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Good process control has often been criticized for the economic viability of large-scale production of several commercial products. In this
work, the production of biodiesel from microalgae is investigated. Successful implementation of a model-based control strategy requires the
identification of a model that properly captures the biochemical dynamics of microalgae, yet is simple enough to allow its implementation
for controller design. This paper explores the biodiesel production in a class of continuous culture under heterotrophic conditions via
closed-loop operation. A mathematical model adapted from Surisetty et al. (2010) that describe the growth of microalgae in a heterotrophic
culture is studied via dynamic analysis. This model is extended to the continuous operation where bifurcation analysis was carried out for
the determinate the qualitative model behavior and to analyze feasible operating conditions. This project is focused on the on the use of a
mixture of two substrates that are continuously fed into the reactor chamber, and the continuous fermentation process is described by an
unstructured mathematical model with a product inhibition on cell growth. In addition, we present the design of a nonlinear control law
contains a class of bounded type feedback of the named control error in order to regulate the substrate concentration at maximum value to
lead the lipids-diesel concentration indirectly. Lipid productivity in continuous culture was 0.276 g L' d! via a closed loop (increase of
31.5 %) over that of the continuous mode in open loop. Finally, numerical experiments proved the satisfactory performance of the proposed

methodology in comparison with a linear PI controller.
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Introduction

Biodiesel fuels are relatively new alternatives and
environmentally  sustainable sources comparing to
traditional fossil fuels due to reducing greenhouse gas
emission. Biodiesels are made from renewable biological
sources such as vegetable oils, animal fats, and microalgal
cultures and are prepared from lipid type acylglycerols by
transesterification with short chain alcohols.*2

Microalgae have recently received more and more
attention in the frameworks of CO, fixation and renewable
energy. Microalgae culture begins to emerge as a better
option to obtain biodiesel since could accumulate much

higher oil content than those of agricultural oleaginous crops.

They do not require the use of crop area, can be grown in
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deserts or intensively in bioreactors; moreover, some
cultures require only water (less than land crops for
irrigation) and atmospheric CO2 coupled with sunlight.
Indeed, microalgae appear as a strong candidate to satisfy
the existing demand for fuel, in addition, some
investigations about the employed microalgae for
wastewater treatment coupled with biodiesel production are
carried out.®

Many research groups have attempted to produce
biodiesel using different reactor types. It was observed in
microalgae cultures that nitrogen starvation increases the
cell lipid content but at the same time strongly reduces the
growth rate nitrogen-limited continuous cultures.* Raceway
ponds can typically achieve 0.5 - 1.0 g L dry cell weight
while tubular photobioreactors will reach a maximum of 4 g
L value.® High cell density cultures are usually those with
dry cell weight values from 10 g L up to more than 100 g
L%, 8" however, for microalgae, in recent literature, the term
has been used for microalgae concentrations as high as 20 g
L8

The simplest model for describing the growth of a
microalgae culture limited by nitrogen is the Droop model.®
This model assumes that the growth rate depends on the
intracellular concentration of nitrogen. More precise models
have been development including the nitrogen and carbon
assimilation interactions as well.*® Two forms of the models
developed to explore the key variables of the biological
process system, the bifurcation and sensitivity analyses,
allow the improvement of photobioreactor lipid productivity
through the study of the different culture operation
conditions and the effect of parameters state values.!! The
operational condition establishment to reach the best
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bioreactor productivity performance is hard due to
perturbations cause low productivity or in severe cases the
collapse of the reactor,'? but it is desirable to control the
processes due to high variability.

The use of advanced process control (APC) strategies
became common practice to extract the economic potential
of the processes,'® and over the maximizing of products
yield as the primary objective, it is clear that these projects
also improve the process safety and operational continuity
as well.** Only several studies have been published for
controlling biodiesel production,*® therefore, we have been
studied a dynamical model to predict the neutral lipid
concentration changes and proposed a kinetic model
extended for continuous operation to analyze the bifurcation
properties considering nitrogen stress.

Materials and Methods

Bioreactor model development

The most widespread model to reproduce growth of
microalgae under substrate limitation is the so-called Droop
model.1*%5 It is widely used since it reproduces the ability
of microalgae to uncouple substrate absorption and growth.
Its simple structure made it possible to study and
mathematically characterize its behavior.*®

The biodiesel production in the continuous process is
described in Fig. 1.
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Figure 1. Biodiesel production model for a microalgae culture

Our model developed on the basis of experiments carried
out in various nitrogen conditions can predict the neutral
lipid production under nitrogen stress and carbon
assimilation. For the mathematical expression of the specific
growth rate, the Droop model was chosen.3
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Biomass (x) concentration mass balance:

d f
=[x o

where
x -functionally active biomass concentration (g mL™)
fi-nitrogen and carbon mix feed (mL ht) (where

f = f1in . f2|n
fi" -nitrogen-rich feed (mL h'%)
f," -carbon-rich feed (mL h™)
au- specific velocity of biomass growth
vg- total reaction volume (mL)

