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Abstract This paper considers the fed-batch culture in microbial fermentation process, which consists
of batch and continuous culture. The goal is to explore the properties of a novel model which can
describe the characteristics of multistage for the population growth of microorganisms in nonlinear
switch dynamic system. The improved model is developed based on the experimental data to describe
the delayed, developmental and stationary stages well for the phases of batch culture. Then the
existence, uniqueness and boundedness of solutions to the nonlinear multistage switch system and the
Lipschitz continuity and differentiability of solutions with respect to the initial state is discussed as
well. Finally, a numerical simulation is employed for the nonlinear multistage switch system.

Keywords Bioconversion, fed-batch culture, Klebsiella pneumoniae, nonlinear multistage switch sys-

tem.

1 Introduction

1,3-propanediol (1,3-PD) is an important chemical raw material that can be used as a
monomer to synthesize polyesters and polyurethanes. Microbial fermentation has provided a
new perspective to produce bulk chemicals such as 1,3-PD. Due to the advantages of relative
mild conditions, environmentally friendly use, ease of operation and use of renewable resources,
microbial fermentation of 1,3-PD has received considerable attention™ 2. The experimental
investigations showed that the fermentation of glycerol by Klebsiella pneumoniae is a complex
bioprocess, since the microbial growth is subjected to multiple inhibitions of substrate and
products, such as glycerol, 1,3-PD, acetate and ethanoll®). There are three common methods
of microbial fermentation: batch culture, continuous culture, and fed-batch culture. In batch
culture, the bacteria and substrate are added into the bioreactor. Then, bacteria grows under
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NONLINEAR MULTISTAGE SYSTEM IN FED-BATCH CULTURE 081

proper conditions (temperature, pH, etc.) as the time goes on and the substrate is consumed
simultaneously. Typically, the growth of the bacteria includes three phases, i.e., lag, exponential,
stationary phases. The batch fermentation is stopped when the source is sufficiently consumed
and the product is collected. In continuous culture, the fresh medium flows into the fermentor
continuously, and part of the medium in the reactor is withdrawn from the fermenter at the
same flow rate of the inlet flow. Fed-batch culture is a production technique between batch and
continuous fermentation and is so called as a semi-continuous system with relative operational
simplicity and superior industrial feasibility.

In recent years, nonlinear impulsive, switch and hybrid dynamic systems were respectively
proposed for describing the fed-batch culture[* 7. The researches about the fermentation in-
clude the quantitative description of the cell growth kinetics under multiple inhibitions, the
metabolic overflow kinetics of substrate consumption and product formation as well as the op-

timal control of feeding strategy of glycerol in fed-batch culturel® 12

However, the previous
theoretical work was based on Monod kinetics and some of its modifications, which can only
be used under very restrictive conditions such as a steady state chemostat!'*1%, Modeling and
simulation of microbial cell growth is important both theoretically and practically. Although
the Monod model has been the most widely used for the prediction of cell growth, it only fits
the exponential growth phase of the growth, without any inhibition['6]. Since the fed-batch
culture of glycerol bioconversion to 1,3-PD begins with batch culture and this process will be
repeated several times. Therefore, it is a vital factor to describe the characteristics of multistage
for the population growth of microorganisms. In view of the errors between observations and
numerical simulation results, the author proposed a two-stage dynamic system to formulate the

171 Then, they establish a parameter identification model

fermentation process in batch culturel
to identify parameters in the system. Numerical results show that the two-stage system can
describe the factual fermentation better. So, in this paper, based on the idea of [17], we pro-
pose a novel model to describe the batch culture phases in the fed-batch fermentation process.
Subsequently, we do some theoretical and numerical analysis to guide the practice.

The rest of the paper is organized as follows. In Section 2, a nonlinear multistage switch
dynamic system of fed-batch culture is proposed. The existence, uniqueness, boundedness and
regularity of solutions to the nonlinear multistage switch system are proved in Section 3. In
Section 4, we present a numerical example to show that the errors can be decreased by using
nonlinear multistage switch dynamic system. Discussions and conclusions are present in the
Section 5.

2 Nonlinear Multistage Switch Dynamic System

In view of the mechanism of bio-dissimilation of glycerol to 1,3-PD, the following assump-

tions are hold.

