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Abstract: The nonlinear nature of bioprocesses often leadthé occurrence of the self-sustained
oscillations of the biomass concentration in camtims flow bioreactors. For some practical reasons,
sometimes it is necessary to control the oscijab@mhaviour, which is usually achieved by changhmsy
dilution rate, but this is not always the best optiHence, the main idea of this paper is to intogdan
additional substrate, which has been previouslyteidl. Based on the numerical analysis of an
unstructured mathematical model, it is shown thatrixing two various substrates (the main and the
diluted one), it is possible to induce or elimintite sustained oscillations. As a result, the doution of
both substrates to the mixture and the degreelatiathi of the additional substrate can be treatedew
control variables.
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operate at steady states for small dilution raféss, in turn,
1. INTRODUCTION may lead to lower biomass productivities, in congar to

Many previous studies, both theoretical and expemtai, the values obtained in the range of SSO and thereoi
have dealt with analysis of the dynamic propertizs possibility for arbitrary selection of the dilutioate. Hence,
bioreactors, where the main role is played b{he present paper describes an alternative appioaclving
microorganisms. At the same time, it is emphasibed the @ mixture of two various substrates of similar @adjes, but
growth of microorganisms is a very Complex procesg\!ith different inlet concentrations. The main idé&a to
especially in the presence of several availablestsates. introduce an additional substrate, which is dilused fed
Moreover, microorganisms can change their metaboliBto the bioreactor at the expense of the main tsafes It
pathway and, as a resu't, they consume On|y on¢hef m-eans that the contribution Ofthe individual stdists to the
available substrates on which microorganisms camwgr Mixture and the degree of dilution can be treatednew
faster (Egli, 1995). Because of the nonlinear ranfrthese control variables. This will be discussed based the
processes, various nonlinear phenomena such a$muu numerical ana|ySIS of an unstructured mathematicadel of
of steady states, limit cycles or even chaos (Grakaal., the bioreactor system. However, it should be nobed the
2007) are often observed. Particular attentiorrasvd to the growth of microorganisms on the basis of two vasiou
self-sustained oscillations (SSO) of biomass comation, Substrates is much more complex process, than rihethy
which take place in continuous flow bioreactors fmme limited by a single substrate. This is becausecthee various
range of dilution rates at constant substrate aunation in Patterns of substrate consumption and varying eegf
the feed (Sohn et al., 2000). Many papers alsoritiesthe interaction bet_ween substratgs (Egli, 1995). H.etmechome
application of the oscillatory behaviour in impravent of —Of an appropriate mathematical model must firspkeeeded
the bioreactor performance. For instance, in (Bidhkan by a discussion of the case where the bioreactiedisvith a
and Yang, 2002; Nelson and Sidhu, 2005) it has lseewn Single limiting substrate. The main results of theper are
that the operation of bioreactor in the range oDS®ay Obtained by numerical simulations of the model ¢qua
result in higher average biomass concentrationsi@nass including detection of the SSO according to theostgm
productivity) in comparison to the results obtairscsteady described in (Skupin, 2010) and by numerical btion
states. On the other hand, the oscillatory behaviusually —analysis in XPPAut (Ermentrout, 2002).

avoided in practice due to the necessity of usingrem

expensive equipment (Silveston et al., 1995) arsiesy of 2. GROWTH LIMITED BY A SINGLE SUBSTRATE
surge tanks (Bai et al., 2009). Moreover, the taoity mode
of operation not always leads to an increase imebictor
improvement (Bruce et al., 1991). Hence, the choitéhe
desired mode of operation of the bioreactor is Bygua
important and interesting problem. In practiceisitusually
done by changing the flow rate, which is equivalént
changing the dilution rate. As a result, most laaters

Because, the processes involving living microorgiusi are
very complex (there are hundreds of intermediate
intracellular reactions), hence, we will focus aiention on
the application of unstructured mathematical models
describe dynamics of the continuous flow bioreadioisuch
models there is only one variabl¥) (used to represent the
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concentration of microorganisms (biomass). Onéhefwell- By setting the derivatives in (1)-(2) equal to zeve can
known unstructured mathematical models describihg teasily find two equilibrium points correspondingwashout
growth of biomass in continuous flow bioreactor wasnd no washout states, respectively:

proposed by Monod (1950) and by Novick and Szilard,

(1950): S =Sn, X1 =0 (5)
* o DKS * * . *
ccji_tS: Sm‘S)‘ﬂ\((S)X (1) % un-D X =la+ pszfsn-s2) (©)

