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FAZIREF Chybrid Penisetum) 7 H BT ©F 78 1 g
FREAEY P RARENAEYRE, FEAKRBIAKR
MBI, ATDIREARARY) 2 0L BRI,
JRASTRBEARA 1 b BUHE X T 5 P R R s
40.14~48.54 tthm?, B 52 i 14 Al A KR BE 4644 R IR
B SRR, UAORERONERL, SRR AR
(351) ‘CJREA KT 2 (mesophilic anaerobic digestion,
MAD), AR CIN L@l SRR ERL R AR B
PR RE, BT AT 72 L A AR R HE MAD il
BRSO HTE, PN ER B R, C
FN TG 3 A R & 19 ) 43 o

AR HIRIRAKBELE, W45 R i 4%
WA R SR, RS SR AT T R
AR AR B CN JC R BIRIL L) S A e 2 1 %
WRIH R, NERRIEHE Y R AR 2% .
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£ 2em ik, RAFT-20 CH M BERIE R 2em /24,
TR THEN60d, AT T-20 CIEATFIREH,
IR R P RO, R (20 HD MR IR

EERLANE IR B MR LR 1, Tl JoR AR
I AT SR JEURKT I S B PR AR AN B3, HIE N
TER AL YER A & Bk BT

*1 REBRAEELMER

Tablel Physicochemical properties of raw materials for fermentation

o TAkA T Industry andysis JLE AT Elementa andysis Yk T Materid analysis
Mé&ials #YH Cdorific o . . . . . Py LT RE o
vaue(klg?) TS% VS% NI% % Hi% S% ON Cdlulosg/%  Hemicdlulos®%  Lignin%  Ashv%
i} Fresh material 17.6 37.29 93.37 0.27 452 0.06 167 43.46 211 2244 1.96
Hkl Silage 17.6 36.61 95.07 0.33 44.46 0.10 137 4261 24.72 22.08 159

RIEBFP YA SL56 = K YIMLR hiR (3521 C
PREER = F e B P (B3 pH fH 7.51. (% 285 mg/L .
TS (R JHES%E 1.18%. VSTS N 54.39%. C/N
WK E CONHy), (4l =99%) i iR & #
NH,HCO; (4iJF=99%); NH/HCO; (ZlifE =99%) [H]i
YE RIS
1.2 RIERERIRE

REAEE LA 1, 2500 mL [REK N4, BF(35+1)C
KR, MIEE EA 2 MO, B PSRN,
NHOOREGEFE D, EEEEESM, £5NEEEE
WO, B HER AN SR AL MDE R AR E. W 2.5%01
NHHCOs( 2232 0 J2 1 J5i kL E i & v O/E A pH B A7,
AR EERAIIE pH EAE 7.2 LLEFE N4l N HEH S B
I A IR R T 2 k. LVS HF”
AEFFSE 5 d R T 1 mU/(g-d) A& BRI I FR bRk, 3%
1217 50d. KIEFIRYIFEGIL)E, JEE 60 CHTHT
A (biogas residue) 4r#T, €20 CHRA7FH T7EH

(biogas slurry) 734

Bl RAABRERELIR
Fig.1 Anaerobic fermentation unit of LAB-2 500 mL

1.3 BB\ E5 95 E

TS. VS KA HEAGRT 1R FCR Y, AR
PR R ES, FE R C Hy N A S T & B KM
Vario EL cube L& /A ik b s sk Ctotal
carbon, TC). & EHLEE (total inorganic carbon, TIC) Al
M (total nitrogen, TND KA Vario TOC 43 #r 3l € ;
f 4% (cellulose, CL). 442 (hemicellulose, HCL)
AR Z (ignin, LG ME 2% 3 E m] F A fR I SL 6 =
FRAEI 5E 7792 (NREL, LAP) %21, #iu i (calorific value,
CV) HEHYX C2000 (fE[E IKA@A ) ME.

HAH CHy CO, M N, 88U S i B GC2014
RS RS ARSI €, TCD K%, Porapak Q tailif:,
AN Ar, 46 50 °C, ARllEE 120 °C, {RRIET (] 5 min.
FRiE SR Np5%. CH4 60%. CO, 35%.

