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W OB UFEAFRAEL, FRFEBE(ISC~35C) KANAHF(0.5~6.0g - L' - d ) A HFTHEAFAR
HR MELEERBAABFAD I FHA, FRE T, BARFLENERFAFARTNMNEE, E 15C,
20°C \25°C \30°C 7 35°C. T Hy & K 5 = A% (R, ) 2 #] 4 20.18,54.45 73.86,143.90 ,146.35 mL - L™ - d™', #it
R, —0 2> R AT 55 2 i B0 X [E] IR B VE M R S0 A A 1.22(159C ~20°C) (1.06(20°C ~25°C ) \1.14(25C
~30°C) .1.00(30°C ~35C) , M E T B ZE KB, 15C~20CEHEAFEFAEA RS BENREERE A, EHRNE
PFHEEEREN KRELABETHFEBAIR(EERRE TSY 1%) EREHFAELEL TSR, LA
KURBEAmAEREBEREROAET KT,

KPS, REAEAR, BAIE,; FAE; s h FHEE ik ke

FE 4 EE . XT713;X172 XEARERS A

Kinetics of biogas production and heating strategy in
anaerobic fermentation of cattle manure

JIANG Tao®, DENG Liangwei', WEI Xiuli>*, HE Jing', WANG Bing®, XIANG Yuanyong’
(1. Key Laboratory of Development and Application of Rural Renewable Energy, Ministry of
Agriculture, Chengdu, Sichuan 610041, China;

2. Chongqing Academy of Agricultural Sciences, Chongqing, 401329, China
3. Southern Scientific Observing and Experimental Station for Development and Utilization of Rural

Renewable Energy, Ministry of Agriculture, Chongqing, 401329, China)

Abstract: This study carried out the biogas yields under different temperatures (15°C ~35%C ) and volumetric
loads (0.5~6.0 g - L' - d™") on the basis of cattle manure and developed a semi-continuous biogas anaerobic fer-
mentation kinetics model, which was shown to be fit for the volumetric gas production rate of cow manure. The max-
max ) for fermentation at 15°C, 20°C, 25%C, 30°C, and 35°C were
found to be 20.18, 54.45, 73.86, 143.90 mL - L' - d™' and 146.35 mL - L™' - d™", respectively. The 6 values

(temperature-activity coefficient) within different temperature intervals with the R —6 formula were worked out to

pmax

be 1.22 at 15°C ~20°C, 1.06 at 20°C ~25°C, 1.14 at 25°C ~30°C, and 1.00 at 30°C ~35°C. In contrast to other

temperature intervals, anaerobic fermentation appeared to be more sensitive to temperature variation in 15°C ~20°C. Ac-

imum volumetric rates of biogas production (R

cording to the calculation of energy input and output, the biogas project of cattle manure in low total solid concentration
(at about 1%) was not suitable for additional warming in winter in the south of China, in which the heat loss and the
heat required for warming the feedstock to the expected temperature were much greater than the increased energy output.

Keywords: cattle manure; anaerobic fermentation; biogas engineering; biogas production rate; kinetic

model ; heating strategy
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REAKR BB AR RO E G RMI R NEET
B TERER AT AR 329 DR A2 28 R 5 1 [ e 7= 2
A A REYE CH, M AE A MU, R 22 2732 /9 ¢
FENTR R PR AR R I S IR B IR F, LA
TR 53 W 7 20T 43 R F R (15°C ~25C) il
(35°C ~37°C) i (50°C ~60°C ) 3 i, & EHES T
FELLH IR RSB 1T o 3, WF 58 e W, T B 7k v 7k
A W A AL T e R foe i R R P AR
M) FEIR A YIE A B K X R N R
PTF10°C , R EE B IN L) 1 4% 0 Y 18R T &
FER B, B P 1°C, R R T RRY 1%,
Massé %55 BFFE 45 5 R, 20°C \25°C 1 30°C 4444
J& 525 2 K H e s #4431 0.12,0.34 ,0.37 ¢ -
g e dT, T R R Y AR 2 T R (COD) T il A
84.2% 88.7% L)} 90.8% 4k Jy W ke, 1Evh IR
IRAAR BEPREE T 15 Y ) 6 i 0 S WP T Ak LA B
ZECRh AU T 3R RS A iR I TR I A
Syl K a7 [ ek A R % I 2R 4 e R AL
ZRE R, DR 4R T A O B H e 7 R R AR
SR, D255 14K A 6 1 T SR AR A R UE 2K
KRG AE R = R T a7, 38 E K4 b
XA R AR T 20°C, B ZREE T 350, i)
5T b ARIETE BN (15°C ~359C) & 8395 107K,
PEREXT FIHR T RN ST EAEERE X,

