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Abstract

:

In this study, microbial kinetic and oxygen transfer modelling coupled with energy analysis was applied to investigate how manipulation and control of agitator power input and air flowrate can reduce and minimise the total energy requirement in a batch aerobic bioprocess subject to constraints. The study showed that major energy savings can be made by appropriate selection of these variables and how they are controlled throughout a bioprocess. In many bioprocesses, the oxygen concentration in the liquid is controlled at a constant value. This may be achieved by maintaining the agitator power at a constant value and varying the air flowrate or vice versa, or by continuously varying both. The modelling showed that the minimum or near-minimum total energy requirement occurred when operating at the onset of impeller flooding throughout the bioprocess by continuously varying both impeller power and air flowrate over the bioprocess time. Operating at the onset of flooding may not be practical to implement in practice. However, the minimum energy can be approached by dividing the bioprocess time into a small number of time segments with appropriately chosen constant agitator powers and varying the air flowrate within each segment. This is much more practical to implement.
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1. Introduction


In aerobic batch stirred tank bioprocesses, energy is required to transfer sufficient oxygen into the media to satisfy the oxygen requirements of the micro-organisms. Oxygen is supplied to the bioreactor in the form of air that is compressed by a compressor and enters as bubbles from the bottom of the bioreactor. The mechanical agitator improves the oxygen transfer rate through the formation of smaller bubbles and by inducing greater mixing and turbulence that reduces mass transfer boundary layer resistance and disperses the bubbles throughout the vessel. There may be one or more impellers on the agitator shaft depending on the size of the bioreactor. Oxygen supply is critical and can easily become rate-limiting due to its low solubility in water and thus continuous supply is required [1]. Many studies have been conducted to show how agitation and aeration rate influence the oxygen transfer rate and in so doing influence cell growth and metabolite productivity [2,3,4,5,6,7,8]. The oxygen requirements of the micro-organisms or oxygen uptake rate (OUR) will vary over the batch bioprocess time because the micro-organisms will grow and increase in number. The aeration system must transfer sufficient oxygen, or the oxygen transfer rate (OTR) must be sufficient to meet the OUR, so that oxygen does not greatly decline and slow the progression of the bioprocess. Oxygen transfer in a bioprocess is strongly influenced by hydrodynamic conditions, which are influenced by operating conditions, the physical-chemical properties of the bioprocess broth, geometrical parameters of the bioreactor and the oxygen concentration in the broth [1,9,10,11]. Impeller selection is also very important as the impeller breaks the bubbles into finer bubbles and disperses them throughout the liquid. Flat-blade disc turbines have traditionally been used; however, concave radial turbines can handle higher air flowrates without flooding and their power delivery is less sensitive to air flowrate [12,13,14].



The main determinants of volumetric mass transfer coefficient (kLa) under direct operational control are agitator mechanical power input per unit volume (Pag/VL) and the superficial velocity (vs). Increasing vs will increase kLa simply because there is more air throughput but this is only up until the impeller starts to flood with air, after which the kLa will decrease. Consequently, the superficial air velocity must be less than the flooding value, which in turn is a function of the agitator Pag/VL. Measurement and evaluation kLa and how it is influenced by Pag/VL and vs is crucial in the design, operation and scale-up of bioprocesses [1,15,16,17,18,19,20].



The energy or power input associated with the aeration system consists of the following:

	
Air compressor power requirement



	
Agitator power requirement








Aeration system energy requirement is a significant cost in aerobic bioprocesses [21] and also contributes to the carbon footprint of bioprocesses and associated environmental impact. Reducing aeration system energy and associated costs, as well as the carbon footprint, may be achieved through proper equipment selection, including careful selection of impeller type and impeller diameter to tank ratio [12]. Subsequently, energy minimisation can be achieved by optimal operation of air flowrate and agitator speed [21,22,23,24].



Aeration systems may be designed by selecting an air flowrate and sizing an agitator that can meet the maximum OUR requirement without agitator flooding. This results in one air flowrate (and compressor power input) and one agitator power input (referred to as Scenario K in this work) that delivers the required OTR to satisfy the maximum OUR requirement. However, there are potentially many combinations of the two that could deliver this same OTR [23]. These may all have different total energy requirements when the total agitator and compressor energies are summed over the duration of the bioprocess. Consequently, this presents an opportunity to save energy by determining which combination minimises the total energy requirement.



Scenario K is potentially energy inefficient in a batch bioprocess because it uses energy to supply an OTR that satisfies maximum OUR over the entire bioprocess time, whereas the OUR will vary over time, typically being low at the beginning and gradually increasing to a maximum some time during the bioprocess. Thus, this provides an opportunity for energy saving by continuously manipulating the agitator power input and/or air flowrate throughout the whole of the bioprocess time to provide an OTR that matches the OUR throughout the bioprocess [22,23,25].



A commonly used practical control strategy is to maintain the oxygen concentration in the broth at a constant value (referred to as Scenario C in this work) by varying the air flowrate and/or agitator power input throughout the bioprocess. At each time during the bioprocess, there are potentially many combinations of the two that could deliver the same OTR that satisfies the OUR to maintain the oxygen concentration constant [23]. These may all have different total energy requirements when the total agitator and compressor energies are summed over the duration of the bioprocess. Consequently, this presents another opportunity to save energy by manipulating and controlling the agitator power input and/or air flowrate throughout the bioprocess to provide an OTR that matches the OUR in a more energy efficient way [22,23,25].



