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Enzyme-free addition of re-hydrolysis of lignocellulose residues to improve
the hydrolysis and fermentation yield

Abstract

Commonly, biorefinery fermentation of lignocellulose is carried out in two ways,
including separated hydrolysis and fermentation and simultaneous saccharification and
fermentation. Separated hydrolysis and fermentation involve enzymatic hydrolysis of
lignocellulosic materials to obtain a hydrolysate containing high concentration sugars, followed
by fermentation to obtain products. Simultaneous saccharification and fermentation involves
saccharification and fermentation at the same time, whereby fermentable monosaccharides
obtained from the hydrolysis are converted into fermentation products simultaneously, and the
sugar concentration is always maintained at a low level, avoiding the inhibition effect of the
cellulase enzymes caused by a high concentration of sugar. However, it is difficult to separate
cells and lignin residue effectively in simultaneous saccharification and fermentation when the
fermentation products are intracellular bioproducts such as microbial lipid and single-cell
protein since the fermentation broth of simultaneous saccharification and fermentation contains
a large amount of lignin residue. Therefore, the simultaneous saccharification and fermentation
is unsuitable for intracellular bioproducts production. However, the fermentable sugars released
from the enzymatic saccharification step of separated hydrolysis and fermentation must reach
high concentrations, high yields, and low enzyme dosages to achieve a high level of
fermentation. Due to the strong product inhibition of cellulase activity by the fermentable
monosaccharides generated by enzymatic saccharification, the cellulose conversion rate is
drastically reduced at high sugar concentrations, and high levels of unhydrolyzed cellulose and
hemicellulose fractions remain after enzymatic saccharification, resulting in a reduced yield of
fermentable sugars. The re-hydrolysis of the solid residues containing unhydrolyzed fractions
requires additional cellulase, and leads to low sugars concentration hydrolysate, which is not
valuable for fermentation applications.

To solve this problem, a new method of re-hydrolysis of unhydrolyzed cellulose fractions
in solid residues without enzyme addition was designed in this thesis. The cellulase adsorbed
by lignin fractions after the primary saccharification was utilized for the re-hydrolysis of
residual cellulose and hemicellulose fractions without extra addition of cellulase. The low sugar
concentration hydrolysate obtained from the re-hydrolysis was then recycled as processing
water for the next round primary saccharification, thereby increasing the fermentable sugar
concentration and yield of hydrolysis.

The first part of the thesis was to carry out a re-hydrolysis of unhydrolyzed cellulose
fractions using the cellulase adsorbed by lignin in the wheat straw residue after primary
saccharification. The low sugar concentration hydrolysate obtained from the re-hydrolysis was
recycled as processing water for the next round primary saccharification. The results showed
that 6.62% of cellulose and 1.52% of hemicellulose was unhydrolyzed after 24 h

saccharification at 25% (w/w) solids loading, accounting for about 20% and 10% of the total
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cellulose and hemicellulose in pretreated wheat straw. The re-hydrolysis of solid residues was
carried out using the cellulase adsorbed on residue lignin without the extra addition of cellulase,
where 40% of the cellulose and 70% of hemicellulose in the unhydrolyzed fractions were
hydrolyzed to glucose and xylose. The supernatant obtained from the re-hydrolysate was used
in the next round saccharification process, resulting in 88.46 + 0.92 g/L glucose and 49.79 +
0.39 g/L xylose (total sugar concentration of 138.25 g/L), with the glucose and xylose yields of
87.45% and 93.44%, respectively. The glucose and xylose concentrations and yields of the
saccharification including re-hydrolysis process were 7.50% and 1.36%, 4.81% and 1.26%
higher than those of only primary saccharification.

In the second part of this thesis, the clarified hydrolysate containing high concentration
fermentable sugars obtained from the saccharification with re-hydrolysis of solid residues was
evaluated for single-cell protein and microbial lipid fermentation. The biodetoxified
hydrolysate was added low dosage (1.5 g/L) of sodium hypochlorite to inactive the
biodetoxification strain Paecilomyeces variotii FN89 to avoid the over-consumption of
fermentable sugars. Afterward, the single-cell protein and microbial lipid fermentation was
carried out in a 3 L bioreactor using the biodetoxified clarified hydrolysate. The results showed
that the maximum single-cell protein titers reached 13.07 g/L and 16.68 g/L at 25% (w/w) and
30% (w/w) solids loading, which were about 25.19% and 17.13% higher than those using the
hydrolysate obtained by primary saccharification. The maximum lipid titers reached 21.21 g/L
and 26.24 g/L at 25% (w/w) and 30% (w/w) solids loading, which were about 18.19% and
24.48% higher than those using the hydrolysate obtained by primary saccharification.

In summary, this thesis designed and verified a strategy to improve the sugars
concentration and yield in saccharification by re-hydrolysis of the residue after saccharification
without fresh cellulase addition. The fermentation titers and titers of single-cell protein and
microbial lipid were improved compared with those using primary saccharification hydrolysate.
The re-hydrolysis of unhydrolyzed fractions by enzyme-free addition led to higher fermentation
yields in separated hydrolysis and fermentation, which has potential for industrial application.
Keywords: Lignocellulose; Enzymatic saccharification; Re-hydrolysis without enzyme
addition; Single cell protein; Microbial lipid
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Fig.1.1 Schematic representation of lignocellulosic biomass and its three main building-blocks: (i)

hemicellulose, (ii) cellulose and (iii) lignin¥
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AR LA R ANRAE R HIREPREARTER, W] DU T & HOas i T i e 8 B ek
IR,

T I R B SR AT A0 I B A A AR BRI, I RAS T i B O R A R .
MAEMAEY T, B EAAKEER., EAREER. HLFREURME XSS A,
AR B MR AR PR R RO, AR A R B IRV IR B, R R S
Yov W= i BRI P= b SR AR B 3 DA AR AR R W] DUATIAE SR (B . T Se 4,
KR 22 (1) FLIE BRI A 4 2 R A P AR . RITA 4202 5 ] A T,
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MMAARBA A A - iz 5, 7T RUA RO 7 S i 8 3 A 7 BRARS), BAR A
AR R AT R MBE AN A HAE2 0, HE2HTERRIERERT,
o S M 5 R B R AR 7 B, Tk B . R R R AR N TR
Iy B ARG B T R
1.2.2 A= g

T 0 i A 4 Tl A e o 4 A PR A = A Pt U, 4 B N S8 E
FICAH B 45 e B A 5 I LA R A7 T Mo b i g AR 2 R . e =B H I (TAG) & &
BEE RN, 25 B8RSR 95%00 o T =Bk H i ml LAE R AED 58 i s
Wi AR S EYIAR LG, R R AR 77 i R A 52 S A b R BRI 1) s i i) HLAA
EONRSE R MR M . BRI, A= it i mT AARCE R o 52 sh W i 4T A= W) S8
A

FER T BERE. BN S i man ey, e S s Rl 1
H 20% (wiw)o HHABP MR, BEEA LU Pt (D BEIRECR, ATee
BIFAR R G, (20 ATRLRHZMEYER: (3) BEmKeEE T2 m»l 4) %
5y ¥ 3% I H AT DUR &R B IR AR P b IR U4 FE ARS8l g A= b, s 1 k)
FRACBERS 1 R A 77, TR RERE ) 2 R B, R R AR R B st A B 7 5 1
B IR I7 R AT LASRAS e B O i o S PH e R P R o 4 4 R O SRR BEAT I IR 2E
PR AA R AR R ROAS AT S AR P i 1 T A 2 7= 03), A IR R 4T 4 3R
BEAT AR AWt g A 7 5 P i B T TR O R, O AT A PR AR, HER
JRERRIERIAEAE, JEFCN R IR 2 B Al
1.2.3 i 3 5 0 E i e O B A2

P AEYE R B AR R e E AR, RN XA R,
AR KL 30%H) 8 & U, PRk FH R A 7 B4 i o 11 1) R ISP SR AS AR M g o 3
Hrvik, Samtst ;w2 s I8 F A - foE Yl i M E B s Y. Blan, 7
M B: Pichia guilliermondii W] AR R 32 () 28 ot 3047 /=0 26 B 0%, A0 A H ol A oK 3%
(CSL) 1ERNKIBEIEINS, P guilliermondii M) VA3RA5 B R BR AR T H N 24.47 /L, WG
FEN 52.09%7; AR Mucor circinelloides 15 6 L AW [ N#s 18557 2 KJg, 3R
9 20 g/L MR AT E, HAmiEEEN 46%, EASEN 30%7. B4E A S5ME
Vg BB, R LUK s A4 b B IR R AT SR G, RV A St i JEORE, T A f) e
AT RAE 8 A7 b an sh Ay ek o, 3 B A i 2 AN AE ik R IX — SR S UM
AR R A, PR E AT R

1.3 MR RNER

131 1 I R 9 2 W X 1 24 2R g 4
LPYE RS — AR AN, A B A £ 7 A AR UKL, AR
fEE R, R R A 2 A B B R VS TR, X BT A R A SR
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HER o IR RIMLFYE ek — B S ) 5 S B X s 1, 1T S0 0 2 3 — 2D 4 Y
D151 505 Bl P P I8 821 3 — SR B S I B BOLE v W 7K AR ) 4T 4 2R il e A
FEAS

1.3.2 JEA = b

181 FH £ 4 B0 AL 38 5 R R 41 4 R AT KRR, KRIRAEBI K. Frel . Sl
LEZMHERT 54 RRMLEAEN, BT A4 REEARTRBM, FifAfext 2 4
RHATKMR, X PP RARNE LT 4 B 1 AR 2R 7= PR B 85),

TEREAIR A, — 3B o0 £ 2 R B [ AR RV TR B, 55— B0 2T 4 22 i U 2 s 25 75 1
KA JE B RIS A, R AR T AL FE R T 3R DL R OK AR 4T 4E R B0, B AL I
TERG AR ISE S5 R T Ak JER 05 1 YAk 3L /N 22 T 1) AR I A [l AR B 1 2 Tl B 17 49%
F72% ) A1 4 BT
1.3.3 HAd gz A 2=

FESEBR AT RE R, B 1 v VA B 8 60 W X T 41 4 2 g 0% P ) 4 ) R0 4 4 R T 1
AR AN, MR pHL B /KR DA S R 4 il A5 B o S e i 24 OB AR 3 . T2
Y R BERHEFE A pH BRI, — B 47 48 R B B IR A 45-50 °C, im0
[ESAVAF A HE R B AR T 28 2205 1t s 4P 4E R B i id pH fH— MM 5.0-5.5, £F4EZBx
pH BONBUR, RAIERIE pH B 4 AR = 03T . X6 28 2 18] 1) AH BLAE
A DAKEEF4E 28 g (035 10 7 AR 2R I SE ), — ARCERA T A b 75 ™ A R B . pHL
[ A3 Lt 2 R 2o S R e A PO g i 12

1.4 S4EREE BRI

1.4.1 B 1030 B £ 4 s g AT I A )

AR R, — R BE AR B 2T e R g, JFHARBE ARG, A
K £ 4 2R T B8 AL R B O T PR T e SR Mg I BAS , A 0 B0 X ey 5 g
BEAT [ FI ] - Rahikainen 55 A SR TR B8 I2 0 AL BEAA A /KA L T VR 41248 31 Wit
A7 BT, s [ WA A5 38 (A i £ 5 2 ) KR PP 5 B IR S N o &5 SRR W) [l i B A5 2
2T 2 2 BT DR RF B8 RO, 6 PR P AT CARSARR 5 S B Bl X AN I . R RE I
Qi F5 NIOTxt B F Ak B 0 /N 22 RS AT /K VR P (R 21 4 R Bl adh AT [T A, S SRR W] 44
B PO Y B A B R OIS, AT 1 8 S 252 AR 7 A I A R e Bl R N

SRMTAE T B AT 4R K g ) RSO AR TR AFAE V22 Rl (1) ANF AL 27 Un] g =
FHURFURN LT 4E WA A R AR E, ] A AR Ak 21 A IR B 1 59 T AR R A0 BT, A
TG i Ty 2 4T 4 X B E KRR U I & s (20 AN RIS ¥ 1 TSR A7 AR UK 22
5, I Ha = Ama oA, 1 an i F s Er; (3) 2 R 28
huESR i N R e R AT S S P RN EE e N S iR
1.4.2 XHEAL R M 5 3 RE HEAT A A

TEK MR RE A, W B R R o 41 4 3R ki B 2T e SR A R B KBV V. IR mT B
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xof FLHEAT FEA Y. A KB TE S R 45 A 1 2T 24 2 15 M ] 4 S o e I Bl 422 [T i
AR 587K AR [ RS IF T — R R AR Gomes S5 NISTx Fil b B 5 ) JR 4%
EREATHE KR, HIIA BOR SE _E R LT 4E R B AT Ve . I IXAN AT 1 53-60%
M4 Rll, RAHD> T 40% I B A . Rodrigues 55 A 51X 7K fiff i W B [&] 44 5k
LT YA AT RIRCRRS X AR I PR P 2T 4 R Bl R AT RIS R o SR T i A R 2
TEA REMS BT 4EHE, I H PN BT AP0 AT BE 20t £ 4R R B X s PRI B i .
R AR I R AN S AR R AR B R R AR JEORE, 7 E S R 2T
i NS L SUR SR

H T Xk W By [ AR BT P 2T 4 2R Bl AT AR, L3R IR K 1) [ AR SR A Dy
N R AR IR A B £ A R B oA R R B AP Zheng S5 PRI IR T
AEERJE B ERREATREATREAL ,  ReBEAL 5 RO BN T — IRopi Ak, fb g b B
MLF4E R, B IEHTRIE T LI L) 30%AF4E R Bg . SRR [ A vk i B E N
BT —Se AL, & 2O WP I 2T 2 Xl & b AT DN €, VA PRIE 2T 4R 2 g 1
o A E AR AR 2 T SR U [ B DL ROR AR A B R,

1A B A AE 20 2P 4R 3Kl A ™ L P — T, R E i = e Az FH
o) e ] R R AR S SO0 S T, R R A R A P A P AR 7 A A T S
LT, BRI R 35 AR i 3% 1) v ] 5 DRk, X TR I O 2T 44 3R I 1 7530 P 75 2 AN
PRV, X [ R B 1 (Rl AOR v, 7 8 SRR B R 5 R AN AR R 5 1%