Harfk EHE TR BT ZUEB=SER
FEME R A % RN R JFOR R ) 22 50, A
ZIEARFAHLTAE T 1SRO8, S8 LR PRz
TSN R THESCR 225 8, AT L
NI G, FF e R[] BE KA ML 6 for £ F F
MRS RIS, b a2 i 2 R B = sl 1%
R 0 AN [R] 3 BE T A9 R AR T 7 A TR AL
B DI O A= 2B AR TR T AR g R AR 24
5%,

1 MRS IE

1.1 R R

AR [ R L 05 4 b, AR 0
o B R I SRR AR MR B (TS) AL B 1% 2247
TS LTS E R 1 000 mL ) DB, I A
WA AR S FE R B R TR AR R A AR A
Iz,
1.2 REHE

IRIGTF LR 10 BN & B I 500 mL A=
SIRET5VE, SRIG A A28 L e Rt iR 543 ] 78
15°C 20°C \25°C 30°C \35°C &%k F #k47 (i Sy

15°C K% IRBGAE RS HAEIEAT — IR (K
e R B R R AP AL B 3 WE AT, SRR %
gy bk, R BE TS B 45 1% RAE, 5 K E i
HEH B, IF IR B JRURE 1~ 2 U, B 5 4
R, MR TS FAHLGATAR 05 g - L7 - d”
THR AT RS  ZF WS I R SR AL (R 1),
B3 A BT I 2R SRR R
MR A R B R, BEFPA LG 6 R I8 2™
SRRE R RANTR], M2k 2 Ja 2 B Ui 22 /)
T 10% W WA ZAT AL G G U6 ik B AR IR 45
1RIR5
®1 ARBEZFHTARAFHERMNE
Table 1 The influent volume at different temperatures and

different organic loading rates

A B TS= 1% J5URHI A
Organic loading rate TS=1%
/(g LM -d™h) Influent volume/mL
0.5 50
1.0 100
2.0 200
3.0 300
4.0 400
5.0 500
6.0 600

1.3 BisFfR5MEF %

TEAH CH, B CO, MR GA2000plus f##55X
TRAGHTON 5E 5 SRR A AT IR, 9T
100 mL S EF IO 2 5 TS SR TR E
1.4 FitFH=E

H 3 Microsoft Excel 2013 #4785 115, 8 i
Origin 9.0 FAT/ERE K 15155347 .

2 HER5
2.1 HEPFERESFESRE

BERU AR IE I F OV 2 R Bk IR A
i EEA TR AR A LR S5, AR
MEE AR A 25 40 B = Am &l 1 BT R (15°C
20°C 5 AR 2 IFR S R BAR, U 3~7 d il sk
—IR) o GERIRW, ;A B A B S
PR Z R e R EERK(WE 1), gt
PR R B 2 F I R BU= R R 2,7
15°C ,20°C \25°C 30°C F1 35°C iR F By | K& 1=
SR HIH 18.75+£1.44,56.50+2.25,62.38£4.01,
139.42+4.22 154.75¢3.79 mL - L™' - d™', AWI5ETE
35°C /M N IR B SR AR F 2238 SCAE X4 3%
S T 2R Ak R A B S A R, — Dy,
X5 BRI R K T PR B 1 25 S 6, s —
i1, AR BN TR E LB (TS =15%) & A B
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Z 0] R IR AR 0T, LA B R R A R T
(TS<15%) difh™ . T W g R B, JFURL ™=
SRR B R 7E 20 d (915 B )
B 35°C REESA T BRI HRL A 28 10 UKL 25 4%
AL (VS) P2 RN 025 L - g, 5AWIFE 0.5
g+ L'« AT AT 191.50 mL - g7 B JEURE S
(2228 mL - g ) MY Alvarez R 251" X 4R 36+
WERA TSP 0 2 IR AUk B S 0 R B, 7
35C,1.0 g - L7« A WA WL AT &4 R, FEH e I

