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i. SUMMARY

A sampiing device, developed previously by SGI, was, tier several experiments at the premises of the partners,

improved to take samples from penicillin fermented broths continuously. However, despite the improvement of ttits device,

due to scweral problems it had to be sometimes replaced by the ABC probe (ABC Biotechno!ogie/Bioverfahrenstechnik

Gtnb~ Germany), The samples from the sarnp~ing  device or ABC probe could be analysed by two enzyme terrnistors,

developed by I-LUND, for glucose and penici}iin  in the broth.

A model was developed by UCL for the optimal control of penicillin based on adaptive controi  strategies which  couid

include a[so software sensors for estim&tion  of non-measurable fermentation variables. SGI deveioped the BIOAC control

system which  incorporated the software developed by LICL descn”bing the penicillin fermentation model. The LT-corttro[

software of rhe Enzyme Thermistor (ET) (glucose and Penicilhri)  was connected to the !vfRU  (Universal Regulathr  Modtde)

penicillin and @cose modules allowing [he BIOAC  visualization and the ETs calibration. BIOAC uses d~ese values for the

contcol of [he glucose feeding to the fernwmer  according to ~he software developed by UCL.

\k’ith the implementation of these harware and software elements into the bioreactors  it was possibte to control

automatidly  the fermentation. The pilot vaiidaticm of the complete system was done at CIPA?4  S.A premises by running

one fermentation \vith the control algorithm and another by the nornka} (manual) control used at CLPPJ!,  S, A. using an

indus~rial  strain  ofJ’e}~icil/I/Im clv;vsog<m~nt,

II was demonstrrtted  that the femwn;a[ion run with the contro[  algorithm ivas superior in perbnmnce to the run with

the nominal control of CIP.W, S .A.. The t:uwres below show the gain in produc~i~i[y of the controlled fennent~{iort  in

refation to the reference fermentation. The final titre of the mrmulhxi  run was 3 {.2 g’] against 27.0 y’i oft he reference run

giving a percentage of improvement of i ti?%. The productivity (g PEN G/h) was 41.5 in the controlled run against 31.9 in

the reference nm giving a percen~age of improvement of 31W0.  Finally, the prodwt  yi;ld (g PEN G/g giucose)  was 0,} 5 in

the controlled run against 0, 13 in the reference run giving a percentage of improvernem of 15°,k

2. OBJECTIVES OF THE PROJECT

The main goal of the project was [he cieveiopment of new monitoring techniques and advanced control methodologies

ID be npplied  on industrial t’ermenm{ion processes ,

The case in smdy in {he project \wLs ii:: pe/}ici//i/I .&tl-/)cYIc~zj~r/~I~  I/Ic/II(~/I. It \vss e~pecrw! to he a,b!e lo produce nmv

me~hodofogies. with gains in maintenance. semicing and productivity on a 1-eal production system of penicillin va[idmed  at

pilot scale and preindustrial level. V[e[hodologies  based on dynarnicisi modeliing  V+OLIM be used for improving and

~Ptinlisa~ion of ~verali system desiy, process automation and to enhance productivity and rciiabiiity in the penicillin

manufacturing indus~ry. [rnproved  in-process condition monitoring c~pribility by usin~ new (bio)sensors  giving required

combination of cost, sensitivity and accuracy ~si[h achievement of’ higher quality data wou!d yieid better description of the

system and of its biological and technim!  performance k[oiecular anzlysis  of crtralyst could Z}SO resuit cm improved

selectivity. activiry and lifetime for the production of penicillin by fermentation.

Specific objectives were, therefore:

To improve At awmiuie .suqdi)~g  di)wcc, so that it couid operate with reliabili~y in obtaining samples during at least 10

days, the time span of the fermentation. This would  mean that new ceramic membranes and ckanin$ operation methods

would be tried in order to w,oid Fouling of tile membranes in such a I’isLKw.s  f~’rnwtlkj;~ot) wdimn.

~() &7J//lWf /WW h;f).S&)/.ror.S/(/r @/fC(l.W (1/1(1 /Wlf.”i//ifI With the aU[OmatiC Samp]ifT!J  systen? to impiement On-]ine affa@siS

of timse and consequently CO extend the field of applications for this new device. Important objectives of Ibis task were

to have itab{e, reliable measurements and to decrezse the time of sampling find analysis to an appropriate timing for the

control  action.
.,
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3. To design “sojhwre  sensors “ in order to compute estimates of Iiomass, active biomass and/or penicillin from available

on-line measurements (gaseous inflows and outfkws,  glucuse,.. .). The re.constmctured  fermentation variabies  are indeed

dficult to be measured on-tine, but important for the process monitoring and control. Software sensors would be

designed on the basis of ii physiolo@caI  model of the penicillin fermentation obtainedfiom  laboratory scafe  experimerks.

4. To design and to implement  adapfive optimal  covtroi  strategies especially adapted to secondary rnetabolites. The

objective was to compute on-line on the basis of the physiological model, reactor finding profiles which WOUM self adapt

to model uncertainties and which would allow to better keep the control of the process.