1.5 ROLBKIE A EFERAAS

KRIFEF4EZ SSF bR v i 7R 5 AR AR Jovdkior &, IR ANIE T I N P~
A= R . ARTTINA [Y) SHF S F2 75 30 1 AT R AR 55 FNAS 28 3 LUK, TR ER AT RE
M s AL RCR . N TS IR B AR, AR SRS TN N

(1) RIERI AR L7 4k R 5RIE — UK _EiE R mobE A0 5 AT R R A3 1)
AT . GG, AT FR A K& 044k =B DL R K AR B2 53 o a0 b
BT B0, XU BRI AT ML, IR BEAL S5 1 RIS RAE N T — AT
PRI T 2K, T4 v A B W ok P B 1%

(2) fEREESFES, BRI RIAEEA S TEFE T KBRS, [R]f 2x J0H) B B ik
Ao PR TE R B T 75 B0 FL AT KA AR B I8 S I IR SRR SR AR B iR K
A ke G TR TR A R I PRI R

(3) AR = A B 3 R A i R e SRS K RS WO AT R SR, JEHS
SSF 1 SHF [1)7= & & #5323t AT XT L
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2.1 5|8

FER BT LER VB, K S R B R I8 7y R 7 [FB R S
K (SSE) LAkt 5K (SHF). M SHF 256 R A 274k Rl AT g /K
FEDAT m AR FE KRR, PR AT RIS KB 7= it o 1T SSF REEAE K I I R rh e 48
PR EAT KR, ISR FE B AT R IR b, DALt LW A5 30 A i 24 7= o = 3 A T
SHF. {H & SSFHAE M= AF= . XAHTE NFE> S, BIRSAARNR
FIRBIRG, MU EmA&T Y. FIGTEEEBHR N AT AR e, T KR
WOHEAT B0y, BRI R R TR A 2 U Ve AR R, 8 T2 B 4R

R EN A A, RERATREE S SHF Mn] R R IR RIS 2R, fERE
e AR, SR EE BT R TRENE AR £ 4k 2 B A TE T, T AR 2K AR R A o £ 4 2R AR T A B AL
JEREHRITHE, XeFHRERKMBAESBINL, BRI R BENE R R 5
KRG RA LKA G 2R EREARTR L ARIKBIA YR, KR RAEHK
e, SRR RN EER T 594 RBESS & . 0T 5007 Ak B A0 B 1 4k 3 5 )
BHEKRIG, MRETRSHRILT 49%H 2% EASE, B RKERT4ERE S RK#
PR SE G /E— B, [Fk, [FU SHE A AR K i [ A 2H 432 3 i LA SR 108 80
%

A EE I TR B A R 1R T R B B S AF 28 o 0 I R B E AR 5T 41 4 2R kA |
LT RBEIAT R, NN RE, kT —oEtb. AR LEE
WHTH — 0 R, IR AR fBR B 518 R . BB IR A TR Ik
PRI AT PR FLON R — AL IS R R G S B AT T A B e X R AL I A
IPIFE A AT T ARG TEVFAT
2.2 MRS
2.2.1 Ykl 5

A5 FH A TRAL R JEORE /N 2285 FT, M4 NREL 2020005 7R, 45 /N 2Rk AT 4
REOEN3455%, FAERTEN2191%, KEREEN2036%, KT EEN9.57%;
Horp S H o B R T E

T K AR LT 463/ Cellic CTec3HS, W HELEE (hE, db50). HEHEH]
SRR, HaEAWREAN 90.1 mg/mL.

222 /NEFEF AL B

FRYEASLEG 2 Zhang! "5 Nk BT SR BRIE RS N2 R AT AT TAL HE . /NG
YU, RPN 10+ 2 mm J5, BEE AT TRRVETIACEE . /NEREFTF IR TS
WAL HREE L 2:1 P LB B FUAG B R B A . BRI B85 100 kg (FED /I
FEATIIN 4 kg WRIRIR . FETRALEE I 4610 75 225 HE 1 min LUE1S /N5 -S540 i B VA T TR
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HEY¥E), ZJEAT AR, 7E 50 rpm Al 175°C FARHF Smin. FALELERIE, JFERMIR N
PRIRTRHEH o (F B ER AR FAL B fE 0k pH A ZE 5.5 5, i AU N LA B R K
R e RPRTRAL IR . R JE BB AT DL BB AT K AR L PO TRA B 5 /N 2 RS A
B STIE, MASAER S EN 31.02% KRBT EN 5.89%. H%iH 39.31 mg/g. K
B 110.93 mg/g. 4R 28.3mg/g. HMF3.9 mg/g. H 4.2 mg/g.

2.2.3 HHLIK AR BRI — REAIE IR 15 v B A K R TR

X ORI G O TRAC R 5 /N RS FT HEAT K o KB FEAE S L AR I N s vhidktr, #it
UL FEYRL. K GRIBITFREESE) MT4EREE (2-6 mg/g DM) AT
Witk, BELZSEON: 200 rpm. 50°C. 24 h. pH N 5.5,

BRI BRI 3RS R WEAS 2R OK AR R AE B8 — O A S 0 ) G B O UTUE Y
PRI AT A . AR BRSBTS 20% (w/iw) [E & &, 200 rpm.
50°C. 12h, ULIEAWIMA RN, ErEHEATRM S, 8T E 0, £ 8000 rpm
e T B0 10 min, HUEO EIEWEACE — ORI K, $IERE A B 5 [
AN R E A BIK, EFFERE, B RS/ 8000 rpm [ HE &0 10 min,
B AR B AT 5 SRR SR o RIS T4 K AR B D A PR — BRI AR
EAES R KRR GRAEE L 2.1,

Pretreatment Saccharification Hydrolysate  Biodetoxification

reactor bioreactor container and fermentation
Filter
Raw Pretreated Liugid
biomass biomass Hydrolysate 1 fraction
) A
Solid
residues,
Liugid
fraction
Pretreated Hydrolysate
biomass derived from l
solid residues Solid
wastes
_____________________________ )
Liuqid
fraction
Solid residues
Hydrolysate for next round
‘contained ~] saccharification
> higher sugar§, 3

Bl 2.1 FRE IR EIRS K AR AR A
Fig.2.1 Flow chart for obtaining hydrolysate by re-hydrolysis of residue
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2.2.4 FEENE ANER SNSRI

PR A4 2= R R AT RIS, WAL BT 1S o] & BERE 045 21 S A =R R

Gmamemdd@@:Ymmm=Vx([Gml_mhq)xlome Q-1
Sx fixXi

A3 (2-1) W, Yoeose (%) AR BEFFE; V(L) AN RS AR AR
[Glu] (/L) AW TS B MR [glu] (g/L) NAEHIEE M IR E . S (2) AbE
A IR TA4e =T HE; A NA4ERBUONERER RE 1.1 X (%) NARFIL
HEMAHRS =

Xylose yield (%) : Yxylose = e (S[i(jlle]x_)([':yu ) x 100% (2-2)

A3 (2-2) 1, Yxglose (%) AARKEMRER: V(L) MBS R RAIAAR: [Xyl]
(/L) NPT ARERIRIL; [xyl] (/L) ABELHTIE R RIARRIREE S () LA
IR AERITEHTE: AP AEREA R R E 1,136 X2 (%) AARTE4E

RHEAYER S E.
V> ([Glu] + [Xyl] — [xyl] )

Total ield (%) : YTotal = x 100% (2-3)
otal sugar yield (%) : YTotal S i Xit for o) 0

AR (2-3) W, Yrow (%) NEMER; V(L) NS KT RRARATL; [Glu]
(/L) NHEL TSI AT FE IR s [Xyl] (/L) ARELFTAEARERIIREE; [xyl] (g/L) AkEL
ROUE S AR B s S (o) B AR RAF4E R T H IR E; fi NETgE R v
MIRE 111 o NPARERB NN R 1.36: X1 (%) ARFAERNFLERS
B X0 (%) NRFRA4ERMFAHER S E.

2.2.5 BEEHTITIE

257 0 S A R I BC % RID-10A AU 25 A1 HPX-87H B 8 38 4 1E 47 1 ORI 52
Hor 5 mM BRERIE AT R BAH, %Y 0.6 mL/min.

2.3 R 5R
2.3.1 AFFARIE OGS mE A AR R AR AT

N TSI =R FE R R BN T AR YE BRI A, BRFUAE 2. 4 mg/g DM AH4ER
B FHE T, X AS[R] ] 25 5 ) AL B /N 22 AT AT KIS TR AR AL o Rar U0 A, 30 1) 41 41 6
FRKERE, RN RS R AT 0t (LKL 2.2),




= )4 5 L o 2
E AV BERERBITRKFE WLAART
—A-Glucose at 15%(w/w) —A-Xylose at 15%(w/w) (b) —&-Glucose at 15%(w/w) —&-Xylose at 15%(w/w)
@ -©-Glucose at 20%(w/w) -©-Xylose at 20%(w/w) ~6-Glucose at 20%(w/w)  -6-Xylose at 20%(w/w)
—-Glucose at 25%(w/w) ——Xylose at 25%(w/w)
- 9 Xyl 25%
Glucose at 25%(w/w) ylose at 25%(wiw) 120 -B-Glucose at 30%(w/w) -B8-Xylose at 30%(w/w)
100 -8-Glucose at 30%(w/w) -5-Xylose at 30%(w/w)
100
_ 80
— -
E 2 e ©
el ~ 60 ul T
g & e
£x
@ ® a0 ~ ~
% D ©
A A A
20
o=
0 12 24 36 48
Time (h)
© -A-Glucose at 15%(w/w) - Xylose at 15%(w/w) @ —&-Glucose at 15%(w/w) & Xylose at 15%(w/w)
-©-Glucose at 20%(w/w) -©-Xylose at 20%(w/w) -©-Glucose at 20%(w/w) -©-Xylose at 20%(w/w)
~o-Glucose at 25%(w/w) —o-Xylose at 25%(w/w) —6-Glucose at 25%(w/w) —o—Xylose at 25%(w/w)
100 , -B-Glucose at 30%(wiw) - Xylose at 30%(w/w) 100 -E-Glucose at 30%(w/w) -B-Xylose at 30%(w/w)
7 A g

Yield (%)
Yield (%)

12 2% 36 48
Time (h)

Time (h)
B 2.2 XA E &8R4 R B BB E D ZRETET RS 2 R E R AR
(a) 7 2 mg/g DM £F 45 R M &2 R 2 HOREIKREE: (b) 7E 4 mg/g DM 21 4E R B & M52 HIIKE
(c) f£ 2 mg/g DM £M4E R F & T3 ZIRIRES 3, (d) 7£ 4 mg/g DM £ 4E K i I & N 15 3 0B 15 3.
Fig.2.2 Sugar concentration and yield obtained by saccharification of wheat straw pretreated wheat straw
with different solids loadings and cellulase dosages

X FRAR BE 5 () /N FEREFT AT B4R, WAL SR At BEALIRBE 50°C. #4200 rpm. Ti4b B A RLiE i
CaCO3 % pH 5.5.

TR E LT 4 R B B segedl, 40d 12 h Bk, ARBEREREARE LT,
X T AR B T AR EPOKE, JEEEARERE AR, FRE K AR
RHECHOKR: a4 S 1SR 0 H PELOL3 E ZRILE AL AT 24 h, JUHE
BT 12 he {EREACES I 24 hz 5, AN[F 44 2 FH = SO0 20 1 8 2 BER ka2,
Fer VA FEE T R T )= A ) R 43 i B

RIS R L, Btk 240 2 48 h 2 [8], X TR A MG R IR THIAE] 2%, Kt
RIS TR 24 h 25, JE8RiBEART TR SOBE I ER T sema A8 /N, mlRe AR L

AN (1D H TR (2T 4 Kl SR R COK i B T BRI, T4l
LR AE R (MR s (2) FRF LT 4R BB M AEAR R b, iR HOKARIE s (3D
FERR IR LY, AP MR IR R B, KA RO SS «

VR P F1 R0 A B X T2 AR R M B A R ORI IR SR A YR BT

VEXE LI, T LA BSR4 A5 21 ) I B W] A B W AT WO, BT 3t e s K PEE 1)
I 2T 4 2 B ) P A AR HiﬁtﬁTEL‘ B B0 TS, SRR R R R
RS AROKIE I AR TR AT oy BEAT 0 &, X2 BRAT DU S WA R I R, 1K
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S AR BRI TE, B R . BT KRR M e AR B R i L, P
BEAEABSNR I JE R BRI DL T, X T IR Se I — i, SRtk R, b
P RAS

N TR IFUA VR —UOK M BRI aI AT, Ry SR HEAT 2 IR N A iR AL S5,
M AT Z R T — OGO . B8 25% (wiw) [l & B R AL BE S /N2 RS AT
BEAT AL SRS o XL 5 I DTVE Bl — AL, AL R B0, BN B O B3 TEY
R PR R B IMARIK, EEITHD R, EIATERE, KICRHRE —pE
RS 2R 35 3 IR 4 IRIBEALEE R 556 1 I3 BIRRAR AR Bl I8 I s —
UBEMIRIESEREAT 4 AL 5, BEALAS B RUBAR S IR0 WA AR 1k, 15 2 R AR
EoaBTisE. X 25% (wiw) B85 8 RRER REBAT R IR T, HAREL
X A % 4 R BT — OB AR 19 8 (0 481 26 AR P e LA 3 5 AR T S LA R 2R LI
2.3,

EWGlucose =3 Xylose
100 . . r 100
-8-Glucose yield —A-Xylose yield
5 F 95
\i - g
- :§ -0
(% § : 808
:-.i
5:55
5555 r 75
5555
§# 70

con;r.c;l I 1st I 2nd. I 3rlcl1.l I 4t‘h..
B 2.3 IIAFRE —OKRR LERBBINRERE S AR

Fig.2.3 Sugar concentration and yield were obtained by adding the supernatant of the re-hydrolysis

residue

Hrr, “control”: ARBEATHRIE — EMAR BRI KB “1st”: BEATHRIE OB B K g 7
TS TR — YRS B KRG “2nd”: X “1st” S5ea BlEALAS B A SR 30 AT 58 — OB 15 3
K AR s R T R — MRS BK MR L35 “3rd”: Xt “2nd” 73 B FRE AT FRIE — OB LT
1FEN KR LB “4th”s X “3rd” 1530 0HIE AT BTS2 KR LIS . TRARELYIRL
VLS ECN: BEEN 25 % (wiw)s #4200 rpm. 50°C. pH 5.5, 4 mg/g DM £F4E &K= 24
he TEREAG G HEAT 250 J5 R RIS HEAT TR UL, BEALSE: TS 808 20 %, BiEd: 200 rppm. 50°C.
pH 5.5 AEHMNRINAAERNG. 12 he Bl 50 RE LS 2 K ARBALE 8000 rpm R ES.C» 10 min, HYL
FIERA IR T — R R, SELRHEAT 4 YOXFERERE.