BEVS P25 E K 50.0 mL - g7t SAHISE 126.12 mL
- o SRR AR (LR BE TS ALY 52 mlL -
g ) WA

WIFTEAE IR s, e T i J3E v, 2 48 T i ok 3
F I R A BRI, 76 15CIRIRAME T, ok
BRURY KR GE T RE R 3 14 fe KA DL G A
AR (IR 2) MR TR E 2.0 g - LT -
A7 SEACTR R AR TR IR, T 20C ~
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d7 X EER IR A E YK 5 IR R O R
5 S &AL BT 1S C R RE A T K
ZEME Y B, T 20°C ~ 60°C {8 25 1y B & 5 46 1tk 1
I A 2 I S R AR AR T, L
IR ST A R W] FE 20°C ~ 35°C R X
RPN, AR R T I A A AL B i 385 T i R S 2
PEGZR HARE I I R L X — i, R N
HERA BLGfE A B 15 B 0 A FE I JEORL = RR
WIS, Hill'™ FHEEA sh B BR G153 4 3%
HARBETE 40°C TR B i KA ML 13.3 ¢ -
| R W= 5 N P R T i e £ S AT B 253 |
Jrh 2 8,
HE— i SRR, OB RS CH,
W EE B I B 1) b T s, fEA HLIUAT 0.5 ¢
S LT AR REERY TS SRR R RN 22.58
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Fig.1

The biogas production at different organic loading rates and different temperatures
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Table 2 The volumetric biogas production rates, material gas production rates and methane

contents at different temperature and different organic loading rates

REE/C BHAaw/ (g- L7 -d) FBPESHE/ (L - L7 - d7)  EREE JR=SE/ (mL - g7") Hetr i/ %
Temperature Loading rate Volumetric biogas production rate HRT/d Biogas production rate of TS Methane content
0.5 11.29+0.89 20 22.58+1.78 35.4
1.0 14.14+0.71 10 14.14+0.71 36.3
2.0 17.32x1.42 5 8.66+0.71 36.1
15 3.0 18.75+1.44 3.3 6.25+0.48 36.2
4.0 19.29+0.68 2.5 4.82+0.17 36.1
5.0 19.86+1.50 2.0 3.97+0.30 36.2
6.0 17.07+1.35 1.7 2.85+0.22 36.4
0.5 21.67+0.61 20 43.34+1.22 38.1
1.0 36.25+1.00 10 36.25+1.00 39.2
2.0 43.25+0.92 5 21.63+0.46 39.4
20 3.0 51.58+1.20 3.3 17.19+0.40 38.6
4.0 56.50+2.25 2.5 14.13+0.56 39.2
5.0 57.50+2.74 2.0 11.5£0.55 39.2
6.0 36.75+1.57 1.7 6.13+0.26 38.5
0.5 33.62+3.61 20 67.24+7.22 38.1
1.0 42.38+2.02 10 42.38+2.02 40.6
2.0 53.25+2.36 5 26.63x1.18 40.6
25 3.0 57.12+3.20 3.3 19.04+1.07 42.1
4.0 62.38+4.01 2.5 15.6+1.00 41.2
5.0 55.25+3.40 2.0 11.05+0.68 40.7
6.0 43.62+4.01 1.7 7.27+0.67 39.8
0.5 95.25+4.90 20 190.5+9.80 40.4
1.0 112.01£2.25 10 112.01+£2.25 41.2
2.0 124.00+2.21 5 62.00£1.11 41.6
30 3.0 138.56+2.48 3.3 46.19+0.83 41.6
4.0 139.42+4.22 2.5 34.86+1.06 40.6
5.0 135.10+6.12 2.0 27.02£1.22 41.4
6.0 137.14£3.14 1.7 22.86+0.52 41.4
0.5 95.75+3.97 20 191.50+7.94 41.1
1.0 126.12+£7.22 10 126.12+7.22 42.1
2.0 138.07+6.22 5 69.04£3.11 43.2
35 3.0 152.74+3.81 33 50.91+1.27 43.6
4.0 154.75+£3.79 2.5 38.69+0.95 42.1
5.0 152.25+3.82 2.0 30.45+0.76 42.4
6.0 151.39+4.01 1.7 25.23+0.67 41.2

