mann &
Myers medium prepared using fertilizers: (0.14 g~L’1 K(POy)-,
0.18 gL ™' Mg(S04),, 0.9gL™! NaNO;, 0.02mLL~' Welgro, and
0.02 g~L’1 Kalentol) [15]. In addition, NaHCO3; was provided once a
week to maintain the medium's alkalinity at the optimum 7 mM.

2.2. Raceway reactor design and operational conditions

The raceway reactor is located at the “Las Palmerillas” Research
Centre, 36° 48'N-2° 43'W, part of the Cajamar Foundation (Almeria,
Spain). The reactor consists of two 50m long channels (0.46 m
high X 1 m wide), both connected by 180° bends at each end, with a
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0.59m® sump (0.65m long X 0.90 m wide X 1m deep) located 1 m
along one of the channels (Fig. 1) [17]. The pH, temperature and dis-
solved oxygen in the culture were measured at three different places
along the reactor length using appropriate probes (5083 T and 5120,
Crison, Barcelona, Spain), connected to an MM44 control-transmitter
unit (Crison Instruments, Spain), and data acquisition software (Lab-
view, National Instruments) providing complete monitoring and control
of the installation. It was previously confirmed that no vertical or
transversal gradients of pH, dissolved oxygen and biomass concentra-
tion existed, only longitudinal gradients, so the probes were located in
the middle of both the culture depth and the channel. The gas flow rate
entering the reactor was measured by a mass flow meter (PFM 725S-
FO1-F, SMC, Tokyo, Japan). The pH of the culture was controlled at 8.0
by on-demand injection of CO,, whereas temperature was not con-
trolled; it ranged = 5 °C with respect to the daily mean air temperature,
which varied from 12 °C in winter to 28 °C in summer. Air was supplied
to the reactor from a blower providing 350 mbar overpressure, through
a fine bubble diffuser AFT2100 (ECOTEC, Spain) providing bubbles
with a diameter smaller than 2 mm at the minimum pressure drop; the
estimated residence time of the bubbles in the sump ranged from 5 to
10 s [3]. The culture received continuous air injection, regardless of the
CO, demand. The demand for carbon was supplied by the injection of
pure CO, using an event-based pH controller at pH 8 [13]. The raceway
reactor was inoculated and operated in batch mode for one week, after
which it was operated in semi-continuous mode at 0.4 day ! at a cul-
ture depth of 0.15m. Only data corresponding to steady-state condi-
tions were used. Evaporation inside the reactor was compensated for by
the daily addition of fresh medium.

2.3. Experimental design

To study the mass transfer capacity in the raceway reactor, ex-
periments were performed in different seasons (spring, summer, au-
tumn and winter) modifying the gas flow rate into the sump (0, 100,
160, 185, 200 and 350 L min ' so the superficial gas velocity was 0.0,
0.0021, 0.0033, 0.0039, 0.0042, 0.0073m s~ '), and the L/G ratio (0.0,
18.0, 12.0, 9.7, 9, 5.1 'L ™ 1), while the culture was operated in semi-
continuous mode. In this way, we could study the oxygen produced by
photosynthesis as well as that removed in the different parts of the
reactor under the different culture conditions imposed (Fig. 1). These
experiments allowed us to quantify the different phenomena taking
place and to measure the mass transfer coefficient as a function of the
culture conditions.

The reactor was operated throughout all the tests under the same

INJECTION

Daytime

Fig. 1. Scheme of the 100 m? raceway reactor used to study this type of system and the mass transfer capacity, indicating the major phenomena taking place.

92



M. Barcelé-Villalobos et al.

environmental conditions (solar radiation and temperature) and the
same operational conditions (biomass concentration and dilution rate).
The mean daily solar radiation was 600 uEm ~2s™?, the biomass con-
centration was 0.39gL ™! and the cells did not present signs of any
photosynthetic stress (Quantum Yield = 0.69). Under these conditions,
the mean biomass productivity was 0.16 gL~ '-day !, equivalent to
23.4gm 2day .

2.4. Oxygen mass balance

Oxygen mass balances were performed to study the main phe-
nomena taking place inside the reactor. For this, the dissolved oxygen
concentration was measured at three different positions (after the
paddlewheel, after the sump and at the end of the loop). The oxygen
mass balance allows us to calculate the accumulation of dissolved
oxygen as a function of oxygen production and mass transfer in each of
these sections. Oxygen is produced by photosynthesis and is therefore
modified as a function of the culture conditions, especially by changes
in solar radiation outdoors throughout the day. In contrast, the mass
transfer capacity is only a function of fluid dynamics and the driving
force in the different parts of the reactor; the fluid dynamics remains
constant during the day whereas the driving force is measured as a
function of the dissolved oxygen concentration entering the culture at
the different positions (after the paddlewheel, after the sump and at the
end of the loop) throughout the day. Therefore, for any raceway reactor
section, the following balance defines the dissolved oxygen concentra-
tion (Eq. (1)).

@

We consider that the sump is completely dark, because in this sec-
tion < 3% of the total volume have irradiance values above
10 uE'm~%s ™!, so no photosynthesis takes place. Furthermore, oxygen
production in the paddlewheel section can be disregarded; hence the
dissolved oxygen mass balance is defined by Eq. (2), where PO, re-
presents the oxygen production and NO, represents the oxygen mass
transfer capacity in each of the reactor sections.

Oz,inlet + Oz,produced = Oz,outlet + Oz,accumulalion

Poz,loop + Noz,loop + Noz,sump + Noz,paddlewheel = Oz,accumulation

(2)

The mass transfer capacity is calculated as a function of the global
mass transfer coefficient in each reactor section (Kja;), multiplied by the
driving force. This means that the difference between the dissolved
oxygen concentration in the liquid ([O,]) and that in equilibrium with
the gas phase (air) ([0»*]) is calculated using Henry's law and the
section volume (V) (Eq. (3)). The influence of temperature on the so-
lubility of dissolved oxygen was included using Eq. (4). In this case, the
global mass transfer coefficient refers to the liquid phase, assuming that
the main resistance to mass transfer takes place here.

NO, = Kjai([0,] — [03])V (€))

€]

It was previously reported that the global mass transfer coefficient
in the loop of raceway reactors is very low, at 0.9h™!, as it is in-
dependently constant of the culture conditions [3]. This coefficient can
be strongly modified if the liquid velocity is greatly enhanced. How-
ever, in raceway reactors, the liquid velocity is adjusted to 0.2m-s ™! to
minimize power consumption — for this reason, the value of 0.9h ™ is
acceptable as the global mass transfer coefficient in the loop. Moreover,
by applying the oxygen mass balance to the loop, it is possible to obtain
a “virtual oxygen production sensor” as a function of the dissolved
oxygen concentration at the beginning and end of the loop, and the flow
of liquid inside the reactor (Qjiquia); as defined by Eq. (5).

POZ,loop = Qliquid ([Oz]outlct - [Oz]inlct )loop - Klal,loop([oz] - [O;])loopvloop
(5)

In addition to this, it has been reported that the global mass transfer

[0%] = 12.408 — 0.1658+T
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coefficient at the paddlewheel is in the 164 h~"' range; this remains
constant as it is a function of the paddlewheel configuration and the
rotation speed, which stay constant despite the solar radiation and the
culture conditions imposed on the reactor [3]. Consequently, by
knowing the photosynthetic production of oxygen from Eq. (5) and the
global mass transfer coefficient for the paddlewheel, the global mass
transfer coefficient for the sump can be easily calculated using Eq. (8).

NOZ,sump = oZ,accumulation - POZ,Ioop - Noz,loop - NOZ,paddlewheel (6)
NOZ,sump = Klal,sump([OZ] - [Oz])sumpvsump (7)
" d[O
Klal,sump([oz] - [Ozl)sumpvsump = Vreactor% - Poz,loop
- Klal,loop([o2] - [O;])loopvloop
— Kiay, paddiewheel ([02] = [O5])paddiewheel
\/paddlewheel (8)

In this way, by using only the two dissolved oxygen probes located
at the beginning and the end of the loop, it is possible to determine both
the photosynthesis rate and the global mass transfer coefficient in the
sump from the virtual sensors by applying the detailed equations. Given
that the global mass transfer coefficient in the sump can be modified
simply by modifying the air gas flow supplied, it is greatly advanta-
geous to be able to measure this coefficient during the reactor's op-
eration. Moreover, calibration curves can be obtained to further adjust
the mass transfer capacity in the sump by modifying the air flow rate
supplied to it.

2.5. Statistical analysis

The effect of the superficial gas velocity (ms~') on the volumetric
mass transfer coefficient (h~!) was correlated by descriptive statistics
(correlation, R?) in a total of 31 days of assays. Data from the reactors
were obtained daily as a total of 1440 samples for each day. The
Statistica v.7 program was used to perform the statistical analysis.

3. Results and discussion

The negative effect of dissolved oxygen accumulation on the per-
formance of microalgae cultures has been widely reported [14,15].
Dissolved oxygen can damage the cultures or modify the metabolism if
values over 250 %Sat. are reached; this is because the photosynthesis
rate is exponentially reduced above this value [16,17]. In tubular
photobioreactors, the loop length is limited by this phenomenon. It has
also been necessary to install adequate bubble column systems to re-
move all the oxygen produced by photosynthesis [18,19]. In contrast, in
raceway reactors, the dissolved oxygen concentration is usually dis-
regarded even though the same phenomenon occurs. Therefore, the
same criteria for design and scale-up need to be applied.

In raceway reactors, oxygen is produced by photosynthesis during
the day and consumed by respiration at night, modified by the oxygen
concentration equilibrium with the air, of 8.8 mg-L™! (20°C, 1 atm);
this is therefore the driving force for the absorption/desorption of
oxygen from or to the air. The results show that the dissolved oxygen
concentration in the 100 m? raceway reactor varies throughout the day,
with different values being observed at the different positions con-
sidered (Fig. 2). Also, the dissolved oxygen varied from 6.0 mgL ™'
(70 %Sat.) at night to 18.0mgL~! (204 %Sat.) during the daylight
period, under the culture conditions imposed. Moreover, these extreme
measurements were obtained at the end of the channel whereas the
values obtained after the paddlewheel and sump were attenuated
compared to those at the end of the loop. From these figures, one can
reasonably conclude that the optimal position to locate dissolved
oxygen probes in raceway reactors is at the end of the channel or before
the paddlewheel, as it is there that the major variations in dissolved
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Fig. 2. Daily variation in solar radiation and dissolved oxygen concentration at
the different positions in the reactor.

oxygen can be determined throughout the whole day.

Data clearly show that during the night the dissolved oxygen con-
centration is lower than that in equilibrium with the air, meaning a
driving force exists for oxygen absorption from the air, whereas during
the day the dissolved oxygen concentration is higher than that in
equilibrium with the air so a driving force exists for oxygen desorption
to the atmosphere. Moreover, the figures demonstrate that oxygen is
consumed by the respiration process at night as well as being desorbed
to the air, especially in the paddlewheel and sump, where the culture is
put into intensive contact with the air (Fig. 2). One can also conclude
that the respiration rate is higher than the oxygen absorption capacity
in the paddlewheel and sump due to equilibrium with the air not being
achieved. During the daylight period, the photosynthesis rate is higher,
modified by solar radiation; thus oxygen accumulates in the culture
because the reactor's mass transfer capacity is lower than the oxygen
production rate resulting from photosynthesis. When analysing the
dissolved oxygen values at the different locations, it is clear that the
oxygen removal capacity in the paddlewheel is limited so the dissolved
oxygen concentration after the paddlewheel is slightly lower than at the
end of the channel. Although most of the oxygen is removed in the
sump, the dissolved oxygen concentration at this point is lowest during
the daylight period. The dissolved oxygen concentration after the sump
decreases by 15% compared to the channel at midday (15.28 mgL~*
and 17.85 mg L~ respectively). This is because it is a dark zone where
air is continually being injected at a constant flow rate of 100 L'-min ~*.
These results not only confirm that the mass transfer capacity in the
sump is the most relevant but also that it is not sufficient to avoid ex-
cessive dissolved oxygen accumulation at noon (6.38g0O,min"1).
Therefore, the mass transfer capacity in the reactor must be optimized
throughout the day as a function of the culture conditions.

Experimental data on the dissolved oxygen concentration in the
culture can be used to estimate the oxygen production rate as well as
the mass transfer capacity in the different reactor sections. Hence, using
Eq. (5), the oxygen production rate in the reactor can be calculated
from the dissolved oxygen concentrations at the beginning and the end
of the channel; this is a more precise value than that obtained when
considering the oxygen transferred in the loop. Fig. 3 shows the oxygen
transfer in the loop, calculated considering a global mass transfer
coefficient value of 0.9h~! [2]; this is minimal at night (below
0.37 gmin~') due to the low mass transfer coefficient and the driving
force during this period. Nonetheless, it is positive because the dis-
solved oxygen concentration in the culture is lower than that in equi-
librium with the air. On the other hand, during the day, the driving
force is far greater and the oxygen transfer in the loop is more relevant
(—-1.74 g'min_1 at noon); this is negative (desorption) because the
culture is oversaturated with oxygen produced by photosynthesis. If one
only considers the variation in dissolved oxygen concentration at the
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Fig. 3. Daily oxygen transfer variation in the loop and oxygen production in the
reactor; estimated from data on dissolved oxygen concentration at the begin-
ning and end of the channel using Eq. (5).

beginning and the end of the channel, a non-valid oxygen production
rate is obtained; whereas by considering the oxygen transferred in the
channel, the corrected oxygen production rate is a valid measurement.
No large deviations in either the non-valid or the corrected oxygen
production rates are observed but the net values are slightly different.
According to these results, the maximum respiration rate at night was
1.45 g'min ! (equivalent to 5.8 mg O»L~h™!), whereas the maximum
oxygen production rate during the daylight period was 6.36 gmin~*
(equivalent to 25.4 mg OxL~"h~1). Moreover, a net oxygen amount of
1198 g was produced during the complete daylight period. Therefore,
considering a stoichiometric value of 1.33g 0O, per gram of biomass
obtained from the basic photosynthesis equation, we estimated that up
to 0.9 kg of biomass would be produced in this reactor under the as-
sayed experimental conditions. However, the net amount of biomass
produced was 2.34kg, thus indicating that the basic photosynthesis
equation is not completely valid in estimating biomass production
outdoors. Thus, due to the existence of other phenomena such as pho-
torespiration, amongst others, the amount of oxygen produced per g of
oxygen varies from 0.85 to 2.26 gOzlgbiomass_l [3].

In this way, the proposed methodology can estimate the biomass
production capacity from the dissolved oxygen measurements.
However, the most relevant application is the ability to determine and
optimize the mass transfer requirements. Therefore, by applying a mass
balance to the paddlewheel, it is possible to estimate the mass transfer
in this section; while using Eq. (6), it is also possible to determine the
mass transfer in the sump, thus obtaining an overall picture of the mass
transfer and oxygen production in the entire reactor (Fig. 4). The results
confirm that the most relevant reactor section related to mass transfer is
the sump, where up to 3.30 gmin ! of oxygen (335mg O, L™ 'h™ 1) are
desorbed during the daylight period, while in the channel, a maximum
value of 1.75 gmin "' (7mg O, L™ *h~!) was determined. In the pad-
dlewheel, on the other hand, a maximum value of 1.50 g-min_1
(450 mg 0, L~ 'h™1) is removed. By applying Eq. (8), it is possible to
know not only the oxygen transfer capacity but also the global mass
transfer coefficients for the paddlewheel and the sump. The results
show that the global mass transfer coefficient values are stable
throughout the day except at sunrise and sunset, when the driving force
approaches zero and the mass transfer coefficient values cannot be
determined (Fig. 5). Considering the period from 12:00 to 17:00, when
the driving force is greatest, global mass transfer coefficient values of
49 and 34h™! are obtained for the paddlewheel and the sump, re-
spectively. This paddlewheel value is lower than that previously re-
ported, of 160h~! [2]; however, two different paddlewheel systems
were used in each case indicating that, although the paddlewheel is a
standard impulsion system, modifications in its design can affect the
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mass transfer capacity in this section of the reactor. Concerning the
sump, the global mass transfer coefficient determined was 34h™!,
lower than the previously reported value of 64 h ™! for the same air flow
rate of 100 L'min~' [2]; nonetheless, this was likewise due to mod-
ifications in the diffuser system. In any case, the results show how the
proposed methodology can be used to estimate the global mass transfer
coefficient value in an existing raceway reactor without disturbing the
reactor's normal operation. Consequently, the proposed model can be
used as a stable on-line sensor.