Implementation of the previous objectives using the “physiologicti modei description of the penicillin production

a-reed at improving the contro[ operation of the fermentation environment: additions, withdrawals, a.hrdysis.  h this way, a

typical time of 4 to 8 hours between off line sampling might be reduced to a few minutes with all the advantages d-rat it

would have over the controllability of the ferr-nentaliors and of the productivity itself Gains of productivity could therefore

be expected either by increasing the “production” of the fermentation and possibly by increasing the product titer. In this

way, fina[ productivity gains might be increased by 5 to 100/o.

~
a 3. MEANS TO ACHIEVE THE OBJECTIVES OF THE PROJECT

●

I ●

●

●

The means to achieve the o’ojeclives of the projec~ for each partner are described below:

CIPAN S.A. (Partner 1)

Personnel:

~ PhD in Biochemical! Engineering Head of the Research and Development Department working for more than 20 years

in the field of antibiotics production

I PhD in Genetics headin~ the 3Acrobiology Laboratory and Molecular Biology Laboratory working with CIP.MJ, S.A.

for about 3 years

1 Agronomic Engineer specialised in lvlicrobiolo~  and Fermentation with 10 years experience heading the Pilot Plant

Fermentation Installation

1 .kgronomic Engineer specialised in Microbiology and Fermentation with more than 25 years experience heading the

Fermentation Department

Facilities and koui~ment rx-ovided:

Fermentation Pilo~ Plant installation comprising the foilowing  fermenters and pre-fermemers:

1 x 9000 Iitres iotd  volume fermenter equiped with automatic control syst~m

z ~ 1050” + z ~ 540 litres tora] volume fermenters equipped  ;Vith autornafic  c~ntro]  systems

2 x 300 + 2 x 200 Iitres total volume pre-ferrnenters

6 x 20 Iitres total volume pre-fermerrters

Microbiology Laboratory and Quality Control Laboratories equiped with all equipment necessary to manipulate cultures

and to car~ out in process control of the fermentations and analysis of CIPAN S.A. raw materials and tinished products

[n the scope of the proect, the following equipment was acquired with finding from the Cornission:

i computer Schneider Euro SX 5 ktHz

1 Analyseur  G!icose  Microzym

SGI (Partner 2)

The main personnei  from INCELTECWSGI  that was involved in t,he project was:

G. F’IERRY lManagement of the co-ordination between SG[ and o(her partners from 4/1/1992 to
7/3 I /93
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D.THEBLINE Management of the co-ordmtion  between SCH and other partners from 8/1/93 to the end
of the proj~

J, N. RABAUD Experimentation at SCH and assistance at 12VET1 and collaboration with CIPAN, S.A.

P .  PIERRON Design of the sampling probe

J, F. DELAIGUE Design of the 200 litres bioreactor provided to EVETT

0,13ERTEAU Experimentation at SGI and assistance at INET1 and collaboration with CIYAN, S.A,

D. PHl.Es Assistance  at EfET1

F.LEMW V. BARON Experimentation at SG1 with Glucose Ana!yser  and trials on NADH determination by
enzyme ana[yser

M. C.UMMAJOU Design of the process control and data acquisition software

C. CASASNOVAS 4 months assistance at tNETI

SG1 has also used a sub-contractor to help in rhe development of the control system BIOAC.

Equi~ment and facilities used during  the proiect:

iWtA-t~tid  design office including two computer development stations.

Electronic design office including a computer development station.

Computer development office including three software development sta~ions.

lMechanical workshop including mi[hrug machines, lathes. polishing machines, three stainIess  steel weIding  equipment and

the assembly workshop

Electrical/electronic workshop including mainly wiring slation and sett[ing stations

Laboratory for microbiology and control  including mainiy anaiyticd instrumentation such as HPI.X,  W-VIS

spectrophotometer, microscopes, balance and equipment for culture such as incubator, water bath, etc.

Pilot hall allowing to work \tith  fermenters of capacity up to 600 Iitres. This pilot hall is equipped with all the necessary

utifities  to run these fermenters (steam production, air production, cooling water, autoc[ave, oxygen,  nitrogen, COz, etc. )

[N ET1 (P;irtrwr 3}

Personnel

Dr.Jose Cardoso  Duarte PhD in Biochemical Engineering

Dra. Ana Bossier PhD in Biochemistry Year 1 and 2

Pedro Noronha Pissarra PhD Student Year 1

Anttinio Pedro Control Engineer Year 1 and 2 (10%)

J050 Louren$o Control Engineer Year 3 ( lo9ioj

Cristina Barroso Ci-iemica[  Engineer Year 1 and 2

lhlaria Leer-tor Rebelo Biologist

Maria iManuela Lageiro BSC in Biochemical} Engineering

Joiio Mates de Sousa BSC in Biochemical Engineering

●

●

●

Facilities and eauipment used durirw the m-oiect:

Laboratory fe,rrnentation facilities for microbiological studies and s~ale-up  to 100 litres fermenters.

Analytical capabilities: HPLC,  Gas Mass Spectrometer, NMK GC, etc.

hficrobiological  and Genetics Laboratories for support of the ferment a~ion unit.
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. Control Laborato~  for developirrg and testing of so fiware and’ hardware

● 200 L fermenter and accessories> including PC, 20 L fermenter, 2 Thermistor units, Glucose Analyser,  automatic

simpler, air compressor, steam generator and respective distribution lines.