T AR A b 22

Note: Values are average + standard deviation.

AR FIZMEM K E 191.50 mL - ¢, X 5%
TR 38 B U 3 1) o T 4 A e — 2, WY OGE
WEBE Ty T, 15°C N 20°C 9 JFURE = AR R CH, IR 28
B EALF 25C ~35C, fEARE &M T (15C ~
20°C) CH, “F- ¥ ¥ B 4 37.5%, I F iR & F
(25°C ~35°C) CH, F¥JUJE 41.2%, FESZH NTE
IR E R RRAL AN TG PR A X 5 8, B A IR &
FRAL, S SOF e s T PERR AR A Rl — IR Ak
A PG AR SRR AR Y A AL B e
TR AR R A T R, O T A AL
B S )7 8 B g SR T A0, DRORE TG ¥k 5 4 R
[ 3 5 0 0 for 25 5 30 R G b 45 kMR D
(VFA) B2 FTFLL K pH (RS BERES) . A ) I

JESAETR 7B X LU o R B, IR AR AT BIL 67 £
AR DEURE 7 AR e A L T e B R AL, 9 a0
20°C.0.5 g« L' - A7 A WL s SR R B EORE™ S
25 30C AHLHAT3.0 g - L7 - dT IJEDRLAROR
AR B, 31X R W] A Ak A 6] 6 1 2R 35 260, O
S AL RE ™ S8, 7R 20°C 38 17 14 B g 2 A A FR
F/IE30°CHY 6 %,
22 HEFSHHFER

AR 0™ A8l Jg 27 B8 3 B4 4% Chen -
Hashimoto 5 el " & IE B4 Stovere — Kincannon &
AU Deng AL LB IE JS 1) Deng BRI Y
i, AR HBIE G Deng LT X A 2 7= S8R
P
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Modified Deng fFIZRIARUNT .
R, =R,/ (1 +e ™)

X R, WA AH(mL - L7 -d™") R, NEE
B R A B (mL - L7 - d7h) 5 Lr BRI
JEMHIE (g- L7 - d™") 3K, AR (g L7 -
d™") o BEIRPIERIE («) STGER=SE (y) WA
AP BT EAEE (IR 2) o K R, KB
TREERY pRE LR, AT ER
Rty = Ry 6"
KR cr,y N T B SR T BB AR,
Ry N Ty TBEFRAF T BB, 0 i
JE TG R AL

AL S BN R, L VAR K W B
3, AR B RN ARG R (EAE
0.933~0.997 Z[a] , i B HY ) 4004 BE #5047, AT 5
IR, (S ELSHEAE , 15°~35°B4UR R R,
B350 20.18 .54.45 73.86,143.90 ,146.35 mL -
L7 - d™, S55REM L TE 15°C ~35°C {u [l W, I 4
BT H R, AN ECHT— R B 4 T 169.8% |
35.6%.94.8% LA} 1.70%, W] W, A 15C L F+ =
20°C , 28 R THR K

it R, —0 ARG B A R I EE X R 6
HANER 4 ProR, AT 0L, 4 28 IR 40K I ™ <0 R N iR
JE R BUEMETE 15°C ~20°C 85 [l N 20 .75 T 20°C ~
35C, Lim % X372l s R, K
TR 16°C ~24°C X[, 0 (HZ) K 1.09, 5AWF5315
FH 15°C ~25°C X AN B 6 {6 1.14 AL, Lin