Even though there has been much work presented in the literature on oxygen transfer there has not been much presented on applying mathematical modelling to energy analysis of oxygen transfer in bioprocesses. Alves and Vasconcelos [21] have performed a mathematical optimisation procedure to minimise total power requirement subject to maintaining the oxygen concentration in the broth at a critical value. The optimisation procedure was applied to a Streptomyces aureofaciens bioprocess at its maximum OUR, at both pilot and production scales. The power requirement was compared to the factory procedure, which set a constant agitator tip speed and evaluated the required air flowrate. The study showed power savings of 10–20% could be achieved by applying the optimisation procedure. Kreyenschulte et al. [26] have developed a computation tool to assess the energy demand at the large scale based on small-scale data. They examined the impact of a number of constraints and showed that the minimum energy consumption for oxygen transfer was achieved by operating close to the onset of flooding for bioreactor volumes of 20 m3 and larger using conventional agitators.



The objective of this work is to apply microbial kinetic and oxygen transfer modelling coupled with energy analysis to investigate how manipulation and control of agitator power input and air flowrate can reduce and minimise the total energy requirement in an aerobic bioprocess subject to constraints such as impeller flooding. This work contributes to the literature in applying mathematical modelling to practical scenarios (Scenarios K and C) to gain greater insights into how to manipulate the agitator power and air flowrate so as to reduce and minimise the energy requirement in aerobic bioreactors.




2. Mathematical Modelling


The bioreactor considered in this study had a working volume of 20 m3. A six bladed Rushton turbine impeller was used with a standard design configuration. The height to tank diameter ratio was 1. The tank diameter and cross-sectional area were 2.94 m and 6.8 m2, respectively. The impeller to tank diameter ratio was 0.35, giving an impeller diameter of 1.03 m.



2.1. Bioprocess Kinetics and Oxygen Uptake


Cell growth is modelled using a first order kinetic model in Equation (1).


dXdt= μX



(1)




where X is cell concentration at time t and µ is the specific growth rate, which is modelled using a Monod type model (Equation (2)):


μ= μmaxSKS+S(COLKO+COL)



(2)




where S and COL are the sugar and oxygen concentrations in the liquid, respectively, and µmax, KS and KO are constants.



The product concentration (P) and sugar substrate concentration were modelled using Equations (3) and (4).


dPdt= αdXdt+ βX



(3)






dSdt= −(1YXS dXdt+ 1YPS dPdt+mSX)



(4)







Suitable values for the constants in the bioprocess model equations are presented in Table 1; these were selected after considering published works in the literature. Values for µmax and KS can vary significantly and some reported values for µmax varied from 0.09–4.2 h−1 [27,28,29,30]. KS values are typically in the mg·L−1 range, with reported values typically varying from 0.07 to 200 mg·L−1 [27,31,32], although Znad et al. [28] reported a value of 130,900 mg·L−1. KO can have significant variation but typically it is in the range of 0.1 to 1 mg·L−1 [28,32,33]. The values of YXS, YPS and mS were obtained from van’t Riet and Tramper [27]. The values of α and β were obtained from Znad et al. [28]. Concentration values at the start of the bioprocess were X0 = 0.1 g·L−1, S0 = 150 g·L−1 and P0 = 0 g·L−1, and the bioprocess was completed when S was reduced to 0.1 g·L−1.



The oxygen uptake rate (OUR) was modelled using Equation (5).


OUR=δdXdt+ϕX



(5)




where δ is the yield of oxygen consumed for cell growth and ϕ is the oxygen consumption coefficient for maintenance.



The values of δ and Φ can vary significantly depending on the bioprocess. The values δ = 0.64 and Φ = 0.032 h−1 were selected based on a range of values provided in an OUR review article by Garcia-Ochoa et al. [34].




2.2. Oxygen Transfer and Agitator Mechanical Power


The mass transfer Equation (6) was used to model the oxygen transfer rate:


OTR=KLa(COL*−COL)



(6)




where


COL*=COGM



(7)







COG is the oxygen concentration in the air bubbles and M is the Henry’s law equilibrium constant (= 35). COG varies from the concentration of oxygen in ambient air (COGI = 280 mg·L−1) to the concentration of oxygen in air leaving the bioreactor (COGO). Thus Equation (8) was used to evaluate an average equilibrium concentration of oxygen in the liquid.


COL*=(COGI+COGO)/2M



(8)







A mass balance on the bioreactor was used to evaluate another expression for OTR (Equation (9)).


OTR=FGVL(COGI−COGO)



(9)




where FG is the air volumetric flowrate and VL is the working volume of the bioreactor.



The correlation relationship between kLa, agitator mechanical power input (Pag) and air superficial velocity (vs) is given by Equation (10).


kLa=K(PagVL)n1(vs)n2



(10)







The values of the constants were K = 0.026, n1 = 0.4 and n2 = 0.5, and these were obtained from van’t Riet [35]. For a particular bioprocess, the values for these constants need to be determined, as these will be influenced by the physicochemical properties of the bioprocess broth, including its viscosity.



The air superficial velocity is defined in Equation (11).


vs=FGAT



(11)




where AT is the cross-sectional area of the bioreactor.



The parameter vvm is used in the modelling scenarios because in the bioprocess industry the air flowrate is commonly expressed in terms of vvm [12], which is the volume of air per volume of liquid per minute and may be defined by Equation (12).


vvm=FGVL



(12)




where units are expressed in minutes−1.




2.3. Flooding and Phase Equilibrium Constraints


The air flowrate is limited by impeller flooding and this depends on the mechanical power input (Pag). The air flowrate (FGF) at the onset of flooding, for a fixed value of Pag, was evaluated by solving Equations (13) to (15). Equation (13) was obtained from Bakker et al. [14].


NA=30(NFr)(DT)3.5



(13)




where


NA=(FGFND3)  and   NFr=(N2Dg)











D and T are impeller and tank diameters, respectively. Equation (14) is the power number equation.


