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Abstract

We investigate a model for the production of ethanol through continuous fer-
mentation using Saccharomyces cerevisiae in a single reactor and cascades of up
to five reactors. Using path-following methods we investigate how the ethanol
productivity varies with the residence time in each reactor of the cascade. With
a substrate feed concentration of 160 g/l we find the optimal productivity is 3.80
g/l/h, 5.08 g/l/h, and 5.18 g/l/h in a single reactor, a double reactor cascade and a
triple reactor cascade respectively. For the case of a cascade containing reactors
of equal size we investigate reactor configurations of up to five reactors and find
that the maximum productivity is obtained in a cascade containing three reactors.
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1 Introduction

The interestin biofuels hasincreasedmnarkedlysincethe Kyoto Protocol,where
manyindustrializedcountriesagreedo reducetheir carbondioxide emissionsand
greenhouse@as production. Biofuels are not only environmentallyfriendly, but
alsohavethe potentialto greatlyreducerelianceon importedoil. Oneof the most
promisingbiofuelsis ethanol,which canbe derivedfrom renewablesourcessuch
aslignocellulosicwaste/material§WardandSingh,2002).

Ethanolhasa numberof attractivefeaturesasa fuel andethanolblendsare
increasinglybeing usedworldwide; more than 10 percentof all gasolinesold in
theUS in 2002containedethanol(United SatesEnvironmentalProtectionAgency,
2002).1t is amuchcleanerfuel thangasoline peingbiodegradablevithout having
harmfuleffectsontheenvironmentlt provideshigh octaneatlow cost,actingasan
alternativeto harmfulfuel additives;ethanoblendscanbeusedin gasolineengines
without modifications. Ethanol’shigh oxygencontentreducescarbonmonoxide
levelsby 25-30%accordingto the US EPA anddramaticallyreducesemissionsof
hydrocarbonsa major contributorto the depletionof the ozonelayer. Many car
manufacturingcompaniegGM, Ford, Chrysler,Toyota,Honda)are now develop
ing hybrid vehiclethat run on an ethanolmix. The largestnationalethanolfuel
industriesin the world existin Brazil (Reel,2006),wherealmost50% of all cars
areableto use100%ethanolfuelsandgasolinesold containsat least20% ethanol.
In the US the Energylndependencand SecurityAct of 2007 (EISA) requiredthe
useof 16 billion gallonsof cellulosicbiofuelsby 2022(U.S.Departmenbf Energy,
2008).Accordingto astudyby theU.S. Departmenbf Agriculture bioethanoben-
erates35% moreenergythanit takesto produce(Shapourietal 2002).In addition,
it is arenewablduel asit maybe madefrom plants.

Themodelusedin this paperwasdevelopedy Jarzebsk{1992)to explain
oscillationsobserveduringthe continuougproductionof ethanolusingculturesof
Saccharomyces cerevisiae. Thisextendedanearliermodelproposedy Ghommidh
etal (1989)which accountedor oscillationsobservediuring continuoufermenta
tion usingZymononas mobilis. Featureof the modelaredescribedurtherin sec
tions 1.1 & 2.1. Jarzebskestimatedbiochemicalparametewaluesfor this model
usinglaboratorydataobtainedrrom the continuousgermentatiorof sugar-caneno-
lassesat atemperatur®f 37° C reportedoy Peregcetal (1985).

Jarzebski(1992) analyzedthe model using a selectionof flow ratesand
substrateconcentrationn the feed using direct numericalintegration. In Watt et
al (2007) pathfollowing methodswere usedto investigatethe dynamicbehaviour
of the modelin more detail, identifying conditionsfor which periodic solutions
occurredandestablishinghatthe modelexhibitsa period-doublingouteto chaos.
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Our emphasisn this paperis to comparethe productivity that canbe ob-
tainedin a singlereactoragainstthat obtainedin a cascade.Herewe investigate
reactorconfigurationsof upto five reactors.Pathfollowing is a naturaltool to in-
vestigatethe productivity of a singlereactorasa function of the residencdime in
the reactor. Wheninvestigatingthe behaviourof a cascadeve fix the total resi-
dencetime of the cascadeandthen considentwo scenarios.In one scenario the
‘constrained’case theresidencdime in eachreactortakesthe samevalue. Path-
following is, again,the naturaltool to useto investigatethe productivity of a con-
strainedreactorasa function of the total residencdime in the cascade The other
scenarias the‘unconstrainedtasejn whichtheresidencdime in eachreactorcan
essentiallytakeanyvalue.Herewe posetwo questions.

