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Abstract 

In succinct terms, a bioreactor can be described as a reactor in which biological reactions occur. As such, any closed system with 
analogous associated components can be described as such. In this work, a petroleum reservoir undergoing microbial enhanced 
oil recovery process is designed by incorporating aerobic bioreactor parameters. In aerobic bioreaction, tall thin vessels have a 
higher absolute pressure at the bottom, which provides a higher mass transfer driving force making their energy consumption 
comparatively less. An aerobic bioreactor model is developed for the microbial growth distribution while the Pressure distribution 
is modeled using conventional reservoir engineering theories. The models are resolved numerically using the Implicit Pressure 
Explicit Saturation (IMPES) formulation technique and subsequently adapted to a reservoir scenario. Simulations of the variation 
of pressure distribution over ten (10) time steps, reactor volume, re-actor height and energy requirements are presented. 
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1. INTRODUCTION 
Oil reservoirs are complex environments containing living (microorganisms) and non-living factors (minerals) which 
interact with each other in a complicated dynamic network of nutrients and energy fluxes. Since the reservoir is 
heterogeneous, so do the variety of ecosystems containing diverse microbial communities, which in turn are able to affect 
reservoir behaviour and oil mobilization [1]. Microbes are living machines whose metabolites, excretion products and 
new cells may interact with each other or with the environment, positively or negatively, depending on the global 
desirable purpose, e.g. the enhancement of oil recovery. All these entities, i.e. enzymes, extracellular polymeric 
substances (EPS) [2], and the cells themselves, may participate as catalyst or reactants. Such complexity is increased by 
the interplay with the environment, the later playing a crucial role by affecting cellular function, i.e. genetic expression 
and protein production. 
Microbial Organisms, in addition to being key players in biological processes such as decay and fermentation, have been 
discovered to have various effects on reservoirs and reservoir fluids. These effects include improving absolute 
permeability, altering wettability, reducing interfacial tension and permeability in channels amidst others. This discovery 
has led to the introduction of the Microbial Enhanced Oil Recovery (MEOR) Technology. 
Microbial enhanced oil recovery (MEOR) is a tertiary oil recovery process where microorganisms and/or their metabolic 
by-products are utilized for the mobilization of crude oil trapped in a reservoir. The proposed MEOR mechanisms leading 
to oil recovery fall into two broad categories: (Mechanism1) alteration of oil/water/rock interfacial properties and 
(Mechanism 2) changes in flow behavior due to bioclogging [3]. 
There are many ways by which MEOR can be achieved in a bioreactor, but the choice of the method to use de-termines 
the ultimate recovery of the residual oil.  
Surfactants enhance the recovery of oil by reducing the interfacial tension (IFT) between the oil and water inter-faces, or 
by mediating changes in the wettability index of the system. Bacillus Subtilis, a biosurfactant that produces surfacting 
acid, a cyclic lipopeptide antibiotic biosurfactant with aqueous critical micelle concentration (CMC) of 2mg/L that lowers 
the surface tension between water and air to 27mN/m3. In addition to applications for recovery of hydrocarbon, 
biosurfactants could possibly replace costly and potentially toxic chemical surfactants in several industries [4]. Industries 
that can use biosurfactants include environmental bioremediation and fossil fuel recovery [5]. 
Polymers have been useful for enhanced oil recovery for water shutoff technologies, and plug flow conform-ance. 
Microbial polymers are of interest due to their potential cost savings, compared to conventional use of synthetic chemical 
polymers. Numerous microorganisms are known to produce extracellular polysaccharides. However, most require 
addition of divalent cations to increase the viscosity to a level of useful enhanced oil recovery technologies. Curdlan is one 
microbiological polymer of interest which has demonstrated gelling proper-ties by a reduction of pH [6]. 
Most successful MEOR field experiments used the aerobic bacteria. There are many sources from which bacterial species 
that are MEOR candidates can be isolated. Lazar [7], suggested four main sources that are suitable for bacterial isolation. 
These are formation waters, sediments from formation water purification plants (gathering stations), sludge foam biogas 
operations and effluents from sugar refineries. Oil contaminated soil could be used as a good source of microbes isolation 
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for MEOR. Isolation from Hot water streams was also demonstrated by Zekri et al [8]. 
The works of Rodrigues et al [9] showed that nutrients are the largest expense in the MEOR process where fer-mentation 
medium can represent almost 30% of the cost of a microbial fermentation. The microbes require mainly three components 
for growth and metabolic production: carbon, nitrogen and phosphorus sources, generally in the ratio of C, 100: N, 10: P, 
1. Media optimization is very important since the types of bioproducts that are produced by different types of bacteria are 
highly dependent on the types, concentrations and components of the nutrients produced [10]. Sometimes cheap raw 
materials are also used as nutrients such as molasses, cheese whey, beef extract etc. 
Moses [11] showed that the presence of crude oil in a bioreactor can significantly increase production of me-thane and 
carbon dioxide while the growth rate was reduced. Hence it is very important to carefully test the nutritional preferences 
of the studied microbes that would maximize the production of desired metabolites provided that cost effective supplies 
are assured. 
The design of a bioreactor can be very complex especially when it has to show the properties of a Hydrocarbon reservoir. 
As studied in the discipline of Biochemical Engineering, under optimum conditions, the microorganisms or cells are able 
to perform their desired function with a 100% rate of success. The bioreactor’s environ-mental conditions need to be 
closely monitored and controlled to achieve this. There are several constraints that would promote the application of 
MEOR in a bioreactor and they include physical and environmental constraints such as pore size, pH, enzyme function, 
temperature, pressure, water and electrolytes etc. [12]. Further-more, a heat exchanger is needed to maintain the 
bioprocess at a constant temperature. Biological fermentation is a major source of heat, hence bioreactor uses 
refrigeration. 

