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Abstract: This paper presents a realisation of a closed-loop controlled autotrophic fed-batch
cultivation of Ralstonia eutropha H16 with the aim to maximise the amount of biomass and
internal storage compound PHB. The specific control unit is a model-based on-line trajectory
planning with a sigma-point Kalman filter for state estimation and an additional gas phase
controller. For the control, a medium-sized structured model describing the process is proposed
and compared to cultivation data. The model considers the internal storage of PHB by
R. eutropha and pays special attention to the production of the oxygen-tolerant membrane-
bound hydrogenase. This enzyme is in the center of biological research as a component of a
biological fuel cell. It is shown that on-line optimisation works for maximising the amounts of

biomass and PHB.
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1. INTRODUCTION

Model-based control has become a powerful tool for run-
ning processes optimally. In biotechnology, control is ap-
plied with the main goal to improve the product yield and
quality. Besides basic, standard controllers, e.g., to adjust
the pH, the idea is to control the process additionally
on a more general level by means of, e.g., model-based
control. This has been investigated in the past years by
various groups. Some studies on and industrial solutions
for advanced bioprocess control of specific bioprocesses are
collected in Mandenius and Titchener-Hooker (2013). One
of the first experimental verification of model predictive
control with a complex nonlinear model of a biological
process has been presented in Waldraff et al. (1993), see as
well Waldraff et al. (1997) or King (1997). In this work, on-
line trajectory planning (TP) is realised by calculating the
best reference values for an underlying gas-controller and
optimal feeding profiles for other substrates. This scheme
makes the process more efficient compared to those that
are run manually by changing reference values according to
experience. Besides a higher product yield, an automated
model-based closed-loop control leads to an increased re-
producibility as well.

This work deals with the model-based on-line TP of the
autotrophic cultivation of Ralstonia eutropha (R.e.). Au-
totrophic means that the organism grows on inorganic
substrates, without, e.g., sugars as a source of energy and
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carbon. In the autotrophic mode, growth and productivity
of R.e. depend on the concentrations of the substrates
ammonium and phosphate as well as the dissolved gas
concentrations of hydrogen, oxygen and carbon dioxide.
The latter one serves as a carbon source and is assimilated.
Hydrogen is the energy source for the organism and is
oxidised to water.

During the cultivation, the states which are non-measur-
able, e.g., the amount of biomass, product and substrates,
are estimated with a sigma-point Kalman filter (SPKF)
described in Rossner (2014). The SPKF estimates the most
probable values for the states by taking the on-line and
at-line measurements of the process and the simulation
results into account. These estimated states are assembled
in a state vector and form the start values for an on-
line optimisation. In the optimisation, the needed feeding
trajectories with the aim to maximise biomass and PHB
are calculated.

Applying model-based control for the autotrophic culti-
vation of R.e. requires a model of the process which is
as simple as possible to make the on-line calculations
tractable in a real-time environment. At the same time
it has to incorporate all relevant quantities and dynamics
so that the process is well described and the on-line TP
works. As three substrates are primarily of gaseous nature
and the dissolved gas concentrations depend on the gas
composition in the headspace of the fermenter, the model
has to describe both the gaseous and the liquid phase.
The paper is structured as follows: The materials and
methods for the autotrophic cultivation are listed in sec-
tion 2. Then, in section 3, the applied control system for
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the process is described. This is followed by the introduc-
tion of the process model in section 4. Two parameter
identification experiments are shown, compared to the
simulation results and the identified parameters are listed.
In section 5, the results of a cultivation that ran with a
closed-loop model-based control are shown and discussed.
Finally, some conclusive remarks are drawn in section 6.

2. MATERIALS AND METHODS

The strain used was Ralstonia eutropha (H16). The feeding
compositions are given in Tab. 1. The cultivation was
started with 10.5 L defined medium.

Table 1. Feedings composition for R. e.

