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Measuresto improve long term stability
of main fermentation with immobilised yeast

Although immobilised main fermentation has clear advantages, insufficient long-term stability of product quality isthe
main reason that it is still awaiting its breakthrough. Thereforeimmobilised main fermentationsin pilot scale with varying
reactor types, carrier materials and aeration rateswere applied in order to evaluate measuresto improve long-term
stability. A comprehensive set of dataincluding beer analyses, taste testing and analyses of yeast vitality during
fermentation was collected. It isshown that long term stability is manageable, and a toolset of technological measuresis
presented to over come the existing limitations of thistechnology.

BC 23 Fermentation/41 Brewers yeast/38 Testing plants

(Descriptors: Longterm stability, flavour substances, aromacom-
pounds, immobilised main fermentation, yeast vitality, carrier
materials, reactor types.

Deskriptoren: Langzeitstabilitét, Aromastoffe, Aromaverbin-
dungen, Immobilisierte Hauptgarung, Hefevitalitét, Tragerstof-
fe, Reaktortypen)

1. Introduction

Although main fermentation withimmobilised yeast ispromising
and alot of efforts have been made to establish thistechnology it
isstill inthe stage of research. Animportant reason for thisfact is
that the product quality is not as uniform as desired over the
operation period of areactor and asit issupposed to beintheideal
case of continousfermentation. Additionally it remains question-
able whether the quality of beer produced in an “Immo”-main-
fermentation will match the required specifications over along
period of time. Of course main fermentation using immobilised
yeast is useful only if the demand for an “optimal and constant
product quality during reactor operation” is fulfilled. “Optimal
product quality” meansthat the beer is comparable with existing,
batch fermented beers produced for the market. “ Constant quality
of product” means, that only minor changesof beer quality during
the period of reactor operation are acceptable. These demandsare
fulfilled by a good long term stahility of the reactor which isone
of the major targets in “Immo”-technology with regard to an
excellent product and —last but not least — for economical reasons
since the advantages of immobilised yeast systems are only
effective if the reactor is able to work for several weeks or even
months.

Themost important changesin beer quality arerelated to changes
of metabolism and physiological state of theyeast. Table 1 shows
developments found in unaerated long term trials applied in our
institute during the recent years.
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Asfar astheexperimental designwascomparable, similar tenden-
cieswere mentioned or reported by several authors[4,9,12]. Here
particularly the reduced multiplication of yeast isresponsible for
the decreased uptake of amino-acids and thus changed formation
of fermentation by-products. | n consequence, measureshaveto be
taken to promote the growth of yeast to acertain degreeto deliver
the desired spectrum of fermentation by-products and keep yeast
vital. Beside multiplication of yeast, limitations of external and
internal mass transfer have an influence on yeast metabolism.
Diffusional restrictions due to carrier materials in combination
withflow conditionsand reactor design appear toplay aroleinthis
regard. Inour trial sdifferent variationswere combined in order to
evaluatetheeffect of immobilised yeast fermentationonlongterm
stability.

2. Experimental concept
2.1 Influence of aeration on long term stability

Suggestions to meet with the inconsistent product quality during
reactor operation have been madeby several authors. Thefirst and
most obvious measure to influence yeast multiplication is to
supply yeast with oxygen. This, apart from influencing flavour
formation, appearsto be useful for yeast vitality in general since
unsaturated fatty acids and sterols are exclusively synthesised in
the presence of oxygen. These act as essential compounds of the
cell membranes necessary for the existence and multiplication of
theyeast cell (Jakobsen and Thorne[8]). Kronl 6f and Linko tested
a discontinuous aeration of reactors using a hitrogen-oxygen

Table 1 Tendencies of development for selected analytical pa-
rametersin green beer during aerated reactor operation [6, 22]

Analytical parameter Typical pattern of development

in green beer
Increasing

Increasing, high values after
severa weeks of operation

Starting with very high values
(> 1 ppm), decreasing considerably
by thetime

Decreasing, relatively low level
Increasing, but relatively low level

pH-value
Free amino nitrogen

Vicina diketones
(total amount)