1. Foragiventotalresidenceime, which combinatiorof residencéimeswithin
eachreactorin the cascadavill resultin the optimalethanolproductivity?

2. Doesthegraphof optimalethanolproductivityasafunctionof totalresidence
time havea globalmaximum?

In generalthesequestionamustbe answeredisingthe tools of optimization;the
stability of the solution obtainedin this way muststill be determined.However,
path-followingtechniqguesanbereadily usedfor two scenariosTheseare,firstly,
a cascadeontainingeithertwo reactorsof unequalsize and, secondly,a cascade
containingn reactorsf equalsize.

In section2 we investigatehe performancef asinglereactor.We find that,
overarangeof feedconcentrationthe reactorproductivity is practicallyconstant.
We investigatecascadesf two andthreereactorsn sections3.2& 3.3respectively.

Steady-statediagramswere obtainedusing the path-following software
AUTO (Doedelet al 1997). In thesefigures,the standardnotationis used: solid
and dashedines represenstableand unstablesteadystatesrespectivelysquares
areHopf points(i.e. pointswhereoscillatory solutionbranchesemanatdrom the
steadystatesolution)andopenandsolid circlesrepresentinstableandstableperi-
odic solutionsrespectively.For periodicsolutions,the measurehosens the solu
tion averagedor integratedpveroneperiodof oscillation.

1.1 Biochemical model

We usethe biochemicalmechanisnfor the productionof ethanolgivenin (Jarzeb-
ski, 1992). The cell populationsare brokeninto threegroups: viable cells (Xy),
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non-viablecells (Xn) anddeadcells (Xgq). Non-viablecells are non-growing,but
retaintheability to produceethanol.Thebiologicalreactionsare:

S —- P
Xy 2Xy,
Xy Xov,
Xy Xd,

Gy Xd»

whereS andP representhe substrateand ethanolrespectively. Thereactionrates
for thesegprocessesyhicharegivenin section2.1,includesbothsubstratéimitation
andproductinhibition.

Ll

2 Singlereactor

In this sectionwe investigatethe behaviourof a single reactor. The modelequa

tions are givenin section2.1. In section2.2 we establisha critical value of the
residenceime, suchthatif the residenceime is smaller(larger) thanthis value
thenthe washoutsolutionis stable(unstable).In section2.3 we obtainedsteady-
statediagramsshowingthe systembehaviourasafunctionof theresidencdime for

variousfeedconcentrations.

2.1 Governing equations

It is assumedhatthetankis well mixed,thatthereis only substraten thefeedand
thatthereis norecycle.Themodelequationsare:

dXy

Vig = TFXeRV(— e — o)X, 1)
Vd;(t”v = —FXw+V(HnX — HdXnv), 2)
VIS = B Vi X, ©)
v‘:'jf — _FP4V ‘\Zﬁumpxm), @)
v‘;ts — F(%-9-V HY\;)EV—FmsXm), (5)
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whereF is theflow rateinto thetank,V is the volumeof the tank, m is the main-

tenancdactor,Y is theyield coefficientandS, is the substrateconcentrationn the

feed. All otherparametersredefinedin the nomenclature Note thatthe mainte-
nanceterms(involving my andms in (4) and(5)) do notappeain (2) asthis process
doesnotconsumeor producenon-viablecells. The formulationof the growthrates
includesboth substratdimitation andproductinhibition:

S P S
Hv = Hmax (1 )>

Ki+S\" PRKz+S
S P S
Hda = _HWK1+S(1_R;K2+S>’
s P S

All reactionratesare assumedo be non-negative. If the concentration®f the
chemicalspeciesare suchthat a reactionrate is negative,that rate is then reset
to zero(Ghommidhetal, 1989).
We investigatethe steady-stat&ehaviourof the system(1)—(5) andthere-
actorproductivity, (Pr), definedby
P
Pr=—
T
asafunctionof theresidencdime (1 =V /F) andthesubstrateoncentratiorin the

feed(S).

2.2 Washout conditions

In any biochemicalsystemwashoutmustbe avoided. Washoutcorrespondgo a
steady-statevhereconcentratiorof substratan the influentis equalto thatin the
effluent. Thewashoutsteady-statsolutionto (1) - (5) is givenby

Xv=Xv=X3=P=0 and S=%.