A1 The concentrations of reactants are uniform in reactor, while time delay and non-uniform

space distribution are ignored; and
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A2 During the process of fed-batch culture, the substrates added to the reactor only include
glycerol and alkali; and

A3 The feed rate of glycerol and speed of adding alkali are uniform at various time intervals.

The fed-batch culture of glycerol bioconversion to 1,3-PD begins with batch fermentation,
then glycerol and alkali are discontinuously added to the reactor in order to keep the concen-
tration of glycerol and pH value in a given range. Therefore, under the assumptions (A1)—(A3),
the whole fermentation process includes batch culture in the early stage and later fed-batch
culture. Mass balances of biomass, substrate and products in fed-batch cultures are written as

follows[17]:

) = qiz1(t), i=3,4,5,
) = pemto) gy (1),

t) = —qae 2=t g (1), = fA(x(t),ut),  tE€ [ty tyl,
@i (t) = gre~ 4 (=t gy (1), i=3,4,5,

.137,(0) = 204, xz(t;) = l‘i(tg), L= 1,2,3,4,5,

where z1(t), x2(t), x3(t), z4(t) and x5(t) are biomass, glycerol, 1,3-PD, acetate and ethanol
concentrations at time ¢ in the reactor, respectively; ¢, € (0,%5) is the moment after which the
system reaches the stationary phase; xi(t;‘), 1=1,2,3,4,5, denote the right limit of concentra-
tions of the corresponding reactants at time ¢,4; [0, ¢,) is the time interval of developmental and
growth periods and [t4,ty] is the one of stationary phases; a;, i = 1,2, 3,4, 5, are the stationary

factors. The values of ¢, and a;, i = 1,2, 3,4, 5, are given as follows['7.

ty =433, a3 =1804, ay=023, az=0551, a;=012, a5=0.

For the batch culture, the specific growth rate of cells u, specific consumption rate of sub-
strate go and specific formation rate of products ¢;, i = 3,4, 5, are expressed by the following

equations on the basis of [17].

o HC )

1

= 2
g2 m2+y2, (2)
g =m; +pY;, 1=3,4,5. (3)

In the feeding stage of fed-batch culture, glycerol and alkali are continuously added at

constant flow rates, which can be described by the dynamic system of continuous culture. Mass
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balances of biomass, substrate and products in continuous culture are given below!'8!.

&1(t) = (u— D)1 (t),
do(t) = D(Cyo — m2(t)) — qaan (1), tel, (4)
l'l(t) = qixl(t) - D:L’i(t), i = 3, 4, 5,

where D is referred to the dilution rate and Cy is the initial glycerol concentration in feed. I.
denotes the time interval of the continuous culture.

For the continuous culture, the specific growth rate of cells u, specific consumption rate of
substrate go and specific formation rate of products ¢;, i = 3,4, 5, are expressed by the following
equations!® 2.

zo(t) + ks ) -5 x}
I za(t)
=my+ ., + 6
g2 = M2 Y, 21’2(t)+k2 ( )
z2(1)
- YtL A ) = 3547 7
Qz mz"’M + 2 Q(t)‘f'kl ( )

by bo >
5 = + . 8
=P (01 +pwa(t) 2 + paa(l) (®)

Under anaerobic conditions at 37°C and pH=7.0, the maximum specific growth rate of
cells ji,, = 0.67h~1, and Monod saturation constant ks = 0.28mmol/L. The critical concen-
trations of biomass, glycerol, 1,3-PD, acetate and ethanol for cell growth are zj = 10g/L,
x5 = 2039mmol/L, z§ = 939.5mmol/L, z}; = 1026mmol/L and xf = 360.9mmol/L, respec-
tively. b1, ba, c1, co, my, Yi, A, ki, i = 2,3,4, are parameters given in [2,4,5]. Since
the concentrations of biomass, glycerol and products are restricted in a certain range accord-
ing to the practical production, we consider the properties of the system on a subset of R®,
W= {x € R® | 21 €[0.001, 23], 22 € [100, 23], 23 € [0, 23], 24 € [0, 23], x5 € [0, 2%]}.