Pag=NPGρN3D5



(14)




where the density (ρ) = 1 kg·L−1, N is the impeller rotational speed and NPG is the impeller power number. NPG varies with the air flowrate, and Equation (15) was applied to take this into account. This equation was obtained from Bakker et al. [14] along with values for the constants.


NPGNP=1−(b−aμ)NFrdtanh(cNA)



(15)




where NP is the ungassed power number (= 6), μ is the liquid viscosity (5 mPa·s), a = 0.72, b = 0.72, c = 24 and d = 0.25 (flat-bladed turbine impeller).



The oxygen concentration in the air leaving the bioreactor (COGO) was limited by the phase equilibrium constraint in Equation (16).


COGO≥M(COL)



(16)








2.4. Aeration System Energy Requirement


In the simulations the agitator mechanical power input requirement was either given a value or was estimated using the previous equations, including Equation (10). The compressor mechanical power requirement for a specific air flowrate was estimated from Equation (17) [21].


PC=γγ−1FGPatm((PiPatm)γ−1γ−1)(1ηC)



(17)




where Patm is atmospheric pressure and Pi is the atmospheric pressure plus the static pressure acting on the bottom of the bioreactor due to the weight of liquid, γ = 1.4. ηc is the isentropic efficiency of the compressor (assumed to be constant at 0.7). The sum of the agitator and compressor electrical energy requirements (Etot) for the duration time of the bioprocess (tf) is given by Equation (18).


Etot=∫0tf(Pag+PCηm)dt



(18)




where ηm is the electric motor efficiency (assumed to be constant at 0.9 for both the agitator and compressor).




2.5. Modelling Scenarios


The following scenarios were investigated:

	
Scenario K: Both Pag and vvm are maintained as constant. This may occur in some bioprocesses which are operated under fixed conditions of agitator power input and air flowrate.



	
Scenario C: The oxygen concentration in the liquid is kept constant throughout the bioprocess. This represents a practical control strategy by monitoring oxygen concentration in the liquid and controlling either agitator power input or air flowrate or both to maintain the oxygen concentration at a constant value. This was implemented for the following sub-scenarios:



	
Scenario C1: Pag is kept constant throughout the bioprocess and vvm is varied. From an oxygen transfer energy perspective, it is later shown that dividing the bioprocess time up into two or more time segments with different constant Pag values and varying vvm in each time segment significant energy savings may be obtained (this is referred to as Scenario C1-N, where N is the number of time segments).



	
Scenario C2: vvm is kept constant and Pag is varied.



	
Scenario C3 and Cmin: Scenario C3 is where both Pag and vvm are varied. It will be shown later that a Pag-vvm combination profile over time can be evaluated that minimises the total electrical energy required for a specified constant oxygen concentration in the liquid. This is referred to as scenario Cmin.








These scenarios were modelled to investigate where the minimum total energy requirement existed within each scenario and to elucidate the rationale, and to compare the energy requirements obtained for the different scenarios. This information was then used to highlight how air flowrate and agitator power input can be manipulated to reduce and minimise the total energy requirement. These scenarios were subjected to a number of constraints including impeller flooding, phase equilibrium and oxygen starvation. There are other possible constraints such as foaming, carbon dioxide inhibition, maximum impeller rotational speed, minimum agitator speed for acceptable mixing and minimum allowable heat transfer coefficient [21,26], but these were not considered in this work.




2.6. Model Implementation


A numerical method approach was used to carry out the computations where algorithms using the equations above were developed for each scenario. The computations were implemented in Matlab. In Scenario K, where the oxygen concentration in the liquid varied over time, the following mass balance was used to evaluate the oxygen concentration at the end of each time step (COLf):


COLf=(OTR−OUR)Δt+COLi



(19)




where Δt is the time duration of the time step and COLi is the oxygen concentration at the beginning of the time step.





3. Results and Discussion


3.1. Bioprocess Progression


The evolution of the sugar, product and cell concentrations are presented in Figure 1a for a simulation where the specific growth rate is near to its maximum of 0.25 h−1 for much of the bioprocess time. The bioprocess progresses slowly up to about 10 hours, after which there are significant changes in concentrations; the bioprocess ends at about 24 hours. The evolution of OUR is also presented in Figure 1a, where the OUR reaches a maximum of 4.7 g·L−1·h−1 towards the end of the bioprocess. Figure 1b shows the influence of oxygen and sugar concentrations in the bioprocess liquid on the specific growth rate. The oxygen concentration has a major impact on specific growth rate. The specific growth rate is near to its maximum at the high oxygen concentration of 8 mg·L−1. It slowly decreases as the oxygen concentration is reduced to about 2 mg·L−1, after which there is a more precipitous decrease (it may be noted that KO is 0.363 mg·L−1). On the other hand, the sugar concentration during the bioprocess varies from 150 g·L−1 down to 0.1 g·L−1 and this does not have a major influence on specific growth rate, as illustrated in Figure 1b.




3.2. Scenario K


In this scenario both Pag and vvm are kept constant during each bioprocess run. There are constraints that place restrictions of feasible combinations of vvm and Pag values that allow the bioprocess to achieve completion. Impeller flooding places an upper limit on vvm for a given Pag, and Equations (13) to (15) were used to estimate the flooding vvm for each Pag. As vvm decreases, the oxygen concentration in the bioprocess liquid will also decrease, leading to longer bioprocess times. The microbes may suffer from “oxygen starvation” and die at low oxygen concentrations; a lower limit of oxygen concentration was thus applied as a constraint in the model. This was given a low value of 0.01 mg·L−1. This constraint on oxygen concentration places a lower value constraint on vvm for a given Pag. The flooding and oxygen starvation constraints are presented in Figure 2. The region between the flooding curve and the oxygen starvation curve represents feasible combinations of vvm and Pag that will allow the bioprocess to achieve completion. From Figure 2, the minimum feasible Pag is around 15 kW.