1E 25% (wiw) [EEEREMAART, SXTHRARKMAEBRAE, FRIE R 655 2
IR BRI AR B EF T 29 6 g/L, AWEREE EF 72507 g/L, 2HEZ T4 6.7 g/L;
TEMEAF RTINS BRIE — RBEA 245 21 (1) 7K A TR 50 T T HE ZEL 0% A0 1) 80 22 0 15 2 4
w1 4.81%, AKRBERSE T 1.26%, J&2:rIMEIE 55 5 — R I AkiE — IRpE EIE TR
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ZEIRRAN o ISR DY R KA AR — R AL IR AR S B R R, Bt
AT LRGSR SRR A AT, X T RS 2R S — e R A Tt

& Cellulose B Xylan

Content (%, w/w)
SN o (o) ~ oo

o B N W

without re-hydrolysis of solid  with re-hydrolysis of solid
residues residues

Bl 2.4 B RBELETE A
Fig.2.4 The re-hydrolysis residue components
XF 25% (wiw) [ &SR AL BN REAT AT AL, 52T Rtk BB S E0y: 20%
(w/w) [l 5. 200 rpm. 50°C. pH 5.5. NHRINLF4EEM .

TERRE RBEALTT fG, ST REARRE AT A b, R RMAREN S
& (B 2.4), BEENBIMNRIMA RN, (W ERE F A4 R AT L S
YR WERKE, HEEAN T, M 6.62%ME%E 4.02%, FRBET 2.60%; KR
WM 1.52%FF 2 0.42%, TFF 7 1.10%, META4EZRKBERE, FTRee KRB —
UHEIL )G, P& Bt QA IRAK, AT 2R 45 S oK AR MR (R T 4R 4R

AR S R 3 B R B v OB B VR A R 0 TR A AR A ) A 4 K Y ]
W, AR TR B EAR R R GRE LT 4RI RIA BT X 4F 4k R Bk AT 0]
W, RGBT KA. PL25% (wiw) [ B /N RS R AT b S
B, 25 SR BT S B R R VISE AT, B SEbR B A . DRI S 4R
FERSAS [RL B A S BT BE A A 2R 4k 3R A7 B v — VOB A V2 AR 5T
2.3.2 fH AR BT AN R S B IR A

T I RV AL B S5 /N 22 RS AT AT A () R4k, PR 58 R IR A B 1] 68 it
24h J5, PHREEIFAREZE LT, R R E N 24 he N T A e E R LIS 2
O R] R TR IR B AR, MG ARG AT B0, SR R K AR O AR R AF 4 2 b AT IR
WA . JEIE FIRSELS, IOAE TR OB B A AT AT R, BT Rl SR A
2 4 B R BB B AR R [ S B X PR T, RGBS EO AT A, R
B A5 20 P R PR B R R BE AR 28, B 7V R I 1k

WAL FE A, 21 4 2 i FH S RS A ] 5 52 72 S e 0 A 20 3R MR VR FE () B S
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AN WE AR PRI AN ] 8] 25 A 2T 4 2K g b AT IR0 . AR AR5 T AL AR B m] Rk
e FRBE A PR AR HL e 2 R IR A5 21 1 AR AR, BRIy 1AL )= R s B B s T 100
g/L, BEALIIE SRS HN 20% (wiw) JTi6, BT m R S B A A ORG J5E
ARK, TR AR, B 445 2 1 8Os R = B [ 2 B R i FAk, A
AT Ja SEBEAT TRV REAL, DR RS A e v [ 5 BB 35% (wiw)

(a) OGlucose (without re-hydrolysis of solid residues) (b) OGlucose yield (without re-hydrolysis of solid residues)
B Glucose (with re-hydrolysis of solid residues) O Glucose yield (with re-hydrolysis of solid residues>
Xylose (without re-hydrolysis of solid residues) Xylose yield (without re-hydrolysis of solid residues)

mXylose (with re-hydrolysis of solid residues) m Xylose yield (with re-hydrolysis of solid residues)

140 1

100
120 1 4 -
B 80 +: :
100 e =1
2 w0 g 60 :
= o
{5
2 60 $ 40
40 1
20
20 1
0 N I L i 01
20% 25% 30% 35% 5%
Solids loading (w/w) Solids loading  (w/w)

Bl 2.5 ZEAFIE &8 T 3T RRBATRE — R A B ORI B R 35
(a) AT RIERERE ;s (a) ATRIEREASR.
Fig.2.5 Sugar concentrations and yields obtained with and without re-hydrolysis of residues at different
solids loadings

X AN TR B PAL BN ZEAEFTREATHEAL, B ZH0N 50°C. 200 rpm. 274 5 H 809 4 mg/g DM,
e e R E AR AT B L, B0 S BRI HEAT —HEAL NS INET 25 RIS 21 A SR 7K AR R 4 5 25 .0
WCEIS, VRN — OB RN 7K, AT —Se AL o R R EEAT B — UORE AL X S AL A Jwoxt
.

b [ S S, BRI R BT R SRR g, WA R A 4ER
By %, HEMNAHERIGSE TR, SEHSCRRT . AR & 20N Z 7R
BRI ORI LA TR, SRR LG, B AT BT, 7E 20% (wiw)s
25% (w/w)~ 30% (wiw) B 35% (wiw) [ & & 564 TR S, 3% B B 2 N
68.18 g/L. 88.16g/L. 112.94 g/L } 128.76 g/L (1& 2.5), HH LT XoF M8 41 11 36 267 RO 155
BIFEE T 5.72% 7.12%- 8.82% /% 9.84%. AN[FI[E LI HAE AT RRIE NG NEALfS
XTI ERERRRE T IE 5% 0L E, RS RREAZCRIFARE . 4R, @
BRI OBEAGTE, AT DG R N A AT AR R [ AR PR RIS R A 2

K FH BRI — OB VERT /N A FE AT BEAL AT LA SR S i TR AR 38, &b
R FE A B PR R I P )R PR T vy o 1 6 WV FE B A 28 IR B T s Bl 1 W B PE R it R i |
(41 4t R BGAEHEAT FRORBE AT, X T AR AK AR B 20 4 2 34T TR OK AR, AR 55— OBEAL IS
1R, A TR SRR, X R T RAKBT AR E, AWM
BRI P 21 2 2 T 1) 7K AR A R B
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FEIRTC 1A [ [ &5 S FAL BEARLEAT MR — BRI 5, ARBEmTE TEAS [F) 21 4k
REGHE, 4RI MEMN 2 mg/g DM JH4R, RTXAMHE, &EE R GIE
TRIF A BRI o EE BT 2 2 i P B0 T WA TR B S A3 3R IR 5

(@) EzaGlucose == Xylose (b) E=nGlucose = Xylose

80 -8-Glucose yield -&-Xylose yield r 100 110 |, -B-Glucose yield -A-Xylose yjeld 100

75 ﬁ E 95 100 1 95

70

90 ~ 90 1 90

65 L e
260 F85 5 380 8 =
A > > =
- 55 F80S T70 ] 80 2
S50 5§ § 5
3 75 3 360 7 IE=4

45

40 70 50 70

35 _._| —l—| F 65 40 1 T 65

30 60 30 + T T 60

4 6
Cellulase usage (mg/g DM) 2 Cellulase usagé1 (mg/g DM)

(©) E=3Glucose = Xylose (d) EzmGlucose = Xylose

130 1 -B8-Glucose yield -A-Xylose yield - 100 150 -B8-Glucose yield —A-Xylose yield - 100

120 3

F 95

103 EE " 130 % =

e : g ~110 0E
< 9% : P85 o 3 8 32
= : z 2 )
7 80 ] : 80 > T 90 80 2
3N : s 5 2
1] B £ 3 a 70 % a

60 J

50 F 70 70

3 50
40 E 65 65
30 T 60 30 + T 60
2 4 6 2 4
Cellulase usage (mg/g DM) Cellulase usage (mg/g DM)

& 2.6 ARIE &8 &K AERIEHEETRE RN RARRERE AR
(2)20% (wiw) & E: (6)25% (wiw) BIEE: (0)30% (wiw) BE&E: (d)35% (ww) FEEE.
Fig.2.6 Sugar concentration and yield obtained by re-hydrolysis of residue with different solids loadings
and cellulase dosages

X AN [R] [E 5 5 () Pl Ab B /N FE R AT HEAL, B Ey: BiHE 200 rpm. 50°C. pH 5.5. 4 mg/g DM
YR E. ERAEN BT OJG, 152150 AT i, B4 BEEN
20%- 4 200 rpm. 50°C. pH 5.5 ANESMNMINEFSE R B, KRB pEAREH T B O, B EIERERN
BRI RN BIK

bU 2 ] 25 B W AL T A5 P R R 549 A I 2, 2 24 3R g P 1) 52 ) S W
2 (E2.6), HAXNT 35% (wiw) [B&E, didm S & e S8R 32 20/ 5=
s, BEE A qE R E T, 35% (w/w) [ & FAb BN 22 RE AT B AL 5 110 736 20 0%
RN 83.85%. HAhE & B AL BN ZFEFAE 6 mg/g DM 21 4=l & M LR,
P REAIF H A MR R AE 90% LA B X TR 4RI H B @A RBEH &, A1k
PGPSR EIREIARIZ) 20%. (HAX Tl & kR, RedgExmiE,
X FAFRIEARBA W, FREZ T A A O IR EERORE R R LI R A
RRERT 21 4 2 B 3™ I O PE - PR T 21 4R B RS 18

BISE ey £ 4 2 I P R RO R B B i A, (ELRE (R I BE Wk B v O AL
JRAS, DRI 257 A1 P 455 0 A AN IR B AL 2 550 A6 P A — BRI P AR
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2.3.3 ANEELSECR R ORI IE I FE AR

X T A [ [ 2 5 R 2 44 2R T FH 2 (RO W A0 4 3540 F s — B AR R T T Ak B /N 22 A
AT HEAL, B WEIR S G 2 AU T AN AR MR T, (R AT A AR 7= A T
WAL R, AT R BRI B AT 3R AS R ME— b, WE AT 7 22 1Y) 2 4 35 I 1A DL &% e
FRAMPE A B R EE, REMNEE5FFNE, % LA R T Fitk &
LA RN 1t PRSI 7R M A E RIR R, XSRS BB AT EL
X T RAR, X B AR T SRR A R BT R R AT S R B R . PRI A N
o B EBTTS R N EREFEM X EILE 580 CNY & 680 CNY i), HCFI{ERD
630 CNY; &S50 2H AT B A A A A1 4 S BT =2 Cellic CTec3 HS, #% 8 H AT iz g
NET BN 21 CNY. THESE WLE 2.1,
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R 2.1 NABEERKDIFERA

Table.2.1 The cost of different saccharification systems

Solids loading  Cellulase dosage Cellulase addition Cellulase cost Raw material addition Raw material cost Total cost
(wiw) (mg/g DM) (kg enzyme protein/t sugar) (CNY/t sugar) (t wheat straw/t sugar) (CNY/t sugar) (CNY/t sugar)
20% 4 10.06 2347.33 2.23 1406.29 3753.62
25% 2" 6.00 1400.00 2.51 1581.30 2981.30
25% 4 10.03 2340.33 2.23 1407.35 3747.68
25% 6 14.11 3233.33 211 1330.56 4563.89
30% 2" 5.67 1323.00 2.64 1663.20 2986.20
30% 4 10.21 2383.78 2.37 1493.10 3876.88
30% 6 14.26 3327.33 2.25 1417.50 4744.83
35% 4 11.06 2580.67 2.53 1593.90 417457

Horp “*” W] 2 mg/g DM [ SR AL e 8 5RA5 1 AT R I BERAR P AR A AIG, AATJE SRV R o IEAh, (2R SRS — ORL I RE R, W] RS
FRBUK,



BHRE T KEF WLEMET #1971

£ 20% (wiw) [BE&ERRT, FELHPSHERERN 104.10 gL, HEFERERN
87.88%, A MBEERN 9091%, 475 1t KAl KEERERT 5 BT 48 KRB RA N
2347.33 CNY, [Ai FE/NEREFF 2.23 t, SRA—IE 3753.62 CNY; YT 25% (wiw)
E SRR R, P EERN 137.95 g/, HEMSEN 87.45%, A BWEREAN
88.43%, A7 1t (K] R EEHE T & B A4/ AN 2340.33 CNY, MA—IL2
3747.68 CNY; T 30% (w/w) [l EEAER, PEHMCQPKRE RN 17531 g/L, HEHE
BHEN 85.26%, WA LPEERA 86.18%, A= 1t HIAI R ELREAT 75 BLT4E REERAN
2383.78 CNY, A —ILZ 3876.88 CNY; XT 35% (wiw) FESEMAR, HELHH
SHEN 199.78 g/L, HIEIFERFN 79.82%, A BMEEEN 82.13%, A5~ 1t Al K
VBT 5 LT 4R R R A N 2580.67 CNY, s A —IE02 4174.57 CNY, T HHE S R4
IS, Pt A i, B e SEIR A A SE = T 7.69% LA F

FLAE 35% (w/iw) & EAHALKIE & &, F4ERBRARS T4 10%. BEEE S
BIIETE, SRR E RS, XN TR G ) 4T 4E R A e, 6T AT
HE R BT E I AR . XF 20% (wiw)s 25% (wiw) K 30% (w/iw) [E4 &Sk
HATHFRIL, EAV Y XM A+ #00, DRI B A e 2% AR B T B A F 1)
JERERAS, T EORE AR B T AT R RS 32, R m I SEIR A, P 7R BN R AT
JER ARG . IEBFMAEE, 35% (wiw) [E& B IA R R EA S, KHib)E st
AFIRTC, X 20% (wiw) B ERIPENAAR, SFCE 104.10 g/L, 1FRNKBEWILEHE
WG, ABTH e LA T 5 KRB~ R .

