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Introduction:


Bioreactor can be operated in three modes – Batch, Continuous, Fed-batch. Dilution rate is defined as the ratio of the volumetric feed rate to the volume of the reactor. This report deals with the steady state and the dynamics of the bioreactor for both the continuous and fed-batch modes. 
Continuous Cultivation:

Material Balances around the bio-reactor in continuous mode yield the equations:
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· Steady State Conditions:

The steady state values of the biomass and the substrate concentration can be obtained by taking the time derivatives to zero. The equations can be solved for known values of Dilution rate and initial Substrate concentration in the feed. Fixing one of these the range of steady state values of the other parameter can be determined in order to have some knowledge about the operating conditions of the reactor.  
The equations can be solved to obtain the steady state values of biomass and Substrate concentration. Matlab codes have been written for these and can be seen in appendix. The fsolve function of matlab has been used to solve these simultaneous equations. 
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Fig 1: a) Fixing Sf = 10, profile of Biomass:Substrate conc.(green:blue) for various values of D. b) Fixing D = 0.4, profile of Biomass:Substrate conc. for various values of Sf.
It can be seen that the range of operation for the dilution rates is 0.1-0.5.
· Dynamic Conditions:
The set of equations can be solved to obtain the time varying parameters, Biomass and the substrate concentration inside the reactor and at the outflow, for a given set of operating conditions, i.e., dilution rate and initial substrate concentration in the feed. 
Matlab codes have been written for these and ODE45 solver of matlab has been used to solve these simultaneous differential equations at the two operating points. The initial conditions for the simulation were set to [X S] = [3 0.2].
1. Operating Point 1:  [D Sf] = [0.2 10]
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Fig 2: Profile of the Biomass:substrate conc. as a function of time
The results show that the biomass concentration goes to a steady state value of 3.95 after about 20 hrs and the substrate concentration inside the reactor and at the outflow goes to a steady state value of 0 after about 4 hrs. This indicates a low value of the dilution rate so that the biomass is formed instantly utilizing all the feed and the substrate concentration inside the reactor is zero. The response of the system has been studied for step disturbances in D and Sf. 
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Fig 3:
a) Profile of the Biomass:substrate conc. with a 10% increase in D.

b) Profile of the Biomass:substrate conc. with a 10% increase in Sf.
a)
As can be seen from the response compared to the original graph, there is not a big variation but the substrate concentration goes to zero faster. The Biomass concentration seems to increase rapidly initially but the final steady state value is observed to be the same.

b)
The responses, compared to the original graph, show that there is not a big variation with respect to the substrate concentration but its exhausted faster compared to the original. The biomass concentration seemed to increase by about the same 10% with a 10% change in the initial feed concentration.
a)
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Fig 4:
a) Profile of the Biomass:substrate conc. with a 50% increase in D.

b) Profile of the Biomass:substrate conc. with a 50% increase in Sf.

a)
As can be seen from the response compared to the original graph, the final steady state substrate concentration is not zero but about 0.2 but the time of response is nearly the same. The Biomass concentration seems to increase rapidly initially but the final steady state value can be observed to be the same.

b)
The responses, compared to the original graph, show that there is not a big variation with respect to the substrate concentration but the final steady state value increases from zero to around 0.05. The biomass concentration seemed to increase by about 50% with a 50% change in the substrate concentration in the feed.


It could probably be concluded that at low dilution rates in the chemostat the disturbance in the feed concentration has probably more impact on the dynamics of the responses than with the disturbances in the dilution rate. 
2. Operating Point 2:  [D Sf] = [0.45 10]
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Fig 5: Profile of the Biomass:substrate conc. as a function of time

The response shows that the biomass concentration goes to a steady state value of about 3.6 after 20 hrs and the substrate concentration inside the feed initially increases and then finally goes to steady state value of 0.9 after about 18 hrs. This shows that initially there isn’t enough biomass to consume all the substrate and thus the concentration increases and as the biomass concentration is increased the substrate concentration decreases and finally reaches a steady state value. The response of the system has been studied for step disturbances in D and Sf. 
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Fig 6:
a) Profile of the Biomass:substrate conc. with a 10% increase in D.