The stability of the washoutsteady-statsolutionis determinedy the eigenvalues
of thecorrespondingacobiammatrix. At thewashoustatethevaluesof thereaction
ratesaregivenby

u :IJmaxSO U :_Umaxso Ly = S
K+ YT K+ Y K+ S

As Umax, So andK; areall positivewe seethat g is negative.As all reactionrates
areassumedo bepositive, L is setto zero. Thevalueof u,, depend®n v, and

(“rlmx_ Hrmax)-
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Umax- Fromthe experimentalvaluesgiven (Peregoet al, 1985), we have Upax >
Hhex @Nndso Ly is alsosetto zero. The Jacobiammatrix for the washoutsolutionis

Hmax# —1/T O 0 0 0
{ 0 -1/t O 0 0 -l
| 0 0O -1/t O o,
Urmax-F 0 o -1/t 0
{ — Umax-Z 0 0 0 —l/TJ

where# = §/(K1+ ). Theeigenvaluesf thismatrixareAd; = A, = A3 = A4 =
-1/t < 0 and A5 = Umax-# — 1/1. The washoutstateis thereforestablewhen

As < 0,i.e.,when
1 1 Kl)
T< = 1+—=). 6
Hmax-#  Hmax ( S ©)

Sincewashouis undesirablegquation(6) definesheminimumresidenceime that
canbeusedto run a singlereactor. The critical valueof theresidencdime, below
which washoutoccurs,decreasefrom 4.12 hoursto 4.075 hoursasthe substrate
concentratiors increasedrom 10091~ to 160gl~.

2.3 Numerical results

In thissectionour primaryobjectiveis to investigatehowthemaximumproductivity
of asinglereactordependsiponthe concentratiorof the substraten thefeed.Our
secondaryobjectiveis to confirm someobservationanadeby Jarzebski(1992).
Unlessotherwisestatedthe parameteraluesusedin our investigationaregivenin
the nomenclature By directintegrationof equationg1)—(5) Jarzebskfound that
thesystemexhibitedbothsteady-statandoscillatorybehaviourat aresidenceaime
T = 20 hoursandafeedsubstrateoncentratiorf 160gl~1. However,only steady-
statesolutionswereobtainedat a residencedime 1 = 20 hoursanda feedsubstrate
concentratiorof 100gl—1.

Figurel showsa steady-stateiagramfor four of the processrariables(the
concentratiorof deadcellsis not shown)whenthe feedsubstrateconcentrations
100gl~*. Startingfrom azeroresidencdime, thesystemis in thewashousstateun-
til aresidenceaime of 4.12 hoursis reachedFor aresidencéime greaterthan4.12
hours,viable cellsandethanolare producedandthe substrates consumedWhen
the residencdime is increasedo 6 hours,non-viablecells startto be produced,
which decreasethe numberof viable cells. Thereis aregionof bistability for resi-
denceimesbetweernl0.8 and13.93 hours,wheretheviablecellsarein abundance.
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The largestethanolconcentratioris P = 45.25 gl—1, which occurswhenthe res-
idencetime is T = 13.93 hours(seeFigure 1c). Significantly,thereare no Hopf
bifurcationsandno periodicsolutionsat this feedconcentration.

\C_)/)
> &
(=] =
100 — 720
2 75 ‘\ g 1.5
C /.07 |
(@ £ (0) €10
S .
g 501 = 05 7
o] {
S 2.5 R © 0.0 i
8 S
o 00 7 .g—O.S
T ,c ' £-1.0 —
> ~0 ‘ 10 15 20 zZ 0 5 10 15 20
Residence time (h) Residence time (h)
)
250 5125
§ 40 g
= TV ’ = 100
©) g, (d) £
S © 75-
2 201 3
3 o 50
w-10 . 0 : —
0 5 10 15 20 0 5 10 15 20
Residence time (h) Residence time (h)

Figure1l: Steady-stateliagramsfor a singletank whenthe feed substrateof con-
centratioris 100gl—! (a) viable cell concentratior{b) non-viablecell concentration
(c) ethanolconcentratiorand(d) substrateconcentratiorversusresidenceime.

