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Abstract

:

High concentration of dissolved oxygen within microalgae cultures reduces the performance of corresponding microalgae cultivation system (MCS). The main aim of this study is to provide a reliable computational fluid dynamics (CFD)-based methodology enabling to simulate two relevant phenomena governing the distribution of dissolved oxygen within MCS: (i) mass transfer through the liquid–air interface and (ii) oxygen evolution due to microalgae photosynthesis including the inhibition by the same dissolved oxygen. On an open thin-layer cascade (TLC) reactor, a benchmark numerical study to assess the oxygen distribution was conducted. While the mass transfer phenomenon is embedded within CFD code ANSYS Fluent, the oxygen evolution rate has to be implemented via user-defined function (UDF). To validate our methodology, experimental data for dissolved oxygen distribution within the 80 meter long open thin-layer cascade reactor are compared against numerical results. Moreover, the consistency of numerical results with theoretical expectations has been shown on the newly derived differential equation describing the balance of dissolved oxygen along the longitudinal direction of TLC. We argue that employing our methodology, the dissolved oxygen distribution within any MCS can be reliably determined in silico, and eventually optimized or/and controlled.
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1. Introduction


First-generation biofuels were an interesting alternative to provide energy for the automotive and air travel sectors but its reliance on edible feedstocks undermined their viability. Although it is technically possible to obtain biofuels from microalgae, commercial production is still not possible due to economic and other limiting factors, but the scientific community did not lose interest in working with these simple photosynthetic microorganisms such as cyanobacteria and microalgae [1]. These incredibly versatile microorganisms have been attracting much research interest for more than half a century, mainly for high photosynthetic efficiency, biomass growth, and lipid content [2]. Microalgae are oxygenic unicellular phototrophs, which utilize light energy to fix inorganic carbon (CO   2  ) to synthetize more complex organic molecules in photosynthetic reactions. Moreover, they produce oxygen but also consume inorganic nitrogen and phosphorus, thus may participate in wastewater treatment processes [2,3].



However, there are two limiting factors or drawbacks for microalgae products commercialization: (i) the high costs of microalgae biomass production in microalgae culture systems (MCS), e.g., photobioreactors (PBRs), and (ii) lack of reliable mathematical models for further in silico optimization of the whole production process. Leaving apart the first point, we would rather dedicate our efforts to overcome the second one. The complexity of mathematical modeling of MCS resides in the fact that we deal with multiple physical and biological (inherently nonlinear) phenomena, e.g., three-dimensional multiphase (gas–liquid–solid) flow dynamics (with mass transfer through the air–liquid interface), irradiance distribution within the illuminated parts of MCS, and multi-level functionality of cellular processes. Moreover, all these parts, which have to be integrated with the corresponding PBR operation mode, interact across different timescales. Although there exist new measurement technologies and theoretical approaches, most studies of general MCS are focused on partial problems without clear interconnection, cf. [4,5]. Resuming, reliable methods with predictive power for in silico simulation of microbial growth in MCS are rather slowly emerging than being well established [6].



In this study, we present a solution of one specific yet cumbersome problem consisting in modeling and simulation of the dissolved oxygen distribution within a MCS, as far as we know, not yet resolved. It is well known that factors causing environmental stress act simultaneously [7]; here, we point out the high oxygen concentrations. It was reported that the dissolved oxygen concentration above values of 250% Sat. reduce the performance of microalgae cultures in closed photobioreactors [8,9] as well as open systems, i.e., thin-layer cascades [10,11] and raceways [12,13]. Recently, Kazbar et al. [14] used an improved kinetic growth model to explain the discrepancy in performance between two photobioreactor geometries. Furthermore, the authors of [14] proposed to control the gas–liquid mass transfer via aeration in order to enhance the photobioreactor performance. Moreover, Sousa et al. [15] reported that elevated oxygen concentrations do not contribute to photooxidative damage at the light conditions that are predominantly experienced by algae in closed photobioreactors, but only inhibit the growth via photorespiration effects. As Sforza et al. [9] stated: “Only a few quantitative approaches have attempted to describe and model oxygen inhibition, which is the result of different biological mechanisms.” In their study, they applied a photorespirometric protocol to assess and quantify the effect of high oxygen concentration on photosynthetic production rate, resulting in a new formula to describe the photosynthetic rate as a function of oxygen concentration. Let us underline, that our CFD-based methodology is independent on a particular oxygen inhibition model, i.e., any particular model can be implemented via user-defined function (UDF).