Considering the above, model simulations were run for Pag values ranging from 15 kW up to 100 kW, and for vvm values ranging in between the oxygen starvation and flooding constraints for each Pag value. Looking at one of the Pag values in more detail, Pag = 45 kW, the influence of vvm on the agitator, compressor and total electrical energies, and bioprocess time, is presented in Figure 3. Data is presented for vvm values between 0.55, which is close to where oxygen starvation occurs, and 4.3, which is close to where flooding occurs. There is a trade-off between lower vvm, leading to lower compressor power, and higher bioprocess time, which increases agitator energy and possibly compressor energy also. This leads to a minimum in total electrical energy of 3.2 GJ; however, this minimum occurs close to the oxygen starvation constraint at vvm = 0.55. Figure 4 shows the progression of the oxygen concentration in the bioprocess liquid over time for Pag = 45 kW at three values of vvm ranging from values close to oxygen starvation (vvm = 0.55) to those near to flooding (vvm = 4.3). For all three conditions, the oxygen concentration in the liquid is high, beig 7–8 mg L−1 over the first 10 hours, which is expected as the OUR is low over this time period. For the lower vvm values, COL decreases more rapidly to lower levels, which results in longer bioprocess times.



Figure 5a shows how Pag and vvm influence the total electric energy requirement. Results are provided for four constant values of Pag ranging from 15 to 65 kW. It shows that there are large variations in total energy requirement depending on the values of Pag and vvm selected and thus there is potential for major energy savings if appropriate values were chosen. Figure 5a shows that lower total energy is required as Pag is reduced towards 15 kW. However, the vvm operating window is also greatly reduced due to the constraints illustrated in Figure 2.



Figure 5b shows the minimum total energy requirement at each Pag value between 15 and 100 kW, along with the corresponding agitator and compressor energies. The minimum of the total energy minima occurs at the lower extreme of Pag = 15 kW. However, this is located at a very sensitive point at the intersection between the flooding and starvation constraints and thus is not to be recommended as a practical operating condition. Figure 5 highlights the large variation in minimum total energy values depending on the selection of Pag. It is 4.1 GJ at Pag = 30 kW, while it is over 2.5 times greater at 10.7 GJ for Pag = 100 kW. This is a large difference depending on the selection of Pag. Consequently, there are energy savings to be made from appropriate selection of Pag.




3.3. Scenario C


In this scenario COL is maintained at a constant value throughout the bioprocess. This may be achieved by keeping vvm constant and varying Pag, or by keeping Pag constant and varying vvm, or by varying both Pag and vvm. This results in a number of corresponding sub-scenarios which are investigated in the following sections. Firstly, the constant values of COL to be investigated must be stated, and this is highly influenced by the impact of COL on bioprocess kinetics. COL can vary between 0 and 8 mg·L−1 and Figure 1b shows the impact of COL on specific growth rate. Considering this, the following constant values of COL were investigated: 5, 3, 2, 1, 0.4 and 0.1 mg·L−1.




3.4. Scenario C1


In this scenario COL is maintained constant by varying vvm for a constant value of Pag throughout the bioprocess. Once Pag is fixed, the flooding velocity is also fixed. Below a certain critical value of Pag, the vvm required at maximum OUR would exceed the flooding velocity and COL could not be maintained constant. At and above this critical value of Pag, vvm could be varied to maintain a constant COL throughout the bioprocess. Consequently, the bioprocess needs to be operated at a Pag value equal to or above the critical Pag in order to maintain constant COL throughout the bioprocess. At higher values of Pag above the critical value, the vvm required would decrease as expected. Furthermore, in the earlier part of the bioprocess when OUR is low, the vvm values required were low enough to break the constraint in Equation (16), giving rise to Cogo being less than M × COL. This constraint cannot be broken and it thus limits the OTR that can be provided in Equation (9). To rectify this, vvm was increased so that Cogo = M × COL.



For each constant value of COL, the agitator, compressor and total energies were evaluated for agitator power values at and above the critical Pag value. Figure 6 presents total energy data as a function of constant Pag for three different values of COL. It shows that the constant value of Pag chosen has a major impact on total energy requirement and thus care needs to be taken in choosing this value. For a fixed COL, the minimum total energy occurs at the critical Pag, which is the value of Pag where flooding will start to occur at the time when OUR is a maximum. This is referred to as C1min. Considering this, it may be more prudent to operate at Pag values above the critical Pag due to uncertainties associated with flooding correlations.



Figure 6 also shows that the critical Pag decreases as COL decreases. Less vvm is required at lower COL values because the maximum OUR is less and the mass transfer driver is greater, meaning the critical Pag is lower. Figure 7 presents the minimum total energy at discrete values of COL between 0.1 and 5 mg·L−1. The lowest minimum total energy was about 3.8 GJ, which occurred at 0.1 mg·L−1 and after a greatly increased bioprocess time of 98 hours. Thus, there is a trade-off between lower minimum total energy values and higher bioprocess times as COL is reduced.




3.5. Scenario C2


In this scenario COL is maintained constant by varying Pag for a constant value of vvm throughout the bioprocess. There exists a minimum vvm that must be supplied to meet the maximum OUR and not break the constraint given in Equation (16), i.e., COGO≥M(COL). The maximum OUR was evaluated previously and the minimum vS (vS_min) was estimated, using Equations (9), (11) and (16), to formulate Equation (20), noting that OTR equals OUR when COL is constant. This was then used to evaluate the minimum vvm.


vS_min=VLOURmaxAT(COGI−MCOL)



(20)







Maintaining COL at a constant value in this scenario was shown to be impossible and thus this scenario was not investigated further. At vvm values higher than the minimum, it was found that the Pag required, for much of the bioprocess, was so low that the flooding vvm was less than vvm, meaning the impeller was flooding. To overcome this flooding problem, the Pag had to be increased to the onset of the flooding value, which increased OTR and caused COL to deviate from its constant value for much of the bioprocess.