Feeding Chemical Conc. [g-L™1]
Phosphate (P) NaxHPOy4 (2H20) 39.16
KH2PO4 13.03
Ammonium (N) NH4Cl 296.94
Iron and MgSO4 (7TH20) 20
trace elements CaCly (2H20) 1.00
FeCls (6H20) 1.00
NiCly (6H20) 0.024
ZnSO4 (7TH20) 0.01
MnCly (2H;0) 0.003
H3BO3 0.03
CuCly (2H,0) 0.001
NaxMoOy (2H50) 0.003
CoCly (6H20) 0.02

The initial medium concentrations of iron and trace el-
ements were 1/100 of those in the feeding. Ammonium
concentration was 1/5 of the feeding and phosphate either
1/10 or 1/30 of the feeding concentration depending on
the cultivation. The digital control unit of the explosion-
protected 15 L stirred tank reactor with 3 rushton turbines
regulated the temperature at 30°C, the pH at 6.8 and
the stirrer speed at 500rpm. All constants used in the
model refer to values at 30 °C. The dissolved gas probes are
from Mettler Toledo (InPro6800 and InPro5000i), the gas
sensors are the BlueInOne Cell and BCP-H2 from Blue-
Sens, the mass flow controllers and the pressure sensor are
from Bronkhorst. Optical density (OD) was measured at
436 nm photometrically. Poly-S-3hydroxybutyrate (PHB)
was isolated by digestion with sodium hypocholite as sug-
gested by Jacquel N. et al. (2008). Phosphate is quantified
photometrically with Phosphate FS* test-kit from DiaSys
and the Berthelot-reaction described in Rhine et al. (1998)
serves for ammonium determination.

3. CLOSED-LOOP CONTROL SCHEME

In microbial processes, growth and product formation de-
pend on substrate concentrations and environmental con-
ditions, e.g., pH. The latter, temperature, and foam level
are held constant by basic controllers that are integrated in
the control unit. The basic controllers calculate the flows
of the correction fluids (wpgse; Uacids Yantifoam ). Moreover,
additional manipulating variables are the flow rates for
liquid feedings (up, un, upe) for phosphate (P), ammo-
nium (N) and iron (Fe) with fixed feed concentrations
(cp, ¢n, cre). Figure 1 shows the control architecture of
the process. The PI-controller for the gas phase receives
the constant set point for the excess pressure (APj;)
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Fig. 1. Closed-loop control scheme for the autotrophic
cultivation of R. e.

which is set to 40 mbar and the fractions for the gas phase
composition (T, v sets LCOsw,set, TOsw,set)- 1t calculates
the gas flows (g, .0, 9C0Os.v, 90,,v) and regulates with it
the gas phase composition in the headspace (%, v, TcO,,05
Z0o,.v) together with the excess pressure. The gas phase
reference composition as well as the flow rates of the liquid
feedings are determined with a model-based off-line or on-
line trajectory planning (TP) aiming at maximum product
in the end of the cultivation. On-line TP was the chosen
model-based control variant, because it has advantages
over tracking pre-computed set-points or set-trajectories
as explained in Engell, S. (2007) and Heine et al. (2007).
In every on-line TP step, the entire feeding-trajectories
were calculated. A sigma-point Kalman filter for state
estimation was employed. All manipulated variables are
assembled in an input vector

u' =(uy Ure UP QHyw GCOsw GOm0
Ubase Uacid uantifoam)- (1)
4. MODEL

A rather detailed description of the model is given here
as it has not been published before. The medium-sized
structured, non-segregated model has three compartments
which are biomass (X), the internal storage polymer poly-
B-3hydroxybutyrate (PHB) and the membrane-bound hy-
drogenase (MBH). Gaseous substrates are hydrogen (Hs),
carbon dioxide (CO2), and oxygen (O3). As limiting liquid
substrates ammonium (N) and phosphate (P) will be con-
sidered. In the next paragraphs, balance equations for all
states will be formulated before kinetic expressions for the
reaction rates and measurement equations will be given.

4.1 State equations

The change of the amount of one component in a system
is a result of the amount that comes into the system, the
amount that leaves the system, and the amount that is
generated or transformed in the system.

