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Application of fed-batch fermentation in high-gravity brewing
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A b s tra c t. Econom ic dem ands to intensify the brew ing process and increase the ferm enter 
productivity  have stim ulated interest in high-gravity  brevving. Hovvever, increasing w ort sugar 
concentration can have a detrim ental effect on  íerm entation períorm ance, adversely  a íĩec ting  yeast 
physiology and altering the physical and ílavor properties o f  the beer product. M any m ethods such 
as: higher pitching rates, higher ferm entation tem peratures, m ore efficient aeration  than in 
conventional brew ing, and im m obilised yeast were used to  im prove this process.

This study focused on  the application o f  fed-batch ferm entation in h igh-grav ity  brew ing. Two 
fed-batch cultures w ith d ifferen t specific gravity  o f  the supplem ented w orts w ere exam ined. The 
speciíĩc gravity  after the supplem entation was the same. D espite the higher p rim ary  ferm entation 
time, bo th  fed-batch cultures achieved higher concenưation o f  ethanol and low er diacety l content 
than those in batch ferm entation. These resulted in the possib ility  o f  increasing the fínal beer 
volum e and o f  shortening the m aturation time.

Keywords: Fed-batch íerm entation, high gravity brew ing, Saccharom yces cerevisiae.

1. In tro d u c tio n

The traditional brew ing is generally  applied 
to ferm ent w orts w ith 1 l-1 2 °B x  specific gravity 
to produce beers o f  4 -5 %  (v/v) ethanol. W ith 
the need to increase productivity  and 
consequently com petitiveness on the market, 
many brew eries are changing their m ethods and 
processes for producing beer. A m ajor 
innovation in brew ing is high gravity brew ing 
technology-the ferm entation o f  w ort containing 
16 g or more o f  đissolved solids per 1 0 0  g o f  
wort. This technology has becom e popular due 
to such advantages as increasing plant
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efficiency and capacity , reducing energy, labour 
and Capital costs, as well as increasing in 
ethanol y ie ld  per unit o f  ferm entable extract. 
M oreover, it can help  im prove beer stability, 
produce sm oother taste and greater flexibility to 
the fmal product [1-4]. O n the other hand, the 
dravvbacks o f  this process include decreased 
m aterial efficiency, as well as reduced foam 
stability and ílavour m aíching [5]. In addition, 
during ferm entation o f  high-gravity wort, the 
yeast are  exposed to extrem e conditions: 
increased osm otic pressure and increased 
toxicity o f  prođuced ethanol [2,6,7], nutrient 
lim itation especially  concem ing oxygen and 
assim ilable nitrogen [ 1 Ị.

The arising  problem s have been solved by 
using h igher pitching rates, higher fermentation
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tem peratures [ 1], m ore efficient aeration than in 
conventional brevving [8 ] and  im m obilised 
yeast [2]. O ne o f  the possibilities to reduce the 
detrim ental factors acting in  high-gravity  
brew ing could be fed-batch ferm entation. This 
technique is com m only used in m icrobial 
ferm entation because it com bines the 
advantages o f  both  batch and continuous 
ferm entations. Fed-batch íerm entation is used 
to prevent or decrease substrate-associated 
grovvth inhibition by conừolling  nutrient 
supply. P rocess is starteđ as a batch process 
w ith a sm all am ount o f  biom ass and substrate in 
the íerm entor. T hen the substrate feed is applied 
when m ost o f  the initially  added substrate has 
been consum ed. This procedure helps to 
increase the total substrate content in the 
ferm entor, w hile alw ays m aintain ing a low 
substrate concentration during ferm entation for 
reducing the negative effect o f  osm otic pressure 
on yeast. Thus, fed-batch ferm entation allows 
đecreasing the initial yeast concentration and 
the cost o f  inoculum  propagation.

This study focused on the prim ary 
ferm entation in brew ing. Fed-batch cultures 
were exam ined in order to increase ethanol 
content in the green becr.

2. M a te ria ls  a n d  m e th o d s

2.1. Wort production

16 °Bx w ort w as produced from  80%  barley 
m alt (im ported  ữ o m  A ustralia) and 20%  rice 
(Viet N am ), by decoction m ashing. T he 28 °Bx 
and 24 °Bx w orts w ere prepared by vacuum  
concentration at 60°c from  the 16 °Bx wort.