As follows, rather than propose a solution for a specific problem concerning microalgae cultivation within MCS, we present an advanced computational fluid dynamics (CFD) study of the dissolved oxygen concentration within a thin-layer cascade reactor for microalgae cultivation. The modeling framework integrating the fluid dynamics and photosynthetic oxygen evolution within CFD code is described in Section 2. In addition, a simplified description of the system in terms of an ordinary differential equation is presented there. Section 3 provides results and discussion of numerical simulations, illustration of mass transfer effects, and comparison with experimental data presented in illustrative figures, showing the consistency of numerical results with theoretical expectations. Finally, in Section 4, we draw some conclusions and future goals.




2. Materials and Methods


2.1. Thin-Layer Reactor Design and Operating Conditions


The first generation of the so-called thin-layer cascades (TLC) for microalgae production were developed at the end of the 1950s in former Czechoslovakia, see [16]. In this study, we used the experimental data measured on the TLC reactor located at the IFAPA Research Centre (Almería, Spain). This reactor consists of two sloped illuminated cultivation plates, each 40 m long and 1.5 m wide, connected by a flat channel. This reactor has a total volume of microalgae culture of 3.4 m   3   and is composed of three main parts: (a) two inclined channels with a solar radiation capture surface of 120 m   2   capable of containing 2.4 m   3   of culture with 0.02 m depth approximately, (b) tank or reservoir with 0.7 m   3   of culture, and (c) bubble column with 0.3 m   3   of culture with constant aeration which purpose is twofold: (i) to avoid the accumulation of dissolved oxygen, and (ii) to adjust the pH when necessary by the injection of   CO 2  . TLC operation consists in circulating the microalgae culture by a hydraulic pump from the reservoir to the inclined channels, previously adjusting chemical parameters in the bubble column. Due to the area-volume ratio this type of reactors has a high photosynthetic efficiency and it worked in continuous production mode harvesting up to 1.0 m   3  /day (dilution ratio of 0.3/day), see [11] for details.



Based on the above operating conditions, the numerical model and corresponding boundary conditions have been set up, see Section 2.3.




2.2. Dissolved Oxygen Concentration within TLC and Its Impact on Photosynthetic Efficiency


The spatial inhomogeneity of culture conditions (average irradiance, temperature, pH, and dissolved oxygen) was found in different studies, see, e.g., in [10,11]. In this study, only the spatial variation of dissolved oxygen concentration is in the scope of our interest, and the microalgae strain Scenedesmus almeriensis (CCAP 276/24) is selected for its adaptability and abundant growth in outdoor reactors such as TLC. Barceló-Villalobos et al. [11] found that the dissolved oxygen concentration increased along the channel length due to photosynthetic oxygen evolution, see Figure 2D in [11]. The mean values of dissolved oxygen concentration ranged from 141 to 197% Sat (Table 1 in [11]), although values up to 225% Sat were experimentally determined.



As follows, the relations for the photosynthesis rate (depending on some parameters and the average irradiance only), as well as for the reduction of the photosynthetic efficiency due to the high dissolved oxygen concentration values, are important in the description of such systems. As a model for the photosynthesis rate, the hyperbolic model proposed in [17] is used:


   PO 2  =  PO  2 , max      I  av  n    I  k  n  +  I  av  n    ,  



(1)




and to quantify the reduction of photosynthetic efficiency, the same model as in [11] (adopted from [18,19]) is used:


   PO  2 , inhib   =  PO 2   1 −     x  O 2    x   O 2  , max     m   .  