Accordingly, biomass (mx) changes due to growth, which
is determined by the growth rate (ux ), and due to conver-
sion of the storage molecule PHB into biomass, dictated
by the rate WX, PHB

mx =Ynxpras+Ypxpup+1) pxpup-mx +
pUx -mx. (2)

This conversion comes with an uptake of phosphate and
ammonium which is shown in the reaction

Yvxpaup - N+Ypxpup-P+PHB — X. (3)

1102



IFAC ADCHEM 2015
June 7-10, 2015, Whistler, British Columbia, Canada

The conversion, as conventional growth, depends on the
amount of active biomass (mx) in (2).

The storage polymer PHB is built in proportion to biomass
with the rate ppyp and degraded when converting it to
biomass with the rate pux pun

MpHB = UWPHB *MX — [LX,PHB * TMX. 4)

The amount of the target enzyme MBH (mpypg) is
balanced as well neglecting degradation

MMBH = UMBH * MX. (5)

The actual amount of MBH cannot be beasured but, in a
certain reaction, the activity of the enzyme. It is assumed
that this (relative) activity (appg) is proportional to the
mass of the enzyme

avBH = KMBH,o - MMBH. (6)

Details can be found in Rossner (2014). If (5) and (6) are
combined,

avBH = KMBH, - BMBH - MX (7)

results.

In the reactor, the dissolved gas amounts see (8) to (10)
for Hy, CO2 and Os increase with the gas transfer into the
medium (714 gas), and decrease because gas is consumed
to produce biomass and PHB. The metabolic yield coef-
ficients (Yga37x, Ygas,PHB and Ygas,X,PHB) indicate how
much gram of gas is required for one gram of biomass, for
one gram of PHB and for the conversion of one gram PHB
to biomass, respectively.

mu,, = —(Ya, x,paB - phx,PEB + YH, X - X +
Yu, puB - ppuB) - Mx + Mer H, (8)
mco,, = —(Yoo,,x - ix +Yco,,PuB - kPHB) - MX
+1Myr cO, 9)
mo,, = Yo, x,puB - ux,paB + Yo, x - ix +

Yo, puB - bPHB) - MXx + Myr.0, (10)
The gas transfer rates are calculated exploiting the gas
transfer coefficient (kra) and Henry’s law. Equation (11)
describes the transport of a gas component (Hy, Oy or
COz) between the two phases

mtr,gas = kLagas : (Cgas,sat - Cgas,l) . VE (11)
where kragqs is the volumetric gas transfer coefficient,
Cgas,sat the saturation concentration, Cgas,l the concentra-
tion in the liquid phase, and V; is the volume of the cul-
tivation broth. The saturation concentration in the liquid
phase is calculated by Henry’s law,

Cgas,sat = thas : pgasm . Mqasa (12)

with Khgqs being the Henry coefficient, pgqs,» the partial
pressure in the gas phase, and Mg,s the molar mass of the

gas-component. The partial pressure is defined as
(13)

Pgas,v = Tgas,v * P7

where Zgqs,, is the molar fraction and P the absolute
pressure of the gas phase. The evaporation of water is also
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considered and discussed below.

Within the system, the micro-organisms consume ammo-
nium for biomass production, MBH expression and the
conversion of PHB to biomass which is given in (14). The
corresponding yields are &71\77)(7 YN,MBH and YN,X,PHBy
respectively. Besides the consumption terms, ammonium
is also fed. The feed has an ammonium concentration of
CN,feed and the feedrate is un.

MmNy =—YN,X.PHB - UX,PHB - MX — YN X " lix - MX —

YN MBH - GMBH + UN * CN, feed (14)
Similarly to the ammonium balance, the change of phos-
phate is described in (15).

mp=—Ypx PpHB - UX,PHB - MXx — Yp X * [bx - MX —

Yp MBH - GMBH + UP - CP,feed (15)
Equation (16) is the balance of acid compensated base
to maintain a set-point pH of 6.8. During the cultivation,
ammonium is bound by the organisms and that binding
sets a proton free which lowers the pH in the cultivation
broth. As the pH is feedback controlled with alkaline 3-
molar NaOH, the consumption of one gram ammonium
(N) can be converted into required volume of base (in mL)

by dividing through % (see (16)). As dissolving
or gassing out of CO5 has a pH-effect as well, a third term

has to be included in (16).