b) Profile of the Biomass:substrate conc. with a 10% increase in Sf.
a)
As can be seen from the response, compared to the original graph, that the biomass concentration actually decreases. This can attributed to low growth rate and faster dilution compared to growth rate which also explains the steep increase in substrate concentration. So, the dilution rate is probably more than the critical dilution rate and thus resulted in a wash out.

b)
The responses, compared to the original graph, show a 10% increase with respect to the biomass concentration with a 10% increase in the feed concentration. With respect to the substrate concentration, it increases rapidly initially but reaches the same final steady state value.

a)
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Fig 7:
a) Profile of the Biomass:substrate conc. with a 50% increase in D.

b) Profile of the Biomass:substrate conc. with a 50% increase in Sf.

a)
This confirms the earlier result that the dilution rate is much higher than the critical dilution rate and thus quicker wash out of the biomass. 
b)
The same trend can be seen that the final biomass concentration increases by 50% with a 50% increase in the feed concentration. This can be attributed probably to the linear relation between the feed concentration and the biomass formation. The same with the substrate concentration inside the reactor, increases quiet rapidly but reaches the same final steady state value.
Reaction Invariant:
Defining combined state,

 Z = X + YXS*S








(3) 






Differentiating w.r.t time (t),
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Substituting for S from equation 3,
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Thus it can be seen that the combined state is reaction invariant.

Fed-batch Cultivation:


In this mode of operation, the feed is continuously added to the reactor without any outflow. Thus a specific type of feed profile has to be maintained for efficient operation. This report deals with the changes in the responses of the system with the changes in feed profile. 
The dynamic model with nine metabolites yielded nine differential equations. The reaction kinetics has been given as:
R1 = (k1*Sglu*Xa)/(Sglu+S1)+(k1e*Sglu*Sacetald*Xa)/(Sglu*(1+k1i*Sacetald)+S1e)

R2 = (k2*Spyr*Xa)/((Spyr*(m2*Sacetald+1)+S2)*(m2e*Sglu+1))

R3 = (k3*Spyr*Xa)/(Spyr+S3)

R4 = k4*Sacetald*(k4e-(k4i*Sglu+1)^(-1))*XacDH*Xa*(Sacetald+S4)^(-1)

R5 = k5*(Sacetald- 

(k5r*PetOH) / (1+k5i*Sacetald))*XalDH*Xa*(Sacetald+S5+S5e*PetOH)^(-1)

R6 = (k6*Sglu*Xa)/(Sglu+S6)

R7 = (k4*Sacetald*XacDH*Xa)/((Sacetald+S4)*k4i*Sglu+1)

R8 = (k8*Sglu*Xa)/(Sglu+S8)+(k8e*PetOH*Xa)/(PetOH+S8e)

R9 = k9*((Sglu)/(Sglu+S9)+(PetOH)/(PetOH+S9e))*Xa*(k9i*(Sglu)^2+1)^(-1)

R10 = (k10*Xa)/(k10i*(Sglu)^(2)+1)+(k10e*Sacetald*Xa)/(Sacetald+S10e)

The dilution rate is the same and defined to be D = Fin/V.
The nine differential equations are given as:

dSglu/dt = -(R1+R6)*X+(Sgluf-Sglu)*D
dSpyr/dt  = (0.9778*R1-R2-R3)*X-Spyr*D
dSacetald/dt  = (0.5*R3-R4-R5-R7)*X-Sacetald*D
dPetOH/dt = (1.045*R5-R7)*X-PetOH*D

dX/dt = (0.732*R6+0.850*R7-D)*X

dXa/dt = 0.732*R6+0.850*R7-R8-R9-R10-(0.732*R6+0.850*R7)*Xa

dXp/dt = R8-(0.732*R6+0.850*R7)*Xp
dXacDH/dt = R9-(0.732*R6+0.850*R7)*XacDH

dXalDH/dt = R10-(0.732*R6+0.850*R7)*XalDH

The change in the volume of the tank is equal to the total inflow as Fout = 0.