(2)








2.3. CFD Model


2D rectangular geometry representing a cross section of the thin-layer photobioreactor was used in our CFD simulations. The length of the simulated system was 10 m and its height was 0.08 m. The system is slightly inclined, with a 1% slope which was reflected by a modified gravity vector    g →  =  ( 0.01 , − 9.81 )    m   s  − 2      in ANSYS Fluent. A structured mesh was created with the number of cells ~200 thousand. The Euler–Euler Multiphase model was used in ANSYS Fluent with Species Transport activated (the standard VOF multiphase model cannot be used with species transport simultaneously). Realizable variant of   k − ε   turbulence model was used (with Enhanced Wall Treatment). In the first stage, only the momentum and volume fraction equations were solved to get developed velocity profile as well as the position of gas–liquid interface. Figure 1 illustrates the basic geometry including volume fraction contours and boundary conditions. The average thickness of the water layer developed along the bottom wall was ~11 mm; it decreases from the maximum 20 mm at the inlet to the minimum at the outlet 6 mm approximately.



To decrease the computational requirements in the next stage of simulations, the equations describing the momentum balance and volume fraction were not solved assuming that they will not change substantially, and only equations describing species transport and reaction were solved.




2.4. Mass Transfer across Gas–Liquid Interface


Mass transfer across the gas–liquid interface can be expressed using the mass transfer coefficients on both sides [20], in the liquid and in the gas phase. Their combination will give the overall mass transfer coefficient as


   1  K L   =  1  k l   +  1   H  O 2    k g     .  



(3)







  H  O 2    is Henry coefficient describing equilibrium between the concentration in the gas and liquid phases according to Henry’s law:


   c  G ,  O 2    =  H  O 2    c  L ,  O 2     .  



(4)







ANSYS Fluent has correlations describing the mass transfer coefficient but they are oriented to flow past spherical particles (bubbles) like Ranz–Marshall or Hugmark models [21]. These models are not suitable for this case of moving thin-water layer, therefore constant values of mass transfer coefficients were used instead. The gas side mass transfer coefficient was approximated using the correlation describing the flow along a flat plate as    k g  = 5.2 ×  10  − 4     m   s  − 1     . To determine the mass transfer coefficient on the liquid side, a separate CFD simulation describing the flow of the thin water layer with constant height was performed. In general, the mass transfer coefficient depends on the location, as it is illustrated in Figure 2.



At the locations near the the inlet, the values of the mass transfer coefficients are much larger than further from the inlet (theoretically, infinitely large for zero distance). The average value over the whole length (10 m in this case) was evaluated from an overall mass balance as    k l  = 1.02 ×  10  − 5     m   s  − 1      in this case, which corresponds to the experimental value already measured in [12]. Its value is much smaller than the gas-side coefficient, therefore the resistance to mass transfer is much larger in the liquid phase and we can safely assume that the overall mass transfer coefficient will be almost equal to the liquid-side mass transfer coefficient, that is,    K L  =  k l   . The dependency of the mass transfer coefficient (on the liquid side only) illustrated on Figure 2 could be described by the following equation:


   k l  = 1.5 ×  10  − 5     z  − 1 / 3     [ m   s  − 1   ]   ,  



(5)




where the asymptotic confidence interval of the leading constant is 8.7%. This equation could be then transformed into the correlation for the local value of the Sherwood number as


   Sh z  =    k l   z   D  O 2    = 0.243   Re z  2 / 3     Sc   1 / 3    ,   Re z  =   u  z  ν   ,  



(6)




where the distance from the inlet z is the characteristic length in both the Sherwood and Reynolds numbers. In general, the longer would be the system, the smaller dependency on the distance could be expected; thus, a constant average value would be a good approximation in such cases.




2.5. Simplified Description of Oxygen Concentration Profile


If we wanted to avoid time-consuming CFD simulations with this geometrical case of TLC reactor, we can simplify the thin water layer as a plug-flow system with constant velocity in the cross section. Then, it is possible to describe the concentration of dissolved oxygen along the length of the system (z-coordinate, see Figure 1) by the following differential equation:


   N L    d  x  O 2     d z   =  K L  a   c  L ,  O 2   *  −  x  O 2    c L   +  PO 2   .  