(Ynx - pux + YN x.PHB X, PHB) - MX

Viade = +
BaAc 188N . 3mol
mol 1000 mL
YN MBH - GMBH n
18 gN | 3mol, ;-
mol 1000 mL
. mg
KBadAc,pco, - Mco,,1 1000? (16)

The volume of the cultivation changes over time because
of liquid substrate feeding (w;) and correction fluids.
Moreover, water evaporates into the system headspace
and is transferred out of the system with a defined out-
let stream (Mr,0.0ut) that is directed to the gas sen-
sors. Furthermore, R.e. produces water in the energy
metabolism. That impact is considered with yield factors
Y m,0,ra8=YH,0,x,pra5=0625gg"", Yu,0x=347Tgg ™"
in (17) which are calculated from stoichiometric reaction
equations (not shown here). The volume balance finally
reads

Vl = —— Ym,0,puB - (LPuHB + X PHB) - MXx +
pHQO

1
PH>O
Uantifoam + Ugceid + Upase +un + UFe +up. (17)
Moreover, the volume and other states are affected by
sampling. Therefore, the effect of sampling is accounted

for as well in the model. The states are assembled in a
vector

- (Y,0,x - pix - mx — Mi,0.0ut) +

T
z° =(mx MmpHB GMBH MH,,

Mmco,,;, ™Mo,, MmN Mmp VBaac W) (18>
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Table 2. Kinetic functions used in the model.

Each kinetic function g(c) depends on the

substrate concentrations ¢ and the constant
parameters k that have to be identified.

Notation Type Kinetic Standardisa-
function tion term
-1
g(c) 9maz
MiMe(c, k) lim = -
Ai(e, k) in e ke -
—1
: : Imax© 2
Speci (¢, k) lim, in Tret(2) 1+ %
1
1 =
P ImazC ka(ka—1) "2
Speca(c, k1 k2) lim, in et (e = 1+ RO
Speca(c1 c2,k1 k2) in max (e~ k11 -
e*k2'62)

4.2 Kinetics

Any kind of production rate in chemical and biochemical
reactions depends on the availability of the substrates and
the exposure to inhibitors. Those biochemical dependen-
cies are described in various kinetic equations. The ones
used in this model are introduced in Tab. 2. The Michaelis-
Menten (MiMe) kinetic describes growth on a limiting
(lim) substrate (Michaelis and Menten, 1913). An inhibit-
ing (in) dependency on a single substrate is expressed by
the Aiba (Ai) kinetic (Aiba et al., 1968). Limiting effects
on growth at low concentrations followed by inhibition at
high substrate amounts (lim, in) are realized with a special
function, Specy, which employs one parameter and Specs
with two parameters taken from Rossner (2014). Addition-
ally, a new kinetic named Specs is used which describes the
inhibitory effects of two substrates on growth.

Biomass production. — The growth rate (ux) for the
PHB-free biomass depends on the concentrations of sub-
strates required for growth and on the presence of in-
hibitors. Substrates for growth are ammonium, phos-
phate, trace elements, COs, Oz, and Hs. Trace elements
are assumed to be present in sufficient amounts at all
times and, therefore, are not effecting growth. Hydro-
gen has a positive effect on the growth rate. The more
hydrogen is available, the higher the growth rate is.
This relation is described by a Michaelis-Menten kinetic
MiMe(cm, i, kﬁz) The ammonium and phosphate depen-
dencies are implemented by Michaelis-Menten kinetics as
well, (MiMe(cy, k%), MiMe(cp, k3 )). It is assumed that
high salt concentrations inhibit growth but in our cultiva-
tions with ammonium concentrations up to 8 g-L~! and
phosphate up to 5.5 g-L~! this inhibition was not observed.
Therefore, MiMe is used and we set constraints on high salt
concentrations when optimising. Carbon dioxide and oxy-
gen are also substrates. Oxygen as the electron acceptor is
involved in energy production and carbon dioxide is fixed
anabolically. The presence of both gases is required for
growth. On the other hand, high oxygen concentrations
are known to inhibit the activity of the hydrogenases
that are directly involved in the energy production cycle
(Ludwig et al., 2009). Inhibitory effects on growth at high
concentrations have been described by Shang et al. (2003)
for carbon dioxide as well. Therefore, the kinetics for these
gases follow the bell curve of an inhibition. The kinetic
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of choice for the substrate oxygen is the 2-parametric
special function (Speca(co, .1, ki, k3.0,))- For COy the 1-
parametric function Speci(cco, i, ké(oz) was selected. As
a result, the growth rate is described by

UX = fbmaz,x - MiMe(cn, kﬁ) - MiMe(cp, kfg) .
MiMe(cp, i1, kﬁz) - Specy(€o,.1; kfoz kngQ) .

