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Operational Strategy for Increasing Ethanol
Production in Repeated Fed-batch Ethanol

Fermentation Using Saccharomyces cerevisiae
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Abstract We designed the optimal operational strategy in repeated fed-batch ethanol fermentation using Sacchromyces
cerevisiae ATCC 24858 in views of ethanol yield, specific ethanol production rate, and ethanol productivity,
when the aeration rate were controlled at 0.0 and 0.33 vvm. Coincidentally, the time intervals of withdrawal-fill
of culture medium (24 and 36 h) were investigated. Ethanol yield and ethanol productivity when the aeration
was carried out at 0.33 vvm were superior to those when the aeration was not carried out. Additionally, those
parameters when the time interval of withdrawal-fill of culture medium was 24 h were superior to those when
time interval of withdrawal-fill of culture medium was 36 h. The total ethanol production reached at the greatest
value, 703.8 g-ethanol, when the aeration was carried out at 0.33 vvm and the time interval of withdrawal-fill
of culture medium was 24 h. In this study, we verified experimentally the necessity of designing the operational
strategy for increasing ethanol production in terms of aeration rate and time interval of withdrawal-fill of culture
medium in the repeated fed-batch ethanol fermentation.
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Renewable energy A1 S ZA] bioethanol ol tgk A0
2 Rt} AAHOE ethanol S AAHslEE A9} oldl o
st Aa)7)E Hr7p FAA] Ao dA oA gk
o} [1-4]. 53] AlghE dEox 9] ofekd i SV £
Sl FHE Bg A A9 ethanol FEY Z71E E3H
distillation cost®] H7+ Fo] = oH [5], oJdf iF
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ojgA stH E&Ho 2 & ZA7l tigh & 2ol
productivity ZWHollX 12575 ATt [6]. 159 B
AFAS]| o5t o] 71A] 1R} =04 ethanol inhibition
S 7H4A1713, by-product$] glycerol 2] A4S E0]7] #13h
whHo g wigo g HE FV)E H7ISke] ethanol &
= AgPsl= WhHo| A= ojgktt [7-15]. Ethanol WHE A
aeration<- ethanol inhibition > & HE & T 9| viability S
S7F A71AL [7-9], AEEe] 9 E BA] s IS
ke Ao dA gt} [16-20]. E A% ethanol WA
S 7HRA AL Q= Saccharomyces cerevisiaeS AH8-3F XA
TollA 378 ZA-o] 7Fsgt 19 aeration ZolA F71¢]
9] ethanol inhibitiong ZFAA]7]al, ethanol & ol A
ethanol A2FS F71A171S BRISIIT [6,21,22]. oW Fa
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9] ethanol AARS Hol= HZ Q] aeration rates AHHO0E
3L, vkE 712 BEE Bl 289 3719 F9o
ethanol A2kl T S-S RAFRIT [22].

B Ao A+= ethanol TE& §%Q1 S, scerevisiae ATCC
24858 = AFE3} ethanol A2Hdo] Hthr} He= HZF 9
aeration rate S ER1Isk= TS FYsIR o, EAHoE
& 9] aeration 1A glucose$} HIX|E oSt Aeko 7
withdrawal-fill 3} ethanol®] Aj2to] HU=E Zrfst &
=Rl tiste] A7t o]gg ATFE T3l HkE
G712 ethanol W&o X ZH319] ethanol HAHS 95t A
+ 3 A A9 AFo] vilg- F83S B 7],