2.2. Microorganừm andfermentation conditions.

Yeast used in th is study w as a lager strain 
o f  Saccharomyces cerevisiae, supplied by

Foster T ien G iang Ltd. Com pany. The pre- 
inoculum  w as obtained from yeast cultures 
m aintained on m alt-agar slants at 4°c. The 
inoculum  propagation was carried out in the 
10°Bx w ort. The pitching rate was about 
10 X  106 v iable cells m L '1. All íerm entations 
w ere perform ed in a bioreator BIO STAT B 
(B .Braun B iotech International) at 17°c with
1,5 L o f  16°Bx wort. In fed-batch fermentation,
2 sam ples w ere exam ined: 1,5 L o f  fennenting 
w ort w as supplem ented by 1,5 L o f  28°Bx wort 
or 2,5 L o f  24°Bx wort. In the 2 fed-batch 
sam ples, the speciíìc gravity in the medium 
aíter supplem entation w as the same (16°Bx).

2.3. Analytìcaỉ methods

D uring the ferm entation, the evolution o f  
pH , total num ber o f  yeast cell and viability, 
w ort speciĩic gravity, reducing sugar, íree 
am ino n itrogen, ethanol and diacetyl contents 
w ere exam ined. T he num ber o f  yeast cell was 
determ ined by using an Im proved N eubauer 
H aem ocytom eter at x400 m agniíĩcation with a 
light m icroscope. Y east viability was 
determ ined by using the m ethylene blue 
staining [9]. A fter rem oving yeast biom ass by 
centrifugation (6000 rpm , 15 m ins, 4°C), the 
specific gravity w as m easured by a 
reửactom eter. Concentration o f  reducing sugars 
w as quantified  by spectrophotom etric method 
using the dinitrosalicylic acid reagent [10]. Free 
am ino nitrogen (FA N ) content w as m easured 
by spectrophotom etric m ethod, using ninhydrin 
reagent [11]. Ethanol concentration was 
determ ined by a m ethod based on distillation 
and density  quantiíĩcation  [12]. Concentration 
o f  diacetyl was determined by spectrophotometric 
m ethod using  o  -  phenylendiam in reagent [ 1 1 ]. 
The sugar uptake rate (g/L .h) was calculated as 
the ratio o f  the reducing sugar content (g/L) 
consum ed b y  yeast to  the ferm entation tim e (h).
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3. Results and discussion

3.1. Yeast growth

Y east grow th during the íerm entation is 
presented in Fig. 1.

In the batch ferm entation, during the íĩrst 60 
hours, yeast cell num ber in the culture increased 
quickly because the w ort w as rich  in oxygen 
and nutrients. The m axim um  concentration o f  
cells (approxim ately 120 X  106 cells/m L) was 
obtained after 108 hours. A fter that, the 
biom ass decreased progressively. T hus the 108* 
íerm enting hour w as chosen as the m om ent for 
wort supplementation in the two fed-batch cultures.

In fed-batch íerm entation, after fresh wort 
feeding, the yeast concentration in sam ple 2  

w as low er than that in sam ple 1. This w as due 
to the higher volum e o f  w ort supplem entation. 
O ur experim ental results show ed that the 
m axim um  yeast concentration reached in the 
two samples was sim ilar; how ever, the grow ing 
tim e o f  yeast in sam ple 2 w as 24 hours longer 
than that in sam ple 1 (Fig. 1).

Tim e (hours)

Fig. 1. K inetics o f  yeast grovvth during the 
íerm entation o f  1,5 L o f  16 °Bx worts: ( * )  batch 

culture, ( ♦ )  fed-batch culture 1: supplem ented w ith 
1 L o f  28 °Bx w ort after 108*1* ferm enting hours, ( A )  
fed-batch culture 2: supplem ented w ith 1,5 L o f  24 

°Bx wort.

3.2. Substrate assimilation

Tim e (hours)

Fig. 2. K inetics o f  specific gravity  during the 
ferm entation  o f  1,5 L o f  16 °Bx worts: ( * )  batch 

culture, ( ♦ )  fed-batch culture 1: supplem ented w ith 
1 L o f  28 °Bx wort after 108* ferm enting hours, (A )  
fed-batch  culture 2: supplem ented with 1,5 L o f  24 

°Bx wort.

Fig. 2 show s the evolution o f  the speciíĩc 
gravity  during the batch and fed-batch 
íerm entations.