Specy (cco, s ké(oz). (19)
The parameter iz x in (19) is the maximum biomass
production rate.

PHB production and degradation. It is known that in
autrotrophic cultivations the production of the storage
polymer PHB increases when phosphate and/or ammo-
nium limitation occurs as mentioned by Repaske and
Repaske (1976) and Ryu et al. (1997). For the PHB
production rate ppgp, this relation is described by an
Aiba kinetic. Likewise, the PHB concentration itself effects
the formation of PHB. The higher the PHB fraction of
the overall biomass is (rpyp x=cpup- (cx+cpup)™?t),
the less PHB is produced. This inhibitory effect is also
implemented with an Aiba term. Similar to the biomass
production, all three gases are required for the assimilation
of PHB. In autotrophic metabolism, all carbon present
in the cell is primarily fixed through the Calvin-Benson-
Bassham (CBB) pathway (Park et al., 2011) and then
either processed to biomass or to the storage polymer
PHB. It is assumed that the CBB pathway is the velocity-
limiting step for carbon assimilation. Therefore, the kinet-
ics for the PHB production rate concerning the gases are
implemented identically to those for the growth rate.

PHB 1. PHB
WPHB = [maz,PHB - SPecs(cn cp, by 7 kp' ™) -

MiMe(cg, i ki) - Specsy(€o,.1, kfog kﬁf(b) .

Roi (cco, 1, k&0,) - A(zpup x, kprp)  (20)
Assimilated PHB is converted to biomass as suggested by
Schlegel et al. (1961) and Bartha (1962). In the model
it is implemented with the conversion rate ux prp. The
conversion takes place when the substrate carbon dioxide
is missing and ammonium as well as phosphate are present.
This dependency is described by an Aiba kinetic on carbon
dioxide, and Michaelis-Menten kinetic for phosphate and
ammonium which are, for simplicity, identical to those
describing biomass production. PHB needs to be present
in significant amounts for that conversion which is imple-
mented by a MiMe kinetic term for the present fraction of

PHB (xPHB,X)-

WX, PHB = Mmaz,X,PHB - Ai(cco,,1s ké(biHB) :
MiMe(cn, kx) - MiMe(cp, kp ) -

MiMe(zpup,x, kpyp ) (21)
MBH expression. 1t is assumed that the driving force for
the expression of membrane bound hydrogenase (MBH) is
given by the difference between the possible MBH amount
due to current hydrogen availability (maspm sat) and the

MBH amount that is present my/pg.

UMBH = Mmaz,MBH - (MMBH sat — MMBH) (22)
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Multiplying this equation with Ky/pm,, gives an expres-
sion in the activities.

KyBH,o - LMBH = tmas, MBH *

(aMBH,sat - aMBH) . (23)
The theoretically possible amount of MBH is calculated
by Rossner (2014) with

QM BH,sat = (a']\/[BH,max - aMBH,min) .

Ai(ep,, kifP™) + avBrmin.  (24)
The model assumes a minimal MBH amount at high
hydrogen concentrations (marp,min). The MBH amount
at low hydrogen concentrations is limited due to the nature
of the cell membrane (marBH, mas)- All amounts between
those limits depend on the hydrogen concentration. The
lower the concentration, the higher the MBH expression.
That relation follows an Aiba kinetic with the parameter
klj\j{zBH to be identified.