ST IECRE R BT CON TR LA RE B &

G AL 3 A o WD AT 7922 WL Practical Handbook
of Material Flow Analysis) #2, ¥/ i 4>t £ Gk B 157 1)
Stan2.5 B pFaE ST, B R 1AL-IMPL2013 &340 2,
WIR b 5 B8 el Sankey #2210
1.4 R

R FARL D N EERL A RE 2 28, CIN AR TR
AT 2 R, RS AR 2 500 mL, FAFE 4 4
ERLR AT CIN (BB CIN=167), BERIES CIN (EER
CIN=25), FHIELRMET CIN (5 CIN=137) FIf Ikt
W CINCHI CIN=25) . BRI B E 2 4T - V Sadded
g A 3.0% (L35 JER. CO(NH,), 1 NHHCO; () VS),
FERIRARN 1900 mL,  FHAhSEEAARIG BT L% 2.

2 Nk MECEER

Table2 Proportion of various substancesin
anaerobic fermentation units

Ra/\/)iierial CN Additi)frf\ amountig CONH22g - NHAHCOJg
wEp} 167 174.07 - -
Fresh material 25 168.45 1.9625 -
H 137 172.52 - 4.25
Silage 25 169.72 1.8695 425

7E: CO(NHy), 75 C/IN; NH4HCO3 5 K BER A pH fE .
Note: CO(NH,), regulates C/N; NH,HCO; regulates pH value of fermentation broth.

2 GR55

2.1 REABRZHMEST

REKREER G TS, VS, 4R35, FF4 5. RIREK.
C FI N JCE B BRZIEM LK 3. IREKBEEFEF, 4
TR 27 9 3R 1) B At IR AL PR D B8, 17 B At
HIE R R AL R AR W O A R i R R A,
KEEZR G VS ERFRAE 51.68%~57.56%2 7], C IGEH
(£ HAE 16.90%~34.11%2 [8], 214 & 1 2524
36.51%~56.78% 1], Y474 K 1 L FRRIE 34.12%~
47.69% 8] .

THAM CHy B 2RO 0 WL 2 FiEe 4. fif gl

(CIN=167) FIF Ikl (CIN=137) REKEER VS B

PSRN 280.02 A11327.02 mL/g, VS Hi &/ K
53519 19.59 #1 42.12 mL/(g-d), JBS CH, R %1
30N 59.96%F1 58.49%, #HLLEERL, FHIEHHES K
CH, 1 VS R &5 $eEm 1 16.78%F1 13.92%. fif
Kl (CIN=25) Ikl (CIN=25) [REKFER) VS B
PR BN 242.33 F1 29543 mL/g, ok VS H S E
I35 24.33 F1 37.18 mL/(g-d), VS H CHLRF %09y
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N 61.46%7H1 61.05%, HHLLEERL, FIRIEIVES S CH,
B VS BB RS T 21.91%F1 21.10%. it fE
REfE TORR A V'S, JEUk] IR SR BE IR = SR A 21 B 242 7t

#* 3 AEAIETREMRMERE
Table3 Removal rates of different substanesin anaerobic
fermentation process

dpx PUARER ARE

”:';i‘f R;W TSI% VS% Cl/% NI% Cellulose/ Hemicellu- Lignin
enas % los% 1%

it} Fresh

material 4900 5478 2475 —2619 4329 3412 163

CIN=25

ik} Fresh

material 5334 5756 3411 —-117 5678  47.69 8.51

CIN=167

I Sil

FESIAe 505 5168 1690 922 3651 3702 -1391

CIN=25

# b Silage

Cnygy 6 4713 5405 2075 1405 4760 4605 1497

B 2 LAB-2500 mL AR 3 R & A B = AL
Fig.2 Biogasand CH, productionin LAB-2 500 mL reactor

x4 BERREEFIEBENTSER
Table4 Gas production of energy grass producing biogas
5k Raw BP/ MDBP/ MP/ MDMP/  MP/BP/

materials (mL-g™ (mLgtd®) (mL-g?) (mLgtdh) %
gifgefh mALIA  gh02 1959 16791 1066 59.96
ﬁjgg@ms 24233 2433 14894 1279 6146
3)'2‘2: 153”789‘3 327.02 4212 19129 1932 58.49
3)\”12: 255”89‘3 29543 3718 18037  17.01 61.05