The Jacobian matrix for the system (1)-(4) at theshout

c:j_)t( _ (/I(S) B D)X @ equilibrium (5) has a form:
_ _ ,UmSn B 1
— ,UmS = Sn+Ks a+ﬁ8n
us)= Lo @  dsx)sp TS ™)
Sn +Ks

where: S,, S — inlet and outlet substrate concentrations,

respectively [g/L], X — biomass concentration [g/LD — Based on the eigenvalues of (7), the conditionsHerlocal
dilution rate [1/h],Y — yield coefficient [g/g]«(S) — specific  stability of (5) are:

growth rate [1/h], which is described by the Moregiation

(3), Ks — half saturation constant [g/Lhm — maximum psg  and fmSin <D 8)
specific growth rate [1/h]. Sn +Ks

. . It means that foD>u,,S./(S.+Kg=:D. all the biomass is
In (Crooke et al., 1980; Crooke and Tanner, 1988a$ been washed out of the reactor and the biomass condemtra

shown that for the model described by (1)-(3) vatmstant . " L
yield coefficient {=const) there is no SSO. However, adrops to zero. The parametf®g is called the critical dilution

slight modification in the model may result in gtatively rate. For &D<D the equm_bnum point (5).'5 a sadd_le point
different behaviour of the system (lvanitskaya let £989). V!h'Ch m(ejanfs that fgb((O)—Oh[g/L] _(no mlcrO(_JIIrganlsdm at

Hence, to describe the oscillatory behaviour, itoi$en t=0) and for S(O)fo eac ”ale_c“_’rY Wit IEI-’I o

assumed that the yield coefficient is dependensuistrate ( S.,X1)=(S»,0) as time tends to infinity (Pilyugin and
concentratior§ in the following fashion (Essajee and TannerValtman, 2003).

1979; Huang, 1990): . . . . S
¢ ) Likewise, the Jacobian matrix calculated at theildsjium

Y(S=a+pS 4) point (6):

where: a [g/g], B [L/g] — are constant and positive ﬂ'(s; )(a+ ﬂs;)— DB - D
coefficients. A hypothesis concerning the dependesfcthe -b- ( +ﬁS§)2 X2 _a+ﬁS§

yield coefficient on the substrate concentratiowédi-known »($.XE)= * 9)
in the literature and results from the fact thahedraction of u (SZ)XE 0
substrate is used to support basic life functions o

microorganisms (Pirt, 1965). This fact has beenvedoin
many experimental studies (see e.g. Hempfling aathkér,

In turn, based on the eigenvalues of (9), the dandi for the

1975: Panikov, 1995). local stability of (6) are:
In turn, in (Huang, 1990) it has been proved thaheé yield 3 (Sz a+l>’SE)— DB - ,U(Sz QXZD

] . . ) / D+ X2 >0 and —>0 (10)
coefficient Y(S) is an increasing function @& for S>0 and (a+ﬁ$§)2 a+ S

a,p>0, then the system (1)-(3) exhibits the oscillatory

behaviour (SSO of biomass concentration) for scamge of The latter inequality (10) is always satisfied 165 D[O, Sn)

dilution ratesD. It has been confirmed in (Pilyugin and ) ] ) T
Waltman, 2003) by formulating necessary condititmisthe  @ndD>0, whereas the former inequality (10) is satisbedy
existence of periodic solutions of the system @)-+ith for some positive values &. This can be shown by plotting
variable yield coefficient (4). a b|fu_rca_t|on diagram in XPI_DAut f(_)r system (1)-(Z[lleat|ng

the dilution rateD as a bifurcation parameter, Figure 1
In the next paragraphs of this section, we wilatethe basic presents steady state values of biomass concentratrsus
properties of the system (1)-(3) with variable giiebefficient D. For this purpose, the parameter values were téiem
(4) that can be found in (Nelson and Sidhu, 200ugin  (Balakrishnan and Yang, 2002). The thin continutines
and Waltman, 2003). These properties will be neogss  represent stable branches and the broken linesirs®ble
further analysis of the bioreactor fed with a mietwf two ones. The white circle represents a point for widetd . and
substrates. The main difference with respect to dited the grey shaded area represents maximum and minimum
papers is that we do not introduce dimensionlessias in values of biomass concentration in the range of . 95€an
order to have a physical interpretation of the Itesu be clearly seen that fob>D. the system (1)-(4) at the

equilibrium point (5) is stable and the biomassasration

is equal to zero. The unstable branch between Hike# in
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squares (representing Hopf points) corresponds h® tassume that these two substrates are substitu(&glk,

occurrence of the stable limit cycle for some raafydilution
rates. In this range, the black dots representaberage
values of biomass concentration.