Figure2 showsthe reactorproductivity asa function of theresidenceime.
The optimal productivityis givenby Pr = 3.8 gl~th~—! which occursat a residence
time 1 = 7.47 hours. Although the maximumethanolconcentrationis given by
P = 4525gl~1, whent = 13.93 hours,the productivity obtainedat this residence
timeis only 3.25¢gl~1, about15%lessthanthe maximumvalue.

We now investigatewhat happensvhenthe feedsubstrateconcentratioris
increasedo 160gl~1. The correspondingteady-stateiagramfor reactorproduc-
tivity is shownin figure 3. The notablefeatureof this figureis thata Hopf bifur-
cationoccursat aresidencdime 10.62hoursandthatthis generateperiodicsolu
tions. A limit-point bifurcationoccurson a disjoin solutionbranchat a residence
time of 17.15hours. The systemexhibitsbistability with stableperiodicsolutions
andstablesteady-statsolutionscoexisting,asidentified by directnumericalsim-
ulation by Jarzebsk{1992). The optimal productivity in figure 3 is Pr = 3.8 gl~1
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NN

Productivity (g/l/h)

1 /
0 5 10 15 20
Residence time (h)

Figure2: Steady-stateliagramfor the productivity of a singletank. The optimal
productivityis denotedby thebold circle. Parametevalue: feedsubstrateconcen-
tration, S = 100gl~1.

which occursat aresidencdime of T = 7.11 hours. Thusthe optimal productivity
is the samefor feedconcentrationsf 100gl~* and160gl—1.

A very similar steady-stateliagramto figure 3 is obtainedwhenthe feed
substrateconcentrations decreasetb 138gl~1, andfor brevity it is notincluded.
The optimal productivity in this caseis again3.8 gl~th—1, occurringat a resi-
dencetime of T = 7.167 hours. For feedsubstrateconcentrationgn therangel00
gl~! < S < 1609171, the optimal productivitywaspracticallyconstantvith anav-
eragevalueof 3.8039¢gl~th~! andastandardieviationof 9.8738x 10> gl~th—1,
In every casewe investigated the reactorproductivity was maximisedwhenthe
systemwasoperatecht a steady-state.

Watt etal (2007)showedthatfor feedsubstrateconcentrationgreaterthan
122911 thesteady-statdiagramcontainsoneHopf point, for 108< S (gl 1) < 122
therearetwo Hopf pointsandfor S < 108 gl~1, thereareno Hopf pointson the
steady-stateliagram. Thusthereare no naturaloscillationsin the systemif the
substrateoncentrationn thefeed(S) is sufficientlylow (S < 108gl—1).
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Productivity (g/I/h)

Residence time (h)

Figure3: The productivity in a singletank with a feed substrateconcentratiorof
160gl~L.

3 Multiplereactor cascade

In this sectionwe investigatehereactorproductivity thatcanbe achievedy using
acascadef two or threereactors.Theresultspresentedh section2.3regardinghe
maximumproductivitythatcanbeobtainedn asinglereactomprovidethenecessary
benchmarkio correctly assesshe performanceof a reactorcascadgNelsonand
Sidhu,2006).

The equationdor the reactorcascadenodelaregivenin section3.1. The
resultsfor cascadesontainingtwo andthreereactorsarediscussedn sections3.2
& 3.3respectively.

3.1 Governing equations

We assumehat: the outputfrom tanki is fed straightinto thetanki + 1; thereis no
recycle;andthe concentrationsndcell populationsdo not changewhile in transit
from onetankto the next.
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Foreachreactortherearefive ordinarydifferentialequationslescribinghe
biochemicakpeciesTheseequationsaregivenby:

dXvi 1
g = g Ot ) (b i — i), (7)
dXv 1
>(;rtM - E(Xw,i—l_xnv,i)‘f'(Um,iXV,i_“dﬂx”‘/vi)’ ®
dXq.i 1
31(?7 B ?i(xd,i—l—xd,i)+lld,i<xv7i+x”Vvi)’ ©)
R 1 Py Xy, N
at ?i(Pl—l_P>+ T‘p‘f’mp J)v (10)
ds B 1 Hv,ixv,i )
@ = g9 Yxs”‘sx'”")’ Y

wherethe subscripti denotesheith tank. The residencdime in theith reactoris
givenby 1; = V;/F. As wasthe casefor the singlereactorwe assumehatwe only
havesubstraten thefeed:i.e., X0 = Xovo =X40=Po=0 gl~L. In this sectionwe
fix the substraten the feedto S = 160gl~L. Note thatsincethereis no recycle,
thebehaviourof thefirst tankis independentf the second.