#: BP, WS &; MDBP, AR AHMSE; MP, Flif“&; MDMP,
A HFPHEEE:; MPBP, B R4

Note: BP, biogas production; MDBP, max daily biogas production; MP, methane
production; MDMP, max daily methane production; MP/BP, methane content in
biogas.

7E CIN X RE RGO 7, ST E Ak
s, R (CIN=167) BITH L CH4 ) VS BRI 84
fif B} (CIN=25) 41 Jll =it 15.55%fil 12.74%; 7 It-
(CIN=137) HJJH K CH, 1) VS B ERF I
(CIN=25) 435wt 10.69%F1 6.05%. AiXEdFE C/IN
W AMEE A IR m R B SR, KA TR,
JE R AT i A AT 2T 4 31 25 AN 5 e DR AR A A R 1
WIEYR TR Cuk, 5% CINHEF, SEAHEY
BHRERKBERFER CIN 53R B m 22, 17 DAL 9 i 2t
TN, sa NGt & N IR, B E6E NHeN R
N R R GE TG 28,
2.2 YIBRSHh
2.2.1 BAKEIRGYMITANATAR

DL AR B FH R (C/IN=137) 7E LAB-2 500 mL
SN2 R R B I A AR, A SE T O ) IR
Hr 245 (MFA System), W18 3 fiTzr, £ 44517134 7 (system
space boundary) L& ¥R & MIREKEE 2 it
(process), ZRZGHF[HIAF (system time boundary) % &
N ANRIEEARL I (cycle, cy), RS M 8 Wi
(flow). RGHNA 4 5%V (goods flow): kL
CIN YEFTF . pH B 5 770 A & B 42 A 7 i N TRt
(import flow); RGHIHE 3 FZWFRH: B RER
MR EREAE N (export flow); ZREENIBH %4
JR: VRAE R IR AR R A B R IR Coutput
flow), MAEANRE KBS FERFRAN (Gnput flow). 1R
PR ST DT MR, o B PR SRR B 45V R
SRR P AN B B B A AR REAT A2
2.2.2 BARBEGIROGYMTADIAT

REJR R PR AR I 2 (R 0 5 3 3 0 T 6 B LS R 4t
WP ) C. N JCEL. FIEER (CIN=137) i)
JRIR SN /3 BT EE 3R WR 50 Fd i N2 ST P S 43 A
R O(LE 3, 2t 95% E 5 A0S 2 R 2
et R 4. BRPIRUR BERI R TE Coiguia) 1T 1BL
4 105 g/mL, VS E (prioges) T8RS CH, 61.1%
1 CO,38.9%HEH 9 1.21 gL«
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W: Import: ¥ Import BN Export: Y Export g i dStock:
AStock AfFEI: BEIARSSHHREZE: | ik E fidh: F1-F8,
YIpi 1-8.

Note: Import: Y Import is total import flow; Export: Y. Export is total export
flow; dStock: AStock is stock flow: the difference between the total import flow
and the total export flow: I, Import; E, Export; F1-F8, Flow 1-8.

B3 ZXBEFHITERAKEFEZAMRASHAER
Fig.3 MFA model of energy grass producing biogas by
mesophilic anaerobic digestion
x5 REEREABIENYIBRRITEESR
Table5 Data of substance flow analysis for mesophilic anaerobic
digestion of energy grass

SRR CNEESH CN L& E
bl RPIR Totd materid ~ C,N e|emen} CN e|eme|1wt
Flow Total materials flow/ content/(g-g™) flow/(g-cy™)