=N
(=}

ZEPUBFSE T 159 ~ 50°C Y0 1l P9 4% & 1 i 1 1R = H
BEMRE 31 J1 2 280, 16 15°C ~35°C XA 6 {52
F1.077 , {HRER )3 BE DX sk [ (o A W B v A e 5
il 1% P 34 A 22 S, A0 R YR VAT ) B L R 30°C ~
40°C , 7£ 40°C ~ 50°C L[5l P Mg il R s 1, T AR
7 AR TR R, 0 {85 m TR gt
BRI B R bR 2 — , T DX [R] 14 3% XHe 5 T
PR LK, AWFIE R E 1R X R 5C,
PRI I AT LA s Sy o A b Fz e 308 B X6 S A 9 8l 01 %
R
2.3 BRIEMMAKEE

T4 ook & TR B E A BRSR
KT, YR TS — N 1% ~2% N T IRIEIR
SRR BT B AR v W T B R AT, R AR I 4
AR (CHP) &t M 2B & BRAY 5 58, B & H LAY B
HEATIRSCRIFE | SR R S 2RI SRR R FL L
BIACH TR A PR Y, CHP 1Y B Hb % 0 300% 58 3%
40% ~45% " Ay I AART R ARG e B IR A0 K B AE I
TEIAREE N A RGA AT, w20 2% S8 2 1 g A H T
B MAHFFAS B 0 50 DA & B IR s 43 B
PRI T LR

LA 1000 Sk PR 4R35 R 49, JF 05 7K HE i 45 4 2
HEBbRAE 20 m® - 100 k71 - A7 iR H
15K25200 m*, S EIBUERE U TR (1) &
BEIFRE TS R 1% , K IEREAS A 1000 m*; (2)THA
FIPVE N 21 MJ - m™; (3) MR BEIRE R 15C;
(4) WA BB BN R KA TN 85% ;
801 25°C
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Fig.2 Dynamic model fitting of anaerobic fermentation for the temperature range of 15°C ~35°C
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(5) FAb 2% DA R JRE S IR ) it 75 5K 2% Metcalf
AL (6) MR PR 65% . W5 & BERE Hh 15°C 43
FIFRTEZ 20°C [ 25°C 30°C UK 35°C , 1445 51 A ]
AT REE AR AT (K 5) . AT ILESRA T
25 TR ACRE IR RT LA I S5 AR R AR L P
2 DA KRR A4 22 3ARL TR 3 iy 9 oK i A i K
Fie, I HOBE A e R R A B Tt A R R S AR
K, X5 Deng % R INATW K TE R TR IR
F 20°C SN, EZURF MR 508 T 435 %
PO SRI R TR, X MR RTE ™
5 HiL X 4 24 30 S TR R B AN R K VR A BRI
PO TR AR & A AL 25 8 e, 3X — 1 it BEE
TR THREPTIREE 24 0.1°C (32 1 000 m® & BEEZS R
T . AL ESSSRIET R TS S 1% T T
Ry, e IR A R BB TS, B B - R
FETETE, AH R IR0 4518 N 1Y RE 2 0 ST i 8 25 2
A XIS A Rt — 2 0F5T 5 TS A4 T s 1
I JE 2215 K A FRXERE

F3 AREBRETERBRFSERFMMELY
Table 3 The maximum volumetric biogas production rate and

half-saturation constant at different temperatures

Tiifl:r/:t(;re Ry Lr Kig R?
15 20.18 0.043 0.929 0.997
20 54.45 0.563 1.137 0.933
25 73.86 0.284 1.568 0.942
30 143.90 0.019 1.197 0.978
35 146.35 -0.315 1.172 0.992