Under the assumptions (A1l)—(A3), the continuous process of adding glycerol and alkali
is embedded into the dynamic system of continuous culture and hence the multistage switch
system of fed-batch culture can be obtained. Let x(t) := (z1(t), x2(t), z3(t), x4(t), z5(t))T € R®
be the state variable; £ := (21, T02, Z03, Toa, Tos) T denote the initial state vector; I := [0, 7] be
the time interval of the whole fermentation process; ¢; is the moment of starting the glycerol
flow, at which the fermentation process switches to continuous culture from batch culture; ¢}
denotes the moment of ending the flow of glycerol from the beginning of time ¢;, at which the
fermentation process switches into batch culture from continuous culture, and 0 = ¢ < t; <
th < <t <thpy1 =T,i €Ay, :={1,2,---,n}. Let I; := [t;_1,t]] be the time interval of
batch culture, for the batch culture, based on the analysis in [17], we need to separate I; into

two sub-intervals to describe the different stages of batch culture.
I = [tiflvt;] = [tiflatgfl] U [ﬁ]flvt;]' 9)
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I := [t;,t}] be the time interval of continuous culture, i € A,,. Thus, based on System (1), the

fed-batch culture can be formulated as the following nonlinear multistage switch system

w(t) = fz(t),u®), tel, (10)
z(0) = &, (11)

fra®,u®),  teltio,t] ],
))7 te [ti]—la t;]a (12)
f?’(x(t),u(t)), te Iz

where

PP (), u(t) « = [(n = u()zr (), u(t) (20 — 22(t)) — 21 (1), gz () — u(t)z3(t),

qax1(t) — u(t)za(t), gsz1 () — U(t)xs(t)]T €R, (13)
. (pvi +u;)(t — t;) te
w(t) = 4 S5 p(Fs + ;) + (pvi + u) (¢ — t) + pVo v
0 tel;.

Here u;(g/s) and v;(ml/s) are flow rates of adding glycerol and alkali in I/, respectively. F; and
V; are the volumes of glycerol and alkali added at t; before t;, respectively, i € A,. V; is the
initial volume of fermentation broth and p is the density of glycerol in feed. u(t) € U C L2[0,T]
is the dilution rate. The L2[0,7] norm |lu||s is defined by |luls = /(u,u)2 and the inner
product (u,v)s is defined as (u,v)s = fOT u(t)v(t)dt.

3 Existence, Uniqueness, Boundedness and Regularity Properties

In this section, we study the existence, uniqueness and boundedness of solutions to system
(10)—(11). Here, we will denote the solution of (10)—(11) corresponding to the initial condition
¢ € R® by 25(-).

In order to overcome the discontinuities of the system, the Skorohod topology is induced and
a specific form of X is constructed to prove the main results in [19]. In this paper, the dynamic
system is a switch system which is alternately switched among functions f7, j = 1,2,3. When
we discuss properties of the multistage dynamic system (10)—(11), the properties of the system
at the switch times require extra attention. Similar to those done in [19], we can obtain our
desired results at the switch times of the system. Therefore, for the following propositions
and theorems, we only need to consider the properties of each function f7, j = 1,2, 3, in their

corresponding stages.

Lemma 3.1 Suppose £ € R%. Then, given any absolutely continuous functiony : I — R5,
there exists a solution z%(-) € Cy(I,R5) such that, for allt € I,

l24(t) =y (Ol < e"e(y,€),
@Springer
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with K >0, and

e(y,€) = [ly(0) = &|| +/0 19(8) = fy(#), u(t))|dt.

Proof See Picard Lemma 5.6.3 in [20].
Proposition 3.2 For each j = 1,2,3, the function fi(z,u) defined in (12) satisfies that
i) fi(-,-) is twice continuously differential,

ii) f9(-,-) satisfies linear growth conditions in z, that is, there exists a constant K' € (0, 00)
such that for allx € W and uw € U,

17z, w)| < K (2] +1)-

Proof i) It is easy to verify that the function f7(-,-), j = 1,2,3, is twice continuously
differentiable by the corresponding definitions.

i) Since u(t) = 0 for all ¢ € I;, we only need to prove the case of j = 3. For any u € U, it
follows from (13) that

5

/2 5
15, w)ll = lZ(f?(w,U))ﬂ <2

i=1

fiau)|.

Setting K1 := fim + Pmax, L2 := |ma| + |1/Ya| + |Ag| and K3 := max{L2 + pmax; PmaxCso }, We
can obtain that

17 (@ w)l = (e = w(®)z1] < [+ u®)lor] < (m + pmax) 2] < K1 (1+ [|2]),
£ (2, w)] = [u(t)(Cso — 22(t)) — qza1| < [u(t)]|Cso — 2(t)] + lgal|21] < Ka(1 + |])).