We characterizehe performanceof the cascadesystemby its reactorpro-
ductivity. For thetwo- andthree-reactocascadethesearegivenby

P P

Pr, = & Pg=——"—.
2 T1+ T2 3 T1+ 1o+ 13

3.2 Reaultsfor adoublereactor cascade

In this sectionwe investigatehow the productivity of the a reactorcascadecon-
taining two tanks dependsupon the total residencetime of the cascadeand the
residenceaime in eachreactorof the cascadeln section3.2.1we considerthethe
‘unconstrainedtasejn which theresidencdime in eachreactormay differ, while
in section3.2.2we considerthe ‘constrained’casejn which theresidencdimesof
thetwo reactorsareequal.

3.2.1 ‘Unconstrained’ cascade performance

Thetotalresidencdime of adoublereactorcascadés givenby Ty = 71+ T2. The
limits 1, = 0 and 1, = O representlegenerateasesn which the‘cascadeconsists
of a singlereactor.Unlessotherwisestated whenwe referto a cascadeve do not
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includethesedimiting degenerateaseslIn whatfollows, we fix the total residence
time (Tiota ) in thecascad@ndtaketheresidencdime in thefirst reactor(t;) asthe
primary bifurcation(or design)parameter.

For a sufficiently low total residencdime the productivity of a two-reactor
cascadas alwayslower thanthat of the optimizedsinglereactor. Figure4 shows
the reactorproductivity as a function of the designparameter(t,) when the to-
tal residenceime is five hours. The productivity is zero over the designrange
0.92 < 11 < 4.08 sincefor theseresidencdimesthereis washoutin bothreactors.
The productivity of the cascadas a decreasingincreasing)function of the resi-
dencetime in thefirst reactorprovidedthat 11 < 0.92 (11 > 4.08). The maximum
productivity of thecascadePr, = 2.60g I th~1 is givenby eitherof thedegenerate
limits in which the cascadébecomes’asinglereactor.

w

N
|

I
|

o

Productivity (mg per litre per hour)

I : I I l I
0 1 2 3 4 5
Residence time in first tank (hours)

Figure4: Thedependencef the productivity for the two-reactorcascadeiponthe
residencdime in thefirst reactor. Parametevalues:feed substrateconcentration,
S = 160(gl1); total residenceéime, 1, = 5 (hours.

Whenthe total residencdime is sufficiently high thenthe optimal perfor-
manceof the two tank systemdoesnot occurat the degeneratéimits (1, = 1; and
To = T;) butatanintermediatevalueof thedesignparamete(r;). Thusin figure5,
when the total residencetime is ten hours, the optimal productivity, Pr, = 4.38
gl~th~1, occurswhent; = 5.81 hours(with 72 = 4.19 hours).As the optimal per-
formanceof asingletankis 3.8 gl—*h—1, with aresidenceéime of 7.167 hours this
cascadelesignincreaseshe optimal productivity by 15%.
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Productivity (mg per litre per hour)

0 2 4 6 8 10
Residence time in first tank (hours)

Figure5: Thedependencef the productivity for the two-reactorcascadeiponthe
residencdime in thefirst reactor. Parametevalues:feed substrateconcentration,
S = 160(gl1); total residencedime, T, = 10(hours.

For a two-reactorcascaddigures4 & 5 indicatethat path-followingmeth-
ods are an efficient tool to determinethe value of the designparametel(t;) that
optimizesthe reactorproductivity. Thesefiguresrepresenthe casesvhenthetotal
residenceimeis five andtenhoursrespectivelyFigure6 showstheoptimalproduc-
tivity for atwo-reactorcascadasafunctionof thetotalresidenceime (0 < 1; < 20)
— thehorizontalline showstheoptimalproductivitythatcanbeachievedn asingle
reactor.We seethatanoptimally designedcascadenly outperformghe singlere-
actorwhenthetotal residencdime is aboveeighthours. The maximumproductiv
ity thatcanbeachievedusingatwo-reactorcascad®ccurswhenthetotal residence
time is 15 hourswith residencdimesof 6.03 and8.97 hoursin the first andsec-
ondreactorgespectively This yieldsa maximumproductivity Pr, = 5.08g 1 th~1,
whichis anincreaseof 34%in productivity overthe optimal singletank system.