Higher alcohols
Acetate-esters
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mixture. It was proved that the reactor could be regenerated by
such treatment leading to a “corrected” composition of yeast
metabolites in beer and improved yeast viability [10]. The biva-
lence of aeration in continuous systems which can also lead to
undesired and unbalanced contents of yeast metabolites and in
conseguence the necessity of a defined aeration was reviewed by
Norton and D’ Amore [14]. Tests dealing with a defined aeration
using different gasesor gasmixturesinfixed bed fermenterswere
presented by Linko et a. [13], Virkajarvi et a. [21] and Wacker-
bauer et a. [23] showing the influence of aeration on the compo-
sition of higher alcoholsand esters. Finally trial sin different semi-
industrial plants were carried out with wort aerated before enter-
ing thereactor systems[1,11,15,16]. Wetried to find out optimal
conditions of aeration in order to improve long term stability.

2.2 Useof selected carrier materialsin fixed bed reactors

The influence of different carrier materials on long term reactor
operationwithregard to produced beer quality and processbehav-
iour of thecarrierswasinvestigated. Restrictionsof “internal mass
transfer” are strongly related to the carrier [14,17]. In terms of
carrier material the following mechanisms of immobilisation can
bedistinguished: Entrapment withinamatrix like Ca-alginategel,
attachment to asolid support surface, adsorptioninacarrier cavity
and containment behind a barrier (Cashin [3]). Although gel-
carriers are supposed to be problematic because of the diffusion
limitation by the material, Pilkington presented gel beads consist-
ing of Kappa-carrageenan applied in a gas-lift reactor [18]. The
MPI-reactor developed by the Belgian Meura-Delta-company
represents immobilisation behind a barrier since fix silicon-car-
bidemoduleswereused inthisreactor type[2]. Neverthelessmost
carriersintroduced in immobilised yeast systemsfor brewing are
acting with attachment or adsorption as immobilisation mecha-
nism. DEAE-cellulose, porous glass, wood chips and others are
commonly used [1, 6, 9 — 13, 15, 16, 21, 22]. Beside the mass
transfer, relevant factors for the selection of a carrier materia
referring to Linko et al. are the following: It should be cheap and
easy to handle, the carrier should bind yeast efficiently, should be
stable and rigid, should allow smooth plug-flow, must be ap-
proved for food use etc. [13]. The differences of the carriers
selected for the presented tests regarding the mechanism of
immobilisation, their morphology aswell astheir physical prop-
erties were considerable and an influence on reactor operation
was probable.

2.3 Comparison of three completely different reactor concepts

By Pilkington et a. and Norton and D’ Amore the importance of
external and internal mass transfer from the medium to the yeast
cellswas reviewed comprehensively [14,17]. Mass transfer lim-
itations are an issue with regard to the long term stability of a
reactor. Concerning external mass transfer the functional princi-
ple of thereactor, for examplefixed bed, fluidised bed or agitated
is the crucia point since optimised liquid mixing leads to im-
proved mass transfer by minimising the laminar liquid layer
surrounding carrier particles. Apart from this clogging and the
formation of channel scausi ng aheterogeneousthroughput through
the system there are obvious disadvantages that may lead to
problems in fixed-bed reactors. On the other hand, additional
energy costsfor pumping or —in case of gaslift fermenters—input
of big gasvolumesaswell as apossible presence of deteriorating
shear forces, foaming, and arelatively complex designin general,
aredisadvantagesof fluidised bed reactors. A comparison of fixed
and fluidised bed reactorsin abrewing application was presented

GREEN BEER

T._ CARRIER
| | WITH YEAST

CARRIER AIR
MODULES {option)

+—AR

WORT  (option)

Figure 1 Principle schemes of the three reactor systems used,
from left to right fixed bed-reactor, loop/module reactor and
fluidised bed reactor

by Ryder and Masschel ein showing amorefavourableamino acid
uptake and fermentative power of fluidised bed fermentation[20].

3 Material and methods
3.1 Reactor sytemsand process conditions

InFigure 1 principleschemesof thethreereactor systemsused are
shown. The trials were applied starting with the simplest reactor
type, fixed bed reactors. The glass columns were filled with the
different carrier materials and sterilised. Yeast coming from a
propagator was used for immobilisation. Thefermentation condi-
tionswith 15 °C and acounter pressure of 1.8 bar (absolute) were
kept in al trials that will be mentioned in the following. Wort
passed through the reactor bed slowly and flow rate was arranged
inaway that amost final attenuation could bereached in order to
keep results of beer analysis comparable. The mass flow of wort
wasapproximately 0.5 kg/hfor all trials. All reactor systemsused
were equipped with a connection for an optional aeration. The
constant air flow could be adjusted precisely by aneedlevalvein
connectionwithaflow controller inorder toavoid changesof flow
rate due to varying reactor pressures.