2 BEALE BHE frR g o Z AL & ol
-8 Hol A & S Aoz A7 At

Mz o A
71 ojElE S

B Ao M= ethanol TE SR S cerevisiae ATCC
248585 A3t Seed culture= 250 mL AHZtEEf~=
o] 100 mL YPD =] (yeast extract, 10 g/L; peptone, 20 g/L;
glucose; 20 g/L)E AFE3Fd 30°C, 150 rpmol|A] B3R
o, f71 ogks wa Al 5 L) ¥a % (KoBiotech,
Korea)ollA 7] viA] 1.5 L2 slo] wiekS A28l 271
B A] 242 glucose 60 g/L, CSL (com-steep liquor) 20 g/L,
yeast extract 5 g/L, (NH4).SOs 1.2 g/L, KH,PO,s 2.4 g/L,
MgSOs - 7TH,0 1.2 g/L ©]H, vl &%=+ 27C, agitation
speedi= 200 rpm, pH 4.02.2 3}92™ pH A A] acid=
+ phosphoric acid solution (10%, v/v), baseZ+ ammonia
waterS ARESFITE 18]ar ¥iF 5 12 h vt} glucose?]
2H]E 8215} non-sterile glucose powerS feeding 3F53
o} & Ag o)A glucose (Daesang Corp., Republic of
Korea), CSL (Corn Product Korea, Republic of Korea) ~L

g]ar yeast extract (Choheung Chemical Co., Republic of
Korea)= EF gto] AHe A8 4uS ARE3I3Th

£ =743 3 non-sterile glucose powder
Y S 9519, A harvestE A9]SkalE, 24 h
F

3k & glucoseS EgIel= 1.5 LY M2 viXE Yol 2 L
£ TERTh w2 uiAR] wskel &4 WEE Fig. 4
o] A3l M2 feeding mediume] Z4L glucoseS
A 213+ CSL 20 g/L, yeast extract 5 g/L, (NH4),SO4 1.2 /L,
KH,PO, 2.4 g/L, MgSO,7H,0 1.2 g/L °|it}. 28]ar
olele] 21L& {71 widH FLs3th

AMury

HI

Dry cell weight (DCW)< spectrophotometer (Spectronic,
Thermo Scientific, USA)E AF8-3}d 600 nm (ODggo)l
A FBEE 3793t0], DCWSE ODgy EEFA 0 ZHH
T3 ar. miAW ] & glucose2] =42 dinitrosalicylic
acid (DNS) WS A8t om, vjFl ] ofehg FHake
gas chromatography (8610C, SRI, USA)E- o]&3}o] £
3kt oluf Z LS Chromosomb 101 [L=6 ft, ID=1/8 inch,
80/100 mesh, stainless steel tubing (Alltech, USA)]= A&
3}, FID (flame ionization detector)S ©|-83t] AZ
3}ATE Injector2} FID 5% 250C, LE2%+= 150C=E
ZA3)9 AL, carrier gasZ= FFS ARSI 40 mL/min
o2 ZHFAYG AFEAS fst] FFHFELAE
n-butanol-& AE-3}FATh

Kinetic parameter 7|4t

A ZE 7FA o] 77 ol ek A 24 (instantaneous
ethanol productivity)S P(i) 2, 7-7F¥ ethanol &
(instantaneous ethanol yield)= Yes(i) 2, T-ZFE H| ethanol
Y4k (instantaneous specific ethanol production rate)

= 0,(i)2 47t HAEIR e, ofEfle} #ol ALtk

—E
Yy si) = L;z — 511 (g-ethanol/g-glucose)
. E,—E
Pli) =——— (g-ethanol/L/h)
2 1
Qi) = f((” (g-ethanol/g-cell/h)

avg

A7V E,, Ei, S, Si= 12, 1,91419] ethanol &%=} glucose
FEOIM, Xue= 63 1 Ate]e] HHAE & ofth

A 771 ek AY2H3-E (overall ethanol productivity)
= Plo)Z2 FAIFY oM, ofgje} o] ALtttk

£,
Plo)= - (g-ethanol/L/h)