(7)







Here,   N L   is the molar flux of the liquid phase (  kmol   m  − 2    s  − 1    ),   x  O 2    is molar fraction of dissolved oxygen, and   c  L ,  O 2   *   is the corresponding concentration of oxygen in the gas phase transformed to equilibrium concentration in the liquid using Henry’s law (4) as    c  L ,  O 2   *  =  c  G ,  O 2    /  H  O 2    . The term   c L   represents the total molar concentration of the liquid phase (it is close to the molar concentration of water as the amount of the dissolved oxygen is relatively small), and   PO 2   is a reaction term representing the production of oxygen by microalgae cells. Term a in Equation (7) represents the specific surface of the interfacial area which can be derived from the ratio of differential element surface   d A   and its volume   d V  , i.e.,    d A   d V   , giving just reciprocal value of the liquid layer thickness   a = 1 / h   (h~11  mm  in average for the developed layer, see Figure 1).



Reaction term   PO 2   in Equation (7) can depend on various parameters, mainly the irradiation of the algae cells and corresponding rate of photosynthesis. The dependency on irradiance can be described by Equation (1) with parameters determined in [11] as    PO  2 , max   = 380   mg   O 2  / L  h  ,  I k  = 200   μ E /  m 2  s  , n = 2  . An average value of the irradiance   I av   is used, provided the sufficient mixing in TLC reactor, cf. [22]. Moreover, it was difficult to find a clear tendency describing the local values along the length of the reactor [11]. If the values of dissolved oxygen in the water are too large, they can inhibit the growth rate and photosynthesis, which was in our model described by Equation (2), where   x   O 2  , max   , representing maximum concentration tolerated by the culture, was determined as 225% of saturated concentration along with parameter   m = 3.5   [11]. Equation (1) along with (2) can be then used to replace the reaction term in Equation (7):


   PO 2  =  PO  2 , max      I  av  n    I  k  n  +  I  av  n      1 −     x  O 2    x   O 2  , max     m    



(8)




and reflect the inhibition by the dissolved oxygen in such way. For CFD simulations, this term was implemented in ANSYS Fluent through a user-defined function and DEFINE_VR_RATE macro. This equation provides the possibility to include also the dependency of the irradiance on the depth (or distance from the irradiated surface) using Beer–Lambert’s law, for example, see in [23] for an implementation of such dependency. Although the implementation of an irradiance model for local irradiance depending on the water depth does not represent neither theoretical nor computational difficulties, in this study, for the sake of clarity, based on the relatively small height of the water, we used the average irradiance value   I av   instead. Equations (7) and (8) represent a simplified description of the system which could be used to perform a parametric analysis of the whole system (with more complex geometries and flow patterns this would not be possible and CFD simulations would represent the only way in such cases).





3. Results and Discussion


3.1. CFD Simulations


ANSYS Fluent software package was used to perform CFD simulations in this work. A user-defined function (UDF) was implemented for the reaction term including the inhibition by dissolved oxygen (Equation (8)). Even though there would be a possibility to include also the spatial dependency of the irradiation according to the Beer–Lambert law, we operated here with constant irradiance getting us close to the maximum value   PO  2 , max    mentioned above (  380   mg   O 2  / L  h    recalculated as   3.3 ×  10  − 6     kmol   O 2    m  − 3    s  − 1      because these are units which must be used in ANSYS Fluent UDF).



At the inlet of the liquid phase, it was assumed that the concentration of the dissolved oxygen was equal to the saturated value, and the same value was used as the initial condition in the whole liquid domain. It was assumed to be constant even though it depends on temperature, in general. Concerning the gas phase as air, standard oxygen molar fraction was used (21%). A time-step analysis was performed according to the grid convergence index analysis [24], and the simulations describing the species transport including the reaction were finally performed with time step 0.01 s (developed velocity field and volume fraction were based on simulations with time step 0.001 s) which provided numerical accuracy expressed in terms of GCI below 1%. To get a steady-state representation of the concentration profiles along the reactor 10 m long, the total time of 100 s was simulated.



Figure 3 illustrates the concentration of dissolved oxygen along the almost horizontal line traced 5 mm from the bottom of the cultivation plate (that is, roughly in the middle of the thin liquid layer) for the standard value of the maximum reaction rate (see above) and 5 times larger which clearly approaches the maximum possible concentration representing 225% of the saturated value (depicted as a horizontal line at the top of the figure). The continuous lines in the figure represent the numerical solutions of ordinary differential Equation (7), and good agreement can be seen here.