4.8 Measurement equations

In order to compare the model with real data, measure-
ment equations have to be defined that describe the re-
lationships between the state variables and the measured
variables. Furthermore, inputs calculated by the gas con-
troller are used as well. Due to the analytic process in the
laboratory, the biomass concentration that is measured is
always the sum of the PHB-free cells (mx) and internal
PHB (mppp) divided by the volume (V;) as shown in
(25). The optical density (OD), measured photometrically
at 436 nm, is proportional to the sum of the PHB-free
biomass concentration multiplied by a factor Kop,x and
the PHB concentration multiplied by Kop pup see (26).
Equations (27) to (29) represent the measured concentra-
tions of the gas components in the fermenter outlet (g, .,
TCO,,05 TOy,w). For the excess pressure (AP) in mbar given
in (30), the environmental pressure Py in Pa is subtracted
from the measured pressure P in the system and divided
by 100 Pa-mbar—!. Measurement equations (31) to (33)
express the volumetric flow rates of each gas component
(q#,5 4co,, qo,) in L-h™1. Each of them equal the sum of
the defined outlet (1gqs,0ut) and the gas amount which is
transferred into the liquid phase (714 gas) divided by the
environmental pressure and the molar mass and multiplied
with the ideal gas constant (R), the room temperature (T)
and a conversion factor. The amount of gas needed for
MBH is very small and therefore not taken into account.
The ammonium and phosphate concentrations (cy, cp)
are given in (34) and (35). The dissolved CO2 concen-
tration in mg-L~! is calculated in (36) by multiplying the
dissolved carbon dioxide concentration (mco, . -Vl_l) with
a conversion factor. Dissolved oxygen is measured in %.
Therefore, the dissolved Os-concentration (mo,,; - V;™')
is divided by the maximum concentration at that pressure
and temperature (o, sat,qir) Which is calculated according
to Henry’s law. The volume of acid compensated base
(VBaac) is given by (38). In the parameter identification
step it is compared to the difference of the transferred
volumes of the base and acid feedings. The next measure-
ment equation (39) is the specific activity of MBH. Finally,

Copyright © 2015 IFAC

the concentration of PHB (cppp) in (40) is given and the
volume (V}) in (41).

mx +MpypB

= 25
1 v, ( )
m m
y2=Kop, x - 7)( + Kop,pHB - I;/HB (26)
l l
Ys =THyw (27)
Ya = TCOyw (28)
Ys = T0, 0 (29)
P—- P
Y6 = ——Pa_ (30)
100 mbar
(mHz out + mtr Hz) 3 L
= J . “R-T-10°— 31
Yy MH2 A PO m3 ( )
(Mo, out + Mir,co,) 3 L
= ~ ’ ‘R-T-10°=. (32
v Mco, - Po i T 2
(mOQ out + mtr 02) 3 L
pr— 2 2 . T . ]. —a
Yo ]\402 . PO R 0 ng (33)
mn
_ N 34
Y10 v, ( )
mp
_np 35
Y11 v, ( )
yig = 0L, 1000% (36)
P - 100 %
Yyiz=——"-—"" (37)
Co2,sat,air
Y14 = VBaAc (38)
Y15 =OGMBH (39)
MpHB
= 40
Y16 v, ( )
it =V (41)

4.4 Parameters

Some parameters were determined by separate experi-
ments or taken from theoretical evaluations from litera-
ture. As given in (26), the OD is described by a com-
bination of linear expressions depending on the biomass
and PHB concentrations. The parameters (Kop x and
Kop,pup) were calculated by multiple linear regression
using a least square approach. The regression leads to
values of 5.41g-L~! and 13.09g-L~! for the parameters
Kop,x and Kop,pu B, respectively. The relative standard
deviation is 5.3 % for Kop x and 9.2 % for the parameter
Kop,puB-

The initial value of the volumetric gas transfer rate (kpa)
for oxygen was determined experimentally by Rossner
(2014) and validated with extra experiments (not shown).
The kpa value of carbon dioxide was also determined at
first by extra experiments and the kpa value for hydrogen
was calculated according to the film theory explained in
Garcia-Ochoa and Gomez (2009). The initial values of the
yield coefficients were take from Bongers (1970), Morinaga
et al. (1978) and Tanaka et al. (1995).