Nitrogen source (S1) concentration mass balance:

where
a- specific velocity of nitrogen consumption
Si"- nitrogen source feed (mL h™)

Carbon source (Sz2) concentration mass balance:

®)

where
as- specific velocity of microalgae oil production
Yws-biomass to substrate yield
Yws-product to substrate yield
S, -carbon source feed (mL h't)
km- Half saturation constant for oil production (g mL™)

Total nitrogen source (Q) concentration mass balance:

d f
E[Q]%[X]—E%[X]—i[Q] )
where

Yqx- biomass to substrate quota yield
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Total algal oil stored in cells (lp) concentration mass
balance:

d

S ]=alx- ] ®

R

where
I,- total algal oil stored in cells (g mL™)

The specific velocities of biomass growth (o), nitrogen
consumption (az) and microalgae oil production (as) can be
expressed as:

q_qm S2 j
o, = My, (6)
! K,+4 (KS+S2
S 1+e
a, = p, [l—s—oj (@)
1
| S
CZ3 — ﬂ-m 1_£ 72 (8)
X Ky +S2

where:
So: - Threshold substrate concentration (g mL™)
g- nitrogen quota (g g %)
gm- minimum cell quota (g g%)
Ks-half saturation constant of carbon source for
growth(g mL?)
Kq-Half saturation constant of nitrogen quota for
growth(g mL?)
Kr—Half saturation constant for oil production (g mL™)
um-Maximum growth rate (h?)
pm-Maximum uptake rate (h?)
nm-Maximum oil production rate (h%)

Bifurcation theory

The objective of Bifurcation analysis is to characterize
changes in the behavior of a mathematical model defined by
ODE's and/or PDE’s by varying key parameters. In the case
of bioreactor operation, this key parameter is the dilution
rate. Many important features are hard to find with simple
simulations such as limitations and optimal operating
conditions to avoid hazardous conditions are covered
through this analysis.*®

The bifurcation occurs when one of the eigenvalues is
close to the axis of imaginary numbers in the complex plane.
The simplest bifurcations are associated when one of the
eigenvalues takes the value zero (Fold bifurcation) as is the
case of the branching point (BP) and limit point (LP) or
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when a pair of conjugate eigenvalues cross the imaginary
axis (Hopf bifurcation, H). The Fold bifurcations are usual
causes of multiplicity of steady states and hysteresis. Hopf
bifurcations are responsible for the appearance and
disappearance of periodic solutions.**

Since bioreactors are not free of perturbations, it is
important to have information about the response of
fermentor toward disturbances to prevent the collapse of the
bioprocess. The bifurcation diagrams were obtained using
the package Matcont 4.2 for MATLAB v7.0. This software
can accomplish both steady state and dynamic bifurcation
analyses including the determination of entire periodic
solution branches using continuation techniques.

Proposed Control Law

Our main objective is to achieve the desired level of lipid
production by microalgae in a variable system in spite of
perturbations in the carbon source concentration (e.g. So).
The feedback control starts with the measurement of the
carbon source and comparing it with its desired value (set
point value). The difference between the two values, the so-
called tracking error (e(t) ), is used in the control algorithm.
This controller changes the control input, i.e. in our case the
value of carbon-rich feed f,"(t) which reduces the value of
the tracking error. The relation between e(t) and the control
input f,"(t) in this work is given by the following controller:

9)
ezg_fsp

where
go - is the control gain, ,

So,sp=Esp is the carbon concentration at set point
conditions (g mLY).

u- is control action

Uo- nominal value of the input control (mL h1)

&- carbon source concentration

Results and Discussions

The bifurcation analysis was carried out for f; and f;
(parameters) as it can be seen in the (Fig. 2a and 2b). Fig. 2a
shows that the equilibrium branch forms a cycle, a singular
dynamic behavior of the continuous bioreactor. It cannot
predict the carbon feed flow where the bioreactor collapse
(microalgae oil production zero) noted as BP, it is a failure
of the model. The analysis also reveals two equilibrium
points for the same feed flow of carbon (multiplicity of
steady states), one of those identified as the stable node
(solid line) or stable oscillations (round markers) and the
unstable node (dashed line).

It is noteworthy that the stability of the equilibrium points
was calculated by obtaining the numerical eigenvalues. In
order to avoid an unstable node that may lead us to wash out
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the bioreactor, a high concentration of inoculated biomass is
required together with absence of disturbances, which is
very difficult to achieve due to the nature of the system.
Increasing the carbon feed flow increases the lipid
production as it was expected. Adjusting the feed nitrogen
flow set to 3 mL h-1, the maximum microalgae oil
concentration reached was about 0.02 g mL™* at a carbon
feed flow of 4.2 mL h'™.