 
Figure 1 Cross-section of a typical bioreactor showing the units of continuous bioreaction 

 
It is important to note that all of the components identified above all have analogous components in the natural reservoir 
system. 
Microorganisms growing in bioreactors may be suspended or immobilized. Immobilization is a general term describing a 
wide range of the cell or the particle attachment or entrapment. Large scale immobilized cell biore-actors such as packed 
bed, fibrous bed, and membrane can be applied to basically all types of biocatalysts in-cluding enzymes [13]. 

 
Figure 2 Growth Curve for a Typical Bioreaction 
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The microorganisms in most bioreactors follow the generic growth curve (See Figure 2). After inoculation, they require 
some time to adjust to the new environment before they begin growing and the cell density remains al-most constant for a 
while. This is called the lag phase. After acclimatizing, the microbes enter a period of rapid, exponential growth, called 
the growth phase. When competition for nutrients or oxygen becomes limiting, growth stops and the organisms enter the 
stationary phase. During this phase, they may continue to make the desired product. If the end product is the organism 
itself, as in the production of yeasts or single-cell proteins, the process is normally stopped after the growth phase ends, as 
it would be a waste of nutrients and oxygen to continue. Finally organisms begin to die off; this is the decline (or death) 
phase. 
 
2. MATHEMATICAL MODELING 

2.1. Mathematical Analysis of Microbial Growth Distribution 

Nutrient feed and aeration strategies affect not only rate but also yield and product distribution in a bioreactor. The 
impending model would not be complete without analyzing microbial growth incorporating mass transfer, agitation, 
airflow, mass balance and heat transfer processes.  
The basic mass transfer equation is given as: 

                                      (1) 

                                   (2) 

Where; 
OTR = Oxygen transfer Rate 
C = Local concentration 
Csat = Saturation concentration 
KL = Film coefficient 
a = Interfacial area per unit Volume 
KLa = Overall mass-transfer coefficient 
From the Equations (1) and (2) above, the driving force (Csat – C) has been expressed in both simple form that is useful in 
small vessels (< 1m tall) where both concentration and saturation are almost constant. However it can also be expressed 
in the form of Log-mean driving force for more accuracy, since both the local concentration and the saturation 
concentration are different in the top and bottom of Figure 1. 
The driving force (Csat – C) is affected by the value of Csat which is a function of temperature, gas concentration, and 
absolute pressure.  
Hence from Henry’s law we have: 

                                          (3) 
Where; 
Po2 = absolute pressure 
H = Henry’s constant 
 
The overall mass transfer coefficient is treated as a single variable because it is difficult to separate the interfacial area per 
unit volume (a) from the film coefficient (KL) and can be given as; 

                                      (4) 
 

Where;  
S = Agitator power input 

V = Bioreactor Volume 
P = Pressure inside the bioreactor  
A,B,C = Constants 

 
Putting Equation (3) and Equation (4) into Equation (1) we have; 

                                   (5) 
Also in terms of Logarithm mean value we get; 

                                               (6) 
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Equations (5) and (6) is an aerobic bioreactor model for the microbial growth distribution. While Equation (5) is modeled 
for small cylindrical bioreactor vessels (< 1 m high), Equation (6) is modeled for big vessels (  1 m high). 