As another option for variation of reactor system aloop/modul e-
reactor was included in our tests, also known as MPI-reactor
manufactured by Belgian Meura-Delta company. This reactor is
no new devel opment, butinthissystemforced flow conditionsare
realised which contribute to an improvement of diffusional sub-
stance transport. Therefore it was included in the specific exam-
inations on long term stability. No granular carrier material or
beadsareused forimmobilisationin thissystem but porouscarrier
modules manufactured of silicon-carbide [2]. Y east is precoated
in and on this modules and the substrate is pumped with a
relatively high flow rate viaapump loop so that the configuration
of aloop reactor isrealised. Thelast reactor system applied wasa
fluidised bed reactor equipped with alow-shear-force-propellerin
combination with an inner tube for effecting the turbulent flow
within the reactor. The carrier movement is symbolized by the
arrows shown in Figure 1. Even stronger forced flow conditions
were adjusted compared to the loop/module reactor investigated
before.

3.2 Carrier materials

Thefollowing carrier materialswereusedinthetrialspresentedin
this paper:

[0 DEAE-cellulose (abbreviated DEAE; Spezyme GDC, Cultor
Oy, Finland);
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(0 Sintered glass carrier (abbreviated SGC; SIRAN Sikug 012/
05/300, Downing QVF Engineering, formerly Schott Engi-
neering);

O Silicone carrier; not freely available (abbreviated SIL; TU
Braunschweig [5]).

3.3 Analysis

Beside conventional beer analysis referring to MEBAK, yeast
vitality tests were applied using the determination method of
intracellular glycogen described by Quain et al. [19]. Intracellular
pH-value was applied using the method published by Imai et al.

[71-

4 Resultsand discussion
4.1 Trialswith fixed bed reactor

Using thefixed bed reactor with DEAE-cellulose-carrier ascreen-
ingtest with different aerationrateswasappliedinorder tofind out
a suitable adjustment for subsequent trials. A complete beer
analysis was carried out with al samples. Nevertheless data
presentation shown in Figure 2 is restricted to some selected
valueswhicharesuitableto characterisethequality of beer andthe
situation in the reactor. Below the diagram the adjusted aeration
rates in standard millilitres per minute are displayed. Consump-
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Fig. 4 Fixed bed reactor (various carriers); constant aeration
ratevs. no aeration

tion of amino-acids represents the degree of yeast multiplication
expressed by the difference of free alpha amino nitrogen (FAN)
between wort and green beer in the diagram. With varying
aeration rates FAN-consumption was changed. The formation of
higher aliphatic alcohols (abbreviated HAA) is displayed, too.
The relationship between HAA-formation and FAN-consump-
tionisclearly recognizable since the shape of both graphsisquite
similar. The aeration rate found out to be optimal for our test-
conditions was 5 ml/min since formation of alpha-acetolactate —
which is not displayed here—was moderate. But still an effect on
the consumption of amino acids was present at this aeration rate.
One interesting fact is that the response of yeast metabolism on
changes of aeration is determinable within one day. Therefore
aeration could be an interesting additional measure to influence
beer flavour in the immobilised system. Furthermore develop-
ment of pH-value during fermentation shows a certain similarity
to FAN-consumptions: Phases of decreased pH-valuesareaways
phases of increased FAN-consumption and viceversa. Thisisdue
to the intensified formation of organic acids with an increased
yeast multiplication.

After the screening test afixed bed trial with a constant aeration
rate of 5 mi/min and areference trial without any aeration were
applied. Theresultsare shown in Figure 3. Thefast changeto low
FAN-consumption and high pH-valueisobviousfor theunaerated
trial suggesting a minor long term stability. In comparison the
situation is much more stable in the aerated trial with a higher
FAN-consumption and lower pH-values even for a considerably
longer time of reactor operation showing the improving effect
of aeration. Neverthel essacontinuous change of beer quality also
was present with aeration. After 47 days of operation the beer
showed pH-values of amost 5.0 and was unacceptable from the
analytical and sensorical point of view. It isassumed that clogging
and channel formation in the fixed bed reactor |ead to inhomoge-
neous conditions in the reactor influencing long term stability
negatively.