3.6. Scenario C3


In this scenario COL is maintained constant by varying both vvm and Pag throughout the bioprocess. At a specific time during the bioprocess, many different combinations of vvm and Pag can be evaluated to provide an OTR that satisfies the OUR at that time in order to maintain COL at a constant value [22,23]. However, the values of vvm and Pag are subject to the constraints of phase equilibrium and agitator flooding outlined in Section 2.3. A typical evolution of OUR over the bioprocess time is given in Figure 1a. For a constant COL of 2 mg·L−1, the OUR varies from around 0 up to 4.55 g·L−1·h−1. Simulations were performed to evaluate the effect of vvm on the power requirement of the compressor and agitator that could supply the OTR required to satisfy the OUR in the range of 0 up to 4.55 g·L−1·h−1. Figure 8 presents data for an OUR value of 4.5 g·L−1·h−1. As expected, compressor power increases as vvm increases and there is a corresponding decrease in agitator power to supply the OTR required to meet the OUR. However, compressor power increases linearly with vvm while agitator power decreases in an exponential fashion. The trade-off between compressor and agitator power results in a value of vvm that minimises total power. In the simulations for OUR values in the range of 0 up to 4.55 g·L−1·h−1, this minimum tended to be located at a value of vvm that was beyond the flooding value. Consequently, the minimum total power that also satisfies the constraints was located at the onset of flooding. Figure 8 also highlights that care needs to be taken in the selection of vvm, so as to remain within constraints, especially the flooding constraint, and to avoid excessive total power requirement at lower vvm, due to excessive agitator power. Consequently, major savings in aeration system energy requirement can be made by careful selection of vvm and agitator power input requirement throughout the bioprocess, and mathematical modelling can assist in this selection.




3.7. Scenario Cmin


From the above scenario C3 analysis, it may be observed there are specific values of vvm (and corresponding air compressor power) and agitator power that minimise the total electrical power requirement to supply the OTR for an OUR at a given time during the bioprocess. This analysis can then be applied over the whole time duration of the bioprocess to evaluate the combinations of vvm and Pag that minimise the total electrical power requirement at each time increment throughout the bioprocess. This results in the minimum total energy requirement for Scenario C (COL = constant), which is referred to as Scenario Cmin. This analysis was applied to a bioprocess where COL was kept constant at 2 mg·L−1. Figure 9 shows the variation in vvm, compressor power, agitator power and total power over the course of the bioprocess. The values of vvm and Pag that minimised total power were at the onset of flooding throughout all of the bioprocess. The oxygen concentration in the air leaving the bioreactor (COGO) was consistently high throughout the bioprocess, ranging from about 225 to 250 mg·L−1, which is not too far below the inlet oxygen concentration of 280 mg·L−1.



The power requirements will depend on the values of OUR, working volume, the kLa correlation and the constraints (in particular the flooding constraint). Less vigorous aerobic bioprocesses have maximum OUR values of about 1 g·L−1·h−1 while vigorous aerobic bioprocesses have OUR values of around 7 g·L−1·h−1 [26]. Kreyenschulte et al. [26] have shown that the minimum total power requirement also occurs at the onset of flooding, but only for bioreactor sizes of around 20 m3 and larger (the flooding constraint is irrelevant for smaller bioreactors using conventional agitators). Consequently, simulations were also performed at 2.5 m3 and 100 m3 for OUR values in the range of 1–7 g·L−1·h−1 for the kLa correlation constants used in the current study. The results are presented in the first line of Table 3 and show that the minimum total power requirement was constrained by the onset of flooding for eight of the nine simulations presented. For the other simulation, the total power requirement at flooding was about 0.5% greater than the minimum. These results suggest that the minimum (or near minimum) total energy requirement during a bioprocess can be obtained by operating at the onset of flooding.



The results shown above were obtained using the kLa correlation constants used in the current study (correlation 1 in Table 2). Consequently, further simulations were performed using four other kLa correlations presented in Table 2 and obtained from Benz [20], van’t Riet [35] and Bakker [14]. This was to further evaluate if the minimum (or near minimum) total power occurred at the onset of flooding. The results showed that three of the other correlations behaved similarly to the first correlation (Table 3), with minimum total power being constrained by flooding or having a value within 0.5% of that at flooding. However, for correlation 2 (Table 3), the minimum total power occurred before flooding for all the simulations. The total power at onset of flooding was about 1–25% greater than the minimum total power value, with higher values occurring at the smaller volume and bigger OUR values, which is consistent with the work of Keyenschulte et al. [26]. Overall, the data presented for minimising total energy in Scenario C suggest that the vvm-Pag combinations should be controlled so that they are at or are close to the onset of flooding to supply an OTR that equals the OUR throughout the bioprocess, although this does depend on the kLa correlation constants and the factors that influence the onset of flooding.



The constant value of COL will influence the energies, as highlighted earlier, but there is a trade-off. Lower COL values require lower kLa values and thus lower electrical power while on the other hand giving rise to longer bioprocess times which could require more energy. Cmin simulations were performed for a number of values of COL and the results are presented in Figure 10. This shows that reducing COL has a major impact on reducing energy; there is a minimum energy but it occurs at a very low COL value around 0.05 mg·L–1. It is beneficial for the simulated bioprocess to operate at this low COL value from an oxygen transfer energy perspective. However the bioprocess time was 166 hours, which is much greater than the 26.6 hours required for COL = 2 mg·L−1, and this may be very disadvantageous from other perspectives such as the size of a bioreactor required to provide a specified productivity.