All parameters shown in Tab. 3 were estimated with the
data of 15 cultivations where PHB was measured only in
three of the 15. Few measurements explain the compar-
atively high relative standard deviations for some of the
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parameters belonging to PHB description. Additionally to
the 15 identification experiments, four cultivations served
for validation. Two exemplary cultivations used for iden-
tification are shown in Fig. 2 and 3 where the simulations
are compared to the measurements. In the cultivation of
Fig. 2, slow growth is caused by high dissolved oxygen
concentrations. In the identified experiment shown in Fig.
3, fast growth is triggered by low oxygen concentrations at
first. That growth stage is followed by a high expression of
MBH due to low specific hydrogen concentrations. This
observation confirms the statement by Friedrich et al.
(1981) that deficiency of electrons enhances the expression
of MBH.

Table 3. Estimated parameter values, allowed
interval [min, max] and relative standard devi-
ation (rel. std d.) in % calculated with Fisher

analysis
Name Unit Value  [min, max] rel. std d.
KBaAe,pco, mL-mg™? 0.04 [0.016, 0.2] 0.21
krag, h—1 272 [30, 900] 0.04
kraco, h—1 38 [0.2, 580] 0.08
krao, h—! 193 [150, 800] 0.05
YN, x g8y 0.18 [0.08, 0.3] 0.05
Ypx gey 0.08  [0.004, 0.3] 0.03
YH,,x g-g;{l 0.4 [0.3, 0.71] 0.05
Yco,,x g8y 1.36  [1.32, 3.96] 0.07
Yo,,x gey 1.62 [1.6, 0.84] 0.06
YNx.PHB  £Epyp 0.69 [0.01, 4] 0.37
Ypx,PHE £8pyp 0.46 [0.02, 2] 0.47
Y, x,PHE S£8pup 1.28 [0.2, 1.8] 0.42
Yo0,.X,PHB £Sppp 0.48 [0.1, 1.5] 0.36
YH, PHB g 0.45 [0.2, 0.73] 0.19
Yco,, PHE £8pyp 2.9 [1.32, 5.28] 0.13
Yo,,PHB 2 Chnn 1.71 [1.28, 6.4] 0.13
YN,JVIBH g-mgMpU_l 3.9e-3 [0, 0.5} 8.98
Hmaz, X h—1! 0.35 [0.1, 0.7] 0.05
k3, mg-L~! 4e-3  [2e-4, 0.61] 2.68
ko, mg-L~1! 4459 [4.4, 176 0.02
ko, mg- L1 1.62 [1.6, 2.56] 0.08
ko, - 2.140 2, 8§ 0.04
kX g L1 0.34 [0.1, 0.8] 0.15
kX gLt 0.72 [0.4, 1.5] 0.08
Wmaz,x,pHB h7! 0.2 [0.1, 2.7] 15.58
Koo B L-mg~! 782 88, 1980) 1.41
kP - 9.96  [0.01, 10] 16.17
Hmaz,PHB h—1 0.11 [0, 0.85] 0.28
kDHB L-g—! 80 [1, 100] 0.23
kLHB L-g~! 1.79 [0.2, 20] 0.35
kbHE - 2 [0.1, 3.1] 0.28
Hmaz,MBH h—! 2.8e-3  [2.e-3, 0.01] 0.65
aM BH,min U-mg;;P 0.46 [0.1, 0.6] 5.84
AMBHmas Umgyp 6.87 [5, 15] 0.36
kf;;fZBH L-mg—?! 1.89 [0.99, 2.47] 1.11

5. MODEL BASED CONTROL AND VALIDATION

The overall aim of this work was to set up a control
system that includes on-line TP to maximise the amount

Copyright © 2015 IFAC

of biomass and PHB in an autotrophic cultivation of R. e..
Figure 4 shows a cultivation where an on-line TP was
used between t=22h and t=120h. It ended before the
cultivation was finished, because from t=120h onwards
the degradation of PHB was investigated and at that time
the model did not describe the PHB conversion pathway
to a sufficient extend. The data of the cultivation shown
in Fig. 4 for t>120h were used to identify all parame-
ters involved in PHB degradation more accurately. The
resulting parameter values and their standard deviations
are also listed in Tab. 3. With the identified parameter
set, the simulated degradation reveals the measurements
which is compared Fig. 4, t>120h.