The influence of selected carrier materials with and without
aeration wasal soinvestigated using fixed bed reactors; theresults
are presented in Figure 4. For this purpose well known DEAE-
cellulose was compared to sintered glass material (SGM) and
silicone carrier which originally was used in a waste water
treatment application (SIL). The morphology of this carrier was
similar to sintered glass material but itsconsistency isrubber-like
and itsdensity ismuch smaller. Concerning beer quality it can be
stated that no significant effect of any carrier was determinable
during our trials. If aerated fermentation and unaerated test are
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compared it can be recognized that the influence of aeration
appeared to be much stronger than the effect of carrier material.
DEAE-cellulose showed the strongest clogging tendency while
sintered glass material was mechanically abridged even in the
fixed bed. The silicone carrier was mechanically very stable.
Sincelow density and mechanical stability seemed to be advanta-
geousfor usein fluidised bed reactorsit was decided to apply the
silicone-material in this plant type. Results of this trials will be
presented later in this contribution.

4.2 Trialswith loop/module-reactor

A trial for 13 weeks (Figure 5) was leading to good results
concerning beer quality and long term stability with oneexception
withinthefirst threeweeksof reactor operation whenanundesired
development of increasing pH-value and decreasing FAN-con-
sumptions was found.

Therefore aeration rate was adapted in order to meet the demands.
Increase of aeration led to the desired stabilisation of pH respec-
tively consumption of FAN. Between days 50 and 64 after
immobilisationthereactor operationwasintentionally interrupted
and temperature was decreased to 1°C. Beer and yeast remained
intheM PI-reactor. Asexpected, after restart, thefirst beer leaving
the MPI-reactor showed changes in pH-value and FAN-content.
Nevertheless within afew days beer analysis was comparable to
the situation before reactor operation was paused. The good
quality of produced beers was confirmed by sensory analysis.
General quality was scored constantly with marksof 3.0t03.3in
alto 5 scale during the entire fermentation.

Quiterarely foundinliteratureare observationsof yeast vitality in
immobilised systemswith time-related dataas shown in Figure 6.
First the content of acid-soluble glycogen in yeast cells was
determined during reactor operation. An oscillating behaviour of
this storage carbohydrate was found. No steady decrease of
glycogen content which could beexplained by arestricted nutrient
transport into the cell due to impairments of cell membrane was
detectable. Neither extremely low glycogen concentrations in
general — even after the two week interruption — could be found.
During thelast phase of operation the analysisof intracellular pH-
valueintroduced by Imai (abbreviated | CP) could be established.
For reactor yeast presented here no ICP-value below 6.3 was
found. This suggests a favourable situation since much smaller
ICP-values of 5.5 were detected in preliminary tests with yeast
starving for 24 hours. It can be summed up that glycogen content
aswell asICP did not indicate a reduction of yeast vitality. This
finding is supported by the results of cell viability not presented
here which only showed poor values for the days immediately
during restart of reactor after the interruption.

4.3 Trialswith fluidised bed reactor

During a fermentation test with this reactor a slight decrease of
higher aliphatic al coholsand FAN-consumption wasfound while
pH-value increased (Figure 7). In general no critical value was
present during the 37 days of fermentation which were observed.
Apart from that, it must be considered that aeration rate was not
adapted in opposite to the trials with the MPI-reactor presented
before. This suggests that the adjusted standard aeration rate of
5 ml/min was not optimal for this configuration. Taste testing of
beers produced during this initial trial with the fluidised bed
reactor delivered good results. But the constance of thistrial was
not completely satisfying. Therefore the test programme was
extended including especially the adaptation of defined aeration
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with the aim of avery constant behaviour which isintroduced at
the end of thistext.