3.8. Scenario C1-N


The results in the previous section suggest that scenario Cmin may be achieved by operating at or close to the onset of flooding. This may prove impractical because it involves trying to continuously control vvm and Pag so that they are around the onset of flooding throughout the bioprocess. Furthermore, it may not be feasible from a mechanical perspective to operate the agitator at this condition throughout a bioprocess. In Scenario C1, it was shown that Pag has a lower limit, i.e., the critical value which is due to flooding occurring at maximum OUR. This results in a relatively high total energy requirement due to the high agitator energy requirement. As can be seen in Figure 1a, OUR is low over the first 10 hours, after which it rises progressively to its highest values, reaching these towards the end of the bioprocess. Consequently, the energy requirement can be reduced by dividing the bioprocess time up into two or more time segments with constant values of Pag within each segment and where different constant Pag values progressively increase from segment to segment up until the value in Scenario C1 in the last time segment. This is referred to as Scenario C1-N (where N is the number of time segments). Furthermore, the constant Pag value in each time segment could be chosen such that the onset of flooding occurs at the end of the time segment. Theoretically, an infinite number of such time segments would be the same as Cmin and would require the same energy. Consequently, increasing the number of time segments will reduce the energy requirement and approach Cmin with more and more time segments.



Figure 11a illustrates the variation in Pag and vvm for Scenario C1-5 (5 time segments) where the segments have equal time durations and the onset of flooding occurs at the end of each time segment. The values of Pag in each time segment represent the lowest value without having impeller flooding occur during the time segment. The non-linear increase in Pag from one segment to the next is due to the non-linear increase in OUR illustrated in Figure 1a. As expected, vvm increases within each time segment and then decreases at the transition from one segment to the next as Pag increases.



Simulations were performed for a number of time segments (N) to compare the energy requirements of Scenarios C1-N and C1min; the results are presented in Table 4. It can be seen that increasing the number of time segments had a major impact on reducing the total energy requirement for oxygen transfer. Dividing the bioprocess time into two time-segments had the biggest segment impact in energy reduction with a 42% energy reduction. There is a diminishing energy saving associated with each additional time segment with nearly a 66% reduction being achieved with 10 time segments. Increasing the number of segments to 100 segments gives very similar energy values to Cmin, being only 2% higher.



The C1-5 scenario presented in Figure 11a used time segments with equal time durations. However, the constant Pag values and duration of the time segments can be varied, and this may influence the energy requirements. For example, the time segments could be divided such that a constant Pag step increase is applied from segment to segment and the segment time durations are varied to suit this, as illustrated in Figure 11b for C1-5. Simulations were performed for a number of time segments (N) using this time segment configuration, and the results are presented in Table 5. The energy values are similar to those presented in Table 4 but they are noticeably higher. Thus, the time segment configuration does influence the energy values.



To further investigate the influence of segment configuration on energy requirement, the modelling was applied to two constant Pag time segments (Scenario C1-2). In the second time segment the Pag was the critical value of Pag. A lower value of Pag was chosen in the first segment but was high enough so that the onset of flooding only occurred at the end of the time segment. The duration of the first segment at low Pag affects the total energy requirement, and this is illustrated in Figure 12 for a COL value of 2 mg·L−1. It can be seen that there is a minimum total energy of 2.43 GJ, which occurred when the first time segment had a duration of around 19 hours and the corresponding Pag at the onset of flooding was 8 kW. A comparison is presented in Table 6 of this time segment configuration (C1-2min) with the two C1-2 configurations presented in Table 4 and Table 5. It shows that the duration of the first-time step and size of the Pag step increase is in between those of the other two configurations. It highlights that the total energy requirement is significantly lower. However, this consequential energy saving (due to segment configuration) does diminish as the number of time segments increases.




3.9. Comparison of Scenario Minimum Total Energy Requirements


Table 7 compares the minimum total energy requirements for each of the scenarios studied along with the associated agitator/compressor energies, bioprocess times and influence of COL. It also provides the percentage energy savings associated with them when compared to minimum requirement in scenario C1 (C1min). Table 7 shows significant variation between the minimum total energies for each scenario and thus appropriate selection of Pag and vvm can make major energy savings. Cmin requires only 32% of the total energy of C1min (COL = 2 mg·L−1). The use of two appropriately chosen constant Pag time segments, as in C1-2min, provides a 46% energy saving over C1min. Furthermore, this saving represents 67% of the energy difference between C1min and Cmin. As expected, reducing COL can have a significant impact in reducing energy.



Interestingly, Kmin (where both Pag and vvm are fixed) showed a relatively low total energy requirement, which was around 30% less than C1min (COL = 2 mg·L−1). The reason for this is somewhat complex but it is essentially because the constant Pag is much higher at 39 kW for C1min than 15 kW for Kmin. This is because the COL value is constrained in Cmin at 2 mg·L−1, while it reduces to the oxygen starvation constraint value of 0.01 mg·L−1 in Kmin, as highlighted in Figure 4, where OUR increases to is highest values. The lower oxygen concentration provides a higher mass transfer driver which reduces the power requirement to provide the same OTR. Furthermore, the very low oxygen concentration did not negatively impact bioprocess time because it only occurred at the end of the bioprocess.