Figure 2b shows the dynamics of the model by varying the
nitrogen feed flow, where the equilibrium branch also forms
a cycle, with the same disadvantages mentioned above. We
note that it shows multiple steady states with stable and
unstable equilibrium points in the same way as in Fig. 2a but
with the difference that lipid production is greater at low
nitrogen feed concentrations, due to the well-known fact that
under nitrogen limitation, the microalgae produce more
lipids. Thus, under a carbon feed flow constant (3 mL h-1)
the maximum production of microalgae oil is 0.023 mL h-1
at a feed flow of nitrogen of 1.6 mL h-1
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Figure 2. Bifurcation diagram for nitrogen input= 3 mL h- witt
carbon feed as the bifurcation parameter (a) and for carbon input=
3 mL h?' with nitrogen feed as the bifurcation parameter (b)
stable steady state branch, ----- unstable steady state branch
-0-0-0- stable oscillation branch

The system operation conditions were fixed by the
following set of values: x,=0.003 g mL™, S;,0=0.0005 g mL?,
S20=0.04 g mL%, Q¢=0.000025 g mL, 1p0=0.003 g mL™,
So=[0]", fi"=1.6 ml h, ;"=3 ml h? (i.e. without control),
u()=f," (i.e. with control), Vo=200 mL, um=0.3241 h7,
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gm=0.000167 g L%, K¢=0.250 g L%, rym=0.012191 h7,
Ks=0.00010 g L1, , Sp=0.0000074 g L, kw=0.013851 h,
nmm=0.01640 h?, K:=0.001792 g L%, £=0.50, 1/Yxs=1.50,
1/Yps=2.2802, 1/Yx¢=0.7370, k=0.1313, go=0.5 and f,°=3 ml
ht,

Based on the bifurcation analysis phase portrait it was
found that the maximum algal oil concentration could be
reached at a constant carbon feed flow of 3 mL h. The
bioreactor operation was simulated at zero time in an open-
loop regime for 200 h, after 200 h the controllers are turned
on. For comparison purposes, the proposed controller and a
linear Pl were employed. For the linear PI controller, the
corresponding proportional gain was k,= 1, and the integral
gain was given by ky/ti=0.5 (1i=2); whereas the controller
gain for the proposed controller was go=1.5. The PI
controller was tuned by Internal Model Control (IMC)
guidelines,® the corresponding tuning is done via a step
disturbance of 5 % in the nominal value of the control input.
The proposed controller acts immediately, leading the
carbon source trajectory to the corresponding set points
(52=0.04, $,=0.02, S,=0.021) (Fig. 3a).

Fig. 3b shows the corresponding control answers, where a
sudden change at the set-point was observed at 200 h of the
closed-loop regime. The control is much smoother, and a
satisfactory performance can be expected; moreover, the
control answer of the PI controller is not as satisfactory.
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Figure 3. a) Closed-loop trajectory of the carbon source (S2)
concentration, b) Control efforts: proposed (o) and PI (¥*)
controllers
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Figure 4. Closed-loop phase portrait.

Table 1. Summary of total lipid productivity reported in the
literature.

Nutrient stress  Operation Total lipid
productivity,
gLtd?

Urea limitation Batch mode 0.124%

Urea limitation Semi-continuous process  0.139%"

NHsNO3 Batch 0.133%8

Nitrogen Batch 0.194%

limitation

Atrtificial Semi-continuous 0.147%0

wastewater cultivation in bubble

medium column photobioreactors

Nitrate Fed-batch 0.5283%!

Nitrogen-limited  Batch 0.118%

and

phosphorus

Nitrogen feed Batch 0.05This work

flow

Nitrogen feed Continuous/ open-loop 0.189This work

flow regime

Nitrogen feed Continuous/ closed-loop ~ 0.276Thiswork

flow regime

The maximum values of total lipid productivity are higher
than most of the reported in the literature (Table 1), and the
trend in increasing lipid productivity under nitrogen
limitation confirms the trends observed previously.*-% Lipid
productivity in continuous culture was 0.276 g L™ d* via a
closed loop (increase of 31.5 %) over that of the continuous
mode in open loop and 81.1 % in batch mode (Fig. 4). Fig. 4
is a 3D phase-portrait, including nitrogen source (S1), carbon
source (S) and total algal oil stored in cells (l,) trajectories.
The result clearly indicates that the continuous process with
the strategy of the carbon source kept at 0.01 g mL™* can
effectively produce microalgal lipids.
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Conclusions

A bifurcation analysis of continuous microalgae model for
biodiesel production was performed which revealed the
multiplicity of steady states with stable and unstable fixed
points moreover a strong fault in the prediction of the
bioreactor washed conditions. We have shown that the
proposed controller can provide adequate performance for
regulation and tracking purposes for carbon source besides a
higher production of total algal oil stored (lipid productivity)
in cells comparing it with the uncontrolled processes.
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