HHABRE S EMEL, 25% (wiw) K 30% (wiw) [E& 8 1) S5 4 0 78 7] R B R
JERSA T A — MRS, T REESPIXHAE S B AR 4= E T 152
HIRR T . SR RHRA. T 25% (wiw) & E, 2 mg/g DM 2145 K H &2 41
AR B S BEZN 125 ¢/L, B 4 mg/g DM S2364H/0 T 4113 g/, /b7 #19.4%, i
BIFEFHEN 76.66%, KT 10.79%, EHERFEA 78.17%, b T4 10.26%, {Hi2IC A4
P21t RO T BB AU 1400.00 CNY, %% 4 mg/g DM SZEGZH5 4 44.5%; 1 6 mg/g
DM -4 2 g FH 5 SR 50 2H B ML R I S B 205 146 g/L, ¢ 4 mg/g DM SCER AR T
8 g/L, #]5.80%, MIHEMESEN 95.16%, R_TF 7.71%, SHEEEN 95.52%, &
1 7.09%, {HRBIA 1t SR B AL B T 3233.33 CNY, $idim 1 40.67%.

B 30% (wiw) B S ERIART, 2 mg/g DM 4145 &K i FH & 52560 4H i &AL HY
B HELI N 158 g/L, 1 4 mg/g DM SEIRA /D T4 17 g/L, b T 41 9.6%, & FESRA
74.63%, KT 10.63%, SHEMFHEN 79.35%, T4 6.83%, (HAAILEAEM= 1t ST
B LAY N 1323.00 CNY, % 4 mg/g DM SZEGZH7544 40%; 11 6 mg/g DM 2[4 K i
FH B S 2H e KA A ) S B 28 185 /L, %5 4 mg/g DM SEE6 4H 4R T 10g/L, £15.7%,
HERS B A RN 93.84%, $RTFT 8.58%, MBHIFERN 95.52%, #E T 7.09%, {HiE
PERT A2 7= 1 ¢ T 7R B A IA 2 T 3327.33 CNY, 325 T K& 40%.

AN [F) A1 4 T 200 T A B AR s BE K, RIS 22 R I 4 4 25 il ] LASRAS B i
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MRS R, T DES R R0, (BRI A & T R A, 256 i
WAL IR BE . FEAS R AR, T93RIESFE 4 mg/g DM [W£F 4 2 & E v Tolk v
2.3.4 AWHRGIE IR T Bkl

DATRACER /N EREFF MR, EHEILSHECN 25% (wiw) [E & &, 4 mg/g DM 414k &
B R T, B FRE YOI R 1t SR, BEAS GRIE R 1 n] R AR RS R,
SRR P TR L N R AT AT Yl 2 g A IR A, DRt DA% S 5 2H D 9 AT R AR

(& 2.7),

PGS FE IR B L 100 kg /N ZZREFT T EAE Jobrit, M98 P 20 BR AR 7 /)N
FREFTH S, B 100 kg BI/NERSFT &4 34.55 kg P4 E . 21.91 kg F4F4E2% . 20.36 kg
ARIER K 9.57 kg Koy o R/NZZREFTHAT FIRTIALEE, 42885 100 kg N ZEREATT BTN
4 kg MIRERER, BEVRLEA 2:1 MEIEMA 44 kg FKEATIACEE, JHIEEN T K8
58.02 kg H/KZ&7T. HULIRLEAUR, 4% 100 ke NEAEFT 45 206.02 kg MIHULHAH,
WG R AR = . ARSI 2 JG, MMaerdiz. a4 R &AL RBEK MY & T
T FEANACH

NT BEAOKARES, DRIEAF4E R EAEYE, [ CaCOs B HUALERY RN pH A 5.5,
NTHERELSEON 25% (wiw) [E& 8B 4 mg/g DM 4R E, FEMA 0.4 kg
T4 RBEAT 44 kg 7K, 20T 24 h IMFEALKIR, RASKMG T 27.69 kg B & HEF1 16.53
kg A

2 B BRI T RBEAIR AT AR, FF L IR BRI AT B0, DTTERR
B E 4.22 kg WEETFERT 2.51 kg BIARNEE N BIZE —kbE4L . SN 198.90 kg (/K615
BRI IS BN 20% (wiw), TEAEAMNRINA4EZE L 12 h, &A&SE]T 6.19 kg
PRI ZIBEFD 2.81 kg FIAKE . BB XHRE IR OEAT B0, RS E] 5.10 kg M%)
BE. 2.28 kg MIARHE & 202.75 kg BI/K#EN T —RMIBELAR R, 43N 206.02 kg B TiAL
HUNEZREAT YIRS, £ pH MR 5.5, U EAIMIT 31.25 kg BI7K, I ZF4E =g RD
AT B — 5o B . I TR — R AIE ORE A 23R AR T 32.79 kg HI & HE A 18.81 kg
FIARRE . AT RBAT AR FHARE LIS, & 100 kg NERBFFZRET 5.10
kg [ 2 AT 2.28 kg FACHE



BREILRE Wit esC #2171

Sulfuric acid: 4.00 kg Caﬁcisi 8.24 kgk
H,0: 44.00 kg Cellulase: 0.40 kg Seed: 32.65 k
Steam: 58.02 kg H,0: 234.00 kg 9
Pretreated l Detoxified
Wheat straw -
Dry acid wheat straw, Enzymatic hydrolysate S/L Liquid Bio- Hydrolysate Hydrolysate
pretreatment hydrolysis separation detoxification Fermention
Total: 448.66 k
Total: 100.00 kg Total: 206.02 k Glucose: 27.69 kg
Cellulose: 34.55 kg Cellulose: 31.02 kg Xylose: 16.53 kg
Hemicellulose: 21.91 kg Xylan: 5.89 kg H,0: 336.46 kg
Lignin: 20.36 kg Glucose: 3.93 kg Cellulose:7.26 kg
Ash: 9.57 kg Xylose: 11.09kg L Othersi80.72K. . . L -
Others: 13.61 kg H,0: 102.06 kg : Residues :120.58 kg H
Others: 52.03kg I Cellulose: 7.26 kg .
1 Xylan: 0.45kg !
1 Glucose: 4.22 kg CaCOy: 8.24 kg !
| Xylose: 2.51 kg Cellulase: 0.4 kg !
; H,0: 51.29 kg H,0: 31.25 kg i
! |, Other: 54.85 kg .
I A Residue !
. ) hydrolysis Liquid ) hydrolysate !
I Enzymatic S/L Enzymatic ydroly: SIL .
: : —> : E— ) > A e
! H,0: 198.90 kg hydrolysis separation 7| hydrolysis separation !
] Total: 319.48 kg . A !
. :210.13 kg )
Glucose:6.19 kg Total 21.0 13k Total: 456.04 kg I
1 Glucose: 5.10 kg .
: Xylose: 2.81 kg Xylose: Glucose: 32.79 kg |
| ylose: 2.28 kg ;
. H,0: 250.19 kg H,0: 202.75 kg Xylose: 18.81 kg ,
! Other: 60.29 kg E H,0: 336.46 kg .
! Sulfuric acid: 4.00 kg Others: 67.98 kg !
| H,0: 44.00 kg !
X Steam: 58.02 kg 1
| I
Wheat straw - Pretreated
Dry acid wheat straw,
> pretreatment >
Total: 100.00 kg Total: 206.02 k
Cellulose: 34.55 kg Cellulose: 31.02 kg
Hemicellulose: 21.91 kg Xylan: 5.89 kg
Lignin: 20.36 kg Glucose: 3.93 kg
Ash: 9.57 kg Xylose: 11.09kg
Others: 13.61 kg H,0: 102.06 kg

Others: 52.03kg

B 2.7 NZREFT MRS A W] R BB PR T 5

Fig.2.7 Mass balance of wheat straw biorefining for fermentable sugar
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24 KENG

WA TR TAL B 1 /N R AT I BB A, B8 T S & BB [A] f5 2 H 1 —
b BB B A O IR B S A5 2R SR, RO SRV IR . EI0E T Hal T2 )G,
XA [FEIHEAC S HCT BIBRB BT T TT, SAXTX LSO PIPIREE . BE1S 26 Sk
AKHATERE T

(D) AR (/N2 REFF AT I IR AL, 12645 24 h AR 9B [a] . $2H 1@
Tk B0 SR AS A5 W B AE R AK R 2H 2 R 2T A 2R T 458 I v AR FEE 0 - 2 44 25 Rl e AR 0 o
TEARNIINET Y Z B RTEE T, 1 W B 1) 21 4 2 Bl X A 5 41 4 3R Ak 34T — IpEAL
PR T 25% (wiw) [l S ERIEAR RIGUE T 12775, 4T FBRBIE AL SLi6 4
BN R E A PEIRE LA T4 7T gL, REEKRE LF T2 0.8 g/L, HARESERER T
4.81%, ARHESHEFE T 1.26%, Kk 7z 50T & & &R 217

(2) FEAFE S B REARA4EREHERNRAERT, DIRE BRI E
FEAT AT HEAL, SXTHRAAT X, BEAE WS 20N, RAZRE R E RIS 1)
KA R i 2 BRI L TR =, TR T R ] A mE A A 4 2 ) A R A

(3) N T EIFRA —IRBEIERAT RIS A ™, 75 BT A A R % S5 40
AT AT, BRA = 1 ¢ IR IR E bR AE, e MIRAR B RT K EERE AT, X T 20%
(wiw) S0 B 245 B ] R ENE R B R A AR AG, A 104 g/L, HUS A& B
SR HIRMNAEF A A, T 35% (wiw) 2364, BTRESENS, S
FRHEHMG, KA~ s A s, 185 7 7.69%. fE]KEFRE LS4 1t
Al RN IYIRI AR b, 25% K 30% (wiw) BSESEFEA NS . EAFLYERXEH
BN, &IERE 4 mg/g DM {E A G S22 S 8.

(4) EEVERIBEALRY BOd AT PR 5, {100 kg /N2 FF 7T LLAS £ 206.02 kg
ITRALFEYRL, BB ARG 1 27.69 kg Hi &M AT 16.53 kg AKE. @idhRAE — Yk
WIETAF KRR B ZAR 2 T 32,79 kg WA HEFN 18.81 kg HIANE, SxTHEAIAHLL, &
100 kg /NEFEFT £ 3545 T 5.10 kg IR HEF] 2.28 kg FIAHRE.
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F3E FAKE OKESRETRMEMER XS
3.1 5|8

FERAT TIERR A BRI RE h, AR X R BT 21 4 2208 OB PR IR [R] B, AN W] 3 4 3 ™
T EYIR, FlinOR. R & S-FR IR (HMF), X004k 5 i iiAb 2/
FAREF KR, A € BRI, BT EATA] REXH AP i A K AU ™ 4 B 4%
FAIEIVE R, GeRRFmGIn . A4 2 s 2] IRk A% v A A i E A, AT
SO PR ) o AN R . RN AT BT P AR M A R AT, PELAS OCE BE  E E El T
AV B DL BRI SRR o i A TP T . AL, R B AR AE 52 2 411
IR, 2> F5 22 S I DR e R I A%, X34~ I, BRI A 7= 2k,
S IRA = AR

9T X LN ) AT 22 BR B BRAR BIAS R R B i bR I A K A=, /R AT I
B, SR AR TR (Al A EE B A YD) A BT EE R E AR, A BT
DG A B A ARG, BRI 3 AR ) B 5 07 VRN A AT bR . SR A
BB IR P AT bR G, MEmEkaSREAEK, IS RBRKRIER SRR, &
AR R IR . DRI R B0 T 0 35 B AR HEAT 18 2 K0S o DA T I 25 W PR AT il
(115°C) Kif, IERCREMIRERE, FEX/NZZREF KRR 008 TR 40 B s i«

AHIFFL S 10k £ O UER BAU OO IR B AR BEAT RS, 2 R BOIR 2 fa bR T
cutaneum MP11 R AR A 4E Z KA EIE AR 7= A o i 3 S A Wi, ki — ik
BEAGIEAS B K WS WO AT RIS IE . AR RIS, WA REN R, T
—B R E R E R, BHTIESME R, TR KB T cutaneum MP11 H]H
R YE 2R IE A A 2 o] DASE B SR a bR R B . f e, s I A 7= S gm
B VG Pyt s AS 8] [ 2 B R o A1 4 3 K IS0 AT R I SIE, LU 7 SSF.
SHF VLS ATHRE IR 2 =i S 38 SHF IR~ & 5183, &4 H ™
YA 7 BT s S RE S AT E R B AR

3.2 MRETE

3.2.1 Ykl 5
VERE W, 2.2.1

3.2.2 HkEEFE

56 RPN E B Paecilomyeces variotii FN89 (CGMCC 17665) F&: AL =76 &H 2 Fh
V) 4 £ T Ak R KRS AT ) P 0 15 B ) AR ) I B R R o R B AR TR A B FE
BRI TR RIS S-FFARMERE (HMP) 8RR, & e CuEE & HMF, 9
BERAE AW S, WRITHARM R, YMRm e G, YRS REEK P
variotii FN89 2> FF UG AU AN [F] ) 7= A2 L BRFFTRIEA G . 12 Mt 55 PR PR AE [ 38 BRVRS 3
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B AT DUEAT D EE . fEMGS AT AR, s IS pH kP i R AR AT . TR
BAFES, B TREVRHEFE, PR pH 22080 EF-. MmIFes, Bk
PR BT B M TR IE K R pH I R R DRI AE AR B R v, 22 M 0 2 B Ak
W pH s sy, ROUEBAMEESE . SHREh I e B AL (R . 572 FR ORIk o
E, LIRIRIELE 02 g/L L. LLUNZ P, variotii FN89 FT 5 37 3k L 155 9% )ik o

(1) PDA ¥575%E: 200 g/L R ERIE CESRZEVIR 1 em /MR INIZKEFE 20
min J&5, HEIREUIEWR ) 20 g/L # & HEFN 25 g/L Biflg .

(2) SM ¥4I 20 o/L #i%IHE. 2 o/L IR A8, 1 g/L LKBRREE. 1 g/L R
B, 1 g/L I RHEHIAN 0.5 g/L FALES .