Similarly, let

Li:=mi+ pnYi + 4 =234,
b b
Ly := 02< L 2>,

1 e
Ki = pmax + Ci, i =3,4,5.
Thus, for i = 3,4,5, we have
[ (@, w)| = lgizr —u(t)a] < Liloi| + pmaxlai] < Ki(1+[|2]).
Finally, set K’ := max{K7, Ks, -+, K5}, then we can obtain that
12 (@, w)]| < K'([l]| +1).

The proof is completed.
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Proposition 3.3 For each j = 1,2,3, the function f/(x,u) defined in (12) satisfies that
there exists a constant K > 1 such that for all x1,x9 € W, and ui,us € U, the following three
relations hold:

17 (1, 1) = f7 (2, un)|| < K(|21 — 22| + [Jur — ug2),
1221, u1) = fl(we, ug)l| < K(|21 — @2l + [Jur — ua2),
1z, u1) = (e, ug)|| < K([lar — @2l + lur — usl2).

Proof Let xo = x1+ Az and us = uj + Au. It follows from the Mean Value Theorem that,
for each j = 1,2, 3,

, . af7 af7
|7 (w2, u2) — f2 (21, u1)|| = 5 (x1 + 01 Az, u)Az|| + u (z1,u+ 02Au)Au
o7 or
S“éi(x1+elenn HA%”*W‘éZ(xhu1+9zAu>HAuW

The continuous differentiability of the function f7 implies the existence of positive constants
M7 and M5 such that

J
Haf (1 + 61 Az, u) < Mo.

ofI
O < M, H 8J; (21, u1 + 02Au)

Hence, letting K| := max{M;, M2, 1}, we can obtain that
17 (2, u9) = f7 (21, w)|| < Ki (g — 21| + [[ug — ui]2).

The twice continuously differentiable of f7, j = 1,2, 3, in Proposition 3.2 implies that ||0% f7 /02|,
|02 f7/0u?|| and |02 f7/Oxdul| are all bounded. It is clear that we can prove that there exist
K}, K% > 1, such that

1£2 (@1, ur) = fi(22, u2)|| < Ky(llon — 22| + [lur — ual2),

(@1, ur) = fil(wz, u2) || < Ki(llor — w2 + [lur — uall2).
Finally, letting K = max{K/, K3, K4}, we can obtain the desired result.

Let Cy([0, T],IR®) denote the space of continuous bounded functions on [0, 7] with values in
R®, equipped with the sup norm topology, that is, for z € C,([0, T],R5), ||z]l. = sup{|z(¢)|,t €
[0, 77}

Theorem 3.4 For any £ € R®, System (10)—(11) has a unique solution z*(-) € Cy(I,R®).

Proof First, it follows from Lemma 3.1 that the existence of solutions is proved. Subse-
quently, we will verify the uniqueness. Let z5(t) and z5() be two solutions of (10)-(11). For

all t € I, we can conclude that
t
25 (2) — 5(0)] S/O 1 (25 (s), uls)) = f(a5(s), uls))llds

SKAHﬁ@—é@W&
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Bellman Gronwall inequality is applied to the above inequality, which implies that, for all t € I,
|25 (t) — 25(t)| = 0. Thus, the solution of (10)—(11) is unique.

Next, we explore the question of Lipschitz continuity of solutions relative to the initial
condition.

Theorem 3.5 For all £,¢' € R® and all t € I, there exists a constant L € (0,00) such
that

2 () — ¥ ()] < L€ = €]l

Proof First, we let y(t) := x¢(t). Next, by Theorem 3.4, the solution of (10)-(11) is
unique, so we can deduce from Lemma 3.1 that, for all t € I, [|J28(t) — 28 (t)|| < eFe(af (t),€).
Now we find that

e(a®(£).6) = € - €| +/O 1 @), u(®)) = f (¥ (8), ' (1)) |de

1
ém—en+KA|mw—wmut

By Schwartz inequality and Hoélder inequality, we can have

/ lu(t) — '|dt < (/01 1dt)1/2(/1 |u(t)—u’|2dt>1/2,

e(a® (1),6) < 1€ = €'l + Kllu— [l < V2K]|¢ - €|

Letting L := v/2KeX, we complete the proof.
Proposition 3.6 For any ¢ € R5, the solution of System (10)-(11) satisfies that