UCL (Partner 4)

Scientific merhodoloszv:

The scientific methodology foHowed  in this project was supported by the expectise in Mathematical System Theory and

Control Science available in the Centre for Systems Engineering and Applied Mechanics (University of Louvain). Tools

from various subfields of Control Science, such as System Identifrcatiom Optimal Control theory and Estimation theory,

were used and combined in the study of software sensors and adaptive controllers for the penicillin fermentation process.

Comuuter fac.i[ities:

About thirty programs have been written for the project, irsing various appropriate languages such as MATLAB,

FORTRAIN and C!++. They were developed and run on a Sun workstation [Unix  system) connected to the CESAii

computer network. The facilities provided by the CESAME computer centre and the help from the operators of the centre

were most usetld[  and well appreciated.

Persomel:

e Si.s different persons were involved in the project. The main contributor was F. Jadot (PhD Student). He was heiped

by Dr. V. Van Breusegem (Senior scientis~), Dr. BoYoung Hwang (Postdoc  Fellow) and V. Chotteau <PhD studeni)  at

vario~us  xages  of the project. Dr. J. Van [rope from the Department of Food and Microbial Technology of KLI was a

technical advisor. The project was supervised by Pr&  G. Bastin (Project Leader).

ULlJND(Partner5)

Personnel:

● 1 associate professor in Applied Biochemistry with ahnost 20 years experience in bioandysis and biosensor  technoioSy.

● 1 PhD student in AppIied  Biochemis~ryBiotechrtology

Ecwi~ment  and facilities used durirw  the Droiect:

L’LL’ND  could offer the technica[ and scientific environment of an internationally well-known enzyme

techno)ogyfiiotechnoiogy  department belonging  to one of Europe’s larges~ chemist~  institu~ions (The Chemical Cenwe}.

The specific equipment avaiiable was Enzymme Thermistors and their several accessories (computers, etc.)

* 4. M.+lN RESULTS

4.1 Xfain resu[ts in the scope of objective 1

The starting poiru for this objective was the existing automatic sampling device of SGI-Sampler-F. With the aim of

getting familiar  with this device, connected to a 20 litres  fermenter, an inv=tigalor  from ~TI spent two weeks at SGI

premises. Then the sampler was transferred to lN%TI where  it was tested with good results in relation to tlow, but not in

real fhngi fermentations. Aflet%ards, the sampler was transferred to CLPA?J, S.,4., where it was thoroughly tested in several

differerrt conditions in real penicillin fermentations. At CWAFJ S.A. testing, some problems occurred concerning its handling

and practical results, such as volume ditTerences  fkom sample to sample, broth contamjrration  and significant differences

berween [he analysis of the parameters of the penicillin fermentation measured in the samples taken directly from the

fermenter and in samples taken by the S.AhfPLOR. Table I exemplifies these problems.

.%x several experiments were made, it was conc[uded that the reason for the differences in the analysis obtained in the

broth taken firom rhe fermenter and in the samples taken from”the SAhfPLOR was the dilution of samples. W’ith a higher

pre-sampling  (from 0.6 to 3 ml) this problem was practically solved. according to SGI. However, the titration by SGI

-!



probes revealed that some air bubbles could pass through the ceramic membrane which might  cause damage to the Ets: This

was apparently due to the membrane ageing and a new membrane would then be required for each fermentation. To be able

to avoid any problems in using the SAMPLOR  to take samples from the fermenter, the” ABC probe was tested at CIPAN,

S.A. also in real penicillin fermentations. The results of such tests are shown in TabIe 2 and it could be concluded that the

ABC probe was an alternative to the SAMPLOR as well as to the cemrnic  probes of SGI.

Table  1 Comparative analysis obtained in fermentation 8/93 (Fermenter P 1, Standard volume 600 litres) with samples taken from
the fermenter-and with .SGI’S  sampling device.

Samples  taken  with SGi’s  sampling devieeSamples taken from the fermenter

Anmnia Reducing
Nitmgert sugars

(Wmil (%)

Fermer@tion
time  [h) (S&)

(3.  7P

0.60

1.05

1.3s

0.94

Amonia
Nitrogen

(@mO

Reducing
sugars

(%)

PAA
(mg/mI) U--LPeniciilks Penkilikt

Chem. HPLC
Assay away
U/ml ‘Ulml)

340 0.5!

150

240 0.63

w I -rmca$.3,39

0.49

0.57

0.6.7

0.76

0.s.2

0.s2

0,68

0.63

0.s0

1.41

0.72

1-
15530 I -13s3s

i 5060

17~7a 15779

206 [(J

21790 20804

1-

245 1-
360 0.75

0.84

-1o-1o
\

133S

24190 1
Tabte  2 Comparison between standard and ABC probe sampling for Fermentation 15/94.

GLUCOSE
(g/I)

I PENICILLIN

I
H
(t

StandardStmda Id

i,~[)

{1..$3

0.4 I

0.29

(), ~g

0.43

0.43

0.’49

[}. 53

ABC
Probe

L8}

o +4

042

(122

044

{),42

(! 50

0 5 5

%mdard

Q.-i9

0.76

0.7’$

0.76

0.s3

0.s0

037

(),72

092
——

j

I

(1.7s 2745 2 [50

7[50

10734

i 4950

i 9600

213MJ

204S5
_—

075 i 2M0

0.85 15S35

0.s0 1s305
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4.2 Main results in the scoped objective 2

Upon receptions of the Enzyme Thermistor On 16 February 1993 at TNETI,  the thermistor prototype with an err.qrne

packaging for penicillin and glucose ana[ysis  in a dual-channel instrument containing two immobilised enzyme columns was

assembled. The first experiments for penicillin and glucose determination with the ET with a penicillinase  iriunobilised

column and glucose-oxidaseJcatalase  immobilised column were carried out in samples withdrawn from a chemostat  culture.

