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Optimal Feeding Strategy on Microalgae Growth in
Fed-Batch Bioreactor Model

Nailul Izzati and Mardlijah

Abstract—Some countries in the world turn to alternative System (1)-(6) describes biomass and lipid production of mi
energy source to fulfill their necessity of fuel. One of the croalgae Auxenochlorella protothecoides. Microalgaemno
alternative fuels is biodiesel. Raw material of biodiesel an be ;. hioreactor needs some substrates as nutrition sourges. |

produced by microalgae cultivation in fed-batch bioreacta. To thi del. De la Hoz Siedl t al ¢ bstrat .
improve the productivity of microalgae cultivation, we neeal to IS model, De la Hoz slegier et al. use two substrates, I.e.

determine the optimal control of microalgae growth. This pger ~dlycine as nitrogen source, and glucose as carbon source.
discusses mathematical model of microalgae growth in feddich The model assumes that the microalgae cell contains three
bioreactor, and solves the optimal feeding strategy probl® by components, i.e. active biomass, lipid, and nitrogen. &hes

using Ponfryagin Minimum Principle. Then we compare the a6 components can convert from one component to another
controlled microalgae growth model with the uncontrolled me. . .
component with constant yields; ;.

Numerical simulation with DOTcvpSB shows that the controled
microalgae growth model yields more harvest and less cost

function than the uncontrolled one. dd_Sl = —pxr+ sﬁﬁ - SD (1)
Index Terms—Bioreactor model, optimal control. ¢ v i
a5 _ 1 T — L mr —k a:—i—sié—SD (2)
it V.Y, mT TSy, T2
I. INTRODUCTION de
IODESEL is one of the alternative energy sources that 7z ~ #¥'~ zD ®3)
becomes popular in recent decades. Biodesel can be pro-  dp
duced from microalgae biomass. Microalgae as one of biomass gz ~ "% Ya, pz —pD )
sources, has many advantages, such as can be cultivated dq ?
throughout the year, need less water and field. Microalgae o PrT px —qD (5)
can grow fast in rich oil content. Oil content of microalgae z/q
can reach 80% of its dry biomass weight. Qil content that ﬂ =VD-—f° (6)
produced from microalgae cultivation depends on micraalga ¢
growth rate and oil content in its biomass [1]. The model consider six state variables, they ire.Ss, z,

De la Hoz Siegler et al. [2] constructed a mathematical ¢, V' that represent glycine, glucose, biomass, lipid, and
model to describe microalgae growth in fed-batch bioreact#itrogen concentration in fed-batch bioreactor, and vawh
Then the optimization of the model to find the optimal feedinthe bioreactor, respectively. is the nitrogen source uptake
strategy is solved by using adaptive model predictive @dntrrate, 7 is the lipid production rate, ang is the microalgae
[3]. The optimal control problem of the model is also dis@dss growth rate. s; and s; are the concentration of feeding
by Abdollahi and Dubljevic [4]. They solved the optimalnutrition. f{ and f3 are the feeding nutrition ratef is the
control problem to optimize biomass and lipid productivity outflow, &, is the maintenance factor, add = (f] + f3)/V
using Interior Point Optimization (IPOPT), Model Predieti is the dilution rate.

Control (MPC), and Moving Horizon Estimation (MHE).

The model constructed in [2] assumes glycine, glucose, I1l. M ETHODS
biomass, lipid, nitrogen concentration, and bioreactduwz
as state variables. In this paper, we discuss a modificati'g
of the model and then solve the optimal control proble
to optimize biomass and lipid productivity and microalgag
feeding cost by using Pontryagin Minimum Principle.

This section discusses the methods used in this study.
ﬁ'stly, we modify the model by using different assumption

f variable state and parameter. Then we discuss the optimal
ontrol problem and solve it by using Pontryagin Minimum
Principle and DOTcvpSB.