4. Conclusions


Oxygen transfer in bioprocesses coupled with energy requirements is complex. Mathematical modelling can help provide a better understanding of the interactions between many variables and constraints and how these impact on energy requirements of aeration systems. Careful selection and control of Pag and vvm (and COL in Scenario C) can result in much lower total energy requirements while carrying out the same bioprocess. For example, in Scenario K the minimum total energy was 3.2 GJ at Pag = 15 kW, while it was 5.4 GJ at Pag = 45 kW. This is a large difference depending on the selection of Pag. Consequently, mathematical modelling of microbial kinetics, oxygen transfer and energy analysis can assist in this selection process. The modelling also highlights sensitivities of the operating conditions to oxygen concentration in the liquid, oxygen starvation, impeller flooding and phase equilibrium constraints. For Scenario K, using the kLa correlations in this study, the minimum total energy occurred at the lowest feasible Pag value subject to the constraints. However, this occurred at a very sensitive point, being at the intersection of the flooding and oxygen starvation constraints (Figure 2).



For Scenario C1 (where Pag was constant and vvm was varied to maintain a constant COL) the minimum total energy occurred at the lowest value of Pag such that the onset of flooding only occurred at maximum OUR. Overall, for Scenario C, the minimum total energy requirement was obtained when both Pag and vvm could be varied over time. For typical OUR values, it was shown that the minimum (or near minimum) total energy requirement tended to occur when operating at the flooding constraint throughout the bioprocess.



Operating at the onset of flooding may not be practical to achieve in practice. However, the study highlights that using a small number of appropriately chosen constant Pag time segments (Scenario C1-N) will approach the minimum total energy requirement and that this is much more practical to implement. This is possibly the most practical approach to reducing the total energy requirement and approaching the minimum seen in Scenario C.



As expected, COL has a major impact on total energy requirement, although there is a potential trade-off between oxygen mass transfer rate and microbial kinetics. In the bioprocess studied, the optimum COL value in Scenario C, which minimised total energy, was very low, but this may be problematic from other perspectives such as longer bioprocess time and the bioreactor size required to produce a given amount of product. However, it may be beneficial to operate at higher COL values of, say, 2 mg·L−1 when OUR and power requirements are relatively low, and then to operate at lower COL values when OUR increases towards its highest values to reduce the much higher power requirement (and overall total energy requirement) without having significant negative impacts on bioprocess time.



Overall, in the scenarios investigated, different combinations of Pag and vvm can provide the oxygen transfer required to complete the bioprocess. The selection/control of these variables can have a major impact on the oxygen transfer energy requirement and thus careful selection of these variables, in combination with COL, can help minimise the energy required, and mathematical modelling can assist in this process.
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List of Symbols




	AT
	cross-sectional area of bioreactor (m2)



	COG
	oxygen concentration in air bubble (mg·L−1)



	COGI
	oxygen concentration in air entering bioreactor (mg·L−1)



	COGO
	oxygen concentration in air leaving bioreactor (mg·L−1)



	COL
	oxygen concentration in the bioprocess broth (mg·L−1)



	D
	impeller diameter (m)



	Eag
	agitator electrical energy (GJ)



	Ec
	compressor electrical energy (GJ)



	Etot
	sum of agitator and compressor electrical energy (GJ)



	FG
	inlet air volumetric flowrate (m3·h−1)



	kLa
	volumetric oxygen mass transfer coefficient (h−1)



	KO
	Monod kinetic constant for oxygen (g·L−1)



	KR
	Monod kinetic constant (g·L−1)



	KS
	Monod kinetic constant for sugar (g·L−1)



	M
	Henry’s Law constant



	mS
	specific maintenance coefficient (h−1)



	N
	agitator rotational speed (s−1)



	NA
	aeration number



	NFr
	Froude number



	NP
	agitator power number (ungassed)



	NPG
	agitator power number (gassed)



	OUR
	oxygen uptake rate (g·L−1·h−1)



	OTR
	oxygen transfer rate (g·L−1·h−1)



	P
	production concentration (g·L−1)



	Pag
	agitator mechanical power input (kW)



	Patm
	atmospheric pressure (Pa)



	PC
	compressor mechanical power input (kW)



	Pi
	atmospheric pressure + static head in bioreactor (Pa)



	S
	sugar concentration (g·L−1)



	SR
	rate-limiting substrate concentration (g·L−1)



	t
	time (h)



	tf
	bioprocess time (h)



	T
	bioreactor diameter (m)



	VL
	bioreactor working volume (m−3)



	vvm
	volume of air per minute per unit bioreactor working volume (min−1)



	vs
	air superficial velocity (m·h−1)



	X
	cell concentration (g·L−1)



	YXS
	yield coefficient for biomass (g dry cell weight per g sugar)



	YPS
	yield coefficient for product (g product per g sugar)



	α, β
	product production rate model constants



	δ, Φ
	OUR model constants



	µ
	specific growth rate (h−1)



	µmax
	maximum specific growth rate (h−1)