Stabilisation, calibration and tests of the device were done and a good linearity between the height of the peaks and the

concentration oft he standards wus observed,

The designed biosensor system uses a LT-CONTKCIL  software for automatic control of a Rheodyne valve (model

5020) through the actuators (Universal ANACHEN ACP 3010) and it also does the penicillin and glwxxe concentration

data acquisition. This sofhvare is connected to the MRLJ  penicih xd glucose modules, allowing the BIOAC visualization

and ET calibration of penicillin and g[ucose concentrations. BIOAC will use these vaiues for the control of the glucose

feeding to the fermenter. The LT-CONTROL  programme  was developed by Thomas Carlsson from the University of Lund

during his staying at INET[.  This prograrnrne  allows to choose the sampling period and ET penicillirJglucose calibration,

Different calibration methods were tested and the use of internal standard was the one preferred, The penicillin bioserrsor in

the split flow injection operating mode was also tested,

Due to technical difllculties with the S.AMPLOR, referred above, its connection \vith the ET was not attempted.

However, the itnplenlentation of the system was done with the ABC sampling probe, gent!y supplied by tile ULUND group,

This probe. with a polypropylene membrane filter had already beem tested on penicillin fermentations &d was also tested on,,*
such fermentation by CIPAN,  S. A. as reported above.

A software package was developed to use with the on-line analysis equipment. The sofiwme  and hardware interfaces

were tested in order to be irnp{emented  in the 200 {itres pilot plant ferrnen~er. With dre purpose of experimental data storage

and visualization, a data acquisition program was developed. Tfle automatic, on-fine, sampling acquisition system was

impletnented and tested St H’JET1 for on-line measure of penicillin and glucose concentration by biosensor  systems. The on-

line sampling system could use two types of probes with continuous pumping: the SGI ceramic probe (O. 2 }im) or the’

symn~etric micm-fihration  membrane made of polypropylene, ABC probe. The SGI SAMPLOR was not used as refereed,.. ,

above. The sampling acquisition system was, therefore, implemented at lNET[ for on-line” measurement of penicillin and

g!ucose concentration by b;osensor systems.

4.3 Nlsin  results in the scope of objectives 3 anti 4

These objectives would imply the optimization of the

CiPAN, S.A. penicillin fermentation process. The C[PAN=

S.A. process takes p{ace in an aerated stirred tank reactor as gluccm {ted {M ~

shown in Figure I. e.xlfa [d ra(e JL

Glucose is fed to the reactor with a vohsmetric  flow rate v

The other influent species are fed to the reactor separately with
ti W@Y .AJ

an overall  volumetric flow rate ~1. Broth withdrawals are also
‘=@m  1  kxCSS diagrm  _

operated: all the species are withdrawm at the same volumetric flow rate w. From experimental data, an underlying reaction

network of the CIPAN,  S.A, penicillin fermentation can be identified as follows:

‘s -+ x (Ill) S5P(R2)

where S, .1’. P represent glucose, biomass (f’e~ficifliw?r  chrymgemm}  and penici[Iin-G, respectively. The first reaction (Rl )

corresponds to the !r[yiwphme.  !lla~ is the phase of rapid biomass grof~~ The second reaction (R2) corresponds “to the

6



idiopha.se,  that is the subsequent phase of penicillin biosynthesis. A mathematical model of ihe CIPAFJ, S. A. process can

then be derived from mass balance considerations:

where V denotes

the rate of broth

concentraliotz P,

‘ c. = -Vc. - +C, + &v’ (1)

c. U+v
=  flc. - .~cz [2]

c, =  xc= -  ycp (3]

v = 11+ u-w. (4)

the broth volume, k,, C=, ~P denote the concentrations of the speeies S, X, P respectively, w, v, u denote

withdrawals, the glucose feed rate and the extra feed rate respectively, C,in denotes the ghrwse influent

n denote the specific rates of growth and production respectively, CT= ,wYtiS + nfY@I denotes the glucose

consumption rate with I’c., , Yrl denoting the yield coei%cients. There is an evidence from the literature to select the mode]

with Michaelis-lvlenten kinetics to account for the glucose activation of the biomass growth and Haldane  kinetics to ZKcount

for the gkose inhibition of the peniciffin production, i.e.

with ~. X,, JTm, Kp, h’, denoting the !-ckelic  coe~kients. The parameter values of the model (l)-(4) resulting from an

identification procedure, which a!lows a decoupling between the estimation of the yield cdfkients  and [he calibration of the

kinetic coefficients, are presented in Tabfe 3. The modet (1)-(4) with the parameter values of Table 3 is eflectivety able to

describe the behaviour of the CIPMJ, S.A. process as shown in Fig.2. R will be used 3s the mmimd model of the process in

the sequel

Tab[e 3 Parameter values

Y=/, = 0,99 (g/g)  YP/j  = 0.16 (g~g)
pm =  0 , 1 3  (fl-1) K, = 1 (g/l]
rrnl = 0.005.(11-1) Kp = 0.001 (g/i) {’i = 10 (g/l)

‘-’ simulation results  ‘o’ experimenta~  data-.
. . . 1

1 1

I*

9

c

For the optimisalion of the process, two

performance criteria are considered:

c the average moductivitv  J? which is the ratio

beween the hamested amount of penicillin

m-td the duration of the fermentation.