X'[g/L]
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0.2

0.1
D[1/h]

0.3

Fig. 1. Steady state diagram showing biomass coratem
versus dilution ratd® for system (1)-(3) with variable yield
coefficientY=a+pS.
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Fig. 2. Average biomass productiviBXqeqn Versus dilution

rate D. The grey shaded area represents maximum and

minimum values of biomass productivity.

The next important parameter that should be taken i
account is a biomass productivibX [g/L/h], which is equal
to the mass of biomass produced per unit time, yrer
volume of the medium in the bioreactor. By makimyesal
simulation runs of the system (1)-(4), it is possito show
the dependency of the average biomass produciivityhe
dilution rateD. The obtained results were double-checked
XPPAut. The maximum biomass productivity is obtaliret
steady state in a narrow range of dilution rateswvéver, due
the high risk of washout, it is recommended to dwvttiis
range. Moreover, due to the reasons mentioned @
introduction section, the oscillatory mode of opiera of the
bioreactor is usually avoided in practice. Therefanost of
bioreactors operate at steady states for smallaresaof
dilution rates and for smaller values of biomassdprctivities
in comparison to the results that can be obtaindtieé range
of SSO (Balakrishnan and Yang, 2002). This is tjeseen
in Figure 2. Hence, it is proposed a method invavia
mixture of two various substrates of similar prdjgey; which
means that the growth of microorganisms can betdiinby
each of the two substrates separately. In othedsyowe
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1995). Furthermore, it is assumed that the SSQlaserved
for some range of dilution rates for each singhaiting

substrate. Examples of such substrates are glueose
galactose (Beuse et al., 1999).

3. GROWTH LIMITED BY DOUBLE SUBSTRATES

Figure 3 presents the general scheme of the cantinfiow
bioreactor fed with the mixture of two substratdhe
contribution of the individual substrates to thextuie is set
by the three-port valve, which will be representadthe
mathematical model by the parameatér|[0,1], which can be
treated as a new control variable. It means thatstibstrate
of inlet concentratior§,, is fed into the reactor chamber at
the expense of the main substrate of inlet conagoirS,;.
Because, it is assumed that the SSO can be obsenvedch
single limiting substrate, hence, in order to cleothee desired
mode of operation of the bioreactor, the secondtsate of
inlet concentrationS,,, is diluted with distilled water. The
degree of dilution will be represented in the mathtcal
model by the parametef1[0,1] (y=1 means totally diluted
substrate). The degree of dilution can also beddeas a new
control variable.

— E

2 U N

Bioreactor

S

Fig. 3. The general scheme of the bioreactor systeith
marking of the new control variables, ireandy parameters.

Based on the mass balance of substrates and ngergsms,
the general form of the mathematical model of thetiauous
flow bioreactor is as follows:

S _ o) m(8S)
G (@-r)sn-s) O (11)
ds _ _ oy 12(8%)
th = D(rtfL-7) B2 - ) AR (12)
B = DX+ e X (13)

where: S, S, — are outlet concentrations of substrates (the
bioreactor is well-mixed) [g/L],Sn1, Sn2 — are inlet
concentrations of the main and additional substfgtg],
respectively X — biomass concentration [g/l}i(S,S) — i-th
specific growth rate [1/h] i£1,2), which can be
simultaneously dependent on both substrate coratémnts,
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Yi(S)=a;+4S — i-th variable yield coefficient [g/g] (wheks,
£i>0 are constant parameteis,1,2) andu is the overall
specific growth rate [1/h], which, in general, cdme
dependent on the individual specific growth rate§=1,2).