3.2. Mass Transfer Effects


To assess the effect of mass transfer across the gas-liquid interface, we can focus on a steady-state balance of oxygen in the liquid phase, that is, on a situation with large length of the system where the derivative with respect to coordinate z in Equation (7) approaches zero:


  0 =  K L  a   c L    x   O 2   *  −  x  O 2    +  PO 2   1 −     x  O 2    x   O 2  , max     m    .  



(9)







After some manipulation, the previous equation can be transformed to the following form:


  0 = 1 −   x  O 2    x   O 2   *   + Da  1 −     x  O 2    x   O 2  , max     m    ,  Da =   PO 2    K L  a   c L   x   O 2   *     ,  



(10)




where  Da  represents a variant of the Damköhler number, widely used in chemical engineering. Here, it represents the ratio of the reaction rate and mass transfer rate. The larger is the reaction rate compared to the mass transfer rate, that is, the larger is the value of the Damköhler number, the smaller is the impact of the mass transfer on the results, and vice versa. With zero mass transfer, that is   Da → ∞  , Equations (9) or (10) will result in concentration profile of dissolved oxygen approaching   x   O 2  , max   . It is illustrated on Figure 4, where it is compared with other values of reaction (production) rate   R  O 2    and corresponding Damköhler number.




3.3. Comparison with Experimental Data


Experimental data and regression analysis can be used to determine parameters in Equation (7) representing the simplified description of the whole system. Using the measured concentrations along the reactor length as presented by [11], we can find the value of mass transfer coefficient   K L   (or    K L  a  ) which would fit the experimental data best. The following Figure 5 shows the result for the data set corresponding to the measuring time 9:00 with    I av  = 129   μ E /  m 2  s   , which yields    PO 2  = 112   mg   O 2  / L  h    according to Equation (1). The fitted value of the overall mass transfer coefficient is    K L  = 6.2 ×  10  − 5     m   s  − 1      (with 14.5% confidence interval) for all data points excluding the last one, which is much larger than the value used in CFD simulations    K L  = 1.02 ×  10  − 5     m   s  − 1      (which was based on a separate simulation describing mass transfer in a moving liquid film of constant height and it is illustrated in the figure as well—see the top-most green curve there).



However, concerning the experimental data, there is a visible drop in the concentration between 40 and 50 m distance, which corresponds to the transition between two 40 m long sections of the whole system [11]. Applying the fitting procedure to the data points in the second section only (excluding the last point which was probably in the sump already), the appropriate value of the mass transfer coefficient would be    K L  = 4.5 ×  10  − 5     m   s  − 1      (with 17.5% confidence interval), which is smaller than the fitted value for the whole system. This is in accordance with the fact that at the beginning of the system, the mass transfer coefficient is larger due to entrance effects. The dependency of mass transfer coefficient on the distance was already illustrated on Figure 2 and described by Equation (5). As it was based on CFD simulation for a 10 m long system only, it would not make sense to apply it to the much longer 80 m system [11]; nevertheless, the top-most green points in Figure 5 illustrates the impact of this dependency on the concentration profile of the dissolved oxygen. It clearly shows that the decreasing value of the mass transfer coefficients along the system length yields in larger concentrations of the dissolved oxygen in the liquid phase. Of course, with longer system the dependency on distance would be different, fitting the experimental data depicted in Figure 5 gives the following correlation:


   k l  = 8.2 ×  10  − 5     z  − 0.09    ,   Sh z  = 0.079   Re z  0.91     Sc   1 / 3    .  



(11)







Here, the exponent of z coordinate is much smaller (−0.09) compared to the shorter system (−1/3), that is, the entrance effects have a much smaller impact. A statistical F-test [25] comparing two variants of the model function fitting the data, one with the power dependency on coordinate z as in Equation (11) and the second one being a simpler model representing a constant value, was performed, and it showed that there is no statistically significant difference between these two models therefore the constant value representing an average over the whole length of the system (  6.2 ×  10  − 5    m / s , ± 14.5 %  ) can be safely used here.