Il. MATHEMATICAL MODEL OF MICROALGAE GROWTH IN - )
FED-BATCH BIOREACTOR A. Modification of The Mathematical Model

The dynamic of microalgae growth in fed-batch bioreactor In this study, the volume of fed-batch bioregctor is assumed
is modeled by De la Hoz Siegler et al. [2] by (1)-(6)as & constant parameter. So, we only consigierSs, z, p,
q as the state variables of the model. We also assume the
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lipid production rate,,.. is the maximal microalgae growth IV. DISCUSSION ANDRESULTS
rate, and s A. Mathematical Model
W= Hmaz 5 2 e a (7 Consider the assumption explanation in the method section,
s: T2 Bg+ 4 we can express the mathematical model of microalgae growth
= Wmami (8) in fed-batch bioraector as (10)-(14).
fon 1o ds S fi
S1 it S 1 iJ1
= Dmay ——— 9 = ~Pmaz T+ 8y S1D, (10)
PP R ¥ S ©)  a Ksi+ 50 1y
Ks,, Kg,, K, are the half saturation constant of glycine, S — ( —1 limas g 1 me) S .
glucose, and nitrogen concentration, respectively. dt Yoyso Kyt g Yy Ks, + 52
B. Pontryagin Minimum Principle — kmt + 5572 — 52D, (11)
Optimal control problem consists of three main components,dx So q D (12)
i.e. mathematical model, objective function, and boundary 4t Hmaz Ks, + So K, + qx Bt
conditions and physical constrains of state/control Vdeis dp S 1 Ss q
Let the mathematical model be given by dqr  maz Ks, + SQI - Ya/n Hmazx Ks, + 92 Kq + qfl?
x(t) = f(x(t),u(t),t), —pD, (13)
and objective function dg _ p S 1 i S2 ¢
ty dt " K, + 51 Yo U Ks, 4+ S2 Kq+q
7= S(x(ty)ot)+ [ olx(t),ule) )t ~ . "
to

with boundary conditions
B. Optimal Control Problem

The mathematical model in this optimal control problem
is defined by (10)-(14), wherg{ and fi are defined as

U_<u(t) <U; and X_ <x(f) <X, control variables. The aim of this optimal control problem

To solve the optimal control problem with Pontryagin Minids to ma>_<imize biomass and Iipid c_oncentra_ltion and minimize
mum Principle, we need to do the steps as follows [5]: the feeding cost. Thus, the objective function of the proble

1) Form the Hamiltonian function. can be written as

x(to =0) =x¢ and x(ty) = xy,

and physical constraints

trrc C
H(x,u,\(t),t) = o(x(t),u(t), t)+ N (t)f(x(t),u(t),t) J = / (éu% + 7%3 —z —p) dt. (15)
2) Find the optimal controli*(¢) = h(x*(¢), \*(¢),t) by fo
minimizing H w.r.t. u(t). The constraint of control variables afe< u; < 2 and0 <
PYee ue < 10. We have applied the Pontryagin Minimum Principle
(6_) =0 to the above optimal control problem, as follows.
i , U o , 1) Hamiltonian function
3) Substitute the optimal control to Hamiltonian function. o o
HY (" (6), B (8), X (2),6), X (8),0) H=—a—p+Sui+ Sl
4) Solve the state and costate differential equations (- LN U gt + u2
= (22 and vy =— (22 AN P N 7
*0=ox W="\ox —.e S 4
* * 2 Hmaz x
with initial and final conditions Yas Ks, + 52 Kq+4q
oS as 1 Sa )
_ N — = - Tmax x
(+5) s+ ((5e)-A0) bx=o R e
ty *tf
;U U +u
C. DOTcvpSB + X (—kmx + by~ S 2>
DOTcvpSB is a toolbox of MATLAB that can be used to S, q g + ug
i i - A max -
solve an optimal control problem numerically. DOTcvpSB fo + A3 (M Ks, + 5 Kq + qu Ty )

cuses on system biology problems. To solve an optimal cbntro

problem with this toolbox, we need to define the ordinary + M\ (meix

differential equations that describe the system, the dbgec Ks, + 52

function, initial and terminal time problems, constrainfghe 1 S2 a . m + U2)
variables, initial and terminal conditions. This toolbolsa Yw/pﬂm‘” Kg, + 5, Kqg+4q %4

allows us to check the simulation of the systems, which only S
shows the dynamics of the systems without optimization [6]. + A5 (pmam Ks + 5 z
1
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2) Opti

u

u

1 So a
Yarg ™ K, + 52 Kq +q

_ w1 + ug
v

mal control law
1 )
T = Q—V (—/\1511 + )\151 + /\252 + )\326 + /\4p
+X59)
5= NG (=285 4+ A1S1 4+ A2S2 4+ Asz + Aap

+As59)