200

cco,, (mgL™1)

—1
quZ (Lh )g

o €01 (%) 8

o TCOz,v (%) B

Fig. 2. Exemplary cultivation result for parameter identi-
fication. Simulations are given in grey and measure-
ments in black. Solid lines refer to the outer axis and
dotted lines/circles to the inner axis. Optical density
(OD), ammonium (N) and phosphate (P) as well as
volume flow of carbon dioxide (gco,) and flow rates
(u) for ammonium and iron (Fe) are plotted on the
inner axis. The last three plots are the liquid feed
rates and the gas fractions in the headspace.

The feeding trajectories in the cultivation were calculated
on-line and were allowed to be changed every 10 hours.
During the entire cultivation, the SPKF state estimation
algorithm, was running. The estimated non-measurable
states served as start vectors for the on-line optimisation.
The aim was to increase the biomass concentration until
t=50h and for t=50-120h to maximise the PHB amount
due to phosphate limitation. The data up to t=50h were
not used for identification and represent an exemplary
validation experiment.

1106



IFAC ADCHEM 2015
June 7-10, 2015, Whistler, British Columbia, Canada

In Fig. 5 the results of an off-line trajectory planning (TP)
are compared to the on-line TP results. The feeding pro-
files are shown. All feeds were allowed to be changed every
10 hours. Changes in the gas composition were realised as
ramps and changes in the liquid ammonium feed as steps.
Comparing the off-line with the on-line trajectories, it is
notable that the on-line optimiser calculated a higher feed
for ammonium at t=>50h. This was a reaction towards the
decrease of ammonium concentration which was estimated
by the SPKF. Ammonium concentrations below 1 g-L !
were not allowed by constraints during the optimisation.
This constraint was set because low ammonium concen-
trations also lead to PHB production, but only the impact
of phosphate depletion on the PHB formation was to be
investigated in this run.
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Fig. 3. Exemplary cultivation result for parameter identi-
fication. For more details see Fig. 2. Additionally, the

specific activity ap;pg is shown in the second plot.

The on-line optimisation (see Fig. 5) also lowered the
hydrogen fraction in the gas phase and increased the
carbon dioxide amount between t=22h and t=36h. At
first sight, considering the kinetics used in px and pupgp,
this result seems to be counterproductive to biomass
growth and production of PHB. But when running a
process robustly, short deficiencies of substrate can be
beneficial because then the required concentration can
be adjusted more accurately. That has been shown in
simulation studies in Kawohl et al. (2007). It can be
concluded that the hydrogen limitation did not effect the
metabolisms described in the model because the model
reflects the process even after the limitation (t>36h) as
shown in Fig. 4.

Copyright © 2015 IFAC
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4. Cultivation run with on-line TP. Measurements
(black) are compared to the post-experimental sim-
ulations (grey). For details to indices see caption of
Fig. 2. The aim was to maximise the biomass (cx)
and PHB (cppp) concentration induced by phos-
phate limitation until t=50h and t=120h, respec-
tively. These time instants are given in light grey,
vertical lines. All measurements shown here that are
not plottet in circles plus the OD were used for state
estimation. The data of g4qs and co,, between t=50h
and t=85h are inconclusive caused by pressure fluc-
tuations and therefore not shown.

Fig.
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0 40,
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Fig. 5. Comparison between off-line (grey) optimised feed
trajectories and on-line optimised (black) develop-
ment of gaseous and ammonium feed with the aim
to maximise the biomass concentration and the PHB
production due to phosphate limitation.
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6. CONCLUSION

A model for the autotrophic cultivation of R.e. was set
up and exploited in a model-based closed-loop control
with the aim to maximise the amount of active biomass
or internal storage compound PHB. It can also be used
for the optimised production of membrane bound hydro-
genase, but the results are not shown here. By on-line
optimisation, the feedings and consequently the substrate
concentrations were adjusted, leading to fast growth and
PHB production.

The model is sufficient for our purposes and the parame-
ters involved in biomass, PHB and MBH production have
been estimated satisfactorily.

In the future, we will work on a model extension to de-
scribe and control the formation of soluble hydrogenase
(SH), that is currently in the focus of research (Lauterbach
et al. (2011), Burgdorf et al. (2005)).
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