 
To account for the number of moles and the volume of the microbes to be contained in the bioreactor, concentration (C) 
becomes; 

                                            (7) 
Putting Equation (7) into Equation (6) we get; 

                         (8) 

2.2. Mathematical Formulation for Reservoir Model  

In the previous section, the model developed can only hold for certain assumptions and this may include the conditions of 
the reservoir to be tested. Some of the assumptions used are given below: 
1. Reservoir is isothermal. Temperature changes resulting from chemical reactions are negligibly small. 
2. Chemical adsorption is assumed to be instantaneous and it is a function of available chemical concentration. 
3. Chemicals are assumed to exist only in the water phase and the input to the reservoir is specified as a concentration at a 
water injector. 
4. Well grouping option is enabled and group profile is assumed as field profile. 
5. Rock capillary pressure is assumed to vary with interfacial tension (IFT). 
6. The gas enters dry and leaves saturated with water. 
7. Ideal chemical mixing holds (i.e. volume changes of mixing are zero). 
8. Alkaline, surfactant and polymer do not occupy any pore space. 
9. Effect of salinity on chemical is ignored. 
10. Fluid and rock are slightly compressible. 
11. Darcy’s law is applicable. 
12. The solid phase is immobile and fluid flow is one-dimensional single phase in a rectangular coordinates. 
13. Pressure and volume changes resulting from chemical reactions are negligible. 
This section presents the mathematical model used to describe the solution method for fluid structure and interaction of 
microbes in the reservoir. 

                              (9) 
where: 
MiI = mass of component I in gridblock i 
qijI = interblock flow rate of component I from nearby block j to block i 
qiI = well term  

With transposition, this equation is represented by the Ith equation of gridblock I as fiI = 0. All n equations fiI = 0 for 
the block can be expressed as the vector equation fi. 
Where: 
fiI = the ith element of the vector Fi 

This gave rise to the vector equation 
F (P1, P2, …, PN) = 0                                       (10) 

Equation (10) represents the entire model, where the ith element of the vector F is Fi. F is a function of the N vector 
unknown Pi, where the Ith scalar element of Pi is PiI. Application of the Newton-Raphson method gives 
M  – M  = ( ij1 – qi1)    = 1, 2… n                             (11) 

 
Where  is Pl +1 – Pl and the N N matrix A represents the jacobian .   
The element Aij of A is itself an n n matrix I / j with scalar elements 
σrs = ir/ js, with r and s each  having values = 1, 2, …, n can be solved by say MATLAB 

The matrix A is very sparse because Aij is zero (0) unless block j is closer to block i. 
 

The time-step calculations consist of a number of Newton Raphson’s (non-linear or outer) iterations terminated by 
satisfaction of specified convergence criteria. Each Newton Raphson’s iteration requires the following: 
 Linearization of the constraint equations and conservation Equation (9) 
 Linear algebra to generate the A matrix coefficients 
 Use of the new iterate, Pl +1 to obtain from Equation (9) the moles of each component in the gridblock. 
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 Derivation of the phase compositions, densities, and saturations which allow generation of the A matrix coefficients for 
the next Newton Raphson’s iteration. 

 
Combining Equations (10) and (11), the inter-block flow term in Equation (11) can be written as:      
qijI = Tij j JI xJ ( J  – J )                                    (12) 

 
Equation (12) is an implicit reservoir model of the porous medium in Figure 3. This model uses the phase mobilities, 
densities, and mole fractions evaluated at the upstream blocks. As a consequence, all nonzero Aij elements of the A matrix 
of Equation (9) are full n x n matrices. The resulting multiples in linearizing are then either matrix-matrix or matrix-
vector multiples, requiring work (number of scalar multiples) of order n5 or n4 respectively. It is important to note here 
that if all variables but pressure are explicit in the inter-block flow terms, then all entries but those in the last column of 
the n x n Aij (j i) matrix are zero 

 
Note that the nth variable in each gridblock, , is pressure Pi. 
This allows the elimination of all non-pressure variables and reduction of equation 3.14 to the scalar equation in pressure 
only. 

ij i + ij j = -  = 1, 2, …, N                                (13) 
Where: A is a scalar N x N matrix and the P and F vectors have N scalar elements Pi and fi respectively. 