The utility of this methodology together with on-line sensors is the
ability to measure any variation in the mass transfer capacity as a
function of the operational conditions, meaning that one can make
adjustments according to the system requirements. Given that liquid
circulation is not normally modified during raceway reactor operation,
the global mass transfer coefficients for the loop and the paddlewheel
are constants; only the global mass transfer capacity in the sump can be
modified according to the gas flow rate supplied. To estimate this
variation, experiments were carried out on different days using the
same methodology described previously, but modifying the air flow
rate in the sump from 50 to 350 L'min~'. Because the air flow rate is
not an intensive variable, it is a function of the total sump volume,
correlating the mass transfer coefficient with an intensive variable is
preferred. Consequently, different intensive variables can be used such
as the power per unit of gas volume, the gas volume fraction to total

95

Algal Research 35 (2018) 91-97

140

y = 10379x09123
R2=0.9772

120

100 -

80 -

60 -

40

20 -

Volumetric mass transfer coefficient (h!)

0 T . . )
0.000 0.002 0.004 0.006 0.008 0.010
Superficial gas velocity (m-s™)

Fig. 6. Variation in the mass transfer coefficient in the sump as a function of the
air flow rate, expressed as the superficial gas velocity. Values obtained using the
proposed methodology to estimate the mass transfer coefficient in raceway
reactors. Data shown as mean *+ SD, n = 31.

volume or hold-up, or the superficial gas velocity, amongst others [22].
In our case, the superficial gas velocity was selected because it is easily
calculated as the ratio between the gas flow rate and the cross-sectional
area of the sump, so additional measurements regarding energy con-
sumption or gas hold-up in the system are not required. The results
show that the mass transfer coefficient in the sump increased from 22 to
118 h~! when the air flow rate increased from 50 to 350 L'min~ !,
equivalent to variations in the superficial gas velocity from 0.0010 to
0.0073 m-s ™1 (Fig. 6). A potential relationship between both variables
is therefore obtained, with the exponent value less than one, indicating
that with the higher superficial gas velocity, the mass transfer coeffi-
cient will be saturated at its maximal value. In addition, because this
exponent was close to one, it indicates that the experiments were per-
formed at low superficial gas velocity values. Thus, in conventional
mass transfer units such as bubble columns or stirred reactors, the su-
perficial gas velocity can reach values up to 0.12m-s~! [23]. Micro-
algae reactors, on the other hand, have far lower superficial gas velo-
cities, of up to 0.0015 ms~ ' [20,21], because microalgae cultures
usually require lower mass transfer coefficients than bacteria or yeast
cultures. In any case, the correlation obtained (Eq. (9)) allows us to
adjust the mass transfer coefficient value by manipulating the super-
ficial gas velocity, according to the system requirements.
Kjay sump = 10379-Ugr0-9123 9

It is important to note that the supply of air imposes an additional
energy consumption to liquid circulation. Thus, in raceway reactors, the
energy consumption for liquid circulation ranges from 1 to 10 W-m™3;
in the case of the 100 m? raceway reactor used, a value of 4 W-m > was
determined, resulting in a net energy consumption of 1.9 kWh per day
being measured. Air supply from 50 to 350 L'min~' imposes an addi-
tional energy consumption ranging from 0.6 to 4.0 kWh per day if
maintaining the air flow constant throughout the day, thus increasing
the energy consumption from 29% to 200%. Previously, it was reported
that the overall power consumption in raceway reactors increases from
4Wm ™2 (1.9kWh per day) when no gas is supplied to the sump (only
liquid circulation), up to 13Wm™> (6.2kWh per day) when gas is
supplied to the sump at a maximum flow rate of 200m*h~! [2]. Be-
cause photosynthesis take place mainly during the 6 h in the middle of
the daylight period, the energy consumption for aeration can be re-
duced to a range from 0.2 to 1.3 kWh per day; this represents between 8
and 55% of energy consumption for liquid circulation. Numerous stu-
dies have demonstrated a wide range in the mass transfer coefficient
values, between 0.4 and 350 h ™%, for various aerated systems [26]. In
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our study, the mass transfer coefficient values obtained in the sump
agree with those reported previously for the same reactor [2] They are
also similar to those previously reported for other types of microalgae
reactors, such as 72 h™'in rectangular airlift reactors [24], 22 h~'in
flat-panel reactors [25], and 108 h~! in the airlift section of tubular
photobioreactors [27]. Nevertheless, it is important to note that in
rectangular or flat-panel reactors, the entire system is aerated so the
mass transfer is taking place in the entire volume of the reactor. Con-
versely, with raceway reactors, as with tubular photobioreactors, the
mass transfer mainly takes place in the aerated zones (the sump in ra-
ceway reactors and the bubble column/airlift system in tubular re-
actors) — so to compare the mass transfer coefficient in any kind of
system, a value that considers the total reactor volume has to be used.
Doing it this way, we see that in tubular reactors, the total mass transfer
coefficient decreases to 10h~! [27], whereas in the raceway that we
studied, the value ranged from 1.8 to 9.6 h ™!, a similar range of values
to those in tubular reactors. These results confirm that the behaviour of
raceway and tubular photobioreactors are not so different regarding
mass transfer capacity, and that both systems must be carefully de-
signed to meet the culture requirements with regard to their mass
transfer capacity, especially in terms of oxygen desorption.

Finally, to evaluate the influence of the mass transfer capacity on
the dissolved oxygen concentration at the end of the channel, simula-
tions were performed using the experimental values for the oxygen
production rate and the volumetric mass transfer coefficients in the
different reactor sections (Fig. 7). Data show that, if no air is supplied to
the sump or if no sump exists in the reactor, the dissolved oxygen
concentration in the culture can reach values up 26 mg-L™ 1 (295 %Sat.)
— these have been shown to dramatically reduce the performance of
microalgae cultures [16,17]. When the mass transfer coefficient in the
sump increases, the dissolved oxygen concentration decreases, but not
in a linear fashion because the mass transfer capacity in the sump is
limited. The dissolved oxygen concentration remains lower than
15mgL~"! (170 %Sat.) thus avoiding the negative effect of excessive
concentration only when the mass transfer coefficient in the sump is
higher than 50 h™; this means that the superficial gas velocity must be
higher than 0.0003 ms ™! and the air flow rate in the sump higher than
150 L'min ~'. A similar analysis can be performed when considering the
variation in the oxygen production rate throughout the year, with the
resultant difference in the required mass transfer capacity in the dif-
ferent seasons. The results show that the oxygen production rate in
summer reaches values up to 6.8 g~min_1, whereas in the winter, the
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Fig. 7. Variation in the dissolved oxygen concentration at the end of the
channel as a function of the volumetric mass transfer coefficient in the sump.
Values obtained using experimental measurements for the oxygen production
rate and simulating the mass transfer capacity in the different reactor sections
according to the reported values for the volumetric mass transfer coefficients.
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Fig. 8. (A) Daily variation in the oxygen production rate during the different
seasons of the year; (B) Mass transfer coefficient values in the sump required to
avoid oxygen accumulation above 15mgL~" according to the methodology
proposed.

maximal oxygen production rate is 1.63 g/min~* (Fig. 8). Differences in
the oxygen production rate require different mass transfer coefficient
values in the sump. To avoid oxygen accumulation above 15mgL ™!
(thus ensuring there are no adverse effects from dissolved oxygen on
the culture performance), the mass transfer coefficient in the sump must
be higher than 70h~?! in the summer, whereas in spring, the required
value drops to 27h ™! and in the autumn, to 15h™~! (Fig. 8). Only in
winter is the oxygen production capacity so low that there is sufficient
mass transfer in the channel and the paddlewheel to avoid dissolved
oxygen accumulation above 15mgL~!; making the required mass
transfer coefficient value in the sump zero.

4. Conclusions

The mass transfer capacity in raceway reactors was studied. The
results confirm that dissolved oxygen accumulation can limit biomass
productivity in these systems if their mass transfer capacity is not op-
timized. Although oxygen is desorbed to the air in the channel and the
paddlewheel, the sump is the reactor section that contributes most —
therefore, the mass transfer capacity in this section must be optimized
according to the oxygen production rate in the system. The influence of
gas flow on the mass transfer coefficient was also determined, obtaining
a calibrated empirical model. Using this model, it is possible to properly
regulate the air flow in the sump so that the reactor operation can be
optimized. The methodology proposed allows us to determine and then
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optimize the mass transfer capacity in the sump of any raceway reactor.
For this reason, it is a powerful tool for the optimization of existing
reactors as well as in optimizing the design of new reactors.

Nomenclature
Variable Units Description
PO, gmin~! Oxygen production by photosynthesis
NO, gmin~! Oxygen transfer between the culture and the air
Kiay min~!  Volumetric mass transfer coefficient
[0-] mgL~! Dissolved oxygen concentration
[02,] mgL ™! Dissolved oxygen concentration in equilibrium
with air
A% L Volume of the respective zone
T °C Temperature of the culture
Qiiquia  Lmin~' Liquid flow rate
Ugr ms~!  Superficial gas velocity
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The improvement of photosynthetic efficiency in a 100 m? raceway reactor by enhancement of light regime to
which the cells are exposed is here reported. From Computational Fluid Dynamics it was calculated that the light
exposure times ranged from 0.4 to 3.6 s while the exposure times to darkness were much longer, from 6 to 21 s. It
was demonstrated that these times are too long for light integration, the cells fully adapting to local irradiances.
This phenomenon was validated in the real outdoor raceway at different seasons. Simulations allows to confirm
that if total light integration is achieved biomass productivity can increase up to 40 g/m*day compared to 29 g/

m?day obtained considering local adaptation, which is close to the experimental value of 25g/m>day. This
paper provides clear evidence of microalgae cell adaptation to local irradiance because of the unfavourable cell
movement pattern in raceway reactors.

1. Introduction

Raceway reactors are the most extended technology for microalgae
growth; more than 90% of the worldwide microalgae production is
performed using this technology. The design of raceway reactors was
first proposed by Oswald and Golueke in the 1960’s (Oswald and
Golueke, 1960). This design has recently been revised to increase mi-
croalgae production, and especially to integrate these reactors into
large applications such as wastewater treatment. Therefore, the energy
consumption, mixing and mass transfer of these reactors are currently
the subject of research (Barcelé-Villalobos et al., 2018; de Godos et al.,
2014; Labatut et al., 2007; Liffman et al., 2013; Mendoza et al., 2013b).
In spite of the recent improvements regarding these aspects, the overall
performance of whichever microalgae culture is always limited by the
light utilization efficiency; that is to say, by how the microalgae use the
light impinging on the reactor surface.

In raceway reactors, as in any microalgae culture system, light
gradients exist due to the light attenuation caused by the cells.
According to the culture movement (vertical mixing), the cells are ex-
posed to different light regimes as a function of the existing light gra-
dients. The relevance of the light regime (to which the cells are ex-
posed) on microalgae culture performance has been widely discussed,
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and is still a hot topic in the microalgae biotechnology field given its
importance in improving the biomass productivity of real systems
(Brindley et al., 2016, 2011; Grobbelaar, 1989; Schulze et al., 2014;
Ugwu et al., 2005; Vejrazka et al., 2011). Moreover, it is not only light
intensity and frequency that matter - the actual “shape” of the irra-
diance variation pattern also influences the response of microalgae cells
(Brindley et al., 2016). These authors showed that pure flashing light
(neat dark/light changes represented by square-wave functions) elicit a
lower photosynthetic response than other light patterns, calling into
question the idea that any light regime is a mere transition from light to
dark. On the basis of the photosynthesis mechanism, the time requested
for reactions to take place in PSI-PSII is much lower than the time re-
quired to use the energy produced by the cells. High frequency fluc-
tuating light (< 100 ms) has been reported to lead to higher growth
rates and higher photosynthesis rates than continuous light (Matthijs
et al., 1996; Nedbal et al., 1996). These values are a function of light
intensity and other variables such as the strain and status of the cells,
among others; thus it is a complex phenomenon. To summarize, it is
generally accepted that to allow complete light integration, dark cycles
at frequencies higher than 1 Hz are required (Brindley et al., 2011).
However, applying these results to large-scale reactors is difficult
because the real patterns in these systems have barely been analysed.
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Recently, the utilization of Computational Fluid Dynamics (CFD) tools,
such as ANSYS Fluent, have allowed us to analyse the hydrodynamics in
real-scale reactors (Bitog et al., 2011; Fernandez-Del Olmo et al., 2017;
Garcia et al., 2012; Soman and Shastri, 2015). The studies performed to
date are mainly focused on the reactor’s energy consumption and on
how to minimize the pressure drop caused by the liquid circulation.
Other papers are focused on the elucidation of the light pattern to
which the cells are exposed as a function of the design, operational and
environmental parameters. There is, however, an underlying incon-
sistency in the literature dealing with the light integration effect in
microalgae reactors. While numerous studies provide converging evi-
dence for enhanced photosynthetic efficiency at a higher frequency of
on/off signals (Perner-Nochta et al., 2007), there is no clear experi-
mental evidence that more mixing actually enhances growth. Overall,
studies that demonstrate productivity enhancement through increased
mixing are scarce compared to studies restricted to the flashing effect,
and they are rarely supported by experimental evidence (Demory et al.,
2018) However, most of these studies have been performed on small
reactors. Moreover, no clear figures were provided regarding the light
regimes to which the cells were exposed in these reactors. The re-
levance of the reactor size must be emphasized because the circulation
pattern is significantly modified according to the scale of the reactors.
Consequently, when using small raceway reactors, the contribution of
bends, paddlewheel and other structural elements, such as baffles,
greatly modifies the liquid pattern in the channel, with these sections
increasing the vertical mixing. Conversely, in large reactors, the con-
tribution of these sections is minimal so the vertical mixing is very low
(Demory et al., 2018; Mendoza et al., 2013a).

Accordingly, this paper focuses on quantifying the light utilization
phenomenon taking place in real raceway reactors. For this, the light
exposure times in a real pilot-scale reactor were determined and their
influence on the cells’ photosynthesis rate was measured under la-
boratory conditions. The objective was to determine if the biomass
productivity of real-scale raceway reactors can be improved by en-
hancing the light regime to which the cells are exposed; and how it
would be possible to achieve this objective. Clarifying this question is
highly relevant for microalgae biotechnology, not only in terms of the
potential improvements in the productivity of real production systems,
but also because it would affect all the models and design tools cur-
rently used in this field.

2. Materials and methods
2.1. Microorganism, raceway reactor and culture conditions

The microalgae strain used was Scenedesmus almeriensis (CCAP 276/
24). Inoculum for the raceway reactor was produced in a 3.0 m® tubular
photobioreactor under controlled conditions (pH 8 by on-demand CO,
injection and a temperature ranging from 18 to 22 °C) using freshwater
and Mann & Myers medium prepared with fertilizers (0.14 gL ™!
KH,PO,, 0.18gL~' MgSO, 7H,0, 0.9gL~' NaNOz;, 0.02mLL™*'
Welgro, and 0.02 g'.~ ! Kalentol).

The raceway reactor is located at the “Las Palmerillas” Research
Centre, 36° 48’'N-2° 43’W, part of the Cajamar Foundation (Almeria,
Spain). The reactor consists of two 50m long channels (0.46m
high x 1 m wide), both connected by 180° bends at each end, with a
0.59 m® sump (0.65m long X 0.90m wide X 1 m deep) located 1 m
along one of the channels (Barcel6-Villalobos et al., 2018). A paddle-
wheel system was used to recirculate the culture through the reactor at
a regular velocity of 0.2 m's™?, although this could be increased up to
0.8m-s~ ! by manipulating the frequency inverter of the engine. The
pH, temperature and dissolved oxygen in the culture were measured
using appropriate probes (5083 T and 5120, Crison Instruments, Bar-
celona, Spain), connected to an MM44 control-transmitter unit (Crison
Instruments, Spain), and data acquisition software (Labview, National
Instruments, USA) providing complete monitoring and control of the
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system. The culture’s pH was maintained at 8.0 by on-demand CO,
injection whereas temperature was not controlled — this varied by +
5 °C with respect to the daily mean air temperature, which, in turn,
varied from 12°C in winter to 28 °C in summer. The raceway reactor
was inoculated and operated in batch mode for one week, after which it
was operated in semi-continuous mode at 0.2 day ! at a culture depth
of 0.15m. Only samples from steady-state conditions were used. Eva-
poration inside the reactor was compensated for by the daily addition of
fresh medium.