	γ
	isentropic exponent of compression
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Figure 1. Microbial kinetics: (a) cell, sugar and product concentrations and oxygen uptake rate (OUR) (Scenario K: Pag = 45 kW; vvm = 1); (b) effect of oxygen and sugar concentrations on specific growth rate. 
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Figure 2. Scenario K: Limiting constraints on vvm and agitator mechanical power: oxygen starvation and impeller flooding. 
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Figure 3. Scenario K: Influence of vvm on agitator (Eag), compressor (Ec) and total (Etot) electric energies and bioprocess time for Pag = 45 kW. 
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Figure 4. Scenario K: Evolution of oxygen concentration in bioprocess liquid when operating at Pag = 45 kW at vvm = 0.55, 1 and 4.3. 
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Figure 5. Scenario K: (a) Influence of vvm on total electric power for constant values of Pag; (b) Influence of Pag on minimum total electric energy requirement (Etot) and corresponding agitator (Eag) and compressor (Ec) electric energy inputs. 
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Figure 6. Scenario C1: Influence of constant values of Pag and oxygen concentration in the bioprocess liquid (COL) on total electric energy requirement. 
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Figure 7. Scenario C1: Influence of oxygen concentration in the liquid on minimum total electric energy requirement. 
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Figure 8. Scenario C3: Influence of vvm on compressor, agitator and total electrical power requirements for OUR = 4.5 g·L−1·h−1 (COL = 2 mg·L−1). 
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Figure 9. Scenario Cmin: Evolution of vvm and compressor, agitator and total electrical power inputs (COL = 2 mg·L−1). 
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Figure 10. Scenario Cmin: Influence of oxygen concentration in the liquid on bioprocess time (tf), and agitator (Eag), compressor (Ec) and total (Etot) electric energies (COL = 2 mg·L−1). 
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Figure 11. Scenario C1-5: (a) Segments with equal time durations: evolution of Pag and vvm (inset) and (b) constant Pag step increase of 7.7 kW between time segments: evolution of Pag (onset of flooding occurs at end of each time segment; COL = 2 mg·L−1). 
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Figure 12. Scenario C1-2: Influence of the duration of the first time segment on the total electric energy requirement and Pag (COL = 2 mg·L−1). 
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Table 1. Values for constants in the bioprocess kinetic model.
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	μmax (h−1)
	KS (g·L−1)
	KO (g·L−1)
	α
	β (h−1)
	YXS
	YPS
	mS (h−1)





	0.25
	0.005
	0.000363
	2.9220
	0.1314
	0.55
	1
	0.025
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Table 2. Values of constants in kLa correlations.
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kLa Correlations and References

	
Constants




	
K

	
n1

	
n2






	
1—van’t Riet non-coalesce [van’t Riet, 1979]

	
0.026

	
0.4

	
0.5




	
2—van’t Riet coalesce [van’t Riet, 1979]

	
0.002

	
0.7

	
0.2




	
3—Benz broth 1 [Benz, 2013]

	
0.015

	
0.55

	
0.6




	
4—Benz broth 2 [Benz, 2013]

	
0.088

	
0.542

	
0.741




	
5—Bakker [Bakker, 1994]

	
0.015

	
0.6

	
0.6
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Table 3. Influence of kLa correlation (Table 2), working volume (VL) and OUR on whether or not minimum total power occurs at the onset of flooding in Scenario Cmin—Y: yes, minimum total power occurs at onset of flooding; N: no, it does not (COL = 2 mg·L−1).
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kLa Correlation

	
VL = 2.5 m3

	
VL = 20 m3

	
VL = 100 m3




	
OUR (g·L−1·h−1)

	
OUR (g·L−1·h−1)

	
OUR (g·L−1·h−1)




	
1

	
4

	
7

	
1

	
4

	
7

	
1

	
4

	
7






	
1

	
Y

	
Y

	
N

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y




	
2

	
N

	
N

	
N

	
N

	
N

	
N

	
N

	
N

	
N




	
3

	
Y

	
Y

	
N

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y




	
4

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y




	
5

	
Y

	
Y

	
N

	
Y

	
Y

	
Y

	
Y

	
Y

	
Y
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Table 4. Energy requirements (MJ) for the C1-N scenario with equal time segment durations (onset of flooding occurs at end of each time segment) and comparison with C1min and Cmin (COL = 2 mg·L−1; % energy savings are relative to Scenario C1min).
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	Control Strategy
	Agitator Eag
	Compressor Ec
	Total Etot
	Energy Savings (%)





	C1min
	4097
	460
	4557
	-



	C1-N
	
	
	
	



	C1-2
	2166
	464
	2630
	42.3



	C1-5
	1220
	529
	1749
	61.6



	C1-10
	972
	588
	1560
	65.7



	Cmin
	746
	705
	1415
	68.1
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Table 5. Energy requirements (MJ) for C1-N scenario with constant Pag step increase from one time segment to the next. (COL = 2 mg·L−1; onset of flooding occurs at end of each time segment).
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	Control Strategy
	Agitator Eag
	Compressor Ec
	Total Etot





	C1-2
	2279
	519
	2798



	C1-5
	1298
	594
	1892



	C1-10
	996
	636
	1632
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Table 6. Energy requirements (MJ) for time segment configurations in C1-2 (the minimum energy requirement (C1-2min), the two time segment durations are the same (ΔtSEG = constant), and the two Pag step increases are the same (ΔPag = constant)).
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Control Strategy

	
Agitator Eag

	
Compressor Ec

	
Total Etot

	
First Time Segment




	
Pag (kW)

	
Duration (h)






	
C1-2min

	
1787

	
642

	
2429

	
8

	
19




	
C1-2 (ΔtSEG = constant)

	
2166

	
460

	
2630

	
2.4

	
13.3




	
C1-2 (ΔPag = constant)

	
2279

	
519

	
2798

	
19.2

	
23.1
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Table 7. Comparison of energy requirements (MJ) for the different scenarios at minimum total energy requirement within a scenario (COL = 2 mg·L−1; % energy savings are relative to Scenario C1min).
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	Scenario
	Bioprocess Time (h)
	Agitator Eag
	Compressor Ec
	Total Etot
	% Energy Savings





	Scenario K
	
	
	
	
	



	Kmin
	28.8
	1730
	1475
	3205
	30



	Scenario C
	
	
	
	
	



	(COL = 2 mg·L−1)
	
	
	
	
	



	C1min
	26.6
	4097
	460
	4557
	-



	C1-2min
	26.6
	1787
	642
	2429
	46



	Cmin
	26.6
	746
	705
	1451
	68



	(COL = 0.4 mg·L−1)
	
	
	
	
	



	C1min
	42.3
	3560
	320
	3880
	15



	Cmin
	42.3
	610
	510
	1120
	75
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