 
Figure 3 Porous medium and block-centered grid system for the porous medium 

 
In the preceding section, implicit pressure explicit saturation IMPES method was adapted to arrive at the model given in 
Equation (12). It is important to note that the IMPES formulation takes all variables in the inter-block flow terms explicit, 
except for pressure, and eliminate all non-pressure variables from the linearized expressions for M . 
Generally speaking, analytical solutions to reservoir flow equations are only obtainable after making simplifying 
assumptions as regard to geometry, properties and boundary conditions that severely restrict the applicability of the 
solution.  
Before going into details of the subject matter, let’s consider Figure 4, a 1D block centered grid blocks assigned indices i, 
referring to the midpoint of each grid block, representing the average property of the block. 

 
Figure 4 Blok-centered Grid system 

 
Applying Taylor’s series expansion and forward and backward approximation 
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f(x+h) =  f(x) + hf΄(x)+ f΄΄(x)+ f΄΄΄(x)+….+ f n -1+ f n                       (14) 

P(x+ ,t) = P(x,t)+ P΄(x,t) + P΄΄(x,t)+  +…                               (15) 

P(x – ,t) = P(x,t)+ P΄(x,t) + P΄΄(x,t)+  +…                        (16) 
Successive reduction and substitution results in: 

P΄΄(x,t) = + P΄΄΄΄(x, t)+…                               (17) 
Or by employing the grid index system, and using superscript to indicate time level we have: 

                                           (18) 
Here, the rest of the terms from the Taylor series expansion are collectively denoted 0 2 , thus denoting that they are 

in order of, or proportional in size to 2 . During the deduction, an error known as the discretization error was 
encountered but neglected in the numerical solution. The smaller the grid blocks used, the smaller will be the error 
involved. Any time level could be used in the expansions above. Thus, we may for instance write the following 
approximations at time levels t+  and t + ; 

                               (19) 

                                  (20) 

At a given position, x, as shown in Figure 4, the pressure difference can be expanded in forward direction as regards to 
the time. 

                  (21) 
Solving for the first derivative we have 

                             (22) 
Equation (22) can also be expressed as 

                                      (23) 

 
Also at the same position, x, the pressure difference can be expanded in backward direction as regards to the time. We 
now have; 

           (24) 
Making the time derivative the subject we have; 

                                        (25) 

However we can also use forward and backward approximation over a time interval of  ; to arrive at; 

P(x,t + ) = P(x,t+ ) +  P΄(x,t+ )+  P΄΄(x,t+ ) +  P΄΄΄(x,t+ )+…                 (26) 

P(x,t + )=P(x,t+ )+  P΄(x,t+ )+  P΄΄(x,t+ )+  P΄΄΄(x,t+ )+…                 (27) 
Combining both equations we get; 

                                        (28) 

There is also a possibility of writing the above equations at a time level between t and   (Crank-Nicholson’s 
method). For    , the finite difference equation for block i can be written as; 

                                 (29) 
Equation (29) can be extrapolated from the first block to the nth block as 

                                 (30) 

Since the pressures are defined at time intervals t and t+ , the L.H.S. of Equation (29) can be rewritten as an average of 
implicit and explicit formulations. 

                          (31) 

The resulting set of linear equations can be solved simultaneously using matrix notations as the case may be. 
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In the case of a time-dependent problem, the resulting system of equations must be solved for multiple timesteps. 
 

To include the bioreactor terms in the above Equation (31), the final form of the finite difference approximation, taking 
account of Equation (9) can be written as; 

                               (32) 

 
Where;  
G = injection rate of nutrient 
V = volume of injected nutrients 
T = time taken for microbes to soak the reservoir 
Ra = microbial growth distribution rate 
mb= mass of biomass product 

 
Figure 5 Control volume for 1D flow in rectangular coordinates 

 
3. Model Validation 
3.1. Pressure Distribution 

The values are used to compute the pressure distribution in the grids. 
Table 1: Field Parameters for calculating fluid and rock properties 

Parameter Values 
Porosity, Ø 0.18 

Reservoir length, ∆x 1000 ft 
Reservoir width, ∆y 1000 ft 
Reservoir height, ∆z 75 ft 