2.2. CFD model

The ANSYS Meshing 12.1 pre-processor was used to generate the
numerical grid for a suitable discretization of the computational do-
main. Hexahedral mesh was used because of its capabilities in pro-
viding a high-quality solution with fewer cells for simple geometry. To
obtain the mesh-independent result, three different mesh densities
(1,096,250, 1,656,875 and 2,096,875 cells) were evaluated. The op-
timal mesh density (1,656,875), in terms of computational time and
accuracy, was implemented in the numerical analysis. In order to ex-
clude turbulence model dependence on the results, a sensitivity study
on the turbulence settings was performed on the optimal mesh. The
realizable k-e model was used. The numerical model was based on the
finite-volume method. The transport equations were solved using the
ANSYS FLUENT 12.1 CFD commercial software package. The flow so-
lution procedure used was the Semi-Implicit Method for Pressure-
Linked Equation (SIMPLE) routine. The momentum equations were
discretized using both first and second-order upwind scheme options,
and second-order upwind for the other transport equations. The con-
vergence criterion consisted of monitoring the mass flow rate at the
inlet and outlet, and the variation in velocity profiles with iteration, a
reduction of several orders of magnitude in the residual errors. The
results were validated by comparing them with the experimental
measurements. 3D simulations were performed on a workstation with
two Six-Core Intel Xeon X5650 2.66 GHz 12 MB/1333 processors, and
HP 48 GB RAM (6 x 8 GB) DDR3-1333 (Hewlett Packard, USA).

2.3. Photosynthetic rate measurement

The photosynthesis rate of the microalgae samples was determined
using a photo-respirometer built by the Chemical Engineering
Department at the University of Almeria. The system basically consists
of a magnetically-stirred jacketed vessel (0.03 m diameter, 80 mL total
volume), in which the pH (Crison pH5010, Spain), dissolved oxygen
(Crison OD6050, Spain), temperature (Crison PT1000, Spain) and light
(Walz US-SQS/L, Germany) probes are submerged; the light being
provided by two LED lamps (SMD Bridgelux Pro 200W, Germany). The
entire system was computer controlled. Sensors were connected to an
MM44 control-transmitter unit (Crison Instruments, Spain) and data
acquisition software (DAQFactory, Labjack, USA) to provide complete
experiment monitoring and control. The LED lamps were controlled
both in intensity and on/off period duration. The photosynthesis rate
was measured by providing the requested light conditions and evalu-
ating the oxygen accumulation rate, also providing air between cycles
to always perform the measurements close to 100 %Sat; thus avoiding
the influence of this variable. A minimum of three cycles were used to
obtain a mean value under the conditions assayed.

2.4. Experimental design and accuracy of measurements

A total of 172 samples were taken from the raceway reactor at
different times throughout the year (from February to July) and at
different times of the day (8:00h, 10:00h, 12:00 h and 14:00 h). The
photosynthesis rate (PO, mg L' h™!) was calculated by diluting the
culture and providing the target light conditions, measuring the oxygen
production over time. The performance of the microalgae cells under
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continuous light conditions was evaluated first as a control stage.
Following this, the performance of the cells under different light re-
gimes was determined. In the first set of experiments, the irradiance
without cells was kept at 500 uEm~?s~ ! and the light and dark times
were modified from 1 to 10s. In the second set of experiments, the
irradiance was adjusted to that existing in real outdoor reactors
whereas the light and dark times were adjusted close to those experi-
mentally determined by CFD, thus ranging from 1 to 24s. In each ex-
periment, the irradiance without cells (Ip), the irradiance with cells (I),
the light time, and the dark time were fixed. From these values, we
calculated the different parameters. The average irradiance, Iav, was
calculated as the light inside the jacketed vessel multiplied by the
proportion of time that it was illuminated (Eq. (1)). The illuminated
cycle proportion, ®, was calculated as the illuminated time to total time
ratio (Eq. (2)). The light exposure frequency, v, was calculated as the
inverse of the total cycle time (Eq. (3)).

Tav = [ light___
tight + Ldark @
_ ligw
- tignt + Ldark 2)
_ 1
- Light + Ldark 3

2.5. Statistical analysis

Data were processed using Microsoft Excel 2016, and the statistical
analysis was performed using Statgraphics Centurion 18. Data from the
outdoor reactors were obtained at steady state whereas measurements
under laboratory conditions were performed in triplicate (as a
minimum).

3. Results and discussion

To study the influence of the light/dark cycles taking place in a
100 m? raceway reactor on the performance of microalgae cells, the
first step was to model the photosynthesis rate for continuous light
under laboratory conditions. A classical P-I curve was obtained for the
Scenedesmus almeriensis cells taken directly from the reactor. The curve
was obtained at three different biomass concentrations, 0.1, 0.2 and
0.4 g/L, by diluting the initial culture, 1.2 g/L, with fresh culture broth
to minimize the variations in culture conditions. The results show that
the photosynthesis rate increased hyperbolically with the irradiance,
the system behaviour being equal at biomass concentrations of
0.1-0.2 g/L whereas at 0.4g/L, a lower photosynthesis rate was ob-
served for the same irradiance values (Fig. 1). This can be attributed to
the light gradients inside the test cultures. In spite of the small size of
the glass reactor used (0.03 m diameter), light gradients always exist in
microalgal cultures due to light attenuation by the cells; these are more
intense when the biomass concentration in the culture is high. In di-
luted microalgae cultures, the cells are almost continuously exposed to
light and, under such conditions, photosynthetic performance is op-
timal (0.1-0.2 g/L). In contrast, when intense light gradients are pre-
sent (0.4g/L), the cells remain at low irradiance for a significant
amount of time and thus the photosynthesis rate is reduced.

Data from the three experiments were fitted to the hyperbolic model
(Molina-Grima et al., 1996) (Eq. (4)); the model’s characteristic para-
meter values being shown in Table 1. The results show that the max-
imum photosynthesis rate, POopay, Was 101 mgOs/gpiomassh at the op-
timal biomass concentration of 0.1-0.2g/L but this reduced to
63 mg0,/8piomassh When using the higher biomass concentration of
0.4 g/L. Regarding the irradiance at half-saturation, 1k, a value of
82-90 uE/m?s was obtained at the optimal biomass concentration of
0.1-0.2 g/L whereas at the higher biomass concentration of 0.4 g/L, this
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Fig. 1. Variation in the photosynthesis rate/of Scenedesmus almeriensis cells as a
function of the average irradiance for continuous light under laboratory con-
ditions.

Table 1

Characteristic parameter values of the hyperbolic model determined from the
different samples studied: samples from the same reactor at different biomass
concentrations; samples from the same reactor in different seasons.

Cb PO2maxs n 1k RO2 Ic [0}
g/L mgO02/Ebiomassh ME/m2s  mgO0a/8piomassh ~ ME/m2s %
0.1 101.3 2.01 822 —-18.7 40.0 0.93
0.2 101.4 1.99 90.5 -18.9 43.0 0.86
0.4 63.5 2.00 61.3 —-18.5 39.0 0.75
Season POsmaxs n 1k RO2 Ic [0}
mgO02/8hiomassh ME/m2:s  mgO02/8hiomassh ~ WE/m2:s %
Winter 130.0 2.00 120.0 —-10.0 35.0 0.86
Spring 180.0 2.00 70.0 —-20.0 26.0 0.86
Summer 160.0 2.00 90.0 -20.0 34.0 0.86

value dropped to 61 pE/m?s. The value of form parameter, n, remained
constant at 2.0. What is also highly relevant is that the respiration rate
was the same regardless of the biomass concentration; a value of
—18 mg0s/8hiomassh being measured. This confirms that the respira-
tion rate is independent of biomass concentration; it being only a
function of the culture conditions under which the cells are produced.
Concerning the minimum irradiance for photosynthesis, Ic, values from
39 to 43 uE/m?>s were obtained for the biomass concentrations assayed,
with no tendency being observed of this characteristic parameter with
regard to the biomass concentration. The maximum photosynthesis rate
measured agreed with previously reported values of 270 mgO,/
Zbiomass'h (Brindley et al., 2016). From these figures, the duty cycle can
also be calculated (that is to say, the percentage of time at which the
cells were exposed to light) as the ratio between the irradiance with the
culture present, I, and the initial irradiance with water only, Io (Eq.
(5))- a value of 0.75 was obtained when using 0.4 g/L whereas this
parameter increased to 0.86 and 0.93 when using 0.2 and 0.1 g/L, re-
spectively. These figures anticipate the relevance of the duty cycle on
culture performance - the higher this parameter is, the higher the
photosynthesis rate for the same average irradiance results.

4

)

Once the photosynthesis model was known, the light/dark cycles
existing in the 100 m? raceway reactor were studied, a critical para-
meter that needs to be defined is the minimum irradiance required for
the microalgal cells to perform photosynthesis, Ic. On the basis of this
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Fig. 2. Variation in the light time (A), dark time (B) and light exposure frequency (C) of Scenedesmus almeriensis cultures in a raceway reactor as a function of the
liquid velocity/and solar irradiance/on the reactor surface. Data obtained from CFD analysis of a real raceway reactor operated in continuous mode.

value, the entire volume of any reactor can be divided into light volume
(a zone where there is enough light for photosynthesis to take place)
and a dark volume (a zone where no photosynthesis is possible).
Considering an Ic value equal to 40 uE/m?s (Table 1), the time that the
cells spend in the illuminated volume and in the dark volume of the real
raceway reactor was calculated by CFD (Fig. 2). The results show that
the time the cells were exposed to light, when close to the surface of the
raceway reactor, was much shorter than the time that the cells re-
mained in the dark, inside the reactor, where maximum values of 3.6
and 28s were obtained, respectively (Fig. 2A and B). Conversely, the
minimum time the cells were exposed to light was 0.4 s compared to a
minimum dark time of 5.65s. All of these figures are mean values, ob-
tained considering the average times for a total of 50 cells/particles
moving along the raceway reactor for 50 m in a straight channel. The
data show that the vertical movement of the liquid in the raceway re-
actor was minimal so displacement of the cells/particles from the re-
actor’s light to dark zones was very slow, with some of them never
moving between the light and dark zones; however, on average, the
times calculated correspond to the expected average behaviour of a
single cell. The results also show how the light time increased when
increasing the solar irradiance onto the reactor surface due to deeper
light penetration into the culture whereas this reduced when increasing
the liquid velocity because of the higher light/dark cycle frequency
taking place. Regarding the dark time, this was reduced when the solar
irradiance was greater, again due to the increased light penetration into
the reactor. Likewise, higher liquid velocity in the reactor brought
about an increase in the light/dark transition frequency to which the
cells were exposed. Analysing the data on the frequency of light ex-
posure, one observes how this increased when the liquid velocity in-
creased; the solar irradiance influence being minimal in spite of the
maximum frequencies measured at 0.17 Hz (Fig. 2C). It has been in-
dicated that, to maximize the performance of microalgae cultures, an
approximate mixing frequency of 15 Hz is needed, which would require

an increase in liquid velocity up to 7.2m/s in a 0.09 m tube diameter
tubular photobioreactor (Brindley et al., 2016). Such a high liquid ve-
locity would be very difficult to achieve in real reactors, and it would
cause undesirable side-effects; for example, severe damage to the cells
by shear-related stress phenomena (Alias et al., 2004). In raceway re-
actors, increasing the velocity above 0.8 m/s is almost impossible; in
addition, when the velocity is increased above 0.2m/s, the power
consumption required for circulating the liquid is greatly increased
(Mendoza et al., 2013a). Regarding the duty cycle, the results show
how, in real raceway reactors, the proportion of time that the cells
received light was very low, with maximum values of 0.16, and where
no relevant variations were observed with liquid velocity or solar ir-
radiance (Fig. 2D). Duty cycle values in the 0.05 range are typical for
concentrated cultures whereas in diluted cultures, values up to 0.4 can
be found; values up to 0.9 being measured only in really diluted cul-
tures (Brindley et al., 2016). Higher duty cycle values favour light in-
tegration by the cells although this is also influenced by other variables
such as the irradiance and frequency under those conditions (Brindley
et al.,, 2011). In any case, the most relevant insight from the data ob-
tained is that the times to which the cells are exposed to light or dark
conditions are very large, especially when compared to that re-
commended for light integration, which is less than 1 s (Brindley et al.,
2011). Therefore, in order to evaluate the performance of microalgae
cells based on the light/dark variations taking place inside real raceway
reactors, experiments must be performed under these conditions, thus
providing light and dark periods in the range of seconds.
Consequently, the first set of experiments was performed taking
culture from the raceway reactor and evaluating its photosynthesis rate
under laboratory conditions yet simulating those outdoors, thus pro-
viding light and dark times based on the experimental raceway reactor
results. For this, a complete factorial experimental design was per-
formed that considered light and dark times of 1, 2, 3, 4, 5 and 10 s with
the photosynthesis rate under these conditions being determined
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(Fig. 3). Based on the irradiance provided, the maximum photosynth-
esis rate, PO,;,, was calculated using the hyperbolic model previously
described (Eq. (6)). By employing the average irradiance to which the
cells were exposed, calculated as the irradiance provided multiplied by
the percentage of time for which it was provided, the theoretical
maximal photosynthesis rate with full light integration (POas;,,) was
determined (Eq. (7)). Conversely, the theoretical minimum photo-
synthesis rate, if null light integration took place, POgj,ca, Was calcu-
lated as the sum of the photosynthesis rate during light and dark per-
iods, both calculated using the same hyperbolic model previously
determined (Eq. (8)). The experimental photosynthesis rate, POzexp,
must be midway between these two limit values, the higher the fre-
quency at which the light was provided, the greater the light integra-
tion with the experimental values of the photosynthesis rate ap-
proaching the PO,;,, values.

n
POy, = POmae X 107 | sy,
I + Io" (6)
PO X Iav™
POZiav = Zr:naxiav + R02
L' + Iav" 7
POsiocal = (PO2igA-®@)gns + (RO2A-(1 — ®))aark (8)

The results show how the maximal photosynthesis rate, POy, in-
creased hyperbolically with the average irradiance; as expected from
the hyperbolic model used to calculate these values (Fig. 3). These
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values correspond to the maximal values in the event that full light
integration of the cells took place. Regarding the photosynthesis rate, if
null light integration took place, POyjqca1, Values increased linearly with
the average irradiance because these experiments were always per-
formed at the same external irradiance of 500 uE/m?>s using diluted
cultures. Hence, the average irradiance increased linearly with the
proportion of light in the illumination cycle assayed. What is more in-
teresting is that the experimental measurements performed, POgeyp,
completely fitted the trend of POgjocq; thus indicating that light in-
tegration does not occur under long light/dark times. The results show
that, only when the average irradiance was really high, did the ex-
perimental photosynthesis rate approximate the maximal one although
this was because, under these conditions, the minimum dark times as-
sayed were of 1 s. In contrast, it was also observed that, when providing
long light/dark times, the minimum average irradiance required to start
the photosynthesis process increased up to 100 pE/m?s. Analysing the
variation in the normalized photosynthesis rate (POjexp/PO2iav) With
the proportion of light time in the cycle, a clear linear correlation was
observed (Fig. 3B). This confirms that, at the time scale used, there is no
light integration and the cells perform photosynthesis according to the
irradiance that they receive during the “seconds-scale” times provided.
It has been reported that, in commercial photobioreactors, medium-
frequency fluctuations prevail, the behaviour being different for
medium frequency fluctuations than for high frequency fluctuations
(Barbosa et al., 2003). Light/dark cycles in the 6-87 s range lead to
similar or lower growth rates and biomass yields on light energy
compared to those obtained under continuous light of the same light
intensity as that during the light period of the light/dark cycles
(Janssen et al., 2000a,b, 1999). No influence of light/dark cycles in the
1-263 s range was found in terms of the volumetric productivity, spe-
cific oxygen production, or carbon dioxide fixation (Grobbelaar, 1991,
1989). On the other hand, it has been reported that maximal carbon
dioxide fixation is achieved under 4s light/dark cycles (Bosca et al.,
1991) whereas maximal growth rates are achieved under light/dark
cycles with a dark period of 9 and 6s (Lee and Pirt, 1981; Merchuk
et al., 1998).

