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Abstract: Microalgae technology involves many steps of unit operations and is connected with
global warming and pandemic problems because of the unique features of algal cells.
Studying sophisticated systems cannot be without special mathematical tools and approaches
that combine knowledge from many research areas. The system analysis theory applied in
biotechnology with great success can be applied by principles of analogy to microalgae
cultivation of cells in CO; fixation from flue gases in innovative closed photobioreactors
(PBRs) where the products of biomass can have performed antimicrobial, anticancer, antiviral
and other activities by challenging chemical agents. Recently, a multifunctional algology
laboratory was created at the Stephan Angeloff Institute of Microbiology by applying
knowledge in state of the art. The goal of this work was to summarize the 40 years of experience
of the authors in this area and to show how this was realized by innovative engineering
solutions for studying and developing the microalgae system. Special attention was paid to the
development of hybrid, innovative PBRs with the aim of fully revealing the potential of
microalgae strains not only for the complete absorption of CO, from flue gases but also for the
synthesis of high-value products (HVP) with antimicrobial, antiviral and anticancer activity.
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Principles for the creation of a multifunctional algology laboratory

The authors applied all their knowledge about bioreactor design and its functioning in new
applications where the light and processes of photosynthesis of microalgae are connected in
photobioreactors space. The different scenarios and ideas of novel hybrid columns PBRs
resulted in the building of more than 20 new constructions. They were scaled to create
two zones: i) inoculums stage — inoculums preparation (small PBRs, in Fig. 1 above) and
i) production stage — obtaining biomass and valuable products on a larger scale (big PBRs,
in Fig. 1 below).

The novel PBRs designs were created according to the knowledge database about
hydrodynamics and control of fluid flow distribution in column bioreactor. The main idea when
taking engineering solutions was to create a construction that allows obtaining optimal flashing
light effect (FLE) which already is proven theoretically [20] and experimentally [11] to give
several folds increasing of biomass concentration and it is responsible for revealing unsuspected
capabilities of strains to synthesize valuable metabolites under stress from the light used and
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the trajectory of movement of the algae. Various unique PBR designs were created and tested
in the production stage (Fig. 2).

Fig. 1 A multifunctional laboratory in real cultivation conditions
of Scenedesmus obliquus strain bought from Czech Republic Culture Collection

Fig. 2 Hybrid column-flat plate PBRs in working mode

Furthermore, by combining knowledge of hydrodynamics and cell shading at high cell
densities, we created hybrid columnar and tubular designs. These new PBRs were also tested
for different particle loadings and under the influence of light of different wavelengths — green,
red and blue (not shown) (Fig. 3).

The application of a special hybrid PBR with a bigger volume resulted in a patent [41] is shown
in Fig. 4.

The authors checked all theoretical assumptions about innovative constructions of flat plate

PBRs as well, column PBRs by developing a multifunctional laboratory in UNIOESTE-Toledo,
Parana Brazil under the program “Science without Borders” under the Grant Ne 313737/2014-
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4 with the CNPq Special Visiting Researcher Fellowship for Alexander Dimitrov Kroumov and
Coordination for the Improvement of Higher Education Personnel (CAPES).

Fig. 4 A hybrid PBR including long tube and stirred thank reactor configuration [41]

Seven different microalgae species were isolated from Brazilian lakes, identified [36], and one
of them Poterioochromonas malhamensis was used in real experiments to check the potential
of chosen flat plate PBR with volume Vpor = 10 L [11]. The flow distribution inside the PBR
volume was calculated by using computational fluid dynamics software (Comsol Multiphysics
5.2). All details can be found in [11]. We are going only to mention that in the current paper,
the controlled fluid flows in sectioned flat plat PBRs was possible to achieve biomass
concentration of X = 16 g/L. The PBR without baffles succeeds to each about X = 4.5-5.0 g/L.
Similar results with hybrid PBRs were achieved in the Bulgarian Lab although the scale of
PBRs were different.

Modeling procedure

The milestone of every success in microalgae technology is the evaluation of the system in its
complex form where PBR optimal construction gives the biggest weight to the techno-
economical value of the overall system. Hence, investigating the PBR as a system is
fundamental and we are going to describe step by step the procedure below whereby building
the model of every subsystem of PBR is unavoidable.