(goy™ C N c N
JER} 1725 016277 000121 28077 02084
CIN 571 0 0.17143 0.400 00 0 0

TN
Import  KEFER 1995

pH E A7 4.250

0.00101 0.00067 20045 1.3490
015385 0.17949 06539 0.7628

;‘Joﬁcﬂk Eagab sy 1725 016277 000121 28077 02084
R 26.685 043424 / 11.588 /
A
éffpﬂjn R 2108 000125 000089 26300 1.8671
KR 48079 045190 001620 21.727 0.7789

A cy, R BRI 3 C(N)/S\%: TC(TN)/,Qiquidi Mbiogas— TV biogas™ Poiogas:
C % 8= McNw/phiogesr Vin=22.4L-mal ™,  Mc=12 g-mol™, A N L&
AW TRAE=STREXTR S E.

Note: cy, cycle; C(N) content= TC(TN)/giquid; Mbioges= TV biogasX/iogess C content=
MC/(Vin' Priogas), Vin=22.4 L-mol ™!, Mc= 12 g-mol %, Biogas N element content
ignored; Element flow = total materia flow x element content.

R YR R IR S R I ) 4% YR S FE W R Bl a3 A
R D R 421995 B fi A oiE <. 2) R C
JCERA 33.1%LL CH, F1 CO, IERIMATES, HE{WMA
R . R 8.0%, KW 58.9%. 3) JEkH
N TG EERAFI R F : KK 69.4%, KI%E 30.7%.
AR Uk IR S R B ) 2% Y8 R I R LA R AR, k)
HhE I 60%fF) C A1 80%F N 47515 B8 7 K IR 430 vk,
] & BRI 3350 43 B R 2 — DI m AR I VA S TR R
TER R A 5 3 M E B F B
2.3 BRIEHSRENEERTON

AT TR AT I TR E IS, HREEH
REAINBE G IR ORIR 2, I RS HIRE RIS T
CALEIR 20 2 AL 22 B NI, A o e DA T3
PAETHA . ARV R AR I &8 S I RE R Bl M B8
WK 6, HFRURIER AR ReEAT, IR
[ A BB AR A B4 T R RVE, BRI
TR, 28 959tk it A3 REE I AT et F LI 5.

A4 fRFMRXTFERALBIEGHA R IIER
Fig.4 Sankey diagram of substance flow analysis for
mesophilic anaerobic digestion

®6 RERERESLBEIRENEERDIN
Table6 Dataof energy flow analysis for mesophilic
anaerobic digestion of energy grass

i SR R RS R AR
Frow Total Total meterial o Energy Energy Flow/
material flow/(goy™ 7°  content/(klgY)  (kdey™)
J AL 1725 3631 176 11024
N CIN 57 0 100 0 0
Enter KRR 1995 118 16.63 391.49
pH B 4250 100 0 0
N I
Internal R 1725 3650 176 11081
AR 26685 100 17.03 45451
it R 2108 022 16.63 77123
Output ) ! g
R 48079 100 16.63 799.55

T BRI AR B0 S A BB S VRV A IR e 808 TS I#AVE
Re B = Y T B X TS B R & o

Note: Assume that the totd solid caorific value of the inoculum and the fermentation
broth is the same as that of the biogas residue; The energy content is the calorific
value of TS; Energy flow = Total material flow x TS x Energy content.
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AEEFEN A R Bon: Rl E R R MR R
33.1%3E N EA T, JERL 61.3%H8 IR B 7E R VA .
AL, ZRAOR R i AR IR i L R R, REE
BB RN IR, SRR R AR

A5 fRERXTRRALBIRLOEEAIINER

Fig.5 Sankey diagram of energy flow analysis for
mesophilic anaerobic digestion of energy grass

3 & i

A FE 3T R R R AEUR BRI i X 5
L FE I R AN RE I AT, 1B DL R 458

D REKERTGENY (VS) HZFRH1E 51.68%~
57.56% 1], LRIV E B R iR 41 4R .
B, HUEAL R R REVR B A YIRS TR, BORFEREYR R
F AT o 2RI 2 1 A 28 BRI 0 AR K B Bt AT X
s[RI, A R AR WL A0 R i 3R AT =B A
FIA, CARTFRETR A YIRS TR S35 300 s