To demonstrate this fact, a large set of experiments was performed
over six months, maintaining the raceway reactor in continuous mode
and taking samples from the reactor to evaluate the photosynthesis rate
in the laboratory yet simulating the real light/dark cycles at which the
cells were exposed to inside the outdoor reactor. In this case, the ex-
ternal irradiance provided was that found in the outdoor reactor at
different daylight times, where several samples were measured each
day at different hours of the day, with light times ranging from 1 to 8 s
while dark times ranged from 1 to 24s. To take into account the var-
iation in culture conditions in different seasons, we periodically eval-
uated the performance of the cells taken directly from the reactor under
continuous light. In this way, the P-I curve of the culture was obtained
as a control curve. The results confirmed that the hyperbolic model is
always suitable to fit the light response of the Scenedesmus almeriensis
cells, including from real outdoor reactors in different seasons (Fig. 4).
However, the results clearly show how the behaviour was not the same
for all of the seasons evaluated. The cultures grown in spring performed
better than those grown in summer and winter. By fitting the experi-
mental data to the hyperbolic model, we calculated the characteristic
parameter values for the cultures obtained in each season (Table 1). The
values were similar to the previous ones not only in terms of the
maximal photosynthesis rate and the half-saturation irradiance but also
in terms of the respiration rate and the minimum irradiance required to
start photosynthesis. The major difference was for the maximum pho-
tosynthesis rate, which was notably high for the culture grown in
spring; thus indicating the adequacy of the operating conditions during
this period.

To consider the variation in cell performance in the different sea-
sons, the same analysis as previously performed to study the influence
of average irradiance and light/dark cycles on the performance of
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outdoor cultures was applied to the entire set of data from the six-
month operation of the raceway reactor. Because different irradiances,
and different light and dark times were used, it was not possible to
provide a single figure summarizing all of the results. However, the
results did confirm that the behaviour of the cultures completely fitted
the local irradiance available. Hence, Fig. 5 demonstrates how a linear
relationship exists between the experimental photosynthesis rate de-
termined in the laboratory simulating the light/dark cycles taking place
in real raceway reactors with that predicted by the hyperbolic model
and the estimated local utilization of light. The correlation is slightly
better in the winter time yet it is also highly acceptable for spring and
summer time, especially considering the large variations in culture
conditions that take place in outdoor reactors and the large number of
measurements taken (up to 172). In a previous study, the effect of a
medium-frequency cycle time (10-100s) and light fraction (0.1-1) on
the growth rate and the biomass yield of the microalgae Dunaliella
tertiolecta was studied. The biomass yield and growth rates were
mainly affected by the light fraction while the cycle time had little
influence (Barbosa et al., 2003).

These results have clear consequences regarding the performance
and modelling of raceway reactors. The first is that, from the photo-
synthetic point of view, cell adaptation to average irradiance cannot be
approximated in these reactors. It has been demonstrated that cells
adapt to the local irradiance present at different positions inside the
reactor. The second consequence is that, in raceway reactors, the light
frequency to which the cells are exposed inside the culture is about
0.05 Hz, far from that required to allow light integration (1 Hz), and
thus trying to optimize the light regime in raceway photobioreactors by
increasing liquid velocity is unrealistic. The third is that raceway re-
actor productivity is limited by the phenomenon of local irradiance
adaptation.

To analyse how the local irradiance adaptation phenomenon influ-
ences raceway reactor productivity, a simple simulation exercise was
performed considering the operation of the 100 m? raceway reactor
under the culture conditions imposed (Dilution rate = 0.2day™?,
Cb = 1.2gL™"). Knowing the extinction coefficient of the biomass
(Ka = 0.15m?*g 1), the light profile inside the reactor at different solar
hours/irradiances could be estimated using Lambert’s law (Fig. 6A);
this was performed on a spring day in Almeria (Spain) where the ra-
ceway reactor is located. The results show how irradiance inside the
reactor exponentially decreased with culture depth regardless of the
solar irradiance on the reactor surface; this is because only the first
0.04 m (approximately) of the culture receives a light intensity greater
than the minimum value, of Ic = 40 uE/m?s, required for photosynth-
esis. Therefore, approximately 73% of the culture is in total darkness,
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receiving insufficient light for photosynthesis to take place. From this
data, the maximal proportion of illuminated culture was calculated to
be 27%. In terms of the photosynthesis rate, by considering the local
irradiance at different culture depths and the hyperbolic growth model
found in springtime, the variation in the photosynthesis rate with the
culture depth at different solar irradiances can also be easily calculated
(Fig. 6B). The results show how most of the photosynthesis took place
in the first 0.035m of culture; only at really high irradiances did pho-
tosynthesis take place at culture depths greater than 0.050 m. However,
independent of the solar irradiance, there is always a large reactor
volume performing respiration in complete darkness. In most studies
focusing on the flashing effect, light is represented as an oversimplified
on/off signal. A better option is to represent the light pattern, assuming
that the light source switches between two intensities (Demory et al.,
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2018). However, an even better approach is obtained if one considers
the light profile on the entire reactor, as demonstrated here, as well as
using the complete optimal light regime history (although this requires
more complex and time-consuming computing efforts) (Brindley et al.,
2016).

To determine the net photosynthesis rate inside the reactor, the sum
of all the photosynthesis rates at different culture depths must be
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calculated (Fig. 6C). The data show that, if light integration takes place
inside the reactor, the photosynthesis rate increases almost linearly
with the solar irradiance on the reactor surface. Nonetheless, the real
scenario is that the photosynthesis rate adapts to local irradiance and so
the curve corresponding to this behaviour fits a hyperbolic trend. It is
highly relevant that at low irradiances, the model considering local
adaptation provides higher photosynthesis rates than the model
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considering light integration. However, the opposite occurs at high
solar irradiances when the photosynthesis rate considering light in-
tegration is much higher than when adaptation to local irradiance takes
place. By integrating the photosynthesis rate in the daylight period, a
daily value of 303 mgO,/gbiomass Was obtained when considering full
light integration, whereas when considering adaptation to local irra-
diance, the daily value was 216 mgO2/8biomass (Fig. 6C). Taking into
account the basic photosynthesis equation, these values are equivalent
to biomass productivities of 0.23 and 0.16 g per gram, respectively;
again, this is equivalent to 40 and 29 gy;omass/m>day, respectively. Such
values are quite reasonable; the 29 gpiomass/m>day value is very close to
the 25 gpiomass/M>day value determined experimentally under these
conditions. Our figures clearly show how modifying the light regime in
raceway reactors would improve their performance by up to 40%.
Nonetheless, this is really a difficult objective, especially when con-
sidering the greater energy input requirements to achieve it.

4. Conclusions

It has been demonstrated how the light regime at which the mi-
croalgae cells are exposed to in a raceway reactor is far from the op-
timal one required to optimize the performance of microalgae cultures
through light integration. Photosynthesis rate measurements, per-
formed at light/dark times in the range of that experimentally de-
termined, have confirmed that no light integration exists, and that the
cells are adapted to the local irradiance inside the reactor. This phe-
nomenon has been validated with reactor samples over a complete
annual cycle. The phenomena here described are fundamental to better
understanding the potential and limitations of raceway reactors.
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The variations in culture conditions (irradiance, temperature, pH and dissolved oxygen) in a thin-layer 120 m?
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
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laboratory of photosynthesis in Trebon, Czech Republic (Masojidek and
Prasil, 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 0.5cm, and biomass concentration values of up to
40 g/L can be achieved (Masojidek 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/m?day (Masojidek 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 1500 m?; to date, no figures for this reactor are avail-
able. Data from small pilot-scale reactors, of up to 50 m?, 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 (Livansky 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 (ie. 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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Fig. 1. Scheme of the thin-layer cascade reactor located at the IFAPA Experimental Station (Almeria, Spain) (Up). Images of reactor (below-left) and the plastic
chamber used to determine the net photosynthesis rate at the different positions (below-right).

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 gL~ 'K(POy),,
0.18 gL' Mg(SO4),, 0.9gL~' NaNOs;, 0.02mLL~' Welgro, and
0.02 g-L’1 Kalentol) (Fernandez et al., 2012). The inoculum for the
reactor was produced in a tubular photobioreactor (3m>) using the
same culture medium. Tubular reactor was operated at a constant pH of
8 by the on-demand injection of CO,, 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 9 mg/L)).

2.2. Thin-layer reactor design and operating conditions

The thin-layer reactor is located at the “IFAPA” Research Centre,
(Almeria, Spain). The reactor consists of two sloped cultivation plates,
each 40 m long and 1.5 m 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 120 m? with a water depth of 0.02 m; thus the total
culture volume in this section is 2.4m>. The sump from which the
culture is recirculated has a culture volume of 0.7 m® whereas the
bubble column has a volume of 0.3 m®, making the total culture volume
3.4m>. The reactor is operated in continuous mode by harvesting up to
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1.0 m®/day of culture, replacing it with fresh medium prepared using
freshwater and fertilizers; therefore, the imposed dilution rate is
0.3day ™. 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 CO, into the bubble column; alternatively, air is
injected to remove oxygen and avoid dissolved oxygen accumulation.
The gas flow rate of both CO, and air entering the bubble column is
measured using mass flow meters (PFM 725S-FO1-F, SMC, Tokyo,
Japan). Air is supplied to the reactor via a blower providing 350 mbar
overpressure through a fine bubble diffuser AFT2100 (ECOTEC, Spain)
capable of creating bubbles with a diameter of less than 2 mm 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 40 mL plastic chamber (0.02 m in depth), measuring the
dissolved oxygen accumulation in this chamber over a period of 5 min
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 O to 400%Sat.) and
irradiance (from 100 to 2500 yuEm ~2s™ 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, 60 mL
in volume and 2cm 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
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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 N5/O,
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 pE/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, 50 mL 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 (I,) 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 (Iean). 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, pE/mzs Timeans pE/m2>s ITav, pE/m2~s T,°C pH DO,, %Sat.

9:00 643 97 129 13.7 8.1 141
11:00 1620 90 324 19.7 83 195
13:00 902 101 180 232 86 197
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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 (I,,) 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 pE/
m?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 pE/m?s for
the same period of time. These values do not agree with those de-
termined experimentally, which ranged from 90 to 101 pE/m?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%8Sat., 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/m*day, with the reactor being operated
in continuous mode at 0.3 day ~' in winter time. This productivity was
not high when compared to the 38 g/m?day previously reported in a
224 m? unit (Doucha et al., 2009), or the 42 g/m*day reported when
using centrate from an anaerobic digester as the nutrient source in a
32 m? unit (Morales-Amaral et al., 2015a); although these values were
obtained in summer time.

Io
= ———(1 - exp(—Ka-Cb-
Ka.Cb.p( exp(—Ka-Cb-p))

@

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
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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
220 m? 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 CO, 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
CO, injection was inadequate. According to these figures, the CO,
consumed by the microalgae was higher than the CO, 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 CO,
utilization (Livansky 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
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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 (Fernandez et al., 2012; Pawlowski et al., 2014). The
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existence of excessive dissolved oxygen in thin-layer reactors has al-
ready been reported, with values up to 23mg/L being measured
(Doucha and Livansky, 2006; Livansky and Doucha, 1996).

To determine the influence of these experimental conditions on
culture performance, in situ measurements 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 —23 mgO,/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
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115mg0,/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 83 mgO,/
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
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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
(9 mg/L = 100%8Sat.). 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 mgO,/Lh, I, = 200 uE/m?%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 350 mgO,/L'h is achieved at average irradiances of
500 pE/m?s; above this value the cultures become saturated.

_ POZ,max'Iavn

POZ =
Ikn + Iavn (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 15 mg/L (135%Sat.) whereas above 20 mg/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).

(T — Tmax)(T — Tmin)2

RO2(T) =
(Topt — Tmin)(((Topt — Tmin)(T — Topt))
— ((Topt — Tmax)(Topt + Tmin — 2T))) 3)
RO2(pH) = (pH — pHmax)(pH — pHmin)2
(pHopt — pHmin)(((pHopt — pHmin)(pH — pHopt))
— ((pHopt — pHmax)(pHopt + pHmin — 2pH))) 4
po, \"
RO2(DOy) =1 — | ————
( 2) (Doz,max) (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 25 mg/L (225%8at.), the proposed model's
form parameter having a value of 3.5.

These results are comparable to those obtained when evaluating the
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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 uE/m?*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
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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 CO, demand is low, the normalized photo-
synthesis rate being 0.84; however, this drops to 0.59 at noon when the
CO,, 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 62 mgO,/L'h could be increased to
185 mgO0,/L-h under optimal culture conditions. Considering the basic
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photosynthesis equation, this means that the maximal achievable pro-
ductivity is close to 32g/m*day, even though the estimated pro-
ductivity, according to the developed model, was 10.5 g/m>day; the
actual value being measured on the basis of the biomass dry weight and
a dilution rate of 11.7 g/m>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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Abstract

In this work, the photosynthetic performance of Scenedesmus almeriensis in a 120 m?

thin-layer reactor located inside a greenhouse at the "IFAPA" Research Centre (Almeria, Spain)
was studied. The objective is to elucidate the main factors determining the performance of
microalgae cultures in this type of photobioreactors to be able to propose solutions to maximize
it. To achieve this aim, an analysis of the different culture parameters (dissolved oxygen,
temperature, pH and irradiance) was carried out and the variation throughout the reactor and
throughout the day was studied. Moreover, the oxygen production rate at different positions
and times was determined. Finally, the photosynthetic activity in the microalgae was
determined through the in vivo chlorophyll fluorescence associated with photosystem Il in the
laboratory to sustain the data collected through the in situ measurements. Because dissolved
oxygen accumulation was identified as a major problem reducing the performance of the
cultures, the mass transfer coefficient (k.a) at the different parts of the reactor such as channel,
sump and bubble column was studied. It has been proven that the behaviour of microalgal
culture depends directly on the irradiance to which the cells are exposed on the reactor
throughout the day. Besides, the culture conditions have a significant influence on the final
productivity achieved. The closer these optimal conditions for the microalgae select are, the
higher the productivity, rising by 56% if fitting the optimal ones.
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1 INTRODUCTION

Over the last decades, microalgae research has achieved an enormous importance due
to the wide range of existing applications in the industry. Because of their great biodiversity,
their uses range from energy purposes (biofuels) to obtaining high value products with
applications in feed and human food, biofertilizers and pharmaceutical and cosmetic industry.
In addition, because of the photosynthetic process performed by these microorganisms, other
applications, such as CO; mitigation and wastewater treatment, can be attributed to them
(Fernandez et al., 2012). Whatever the process, it must be designed taking into account the
specific characteristics of these microorganisms (Acién et al., 2017).

To improve the production of microalgae, it is necessary to use photobioreactors
properly designed, built and operated in order to satisfy the requirements of the selected
microalgae. There are multiple designs and configurations of photobioreactors, but there is no
optimal design yet (Acién et al., 2017). Depending on the microalgae used and the desired
application of the product obtained, an appropriate culture system to achieve the requirements
of the process must be selected. Different systems are used to produce microalgae biomass:
open and closed systems. Nowadays, open systems produce thousands of tons of biomass much
more economically than closed systems (Benemann, 2013). Therefore, in some industries closed
tubular photobioreactors are used, although the most frequently used technology for the
cultivation of these microorganisms are raceway ponds. But these systems have drawbacks such
as the culture thickness is about 15-30 cm so the penetration of light is limited, which implies a
low density of biomass.

A promising alternative is the thin-layer cultivation concept pioneered in Tfebon, Czech
Republic (Apel et al., 2017; Doucha and Livansky, 1995). This photobioreactor concept enables
the microalgae culture to flow down a slightly sloping channel with a 1-5 cm culture depth using
the sun light in a more efficient way, which allows obtaining higher concentrations of biomass.
High cell densities of 30-50 g/L after 2-3 weeks have been reported in outdoor cultivation of
Chlorella and Scenedesmus freshwater strains in Czech Republic and Greece (Apel et al., 2017;
Doucha and Livansky, 2006). The short path of light in combination with high cell density and
intensive turbulence allows cells to be exposed to intermittent light with short light/dark cycles,
thus avoiding the reduction of photosynthetic electron carriers (Masojidek et al., 2011).

Unfortunately, the technical information that exists about this type of reactor is scarce
and a detailed evaluation of all the reactor parts is not available, which makes the scaling-up of
these systems difficult (Apel et al., 2017). Currently, there are still no industries that use thin-
layer reactors, so their use is limited to laboratory and pilot scale. Several studies show their
greater productivity compared to raceway reactors, but also present problems related to
inadequate mass transfer capacities and the existence of gradients of the cultivation conditions
which can affect their productivity. In order to accomplish its scaling, its performance must be
studied by controlling the culture conditions such as irradiance, pH, temperature and dissolved
oxygen both throughout the reactor and throughout the day.