●  the a v e r a g e  vield .J,. \vhich is the ratio

./

between the harvested fimount  of penicillin

and the added amount of glucose.

[n order to maximize J,, and $ , the

time [h]

Fig!~re 2 Fermentation ‘J S-90

following optimal control sequence for the

S}uc~se feeding, in three phases, is

recommended: “

Lag ohase (0 < ~ < 1,,): the process is operated in batch mode (t{ = v = w = 0) according to the CIPAN, S.A. operating

mode.

Growth ~hase (L < t < r,): the process is operated in fed-batch mode with a constant glucose feed rate v = Vn,. The goaf

is to accumulate the biomass as fast as possible. The amount ofg-lucose devoted to the growth phase is ~enoted The

goal is to accumulate the biomass as fast as possible. The amount of glucose devoted to the growth phase is denoted S’

= C:n Un, (4 - /.).

Production ohase (f, < I s If): the process is operated in fed-batch mode with a glucose feed rate v controlled to maintain

the glucose concentration C. at a fixed set point C,”, The goal is to increase the production rate by selecting a small

vatue for CS’.

7



I

I

On the other hand, it is suggested to operate con~imtous  broth withdrawals in order to remain at the maximum reactor

capacity. The ghxose feed rate v~ during the growth phase is constrained in order to avoid oxygen limitation effects. The

criteria Jp and J), are represented with the respect to the parameters $ and C,” in Figures 3 and 4.

q w) S* (kg) c: [W s (kg)

Figure 3 Productivity Figure 4 Average yield

The foHowirrg  conclusions can be drawn from these figures:

1. a conflict be~ween  yield and productivity is cleady apparent: for a given S>, /0 is an increasing ti.uxtion of C,” while Jy is a

decreasing flmction  of C,”

m ~, the dependence of Jp and f,, on f is more inttincate: in particular, it appears that there is an optimal vahe Of ~’ that

maximizes J? while $ is rather insensitive to variations of S’.

As a trade OR between yie}d &d productivity, UCL then proposed to maximise the productivity wide  keeping the yield

constant. From a simulation experiment, it was shown that an increase of the productivity Jp by 10°/0 can be expected when

the yield is fixed at .JY = O. [3. For the monitoring of the proctxs, {he fo[lowing  software sensor was developed for the on-

line estimatiorr of the biomass concentration (which is not measured on-Iine)  and the estimation of the specific growlh and

production rates (which are not measurable)

t=

. .
where (<x , C% denote the on-line estimates of the biomass and penicillin concentrations respeaively, ~, ~ denote the on-line

estimates of the specific growth and production rates respectively, ~ denotes the on-line estimate of the auxiliary variable

2= c= +- cJy=3 +. c/JYp13 ,  C?kdenotes an alternative ort line estimate of the biomass concentration, C,~, Cpm denote the

on-line mtisurements  of the glucose and penicillin concentrations respectively, while T can be considered as the estimation

time constant. The tuning of T resu[ts from a trade off as shown in Figure 5 between the speed of coiwergenle represented

by the mean square observation error <Ob$ with respect to biomass dry weight da[a and the sensitivity 10 noise represented by

the relative memurernertt  noise q on glucose and penicillin data.

The following conclusions can be drawn from this fi~re:

1. as expected.eohf  is an increasing fimclion of ? for a given T.



2. there exists an optinxd choice of the time constant

which Iies around T- 5 (h).

●

r)(%) ‘ - T (h)

Figure 5. Tuning pfthe  estimation time constant

For the control of the process, i.e. regulation of

the glucose concentration during die production phase

we propose the following adaptive f=dback

controller:

_J’-c$
(J

cafe _

et’

ca~’ denotes the adaptation parameter, while A and B can be considered as the controller gains. The gains 1 and 6’where o

are tuned as shown in Figure  6 with respect to the relative mean square regulation emor. The following conclusions can be

drawn tlhm this fi=~re:

a b

.,, , _
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,, I

I /’

Figure 6- Tuning of the adaptive feedback controller

1. as expected er,g rapidly increases as 7. or d tends to zero

2. there exis~s an optimal choice of the gains which lies around 7, = 3.7 am! .9= 2.9

9 4.5 Development of the comp!ete  control system

The complete control system installed in the 200 Iitres fermenter manufactured by SGI is shown in Figure  7.

Either  the ceramic probe ftrorn SG[  or the ABC probe could be inserted in the fermenter. A sampling pump sends the

filtrate to the two ETs,. one for analysis of glucose and the other for anaiysis of peniciHin. The signals  from thw+e thermistors

are processed by a LT-CONTROL  software for automatic control of a Rheodyne valve through the actuators and it also

does penicillin and gks;ose concentration data acquisition. This software is connected to the MRff penicillin and g!ucose

modules allowing BIOAC visualization and ET calibration of penicillin and glucose. The B{OAC, sot?ware which contains

the LJCL peniciHin modei sotlware uses these vahies for the control of the fermentation through the feeding of glucose to the

fermenter. -.