So, dV/dt = Fin
Model Parameters are given to be:

k1=0.465; k2=0.26; k3=8; k4=14; k5=1400; k6=1.13; k8=0.375; k9=0.029; k10=0.0023; 

k10e=0.9;k1e=29; S1=0.012; S2=0.0005; S3=0.08; S4=0.000001; S5=0.36; S6=0.018; S8=0.002; S9=0.000001; m2=3.5; k4e=1.25; k5r=0.3; k8e=0.00365; S9e=9.5; k10i=500; S1e=0.145; m2e=3.5; k4i=10000; k5i=2000; S8e=0.002; k9i=2700; S10e=170; k1i=6.5; S5e=0.057; Sgluf=10
The model has been simulated in Matlab with the following initial conditions and Feeding Profile:
Initial Conditions: 

S_glu(t=0) = 0.1

S_pyr(t=0) = 0.000015

S_acetald(t=0) = 0.0001

P_etOH(t=0) = 0.0001

X(t=0) = 1

Xa(t=0) = 0.35

Xp(t=0) = 0.63

X_acDH(t=0) = 0.01

X_alDH(t=0) = 0.01

V(t=0) = 1  

The feeding profile: 

F_in = 0.5 for time = [0;2[ 
Phase 1: Initialization of bioreactor. 

F_in = 0.0 for time = [2;10[
Phase 2: Lag phase

F_in = 1.5 for time = [10;16[
Phase 3: Production phase

F_in = 0.0 for time = [16;18[
Phase 4: Final phase
F_out = 0.0 for time = [0;18].
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Fig 8: Showing the variations of various parameters and metabolites with time
The response curve shows that, 

initially with an F_in of 0.5 for 2 hrs , the biomass, Sglucose concentration and the volume increase and thus the productivity. The production of ethanol and acetaldehyde hasn't really started in this period. 

In the second phase, where F_in is zero for 8 hrs, it can be clearly seen that the volume remains constant as there iss no inflow. But the biomass grows for 2 hrs with the available substrate in the reactor and thus it can be clearly seen that the substrate concentration goes to zero in 2 hrs. The productivity shows the same trend as that of the biomass. In this phase as the biomass grows on glucose, ethanol is also produced for 2 hrs and then it remains constant as the substrate concentration goes to zero. There is still no recognizable production of acetaldehyde in this phase. 
In the third phase with F_in equal to 1.5 for 6hrs, there is an increase in the biomass, volume and productivity. The substrate concentration inside the reactor increases for 2 hrs and as the amount of biomass formed is too high consuming all the available and inflow substrate the substrate concentration inside the reactor goes to zero. There are slight amounts of acetaldehyde formed in this phase. 
In the final phase as there is no inflow, the same trend can be seen as in the second phase except that there is a slight decrease in the ethanol concentration. 

The system can be studied with variations in the feed profile particularly in the third phase or the production phase. Depending on the product of interest, Biomass, Ethanol or acetaldehyde, the feeding can be changed as such. 
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Fig 9: 50% increase in F_in in the third phase

The response compared to the original shows the same 50% increase in the volume. There is no substantial increase in the biomass formed. The substrate seemed to last for longer time. The final ethanol concentration seemed to increase a bit. Thus it can probably be concluded that in the production phase increase in the inflow leads to more ethanol formations.

[image: image24.emf]0 2 4 6 8 10 12 14 16 18

-10

0

10

20

30

40

50

Time(hrs)

Productivity (Biomass*Volume),Biomass,Volume,Sglucose Concentration

Productivity (Biomass*Volume)

Biomass

Volume

Sglucose Concentration

ethanol

acetaldehyde

[image: image25.emf]0 2 4 6 8 10 12 14 16 18

-5

0

5

10

15

20

25

Time(hrs)

Productivity (Biomass*Volume),Biomass,Volume,Sglucose Concentration

Productivity (Biomass*Volume)

Biomass

Volume

Sglucose Concentration

ethanol

acetaldehyde


      Fig 10: 100% increase in F_in in the third phase                 Fig 10: 50% decrease in F_in in the third phase

The results seemed to confirm that the third phase is mainly the production phase for ethanol as it can be seen that with a 100% increase in inflow the ethanol concentration seemed to have increased and similarly with a 50% decrease in inflow the final ethanol concentration seemed to have gone to zero.
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