In this paper, the photosynthetic performance of Scenedesmus almeriensis in a 120 m?
thin-layer reactor was studied. The objective is to elucidate the main factors determining the
performance of microalgae cultures in this type of photobioreactors to be able to propose
solutions to maximize it. To achieve this aim, an analysis of the different culture parameters
(dissolved oxygen, temperature, pH and irradiance) was carried out and the variation
throughout the reactor and throughout the day was studied. Moreover, the oxygen production
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rate at different positions and times was determined. Finally, the photosynthetic activity in the
microalgae was determined through the in vivo chlorophyll fluorescence associated with
photosystem Il in the laboratory to sustain the data collected through the in situ measurements.

2 MATERIALS AND METHODS

2.1 Microorganism and culture conditions

The microalga Scenedesmus almeriensis (CCAP 276/24) is selected because it is a highly
productive and fast-growing strain in outdoor reactors. Scenedesmus strains are widely reported
on for outdoor production because of their tolerance to adverse conditions. It supports
temperatures up to 45 °C and pH values of 10; although its optimum conditions are 35 °C and
pH 8 (Sanchez et al., 2008).

The culture medium used was Mann & Myers, prepared using agricultural fertilizers
instead of pure chemicals: 0.18 g/L MgS0,, 0.14 g/L KH,PQO,4, 0.9 g/L NaNOs and 0.015 g/L
Karentol. The microalga was produced in a thin-layer reactor, under pH controlled by on-
demand injection of pure CO,.

2.2 Thin-layer reactor design and operating conditions

The thin-layer reactor used is located inside a greenhouse at the "IFAPA" Research
Centre facilities (Almeria, Spain) (Figure 1). This type of reactor consists of several zones: two
channels, 40 m long and 1.5 m wide, slightly inclined to favour the culture flow; a turn that
connects the end of the first channel with the beginning of the second one, which is inclined in
the opposite direction; a sump in which the culture falls through a cascade from the second
channel; and a bubble column through which the culture is recirculated from the sump to the
first channel by a low stress centrifugal pump and where the culture is put in contact with air or
CO; which is injected inside. This bubble column is useful in mixing, oxygen desorption and CO;
absorption. The reactor has a total surface area of 120 m? with a water depth of approximately
0.03 m; thus, the total culture volume in this section is 2.55 m3. The sump has an operation
volume of 0.62 m3 whereas the bubble column has a volume of 0.23 m3, a height of 2 m and an
internal diameter of 0.38 m, making the total culture volume 3.4 m3.

The parameters that affect the culture are monitored. The culture's pH is controlled to
8.5 by on-demand injection of pure CO, with DAQFactory software. The gas flow rate of both
CO; and air entering the bubble column is measured using mass flow meters. The air flow rate
in the bubble column is 100 L/min used to avoid dissolved oxygen accumulation.

The reactor is operated in continuous mode by harvesting up to 1.0 m3/day of culture,
replacing it with fresh medium prepared using freshwater and fertilizers; therefore, the imposed
dilution rate is 0.2 day™. The evaporation is compensated by daily addition of water to maintain
the depth of the culture around 3 cm. The culture's temperature was not controlled.

2.3 Insitu measurements in the thin-layer reactor

In order to study the existence of culture condition gradients throughout the reactor
and throughout the day, measurements of irradiance (Universal Light Meter ULM-500, Walz),
pH (HI98190, Hanna Instruments), temperature and dissolved oxygen (HI98198, Hanna
Instruments) were made in nine points of the reactor and at three hours during the day. Eight
of these points are located 13 meters apart along the channel, while the other one is in the
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entrance pipe to the bubble column. In addition, because the channel is an area that is exposed
to direct sunlight, an additional measurement of dissolved oxygen was made as a function of
time to know the oxygen production of the microalga along this zone. These measurements
were made at the beginning, middle and end of the channel introducing culture sample and the
dissolved oxygen probe in a 40 mL plastic chamber for 5 minutes (Figure 1).

Furthermore, unlike the channel, the sump and the bubble column are areas of the
reactor in which the culture is in darkness, so the microalga does not perform photosynthesis,
but breathes. Thus, to obtain the oxygen consumption in the sump, the same plastic chamber is
used but covered with aluminium foil to simulate the growing conditions in this area. Because
the residence time of the culture in the bubble column is very short, the measurement of oxygen
consumption was not performed because it would not be representative.

2.4  Chlorophyll-fluorescence measurements

A pulse-amplitude-modulation fluorometer (Junior-PAM, Walz) was used to estimate
the photosynthetic activity of the microalgae cells using the Rapid Light Curves of Electron
Transport Rate. After making the measurements in the reactor, a culture sample was taken in a
plastic cup with lid and taken to the laboratory. The fluorescence measurements were made
with Junior-PAM fluorometer and Wincontrol 3 computer programme. The microalgae culture
sample was incubated in the dark for 15 minutes, to ensure that all the reaction centres were
oxidised (open), in three plastic tubes previously wrapped in aluminium foil. After this time of
darkness, the fibre was introduced inside the tube, the intensity was modulated to adjust the
value of the basal fluorescence (Ft), current fluorescence at steady state in microalgae adapted
tolight (Jerez and Korbee, 2013), around 210 and the programme was started. It started emitting
a saturation pulse to determine the maximum quantum yield (Fv/Fm) and continued emitting
increasing irradiances of blue actinic light Three replicates were made in the 3 hours of the day
selected to do the experiment.

2.5 Biomass concentration and statistical analysis

For the microalgal biomass concentration quantification, the biomass dry weight was
determined. 50 mL culture samples were vacuum filtered through a Whatman GF/F CAT No.
1825-090 filter. The filter containing the biomass was taken to the stove where it passes 24
hours at 802C to be weighed again. The difference between the weight of the filter with biomass
and the weight of the initial filter with respect to the volume of filtered culture indicates the
concentration of biomass in the crop.

2.6 Statistical analysis

To determine if there were significant differences between the variables obtained and
the different hours at which the experiments were carried out, analysis of the variance (simple
ANOVA) and LSD tests were carried out using the statistical software Statgraphics 18.

3 RESULTS AND DISCUSSION

3.1 Insitu measurements in the thin-layer reactor

The availability of light in outdoor reactors is a function of the solar radiation that exists
at that moment. Therefore, the measures obtained will depend to a large extent on this variable.
The data show (Figure 2A) that the irradiance on the culture surface varies from 460 to 2,045
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ME/m?:s. Obtaining the highest values at 12:15 h. In general, the irradiance does not follow a
clear trend, but the averages obtained from all measurements are quite similar between days.
Itis observed that at the beginning of the second tray, the radiation decreases every day, mainly
due to the arrangement of the reactor inside the greenhouse.

Regarding the temperature, representing the measurements that were taken in the
different points of the channel (Figure 2B), it is observed that as it advances in the reactor, the
temperature values do not vary significantly. Instead, they increase a lot with the time. This is
because the culture absorbs infrared radiation from solar radiation. The temperature values
obtained are between 16 and 30 °C. In this type of reactors, because the microalgae culture is
not exposed to solar radiation for a long period of time, no relevant temperature gradients occur
along the 80 m channel. However, as the graphs show, during the day the temperature increases
in the culture because the energy that enters is larger than the one that is coming out through
evaporation.

In terms of the pH, the pH control works by injecting CO; into the bubble column when
the sensor, which is at the end of the channel, reaches the pH that has been indicated as the set
point, in this case 8.5. As noted (Figure 2C), the pH remains close to 8.5 and does not exceed pH
9.1. The optimum pH for the microalga Scenedesmus almeriensis is 8. As the fixed pH sensor is
at the end of the reactor channel, the pH control pointis set at 8.5. In this way the pH is expected
to remain close to 8 in most of the channel. On the other hand, the data shown in the graphs
indicates that the pH control must be optimized to improve the productivity of this microalgae.

3.1.1 Dissolved oxygen

As far as the measurements of dissolved oxygen along the channel, these were made
with measures in percentage of saturation. Therefore, to change this percentage into oxygen
concentration in mg/L it is necessary to calculate the saturated dissolved oxygen concentration
(DO,*) that varies with the temperature according to Eq. (1) (Barceld-Villalobos et al., 2018).

DO} = 12.408 — 0.1658 - T(2C) (1)

Figure 2D represents punctual measurements of oxygen concentration along the
channel at different times of the day.

As can be observed in the Figure 2D, the concentration of dissolved oxygen increases
both along the channel, owing to oxygen accumulation by the microalga as it carries out
photosynthesis, as well as with irradiance, mainly due to the fact that an increase in irradiance
causes more oxygen production. From these graphs it can also be observed that the slope of the
oxygen concentration increases with the irradiance. At values lower than 1,000 uE/m?s the
concentration increases approximately 3 mg/L between the beginning and the end of the
channel. When the irradiance is higher than 1,000 uE/m?-s the concentration increases around
8 mg/L.

Oxygen concentration at the beginning of the channel at any time of the day, in general,
is close to 10 mg/L or even below. This means that the sump and bubble column assembly
efficiently consume and desorb the dissolved oxygen that reaches the end of the channel to
bring it near saturation at the beginning of the channel. This situation is ideal, since in this way
itis avoided that dissolved oxygen is increasingly high at the end of the channel, even exceeding
250% sat., which is harmful to the microalgae. The dissolved oxygen values range from 95% sat.
to 208%sat. Highest values have been measured at the end of the channel. When these dissolved
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oxygen values exceed 250%sat., the photosynthetic performance of the microalga is reduced
(Fernandez et al., 2012). Values up to 23 mg/L in this type of reactors have been obtained
(Doucha and Livansky, 2006).

To check the effect of the air entering the bubble column, dissolved oxygen
measurements were taken along the channel without introducing air into it.

In Figure 2E, it is observed that the oxygen concentration continues increasing both
along the channel and with the irradiance. When the irradiance is lower than 100 uE/m?-s, the
dissolved oxygen concentration hardly varies along the channel, obtaining a very small slope. By
increasing the radiation received by the culture throughout the day, this slope also increases.
Comparing Figure 2D with Figure 2E, it is observed that, in this case, the oxygen concentration
at the beginning of the channel, at second and third hour, is not close to 10 mg/L, but to values
close to 15 mg/L. This value indicates that, by not injecting air into the bubble column, the
desorption necessary to reduce, to a value close to saturation, the concentration of dissolved
oxygen reaching the channel entrance does not occur.

The sump and the bubble column are considered dark areas subsequently, on the one
hand, the sump is a container in which the depth of the culture is more than 20 cm and,
therefore, most of the microalgae are found in darkness and, on the other hand, the bubble
column is an opaque vessel where photosynthesis is not carried out and the residence time of
the culture in it is very short. Therefore, the only variable to be controlled in these two parts of
the reactor is dissolved oxygen.
Figure 3 represents the oxygen concentrations at the end of the channel, in the inlet pipe to the
bubble column and at the beginning of the channel at the three hours in which the
measurements were taken.

As can be seen, the concentration of dissolved oxygen between the end point of the
channel and the entrance to the bubble column decreases, this is mainly due to the fact that the
culture passes through the sump, which is an area where the microalga is in darkness. In this
zone, the reaction of photosynthesis is done in the opposite way, that is, the microalga breathes
and, therefore, consumes oxygen. Between the entrance to the bubble column and the entrance
to the channel, a greater oxygen decrease is observed than between the previous points. This is
because, since breathing is almost non-existent due to the short residence time inside the
bubble column, there is a much greater transfer of oxygen from the culture to the atmosphere
(desorption) than is produced in the sump. This is mainly due to the fact that in the bubble
column a gas stream is introduced in the form of small bubbles, in this case air, in counterflow
with the culture.

The graphs show that the dissolved oxygen concentration at the initial point of the
channel is very close to 10 mg/L and even, occasionally, lower. This shows that with a flow rate
of 100 L/min of air in the bubble column, the dissolved oxygen desorption in the culture is
adequate at this time of year.

3.2 Mass-transfer characterisation

Because there is an accumulation of oxygen in the reactor, the mass transfer coefficient
in each zone of the reactor was calculated. With the measurements taken at each point of the
reactor, the following calculations were made in order to obtain the production, oxygen transfer
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and how they evolve in the different parts of the system. Knowing that the mass balance in the
reactor is:

02,inlet + 02,produced = 02,outlet + 02,accumulation (2)

Assuming that the reactor is in a stationary state, the accumulation term is annulled.
Therefore, the mass oxygen balance is as follows:

Qliq : DOZ,inlet + POZ - Qliq : DOZ,outlet = NOZ (3)

The parts of which this balance consists are:

- Physical oxygen inlet and outlet:

Physical inlet and outlet = Qy;q (DOZ,inlet - DOZ,outlet) (4)
L mg =] mg
s L "7 s

- Oxygen production or consumption:
By means of the oxygen concentration versus the time measured with the flask, the

oxygen production value is obtained, if positive, or consumption, if negative, in each

zone.
d Do
Po, ==V (5)
myg myg
L-s [ s
- Oxygen transfer:
NOZ =kLa'Fiml‘V (6)
1 m m
S .
L s

The logarithmic mean driving force is calculated using the following equation:

Fi — (Doz,outlet_DOE)_(Doz,inlet_DOE)
ml (Doz,outlet_Doz)

(Doz,inlet_Doz)

(7)

In order to calculate the oxygen transfer in each zone of the reactor, it is necessary to
obtain the experimental mass transfer coefficient (k.a), since it is not possible to use the
kia associated to raceway reactors obtained by (Mendoza et al., 2013) in this type of

reactors because the culture depth is much lower so the mass transfer must be greater.

d DO
kLa — Qliq'(DOZ,inlet_DOZ,outlet)"'Tz'V (8)

Fiq'V

From the oxygen concentration data versus the time obtained with the flask, oxygen
production data were calculated along the reactor, both at the beginning, middle and end of the
channel and in the sump (Figure 4).
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On the one hand, the data show that the oxygen production along the channel is
increasing throughout the day, that is, with an increase in irradiance, and it is also maintained
at similar values along the channel at the same hour. It is just at the last hour in which the
experiment is done when a clear decreasing trend from the beginning to the end of the channel
is observed. This is because, at noon, dissolved oxygen at the end of the channel is over 230%
sat. When introducing this culture in the flask to measure the production of oxygen, the
dissolved oxygen values obtained exceed 250% sat. which is harmful for the microalga and,
therefore, its photosynthetic performance decreases (Fernandez et al., 2012). These data were
taken in winter and, therefore, did not reached a dissolved oxygen concentration along the
channel greater than 250%, but it is very likely that, in summer, having much more radiation,
these values increase and, therefore, the oxygen production decreases from the beginning to
the middle and at the end of the channel.

On the other hand, the oxygen consumption that happens in the sump follows a clear
upward trend throughout the day. This is due to the oxygen concentration in the culture that
reaches the sump. At 9:00 am, when dissolved oxygen in this area is around 115% sat., very small
respiration values are obtained compared to noon, when dissolved oxygen is around 180% sat.
and there is more oxygen that the microalga can consume.

Once the logarithmic mean driving force (Fim) is calculated, the experimental values of
the mass transfer coefficient can be obtained. Equation (8) is used to calculate this coefficient.
Therefore, by averaging the values obtained over several days, the mass transfer coefficients in
the different parts of the reactor are:

Zone kia, NO;
1/h average, MB/S
Channel 9.25 21.15
Sump 10.42 18.70
Bubble 173.25 1,917.68
Column

3.3  Chlorophyll-fluorescence measurements

From the data obtained with the Junior-PAM fluorometer, the electron transport rate
(ETR) representing the transit of electrons through the photosynthetic transport chain is
calculated (Eq.9).

ETR=QY-1-F(I) - A’ (9)

Being: QY the effective quantum yield, | the actinic light intensity, F(ll) the fraction of
light absorbed by chlorophyll associated with photosystem I, which is assumed to be 0.5 for
chlorophyllides (Suggett et al., 2004) and A’ the culture absorptance.

The absorptance, which is the fraction of light actually captured by a sample, was
estimated by making the absorption spectrum of the culture from 400 to 750 nm in a
spectrophotometer. Subsequently, the average of these absorbances (Abs) was carried out and
the following formula was applied:

A =1-1074bs (10)
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With the QY measurements obtained at different light intensities the ETR curve was
constructed. From this curve the photosynthetic efficiency (aerr) was calculated, which indicates
the initial slope of the ETR curve versus |, the maximum ETR (ETRmax), Which represents the
maximum photosynthetic activity that the culture can have, and the ETR curve saturation
intensity versus | (l) using the Eilers & Peeters model (1988).