4.6 Industrial project validation

Experirnentfil  Set-U~

The ABC microfihration  moduie was uwl for asepric in-situ  on-line sampling of the fermentation broth. The filtrate

obtained was split in a IM’O channel chamber and passed through two ET columns for penicillin and glucose assaying, as
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described in sub-tasks L 1, 1.3 and L4. A sampling frequency less than i h-l was thus obtained.

Data acquisition and viswdkatiott was carried out with the MRWBU3AC sofhvare  suite installed in the PC connected

to the fermenter.

Validation

The proposed optimal operation (sub-task 3.1) was implemented using the adaptive control merhodofogy developed at

UCL (sub-tasks 3.2,3.3 and 3.4).

‘ The dextrose feed rate during the growth phase ww adjusted to maintain a constant specific feed rate until the pre-

determined optimal glucose amount devoted to biomass growth was exhausted. Maintaining a constant specific feed rate

instead of a constant feed rate, ensured that the hQhest specific growth rate possible in this period was obtained without

afecting penicillin production afterwards.

The set-point for the residual glucose concentration in the broth was 0.1 @, as proposed earlier in (sub-task 3.3).

Two pilot-plant fermentations were run in parallel at ClPAN, S. A. using similar tanks (e.g., identical geomet~,

turbines, etc.). The first tank was interfaced with i) the on-line sampling and instrumentation described before and ii) the

~lCL-B[~AC so~ware  (sub-task 3.4), thus having the dextrose feeding automatically contro[iled. The second tank was

operated nominally (i. e., feeding procedure developed in-house) and used as refefence. Both tanks were initially charged

with the same culture medium and inoccuIum

The resuhs obtained are presented in Figures 8 And 9, and in Table 4

I
Table J Comparison of Performance Criteria

, [ 1 1

i
Index

I
ControI}ed run

1
Reference run

1
0/0 Improvement

I

Final titer (&-PENG/i) 31.2 ~7~ i6

Productivity (g-PE~<j/h) 41.5 31.9 30

Product yield (g-PENG/g-g[ucose) 0,15 0.13 15
1

Conclusions and Skmificance  of the @Mimai-Adaptative  Control Policv Evduared

Tabie 4 shows  significmt gains in produc~ivity  and considerable gains in terms of final titer, and yield.

Figure S shows that the controlled and reference runs differ most significantly in the penicillin and residuai  gh.vcose

concemration profiles, as i mended, producing in the former increased volumes of broth with higher potency.
/

Figure  9 shows that the irnp[ememed  control policy was able to increase significantly the specific production rate in the

first half of the fermentation - the period in which the microorganism has the highest producing capacity.

The waving  in the glucose concentration in the broth and consequendy in penicillin specific production rate, was due

-to a change in syrup batches having different dextrose contents. The controller was not informed of the change and had

some difficulty in acting due to the noise in glucose data.

In view of the results obtained with a controlled dextrose feeding, in lerms of criteria used in the processoptimization,

it is recomemded the above mentioned control poiicy be adopted as a mean to obtain increases in process performance and

reproducibility.

II
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b) reference (uncontrolled fermentation)
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-Experimental validation of the optimal-adaptive control methodology proposed. —

Comparison between a fermentation with dextrose feeding under control (a)) and a reference run operated

nomina[ly (A)).
~~ jndicate~ [he pe~od under ~ontro}]ed opera~ion and the Setpoiut for g]ucose.contmi (+ measurement errOr @

95% confidence)
— in a} in’dicate controller and software-sensors outputs.
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Figure 9 -Experimental validation of rhe optimal-adaptive conrrol methodology proposed.

Comparison between a fermentation with dextrose  feeding under corxrol  (a)) and a reference run operated

nomina[fy  (/s.)).

in i7) indica[e specific rates compured  from software-sensors o~tputj
,— in a) and b} indica~e specific rates comptrted  from experimental data

@
5. COYIPARISON OF lNITIALLY  PLANNED  Activities AND WORK ACTUALLY ACCOAIPLISHED

Table 5 makes the comparison between pIannea activities and work actually &ccomp[ished

Table 5 Comparison between planned activities and work actually accomplished

TASK PL.-LNWD ACTIVITIES WORK  ACTU.ULI’  .+CHIEVED
1
Assembling of the ,thermistor analytical system and As plamed1.1
application to penicillin and glucose measurement

~,~ Testing of the thermistor system . As planned

1.3 Design  of’ an improved on-line automalic sampiing Despite all the work done it was not possible to connect
device for application to penicillin ferrnenration the SAi’vfPLOR to the fermemer,  b e c a u s e  o f  the

difTerent results obtained compared to manuaI  samples.
However, the ceramic probe and ~he ABC probe could
IX used connected to a pump.

1.4 Implementation of an on-line sampling acquisition .4s planned, except for the use of automatic samp]irrg
system device.

1
[;
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1.5

2. I

2.2

2,3

2.5

3.1

F
3,1

3.3

3.4

3.5

E

4

Extension of ardyticai capa~lities  in relation to the tme Although methods were developed for analysis of ATP
physiological state of the cells and NADH these methods were not used in the

penicillin model  devebped  by LJCL.