The data related to physiological condition of yeast shown in
Figure 8 are comparable to the results of loop/module reactor:
Oscillating values for glycogen content never showed critically
low values. Except for fermentation day number five theintracel-
lular pH-value was quite stable and in a range that suggests no
decline of yeast vitality.
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Finally the results found for the FAN-consumption of different
reactor types are summed up in Figure 9. The initial phase of
fermentation is not displayed because this phase is always still
influenced strongly by propagation of yeast. Dataare shown until
day 25 when aeration was increased for the trial with the MPI-
reactor. As expected, unaerated fixed bed reactor showed the
lowest FAN-consumption. Much higher differencesbetweenwort
and beer were found for the aerated fixed bed reactor. Highest
values were found for the loop/modul e-reactor and fluidised bed
reactor which showed similar devel opments during the observed
interval. In terms of pH the fluidised bed reactor showed the
lowest values (data not presented).

5 Conclusions

In the presented trials applying defined aeration in main fermen-
tation with immobilised yeast it was found that this method is a
tool to influence product quality within a short response time.
Furthermore defined aeration is a tool to improve long term-
stability of immobilised yeast fermentation. There isareproduc-
ible connection between FAN-consumption and pH-value during
“Immo-fermentation” which appears to be interesting for a fla-
vour control by aeration. Only aminor influence of three selected
carriers on beer quality but considerable differences in process
behaviour of the certain materials were found in our trials. This
does not mean that the parameter “carrier materia” playsno role
for the development of beer quality in general. But obviously the
influencing factors were minor for this selection of materials.
Fixed bed reactors appeared not to be optimal for amain fermen-
tation. Clogging and channel formation impaired overall results
with all used carrier materials. For beer quality the best results
werefoundintestscombining forced flow conditionsand defined
aeration. Thisistruefor theloop/modul e-reactor aswell asfor the
fluidised bed reactor. In the same tests it was not possible to
determine an impairment of yeast vitality. For thefuturethemain
remaining problem is an optimised tuning of forced flow and
defined aeration which was not solved optimally in the presented
tests. This also includes development of procedures to control
reactor operation. Our current research is dealing with this con-
trollability issues: For this purpose the fluidised bed reactor is
applied, which is equipped with severa sensors delivering a
survey of fermentation conditions. The reactor is connected with
a Siemens Simatic PCS 7-control system which is equipped with
aspecia controller software developed in our research institute.
For reactor control themeasured pH-valuefromthereactor isused

as process value for the controller. The adjusted setpoint is the
desired pH-value of beer. The manipulated value is a calcul ated
aeration rate depending on the measured pH. The higher the pH
the more the aeration is increased in order to stimulate yeast
metabolism and influence pH aswell asrelated analytical param-
eters.
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6 Zusammenfassung/ Résumé

Wackerbauer, K., Ludwig, A., M&hle, J., und Legrand, J.: Mal3nah-
men zur Verbesserung der Langzeitstabilitat von Hauptgarungen
mit immobilisierter Hefe— Monatsschrift fir Brauwissenschaft 56, Nr.
11/12, 210 — 215, 2003

BC 23 Garung/41 Brauer eihefe/38 Ver suchsanlagen

Obwohl immobilisierte Hauptgarungen klare Vorteile besitzen, ist eine
unzureichende Langzeitstabilitdt der Produktqualitét der Hauptgrund,
dass sie sich noch nicht durchgesetzt hat. Daher wurden immobilisierte
Hauptgérungen im Pilotmal3stab unter Variation von Reaktortyp, des
Trégermaterialsund der Bel Uiftungsrate durchgefuhrt, um eineverbesser-
te Langzeitstabilitéat zu erreichen. Umfangreiches Datenmaterial wurde
gesammelt, das Bieranalysen, Verkostungen und Analysen der Hefevita-
litét wahrend der Gérung beinhaltet. Eswird gezeigt, dass die Langzeit-
stabilitét beherrschbar ist, und eine Auswahl technologischer Mal3nah-
men zur Uberwindung der bestehenden Unzul nglichkeiten wird prasen-
tiert.