2= C)IF < (1 + [1€])e’™
with K' as in Proposition 3.2.
Proof Now, we prove the boundedness of solutions to System (10)—(11). By the definition

of solutions of differential equation, it suffices to show that the solutions of the following integral

equation:
=&+ /0lt f(@5(s),u(s))ds, tel (14)
are bounded. From the above equation (14) and Proposition 3.2, we can have that
lz* @)1 < €] +/Ot 1 % (s), u(s)lds < €] + K’ /Ot Ilz*(s) + 1]]|ds.
Letting y(t) := ||5(¢)|| + 1, we conclude that
) <0)+ K [ y(s)is

By Bellman Gronwall inequality, for all ¢ € I, we can obtain y(t) < y(0)e”" and hence, that
2 ()] < (1 + [I€])e™
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4 Numerical Results and Discussion

For numerical simulation, we use the 6th Runge-Kutta method to calculate the numerical
results of the nonlinear multistage switch dynamic system. The medium composition, cultiva-
tion conditions, determination of biomass, substrate and metabolites have been reported!* 5.
The initial value ¢ = (0.115g/L, 494.5mmol/L, 0, 0, 0)T. Fed-batch began at t; = 5.33h. The
flow time ¢;, the flow stopping time ¢}, and the speeds u; and v; of adding glycerol and alkali,
i € Args, are determined by the experiment.

Since intermittent feeding of alkali into the reactor to maintain the pH value at 7 or so
greatly affects the extracellular concentrations of acetic acid and ethanol, this work is only
concerned with the relative error between the experimental data and computational values of
the first three substances. Figures 1-3 show the comparisons for the concentrations of biomass,
substrate and 1,3-PD between experimental data and computational results, where the stars
denote the experimental values, written as y(7;) = (y1(75),v2(75), y3(75)), 75 = 2jh,j € Ais,
the dashing lines denote the computational curves in [4], and the red real lines denote the
computational curves zx(t), k € As in this work. Define relative errors as follows:

16
e = dim1 |$k(7'z) yk(Tz)|’ ke As.

iy un(m)

*
sl //%‘ |
* 5 "
a4t ]
= 0 -6 —G
2 - O-©o-e-oc060
g3r 1
£
2
m
2t / 1
4
* 4 — © — Gao, et al., 2005
1+ / *  experimental data |q
this work
*
0 i i i i i
0 5 10 15 20 25 30

Fermatation time(h)

Figure 1 Comparison for the concentration of biomass between

experimental data and computational results

We obtain the errors e; = 6.21%, es = 10.27%, es = 6.98%. Actually, about the numerical
results, in this paper, there is no manifest distinction from [7]. However, in [7], the key parame-
ters t; and t,,, may be different for each different batch culture stages. So, it may cause potential
difficulty to do further study on the parameter identification and optimal control problems since

there are more than 300 batch culture stages in the experiment. In this paper, however, we
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NONLINEAR MULTISTAGE SYSTEM IN FED-BATCH CULTURE 289

have 3 different switch functions corresponding to the different stages and the most important
advantages is that stationary factors a;, i = 1,2,3,4,5, in function f2(z(t),u(t)) are fixed in
each corresponding stage. This advantage will help us to do further research especially in terms
of genetic engineering and metabolism mechanisms in the future.

500 T T
A — © — Gao, et al., 2005
*\ *  experimental data
400 | \ this work
\
300 \ 1
= \
° \ * * * s
£ * * %
S 200} ok X * *
=}
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2 ~
) ©
100 | (SN o 1
T Q
N
of T 9-6 -6-000 .
~100 i i i i i
0 5 10 15 20 25 30

Fermatation time(h)

Figure 2 Comparison for the concentration of glycerol between

experimental data and computational results
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= e
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100 | this work 7
P
0 /4\ 1 1 1 1 1
0 5 10 15 20 25 30
Fermatation time(h)

Figure 3 Comparison for the concentration of 1,3-PD between

experimental data and computational results
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5 Conclusions

In this paper, we have presented a novel nonlinear multistage switch dynamic system for
describing the fed-batch culture. We then demonstrated the existence, uniqueness, bounded-
ness and regularity of solutions to the nonlinear multistage switch system. Then, a numerical
simulation for the nonlinear multistage switch system illustrates the improvements between our
efforts and those in [4, 5, 7]. Our future work will involve parameter identification and the
optimal control problems of nonlinear multistage switch system. It will be a challenge since the

system is a highly nonlinear, multistage and switch system.
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