Formation permeability, kx 15 mD 
Total compressibility, Ct 3.5 x 10-6 psi-1 

Oil formation volume factor, Bo 1.0 RB/STB 
Oil viscosity, µo 10 cp 

Transmissibility conversion factor, ßc 1.127 
Volume conversion factor, αc 5.615 

Flow rate, qsc -150 STB/D 
Injection rate, qsc 70 STB/D 

Timestep, ∆t 30 days 
Depleted reservoir pressure Pd 1000 psi 

Time taken for microbes to soak the reservoir      T 5 hr 
Injection rate of nutrient      G 10 BPD 

Volume of injected nutrients      V 3.0 L 
Microbial growth distribution rate      Ra 260 mg/L-hr 

Mass of biomass product        mb 1300 mg 
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Calculating the constants: 
C =   =   
C = 1.18836 

 
Calculating Transmissibility term: 

 =  =    

 = 0.1268 

Assuming the initial conditions at n = 0;  = 1000 psi for Gridblocks 1to 5 in Figure 4 
For Gridblock 1, Timestep1 

 =  + 1.18836[0.1268  – 0.1268 + (0)P0 
        =  + (0.1507)  - (0.1507) + (0) P0 
        = 1000 + (0.1507)(1000) – (0.1507)(1000) 
       = 1000 psia 

For Gridblock 2, Timestep1 
 =  + (0.1507)  – (0.3013) + (0.1507)  

        = 1000 + (0.1507)(1000) – (0.3013)(1000) + (0.1507)(1000) 
       = 1000 psia 

For Gridblock 3, Timestep1 
 =  + (0.1507)  – (0.3013) + (0.1507)  

        = 1000 + (0.1507)(1000) – (0.3013)(1000) + (0.1507)(1000) 
       = 1000 psia 

For Gridblock 4, Timestep1 
 =  + (1.18836)(-150) + (0.1507)  – (0.3013) + (0.1507)  

        = 1000 - (178.2540) + (0.1507)(1000) - (0.3013)(1000) + (0.1507)(1000) 
       = 821.75 psia 

For Gridblock 5, Timestep1 
 =  + (0)  – (0.1507) + (0.1507)  

        = 1000 - (0.1507)(1000) + (0.1507)(1000) 
       = 1000 psia 

At this point we set  =  and if we extrapolate this to the 10th timestep, the results can be tabulated below; 
 

Table 2: Pressure in Grid blocks with time 
PRESSURE (psia) 

TIME 
(DAYS) BLOCK 1 BLOCK 2 BLOCK 3 BLOCK 4 BLOCK 5 

      

0 1000 1000 1000 1000 1000 

10 1000 1000 1000 821.75 1000 

20 1000 1000 973.14 697.21 973.14 

30 1000 995.95 935.61 602.1 931.57 

40 999.39 987.47 894.46 523.74 881.93 

50 997.59 975.25 852.61 455.31 827.96 

60 994.23 960.14 811.23 393.06 771.81 

70 989.09 942.84 770.66 334.88 714.75 

80 982.12 923.87 730.95 279.52 657.51 

90 973.35 903.58 692 226.23 600.56 

100 962.83 882.21 653.7 174.55 544.16 
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Figure 6 Pressure Distribution in the gridblocks 

 
From Figure 6, there is a constant pressure value in block one and block two. But the pressure slightly declined in block 
three and then rapidly in the fourth block. The fifth block recorded a change in pressure and if extrapolated to nth block, 
would still record further increase in pressure. 
 
3.2. Bioreactor Model Parameters 
To test the model for the bioreactor, we have to assume some parameters for the model equation. The values can be 
tabulated below; 

Table 3: Parameters for bioreactor model 
Parameters Value (Units) 

Bioreactor height     Z 1 m 
Cross sectional area    Ax 2.3  m2 

Agitator power     P 300 watt 
Vessel volume     V 2.3 m3 

Superficial gas velocity   Us 1.8 m/s 
Mass coefficient constants     A 0.666666667 
Mass coefficient constants    B 1 

Mass coefficient constants      C 0.142857143 
Partial pressures of Oxygen at exit     (PO2) out 5 Kg-m/S2 
Partial pressure of oxygen at entry   (PO2) in 3.2 Kg-m/S2 