In the  batch  culture, after 108 ferm enting 
hours, the  speciíĩc gravity did not change 
sign iíĩcan tly . It w as due to the low 
concenừ^tion  o f  substrates and high 
concen tration  o f  som e toxic m etabolites 
(ethanol and other h igher alcohols) produced by 
yeast in the m edium . It can be coníĩrm ed that 
the chosen  m om ent -  the 108th ferm enting hour 
for fresh  w ort supplem entation was reasonable.

In the fed-batch cultures, fresh wort 
supplem entation  increaseđ the nutrient contents 
and decreased  ethanol concentration in the 
ferm enting m edium . Therefore, the yeast 
p ropagation  continued (Fig. 1) and the speciíìc 
gravity decreased signiíĩcantly, particularly 
during th e  next 48 hours after supplem enting. 
From  th e  15 ó* hour, the speciíic gravity 
decreased  w ith  a slow er rate: the substrate 
assim ilation  rate in fed-batch culture 1 was 
low er than  that in fed-batch culture 2. At the 
end o f  the prim ary ferm entation, the speciíĩc
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gravity o f  green beer in both fed-batch cultures 
w ere still rather higher than that in the batch 
culture. Perhaps the increased concentration o f  
ethanol in the m edium  caused a harm íu l effect 
on yeast cells, w hich led the ferm entation to be 
sluggish o r even stuck.

In this study, the prim ary ferm entation was 
considered to have com pleted w hen the ethanol 
concentration increased less than 0,3 %  (v/v) in 
the successive 24 ferm enting hours. The 
ỉerm entation tim e in fed-batch cu ltures 1 and 2 

w as 204 hours and 228 hours respectively. The 
fmal speciílc gravity  in fed-batch cu ltu re  2  was 
low er than that in fed-batch culture 1 (10,7 °Bx 
vs 11,5 °Bx). Thus, it can be concluded that in 
fed-batch culture 2 , yeast consum ed more 
nu tnen ts than in fed-batch culture 1 .

Y east grow th involves the uptake o f  Free 
A m ino N itrogen (FA N ) for the synthesis o f  
cellular protein (Fig. 3).

Fig. 3 indicated that during the íĩrst 84 
hours, FAN concentration decreased sharply in 
the 3 cultures. A fter that, it began to increase 
slightly in batch  íerm entation, that m ay be due 
to the autolysis o f  dead cells. T his phenom enon 
led to a release o f  in tracellular n itrogen based 
com pounds.

Time (hours)

Fig. 3. K inetics o f  free am ino nitrogen assim ilation 
during the íerm entation o f  1,5 L o f  16 °Bx worts: 

( * )  batch culture, ( ♦ )  fed-batch cu lture 1: 
supplem ented w ith 1 L o f  28 °Bx w ort a íte r 108* 

ferm enting hours, (▲ ) fed-bũtch cu lture 2: 
supplem ented w ith 1,5 L o f  24 °Bx wort.

A fter w ort supplem entation, the FAN 
concentration in fed-batch culture 2  was higher 
than that in fed-batch culture 1. D uring the next 
48 hours, FA N  concenữation  decreased due to 
the cell grow th. Then it augm ented when the 
death phase o f  yeast began (after the 108* 
ferm enting hour -  Fig. 3) and the autolysis took 
place. H igh ethanol concentration was another 
harm ful factor to the yeast’s viability, 
increasing the num ber o f  dead cells.

D uring the last hours o f  the prim ary 
ferm entation, the FA N  level in fed-batch 
culture 1 increased m ore sứongly  than that in 
fed-batch culture 2 . It could be reasoned that at 
the 156* hour, the death phase o f  yeast in fed- 
batch culture 1 began w hile in fed-batch culture
2, the yeast grow th still continued. This 
phenom enon affirm ed the results obtained in 
íĩgure 2: afler 156 ferm enting hours, the yeast 
activity in fed-batch culture 2  w as higher than 
that in fed-batch culture 1 and the speciíĩc 
gravity in fed-batch culture 2  was low er than 
that in fed-batch culture 1 .

3.3. Metaboỉiíe production

Time (hours)

Fig. 4. K inetics o f  ethanol production during the 
ferm entation o f  1,5 L o f  16 °Bx worts: ( * )  batch 

culture, ( ♦ )  fed-batch culture 1: supplem ented with 
1 L o f  28 °Bx w ort afìer 108* ferm cnting hours, (▲ ) 
fed-batch culture 2: supplem ented w ith 1,5 L o f  24 

°Bx wort.
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Fig. 4 show ed that in batch  ferm entation, 
the final ethanol concen tration  cou ld  reach  only  
6,46 %  (v/v) due to  the low  nu trien t content and 
high ethanol level. In fed-batch  ferm entation, 
those harm íul e íĩe c ts  cou ld  be overcom e, 
resulting  in h igher íìnal ethanol content.