3) Optimal Hamiltonian function

H*

St

AR(s1)?  AISE A3SE Aja?
C20,V2 O 20,V2 20,V2 20,2
M) NS 85 M
20,V 20,V 20,V 20,V
o R . A 1
T201VE T 200V2 205V 20,12
/\1/\28%52 )\%81511 )\1/\38%17 )\1)\48%})
C1V? C1V? C1V? C1V?
/\1/\58%(] )\1)\2518% A%SQSZQ /\2)\38%1‘
C1V?2 CyV?2 CyV?2 CyV?2
/\2/\48%]? )\2)\58%(] _ /\1/\25152 _ )\1)\351$
CyV2 CoV?2 C1V? Cc1V?2
X3S MAS1p AeMSop Ashgxp
C1V? C1V?2 C1V? C1V?
CAAS51g AeAsS2q AsAszg MAspg
C1V? C1V?2 C1V?2 C1V?2
/\1/\25152 )\1)\3511‘ /\2)\3521‘ /\1/\451]?
G2 GV GV GV
C MaMSp Ashaxp MAsSig AaAsSag
CyV2 CoV2 CoV?2 Cy V2
~ A3Aswg Aadspg
CyV?2 CyV2
4) State and costate differential equations
- Sl /\1(511)2 /\1812 /\15%
= " Pmaz K51 + 51 B C,Vv?2 B C,V?2 B CyV?2

A 51
=—r—p—- mar - o L
p 1l P K51 TS

-1 So q
+A max &€
2<Y;E/slu K52+52Kq+q

— ! i 52 z—k x)

S/vp/s max KS2 + 52 m
So q

A max

* 3<“ Ks2+Squ+qI>
Sa

+ A max 3 o

4 <7T K52 + 5217

1 S q :c)
Yo " K, + 82 Ky + q
S1
A maxr 37 |, o
tAs <p Ks, + Slx

1 S q :c)
Yarg " Kgy + 82 Kq +q

/\25ng 2)\151$§ /\381@ )\4S§p /\5s§q
C1V?2 C1V?2 c\vz vz oCv2
/\2518% _ )\25152 _ )\351$ _ )\451]9 _ /\551(]
Cc1V?2 C1V? C1V?2 civ2 (V32
X518 AsSiz AaSip . AsSig
02V2 CQV2 CQV2 C'2‘/2
G — -1 S .
2T Y K ¥ 5 Ky T g
_ 1 — Sg — kml' _ )\253 _ /\2(8%)2
Yos Ks, + 53 V2 Co V2
)\2522 /\18%52 /\1518% 2)\2528% /\38%,@
CCVZ T V2 T GV T GV T Gy V2
+ /\48%[) )\55%(] _ /\15152 _ /\382(17 . /\452])
CoV2 (V2 C1Vv?2 civ:  CVv2
AsS2g  A1S1S2 A3Sax MSep As5Saq
TOVE T GV T GV GV GV
. Sa q Az g2
T = Umazx T — -
K52 + S5 Kq +q C,V? Cy V2
n Aisior  Agsha B Sz B A2 Sox B A xp
CiV2  (CV2 (V2 civz  Cv2
)\5xq /\181(17 /\252(17 /\4117p )\5:cq
COIV2 O GRV2 V2 a2 (L2
o S 1 So q
P = Tmax K5‘2 T 5255 — Yz/p,umax K52 T 52 Kq T q.CC
B \p? _ Mp® Aisip  Aashp _ ASip
CiV2 (V2 V2 CL,V2 C V2
_AaSep Azxp Aspg AiSip AaSop
cCivVz2  CivVz2 CVZ o CL,V2 LV
_ Asxp Aspg
CoV2 (o2
. S1 1 S2 q
9 = Pmaz Ks, + S Yz/qumax Ks, + 52 K, + "
@ N Aistg | Aeshg MSig
CiV2  CV2  Cv2  (C,Vv2Z2 (V2
C A2S2q Asmg Mpg AiSig XSy
CiVZ  C1VZ2 V2 V2 (CLV2
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V2 GyV2
- 1
Al = (A Pmaz® — A5 Pmaxt) (m
Sl /\%Sl )\1)\252 /\1/\31‘
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where the initial condition i$;(0) = Sy, S2(0) = S0,
x(0) = z0, p(0) = po, q(0) = qo; and the final condition
iS Ai(tr) = 0, Aa(ty) = 0, A3(ty) = 0, Aa(ty) =0,
As(ty) = 0.
However, the solution of state and costate differentiabequ
tions are hard to find analytically. Thus we use DOTcvpSB to
solve this numerically.