®4 FEBECEEHNNEBEEEERE
Table 4. Temperature-activity coefficient at different

ranges of temperature

TR X (] 0 IR DX ] 0
Temperature range Temperature range

15°C ~20C 1.2196 15°C ~25C 1.1385

20°C ~25°C 1.0629 15°C ~30C 1.1399

25C ~30°C 1.1427 15°C ~35C 1.1041

30°C ~35C 1.0034 20C ~30°C 1.1021

RS ARMBAKRKTHEEERNH

Table 5 Energy input and output under different heating modes

JEEHIR BREEE e TSR, plliEziet g if:]
Hoh w ek T Noumaie V% e e O S g
S RE : ) A . BEEAM . Heating o
3/ C Heat Heat Heat Taout biogas Vol ¢ Biogas Increased al Increased ~ Net energy
Temperature loss requirement  efficiency eu production oume output biogas raue energy output
/(MJ - d7!) for feedstock /% energy rate digester /(m® - d”! tput of biogas tput !
o 3 m ) outpul 3 output  /(MJ -d™)
/(M) - d™) /(M) - d )/(m3'm_3'd_l) /m /(ms,d-l)/(M]'m )/(M].d—l)
15 0 0 65 0 0.017 1000 17 0 21 0 0
20 214.8 4187 65 6772 0.046 1000 46 29 21 609 -6163
25 429.5 8374 65 13544 0.063 1000 63 46 21 966 -12578
30 644.3 12560 65 20314 0.122 1000 122 105 21 2205 -18109
35 859.1 16747 65 27086 0.124 1000 124 107 21 2247 -24839
3 Wi ik, FA A R 25 7R K . Sanchez 55 TS L
> ‘Lb

A BT T 2 R RN 7 X A AL A B R
TR T 2B, AR SO 8 25 BABIESE T — &
T P RS e B B G fr (38 T B i, M
BLASTTE 2.0 g - L7 - A" LA B, 2SR BEA HL 7
RGN 5 7 4 A5 AL B far P R B TH R, AR
RIGN W T e AL AL 5.0 g - L7 -
d7VJa BB SR B B A B 3G T R R A
SRS DI ORI R B AR A E S R
3.3 kg - m™ - d7 AU LG M R AR IETE 28°C AR
GLIE R BT, R R G0 A LR 5 R A LU A
FAGK B R R, (R FE TR PRigf7 A L
T RARES, A5 5 Yo 4 2 B 3 i , H 02 S N 4% 11
BRI A R HRCRAL,

FEFTA IREE ST, TR = S R Bl A A AL B for
(3G I 5L R B 34 RA 42 TR XS % 4% ( CSTR)

[ UASB SN i 72 il S5 110 T A A 7 2 7K 1 45

T AEAHLAMH 1.0~4.0 g - L7 - d7'IF, AR
o7 S B (TCOD ) 1Y 25 B 3% Bl 671 i 185 18 7
I ABAE VT L N R e R B B AT 1) TCOD 2B %
RAEBR R BT ENE, HA PGS =4.1 g« L
- d7 AR TCOD B L BRF PRI FFARZ 40% LA
T, W B pH A LA K B B2 AR B F A, AT sk
AN TIHARBERSE P RE 5™
PR v T T 1 A A, 7 TR 38 R T A R R
R R G K Wt B A R B, Leite 451 ik
— W R AR E IR R R e rh, SR A ™
P8 TR RH XS = B2 B A AL 57 A7 8 1S T b T T 24 671
Tt %5 , Methanobacteriales( FFBEFTF R ) UL M. Meth-
anomicrobiales ( FGETA IR ) 25 SUE 27 0 7= HH ot oDKE o
X H A SCHE T A FE AN W] P ] e SRR
I WEE PRV A5 AR e A Rl A R ik — 20 F 5T
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38 %

FE A TR R E R S 46 1F A He BB st 45 )
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