T he íìnal ethanol concen trations w ere 
8,52%  (v/v) in both  fed-batch  cu ltures, although 
the residual sugar content w as still ra ther high. 
It can be supposed that the activ ity  o f  the 
Saccharomyces cerevisiae stra in  used in this 
study decreased rem arkab ly  at tha t ethanol 
concentration.

The obtained  resu lts in fígure 4 could 
explain for the đata  in íĩgure 3. In fed-batch 
culture 1, from  the 18001 hour to  the 204th hour, 
FAN  concentration increased  sharp ly  (Fig. 3); 
during this period, the increase in ethanol 
content from  7,27 °/o (v /v) to  8,52 %  (v/v) w as 
observed (Fig. 4). Thus, it w as ev iden t that the 
increase in ethanol conten t in the culture had  a 
bad  effect on yeast v iability . In fed-batch 
culture 2 , the sam e phenom enon  w as also 
observed. From  the 204 hour to  the 228lh hour, 
the ethanol concentration increased from  7,79 
%  (v/v) to 8,52 %  (v/v), the FA N  concentration 
also augm ented in the m edium  due to the 
autolysis o f  dead cells.

Time (hours)

Fig. 5. C hange in pH  during the ferm entation  o f  1,5 
L  o f  16 °Bx w orts: ( + )  batch  cu lture , ( ♦ )  fed-batch 

culture 1: supplem ented w ith  1 L o f  28 °Bx w ort 
after 108* ferm entứig hours, ( A )  fed-batch  culture 

2: supplem ented w ith 1,5 L o f  24 °Bx wort.

D uring  the alcoholic ferm entation, the 
decrease o f  pH  is related to the form ation o f  
C Ơ 2 and organic aciđs o f  yeast cells. B esides, 
the increase o f  pH  m arks the beginning o f  yeast 
autolysis.

Fig. 5 presented the evolution o f  pH  in 
batch and  fed-batch ferm entations. T here w as 
no sign iíĩcan t d ifference in pH values o f  the 
green beers  in the 3 cultures.

Time (hours)

Fig. 6. E volution o f  d iacetyl concentraúon during 
the ferm entation o f  1,5 L o f  16 °Bx worts: ( * )  batch 
culture, ( ♦ )  fed-batch culture 1: supplem ented with 
1 L o f  28 °Bx wort after 108th íerm enting hours, (A )  
fed-batch  culture 2: supplem ented w ith 1,5 L o f  24 

°Bx wort.

D iacetyl is One o f  the m ost im portant by -  
Products in alcoholic ferm entation. At low 
levels, it gives beer a slick m outhíeel; at higher 
levels, the ílavor becom es buttery and that 
decreases the sensory properties o f  the fmal 
product.

Fig. 6  show ed that the diacetyl level 
increased during the íĩrst 84 hours and reached 
the m axim um  concentration (approxim ately 2  

m g/L). M any authors affiim ed that diacetyl 
íorm ation  is closely related  to the ycast growth, 
particu larly  to the valine biosynthesis [13]. In



V.T.K. Linh, L.v.v. Man /  VNU Ịournal oịScừnce, Natural Sciences and Technology 23 (2007) 166-173 1 71

com parison w ith the obtained  results in Fig. 1, 
the intensive grow th o f  yeast w as observed 
during  this period. T hen  the diacetyl content in 
the ĩerm enting m edia decreased  by reduction 
reaction catalyzed by the enzym e system  in 
yeast. This resu lt w as sim ilar to those in m any 
previous studies [13,14].

A fter fresh wort supplem entation, diacetyl 
concentrations in the 2  fed-batch cultures 
increased again due to  yeast grow th and then 
decreased. It can be no ted  that the second peak 
o f  diacetyl íòrm ation in fed-batch culture 2  w as 
m uch low er than that in fed-batch culture 1 . 
T he explanation can be  that the FA N  content in 
fed-batch culture 2  w as m uch h igher than in 
fed-batch culture 1. Low  diacetyl level in green 
beer is an advantage in brew ing because the 
m aturation tim e w ill be shorter.