¥ P variotii FN89 774 {E PDA [ElfAEFRIE, LRI 37°C RIfHIR I 7246
HEEFE 4-5 K, Fpii g e R 72 8 BRI 781 2 5 100 mL SM £ 37251 500
mL #ER T, B35S %08: 300 pm. 37°C. 24 h, BEFREHREEHEHN T AR,

RAR 22 B Trichosoron. Cutaneum MP11 (CGMCC 20481) {E N4 = B2 i o
AV W0 R B0 R R TR R, 12 TR R A2 A 7™ A% IR UK PR 58 T 3R AT 3 40 70 3 A 9 4 9
AR ZERIT R IR YPD 85973, BB 7k M5 7 R

(1) YPDF#i: 10 g/L BERHERA). 20 g/L @ &HE. 20 g/L & A 20 g/L EE
(2) YPD £555%:: 10 o/L BEREZEEU). 20 /L i & BT 20 g/L & H k-

BRFRIT: BN ERIEAT R AR R, EHARAEAE-80°C VKRR, Frfil
Ja, TEBEFE T TSI KM TR ST AN G T RIke, £F 30 s J&,
THAH VR HBEUARAAE W B 55 AR B OE AR R 20542 YPD P B TiE AL,
PR B B IR E N 30°C PR IRETFRA R 7R 48 he e PR 2B K I e i v
I AR B T AG LA B 20 ml YPD B5 375511 100 mL BRI HEAT S 7%, Ko
ZH0H: 200 rpmy 30°C. 24 ho R ARMGBAREFRE P BIEABIEATY 5, WEL 10 ml
R 100 ml YPD £5 75251 500 mL PR, 55725400578 200 rpm. 30°C. 24
h.
3.2.3 LY

X TRAC I N Z FREFF AT KR 2 J5, T BEE I A W i B K K R VR R I . S-R H
SRR E R NE, LIRIRIEREE 02 g/L LR . BB R P variotii FN89 JHFE/K
R EIIEIY, BEESECN: EMEN 10 %. AN 37°C. #iE 750 rpm. B E
1.0 vvmo 4 pH bEFA-2l G sy, BRI RS

FORLABERE T cutaneum MP11 34T N 30 °C IFE K EE, TR RFESAMET,
I 75 R R ATD e 48 2 AR K IF HAER I FE S, STTIRTHAE T R hE . FERE B,
2 AR A R R AR N e 0 &R, 1S KRR I AE K2 B3] o IX e 2 38 J i
KRB, L, fERFERT, FEX MR EMARIEAT KiE, £ 115°C &R TR
U0 B R R BE AT R I R 0 R R B RS AR AR, (RN AR R B AR T, TR
P I JE A T R
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AHIE TR ] R NG 7 KA ORI, TR I — g K JE
IR SRS, RIS OCHAE S, R ERRNIE R, WREFR 50°C, HiEEEER
150 rppm ZEHF 6 ho 5 6 h )5, WAEKEN 1.0 vwm 245 10 min, 2 5o NEEHTE
SRR, HATHRE] 50°C 1 H 125 FERE F T8 R T IVE AR, DADT RS 2
R 0 R TR R R )

3.2.4 [FDHEALE KA = B 20 i & 1 S g

SSF A== FRA B I 7E 3 L AR S B AT, R AR BRI /N S RS AT Rk i 47 ]
ABLEE, BEEE R E R T IE UL S Rl b, 7E 37°C B9 TRk T A,
FIRIEAN SR LR N 0 g/L, CREERT 02 g/L I, Middsil. #ATH AR
B, THEC 12 h )5, BRI BEBEEIR 10% (viv) IR 3 L AEY N 253
1TREE, REEEE 30°C. 3% 600 rpm. WA E 1.0 vvm, KEREN 96 he KIFEANHE
FEVN N E 7R AN

(1) REFHRAMBEARNGE IR 1 gL B S/, 1 gL -b/KmiRe: & 24 g/L
TR ;

(2) REMAYMIBRINE IR 1 oL #iie A8, 1 g/L L/KMEREE. 0.44
o/L B R e 1 g/L BERHEREU .

SobF- B it 2 1A AE R BRERS 4 ] 2M H2SO4 2 SM NaOH 5 pH £ 5.0, X Tty
e R EZIRHE B 6M HC1 7Y pH £ 5.0,

3.2.5 SRR R A P B2 i B 1 S

BRI SR ARIZ I 10% (viv) MM EEN 3 LAY RN ST, F
Jit B 45 R 5 6 B S THEE] 50°C, BRRELE S 150 rpm, AN — @I FE IR RN 18
WAEFE 12 h, ZJEFTHFIEAL 10 min, OISR H 004200 B0 85 B AR T KE . K R %
PRIZHR 10% (viv) BIHEFPEEEN 3 LAY BIAIAT KEE, KEFRE 30°C. #1E 600
rpm. JHSE 1.0 vvm, KIFERTTE 96 h.

3.2.6 AT EEKNE

AR 22 H R0 R I P A5 R AR T FEAT UH AR, R RIS X T R AT HORE , HORE:
2T 25 mL, KSR 25 mL WBSCEAE COK R T B EE K] 50 mL H0E,
B ERTRE, HTES, BOSECN: 12000 rpm. 3 mine HELOEHR, KK
EIEW, M 25 mL TEEZKN U RAR AT e, RIS, HEEEOEK IR, B
BREVE 3B R AR I AR B IR - 2 R a0 R AR 1Y)
50 mL EOERELE 65°CHAA TPt T S E, MATHRE, LR RMIREREZ ZN
25 mL R (R R AT

Wi - Wo

DCW (gL) =——-— x 1000 3-1)

~3(3-1D 1, DCW (g/L) NEFHKERH & A MR AT E: W (2) O KR
TEERPBOEEE; W () NEACHREMT2EER 25 mL AR 13O
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Jetss

E o
2.7 HARHE AR E R e
X5 78 SEAN A S P E AR AT R SR A e, R ALK E B
Cx (V1 -"Vo)x 14

Nitrogen content (%): Wi = x 100% (3-2)
mi

AT (3-2) W, owi (%) NEESTEAEIE SR & C (mol/L) A & Bt F 2R IR Ik
JE, B 0.09993 mol/L; Vi (L) NEESh R EMMERRTEFE R Vo (L) N FFE B bR
HRERE; mi (o) AR T REEMFRE; Hb, 14 NETRERTE, BN
g/mol.

SCP content (%): WsSF=F X (w1 — w2 —w3) (3-3)

SCP content (%): WsHF = F X wi 3-4)

23 (3-3) 1, wsse (%) A SSEILREFAE MM F & & wsnr (%) 4 SHF I RE A

FEm B EE SR wi (%) NEBERESEAA G NE S B E: w2 (%) AAHEEES, WHE

EMARME R ST, RER PR AR RS ws (%) AR ER G R
MZHENE SRR FARSERFENEARSEN R 6.25.

mi

SCP titer (g/L): Cscp=w X N (3-5)

A3 (3-5) T, Cser (g/L) NKEER T HAME DR w (%) N2 YR g
F&E: mi(g) NEERBTRIEEN T E: V(L) AR RKESRRE WA,
3.2.8 FRA I g i e

56 240 B B JE A E i AR S R AT I R, 1 e TR B R A AT R, A
WHIE A B SRR AR A M, K 3.2.4 15 B AL T AR A BRI |, BEJS I 5-7 mL )
WFEH 4 mol/L HIEhERIEN, MBI EE SRR ARG, BRI ShIR & e ¢
PRE R 1R 4 h JER AR SRR AL 2 50 mL B0, 7EE XUNE T kK
%, EPFKANZED 10 min, XN 7R EARHE— D RE RIS RS R, KK
JE AT UK FEIR A D 10 min. [A)AE0 A B0 NN EUT B R, &L R EE AR RO
2:1, ¥SIEN 20 mL 45 13.3 mL &1, 6.7 mL FEE, IRIN45H 56 58 0 T2
PR HEAT R, %E 28009 30°C. 200 rpm. ZHX 1-2 h X OE BT E L, SHCN
12000 rpm. 3 min. 005, WERFEOE LS, FHEEREE NESE RN
KO, SERE R AR R EE, S SRR S S . IR R B & A AE
80°C /K NI AT e e & Rk . AR BZFN SR GHE 65°C HIBMFA EHE, HTHK
#H, WEMEARDT:

Lipid content (%): WLipid =

m2 — mi

x 100% (3-6)

mo
A (3-6) 1, weipia (%) NEANIMAGIIE & ma (@) T EEESH MR
TR A RO s (g) BT AR AR AR mo (g) NIEAT M IR BT
AT
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Lipid titer (g/L): ClLipia = WLipid XDCW (3-7)
N (3-7) W, Cuipia (g/L) NRFEER IR & wripia (Yo) T A AR I &
& DCW (g/L) AR EEI ) AR+ .
3.2.9 HRAMEHE. WIREER LA RTHE
Viotal X Cscp

Yiel : Vi = —
ieldsce (g/g): yieldsce Vo % (Camon T Corors) (3-8)

A (3-8) W1, yieldsce (g/g) 9540 5 1 HI15 28 B4 v B T DLAE 7= 22 /0 S i) o
IR Vi (L) MRS RIS R EEBUEARFL; Csep (g/L) NHAIMIER 7 &; Vo (L)
NRTETF G SAEFR ;s Catucose (g/L) AR EEMT BOIEFEII M I BE s Caylose (g/L) K TEHY
BOHFERIARE IR o

Viotal X ClLipid
Vo % (Calucose + Cxylose )
A (3-9) W, yielduipia (/g) AR 145 2 R 50 bl n] DLAE 7= 22 20 5 1K)
HEs Vil (L) AR EELE RIS R FEBUEART; Cuipia (/L) NIMAEF=&; Vo (L) NKEEF 46
I AR Catucose (/L) R IR BOHFEII I B IR IL ;s Cuytose (/L) AR BERT BLF AR
RPEARZ .

Yieldvipid (g/g): yieldvLipia = (3-9)

Costscp (CNY/g SCP ) =Costsugar X yieldscp (3-10)
Costripid (CNY/g Lipid ) =Costsugar X yieldvLipid (3-11)
ANF (3-10) M (3-11) H Costsce (CNY/g SCP) 4 7a P4 i 2 I AE ML L FE )
FERLA ; Costuipia (CNY/g lipid) J9% 5o i IR FE M AL IS FE I AE LA . Costsugar (CNY/g
sugar) & o8 I R BENELEBEAL I RE IFE A s yieldsce (g/g) N R4 ML 85 A5 3
yielduipia (g/g) NAYHE 152 .

33 ER 518

3.3.1 AR SR N S B A P i B -5 R T R 1) 4

T R BRI/ N 2 FERT K R AL N I A WO B B A0 B, W L Hp () 0 1) A2 45 U HE A 5
M) 5 P B Ak E o AR KA K A i T KRRV S R f5, WA
It B3 R AR K, B B AR 2 T U AU A AR ) T W SRR, I s e e T B R 1) AR
Koo NFT 7K AR R 0 2 TR PR AT IR KOV R A I R K B, H R R 2l BT
BRI R DL S = R, BRI AS R T kA R A

R IR SR 77 AT DA ROW S A= Py AT Rg 1031061 o e e R ER AL AN
I % 5 (1) R SRR o5 i B B AR P variotii FN8O BHAT K%, 2 Jaiktr ERESGAE. 768 KHE
BRI EE AR P variotii FN89 HIFEIEH, 1EFE 0.5 1. 1.5 g/LAERIREREE, IIARE
FRANARSE3G 7% L h)E, AT RIZR IR, WEREE . HA-PREEEKEAE 3.1,
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(d)

B 3.1 BLEEAR P variotii FN89 TEFR NN FIR IR SRR G A K B
(a) P. variotii FN89 fEANUNIIR AR SM Br #2545 (b) P variotii FN89 1E 7 0.5 g/L AR
B SM ERFREET K () P variotii FN89 fE B A 1 g/L IRAFRIAIN SM B b 4B K (D) P
variotii FN89 TE & A 1.5 g/L RGN SM ¥Rk h AR K.
Fig.3.1 The growth of P. variotii FN89 after addition of different concentrations of sodium hypochlorite
X} P variotii FN89 7£ SM 15 FErth b AT Hi 9%, 859554 37°C. 300 rpm. 24h. #E24hZJ5, A
AR EERE IR RN, PREM I TR 1 h, Rrdds font & 55 92 B AT R 1A

5 AR IR SR T HE AL ) i A P ARRE B, il 6 T 0 0 SRR N ) 9 P R vy
LR Bk P, variotii FN89 B T HUECRER D o fERINT 1 /L IR SRR G 3T 597 1
h, USR] | ANEEE SRS RIS 1.5 g/L i, RUWEBIEEL, Vb
NN EE AR P, variotii FN89 B\ 48 58 4= K i o

TEAEN) R N4 R SRR SE IR 45 2, AT B S RIS, A 1.5 /L iRE R
BN LEE B IR P. variotii FN89 BT K%, KM@, HMAMRPRAEEF 2 50°C4ERF 6 ho Ft
TR T R I E IR TR AR P variotii FN89 (I TIHHEIEAL. 6 h 2 5K R iR
o B 22 R I R AR AE KIS 30°C, #THF@A, DMERHIRARRINE R« J5 8Lk AT R IR sk
5, R RIEFEMR T cutaneum MP11 5 24 h AT BT B AG, Bato gl R 3.2,
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(a) Fermentation without adding 2 . (d) Fermentation with adding
NaClO for 24 h \ NaClO for 24 h

(b) Fermentation without adding ° (e) Fermentation with adding g
NaClO for 48 h NaClO for 48 h L
7= 1
y

(c) Fermentation without adding ‘ : [ (f) Fermentation with adding R SR,
NaClO for 72 h ' : NaClo for 72 h b S O

B 3.2 BImERFIMRTRMET R R RNFERESR
(a) RIS GBRIN 5 A% 24 hs (b) REIIKEIRN 5 A 48 hs (c) RE RGN G K 72 hs
(d) IRINIR SRR BN JG K% 24 hs () TR IR SRS A% 48 hs () IR IR SRR B IS % 72 .
Fig.3.2 Microscopic results of single-cell fermentation with and without sodium hypochlorite addition

X EGC J R FIAD BE/IN A FT KR EIE 0T NEE, MBS 10 % (viv) $FhE. 37°C. 750 rpm.
1.0 vwm; FEMEERZER, KCHES, MO 1.5 g/L IREIRHN, #5382 300 rpm, EEEE N 50°C,
e kf 6 h JG R ERERE, WEBESN 1.0 vwm, B 10 min J58M T cutaneum MP11; KRS
B 10% (viv) #ME,; 30°C. 600 rpm. 1.0 vvm. 2M H,SO4 2 5M NaOH #4745 pH £ 5.0.