Although, the model (11)-(13) consists of only thre
differential equations, it is a very laborious tasKind all the
equilibrium points. Therefore, our analysis will mited to
the numerical integration of the equation and loiition
o . analysis in XPPAut. For simplicity, but without fsof
Of course, the presented model is incomplete ane it generality, we assume the same parameter valuebalér
necessary to discuss and choose an appropriatei®guagatration constant&y=Ky=1.75 [g/L] and for maximum
desc.rlbmg the overall specific grpwth rate However, this _specific growth ratesum=up=0.3 [1/h]. These parameter
requires a good understanding of the consumptiQRyes are taken from (Balakrishnan and Yang, 2002)
mechanlsm_s, since the growth limited by two Or MOrgn the parameterg=a,=0.2 [] and,=/3,=0.06 [L/g] in
substrates is much more complex than the growtheldrby \ariaple yield coefficient¥y(S,) andYs(S,) are chosen so that

a single substrate. Egli (1995) presented a thdraigdy of
the possible consumption patterns in the presehseweral

the system (11)-(16) exhibits the sustained oswta for
some range of dilution rates for each limiting dtdie

available substrates. Among these patterns, thet m@gparately. Moreover, the inlet substrate conctot® are

frequently observed are: simultaneous utilisatidn both

substrates in the whole range of dilution rategil(washout

occurs) and the diauxic growth (Egli, 1995; Narasgal.,

1997a, 1997b; Jones and Kompala, 1999). In theruanis

flow bioreactors, the diauxic growth pattern is etved when
there is a simultaneous utilisation of both limitisubstrates
for small dilution rates¥<Dyqn9 and forD>D s the only

utilised substrate is a substrate on which micraoigms can
grow faster (Egli, 1995). The paramet®y..s is called a
transition dilution rate. On the other hand, anofhequently

observed phenomenon is a substrate or productitiomip
e.g. too high concentrations of one substrate ohibit the

growth of microorganisms or the utilisation of amat

substrate. However, due to the limited length of gaper, it
is not possible to discuss all cases. Thereforehén next
section, our attention will be focused on the fegjucase of
simultaneous utilisation of two substitutable stdtsts. In
such the case, the overall specific growth rate ban
described by the equation proposed in (Yoon eflal/y):

1(8,S)=u(8S)+u(SS) (14)
_ ,umlS_L

m(8.8)= Ka+S+ aS (15)
_ ,UmZSZ

wl $.8)= Ke+S +aS: (18)

where:a;=KJ/Ks;, a=Ksi/Ks, are dimensionless coefficients
representing the inhibition effects of the indivadlgubstrates
on the growth of microorganisms.

From the model equations (11)-(13) and (14)-(16)s easy
to notice that for=0 the bioreactor is fed only by the main
substrate of inlet concentratid®,; and forr=1 — by the
diluted substrate of inlet concentration {LS,,. The next
step is to find an appropriate degree of dilutiph df the
additional substrate. As we shall see, the degfedilation
should be sufficiently high to have a possibility dttenuate
the sustained oscillations, but sufficiently smtalhot cause a
significant reduction in the biomass productivigk(pin and
Metzger, 2012). It is obvious that the smaller timéet
concentration (14-S,,, the smaller is the biomass
concentration (and the biomass productivity as welhat
has been shown in (Nelson and Sidhu, 2005) fornglesi
limiting substrate. Hence, the degree of dilutismssumed to
be equa}=0.35.

Copyright © 2013 IFAC

Sn1=Sn2=35.0 [g/L].
4. RESULTS

The model equations were numerically integratedséoreral
values ofr and D changing in steps of sizer=0.02 and
AD=0.002[1/h], respectively. The initial conditions
Xo=0.1[g/L] andS;=S,5=0.0[g/L] were kept constant in each
simulation run, and the obtained results were dscehkecked
in XPPAut. Figure 4 presents the average biomass
concentration obtained for the case when two satestrare
fed into the bioreactor. The influence of both paeters
andD) on the existence of the SSO is presented in Ei§ur
It can be clearly seen that the assumed degreelwiod
allows for induction or elimination of the SSO odbimass
concentration. Otherwise, e.g. for too low degafedilution,
the attenuation of oscillations in the whole ramdelilution
rates would be impossible (Skupin and Metzger, 2012
Moreover, irrespective of the value of thgparameter, the
washout always occurs for some critical dilutioterand the
biomass concentration drops to zero.

[g/L/h]

mean

DX

D [1/h]

Fig. 4. Average biomass productiviBXean VErsus dilution
rateD andr parameter for a mixture of two substrates.