A7IM = AEE AFHT WY AZte)a, Eqs A7
9] ethanol F%=°|t}

=k

Zn ¥ o

21
S. cerecisiaeg 0|28t |R7IA HEIE Ys

Aeration rate2 0.0904] 0.8 vwwvme = WZIA|7|AA F7}
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A oke Was AU (Fig. 1). Mol A2 ¥
12217} vt} ol glucose S 431 glucose %
7} 100~150 g/LE F+A3H=S non-sterile glucose powderE
feeding SFTE Aeration rate©] 715l wEhra] Axe] A
o] 7R B, 36417t ©]F ethanol F=7} 100 g/L
ool EHA AlEo] A olleks i) =FHAE A
o] BEHA. 36413 0] BH & W EE 735 ethanol
FEE 114~128 g/L AERO0H, 24417k 36417 Alo]o]
ethanol F%7} 100 g/Lo’do] =WA] ethanol inhibition S
2 Q13 o] AIgHHe] ethanol & (Yes(i) (Fig. 2(a))?
specific ethanol production rate (Q(i)) (Fig. 2(b))°] 543]
43R 2, ethanol productivity (P(o), P(i)S |23+
s #AEIY (Fig. 3). HiF $HHEol| 7FA = aeration
O = QI3}, ethanol®] 4R] & go] TEE, Yus(i), O,(i)),
P(i) 3X°] negative kS E AT
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Fig. 1. Fed-batch ethanol fermentations of S. cerevisiae ATCC
24858 under various aeration conditions. (a) Dry cell
weight, (b) residual glucose concentration, and (c) ethanol
production. The fermentation cultures were aerated at
rates of 0.0, 0.13, 0.33, and 0.8 vvm.

o]2]3l A¥S ethanololl Xt} WjAdo] A3t S cerevisiae
SC 10242 233 Ao} vlwsle] B [6], 2 A7) S.
cerevisigze ATCC 248587} X} wha] |33 232} ethanol
At A7) dofu= AoE FEAEAT (Fig. 1). S cerevisiae
SC 10249] 73-%- v %F ZTukELo]| ethanol inhibition®©] 2+
EQlon, Folx 36 AJZF 7HR= ethanol inhibition®] 2=
] gkgkom | 1o ethanol 4-&, specific ethanol production
rate, ~12]3L ethanol productivity®] F243+ AT H2E]
A skt [6].

A3idTLol| A ethanol 'T& A, aeration®] a3} & 7}
A] parameterol| A £r83}, WHE- {712 ethanol && A2f
o] A=A [6], ethanol productivity T4 36AI17H
vtk A28 BRI E wAEte 1 BaE AEE [22].
I8y B Ao A= Fig. 1, Fig. 29] 2325 E 23
= HEE e P95 A5 aeration?] 3L £
] ¢rolAd, Fig. 39] ethanol productivity data® TAHZ W=
712 33 d=Rs Al
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Fig. 2. (a) Instantaneous ethanal yield (Yes(i)) and (b) instantaneous
specific ethanol production rate (Qu(i)) of S. cerevisiae
ATCC 24858 cultured under various aeration conditions.
The symbols are the same as those used in Fig. 1.

HH=E QJIAl ethanol UE2H M =k

Ethanol A2 3-8 9J5te] withdrawal-fill 3L X
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o], oj= AJ-o)A] wjRE A2 wdkalal, o]H aeration rate
S Meslo]o} Ex]= Fig. 39] ethanol productivity 235
sk, Ho) ethanol productivity (P(o))= 24413+ 7HA]
kS wole, 375 Ad 7R ¢ 9ol 3.7
(g-ethanol/L/h) 2 HZES B o1}, 364171 714 vldhs
o=, F71Z 0.33 vvm H7} FS W, 3.6 (g-ethanol/L/h)
2 7P & @S Btk 28A Pi) 3k 248171 36417
Alololl aeration rateS 0.33 vwmlE FF3F Aol 73}
I Hea ot Akt (Fig. 3(b)). ¥hdd] 3712 Ad &
FoHA &2 Atole F4% Pa)#k Favt B =k
A withdrawal-fil 34S ¥35}= W2 5712 ethanol
dayAge] HHeo ¥4 ARG 27 fEiA F1E
A& FFoHA &S 499 0.33 vwm 53 A9, 28
HjR)9] withdrawalS 24A)17F 3-& 36710l AA|3F A-$-
T EF 4719 21E st AR olue] -7
AR Fig. 4904 A3tk
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Fig. 3. Ethanol productivities of S. cerevisiae ATCC 24858 under
various aeration conditions. (a) Overall ethanol productivity
(P(0)) and (b) instantaneous ethanol productivity (P(i)).
The symbols are the same as those used in Fig. 1.