Therefore, to successfully model the CO- utilization by algae and the production of high value
products from their cells in the particular PBR design — many physical, chemical, biochemical,
and photosynthetic parameters and processes must be considered and modelled [22, 35, 39].
In other words, to support the best conditions for a biological system concerning this particular
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species (CO2, SOz, and NO2 from flue gas), engineering specifications must be done by
considering flue gas composition interactions with microalgae behavior, and PBR design
should be used to gives a particular life environment. All the knowledge of observable and
measurable parameters about the system must be formalized in mathematical models. Planning
of active experiments for optimal process development is obligatory. The revolutionary
importance of the developed theory is to show clearly that methodology of “trial and error”
is an empirical and slow approach.

The start of the procedure should be the analysis of a crucially important step such as medium
optimization. An example will be CO; utilization from industrial waste gas such as flue gas.
A robust algorithm of medium optimization for culturing algae was developed [7, 8] and was
used with great success when performing real experiments in laboratories of the USA [7],
Bulgaria [40] and Brazil [11, 36]. The algorithm is considered as a base of the elemental
composition of microalgae, and carbon dioxide as a non-organic source of carbon.
The mathematical procedure used linear programming to calculate the values of the chemical
elements in the medium. The program is coded in MAPLE15® software of symbolic
mathematics. It has to be noticed, that the algorithm allows calculating macro- and micro-
elements when the medium composition change. It means the objective function in the search
can be built for different purposes like biomass maximization or overproduction of desired
metabolites. Therefore, a loop procedure is needed to search for and to obtain an optimal
chemically defined medium. This is extremely important for process development on
a big scale. For example, the purification of industrial gases from CO: first passed a step of
absorption, for example in water. Then, water chemistry should be studied and how it will be
linked with the microalgae metabolism. It means that connections between aqueous ions of the
flue gas such as CO., 02, SOx, NOx, HCL, and microalgae growth must be understood and
modeled [23]. Studying water chemistry requires knowledge about the thermodynamic
properties of chemical components and their possible interactions. In the USA laboratories,
we have used MINEQL+4.6 software as a tool for evaluating chemical equilibrium aqueous
speciation of gases, solid phase saturation states, and precipitation-dissolution. It helped us to
find the best modification of the M-8 medium and apply it on the industrial scale.

Further, guided by the system analysis theory [35] we analyzed PBR as a system in the frame
of integral biorefinery concept [20, 35]. The main stages of system analysis theory [17, 18]
applied to the development of the PBR phenomenological model can be presented as follows:

— Determination of the PBR as a system and its modeling procedure;

— Decomposition of the PBR system in sub-systems and studying them separately;

— Building and development of the models of the sub-systems;

— Synthesis of system development in complex models of sub-systems and
their relationships;

— For practical application, the complex PBR phenomenological model is simplified;

— Simulations with the model and obtaining its best design;

— Experimental verification of the developed complex models in every level and
sub-systems;

— Solving PBR scale-up problems.

In order to be successful in the process development of this complex system, it must be
decomposed into sub-systems. Further, the sub-systems must be studied and modeled and the
final results of the combination of all this knowledge is to build a complex model with which
PBR optimal geometry can be achieved. Here, we will explain briefly the strategy. The whole
theory about the PBR modeling can be found elsewhere [11].
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The first hierarchic level of knowledge

This is a key point to the overall understanding, description, development, and control of the
system behavior. In this step, two fundamental strategies and considerations must be
distinguished:

— The development of “pure” kinetics on CO2 from air; algae tolerance to gas supplied with
15% CO which means performing experiments where no limitation and other effects of
hydrodynamics and mass-transfer take place [26];

— The development of “real” microalgae growth kinetics on CO> from industrial waste gas,
for example, flue gas (15% COz and 6% O, and SO up to 2000 ppm);

— Microalgae’s high tolerance to flue gas components (especially to a high content of SOy,
NOxy), it means real microalgal growth Kinetics is when experiments are performed in
a real PBR design.

Water chemistry of dissolved flue gas components

Flue gas contains high concentrations of CO. (up to 15%) and many other impurities which
dissociations in the liquid phase will definitely change the medium pH. Hence, pH monitoring
and control is a key state parameter and has to be considered in PBR modeling. In this case
especially helpful to predict water chemistry was to use software which had data on
thermodynamic properties of chemical components such as MINEQL+5.0 software (Chemical
Speciation Modeling Software) or Hydra plug-in from MEDUSA (Make Equilibrium Diagrams
Using Sophisticated Algorithms) [31].