T able 1 presented  the param eters o f  the 
prim ary  íe rm en ta tion  in beer production  using 
batch  and  fed-batch  cultures.

In the fed-batch cultures, in spite o f  the 
longer p rim ary  ferm entation tim e, the sugar 
contents assim ila ted  by  yeast w ere higher than 
that in the  batch  cu lture. B esides, the sugar 
uptake ra te  in fed-batch cu lture 1 and 2  were 
30,2 % and  20,6  %  higher than that in the batch  
culture.

The final ethanol concentration  in the fed- 
batch  ferm entations w as 32 %  higher than that 
in the batch  ferm entation. T his is a very 
im portant advantage o f  high gravity  brevving 
because the  h igher concentrated  beer we 
achieve, th e  m ore volum e o f  fmal beer we 
produce. T he  resu lts from  table 1 shovved that, 
the volum e o f  final beer in the fed-batch 
fennen ta tions w as m uch h igher than that in the 
batch  íerm entation .

T able 1. Param eters o f  the p rim ary  ferm entation in beer p roduction  using ba tch  and fed-batch cultures

Batch ferm entation“ Fed-batch  
íerm en ta tio n  1A

Fed-batch 
íerm entation  2C

Ferm entation tim e (h) 156 204 228
Sugar content assim ilated  by  yeast 97,69 167,05 173,32

( g / í )
Sugar uptake rate (g/L .h) 0,63 0 ,82 0,76
Ethanol concentration  in green 50,9 67,2 67,2
beer (g/L)
D iacetyl concentration in green 0,8 1,0 0,6
beer (m g/L)
V olum e o f  final beer afte r being 1,50 L o f  16 °Bx w ort -> 1,50 L o f  16 °Bx 1.50L o f  16 °Bx
dilu ted  to ethanol concenư ation  o f 1.94 L o fb e e r. w ort and 1,00 L o f w ort and 1,50 L o f
5 %  ( v /v ) . 2 ,50 L o f  16 °Bx w ort 28  °Bx w ort -> 24 °Bx w ort ->

3,23 L o f  beer. 4 ,2 6  L o f  beer 5,11 L o íb e e r .
3 L o f  16 °Bx w ort -> 3,88
L o f  beer.

* The initial volume of the wort was 1,50 L, the initial speciíic gravity was 16 °Bx.
bThe initial volumc of thc wort was 1,50 L, the initial speciíic gravity was 16 °Bx. The culture was supplemented with 1 L o f
28 °Bx wort. The spccific gravity attcr supplementing was 16 °Bx.
c The initial volume of the wort was 1,50 L, the initia! speciíic gravity vvas 16 °Bx. The culturc was supplemented with 1,50 L
of 24 °Bx wort. The spcciíic gravity aftcr supplcmcnting was 16 °Bx.
d It was supposed that the ethanol content in the green beer did not augmented during the secondary íermcntation.
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A lthough the ethanol con ten t in the tw o fed- 
batch  cultures w as sim ilar, fed-batch culture 2  

w as considered  to be m ore effic ien t than fed- 
batch  culture 1 for tw o reasons. F irstly , low er 
diacetyl o f  green beer in fed-batch  cu lture 2  

m ade the m aturation tim e becom e shorter. 
Secondly, the p itch ing  ra te  in fed-batch culture
2  w as low er than in fed-batch cu lture 1 i f  the 
volum es o f  fínal b eer in the tw o cultures w ere 
sim ilar.

4. C o n c lu s ỉo n

F ed -b a tch  cu ltu re s  h av e  sh o w n  to  b e  m o re  
ad v an tag eo u s  th an  b a tch  íe rm e n ta tio n  in  h ig h  
g rav ity  b rew in g . In  fed -b a tch  íe rm e n ta tio n , the  
g reen  b e e r co n ta in e d  h ig h e r  e th an o l co n cen tra tio n  
an d  lo w er d iace ty l co n ten t. In  th is  s tu d y , 2  fed- 
b a tch  cu ltu res  w e re  rea lized . It w as co n c lu d e d  
that, th e  ra tio  1 : 1 o f  th e  v o lu m e  o f  w o rt fo r 
su p p lem en tin g  to  th e  in itia l v o lu m e  o f  w o rt in  th e  
íe rm e n to r w as m o re  e ff ic ie n t th an  th e  ra tio  2 : 3 .
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