Penicillin fermentation model studies As planned, The model developed could also describe
fermentations carried out with a more productive strain
not planned to be used in the project

Simulation of the process dynamics and analysis of AS planned
structural properties of the mathematical model

Design  of adaptive state observers As planned

Experimental validation Software sensors have not been validated on-line. An
off-line validation has, however, been carried OUI instead
under realistic condhions.

Extending the use of so fiware sensors to the monitoring None of the results obtained in this sub-task were of
of intracellular physiological state marker interest for the project.

Formulation of optirniiation  goals in terms of adaptive As planned
control

Design of adaptive control algorithms AS plarmed,

Critical appraisaf  ofconrrof  petiormance and sinmdation AS p[armed

Development and debugging of control software As planned

Experimental validation , As planned, but not itt representative penicillin
fermentations.

Industrial pilot validation As plamed,  but at the levei of a fermen~er of 540 litres
with 300 litres of broth.

,

6 LiST OF PUBLICATIONS, CONFERENCE PRESENTATIONS AND PATENTS RESULTING FR031 THE

PROJECT

m.
i - Demonstrations ziven:

A demonstration of the ET was made at INETI in March [993 for participants in a Biotechnological  Course given by

FORBITEC, Associa@o  para a Forrna@o em Biotecnologia

A ;;sit to Pilot Plant at CIPAFJ,  S..A. for demons~ration  of the SGI sampler system was made during the twelve month

project meeting.

2- Publications and Conference presentations:

During the course of this project, the UCL group has published and submitted more thatrt twenty papers and

communications concerning the modelting  and control of biological systems. However, none of them was specifically

devoted to penicillin production. lMoreover, the discussion on the yield - productivity conilict in penicillin fermentations was

presented in a Symposium of ECB 7 (European Congress on Biotechnology, Nice, February i 995), but was not published in

the proceedings of the congress. Duarte, -J. C. & i%sarra, N. P. “Investigation on penicillin fermerttation stoichimnet  ry:

physio[oS~  and modeling”, European Laborato& W’ithout lVa!ls, \Vorkshop of Louvain-la-Neuve, in the tield of “Advanced 

monitoring and computer control of Biotechnoiogical Processes”, Belgium, September, 1992.
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Lageiro M., Barroso  C., Mates J., Rebelo L & Duarte J., “Monitoring and Controi  of Penicillin Fermentation”, Poster

EB 108 in “Livro de resumes do 13iotec 94” at Al,garve, Portugal, October 1994 (Poster presentation and discussiort  at t

Second Iberian Biotechnolo~  Congress, 13iotec  ‘94).

Duarte  J., Barroso  C,, Mates 1,, Rebeio L & Lageiro M. , “CIn-line analysis monitoring and control of penicillin

fermentation”, MEP 254, Abstract Book, VOI.3, ECB 7, Nice, France, February 1995 (Poster presentation at the 7*

European Congress on Biotechnology).

Lageiro M., Mates J., Rebelo L & Duarte J,, “Biosertsor system for monitoring and control”, paper in the Proceedings

Book M2SAB1’95, vol. 1, Brussels, Belgium, May 1995 (Oral presentation at the “First international Sirnposiurn  on

Mathematics Mode} ization and Simulation in Agriculture rind Bio-industries)

Lageiro M., Barroso C,, Mates J & Rebeio L, “Fed-Batch fermentation with Pmicilfiwn  cht-ysogetmm”  Postgraduation

Course on Biotechnology FORBITEC  ’93, X* kloduie,  Lisboa,  PortugaI,  March 1993

Danielson B, & Lageiro M “Biosensors” Postgraduation Course on Biotechnology FORBITEC ’93, XIIti Module,

Lisbo< Portugal, lMarch 1993

Lageiro M.,’’Simula@o em computador  d e  processos  biotecnologicos”

e

Postgraduation  Course on Biotechnology

ORBITEC ‘93, .XXti Module, Lisboa,  Portugal, Apri[ [993

Lageiro M,, ‘LBiosensor system for monitoring and control. Other perspective”, Euro-Mediterranean Postgraduate

Course 1995, “’Elioreactors and Environmental .4plIications  Course”,.CFT, WET[, Lisboa, Porrugal, September 199.5.

Duarte J., Barroso C & Calhau S., “On-line measurement and control of antibiotics fermentation” Bioreactor

Engineering course, Bellaterra (Barcelona), Spain, September, 1994.

Duarte, J. C:, Barroso, C., Calhau, S. “Control and Kfodel[ing  of Biotechnologicai  Processes”, Design and Operation ot’

Bioreactors  Course, at Ege University Biotechnology Turkey, Med Campus Program of the Europem,  Con-mnity,  Turkey,

June, I 994.

Lageiro M., “ Controio e  optmiza@o de fermentat@es’, at the WIV\V  address: portugal-virtuat  .ip. pt/PWrtuai

(Portuguese magazine at the web), on the Science& Technology subject, November 1995.

3 - Patentezble  results

The optimal control strate>~ tbr penicillin fermemation  processes [hat has been de~e!oped in this project could be

patentable. [t ‘should be a property of the members of the consortium !ha~ have effectively contributed to its development.

m

7 EXPLOIT.$TION  OF RESULTS

The optima[  control strategy for the penicl[in  fermentation process as a who[e that has been developed in the scope of

this project can be patentable. ~t should be a property of the members of the consortium that have effectively contributed to

its development. The exploitation potential for the several partners is described below.