2) AR REAERL (CIN=167) FIFFRl (CIN=137)
PREUK I VS B 5371 y 280.02 F1 327.02 mL/g,
B FEAT TR VS, M m sk RS &, H
WHBAH CH, & A K. REKFAK R K CIN i
% 25, VS BB AEA TN, JRIEATRE R AR RLT4ER
A G IR S AE AR R IR i ) C TR,
53| CIN t1EY, SECHSYRR AR ERER CIN
SR IW2ZE, 10 AL AR IE AT AN, e
T N YR, EEZ A NH,-N RN R E R A

3) WAL R AT A RN R 42.1%
VIR S R NS C LRI A6 A 33.1%,
K 8.0%, KA 58.9%; N L& EEIRAFEIRYF -
R 69.4%, KA 30.7%; Ry 33.1% NJESH,
61.3% R FE7E R T b o RE IR PR SR IR 45 VR S I R
AL R A, TR 60%C. 80% N ¥ DL & 60%
MIREIETI R ERI xR, 0 A EIF R R KB
f) N FURBEE T C, it bt m Rl S LR
TER 2R R 5 3 Y T B
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Material and energy conversion efficiency of anaerobic fermentation
process of Penisetum hybrid for biogas

Zhen Feng, Sun Yongming, Kong Xiaoying™, Niu Hongzhi

(1. Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou 510640, China;
2. CASKey Laboratory of Renewable Energy, Guangzhou 510640, Ching;
3. Guangdong Provincial Key Laboratory of New and Renewable Energy Research and Development, Guangzhou 510640, China)

Abstract: Energy grass, as the second generation of new energy crop, has a bright development prospect. Hybrid penisetum
was selected as the raw material. Silage is a well-devel oped technology, which can preserve the nutrient component to alarge
extent. Ensiling is a process in which water-solution carbohydrates (WSC) are converted into lactic acid by lactic acid bacteria
(LAB) in anaerobic condition. We investigated the physicochemical characteristics of silage grass raw material, and explored
the biogas production performances by laboratory batch anaerobic digestion at mesophilic temperature (35+1)°C. The results
showed that the biogas production of silage grass with the C/N ratios of 137 and 25 (adjusted by urea and ammonium
bicarbonate) was 327.02 and 295.43 mL/g respectively, and the corresponding methane content (volume fraction) was 58.49%
and 61.05%, while the biogas production of untreated energy grass was 280.02 and 242.33 mL/g, and the methane was 59.96%
and 61.46%, respectively. The volatile solid (VS) removal rate of substrate was in the range of 51.68%-57.56%, and it mainly
attributed to the degradation of cellulose and hemicellulose. Therefore, the energy grass with high cellulose and hemicellulose
content should be selected as the feedstock in the development of energy grass biogas project. In addition, lignin, and organic
matter difficult to degrade should be used to enhance the comprehensive benefits of energy grass biogas project. We also
established an open materia flow analysis system by the anaerobic digestion of silage grass in the LAB-2 500 mL reactor and
analyzed the distribution of carbon and nitrogen elements in different material throughout all the digestion process. According
to the material flow anaysis of silage grass in the anaerobic digestion process, 33.1% and 8% carbon in the raw material
entered into the biogas and fermentation broth, respectively, and the other was till in the raw material. The distribution of
nitrogen was that 69.4% was in the fermentation broth, and 30.7% was still in the raw material. Moreover, according to the
energy flow analysis of silage grassin the anaerobic digestion process, the energy yield of 33.1% entered into the biogas, while
the energy yield of 61.3% was still unused in the raw material. The mass conversion rate of energy biomass was low, 60%
carbon, 80% nitrogen and 60% energy were till in the digestion residue. Therefore, the use of carbon and nitrogen elementsin
the energy grass hiomass was greatly important in the anaerobic digestion process, and it can be beneficial to improve the
efficiency of energy grass biogas project in the future. This study provides a reference for the development and utilization of
different energy grasses.

Keywords: methane; fermentation; biogas; Penisetum hybrid; material flow analysis; material and energy conversion efficiency