Mass balances of CO. species in water

An overview of flue gas speciation and chemical equilibria in the water can be found elsewhere
[35]. The features of processes of photosynthesis in microalgae cells are very well investigated
and described as a function of pH and CO- speciation [4]. Combining this knowledge in models
of specific growth rate (SGR) allows microalgae cultivation process to be optimized and
controlled.

Mass balances of SO2 species in water
Mass balances describing the concentrations of SO species in water help to build a robust
pH model of the autotrophic cultivation of microalgae on flue gas [23].

Modeling pH

Hence, this key parameter can be used robustly for process monitoring and control.
In microalgae cultivation high supply of CO: in the liquid phase lowers pH. On the other hand,
during the algae growth, the utilization of total carbon from the cells available as CO: (aq),
HCO;™ and CO3*™ ions resulted as an increase of the pH value. It is important to notice that
during microalgae culturing usually optimal photosynthesis conditions are in pH range between
6 and 10, wherein the bicarbonate species dominates [4]. Therefore, pH parameter can be used
as a control technique so called “pH-stat” where other key state parameters are kept in optimal
values (temperature, light irradiation, etc.).

Complete biokinetics model of the algal population
The first hierarchic level of knowledge combines all models on the population level as follows:

— Modeling the most important kinetic parameter-light intensity effect on the SGR;

— Modeling SGR as a function of other main state parameters;

— Modeling water chemistry of dissolved flue gas components and involving it in a kinetic
model of microalgae growth on the population level;

— Modeling of photoautotrophic SGR as function of CO2 concentration;
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— Modeling product formation (O2 evolution) and inhibition of SGR;
— Modeling mixotrophic SGR.

Scale-down procedure

When the overall kinetic model of SGR is built, the researcher may simulate different scenarios
of optimal process functioning. It must be noticed that the deformation of complete
photobioreactor model parameters as function of a scale reflects in a decrease of overall
process productivity. A step-by-step procedure of bioreactor scale-up and scale-down was
discussed in details by the authors [9, 27, 34, 37]. Increasing the scale of the system
(especially PBR volume) decreases the system productivity and in some cases may reach
critical values. In the past, the scale-up problems were solved empirically where the
bioreactor/photobioreactor volume was increased gradually and analyzed, modeled and
designed which is very costly and time consuming. The approach based on a theory of similarity
was widely used, but it was not enough to guarantee robust results. The modern schemes of
scale-up [14] procedures are based exclusively on a modeling approach, for example
computational fluid dynamics (CFD) where all active lab and pilot plant experiments are based
on simulations results. We are using such information from these levels and CFD software to
achieve optimal design of flat plate PBRs [11] and hybrid flat plate-column PBRs, as well as in
Brazilian and Bulgarian Labs.

The second hierarchic level (PBR performance)

In this hierarchic level macro processes are arranged in sub-systems where mass-transfer,
hydrodynamics and light availability in PBRs are analyzed and modeled. Especially important
as a tool is an application of CFD mathematics [28]. On its base, the researcher is able to
simulate many complex hydrodynamic conditions and coupling them with microalgae kinetics
to create new most advanced PBRs. Many other works were developed by applying
CFD simulations in order to achieve improved light illumination conditions for different
PBR geometries, and consequently higher PBR biomass productivity, and reduced costs for
energy [1, 2, 10, 13, 42]. These results have shown that the only way to overcome the drawbacks
in the field of closed PBR development and microalgae process optimization is through
complex modeling and simulation. By using catalogs of kinetic models representing different
microalgae physiology phenomena and matching their requirements with key engineering state
parameters (mass transfer, light availability, flow distribution, etc.). The current state-of-art
about microalgae cell requirements for light availability and its specific influence (light source,
wavelength and intensity, light/dark cycles, FLE) on their growth and metabolism can be found
elsewhere [12, 38]. It is important to notice that any new technique involving image analysis to
study the internal in vessel light distribution must be under consideration [15, 16] in order to
improve the search for optimal PBR design and further to help solving its scale-up problem.
Of course, the application of any method has to be cost effective.