C. Numerical Simulation

In this section, we discuss the numerical simulations of the
model. First, we perform simulation for the model without
controlling the feeding strategy. Second, we perform samul
tion with the optimal control of the model. Then, we compare
the results of those simulations. Initial conditions that ased
in this numerical simulations ar®, (0) = 29.3, S>(0) = 0.57,
x(0) = 10, p(0) = 2 and ¢(0) = 2. These initial conditions
describe the concentration of the state variables attime0.
Table | shows the values of parameters in the model [4].

TABLE |
PARAMETERS OFMICROALGAE GROWTH IN FED-BATCH BIOREACTOR
MODEL.
Parameter| Value Unit
Ye/s 0.55 —
Yyp/s 0.34 -
Ya/q 56.67 —
©/p 11.84 -
km 0.19 L/day
Umaz 14.18 | L/day
Tmaz 0.50 L/day
Pmaz 0.93 | L/day
Ksg, 0.14 gr/iL
Kg, 8.45 gr/L
Ky 0.0041| gr/L
st 0.6 griL
s% 40 griL
\% 2.00 L

Figure 1 shows a simulation of the model without control-
ling the feeding strategy. In this case, the concentratibn o



IZZATI et al: OPTIMAL FEEDING STRATEGY ON MICROALGAE GROWTH IN FED-BATE BIOREACTOR MODEL 5

glycine, glucose, biomass, lipid, and nitrogen at the end of ; ;
cultivation, are 10.08 gr/L, -0.02 gr/L, 8.55 gr/L, 1.83Igr/
and 18.28 gr/L, respectively. Finally the value of objeetiv v v
function is -22.59. ! :
TABLE Il = Vo T
RESULTS OF THE CONTROLLED MICROALGAE GROWTH MODEL E I . . .
. State variables o i i i i i
Weight 5 5 - m - 7 n A Ak
Cr,=1,C>=1 ] 0100] 0.10 | 11.49| 0.81 | 17.18 | -24.88 ! ! ' N
Cp=1,C2=2 | 0099 | 0.10 | 11.47 | 0.82 | 17.27 | -24.61 ! ' : o
Cp=2C>=210100| 0.10 | 11.49 | 0.81 | 17.18 | -24.61 I 4 et
Cp=2C>=3 ] 0099 | 013 | 11.67 | 0.78 | 16.82 | -24.20 = oo Lo
C,=3,Co=2| 0099 ]| 0.10 | 11.49 | 0.81 | 17.18 | -24.59 e
1Jll:llll oz o4 ag s 1 12 14 16 13 F
Time

Figures 2 and 3 show a simulation of optimal control of
the model. By controlling the feeding strategy, we obtai@ thrig. 2. Numerical solutions of the microalgae growth modéhvoptimal
concentration of glycine, glucose, biomass, lipid, andogien feeding strategy.
at the end of cultivation, which are 0.10 gr/L, 0.10 gr/L,44.
gr/L, 0.81 gr/L, and 17.18 gr/L, respectively. The value of —

objective function is -24.88. .
e Eaing rans

3 . . . ; TtTaTTTTrTTTITTM
j j j j -~ ' .
b ' ' ' ' E . '
: : : ‘ ‘ z T
L AR : R : Lo Lo
1 1 1 1 = :. ! _: '___:.____
: : : : : : 2 i ' rooor
1 1 1 1 1 1 E 1 1 1 1 1
] R S L LLEL. E R ROEE -
@ . ] . . . . . \ g , ! . . , .
B enint S S S S S S I SO S SN S N S
| ] — i i i i i i ' i v | | H 1 ' ] \ i
= T T T T T T T T 1 1 1 1 1 1 ] 1 1 1
= 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ! 1 !
m 1 L 1 1 1 1 1 1 1 = S PN S P S
m 1 1 1 : : : : : : ] 1 1 1 1 1 1 1 1
AQp| T gyee [l il Sl i : i : i . i : i
- L 1 L 1 L 1 L 1 L
Pt ' ' : ' ! ' @ 0= o4 OB oF 1 12 14 18 18 E
blomass ' , , i : , e iy
20 It
'||:I'D-;E'| ! ' ' ' ' ' - . - . .
ojectie tncton |\ ' ' ' : ' Fig. 3. Figure 3. Optimal feeding strategy of the microalgaewth model.
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V. CONCLUSIONS

The solution of optimal control problem of microalgae
growth model can be formulated by Pontryagin Minimum
Principle, and simulated by DOTcvpSB. However, for some
values of C; and Cs, the numerical simulation shows the
decrease of biomass concentration. It implies that theegalu
of control weight on objective function effect the optintina
result.