4. Conclusions


In this work, the dissolved oxygen concentration within a thin-layer cascade reactor for microalgae cultivation was simulated using commercial ANSYS Fluent software with user-defined function (UDF) implemented. While the mass transfer phenomena represent a standard problem (embedded within the software package), the reaction term including the inhibition of photosynthetic efficiency by the dissolved oxygen has to be specially modeled. We have also proposed a simplified model based on the ordinary differential equation describing the oxygen profile along TLC system and verified that the results are in good agreement with CFD simulations. Based on the experimental data measured on the TLC reactor located at the IFAPA Research Centre (Almería, Spain), we determined the mass transfer coefficient on the liquid side and illustrated its effect on the photosynthetic oxygen production and consequently dissolved oxygen profiles along the length of the system. The value of the mass transfer coefficient fitted to experimental data was approximately 6 times larger than the value determined in a separate CFD simulation. We see the main reasons of this discrepancy in local variations of the mass transfer parameters which might be difficult to capture without knowing the exact geometrical parameters and performing full 3D CFD simulations.



We underline that the main achievement of this study dwells in the presented methodology, which provides a viable approach of describing microalgae culture systems and gives us a useful tool for the MCS design and possible identification and/or parameter optimization. In the case of TLC-like systems, the proposed simplified ODE model could be used, whereas for more complex geometries and flow patterns, full 3D simulations must be used.
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Nomenclature




	a
	specific surface of interfacial area (m   2  /m   3  )



	c
	molar concentration (kmol/m   3  )



	c    L   
	total molar concentration of liquid (kmol/m   3  )



	c       L , O  2   *   
	Oxygen molar concentration according to Henry’s law, see Equation (4) (kmol/m   3  )



	Da
	Damköhler number,    PO 2  /  K L   c L   x   O 2   *   , see Equation (8) (-)



	D     O   2     
	diffusion coefficient of oxygen in water (m   2  /s)



	I
	light irradiance ( μ E/m   2   s)



	I    av   
	average value of I ( μ E/m   2   s)



	H     O   2     
	Henry’s coefficient (-)



	k    g   
	gas-side mass transfer coefficient (ms    − 1   )



	k    l   
	liquid-side mass transfer coefficient (ms    − 1   )



	K    L   
	overall mass transfer coefficient (ms    − 1   )



	N    L   
	molar flux of the liquid phase kmol m    − 2    s    − 1   



	Re   z  
	Reynolds number, uz / ν  (-)



	Sh   z  
	Sherwood number, k   l   z/D    O   2     (-)



	Sc
	Schmidt number,  ν /D    O   2     (-)



	u
	velocity (ms    − 1   )



	x     O   2     
	molar fraction of dissolved oxygen (-)



	PO   2  
	production of oxygen by algae cells (mg O   2  /L h, kmol m    − 3     s    − 1   )



	PO    O    2   , max     
	maximum production of oxygen by algae cells (mg  O   2  /L  h)



	z
	coordinate, distance from the inlet (m)



	  ν  
	kinematic viscosity (m   2   s    − 1   )
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Figure 1. Basic geometry 2-D showing volume fraction of water (red color—volume fraction of liquid is 1, blue color—volume fraction is 0) in the given system. Boundary conditions used in our simulations are depicted in the figure. 
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Figure 2. Liquid-side mass transfer coefficient   k l   dependency on the distance from the inlet evaluated in a separate CFD simulation of moving water thin layer of constant height. 
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Figure 3. Concentration profiles of dissolved oxygen along the thin-layer reactor (along almost horizontal line traced 5 mm from the bottom) and comparison of CFD simulations results with solution of Equation (7). Two variants of maximum value   PO  2 , max    are depicted here, the basic value   380   mg   O 2  / L  h   , and 5 times larger value approaching the maximum possible concentration representing 225% of the saturated value (depicted as horizontal line at the top of the figure). 
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Figure 4. Concentration profiles of dissolved oxygen along the thin layer reactor described by Equation (7) for various values of Damköhler number. 
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Figure 5. Experimental data describing the concentration profiles of dissolved oxygen along the thin-layer reactor [11], and curves based on the solution of Equation (7) with corresponding values of mass transfer coefficient   K L  . The top-most green data points represent the impact of local dependency of the mass transfer coefficient described by Equation (5). 
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