The ETR curves (Figure 5) show that the values of the electron transport rate are higher
throughout the day. This indicates that the culture is more productive as the day progresses
(increase in external irradiance), which agrees with the results obtained in Figure 4.

Taking the different days in which, the photosynthetic measurements were made as
replicas, a statistical study was carried out to verify if there are significant differences in the data
obtained (Figure 6).

The optimal quantum yield values (Fv/Fm) do not show significant differences at
different times of the day, representing the same degree of photosynthetic stress throughout
the day. The Fv/Fm values are between 0.512 and 0.588, these are close to 0.7 which would be
the maximum value corresponding to cells in perfect conditions.

ETRmax Values fluctuate between 69.816 and 131.206 (umol e-/m?:s). An increase is
observed throughout the day, that is, as the irradiance is higher. It was possible to find
statistically significant differences between 9:00 and 12:15. The highest values were recorded
at noon.

The initial slope, a, has values that range from 0.294 to 0.452 [(umol e-/m?-s)/(LE/m?s)].
The results of the variance analysis show that there are no significant differences throughout
the day and, therefore, as can be seen in Figure 5, the initial slopes of the different ETR curves
are very similar.

In terms of the saturation intensity, Iy, the values fluctuate between 180.669 and
311.212 (uE/m?%s). The statistical analysis does not present significant differences during the
day.

4 CONCLUSIONS

In this paper it has been demonstrated that there are inadequate cultivation conditions
that present gradients throughout the day and throughout the reactor, which entails a reduction
in the photosynthetic performance of the Scenedesmus almeriensis culture. The pH control is
also an important factor that determines the efficiency of these systems and, especially, the
efficiency of the use of CO, (Livansky and Doucha, 1996). Therefore, it is important to carefully
design and optimize the pH control in thin-layer reactors.

One of the main factors that caused a reduction in the culture yieldhe dissolved oxygen
concentration must also be controlled by a good bubble column design and an adequate air flow
to desorb the necessary amount of oxygen so that when the culture is introduced again at the
beginning of the channel it has an oxygen concentration as close as saturation.

The average data of k.a, indicate that the mass transfer in the channel and the sump is
minimal compared to the one existing in the bubble column. Therefore, a design and a suitable
air flow in the bubble column is essential to increase the productivity of the culture in this type
of reactors.
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405 chamber used to determine the oxygen production and consumption at the different positions (Below).
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Figure 2.- Variation in culture parameters (irradiance, temperature, pH and dissolved oxygen) with the position and

time of day in the thin-layer reactor operated in continuous mode at 0.2 day! at the IFAPA research centre.
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Abstract

The performance of the microalga Chlorella vulgaris was evaluated in thin-layer cascades (TLCs)
to optimize this type of open cultivation units. Three different TLCs of 24, 90 and 225 m? were
used. Dissolved oxygen concentration up to 400 %Sat were measured that reduced the
photosynthetic performance of the microalgae cultures. Daily temperature variation were
moderate, values up to 30 °C being reached which were close to optimum for the culture. The
photosynthesis rate in the culture was calculated taking into account the major variables,
especially those related to mass transfer capacity. The data demonstrated decreasing
performance of the cultures with increasing cascade length due a rise of adverse conditions. The
effect of excessive dissolved oxygen concentration does not exclusively explain the performance
decrease when increasing the unit size. Further, the influence of light/dark cycles was also
analysed. Thus, when increasing the size of the TLCs, the cells were exposed to different dark
periods, the larger the dark period, the lower the performance of the cultures. When this
variable was included into the calculation of overall average irradiance at which the cells are
exposed to irradiance, a good correlation of photosynthesis rate with light availability is found.
The calculations will be used for further improvement and modelling of thin-layer cascades as a

necessary step to scale-up this technology to industrial scale.
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1 INTRODUCTION

Basically, two approaches to phototrophic microalgae production are used: one applies to
cultivation in closed or semi-closed vessels — photobioreactors (PBRs, e.g. transparent tubes,
columns or panels), while the other involves open reservoirs (mixed ponds, raceways or
cascades) with direct contact of the microalgal culture with the environment (for a recent
review, see Acién et al., 2017). Cultivation systems have been developed since the 1950s. At
present large-scale cultivation units have been often used to produce microalgae biomass for

specific purposes determining which system is the most suitable.

There is no universal all-purpose unit and improved design and operational conditions have
been essential to optimise culture in order to produce biomass at competitive cost (Chisti, 2012;
Mendoza et al., 2013a). One of the most important advantages of open cultivation systems is
their simple and low cost construction. This fact nominate them for biomass production in an
industrial scale (Chisti, 2007). On the other hand, there are still some drawbacks to be solved to
make this technology competitive. The most crucial variable for phototrophic growth is light
availability. The amount of photon energy received by each cell is a combination of several
factors: irradiance intensity, cell density, length of optical path (thickness of culture layer), rate

of mixing as well as cultivation unit design (Masojidek et al., 2015).

Shallow systems like sloping cascades are highly efficient for biomass production (Masojidek et
al. 2011). Thin-layer cascades (TLCs) have been used for the first time for microalgae cultivation
at the Institute of Microbiology in Tfebor (Czech Republic) in the 1960s (Setlik et al., 1970). The
unique feature of these TLCs is the low depth of microalgae culture as to maximize light
utilization efficiency that results in high areal productivity and biomass density. One of the major
advantages of TLCs is the efficient mixing of microalgae culture, inducing short light-dark cycles

of cells due to short light path (Richmond 2003, Masojidek et al. 2015).

Outdoor cultivation units are subject to daily variations in culture conditions that influence their
production yield (Camacho-Rubio et al., 1999; Fernandez et al., 2014; Mendoza et al., 2013b).
The use of optimal culture conditions can increase the production and quality of the biomass
(Barcelé-villalobos, M; GAmez Serrano, C; Sanchez Zurano, A; Alameda Garcia, L; Esteve
Maldonado, S;Pefia, J; Acién Fernandez, 2019). Thus, pH, dissolved oxygen concentration (DOC),
temperature and incident light (lo) variables should be controlled under their optimal values to

ensure the maximal productivity of these systems.

Microalgae growth is predominantly a function of light availability. Average irradiance concept

has firstly been introduced by Molina (Molina et al., 1994). It has been used to analyse the
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continuous irradiance inside the culture. It refers to the light intensity at a given point inside the
cultivation unit, which depends on the light path length (p), biomass concentration (C), and on
the biomass absorption coefficient (Ka). One disadvantage of this concept is that it does not take
into consideration the light/dark cycle pattern. Recently, the effect of the frequency of light
intermittency on the photosynthetic response of microalgae under varying light has been

evaluated (Fernandez-Sevilla et al., 2018).

The light path is basically divided into two zones: light and dark zone. Microalgae carry on
photosynthesis when exposed in the light zone while they operate respiration in the dark zone.
It is more realistic for industrial cultivation to study the microalgae growth during light/dark

cycling than in continuous illumination (Barcelé-Villalobos et al., 2019a).

Two types of cycles could take place into photobioreactors: short and long. Short cycles mean
short residence time as well as fast mixing in the culture layer. On the other hand, long cycles
mean slower cycles, which implies a high dark volume. As much longer is the culture in light
zone, as higher photosynthesis takes place. Thus, dark volume should be minimized to reduce

respiration process and increase photosynthesis.

This article focuses the influence of DOC and temperature variations along three different thin-
layer cascades to analyse their limitation for biomass productivity. Moreover, light/dark cycling
of cells in culture layer has also been analysed in order to improve the knowledge of oxygen

production (PO,, mg/gb h) as it influences photosynthesis.

2 MATERIAL AND METHODS

2.1 Microorganism and culture conditions

The microalga Chlorella spp., from the culture collection of the Laboratory of Algal Biotechnology
at the Institute of Microbiology (Trebon, Czech Republic) was used. The cultures were grown
photoautotrophically in a mineral medium in a fed-batch regime for 15 days. The
photobioreactors were operated in parallel in batch mode, data at the same days from the three

different photobioreactors being used.

2.2 Thin-layer cascades

Three different thin-layer cascades with an area of 24, 90 and 224 m? respectively, all of them
at the same water depth of 6 mm, have been evaluated at the “Algatech” Experimental Station

(Trebon, Czech Republic) (Figure 1,Table 1). The module usually consists of two (or more) sloped
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platforms (divided into longitudinal lanes) where the lower end of the upper platform is
connected by a trough to the beginning of the lower platform that is declined in the opposite
direction. The units are made of glass plates or stainless steel, supported by scaffolding. Each
TLCs consists of several parts: retention tank with CO, supply and aeration, cultivation surface,

pump, measurement and control sensors, and supporting construction.

The operation cycle starts in a retention tank from where the microalgae suspension is pumped
via a return pipe (riser) to the upper part of the cultivation area (photostage) where it is
distributed by a perforated tube, flows from the top to the bottom over sloping platforms and
ends back in the retention tank (degasser). This cycle takes 90-120 s depending on the pumping
speed. Pure CO; is supplied directly into the suspension in the riser. At night or during rainfall
the culture is stored in the retention tank under air bubbling. The system is designed to minimize
the dark volume of the microalgae suspension which can be as low as 10%.

Sensors (pH, DOC, temperature and water depth) are mounted in the degasser and in the
connecting trough. The culture can be harvested via a three-way valve. The whole system is

controlled by a data acquisition software.

Table 1. Technical parameters of three thin-layer cascade units (TLCs)

Small TLC Medium TLC  Large TLC

Surface, m? 24 90 225
Water depth, m 0.006 0.006 0.006
Light volume, L 144 540 1350
Dark volume, L 56 60 850
Total Volume, L 200 600 2200
Dark/Total Volume 0.28 0.10 0.39
Q liq, L/s 3 10 12
Time light, s 48 54 113
Time dark, s 19 6 71

2.3 In situ measurements in the cascades

The gradients of the variables — DOC and temperature in the culture were measured at 18 points
along the three TLCs (Small=24 m?, Medium=90 m?, Large=220 m?) (Figure 2). Measurements
were performed using a portable oximeter (HI98198, Hanna, Czech Republic). Measurements
were carried out at various times during the daylight period (9:00, 11:00, 13:00 and 15:00 h) to
determine the variation in gradients. A total of 50 measurements were analysed for each

variable (DOC and temperature).
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2.4 Oxygen mass balance analysis

The oxygen mass balance was estimated to analyse the influence of the existing culture
conditions on the oxygen production rate of each TLC. Thus, the DOC was measured at various
positions along the loop at each TLC. The oxygen produced by cultures is desorbed to the
atmosphere as a function of the conditions in the unit. Therefore, for whatever section of the

TLC the following balance can be defined (Equation 1).

02,inlet + 02,produced = 02,0utlet + 02,accumulation Equation 1

O3 iniet refers to the oxygen produced at the beginning of the loop, O3 produced refers to the oxygen
produced by the microalgae during the photosynthesis process, O, ouwiet refers to oxygen
produced at the end of the loop and O3 accumuiation refers to the oxygen accumulated along the
day.

At each time measurements were taken to obtain enough information to determine the overall
oxygen mass balance. From this balance the net oxygen production rate was calculated
(Equation 2-Equation 4) as a function of the oxygen desorbed to the atmosphere, NO,, it being

a function of mass transfer coefficient (klal) of 0.9 h'! (Alameda-Garcia, L. et al., under review).

POZ,produced = POZ,net + NO, Equation 2

PO _ (OZ,end - OZ,initial) X Oy Equation 3
znet Section liq

NO, = Fiml X K;g; Equation 4

2.5 Statistical analysis

The oxygen production rate (mg O,/gb h) was modelled and correlated by descriptive statistics
(correlation, R?) in total of 15 days of assays. A total of 50 measurements were analysed for each
variable (DOC and temperature). The Statistica v.7 program was used to perform the statistical

analysis.

3 RESULT AND DISCUSSION

3.1 Overall performance of TLCs

The mean values of daily culture variables are showed in Table 2. It shows that the irradiance on
the TLCs surface (light intensity, lo) is similar at the three thin-layer cascade units. It varies over

time ranging from 872 to 1580 pmol photons/m?:s; the maximal value being obtained at 11:00
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h, as the TLCs are located in central Europe. Based on these values, the average irradiance to
which the cells were exposed in the TLC varied from 761to 1400 umol photons/m?-s within the
period of trial (for 15 days).

The DOC and temperature were measured through the day and along the TLC at three different
TLCs (Figure 2). The culture temperature increases due to the absorption of infrared solar
radiation; the larger is the area exposed to the sunlight, the greater is the increase in

temperature (Barcelo-Villalobos et al., 2019).

Regarding DOC, it increases significantly along the TLC throughout the day at the small and
medium TLCs with peaks up to 400% Sat at 11:00 h. The DOC figures were ranging from 120 to
400%Sat (Figure 2). It means that at some daytimes the channels’ desorption capacity was not
sufficient to remove oxygen and keep DOC which is considered physiologically acceptable. The
existence of excessive DOC in TLCs has already been reported, with values up to 23 mg/L being
measured (Livansky and Doucha, 1996). It was shown that photosynthesis can be downregulated
when DOC accumulation is over 250% Sat. (Fernandez et al., 2012; Mendoza et al., 2013b;
Pawlowski et al., 2014). Thus, DOC influence on the culture performance should be taken into

consideration to optimize the oxygen production model.

Thus, the improvement of mass transfer capacity is a way how to reduce DO accumulation in
open TLCs (Barcel6-Villalobos et al., 2018). Mass transfer coefficient has to be increased in order
to maintain high photosynthetic rate. Nevertheless, the measurements at the large TLC were
quite stable, with physiologically acceptable DO accumulation up to 200% Sat. Thus, it indicated
that mass transfer capacity in this unit is sufficient and promote efficient degassing.

Regarding temperature, the results showed that there were not as great changes during the day
(Figure 3). It ranges between 24 and 29 °C which is suitable temperature for Chlorella R-117
(Masojidek et al., 2011). Thus, in this case, temperature is not a variable that influence on the
culture performance. Here it is important to note that the trials were carried out at very similar
culture temperatures. These trials were carried out in August when ambient temperature
maxima at midday were around 30 °C. The culture is exposed to solar radiation only for one third
of the circulation cycle. Thus, it is cooled in the reservoir which is close to the ground and mostly

by self-cooling due to evaporation in thin culture layer (Table 1).

Regarding average irradiance (lav), there are significant differences between the three
TLCs. Small TLC ranged from 761 to 1400 pmol photons/m? s, in the medium TLC it ranged from
825 to 1140 pmol photons/m? s and the large TLC ranged from 732 to 1093 pmol photons/m?s.
Such differences were caused by the time and volume of the culture spent in dark volume of

reservoir, pump and tubing (Figure 1, Table 1). Biomass concentrations (g/L) of the cultures were
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determined once per day in the morning and the mean values were about 28, 37 and 40 g/L in
the small, medium and large TLCs, respectively (Table 3). Regarding photosynthetic oxygen
production, Table 3 shows that the small and medium TLCs had higher values, as compared to
the large TLC. If it is taken into consideration the technical parameters shown in Table 1 Table
1, it seems that the photosynthetic production may be inversely related to the dark volume of
the culture. As much higher is the volume in darkness, as lower is the productivity as it is shown
for the large TLCs (Table 1 vs. Table 3). On the other hand, the high volume exposed to light may
indicate the higher photosynthetic productivity, as it is shown for the small and medium TLCs
(Table 3). Here, it is interesting to correlate the photosynthetic productivity with the values of
DOC in individual TLCs. Although the small TLC showed highest DOC, it had a high photosynthetic
activity. For example, mean DOC was found 307 %Sat while mean photosynthesis rate was 291
g 02/m?d, which is very similar to the mean photosynthetic oxygen production found at the
medium unit (301 g 0,/m?d, 268%Sat.). Both, small and medium units obtained a PO, higher
than in the large TLCs where DOC was significantly lower (compare Figure 2, Table 2 and Table
3). The results reveal that DOC is not as crucial for photosynthetic productivity as higher figures
can be achieved even at DOC much higher than 250 %Sat if the flow of the culture is fast which
causes efficient degassing and fast light/dark cell cycling (intermittent light) (Masojidek et al.,
2015). Thus, the design and set-up of the TLC seems to be important to overcome short build-

up of DOC which may not suppress high culture productivity.
3.2 Oxygen mass balance analysis

To ensure DOC of the optimal values, it is important to improve the TLC design as well as the
operational conditions, especially the mass transfer capacity (Barcelé-Villalobos et al., 2018). It
was concluded that the handling of mass transfer capacity of raceway ponds to maintain the
DOC below inhibitory values is a challenge (Barcel6-Villalobos et al., 2018). The same is valid for
TLCs. Higher mass transfer coefficient (klal) was found in TLC channel compared to raceway
ponds loop (Alameda-Garcia et al. unpublished results, in review). This value (9 h'), was used to
analyse the mass transfer capacity in the three TLCs located at Centre Algatech. Calculated
values showed that the mass transfer capacity of each TLC was below 4% of total oxygen
production (PO, produced, mg/gb h) (Figure 4). Thus, it is possible to assume that the net oxygen
production is equal to the generated oxygen production (Equation 5).