Henry’s constant        H 1 
Number of moles of microbes in     (nc)out 12 mole 

Number of moles of microbes in (nc)in 16 mole 
Volumes of microbes in  (Vc)in 1.8 m3 

Volumes of microbes out      (Vc)out 2.0 m3 
 
Rs is the aerobic bioreactor model for the microbial growth rate in mg/L-h or mmol/L-h. but traditional bioreactor 
processes have rates ranging from 100mg/L-h to 200mg/L-h (for average performance) and rates >300mg/L-h (for high 
performance) 

 
The model input parameters are given below 

Ra =  ( )1 (1.8)1/7  

Ra =  ( )1 (1.8)1/7  
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Ra =  ( )1 (1.8)1/7   
Ra = 259.639 mg/L-h 

 
4. Results 
4.1. Variation of microbial distribution rates with height h, of the bioreactor 
If the above equation is reduced to another equation in terms of the microbial distribution rate and the height of the vessel 
used then we can form a table from the equation below; 
Ra =  mg/L-h 
Ra =  mg/L-h 

Table 4: Variation of Microbial distribution with height 

      Bioreactor height (m) Microbial distribution rate (mg/L-h) 

0.6 433 
0.8 325 
1 260 

1.2 217 
1.4 186 
1.6 163 
1.8 144 
2 130 

2.2 118 
2.4 108 
2.6 100 

 

 
Figure 7 Variation of microbial distribution rates with height of bioreactor 

 
4.2. Variation of microbial distribution rates with vessel volume of the bioreactor 
If the above equation is reduced to another equation in terms of the microbial distribution rate and the volume of the 
vessel used, then we can form a table from the equation below; 
Ra =  mg/L-h 

Table 5: Variation of microbial distribution rates with vessel volume 
Bioreactor volume (m3) Microbial Distribution Rate (mg/L-h) 

1 600 
1.2 500 
1.4 428 
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Bioreactor volume (m3) Microbial Distribution Rate (mg/L-h) 
1 600 

1.2 500 
1.6 375 
1.8 333 
2 300 

2.2 273 
2.4 250 
2.6 230 

 

 
Figure 8 Variation of microbial distribution rates with volume of bioreactor 

 
4.3. Minimum Energy Costs 
The table below shows the interaction of airflow, compressor and agitator. 

Table 6: Variation of microbial distribution rates with vessel volume 

Airflow (mol/h) 
POWER (watt) 

Compressor Agitator 

500 70 500 

600 100 150 

700 120 100 

800 140 80 

900 155 75 

1000 170 60 

1100 200 55 

1200 240 50 

1300 250 40 
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Figure 9 Power Input for compressor and agitator 

 
4.4. Discussions 
For flow in the x-direction, a block centered grid system was constructed in figure 4.1. In this figure, a grid system 
consisting of nx gridblocks was superimposed over the reservoir. The dimensions for this reservoir are not necessarily 
equal an in this case assumed. 
Discretization is the processes of converting partial differential equations PDE  to a system of algebraic equation. This 
was applied in this chapter, more especially in the IMPES formulation where Taylor’s series played a major role in the 
backward and forward difference. 
For the bioreactor, it is clearly seen that the agitator power decreases with air flow and the compressor power increases 
with air flow. Agitation aeration and back pressure are major players in the energy consumption rates. Within a particular 
vessel geometry, there are many combinations of airflow and agitation that will produce the same rate, bounded by 
minimum stoichiometry on low airflow end and excess airflow at the high end as illustrated in figure 3.2. 

 
5. Conclusion 
In aerobic bioreaction, tall thin vessels have a higher absolute pressure at the bottom, which provides a higher mass 
transfer driving force. They also have higher superficial gas velocity for a given air flow rate. Conclusively, the overall 
result is that they may require less total power for a given distribution rate of the microbes. After the addition of the 
microbes to the reservoir it showed a significant pressure increase at the injection well in grid block 2. 
The membrane of the bioreactor should be considered a “dynamic surface” i.e. the carrier (substrate) composition of the 
membrane is subject to change during metabolism. Controlling this process is still not completely understood.   
However, some compounds may be taken up exclusively or preferentially by substrate carriers during operation but 
generally at a substantially reduced rate. Hence, the use of yeast is highly recommended in the design structure and 
temperature should be hinged between 30 oC and 40 oC for aerobic bioreaction. 
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