For a more in-depth analysis of the system, theaiobd

results were complemented by the numerical bifizoat
analysis in XPPAut. Treating the dilution raf@ as a

bifurcation parameter, Figures 6, 7 and 8 showdstestate

diagrams of the biomass concentration for fixedigalof the
r parameter.
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Fig. 5. The parameter plang,() with marking of the regions Fig. 8. Steady-state diagram for0.6 (the mixture of

of: 1 — steady state, 2 — SSO, 3 — washout.
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Fig. 6. Steady-state diagram for0 (the main substrate)
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Fig. 7. Steady-state diagram forl (the diluted substrate)

The two extreme cases, in which the bioreactoedsdither
with the main substratea<0) of inlet concentratiorg,; or

15
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5
0 L
0.1 0.2 0.3
D[1/h]
substrates)
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7 :
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2t r=0
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0 0.1 0.2 0.3
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Fig. 9. The comparison of average biomass prodtiesvfor
the original substratea<0) and for the mixture of substrates
(r=0.6)

It is therefore clear that for the appropriate cbntion of
both substrates to the mixture, which is indicalgdthe r

parameter, it is possible to induce or eliminate §50. In
other words, the additional control variableallows us to
control the oscillatory behaviour. At the same tjrites still

possible to maintain sufficiently high values oé thiomass
productivity, which are comparable to the ones ioleth in

the range of steady states for a single limitingstuate. It
means that the approach involving a mixture of t&oious
substrates of similar properties allow us to chabsedesired
mode of operation of the bioreactor with no sigrfit
reduction in the biomass productivity.

5. CONCLUSIONS

The occurrence of the SSO of biomass concentrdtion

with the diluted substrater1) of inlet concentration (1— Some range of dilution rates for a single limitswpstrate has
7)Sne are illustrated in Figures 6 and 7. The notation@een described in the previous papers by otheoesitfihey

representing Hopf points, stable and unstable esoor
maximum and minimum biomass concentrations arsdhnee
as in Figure 1. The case of intermediate value hef rt
parameter (the mixture of substrates) is depiateBligure 8.
In turn, Figure 9 shows the average biomass prodiyct
obtained for two cases, when bioreactor is fed avith the

have concluded that the elimination (or inductiof)these
oscillations is possible by changing the operatingditions
(e.g. dilution rate, pH, temperature, dissolved gety
concentration). However, in most cases, these paEm
have to be kept constant; therefore most bioresciperate
in the range of steady states for small dilutioniesa

main substrate r€0) or with the mixture of substrates(Balakrishnan and Yang, 2002). In the presenteepaased

(r=0.6).
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on the numerical analysis of the mathematical maitidlas
been shown that by setting an appropriate contabudf two
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various substrates of similar properties, it is Silde to maintenance characteristics of Escherichia coil in
induce or eliminate the SSO of biomass concentraticthe continuous cultureJournal of Bacteriology123, 1076—
whole range of dilution rates. Moreover, by settiag 1087.

appropriate degree of dilution of the additiondbsmate, itis Huang, X.C. (1990). Limit cycles in a continuous
possible to maintain the biomass productivity at th  fermentation modelournal of Mathematical Chemistry
acceptable level. As a result, theand y parameters can be 5, 287-296.

treated as control variables, which introduce twidiional Ivanitskaya, J.G., Petrikevich, S.B. and Bazykin,DA

degrees of freedom that can be employed to devetop (1989). Oscillations in Continuous Cultures of
control strategies. Microorganisms: Criteria of Utility of Mathematical
Models, Biotechnology and Bioengineering3, 1162—
ACKNOWLEDGEMENTS 1166.

) ) ) Jones, K.D. and Kompala, D.S. (1999). Cybernetidehof
This work was supported by the National Sciencet®en  the growth dynamics of Saccharomyces cerevisiae in

under grant No. 2012/05/B/ST7/00096 and by the figiof batch and continuous culturelgurnal of Biotechnology
Science and Higher Education under grant BK-UiUA. 71, 105-131.
Monod, J. (1950). La technique de culture contirtheprie
REFERENCES et applicationsAnnales de ['Institut Pasteui79, 390—
Bai, F.W., Chen, L.J., Anderson, W.A. and Moo-Youlty 410.