Table1 showsthe variationin the optimal productivity of anunconstrained
two reactorcascadesa function of the substrateconcentrationn thefeed. Recall
that for a singlereactorthe optimal productivity is insensitiveto the value of the
substrateconcentratiorover the range100< S (gl *) < 160: Pr=3.80gI*h~*.
Thusthe improvementin performancehat canbe achievedby the cascades an
increasingfunction of the substrateconcentrationin the feed. Note that as the
substrateconcentratiorin the feedincreaseshe designof the optimally designed

11
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Figure6: Thedependencef the optimal productivityuponthetotal residencedime
in atwo-reactorcascaddtriangles). The horizontaldottedline showsthe optimal
productivity of 3.8 gl~th~! obtainedn the singlereactor.

reactorswitchesfrom havingthe higherresidenceime in thefirst reactorto having
it in thesecondeactor.

3.2.2 Constrained cascade performance

The productivity of a cascadef two reactoran which theresidencdime in each
tankis equal,i.e. 11 = T2 = 1¢/2, is shownin Figure7. The correspondindigure

for the one-tanksystemwaspresentedn Figure3. The maximumproductivity of a

constrainedloublereactorcascadés 4.82 gl—th~1. Thisis achievedusinga total

residencdime of 13.83 hours. This productivity is lower thanthe bestdesigned
two-reactorcascadavhich hada productivity of 5.08 gl~th—1,
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Feedconcentration Optimalproductivity | 11 1, | Totalresidence
(9Y) (9"th 1) (h) | (h) | time(h)
100 3.99 6.62 | 2.98 9.60
120 4.41 6.00| 4.91 10.91
140 4.83 5.89| 541 11.30
160 5.08 6.03| 6.91 12.94

Tablel: Operatingconditionsfor the optimal productivity of anunconstrainedas-
cadeof two unequaleactorsasafunctionof thesubstrateoncentratiomn thefeed.

Productivity (grams per litre per hou

a

=

S

B

=

o

/
/

/

5

10

15

Total residence time (hours)

20

Figure7: The dependencef the productivitiesof cascadesvith two-equaltanks
(solid line) andthree-equatanks(dashedine) uponthe total residencdime. The
correspondindigure for the one-tanksystemis presentedn Figure3. Parameter
value:feedsubstrateconcentrationS = 160(gl—1).

3.3 Reaultsfor athreereactor cascade

In the earliersectionswe investigatedhe designparameterso determinethe opti-
mal two-reactorsystem.This wasa straight-forwardorocedureastherewereonly
two parameterto bevaried(thetotal residencéime 145 andtheresidenceimein
thefirst reactorry). Foranunconstrainedhree-reactosystemwe useda two-step
procedurdo determinghe optimaldesign.In thefirst stepnumericalintegrationof
thegoverningequationsvasundertakerfior residencéimesbetweerD and10hours
in eachtankin stepsof 0.1 hours. In the secondstep,the pathfollowing software
Auto was usedto investigatethe behaviourmore closely aroundthe prospective
globalmaximum.
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Using this procedurethe optimal three-reactocascadevasfoundto have
residencdimesof 5.82 h, 5.31 and3.34 h in the first, secondandthird reactors
respectively.This designof the cascadeesultsin a productivity of 5.181gl~*h—,
whichis animprovemenbf 36%overthatof thesinglereactorsystemand2% over
the optimaltwo-reactorcascade.

The productivity of a constraineccascadef threereactorsj.e. 11 =17, =
T3 = Tt/3, is shownin Figure 7. The maximumproductivity of the ‘constrained’
threereactorcascadés 4.87 gl—*h~! whichis achievedisingatotal residenceime
of 15.45 hours. This productivity is only slightly higherthanthe bestproductiv
ity that canbe achievedin a cascadeof two reactorswith equalresidenceimes,
4.82 gl~th~1, andis lower thanthe bestdesignedwo-reactorcascadevhich hada
productivity of 5.08 gl~th~1, atatotal residenceime of 15 hours.