Wackerbauer, K., Ludwig, A., Mohle, J. et Legrand, J.: Mesures
pour I"'amélioration de la stabilité a long terme des fermentations
principales a I'aide de levures immobilisées — Monatsschrift fur
Brauwissenschaft 56, No. 11/12, 210 — 215, 2003

BC 23 Fermentation/41 L evuresdebrasserie/38 I nstallationsd’ essai
Bien que lafermentation principal e avec levures immobilisées présente

des avantages évidents, |a cause essentielle ' a pas été trouvée: il s agit
d'une stabilité a long terme insuffisante de la qualité du produit. On a
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effectué, pour cetteraison, desfermentationsprincipal esavec deslevures
immobilisées a I’ échelle pilote en faisant varier le type de réacteur, le
matériel de support, le degré d'aération pour atteindre une meilleure
stahilité a long terme. On arecueilli un nombre important de résultats
comprenant I'analyse de biére, I'analyse sensorielle et I'analyse de la
vitalité delalevure pendant lafermentation. On amontré que lastabilité
a long terme était maitrisable et on présente un choix de mesures
technol ogiques pour surmonter les difficultés existantes.

~
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Xanthohumol, Isoxanthohumol, Hopfen, Polyphenole, Prenylflavono-
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Forster, A., Gahr, A., Ketterer, M., Beck, B., Massinger, S.:
Xanthohumol in Bier — Mdglichkeiten und Grenzen einer
Anreicherung. Vortrag anlassl. d. 52. Arbeitstagung Bund
Osterreichischer Braumeister und Brauer eitechniker — Mit-
teilungen Osterr. Getranke Institut 57, Nr. 3, 52 — 62, 2003.

Dem Hopfenpolyphenol Xanthohumol werden positive physiolo-
gische Eigenschaften zugesprochen. Die entsprechenden Unter-
suchungen insbesondere an lebenden Zellen sind zwar noch nicht
abgeschlossen, aber trotzdem mag es interessieren, ob und gof.
wie Xanthohumol im Bier angereichert werden kann. Neben
konventionellen Pellets oder Hopfentreber nach der CO,-Extrak-
tion gibt esbereits el gensentwickelte Xanthohumol -Extrakte, die
gezielt einsetzbar sind. Einer Erhéhung der Gehalte von Xantho-
humol und dem Isomeren |soxanthohumol in handelsiiblich fil-
trierten Bieren sind allerdings enge Grenzen gesetzt. Deshalb
unterscheidensich z. B. untergérige Handel shierein den Gehalten
von Xanthohumol bzw. | soxanthohumol nur auf einem niedrigen
Niveau von unter 0,1 ppm bzw. unter 1 ppm. Am Ende des
gesamten Herstellprozesses von Bier findet sich in die Wirze
dosiertes Xanthohumol nur mit 10 — 20 % relativ wieder. Soll
Xanthohumol wirkungsvoll angereichert werden, empfehlensich
Dosagen mit speziellen Xanthohumol -Extrakten nach der Haupt-
garung oder der Hefefiltration, wobei man allerdings mit einer
Dauertriibung rechnen muf3. Xanthohumol-/isoxanthohumolge-
haltvolle Biere sind folglich aus heutiger Sicht nur als Spezialité-
ten denkbar. DarUber hinauskdnnen X anthohumol-Extrakteallen
Arten von triiben und leicht bitteren Getrénken zugefiigt werden,
dieihrerseitsauch die Basisvon Biermischgetrénken darzustellen
vermogen. red#

13 Brauwasser

Wasserversorgung, Eisen(ll)-Filtration, Eisen(lll)-Filtration, Filterbe-
messung

Bohler, E.: Planungskriterien zur Enteisenungdur ch Filtr ati-
on Uber inertesFiltermaterial — GWF Wasser —Abwasser 144,
Nr. 9, 589 — 597, 2003.

DieEisen(ll)-filtration tUber inertes Filtermaterial ist einesder am
haufigsten angewandten Verfahren zur Wasseraufbereitung. Die
Bemessung kann und soll auf der Grundlage von Versuchen an
groftechnischen Anlagen und mit kleintechnischen Filternvorge-
nommenwerden. Bei Wasserwerken mit einer geringen Kapazitat
und unproblematischer Rohwasserbeschaffenheit ist der Auf-
wand fr kleintechnische Filterversuche meist unvertretbar hoch.
Eswurde deshalb seit den 60er Jahren versucht, Gleichungen fiir
eine freie Bemessung zu entwickeln. Die Entwicklung dieser
Bemessungsgleichungen wird erdrtert und auf Grundlage einer
neuen Auswertung zahlreicher Daten eine erweiterte Bemes-
sungsformel abgeleitet. red#