EXTHRA T, KB 24 h NN BE R R ILEEE R AR P variotii FN89 [ 22 J — LA
AR (B 3.2a HIEIREFR D, XEEERRIA ] BE 2 BiEE Bk P variotii FN89 {11
TEA, BEEKERAT, MBI P variotii FN89 [T 22K A2 K o TR A 3 B 0] B
48R Z BIRIRE A P ovariotii FN89 I, JHIAMON SR/ & T cutaneum MP11, ‘£
KAE, BINT 1.5 g/L IRERRENSLIGA, RIS T cutaneum MP11 K IE

, HHBEERSERBERI}T, T cutaneum MP11 EKHERE, 15K 48h £ 72 h HH],
ﬁi‘k%ﬁﬁ Wl PR R AN KB, PR O Rk EAT R I, 4R
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WK 3.3,
(a) Glucose consumption (b) Xylose consumption
70 -El-w!thoul NaCIlO 35 3 -B-without NaCIO
60 -A-with NaCIO 30 E -A-with NaCIO
350 325
2 2
% 40 220
g <
>
o 30 X 15 1
20 10
10 5
01 . 1) 0 : :
0 24 48 72 0 24 48 72
Time (h) Time (h)
(c) SCP production (d) Lipid production
8 -B-without NaCIO 77 -B-without NaCIO
-A-with NaClO 6 -A-with NaClO
~6 351
C 2
o T 4
34 =
3 E
2 23
l E
0 4 T ' . 0 : : T
0 24 48 72 0 24 . 48 72
Time (h) Time (h)

® 3.3 T cutaneum MP11 F|FH 20% B & B/PME/BTKBEREZBARERD
(a) W ETHARE: (b) RBEREL: (o) B4IMiEE /™ &, (d) W™~ &.
Fig3.3 Production of single-cell protein by 7. cutaneum MP11 using 20% (w/w) solids loading wheat straw
hydrolysate
RESH: 10% (viv) #EFE; 30°C. 600 rpm. 1.0 vwm. 96 h. 2M H,SO4 2 5M NaOH 75 pH &
5.0,

TEARBIMIRK AR ITEIL T, BB E R P variotii FN89 A K HERE, @Bl T K1
WAk T cutaneum MP11 B, FFHIEFETT K IEEHNE . 1ERIERT 24 h o R EHFER %
B, £ 24-48 h WHEI B HEEAPOHFES, WHITIHARE AR . BT P variotii FN89 4E
K B IRE KRR, RIEEM T cutaneum MP11 A K32 BI0H], R I 5 35080 200 i 2 1
KRG e EA S, FERIE 72 h i, AR 1.88 o/L B 4HMu s H &% 2.32 g/L
B A= P

BRI 1.5 g/L BIIREBRIN I SEER 0, IR 24 h N, R P ) 48 6 B FE LTS
12T 24-48 h WA A FETHRE TR, B 48 h i &k o2 A RE R . T ACKE U J2 /T 24 h Py 3
KA THFE, BEIG T URTHFEI EIEFER UK, MRS R e K BE 24-48 h
W), T cutaneum MP11 KEAKETH. 7E71 24 h N, KEFBE RN J5 72— B
(AT A R, ORI 0T T80 60 W 1R Y RE IR IR, I XS 88 2 i A AR I 2 TR
B, IR AR GF IRRRE T AN 0 SRR AN 1Y) S 56 2 %8 287 0 S AR FE R R LR N 1.5 /L 1)
SCERH R, X RAEKIEIRE Y, MR RN T Al R B AT A . AR B g
R A R BRI PR 0 BN 7.04 g/L K 5.73 /L, Szt i T AR A IR S RN K S22
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Ik B0 S B0 B AR AT AR A SR A T I TR R BT 7 S I SR AN 1
FIE, ZJaHAT BRERAE 1.5 g/L MR SRR X I 85 A RO, R T K
W T. cutaneum MP11 7] DLIE AR K LA JG 2R RN =4, PRE =¥ SR g e 88 B e
VImE e, AR TN 1.5 g/L IRERRPRAE miER KGR & wtk, X1
R R P 55 A B B T RS A T — AN T, B TR S KRR TS S R
3.3.2 RITIESAMEL R B A = B2 B 1 ) PTAT

TEHEAT 20% (wiw) [ B SR/ N REFT K RN I, e 2 R e P ) S 2 i d 1
WAE R = B EUK, X FERH TR R S8, e Re sl 54t
A RS HAF RN P BRI RE, FIbF B SR v R . %45 30% (w/iw)
] & BN REF K REROIEAT K. AEZ TR, RIL T cutaneum MP11 F5%E 24 h
AT, J5 I PT RE A2 BT 12 B AR 7 2 I A& BN A AT KRR &R, R
JERRARE R &, B R B SR I — DM RE, fEEAT SRR AT, R AR E
F T AP AR R, L — MR R E N 5% (viv) HISERRd, R
AR RN ZR . B 24 h FATRRERI 5% (viv) F10% (viv) b Esein i)
CIEAL R N R R g S € B /et = 7 A T 1 = O e S W& T e o b=
MEg, KEEaE 3.4,
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(a) Glucose consumption (b) Xylose consumption
1ooE 5% 4-10% 50 5% -4-10%
80
)
) 60
<5
g
2 40 A
[0
20 A
0 T T T T :
0 24 48 72 9
Time (h) 0 2 Tt (h) 2 %
E=3Protein content at 5% inoculation C=ILipid content at 5% inoculation

(c) SCP production E=IProtein content at 10% inoculation (d) Lipid production EILipid content at 10% inoculation

-B-SCP titer at 5% inoculation -B-Lipid titer at 5% inoculation

50 - -A-SCP titer at 10% inoculation 20 50 - —A-Lipid titer at 10% inoculation -5
—~ 40 20

40 [ 15% _
= T = d
9830 4 ,g EQ/ 30 [ 153
S ] S 20 A 102
s 20 S 0 05_

10 ] [ S 10 ]

5
0] N . o 0 3 i N F g
0 24 Tirﬁt@(h) 72 96 0 24 Tir#es(h) 72 96

& 3.4 £ 30 % (wiw) ESEKBWET T cutaneum MP11 L 5% (viv) F110% (viv) EMEL

(a) HIETHIURIE : (b) RBEIRIE: (o) BANMUEAWRE LS R, (d) MIRKRE LS E.
Fig.3.4 Production of single-cell protein by 7. cutaneum MP11 using 30% (w/w) solids loading
hydrolysate at 5 %(v/v) and 10% (v/v) inoculations
KA KIFIRIE 30°C. e 600 rpm. JETHE 1.0 vwm. KB 96 hy {#] 2M H2S04 [z 5M
NaOH 77 pH % 5.0.

TR R EFERIVEAE, TR M A PSR ARRE, 5% (viv) $efhi i) s 4 #ie i
KT 10% (viv) S 2472 hilt, 10% (viv) BEFESCIGHARE AR SRR, 1t
I5f 5 —HAIEH 60 g/L I &IHE: RIFHEATE] 96 h I, 10% (v/iv) HEFhE LA
ARPECAFER, 55— N KL 20 g/l KBRS HE I FEHE R PR T 207 B 2 10 R B
If A, SRS 5 5 22 BEFE SO AR S 2R 1R o5 A

FTERBEFYIJTTH, K% 24 h I, W6 i 2 Ak AR R T B ok 1) a4 FH A S
P S8 0 R R T cutaneum MP11 7E 30% (w/w) [E &&= /NERSFT /KR & E 5
BIEE] T 40%LL E, 1E 48 h NEEE S EVIREIREF 35%LL b fEKBE 72 h B, 10%

(viv) HEFhESCI0H PR R A P RIA B R m N 12.64 g/L, 5% (viv) RS
A ATE 96 h (778N 12.29 g/L, BERHZ LI A& & LIRS,
J S B B 2 ) B AR i T O T AR R, LU 7 L SIS 2 1 SR i B 7 ZE B
Ko

MHERE SR 7= ) RAR P J7 25 8, PR h &) T B & R I P 0 AR R A B A
K, FHICFET AR B, AT EEME, 5% (vv) HEMERIH KA
B2 24 h IR, BIILTREBEZ AR, RETHERE 10% (viv) BEFEEN
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JRERNI RS HL.

ARSI T, AT BOIR 22 f0E B T cutaneum MP11 R F A i 41 4 3K ff_EIE W
BEAT R, —RAEREE 72 h RS R i R R A - B fE0T 48 h N, KIEFEPRAE T
AREEN B M LRI B, R BRI [a) R B A HE S A, AR A i
HARAGLE T cutaneum MP11 AT KL RN A 2 KER R . 18 Gk B A R B 1A
PR EER AN 8] T A A, [ I SO B T PR I ZE A HE 3T, DR e R 2R T 2R
7 LA B 1 RE TS AT ABEAT EESAMEL A B

HH I T R AE A A HE B AR DR, e FEAMRL RO R AR 2R 1K) 30% (viv),
FEREEERE, REFEARE SN ENE, 254 TR R ARE, DA U 2 b 1Rk 5
NPRE, HHEPEREZEZ 5 /LI, SERIEATAMEL . AR R RE P &0 . AHE
AT E RS I 3.5,

(a) Sugar consumption (b) Cell growth

60
120 4 -5-Glucose -A-Xylose

DCW (g/L)

0 12 24 36 48 60 72 84 96 0 24 48 72 84 96

60
Time (h) Time (h)
(c) SCP production Z=IProtein content (d) Lipid production e=Lipid content
50 - -E- SCP titer 30 35 3 -& Lipid titer 16

40 ] 72 F 25

T
=
N

w
o

Content (%)
&
SCPtiter (g/L)
Content (%)
[ee]
Lipid titer (g/L)

n
o

=
o

o L1
|2 T T
0 24 48

72 84 96 72 84 96

TirS (h)

Tind (h)
& 3.5 T cutaneum MP11 FIFH 30% (wiw) & EKBBE D ESEA R BT RAME AT
(a) PR BRI L (b) DCW; () HAAi i R BE X &5 8 (d) IR S &

Fig3.5 Production of single-cell proteins by 7. cutaneum MP11 using 30% (w/w) solids loading
hydrolysate by continuous feed fermentation
KEESH: 30% (wiw) [l & &K 10%EME. 30°C. 600 rpm. 1.0 vvm. 2M H>SO4 & 5M
NaOH 75 pH £ 5.0, HHEMIKEIRE 5 /L WHHTHMEL, BEEAMPR AN EA R 30 %

(viv), SHIEENE 3 7K.

TERBERT 24 h B 48 h N, KEEWIE T cutaneum MP11 S22 I & 0, ARPEIEA
WAHEFE; MWKEE 48-60 h HAIR], F&FEPUEIEFE, | 60 h B, FZEFEMIRE N 5.33
g/L, FTER3AT S —IRANEL,  BERRBEREE N 17.73 g/L, FMEHERIE& FKREN 35.15
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g/L, KRFEMREEN 28.09 g/L, Ja KMEEE 12 h @EAT—RbEL, VB 058 &R B2 447
£ 35 g/L Fihy, REFRFEEAEFRAE 28 /L ifh, FRREEETROE; KRBEHEFEZTKT
HIETFEITHFE, TR RAE A B N H B LI R .

TERIE 60 hINf, ZH—UAMNEIAT, AKEFRRAREE 'S E7 A8 157 g/L
Je35.14%, SCAEYIM IR A S BN 13.13 g/L 2 29.18%, Atk , 4kE:AT
KEE, B RAMNET, RAREAEMNSESE A E TR, KA pRgl
MEEWE TR T 1.7 gL, 5 ZIREEE=0GMHE KB 12 h, KILRAEE & E
B UHETR R T RZ) 2.7 o/L 3.1 g/Ls Bl iR = E WA B R, =ik
FMEUAEE 12 h 5 5 58— UCHMRFRTAH EE 22 I BRI T 3.69 @/Ly 3.21 g/l 2.58 g/L; 577 &
FHEG, B G MR & BRI IEAR, PEATELSH THEET RS
B, X ATREAS H T BEAE KB (R EAT, R AR IRETIR AL, H2BRC ™ 2584
AT RLGRAI A P A 390 B8 R 7 2 R I ) A K BT

FEAMELR TSR], BB O &8 ORE. MBS EOREEEETRE, Wik
X T, cutaneum MP11 BEATANELRZ ATAT ), SCP & B4EFFE 30% /A4, PP B4R 13 g/L
et MR RSSO M Ak — BLORIFAE — MBI BRI, RMRF A % AT DLEE o % 1
W, T cutaneum MP11 752 KME 48 h IR AR A, BUEXS T T cutaneum MP11 2K
FHAMEL R X — SR RE 2 nIAT Y, FF Haz R e 5 =nT DASEEL T AL S A
3.3.3 AR R N A~ B A

TEAS FH B R 2 HOBERE T cutaneum MP11 #EAT B4 MO B 11 S AL Wi i A e, R I
VI TR R BE B0 B, HIRUUE T AN 2. HTRAEERBSES, F
H—&8 0 Is T B S RAEKEE, 54080 WHTRA AR, I KR
INf AN [R] A ()R] R B 2 S BUR & A R WAE, fESiRERE T, BVrReskee
FE AR5, BN ORAEAN ] [ & AR R T AT A i i B AR

165 HT B AT FC I A F AR — R AL BRI  Z RE AT K IR AT SHE . RAA
IR JEE ) PT  BREAR 0of T e 2% P WD ) 77 B AR 2R 52 o B DL LI 3.6
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(a) Glucose consumption (b) Xylose consumption
120 @ 70 -
3 -B-20% -A-25% < 30% -©-35% -B-20% -A-25% ~<-30% -©-35%
100 60
50 1
80 y: 5 A
2 240 ]
2 60 4 g 0
8 S 30
3 =
G 40 4
20 ]
20 A 10 ]
0 T - 0 T ;
0 24 48 72 9 0 24 48 72 96
Time (h) Time (h)
(c) SCP production (d) Lipid production
20 1 -8-20% -A-25% 30% -©-35% 303 -B-20% -A-25% -<-30% -6-35%

16 1

SCP (g/L)
]

[oc}
L

I
L

0 0 K T T T
0 24 48 72 96 0 24 48 72 96
Time (h) Time (h)

(e) Cell growth
60 7 B-20% -A-25% —©-30% -©-35%

50 A

DCW (g/L)
N w B
o o o

=
o
L

o

0 24 Ti‘:r?e " 72 96
A 3.6 T. cutaneum MP11 RN FE & BE/KBREFZRYARER
(a) HIETHIRSE: (b) RBEWREZ: (o) AN/ &: (d) ME™&; (¢) DCW.
Fig.3.6 Production of single-cell protein by 7. cutaneum MP11 using hydrolysates with different solids

loading
FIT P 0 R 2 ) PR s — U143 B R K AT VI N B8 — %6 1) SHF {5 /KRS, 75 3 LAE
Yy R 3E4T SHF, SHF 264F: RIEFIRFE 30°C. 3K 600 rpm. B E 1.0 vwm. K EEHS[H] 96 h.
2M H,S04 & 5M NaOH 75 pH £ 5.0,

ST FR[FN [ S B KRS, FaERESAE 72 h FBR, T ACHE N 75 75 s b RE R
THAPGEMEFE, FHE 96 h #E/E, 20% (w/iw) [El& & (1) 520 4 AR FE R 218 5 HoAd s
I, TRERHT 20% (wiw) [EE & HERER D, FIRBIARE; 5 SSFTE
48 h 345 f e S4B R 1 7 B X — IR AN R], S P 7K T VO B R 4 R 1 Y B e 7
7672 his®E], 20% (wiw). 25% (wiwds 30% (wiw) K 35% (w/iw) [Hl & B SEu 4L
B A E AR AN 8.34 g/L. 13.07 g/L. 16.68 g/L } 17.89 g/L, M EAHIE
HE& B R 30%LL L, 2518 31.82%. 35.95%. 37.35%. 36.72%; %S035
MR e e, B A R T & 4300 8.01 g/L. 9.83 g/L. 10.32 g/L K
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14.45 g/L; —AKIRE R al KN 2, AR AEYEZ, DA B 4 T 5 Bl A [
SRMRT TR .