POZ,produced = POz et Equation 5

3.3 Modelling oxygen production
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The influence of culture conditions to the performance of Chlorella was modelled as
photosynthesis rate (PO,, mg/gb h) according to the experimental DO measurements. Oxygen
production (PO,) was modelled according to DOC and temperature variables. DOC effect was
included into the model described by Costache et al. (2013). As a result, there is a high reduction
of the oxygen production (PO2, mg/gb h) (Figure 5). On the other hand, the temperature cardinal
model was used to analyse the temperature effect on oxygen production (Ippoliti et al., 2016).
It has been demonstrated that temperature values are not harmful, in this case, the values are
close to the optimal values (Figure 5). In contrast, if we include the effect of temperature and
optimal DOC variables into the oxygen production model (Modelled PO2, lav, T, Optimal DO2
model), it is not enough to validate the experimental values of oxygen production (Figure 6).

A previous work (Barcelé-Villalobos et al., 2019a) demonstrated that the light penetration into
the culture depends on the location of the microalgae cell in the culture depth. Thus, light/dark
time and volume should be taken into consideration to better understand and model the
photosynthesis rate (mg O,/gb h) according to the design of the reactor.

The different sections of the TLCs have different light/dark behaviour. For instance, bubble
column and sink/sump/reservoir sections should be considered as dark volumes. On the other
hand, loop section should be considered as light volume. Moreover, culture depth and flow
speed also influence into the light/dark cycling. Thus, the culture expends some time in light or
dark zone. It depends on the residence time at each section of the reactor. In case of large dark

time, the culture might be in respiration process due to the dark photosynthesis phase.

As mentioned above three TLCs of different size were analysed in this work (Figure 1, Table 1).
A small TLC with a total volume of 200 L (dark volume of 56 L and light volume of 144 L), the
medium TLC with a total volume of 600 L (dark volume of 60 L and light volume of 540 L) and
the large TLC with a total volume of 2200 L (dark volume of 850 L and light volume of 1350 L).

The cultures were exposed to solar radiation along the photostage for 48, 54 and 113 sec in the
small, medium and large TLCs, respectively (Table 1). Photosynthetic productivity might be
increased by improving the light/dark cycles in TLCs as demonstrated in the previous
experiments (Barceld-Villalobos et al., 2019a; Fernandez-Sevilla et al., 2018). On the other hand,
if the culture spent some time in the dark sections — 19, 6 and 71 sec at the small, medium and
large TLCs, respectively, (Table 1). As longer is this time, as lower is the productivity of the system
— 291, 301 and 263 g 0,/m? d at the small, medium and large TLCs respectively (Table 3).

Furthermore, there exists a significant influence of biomass concentration on the productivity
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of the system that should be considered to analyse how the biomass concentrations affects to

the light path penetrance as well as to the light/dark volume.

In this work, we propose to include irradiance as a variable called an average integrated
irradiance (lavint), where the light/dark time is included (Equation 6). That is because the light
time and dark time affect the process of photosynthesis and respiration respectively. Moreover,
light frequency was incorporated into the model with optimal conditions of DOC by the inclusion
of the average irradiance integration concept (lavint) (Modeled PO2 (lavint, T, Optimal DO2

Model),Equation 7).

Results demonstrated that experimental data fit the PO2 lavint model in a 81% of the cases
(R?=0.8115) (Figure 7); that is better compared to PO2 lav model (R?=0.7947) which take into
consideration average irradiance (lav) concept. Both results are good if we consider that the

three TLCs are operated outdoors and exposed to environmental conditions.

As a result (Figure 6, Figure 7), the modelled data reach much better results compare to lav
concept. It is shown that light/dark frequency is optimal for the medium thin-layer cascade
reactor (540 L light volume and 60L dark volume).

This work demonstrates that it should be taken into consideration the influence of the light/dark
time and volume ratio regarding to the design and operation conditions of the reactor to achieve

as maximum production of the system as possible.

POZ,( lavint) Equation 6

_ POymax X laviInt™
I+ lavint™®

where, lavInt

_lavx tlight
"~ tlight + tdark

POy max X lavint™ DO, m Equation 7
POy, ravmt,optimal Do2) = x(1-

I} + lavint™ DO max

4 CONCLUSIONS

DOC and temperature variables were analysed in photostage of the three TLCs during the
daylight cycle. The results confirm that there were not temperature gradients along the TLCs.

On the other hand, DOC increased along the cultivation area; reaching values up to 400%Sat.
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Furthermore, the mass transfer capacity of the system was also determined, being lower than
4% at all reactors.

The inclusion of optimal DOC into the average irradiance model (PO, lav model) is not enough
to explain the experimental data obtained (Experimental PO,). Thus, the influence of light/dark
cycling into the performance of thin-layer cascade reactors was analysed and modelled. It is a

powerful tool for the knowledge and improvement of TLC design and operation.

Conflict of interest statement
The authors declare that there are no potential financial or other interests that could be

perceived to influence the outcomes of the research.

Acknowledgements

This study was supported by the Ministry of Economy and Competitiveness (DP12014-55932-C2-
1-R, DPI12017-84259-C2-1-R) and (PURASOL, CTQ2017-84006-C3), along with the European
Union's Horizon 2020 Research and Innovation Program under Grant Agreement No. 727874
SABANA. The research activity of Centre Algatech was funded by National Sustainability

Programme of the Ministry of Education, Youth and Sports (project Algatech Plus LO1416).

References

Alameda-Garcia, L.; De-Arriba, A.;Barcelo-Villalobos, M.;Gémez Serrano, C.; Acién Fernandez,
F.G., n.d. Photosynthetic performance of Scenedesmus almeriensis in thin-layer reactors.

Barceld-villalobos, M; Gémez Serrano, C; Sanchez Zurano, A; Alameda Garcia, L; Esteve
Maldonado, S;Pefia, J; Acién Ferndndez, F.G., 2019. Variations of culture parameters in a
pilot-scale thin-layer reactor and their in fl uence on the performance of Scenedesmus
almeriensis culture. Bioresour. Technol. Reports 6, 190-197.
https://doi.org/10.1016/].biteb.2019.03.007

Barceld-Villalobos, M., Guzman Sanchez, J.L.,, Martin Cara, |., Sdnchez Molina, J.A., Acién
Fernandez, F.G., 2018. Analysis of mass transfer capacity in raceway reactors. Algal Res.
35, 91-97. https://doi.org/10.1016/j.algal.2018.08.017

Barceld-Villalobos, M., Olmo, P.F., Guzman, J.L., Ferndndez-Sevilla, J.M., Fernandez, F.G.A,,
2019. Evaluation of photosynthetic light integration by microalgae in a pilot-scale raceway
reactor. Bioresour. Technol. https://doi.org/10.1016/j.biortech.2019.02.032

Camacho-Rubio, F., Acién, F.G., Sdnchez-Pérez, J.A., Garcia-Camacho, F., Molina-Grima, E., 1999.
Prediction of dissolved oxygen and carbon dioxide concentration profiles in tubular

photobioreactors for microalgal culture. Biotechnol. Bioeng. 62, 71-86.

144



305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339

https://doi.org/10.1002/(SICI)1097-0290(19990105)62:1<71::AID-BIT9>3.0.CO;2-T

Chisti, Y., 2012. Microalgal biotechnology: Potential and production, in: Raceways-Based
Production of Algal Crude Oil. C. Posten & C. Walter, de Gruyter, Berlin, pp. 113-146.

Chisti, Y., 2007. Biodiesel from microalgae. Biotechnol. Adv. 25(3), 294-306.

Costache, T.A.A., Fernandez, F.G.A., Acien, F.G., Morales, M.M., Fernandez-Sevilla, J.M.,
Stamatin, |., Molina, E., 2013. Comprehensive model of microalgae photosynthesis rate as
a function of culture conditions in photobioreactors. Appl. Microbiol. Biotechnol. 97, 7627—
7637. https://doi.org/10.1007/s00253-013-5035-2

Fernandez-Sevilla, J.M., Brindley, C., Jiménez-Ruiz, N., Acién, F.G., 2018. A simple equation to
quantify the effect of frequency of light/dark cycles on the photosynthetic response of
microalgae under intermittent light. Algal Res. 35, 479-487.
https://doi.org/10.1016/j.algal.2018.09.026

Fernandez, |., Acién, F.G., Berenguel, M., Guzman, J.L., Andrade, G.A., Pagano, D.J.,, 2014. A
lumped parameter chemical-physical model for tubular photobioreactors. Chem. Eng. Sci.
112, 116-129. https://doi.org/10.1016/j.ces.2014.03.020

Fernandez, I., Acién, F.G., Fernandez, J.M., Guzman, J.L., Magan, J.J., Berenguel, M., 2012.
Dynamic model of microalgal production in tubular photobioreactors. Bioresour. Technol.
126, 172-181. https://doi.org/10.1016/j.biortech.2012.08.087

Grivalsky T, Ranglova K, Camara Manoel JA, Lakatos GE, Lhotsky R, Masojidek J (2019)
Development of thin-layer cascades for microalgae cultivation: milestones (review) Folia
Microbiologica 64, 603—614

Ippoliti, D., Gdmez, C., del Mar Morales-Amaral, M., Pistocchi, R., Ferndndez-Sevilla, J.M., Acién,
F.G., 2016. Modeling of photosynthesis and respiration rate for Isochrysis galbana (T-Iso)
and its influence on the production of this strain. Bioresour. Technol. 203, 71-79.
https://doi.org/10.1016/].biortech.2015.12.050

Livansky, K., Doucha, J., 1996. CO2 and 02 gas exchange in outdoor thin-layer high density
microalgal cultures. J. Appl. Phycol 8, 353—-358.

Masojidek J., Sergejevova M., Malapascua J.R., K.J., 2015. Thin-Layer Systems for Mass
Cultivation of Microalgae: Flat Panels and Sloping Cascades, in: Prokop A., Bajpai R., Z.M.
(eds) (Ed.), Algal Biorefineries. Cham, pp. 237-261.

Masojidek, J., Kopecky, J., Giannelli, L., Torzillo, G., 2011. Productivity correlated to
photobiochemical performance of Chlorella mass cultures grown outdoors in thin-layer
cascades. J. Ind. Microbiol. Biotechnol. 38, 307-317. https://doi.org/10.1007/s10295-010-
0774-x

Mendoza, J.L., Granados, M.R., de Godos, I., Acién, F.G., Molina, E., Banks, C., Heaven, S., 2013a.

145



340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364

Fluid-dynamic characterization of real-scale raceway reactors for microalgae production.
Biomass and Bioenergy 54, 267—-275. https://doi.org/10.1016/j.biombioe.2013.03.017

Mendoza, J.L., Granados, M.R., de Godos, |., 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. https://doi.org/10.1016/j.biortech.2013.03.127

Molina Grima, E., Garcia Camacho, F., Sanchez Pérez, J.A., Ferndndez Sevilla, J.., Acién
Fernandez, F.., Contreras Gémez, A., 1994. A mathematical model of microalgal growth in
light-limited chemostat culture. J. Chem. Technol. Biotechnol.
https://doi.org/10.1002/jctb.280610212

Pawlowski, A., Fernandez, |., Guzman, J.L.L., Berenguel, M., Acién, F.G.G., Normey-Rico, J.E.E.,
2014. Event-based predictive control of pH in tubular photobioreactors. Comput. Chem.
Eng. 65, 28—-39. https://doi.org/10.1016/j.compchemeng.2014.03.001

Setlik, 1., Sust, V., Malek, 1., 1970. Dual purpose open circulation units for large scale culture of
algae in temperate zones. |. Basic design considerations and scheme of a pilot plant. Algol
Stud 1:111-164

Richmond A (2013) Biological principles of mass cultivation of photoautotrophic microalgae. In:
Richmond A, Hu Q (eds) Handbook of microalgal culture: applied phycology and
biotechnology. Blackwell Science, p 171-204

146



365
366 Figure captions
367

368

Figure 1. Areal view of the thin layer cascades (small A= 200 L/24 m2; medium B = 600 L/90 m?; large C — three units,
each 2200 L/224 m?) located at Centre Algatech in Tfebori (Czech Republic) (detailed description in Masojidek et al.
369 2011, 2015, Grivalsky et al. 2019)
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Figure 2. View of the thin layer reactors (A=200 L, B=600 L, C=2200 L) located at the "Algatech" Experimental Station
in Trebon (Czech Republic). Pictures from August 2018.
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Figure 3. Variation of culture parameters (Dissolved oxygen and temperature) with the position and time of the day (9:00, 11:00, 13:00 and 15:00 h) in three thin-layer reactors (A=200 L, B=600
L and C=2200 L) operated in batch mode and located in Tfebori (Czech Republic).
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(A=Small, B=Medium, C=Large).
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Table captions
Table 2. Mean * SE values of hourly variation in light intensity, average irradiance, integrated average irradiance, temperature and DOC.

Small TLC
Time Light Intensity o Average Irradiance lav Integrated Tempnecrature Dlssolved‘yOxygen sat.
umol photons/m? s umol photons/m? s umol photons/m? s °
9 872+194.1 761 +163 498 + 106.7 24+04 214+4.3
11 1580 + 30 1400 £ 40 917 £ 26.1 29+14 307 +24.3
13 1329 + 389 1185 + 360 776 £ 235.3 29+25 305+43.5
15 1179 + 270 1047 + 243.2 685+ 159.2 29+2.0 263+33
Medium TLC
Di .
Time Light Intensity lo Average Irradiance lav Integrated Temp:eéature |ssolvedcy0xygen sat
umol photons/m? s umol photons/m? s umol photons/m? s °
9 1011 +43.8 867 +£20.3 780+ 18.3 26+1.1 188 £ 10.8
11 1317+ 1634 1140+ 150 1026 + 134.6 29+1.1 268+ 8.4
13 1398 + 213 1124 +251.1 898 £ 209.8 29+1.6 239+21.7
15 1072 £ 182.2 825+ 168.7 815+ 138 28+1.4 167 £13.3
Large TLC
. Light Intensity lo Average Irradiance lav Integrated Temp:erature Dissolved t(’)xygen sat.
Time . ) ) C %
umol photons/m umol photons/m* s umol photons/m? s
9 900 £ 29 732+40.1 462 £22.0 24+£0.7 140+10.7
11 1302 £ 263.3 1093 £ 199.5 670+ 122.4 28+ 0.5 180+11.2
13 1169 + 324 975 £ 269 598 + 165.3 28+0.4 155+23.0
15 1216 + 266 1026 + 259 630+ 159.1 28+ 1.5 155+13.06
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Table 3. Mean values of biomass concentration (g/L) and photosynthesis rate (PO,) at three thin-

layer cascade (TLC) units.