C. WAIN.  S.A. (Partner 1)

CIPAN, S. A. W;ill ‘q to test the whole system in a piqt built in India for 700 tons of Penicillin G Potassium per year

(LO fermenters of 100 m~ ). If the increase in yieid is as that obtained in the validation runs then there is scope for the

consortium” to expioit  the whole process developed in this project by apilying  it to other existing penicillin fe~mentation  ~ ~

plants.

SG[ (Partner 2)

A i([[mra(ic  .scmpfi~ig  device:

The sampling device developed in the scope of this project S11OWS to automatically harvest filtered samples. Moreover,

it can be connected to the LILLiND  Ers allowing in this ivay to perform on-line specific analysis accordirrg  to Ihe enzyme
.,
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used in the ET. However, there is still the need to do small improvements irt the sampliig device to overeome  the problem

of bubbling especially in fimgi fermentation. So far only one system was sold.

Connection to lio.sensors:

The comectiort of the samplirrg device to gktcose and penicillin ETs in the 200 Iitres  fermenter allowed SGI to enter the

field of on-line analysis.  According to UL.LJND  experience it is also possible to analyse many other compounds by changing

the enzyme used in the ET.

BIOAC (acquisition and corm-ol  soffiwm):

SGI developed the BIOAC soflware  system which is able to control all the fermentation variables. Moreover, the UCL

a~gorithm for the control of the penicillin fermentation through the addition of glucose could also be implemented in the

BIOAC system. Up to now about 30 s{andard versions of this system without the UCL, algorithm have been sold by SCH.

INETI [Partner 3)

The development of an integrated strategy for on-line sampling, data-acquisition and adaptive contrti  system is of

interest for a number of processes and industries in the area of biotechnology. Marketing and seHing of the project

“outcome” may therefore be of inter-est for INETI actual and potentiaI  ciients in this area. It might be that the sotlware

developed for the process supervision &d data integration may also be of particular commercial interest as weH as the

equipment integration. In glucose analysis a sing!e mixed enzyme cokmm of she ET was evaluated and could represent an

impofiant development  for the overail  economy of the ET application. INETI as a member of the consortium is entitled w

Ixnetlt ako from the commerciaikation of the whole  con:rol system.

LICL (pa~ner  ~)

UCL as a member of the consortium is emitied  ‘to benefit from the commerciakticm  of the whole control system.

LUND {Partner 5)

ULLiiD has a high potential in conwnercitiizing ETs for different analysis implementation - glucose, penicilli~ [actate,

ATP, etc. .tiso, if the whole  system tixrctions  as expected then LJLUND,  as a member of the consortium, is entitled to

benefit fiiorn the commercialisation of the whole system.

Ss GENEML CONCLUSIONS

At RNET[  the ET system of ULLTXIl was adapted for measurement of penicillin and glucose. This task was srrongly

connected ;virh !aborarory sca[e experirnen:s  in the 2, 7, 20 and 200 Jitres fermenters. These laboratory scale experiments

● a))owed  on rhe one hand to [tst and to enhance dw ET system and the sampling de~ices  and on the other hand to establish

and to va}idate physiological models of the fermentation process and derived sofiware  sensors. Experiments were also

designed in order  to esmbiish  the most relevant chemical compounds for charwterizing penicillin biosynd~esis.  The analysis

of the results of these experiments provided usetld information for the formulation of the control objectives in terms of the

regulation of femlentatiort  variables (substrate concentration), A physiological model of’ the femlentation  process ~vas

required to design accurate sotiware sensors and efficient control algorithms. This model-developed by U(X  provided the ‘

dynamic behaviour of the most relevant fermentatiort  variables (biomass, penicillin, glucose, dissolved oxygen  and -carbon

dioxide). The model was elaborated from the results of preliminary laboratory sca[e experiments at INETI and pilot plant

fermentations performed at CIPAN, S. A., from the data reported in the literature and refined according to_the  results of

specific experimems performed at INETI and CIPAN,  S. A..

An automatic sampling device that can be used for fungal penicillin fermentation was designed. Prototypes were tested

through [NE”rf  laboratory scale experiments and C IPN4, S.A. penicillin fermentations. Software sensors for biomass and

penicillin were designed acdording  to the structure and to the mathematical properties of the physiological mode[,
\
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, The results of laboratory scale experiments were used in the design step, Specific experiments were also designed in

order to validate these on-line estimation tools. The physioIo@d model was used to define the control objectives.

Adaptive optimal control strategies were then proposed according to the set of measured variables (direct on-line

measurement or irrdirect on-iine measurernerrt through software sensors). Special attentiort was paid to peniciHin’s nature as

a secondary rnerabolite as well as a product of the fermmemation,  The control design was strongly interconnected with the

results of kboratoiy  sca}e experiments, The on-line sampiing system, the software sensors and the adaptive control

algorithms were integrated in a compiete on-line monitoring and control system for rhe penicillin fermentation process. This

inte~ated  system was tested on the laboratory scale setup and validated at the induswial level and indicated that appreciable

gains in penicillin fermentmion coufd be obtained. Afthough  not all the objectives of the project ivere achieved, the results

obtained, as was demonstrated, have high potenciai for commercialisation,

I

l ? .