20% (W/w)< 25% (wiw)s 30% (wiw) K 30% (wiw) [l & iiE4T iR 1
SHF 3545 () 540 i 25 A5 R 20 518 0.0953 g/g sugar 0.1076 g/g sugar. 0.1061 g/g sugar
5 0.1032 g/g sugar. [RIULTE 25% (w/w) [H &8 RS T REMARNRARES, 5%
HV A B AT R U P 3 v T B 1) i DR PT e A2 B T RTINS R 2h, KT
WA B TGN RPESEIEY R, EHEH M EFRTR, e x. BEE
W, ERS W EARN AR . XY TR G, B SAmIE, KRR AGE
e RO [ R B IR A P B e

Xof T ) 4% ) FH ARV — OB K AR ISR T3 — %61 SHF, MECT 20% (w/w)
M 35% (wiw) [E & =LA, 25% (wiw) K 30% (wiw) [HE& &) SLIGHELAS
JE& AT R TR R B DA S B AR 5 Rk A T T B LA o DRI o 3K T A ] 5 2 ) S B 2
5 SSF. SHF A/~ Al i 8 AT ELA . B 2eX0 T 25% (w/w) [l & & AR 7~ B i i i
EdEAT AT, WK 3.7,

(a) Glucose consumption -&-SHF (b) Xylose consumption -8-SHF
100 1 ~A-SHF with re-hydrolysis of solid residues 50 -A-SHF with re-hydrolysis of solid residues
SSCF SSCF
80 E 40
- -~ ]
360 4 530 ]
5
5 40 1 =20 1
o I3
20 A 10
0 +—/—F——""T—"——"—"—"5——— % 0 T )
0 24 48 72 9% 0 24 48 72 96
Time (h) Time (h)
(c) SCP production -8-SHF (d) Lipid production &-SHF
- 25
% -A-SHF with re-hydrolysis of solid residues -A-SHF with re-hydrolysis of solid residues
20 A SSCF 20 SSCF
g
J15 215
=) =
o 2
-
@1 10
5
T T T 0 & L T T
0 24 48 72 96 0 24 .48 72 96
Time (h) Time (h)

Bl 3.7 £ 25% (wiw) BEISETESFEPREILESREE. 0PRSS KB B R BT — IRBEL R
PR S R AT B R 9 A
(a) BEFRSL: (b) RFEKRIEZ: (o) B4R A& (d) W&

Fig.3.7 Single-cell protein by simultaneous saccharification and fermentation, separated hydrolysis and
fermentation, separated hydrolysis and fermentation with re-hydrolysis of solid residues at 25% (w/w)
solids loading
Xf SSF. SHF DAL iR BE () SHF - CREZRVE — K g LIS HOIMA 28— 52 i SHE) 2547 24E 7™ H.4i
WA KEEFAE: REEEFE 30°C. #4538 600 rppm. S5 KB ] 1.0 vvm, 96 h. f#iH 2M H,SO0,

K 5M NaOH 75 pH & 5.0, ULAMH T SSF & A K ERFRE, Toizdb T kT H K.
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BT SSF AA 12 h BITibEfk, R IUE v % MR FE e SHF ik 75 K TEHT 48 h,
=R A R FE R e . XOIAE T ORKE, SSF ZeRMAAKE, I HAEKREE 48h
i, AKEHRFZL 8 o/L, FHAFALIGHALE 48 h 2 J5 A AP AR . 76 Al R
77 & |, SSF7E 48 hIN IR & Emr" 8N 16.93 g/L, HAMNHANIELE 72 h 3R 5 K E
F=g, SHF S LY SHF 7= &5 78 10.44 ¢/L f1 13.07 g/L. #SKEG IR EIA
Bl m PR E A B S PUE TR, HEE MR R . 7£ 96 h#f, SSF. SHF
N M B 1) SHE B ig 77 20 308 15.85 g/L. 17.61 g/L A1 19.03 g/L, 1T kit
PR AR BRI, AR RARU 4, DAt SHF AHH T SSF, H4ifftR B~
P sE R, SHF A Sk B2 SHF [ = S4B 8 1 7= & 4K SSF i =i~ &Ik 17 6.49 g/L
A1 3.86 g/Lo A FH AR — OBEAL I 7K R _ 35O B —Fe ML I = IR B2 1Y) SHF 45
SHF $2m1 1 2.63 g/L AR H /&, $2H 1 25.19%, Uemfymis &3t 1 0.49%. —
SEFERE BORAh 7 SHF B 4H M 1 = 8K T SSF. #2 Nk A 30% (w/w) B & & T
=SROTEAE AR E . WA 3.8,

(a) Glucose Consumption -8-SHF (b) Xy|ose consumption -8-SHF
120 4 ~A-SHF with re-hydrolysis of solid residues 60 ~&-SHF with re-hydrolysis of solid residues
SSCF

100 E SSCF 50

el
o

N
o

Glucose (g/L)
3
Xylose (g/L)
8

N
o
L
=
o

0 vy | | pan | 0
T T [Ax ] Lax) T T T
0 24 48 72 96 0 24 48 72 96
Time (h) Time (h)
(c) SCP production &-SHF (d) Lipid production B-SHF
30 ; -A-SHF with re-hydrolysis of solid residues 30 —A-SHF with re-hydrolysis of solid residues
25 SSCF % SSCF
-
20 2 /A
S5 215
5 ]
“ 10 \4, 10
5 -/ - 5
0 A% T r r 0 &3 T T
0 24 48 72 96 0 24 .48 72 96
Time (h) Time (h)

B 3.8 £ 30% (w/w) BESETETRPRELEKEE. 2BFMS KB R BRE AT — IRFEL R
RS R B AT B R 9 A
(a) BETFERSL: (b) RWEKRIZ: (o) B4UMIEE A& (d) W&

Fig.3.8 Single-cell protein by simultaneous saccharification and fermentation, separated hydrolysis and
fermentation, separated hydrolysis and fermentation with re-hydrolysis of solid residues at 30% (w/w)
solids loading
Xf SSF. SHF DALk B2 () SHF  CREZRVE — UK AR LI BOM A 28— 52 i SHE) 2547287 H i i
WA KEEFAE: REEEFE 30°C. #43# 600 rppm. 0S5 KB 1.0 vvm, 96 h. f#iH 2M H,SO04

S 5M NaOH 75 pH & 5.0, ILAMHT SSF & A K ERRE, ToiZd T ik T H LK.

78 30% Cwiw) [ B BAR T N REFF R HEAT WA SR (110 88, JLriviiid SSF
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7E 48 his i AR AR (7= BN 21.36 g/L, 1 SHF 5K B SHF 78 72 h ik 3| #;
ERAE A E, N 14.24 /L A1 16.68 g/L, HHET SSFAKT 7.12 g/L A1 4.68
g/L. HEHEKE SHF £ SHF #2755 1 2.44 g/L, MM TR T 17.13%, BLES AR &
F+7T 3.4%. T SHF, KEEE T cutaneum MP11 {E SSF i 2 fp AJ LB BRI A2 K AR
W, X ATRER N AR RRE NS A E 2 E R, BNk RS EESE M
[, SSF A LSRG S mifr= &, X2 RN SSFR L 5 KB AN T fELs S 70—k, Hp
TERTERS, AL R BV EAT KR, VA RE RS ARBESCLARE =, ALl
PR E R FE R . R 75 A= B i B 1 A5 R AT R A

OSHF
02 -
] B SHF with re-hydrolysis of solid residues
0.16 1 NSSCF
) ]
£0.12 -
w 4
o ] T
2 ] T 1
= 0.08 - !
2 1
> ]
0.04
o

25% 30%
Solids loading (w/w)

B 3.9 BEFPENERKEE. 2R KBRS EERAT — R 2 SRS KB
MREEKAER

Fig.3.9 Yield of Single-cell protein by simultaneous saccharification and fermentation, separated

hydrolysis and fermentation, separated hydrolysis and fermentation with re-hydrolysis of solid residues

Horp SSF (AR K 48 h FT A A4 st ( pAs 3, HARSZIRH 9kl 72 h TS S 4 i A

=]}

HHo

il 25%5% 30% (w/iw) [l & BRI FUALE 5 /N2 AT HRE, - SSF AR 7™ B4 if 51 1
BR 53 H4 0.1170 g/g sugar F1 0.1218 g/g sugar (K 3.9); =ik Z SHF SL2I6G2H 5 7 A
0.1076 g/g sugar /% 0.1061 g/g sugar; SHF 5454173524 0.0892 g/g sugar F1 0.1022 g/g
sugar. LN ARIFSF R 7, 172 SSF MR &, HALLH SHF, @id$tmpE
W IEHISRAFII SHF 1 25% (w/iw) F130% (w/w) TERANME A5 Byl Tt T 20.62%
e 3.82%. BRILAE 25% (wiw) &, FIFHERE — WA 3RA5 1 i iR 2 SHE #E47 B4
o A A

S/ SSF 5 SHF WM 7 ik AT gt i 2 1 S E Pt RE 26 7, SSF 1S 3 B
T SHF, a8 KBTS 0I5, KEEERAL T B0 T EU0E, AL TR ITE R
TAEDrt B mT CLd I EhRR A (SSF AR T SHF 2 Z W AEER IR ), S & H -
BEZEH I OR . HJ2 BRI R B VR 5 Rt 41 4 2 AR B A Rk &, HE LLSEI ™ W) )
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alife, ISLBZUCRA SHE, AR —Oiite EiSBOMA S8 —4% SHF o, 20065
ORGSR R AT R, RS T IR R BB, > T SHF 5 SSF R
Zph, — R _EIREN T SHF P BB A REAR

fEm B S E T, SHF KIRAME A/ B 2K T SSF, Bk I R 4ERRET SF
EZHEFYL, SSF AR THIBEALIK S SHF 1K R T BIKMRR LA . Bite
MR AR AR, BT R R RIREERG 600 rpm (14430 T 7K AR BUR B 14
SRIERK, oM T AR AR LR RS IR R, BEAK IR UAR R T T AR %
HREATIRIT. KEEEIR ILIA 3.10,

(a) Gluose consumption (b) Xylose consumption

120 4 70 1

5300 -4-400 ~<-500 -©-600 5300 -A-400 4 500 -©-600

0 24 48 72 96
Time (h)

(c) SCP production (d) Lipid production
20 1 30 -
-58-300 -A-400 -4-500 -6-600 -8-300 -A-400 500 -©-600

16

SCP (g/L)
I

©
L

7I2 9Ie 0 24 48 72 96
Time (h)

48
Time (h)
& 3.10 T. cutaneum MP11 FTEARRIEE T A=Y EH
(a) BIETHEREE: (b) RWEREE: (o) AU/~ &: (d) W&,
Fig.3.10 Production of single cell protein by 7. cutaneum MP11 at different rotational speeds
RIEFA: 25% (wiw) [HEREFELIRL KEHEEE 30°C, @K 1.0 vwm. 96 h. 1 2M
H,SO4 /% 5M NaOH 5 pH £ 5.0,

FERRARIE 5 KN, R ARAE R AT AR KT fR I T B A, Herh 300 rpm %78
T, RI¥ 96 h I &ML AFER; 400 rpm #53E T, KEE 96 h Ja RFELE AR W
LR FEHE S 500 rpm, JISRTE G T 600 rpm FE 5236 20230 24 he 43 HT R K AT RE &
T FE G, SEORBE R R IA AE K EIE 2 B M E e, 2E2% T AE K],
PR TR I AU I VAR R, B T AR AEKRINE B ), TR RER
b, FE BT AR R AR R

PP Y 7 TR O R R R R A SR K I AN, A% a1 T A DL 2
A W [F A KT, B, T R 22 f e BE AR A P B i R 1 T DL S
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oy BORZ R B A RE IOV AT, AR AT, DR AR R I ST R A A5 B AR PR A G
FERE B RKH], AT DARRARIA AP RIE R AR ALK, HEFFRARE — M RER S ER
B BL, AR DRAIE 4 i 2R A 7
3.3.4 RICTAFEIREALAR R T ALl it A

M BOIR 22 f0 8% B T, cutaneum MP11 £ HIGA IR, AT LURIAE A S8 i R
B AN ZERE AR D 2 Wit i 1 A= 7 JEURLE T DA SE B HL 28 5 T AT PR AT R A 7
FERRBII AT T, ROIR 22 70 B BE e vl LA B8 22 (R DAL A 7 ZE SR AL 4
IS, HnT LAMETS BRI B T cutaneum MP11 R FH/NZ2REFT AL = A= P i
RIC T A8 B B IR /NS RS R T K R CEAT B A B2 1 287 i, 356 R RIEEAT BB ik
Wakme, LR IE 311,

(a) Glucose consumption (b) Xylose consumption
120 70
100 3 -B-20% -A-25% ~4-30% -©-35% 60 -B-20% -A-25% -<-30% -©-35%

Glucose (g/L)
8
Xylose (g/L)

72 96 0 24

0 24

48
Time (h) 72 %
(c) Lipid production (d) Cell growth

35 B-20% -A-25% & 30% -6-35% 60 - -B-20% -A-25% ~<-30% —©-35%

48
Time (h)

30

Lipid (g/L)
B NN
o o [¢2] o (5]

72 96 0 24 48 72 96
Time (h)

Bl 3.11 T. cutaneum MP11 R B A5 [E & B /K R =T Y AR
() B &I PHIKL; (b) AWEREL; (o) MiflE/ ™ &; (d) DCW.
Fig.3.11 Production of lipid by 7. cutaneum MP11 using hydrolysates with different solids loadings
REEFAT: KIFIREE 30°C #%3H 600 rpm. TR B[] 1.0 vwm. 96 h; f#H 6M HCI 75 pH
£5.0.