TLC unit Biomass concentration PO, PO, PO,
g/L g0y/Lh mg O,/gb h g/m*d

Small 28.2 1.3 51.0 290.6
Medium 36.7 1.9 78.2 300.9
Large 40.1 1.1 1.4 263.5
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A feedback control strategy for the air injection flow at raceway reactors
M. Barceld-Villalobos?, A. Hoyo?, E. Miranda?, J.L.. Guzman ?, F.G. Acién Ferndndez?
! Department of Informatics, University of Almeria, ceiA3, CIESOL, E04120 Almeria, Spain

2 Department of Chemical Engineering, University of Almeria, Almeria, Spain

Abstract

Microalgae industry is growing worldwide despite production technology has not been greatly
improved in the last years. Raceway reactors are still the most extended technology for
microalgae production. However, these reactors have some drawbacks, one of them being it
low mass transfer capacity, it is determining the existence of dissolved oxygen accumulation
that reduces the performance of these systems (Barceld-Villalobos et al., 2018; Mendoza et al.,
2013). To overpass this problem, it is imperative to improve the photobioreactor design as well
as the operational conditions, especially the mass transfer capacity. Thus, it is possible to
maintain the dissolved oxygen below the defined set point by using advanced control strategies.
In this work, it is demonstrated as the mass transfer capacity of raceway reactors can be
improved to avoid that dissolved oxygen accumulation overpass the inhibitory value, by using
adequate control systems capable to manipulate the time and flow at which the air is supplied.
Air supply required is calculated as a function of dissolved oxygen concentration into the culture
but also of the oxygen production rate in the entire reactor as a function of dissolved oxygen
concentration along the channel. The effect of the control strategy proposed on the air flow

required is analysed.

Keywords: Microalgae, raceway, oxygen accumulation, control strategy
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1. INTRODUCTION

Microalgae industry is growing worldwide despite this technology still having some drawbacks
that need to be solved to make it economically profitable. In general, there are two types of
reactors: open and close. The close ones have been widely studied due to its high productivity,

but on the other hand, they have a high cost construction and production.

Regarding open reactors, two types are widely been used: raceway and thin-layer reactors. The
first ones are characterized by a paddlewheel to maintain the culture in constantly movement
and usually works at a water depth of 15 cm. On the other hand, the second ones include a

column and usually works at a culture depth ranged from 0.006m-0.04 m (Acién et al., 2017).

Previous works demonstrated that one of the problems that microalgae cultivation must deal
with, is the accumulation of dissolved oxygen into the culture (Mendoza et al., 2013; Pawlowski
et al.,, 2015). That it is because it could affect to photosynthesis efficiency. Previous works
demonstrated that photosynthesis rate decay when the dissolved oxygen concentration is over
250 %Sat., which is taking place during most of central hours of the day when the higher solar
radiation is available. It has been demonstrated that the biomass productivity increases up to
double when there is an adequate oxygen removal to maintain the dissolved oxygen
concentration below 200 %Sat. compare to the productivity obtained when there is no oxygen
removal (de Godos et al., 2014). To overpass this problem, it is imperative to improve the
photobioreactor design as well as the operational conditions. In this sense, previous works
demonstrated that it is possible to control dissolved oxygen accumulation by improving the mass
transfer capacity (Barceld-Villalobos et al., 2018). The mass transfer capacity of a reactor can be
optimized by installing sumps and make air/CO, injections through it. Usually, air injections are
supplied at a constant rate, which allows to minimize the dissolved oxygen accumulation
problem. However, the air flow is manually operated. To solve this problem, control strategies

could be a solution to automatize air gas injections properly for 24 hours / 365 days a year.

Advanced control strategies have been worldwide used to obtain models that reflects properly
the dynamics of the system. There are many models, from those based on steady-state
relationships (Rotatore et al., 1995) or lineal approximations (Berenguel et al., 2004; Garcia
Sanchez et al., 2003) to those based non-lineal empirical features or first principles models. The
control system designs must take into consideration the dynamics of the system. Different

control strategies have been used in microalgae industrial development. For instance, an event-
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based control has been used to control a raceway reactor (Pawlowski et al., 2016). This type of
control is especially useful in bioprocess, as has been confirmed in previous works (Beschi et al.,
2014). This type of control allows to adapt the system to the dynamic process of the system.
This is one of the most important difference compared to the classical feedback control.
Previous works demonstrated that the use of event-based control could improve the biomass
production as well as reduce the effort in controlling the effective use of CO, (Pawlowski et al.,

2016).

In the present work, a combination of control strategy and the empirical model developed in
Barcelé-Villalobos et al., 2018 is proposed. Thus, dissolved oxygen accumulation issue could be
solved automatically according to the culture conditions. The effect of the control strategy
proposed in the present work on the air flow required is analysed, in addition to its effect on the

dissolved oxygen accumulation of the reactor.

2. MATERIAL AND METHODS

2.1 Photobioreactor description

The raceway reactor used in this thesis is located at “IFAPA” Research Centre (Almeria,
Spain) (Figure 1). The reactor consists of two 40 m long channels (0.46 m high x 1 m wide), both
connected by 180° bends at each end, with a 0.59 m® sump (0.65 m long x 0.90 m wide x 1 m
deep) located 1 m along one of the channels. A paddlewheel system was used to recirculate the
culture through the reactor at a regular velocity of 0.2 m-s?, although this could be increased up
to 0.8 m-s? by manipulating the frequency inverter of the engine. The pH, temperature and
dissolved oxygen in the culture were measured using appropriate probes (5083 T and 5120,
Crison Instruments, Barcelona, Spain), connected to an MM44 control-transmitter unit (Crison
Instruments, Spain), and data acquisition software (Labview, National Instruments, USA)
providing complete monitoring and control of the system. A proportional air valve (CAMOZZI,
Brescia, Italy) was used in order to adequately minimize and control the air injections. The
culture pH was maintained at 8.0 by on-demand CO; injections whereas temperature was not
controlled.

The raceway reactor was inoculated and operated in batch mode for one week, after
which it was operated in continuous mode a culture depth of 0.14 m at a dilution rate of 0.2 d
1, Only samples from stable conditions were used. Evaporation inside the reactor was

compensated for by the daily addition of fresh medium.
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Figure 1. General view of the open raceway reactor at IFAPA Experimental Station

2.2 Experimental mass transfer model

It has been reported that it is possible to improve mass transfer capacity in raceway reactors by
using an empirical mathematical model. The mass transfer model (Equation 4, Equation 5,
Equation 6) has been developed by using a large set of experimental data all over a year (Barceld-
Villalobos et al., 2018). It uses the gas flow inputs to improve the mass transfer coefficient (klal,
s). Moreover, Fernandez et al., (2016) model has been improved by including mass transfer

capacity as follow:

POy max = Kia % [(02) — (03)] Equation 1
Kiy = 10379 x Ugr9123 Equation 2

GfIOW Equation 3
Ugr = e

where PO, max is the maximal oxygen production rate (g m= h) online calculated from
the dissolved oxygen concentration measurements, and O,* is the oxygen in equilibrium with
the atmosphere (9 mg L). From these equations, it is possible to know which is the on-line gas
inflow necessary to ensure optimal mass transfer coefficient (Klal); so then, to maintain the
dissolved oxygen concentration below the limit value.

Fernandez et al., (2016) modified model has been used in simulation to demonstrate the
adequacy of dissolved oxygen accumulation over the set-point imposed, as well as to control
the mass transfer coefficient according to the requirements of the system. It is greatly
advantageous for optimal control of the system, to measure this coefficient (Klal) during the

reactor operation.
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The simulation performed indicates how is the variation of different parameters
(dissolved oxygen, gas inflow (L min?), mass transfer coefficient (s) at different control
conditions (no control, control using a fixed mass transfer coefficient, control using a variable
mass transfer coefficient) and at different set-points of dissolved oxygen (180, 220, 250 %Sat);

all the simulations have been made at solar irradiance higher than 300 W m™.

2.3 Control strategy

A feedback control strategy with a set-point generator was developed in this project to regulate
the air injection flow. This control approach allows to control the dissolved oxygen accumulation
into the reactor by improving the mass transfer coefficient (Klal). The control strategies that
have been developed until now, use a fixed air injection flow through the day. This project
demonstrates that it is possible to save air injections actions by using a feedback control
strategy, as well as, to reduce the dissolved oxygen accumulation into the reactor until values
lower than the optimal dissolved oxygen imposed (usually below 250% Sat.).

The control strategy proposed (Figure 2) includes two different possibilities. The first one is to
set a fixed set-point for the DO, (that usually works at 250% Sat) and the controller opens or
closes the air valve to regulate the DO, by using a fixed air injection flow. This first option is the
classical control approach to regulate the DO,. On the other hand, in the second option the DO,
set-point is estimated by using an on-line oxygen production estimation (PO, estimated;
Equation 4) and is the contribution of this work. Now, the set-point value is calculated by using
the liquid flow (Qlig), the dissolved oxygen measurement at the loop (DO.Loop) and at the sump
(DO,Sump). The estimation should be equal to the dissolved oxygen desoption (NO,, Equation
5) to ensure lower values of dissolved oxygen than the Fixed DO2set-point.

PO; estimatea = QLiq X (DOZ Loop — Do, Sump) Equation 4

NO, = PO; estimated Equation 5
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Figure 2. Feedback control strategy proposed to ensure optimal dissolved oxygen (DO,) accumulation into the system.

Then, the next step was to calculate the estimated mass transfer coefficient (Klal estimated)
which is calculated at every minute (Equation 6, Equation 7). Once the estimated Klal value is
obtained, an air flow set-point (L/min) is calculated at every minute by using the empirical model
developed in Barceld-Villalobos et al., (2018) (Equation 8 - Equation 10). So, this air gas is
injected into the system by using the proportional valve. The air flow set-point is used as a
reference for a cascade control applied to the proportional air valve (Astrém, et al., 2006). This
cascade control acts by regulating the voltage input of the air valve to ensure a precise and

constant air flow output.

NO2 = Klalestimated ’ (DOZSump - 0;) xV Equation 6
Klal _ (PO2¢stimatea — Pozset—point) Equation 7
timated — "
estimate (DOZSump — 02) <V

Uar = Gas inyection Equation 8
gr = Sump area

Loa Uar = (lOg Klal X 3600) — (log 10379) Equation 9
9%9 0.9123

Gas inyection = e (Log Ugr X Sump area x3600) Equation 10

The feedback control strategy proposed has been validated, in simulation by using the

Fernandez et al., (2016) model.
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3. RESULTS AND DISCUSSION

3.1 Proportional air valve characterization

To perform adequate air control over a desired set-point, it is necessary to develop a control
loop for the valve such as shown in Figure 2. This control will allow a precise air injection
depending on the needs of the system. The input range varies between 0 and 10000 (mV), while
the flow rate ranges between 0 and 280 (L/min) approximately. The valve is not proportional in
the entire input range, in addition to presenting dead zone and a diverse behavior with respect
to the increase or decrease of flow. Therefore, two types of open loop test have been carried

out to characterize the valve, by means of ramp input and step input.

Air output

300

— 200 b ‘
{ \

150 [

Air [L/min

100 b

50 - L

12000 : — ) Valve input Voltage ) :

10000 |
8000 -

6000 |

Voltage [mV]

4000 |

2000 [~

0 5 10 15 20 25 30 35
Time [min]

Figure 3. Air valve characterization test with ramp input (mV)

On the one hand, Figure 3 shows a ramp input test, for up and down flows, to determine the
voltage input that corresponds to the dead zone and the maximum flow, both for an increasing
and decreasing flow. In this case, a dead zone of 2700 mV in rise and 1600 mV in descent has

been determined. The maximum flow is reached with and input of 4700 mV.
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Figure 4. Air valve open loop step test (mV)

70
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On the other hand, different dynamics from step inputs have been observed, such as shown in

Figure 4. It is observed that the dynamics is not linear, with a greater amplitude at intermediate

areas of flow, around 120 (L/min). An operating point between 50 and 250 of flow has been

considered.

The proportional air valve is a non-linear system and presents a variable dynamic, as can be seen

on the open loop test performed with step inputs shown in Figure 4. Due to the valve dynamic,

it is necessary to model the system in different areas or points of operation. Therefore, the

characteristics parameters of the transfer functions referring to three zones have been

obtained, separating the increase in flow from the decrease in flow. Thus, the modeling areas

selected based on the flow have been those that range from 0 to 80 for the first, 80 to 200 for

the second and from 200 to 280 (L/min) for the third. The static gains (k;) and time constants

(7;) obtained are the following:

Flow zone Increase in flow Decrease in flow
L Static gain Time constant Static gain
(—) ( L ) (s) ( L ) Time constant (s)
min mV min s mV min
0-80 0.24 17.52 0.20 14.53
80 - 200 0.35 16.96 0.23 16.85
200 - 280 0.18 20.81 0.18 14.82
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The models obtained at different operating points and the great nonlinearity of the system
allows to implement gain scheduling control as the main control strategy. Gain scheduling is a
method for the control of nonlinear system. It is formed by a set of linear controllers derived for
a corresponding set of plants linearized. Each controller provides satisfactory control for a

different operating point of the system. The controller used is Pl control algorithm.

The Proportional-Integral-Derivative (PID) controllers are the most commonly used controller in
industrial applications, due to its simplicity, stability and rapid response. This type of controller
is closed loop system, which takes into consideration the process variable as a feedback and
compare it with a stablished set-point. The error resulting from the comparison is treated by the
proportional, integral and derivative actions which PID is composed, generating an input signal
to the system. Other control configurations arise from the combination of actions, such as the

Proportional-Integral (PI) or the Proportional-Derivative (PD) (Astrém, et al., 2006).

The simplicity of the models (first order) and the lack of delay, simplify the controller design.
That is why the zero pole cancellation method has been selected (Astrom, et al., 2006) to obtain

Pl controllers in each section. The time constant in the closed loop is 0.9 times the open loop.

Increase controllers Decrease controllers
Kp Ti Kp Ti
1 4.62 17.52 4 5.55 14.53
2 3.17 16.96 5 4.83 16.85
3 6.17 20.81 6 6.17 14.82

Once all the controllers are obtained, they are implemented in the photobioreactor. Figure 5
shows a closed loop test of reference tracking in different setpoint. It can be observed that it
behaves as desired. In this way, the control of cascade internal loop ensures that it will follow

the air reference settled on the external loop.
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Figure 5. Valve closed loop test on the real system

3.2 Simulation approach

In this article, it is shown that it is possible to reduce the number of gas inflow
actuations, as well as, to maintain the dissolved oxygen concentration below the defined set
point by using a feedforward control strategy. Furthermore, results shown that for the same
oxygen dissolved set-point, less gas flow injections are required in case of using feedforward
control strategy. Moreover, results also shown that when the dissolved oxygen reference goes
down respect to the initial reference (250% Sat), the necessary gas flow is higher, and although
this fact can increase the overall operation cost, it can also maximize the biomass production by
avoiding the existence of photorespiration processes.

Different results have been obtained from the simulation approach:

(1) The optimization of mass transfer coefficient (Klal, *?) allows to properly control
dissolved oxygen accumulation until the set-point imposed (250% Sat.) (Figure 6).

(2) It is demonstrated that the mass transfer coefficient (Klal, s) can be controlled as a
fixed or a variable parameter. The present work shows that it should be controlled in a variable
manner to optimize the air gas injections into the system (Figure 7).

(3) Furthermore, regarding air gas injections (L/min), it is possible to control it by a fixed
and/or a variable manner (Figure 8).

(4) It is also demonstrated that it is possible to adjust the dissolved oxygen set-point to

different values, depends on the requirements of the strain used in the reactor. As much higher
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is the value of dissolved oxygen set-point the lower mass transfer coefficient (klal) is required;
thus, lower amount of gas injections is required (Figure 9).

(5) Different mass transfer coefficients (Klal, =) should be used, depends on the
dissolved oxygen set-point (Figure 10). As lower is the dissolved oxygen set-point, the higher
amount of dissolved oxygen should be desorp to the atmosphere, which means that a higher
value of mass transfer coefficient (klal) should be imposed.

(6) A variable control of mass transfer coefficient allows to control and save gas
injections and use it efficiently. As lower is the dissolved oxygen set-point imposed, as higher is
the amount of gas injections (L/min) that should be inject; which means, increasing of the

production costs of the system (Figure 11).
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Figure 6. Simulation of dissolved oxygen accumulation into the culture at different control conditions
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Figure 11. Simulation of air gas injection (L/min) into the culture at different dissolved oxygen set-points

4. CONCLUSIONS

A feedback control strategy was used as a solution to the dissolved accumulation drawback that
the microalgae reactors already have. The results confirm that it is possible to reduce the
number of gas inflow actuations, as well as, to maintain the dissolved oxygen concentration
below the defined set point by using the feedforward control strategy proposed. Furthermore,
results shown that for the same oxygen dissolved set-point, less gas flow injections are required
in case of using feedforward control strategy. The air gas was injected into the system by using
the proportional valve, in order to adequately minimize and control the air injections. Results
shown that this proportional valve is a non-linear system and presents a variable dynamic.
Moreover, it has a dead zone which should be taken into consideration regarding to dynamic

modelling of real systems.
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