The third hierarchic level (complete PBR model)

The third hierarchic level (for example, the complete PBR model) is the final step in system
modeling procedure. We were focused on the development of complete PBR
mathematical model. Validation of this level has to be done based on real experiments in the
pilot plant, if the PBR is easily scalable. Many research groups investigated the relationship
between microalgae kinetics and flow distribution in PBRs [24, 29, 30] in order to improve
PBR performance. Computer simulations with the complex PBR mathematical model were
demonstrated by advanced research groups [25]. Description of the hydrodynamics and mass-
transfer processes in the liquid phase may change as a function of PBR design and fluid
distribution which is studied by CFD method. Hence, the development of complex
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PBR phenomenological model depends on our knowledge about the system (in this case,
PBR system) and available information preserved in models about the subsystems and
their relationships. To find the optimal microalgae process in real PBR design, the scale-up
procedure has to be converted to the conditional optimization procedure where the complex
PBR model and chosen objective function (OF) determine the success. The key stage of
PBR scale-up is to determine the OF and the limits of chosen control parameters of the overall
microalgae process.

Therefore, the microalgae -cultivation methodology for CO. sequestration includes
mathematical evaluation of all the unit operations and downstream processing involved in the
scheme by completing a life cycle assessment (LCA) of CO, sequestration. Hence, the system
analysis and techno-economic analysis [3, 6, 32] of the “Algae Production Scheme and
Technology” must be a subject. Further, the proper optimization technique must be applied to
optimize the functioning of the whole scheme which evaluates its financial effectiveness and
final products including high value products (HVP).

The basis of the integral biorefinery concept

The use of mathematical tools for process optimization and control is crucial to develop
competing technology. Hence, the great potential of microalgae for the production of energy is
foremost associated with the minimization of production costs of biomass and high value
products from it for given operational conditions and equipment. To accomplish such a strategy,
integral use of all microalgae products must be realized as follows: lipids, proteins and
carbohydrates; added-value co-products; high value products with antimicrobial, antiviral,
anticancer and other effects [21, 22, 40].

The implementation of the presented PBRs helped us to obtain the biomass of two algal strains
and to test their antibacterial activity on food-borne pathogens. Zaharieva et al. [40] cultured a
strain of the species Tetradesmus (former Scenedesmus) obliquus in small-scale PBRs under
different light conditions (inner green or red light and outer white light) and compared the
pharmacological activity of dichloromethane extracts in relation to their chemical composition.
The results revealed that a combination of internal and external LED light is very efficient for
the production of carotenoids and fatty acids which possess well known antioxidant and
antibacterial activities. A higher biomass concentration (6.95 g/L) was achieved when green
internal LED light was applied. The use of internal red light led to a cell density of 5.87 g/L.
The production of biopigments was 5 and 5.5 mg/gdw at green and red LED, respectively,
which is a promising achievement in the state of the art for Tetradesmus spp. The extracts
obtained from both PBRs potentiated the activity of clinically applied antibiotics such as
ciprofloxacin, penicillin and enrofloxacin, did not show cytotoxicity on normal mice fibroblasts
and are suitable candidates for food additives in the poultry industry [19, 40]. Rusinova-Videva
et al. [33] cultured the same Tetradesmus obliquus strains in flat PBRs and achieved an absolute
dry weight of 2.8 g/L. A methanol extract of the biomass exhibited a moderate antibacterial
activity against the pathogenic bacterial strain Staphylococcus aureus but further investigations
are needed to test its application in combination treatment [33]. Brachkova et al. [5] cultured
Chlorella vulgaris strain in small-scale PBRs with internal white or blue light and external
white light and found out that the microalgal cells cultured under blue internal light are
characterized by approximately six-fold higher content of carotenoids (9.39 mg/g dry weight)
than those maintained under internal white light (1.48 mg/g dry weight).

227



@ Int.]J. BIOAUTOMATION, 2024, 28(4), 221-232 doi: 10.7546/ijba.2024.28.4.001037

Conclusions

With this work, we demonstrate the successful application of system analysis theory for
process development, optimal PBRs design, and scale-up. The development of a novel complex
PBR phenomenological model and a light illumination model linked with algal physiology were
the solid base to achieve optimal microalgae cultivation trajectory in PBRs under the frame of
integral biorefinery concept where the crucial role for technology effectiveness was
maximization and isolation of HVP from algal biomass in the multistep optimization procedure.
To successfully solve the task of PBRs scale up problems multidisciplinary team must be
formed by sharing the modern advanced methods of analysis and mathematical tools.
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