Y] 7HA] 4 A2ko 2 withdrawal-fill-S ¥3Feh= HHE
712 ethanol YEFAHL Fig. 53 o] <F 100 g/L9]
glucose FE5 AR 0= oF 100AI17 ) AA A

3L, ojull Zof 120~143 (g/L)2] ethanolo] A= Tk
olygt 712 vk el gk ethanol & (Yas(i)Z
ethanol productivity (P())E T2 EH, Fig. 6(a)2} Fig. 6(b)
oM e} o] F71E 0.33 vwm FH7lske] kst Autol A
Yes(i)&F Pi)3kol 3715 BA] &al vt 3ol vlste T
& ks B, 24213 mio w5 wAl g a ko] 36417k
vith i AE WA vl B} Vo) 9F Pi)7ke] B 2 3k
< BQth ol 371FYY Bt MiAwAR 1% dF
Ao MEE F5 A2 wiA9] Fdol 3 ethanol
inhibition®] ZFA2HE 7]|1gtal & 4= gtk

354 (a)

3.0

o b
l

15

Culture volume (L)

1.0

0.5 -

0.0 T T T T T

351 (b)

3.0

e b 4w 4

2.0

1.5

Culture volume (L)

1.0

0.5

0.0 : : : : :
0 20 40 60 80 100
Time (h)

Fig. 4. Change in culture volume during repeated fed-batch
ethanol fermentation. Symbol # indicate the withdrawal-fill
of culture medium, and arrows indicate glucose powder
feeding. Time intervals of withdrawal-fill of culture medium
are (a) 24 h and (b) 36 h.

Fig. 49} 22 &7 Ao 9J3t F ethanol AiFdS &
ol Ak B (Fig. 6(c)), 0.33 vwwme] F7]5 ¥, uj
A& 24 AlZteic} $hd3] Zole Aol 7P B2 703.8
g9] ethanol®] A=A, o]nf) F7]1E ©A] gt w3t
ek 100 g A=} 2L 603.2 g2] ethanol©] A= ATk
36A1ZI} HIAIE wAISE A-ole 715 0.33 vwwm B
< 7ot BA & AT BT fARE = ethanol A4
(2} 602 2) HYT} o= Fig. 6(2)%} Fig. 6(b)oIX S} 2
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o] Yus(i)S} P(i) #k°] 371 3=l Jeix & F&F 7] wf
= Aoz AAXIH.
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Fig. 5. Repeated fed-batch ethanol fermentations of S. cerevisiae
ATCC 24858. (a) Dry cell weight, (b) residual glucose
concentration, and (c) ethanol production. Time intervals
of withdrawal-fill of culture medium and aeration rate
are indicated in box of Fig. 5(a).

AEAHOFE B Aol ARSSE & A= AdPATel
ARE-3E S. cerevisiae BT} ethanol WA o] A& HF0]7]
uf ol 24A17F vlt} v A E wASHE 749 71 ethanol A
Abo] 4L, TS 0.33 vwmo| 3715 Wil widsis o
ethanol “34te] T FoldS & & AT o] A2
aro] 4ol gh= WHE §714 ethanol W& Z2ke] /)
o] aslth= AS Y53t Ao, 2dH 3719 H7t
ethanol A2hS S7F A1 = -8 A5k 3lole) stk
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Fig. 6. (a) Instantaneous ethanol yield (Yges(i)), (b) instantaneous
ethanol productivity (P(i)), and (d) total cumulative ethanol
production of S. cerevisiae ATCC 24858 during repeated
fed-batch ethanol fermentations. The symbols are the
same as those used in Fig. 5.
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