(2009). Parameter oscillation attenuation and measha Narang, A., Konopka, A. and Ramakrishna, D. (199Ke)v

exploration for continuous VHG ethanol fermentation ~ Patteérns of mixed—substrate utilization during batc
Biotechnology and Bioengineerin§?2, 113-121. growth of Escherichia coli K12Biotechnology and

Balakrishnan, A. and Yang, R.Y.K. (2002). Self—fagcof a Bioengineerings5, 747-757. .
chemostat with self-sustained oscillations fof\@rang, A., Konopka, A. and Ramakrishna, D. (1997

productivity ~enhancement. Chemical Engineering dynamics of microbial growth on mixtures of subtsa
Communications189, 1569—1585. in batch reactorJournal of Theoretical Biology184,

Beuse, M., Kopmann, A., Diekmann, H. and Thoma, M. 301-317. . .
(1999). Oxygen, pH Value, and Carbon Source Inducé}!lelson' M.1. apd S'dh.u’ H.S. .(2005)' Ana!y5|s afremostat
Changes of the Mode of Oscillation in Synchronous model W'.th vanablle yield coefficient.Journal - of
Continuous Culture of Saccharomyces cerevisiae, Mathematlcal Ch_emlstry%& 605-615. L
Biotechnology and Bioengineering3 (4), 410—417. Novick, A. and .SZ|Iard, L. (1950). Description ohet
Bruce, L.J., Axford, D.B., Ciszek, B. and Dauguli&,J. _ChemostatSC|ence11_2,71_5—716. N
(1991). Extractive Fermentation by Zymomonas msbilipan'kov’ N.S. (1995)Microbial Growth Kinetics 127.
and the Control of Oscillatory Behavioiotechnology _. Chapman & Hall, London. -
Letters 13, 292—296. Pllyl_ngn, S.S. and Waltmgn, P. (_2003). Multlple |hm:|yc_les
Crooke, P.S., Wei, C.J. and Tanner, R.D. (1980p &fiect in the chemostat with variable yieldviathematical

of the specific growth rate and yield expressionstte __ Bloscience182, 151-166. o
existence of oscillatory behavior of a continuou£irt: S-J. (1965). The maintenance energy of bacter

fermentation model. Chemical Engineering growing cultures.Proceedings of the Royal Society B:
Communications, 333—347. Biological Sciencesl63, 224-231.

Crooke, P.S. and Tanner, R.D. (1982). Hopf bifuoret for Silvestqn, _P'L" qugins, R.R. .and Renken, . A, _(3995
a variable vyield continuous fermentation model. Periodic operation of catalytic reactors — intragre

International Journal of Engineering Scienc20, 439— and overviewCatalysis Today25, 91-112. _
443, Skupin, P. (2010). Simulation approach for detectd the

Egli, T. (1995). The ecological and physiologidainsficance self-sustained oscillations in continuous cultule.

of the growth of heterotrophic microorganisms with ~Froceedings of the 1lth WSEAS International
mixtures of substrateAdvances in Microbial Ecology Conference on Mathematics and Computers in Biology
14, 305-386. and Chemistrypp. 80-85

Ermentrout B. (2002). Simulating, analyzing, andmting SKUPin, P. and Metzger, M. (2012). The applicatéiMulti-
dynamical systems. A guide to XPPAUT for researsher Agent System in monitoring and control of non!mear
and studentsSIAM series Software Environments Tools b|o_p_rc_)cesses: In Corchado, E. et al. (edH}'brld

Essajee, C.K. and Tanner, R.D. (1979). The effett o Artificial Intelligent Systemd.NAI, pp. 25-36. Springer.

extracellular variables on the stability of the ttonous Sohn, HY ML!rray, D.B. and Kuriyama, H (?OOO)'
baker's yeast-ethanol fermentation proceBsocess Ultradian oscillation of Saccharomyces cerevisiagng)
Biochemistry 14, 16-26. aerobic continuous culture: hydrogen sulphide ntedia

Graham, D.W., Knapp, C.W., Van Vleck, E.S., Blo#t, population synchronyreastl6, 1185-1190.

Lane, T.B. and Graham, C.E. (2007). Experimenta\/oon’ H.,__Klinzing, G.‘ and Blanch, H.W. (.1977.)'
demonstration of chaotic instability in biological Competition for mixed substrates by microbial

nitrification. ISME Journal 1, 385-393. populations. Biotechnology and Bioengineeringl9,

Hempfling, W.P. and Mainzer, S.E. (1975). Effecté o 1193-1210.
varying the carbon source limiting growth on yigldd

Copyright © 2013 IFAC 258