4 Conclusions

We have investigatedthe productivity of ethanolproductionthrough continuous
fermentationin a singletank andin a cascadeof two andthreereactors.For the
singlereactorwe establishedhe conditionsfor washoutto occurandshowedthat
the maximumproductivity was essentiallyconstantover a rangeof feedsubstrate
concentrationsAt low total residencdimesa singletank canoutperformany cas-
cade. For largertotal residencdimes, we found that the cascadecan outperform
the single tank systemby up to 34% with two (unequal)reactorsand 36% with
three (unequal)reactors. Consideringtwo- andthree-equatank cascadesystems
we found that we could achievean improvementof 27% in the two-tank system
and28% in the three-tanksystemover the bestsingle tank productivity. The op-
timal configurationdor the variousreactorsystems.investigatedn this paperare
summarizedn Table2. We havealsoincludedcalculationsfor four andfive con-
strainedreactorcascadecreasinghenumberof tanksabovethreein factreduces
the maximumproductivitythatcanbe obtained.

Themodelwe usedis dueto Jarzebsk(1992),who determinediochemical
parametervaluesusing experimentablatafrom Peregoet al (1985). Jarzebskdid
not reportany rangeof uncertaintyin the fitted parametewalues. It is likely that
the smallgainthatcanbe achievedrom going from a constraineccascadef two
reactorsto oneof threereactorsis not warrantedgiven the uncertaintyin the bio-
chemicalparametersHowever,the principal contributionof this paperis notin de-
terminingthe particularincreasesn productivitythatcanbegainedfrom a cascade
usingthis particularscheme.Instead,the main contributionis to showthat path-
following methodsare efficient tools to investigatethe performance®f a single
reactor,an ‘unconstraineddouble-reactocascadeindthe ‘constrained’n-reactor
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Configuration Optimal 5] T T3 Ta Ts Tt
productivity | (h) | (h) | (h) | (h) | (h) | (h)
(gI~*h™h
onereactor 3.80 747, - - - - 7.47
two equalreactors 4.82 6.91| 691 - - - 113.82
two unequakeactors 5.08 6.03| 8.97| - - - 15
threeequalreactors 4.87 773|773 7.73| - - | 15.46
threeunequakeactors 5.18 5821 531|334 - - 11447
four equalreactors 4.285 468|468 468 468 - | 18.72
five equalreactors 3.776 419| 4.19|4.19| 4.19| 4.19| 20.95

Table2: Operatingconditionsfor optimal productivity for varioussystemconfigu-

rations.

cascadeThistechniquecanbeusedto readilydeterminethe effectof recycleupon
productivityandto optimizeproductivityin morecomplicatedeactormodels.The
latter mightincludea permselectivenembranenoduleanda cell/substratesepara-
tor which separatethe cell andunusedsubstratérom theexit streanto berecycled

backinto thefirst tank,assuggestedy Garhyan& Elnashaig2004).

Nomenclature

D dilution rate(h—1)

F flow rateinto tank (In—1)

Ki,Ko  saturatiorconstantggl—1)

Mp maintenancéactor of ethanol(h—?1)

Ms maintenancéactorof substratéh—1)

P ethanolconcentratior{gl~1)

Pe limiting ethanolconcentratiorior viable cells (gl—?)

P limiting ethanolconcentratiorfor non-viablecells (gl~1)
Pr productivity of ethanol(gl~th—1)

substrateoncentratior{gl 1)
feedsubstrateoncentratior{gl—1)

time (h)

non-viablecell concentratior{gl 1)

viable cell concentratior{gl—?)

S

S

t

X4 deadcell concentratior{gl—1)
X

Xy

\Y,

volumeof thereactor(l)

15
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Yy/p yield coefficientin conversiorfrom biomasgo ethanol(-)
Yyis yield coefficientin conversiorfrom biomasdo substratg-)
Greek letters

Ug  growthrateof deadcells(h~1)

Umax  Maximumgrowthrateof viablecells(h—1)
U Maximumgrowthrateon non-viablecells (h~1)
Uny  growthrateof non-viablecells (h~1)

Uy growthrateof viablecells (h~?1)

T residencegimes(h)

Thebiochemicaparameters thismodelwereestimatedy Jarzebsk{1992)
from experimentabdataobtainedby Peregoet al (1985). Unlessotherwisestated,
the parametervalueswe usein this study are thosegiven in Jarzebski(1992):
Pmax = 0.25h71, (. =021h"1, =709, P.=130gI"}, my=26h~1,
ms=4.42h1, Yyjp = 0.235,Yys = 0.095andK; = K = 3 gL
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