48
Time (h)

5 SHF A/~ sl 2 (AH L, AEF=3m BRI (OREFE R B2 T I, MK 72 h i,
30% (wiw) A1 35% C(w/w) [l 25 5 ()3 4 Bl LRI K 29 30 g/L, AR T KR2) 70%
IR ZTE: 2 96 h I, FETNE RORKE B FESE; ERBHHE, JhARR BB
£ 96 hivf, S22 i A = &4 BN 15.10 g/L. 21.21 g/L. 26.24 g/L } 29.74 g/L,
MR & B Al 48.72% 51.72%. 52.49%F% 58.21%, WARHISER /514 0.1524 g/g
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~

sugar. 0.1609 g/g sugar. 0.1686 g/g sugar. 0.1698 g/g sugar, BEE S =R, Mt
Yt ig A5 2 WAWR T, R BT RIS 1 0.0174 g/g sugar, T2
1 11.42 %, FUEA T LA, DIRERIIE A BE IR B HbE FH T i e 0 Aig
A

LREHIE V] KRR L DL BRI SRR T, 25% (wiw) K 30% (wiw)
] & B S A B . IS 25% (wiw) F130% (w/w) [l & F = Fp =ik
TR K. 25% (wiw) [E& 8RESE S 3.12,

(a) Glucose consumption -B8-SHF

(b) Xylose consumption -8-SHF
120 -

-A-SHF with re-hydrolysis of solid residues 60 -A-SHF with re-hydrolysis of solid residues

SSCF i SSCF
1 =

=
o
o

o]
o
PRI yw o U

al
o

N
o

Glucose (g/L)
3

N
o
L

Xylose (g/L)
8

N
o
L

o+ T

8 V]f; A — 73
0 2 48 2 9% 0 2 48 72 9%
Time (h) Time ()
(c) Lipid production &-SHF
40 7 -A-SHF with re-hydrolysis of solid residues
SSCF
30 1
-
2
220 ]
=
10 1
o
0 24 48 72 %
Time (h)

B 3.2 #£25% (wiw) BEISETESFRPELS KB 0PRSS KB R BT —RE
Koy B REA S R B AT R A =
(a) W& HHIRIEZ: (b) ARWEIREZ: (o) Ml &.

Fig.3.12 Production of lipid by simultaneous saccharification and fermentation, separated hydrolysis and
fermentation, separated hydrolysis and fermentation with re-hydrolysis of solid residues at 25% (w/w)
solids loading
Xf SSF. SHF PLK miHi FEH) SHE CREBRE — UK EISBINAZH—4 1) SHE) #EAT Yl i
(AP REEFAT: REEERE 30°C, #3# 600 rpm. < E A B ] 1.0 vvm. 96 h. f#fH 6M HCI

VY pH % 5.0 BEAMIF SSE SRS R A, iR BHT AR T E AL

X =ANSEEG A AT I R TR, R EIEARTE 72 h FR, TORHENEZTE 96 h #E
Ko B RIERIEAT, IR E AN S, £ 96 h BlIAH K{f, SSF. SHF DL =ik
W FEE I SHE I3 IE 7= 520 51 24.89 g/L. 17.10 g/L #120.21 g/L. =¥ EE Y SHE A%
T SHF MM AR = =32t T 18.19%. 2 N RKEXS 30% (w/w) [ & & T i@k SSF. SHF
DA SRR AT IR BEAGE) SHE ERHEATTAE YD G A e, LU R L R . RIRE R
LK 3.13.
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(a) Glucose consumption -B-SHF

(b) Xylose consumption & SHF
120 4

-A-SHF with re-hydrolysis of solid residues 60 7 -A-SHF with re-hydrolysis of solid residues
100 A SSCF 50 é"\"\ A SSCF
[ s

&

@

o

L
o
o

Glucose (g/L)
3

B
o
L

Xylose (g/L)
s 8

N
o
L
=
o

0 T T Y 5

P
o
(=) TR T TS SR EEE R

T T T =
0 24 .48 72 96 24 48 72 96
Time (h) Time (h)
(c) Lipid production -8-SHF

40

-A-SHF with re-hydrolysis of solid residues
35 ]

30 ] SSCF
o
3525 ]
20 3
5
15 4§
10 1
5
0 & T T
0 24 .48 72 96
Time (h)

B 3.13 7£30% (w/w) BEISE T ESFRPELES KB 2PRMS KB R R AT — IR
K PR S R BEBEAT A YT R A 7
(a) FEIHRL; (b)) RBRREE; (o) E™&.

Fig.3.13 Production of lipid by simultaneous saccharification and fermentation, separated hydrolysis and
fermentation, separated hydrolysis and fermentation with re-hydrolysis of solid residues at 30% (w/w)
solids loading
Xf SSF. SHF DL K mifiI FEH) SHE CREBRHE — UK EISOIMAZHr— 5 1) SHF) #EAT A=Y s
A= REEFAT: KEARFE 30 °C. %% 600 rpm. 8 E KA 1.0 vvm. 96 h. f£1H 6M HCI

W pH £ 5.0. BEANHT SSF SRR, JikdEAT AR T E HE

7£30 (w/w) [EEET, SSFIREFE R & T HAR A SLIRA, X ATaeR H T AR
ARFRBETHEZVEFRYIR, FIHERAEKTE MR, KB 96 h B, &SI
AR FEREHRAES, MEET SSF. SHF LUK i BE K S5 (1) SHF (193 i 7= 543 5l 32.66 g/L+
21.08 g/L F1 26.24 g/L. F=FEIRER SHF AT SHF I 2R AL T 24.48%.
PR AR —BEALE) SHF AHET— B4k SHF nT RIS s i &, — efEEgi/ N T
55 SSF W ZEHE, #5T R4k SR LAt = Fh 5 i g 15 26
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OSHF

0.3 1
] B SHF with re-hydrolysis of solid residues
0.25
] SSCF

o
()

HH

0.15 ] I

o
[N

Yield (g/g sugar)

0.05 1

25% 30%

Solids loading (w/w)
B 3.14 B FPHLE KB 7P S R A RO AT — OB AL 20 25 B 4 5 R T A 72
JiEibEE S
Fig.3.14 Yield of lipid produced by simultaneous saccharification and fermentation, separated hydrolysis
and fermentation, separated hydrolysis and fermentation with re-hydrolysis of solid residues at 30% (w/w)

solids loading

Frb 33K 96 h (il lE 19 2.

i 25% % 30% (w/iw) [E& &1 T ER f5 /N2 FEFFPRL,  SSF AR =i IR 1152855
F24 0.1878 g/g sugar £ 0.1914 g/g sugar (& 3.14); =¥ 5 SHF SELG2H 5373 0.1609
g/g sugar 2 0.1686 g/g sugar; SHF 2584H 73711 0.1439 g/g sugar F1 0.1502 g/g sugar. f£
WARRIAS 2T, 52 SSF WIS & m, (H2&Lie SHF, it H &bk B k15 (1
SHF 7£ 25% (w/w) 1 30% (w/w) [l & MR HMAEE R2 A8 52T T4 12%.

BRI, X TP G i & %, SSF AT LASRAS B = ) = i 5194, {H/27E SSF it 7%
B, KT R AR 20 4= )i I 1 s e . AN TR R 2 1R SR RO A M AT SRR,
H AL FE 7R T 2 S BRSSO AR - 55 3 2 102 SRR (19 R 18 2 A [ A Tk s 9 B
TP N T IE NI IR 5 Al i meAs, 5] s A g i % e s R HASE A
72, R EE SHE A=y ig . 38 5RE — Yok L0520 i i R 1 1 7K At
THRA RS A E Z 0] KB, OGS S =, plngiAdm. XFE
FEWIR T DA 1S R B B Ak B AP AR AR 7E 25% (wiw) F130 (ww) FEISETS, &
AR R 18.19%F0 24.48% Wi lg =&, H#t— P45/N5 SSF AL =i lg i = 8 .

3.3.5 YR A EIFE SN SHF A5~ Bagi i 25 A Mo g A

X R B N A2 45 1 1 B R B (%) /N S R A 7K AR 3E AT B 4 B B 1 B ot T
KV, FEZBIVEE T REAAS B 0] R TERE I A, R @ a2 72 ] R TR 1 /N2 A A A
2 Y R A SR VT AN [ ] S SR . SHF A= 7= 43 3 1Y) S 4 i B 1 R 9 T PR R A o
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& 3.1 BRAREE KRR
Table.3.1 Cost of single cell protein and lipid

Solids loading(w/w) g SCP/g sugar g lipid/g sugar CNY/kg SCP CNY/kg lipid

20% 0.0676 0.1420 55.51 25.14
25% 0.0734 0.1537 51.04 22.49
30% 0.0782 0.1497 49.58 22.99
35% 0.0802 0.1576 52.10 23.22

e X B A RO AENERERT SA gE R B AR ONEREFT IR AR 630 CNY; 24 R4 B AT 70
21 CNY, P15 2.3.3.)

FETNAL AT, BEFE A 53R AT UM B, X BAOCRERE A A v i Pk s A
BATIUFHUMESH . 18 25% (wiw) [ &8 FEHMT =M E SHF SR M di s A fs
FiRE, N 0.1076 g/ g sugar, {HAZZRE 7M1 & & T AR BEES 3 LU a5
JG, SERBYE 30% (wiw) [EF & NEAT BTN A 3 AR 7 I BT 7 BRAS BRSO 49.58
CNY/kg. TEBFATIAEMDMAR AR IERT, BIMEAE 35% (wiw) [ & T A8 345 % i AR
PRI 28, AHRTE 25% (wiw) [ & N FEAT iR R WS ] DLk BB AR /N 2R FF 5
LFYERM A, 4 22.49 CNY/kg.

3.4 KBNS

RN RERT K ETE BN T, ST SEBUR R A 287 4 2 kB . EAR T IR
X TN ZEREAT K A ROEAT R 3, Sl T — MR R 5 R R PR Dy .
AR TE T MR T R B AR A A P B2, 321 SR SRS /IN 2 R AT K g 0 A 7 B 4
JREE I RAIE 1AM R I AN R AT PR LEAL T SSF K¢ SHF X - HL 4l 8 1 &
BESE RIS, ) 2l R e S ORIR TN T S B 3 A I o RIS R 6 AN [
[ SR AR ORGSR SR B SHF AR = Ui IR AT IR L . B e R R
FAR ARG PR R BTG N, IR R 1D AT S AR R A K
BOTS 7 BT 7 A0 B 1 MVERE T SO RZE i B A 7 iR OB AL A Y T B A DAE RO

(1) FEAEY AN 1.5 g/L YRR AT LMRER S5 SR A it K i, B2
TR JE R T, 8 1 R RN TR B AR R, B % PR I B 1 At
A i P R i T RS ISR B ) S 62

(2) XRBEER T cutaneum MP11 [RFEREHEATIRTT, 58 10% (viv) FEFpEdt
TR E A RREE, MELT 5% (viv) SRR E SRR ) AT K2 24 h (KRBT K
PAINZZRER KRR I, R AR T cutaneum MP11 FE R BERTHIT 2 24 h ()
I TR BEAT 3G N S AR B, R, vk RO AR R A AT A R R A K
2R, N TG E s B R LD AT R ARG, BT IE S AR A, SRAE T
o BT A AT MR AEANEBYIIRD,  BIRR I & 3 S BT 30% L E.

(3) AN [ [ 55 5 A A — OB AL i) B3SO BT — R B AL RS 10 iR IR LK
R B E, PR 25% (wiw) [ &ETIRE T REAENRARES, N
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0.1076 g/g sugar; 7E 25%. 30% (w/w) [E& & T, % SSF. SHF A &bk FE 1) SHF #F
BATA BRI R H, SSF K EfRm. MHET SHF, 25% (w/w) 1 30% (w/w)
TR, SRR SHF RN B 25045 1 25.19%M 17.13%. N T #EmH
MR E e, SRR, &R R B ER R R R4 E AR &,
SR 22Uk A R B R AR IR AR K, B2 R IR RN (1]

(4) FoFAS[A] [ 2 2R A R O A B IS MO BT — Se WAL 3R A5 1) v R FE K
FRIE WA PR AR T, BE A S BT, TR BRI SRR, IR B AR
1 25%. 30% (wiw) [E&8 N, X SSF. SHF K| AR — VohiAk (/K il _E3& o
B — R REAL I EOREVR FE Y SHE AT AR YD TG I K %, =i BEIR B2 SHEF ¢ SHF i fig =
BOAPEE T 18.19%F1 24.48%, {HAWKT SSF 3G K g7~ & .

(5) PUEAN A ] 2 & R R AT — IR B/ B B SR FE SHF,  H T4 7 H2i
LA E NG YD IR AE BB AL IR O RE A, ot 30% (w/w) [l & & AT i H
BT 5 A TAR, N 49.58 CNY/kg: 25% (wiw) [ & &A= 5o E Y g T 75 A
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