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8 K + MU EIHE Z5 3% (aerated turning pile, ATP) T. 2509 1. 61 fi%. N,OFEFk H LA IR, CH, EFok AL ATP T
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Emissions of Greenhouse Gas and Ammonia from the Full Process of Sewage

Sludge Composting and Land Application of Compost

ZHONG Jia', WEI Yuan-song' , ZHAO Zhen-feng”, YING Mei-juan’, ZHOU Guo-sheng®, XIONG Jian-jun’, LIU
Pei-cai’, GE Zhen'”, DING Gang-giang®

(1. Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China; 2. Beijing Drainage
Group Co. , Ltd. , Beijing 100038, China; 3. School of Environment and Energy Engineering, Beijing University of Civil Engineering
and Architecture, Beijing 100044, China; 4. Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China)
Abstract: There is a great uncertainty of greenhouse gas (GHG) reduction and nitrogen conservation from the full process of sludge
composting and land application of compost in China due to the lack of emission data of GHG such as N,0 and CH, and ammonia
(NH, ). The purpose of this study is to get emission characteristics of GHGs and NH, from the full process with on-site observation.
Results showed that the total GHG emission factor from full process of the turning windrow (TW) system (eCO,/dry sludge, 196. 21
kg-t™') was 1. 61 times higher of that from the ATP system. Among the full process, N,0 was mostly from the land application of
compost, whereas CH, mainly resulted from the sludge composting. In the sludge composting of ATP, the GHG emission equivalence of
the ATP (eCO,/dry sludge, 12.47 kg-t™') was much lower than that of the TW (eCO,/dry sludge, 86.84 kg-t™"). The total NH,
emission factor of the TW ( NH,/dry sludge, 6. 86 kg-t™") was slightly higher than that of the ATP (NH,/dry sludge, 6. 63 kg-t™").
NH, was the major contributor of nitrogen loss in the full process. During the composting, the nitrogen loss as NH; from both TW and
ATP was nearly the same as 30% of TN loss from raw materials, and the N and C loss caused by N,O and CH, were negligible. These
results clearly showed that the ATP was a kind of environmentally friendly composting technology.

Key words : sludge composting; land application; greenhouse gas; ammonia; emission factor
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Table 1  Composition and properties of sludge composting

WH bR _ VRt __ VIR
75k B T s 2ok ™ ATP
pH 7.63 6.79 8.80 8.25 8.22
K/ % 67.71 27.78 53. 14 64.83 57.48
B3/ uS em ! 1223 2413 3834.9 839.75 1349.50
AL AS bR HHLFL % 47.10 90. 68 43.17 48.76 51.03
TN (DW)/g-kg ™" 26.55 29.27 22.24 26. 64 23.13
TC (DW)/g-kg ™! 210. 63 383.48 182.15 205.77 196.21
C:N I 7.93 13.1 8.19 7.73 8.54
NH, : TN k 0.08 0.16 0.34 0.29 0.15
15/ 80 140
Bk %Lﬂ/t 80 90
BE /L 40 28
Bt 200 258

1S URMEARIRE T 2012 45 7 ~8 H kAT, HEfAL
“ARIE, TW HEAR R T (K x 58 x 5 ) 29 70 m x
4.0 mx1.0 m,/A&F 140 m*; ATP HEAR (K x 98
X ) 2190 m x4.5 mx1.0 m,f&FH202. 5 m®. ATP
JEEFRH R TE 10 em 1974 XE 45 38 XL 20 h( A
KPS A 8 h, 1M ] & K, FLFFAIL: AL ] =
301,38 X 50 m® -min ') . HEAE A B R K.
1.1.2 i5RHEE A

KL TW F1ATP T2 B35 e ME AR 7= i e 1 3 A

HRTR], BCASBIF T S AN X 43, T 2R FH G 7 25 (TR
GRS BEHE AL G AT B R A, DR it
RS T2 2 DA, GKETREE 19.53%
(£2).

A AR T 2012 4F 10 ~ 11 A7EJL mt 58
Sl i AT, AR B S MR E b (Raphanus
sativus L. ) FHALE B FE 22 R R F 5T TF & o 43
FRA g 3L 30 d, s W B ZF B (218 d) |, 4l
(298 d) AR (213 d)ixX 3 B R RES
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Fig. 1 Diagram of TW and ATP sludge composting systems
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HE H PVC Mg IR IR A L HER)Z T 30 em, DU
a2 AW . B SC AL PR UL FE AR X —
WHEMA 3.5 kg 15 URHENE ™ b, W N T 2 it HH 5
BE(LLFHETE) A 339. 98 kg-hm ™, CK AN 3%
NE. ¥ U HE B &bt FH R 0 g 2 ARk BT DL 3k 2
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Table 2 Characteristics of sludge compost, soil before and after compost application

47k =
TW HEE 5 1.3 52.19 8.7 43.90 22.9 180.9
ATP HEE & 1.3 54.08 8.9 43.52 21.5 182.6
HEIHEAE 1.4 19.53 8.15 47.63 27.16 195.03
TR 1.2 22.51+1.73 8.19 0. 10 13.39 1. 70 3.72£0.19 43.68 +2.45
SC hb 7 443 1.2 12.12 +2.24 8.23 +0. 16 15.52 +1. 84 4.40 £0.53 48.72 +3.96

1.2 FESCRERMSHT
1.2.1 FEACRAE

(1) ZRE

NH, RERHESIE . ®HNE 16 cm x &
15 cm PC RH T HRLE , SRS (9 L F M 3 20 31 Y
BRI (JE 17 mm) 321 15 mL B R H 0% 80 i
45, Hor R AR E T REAEE 4 om ATRISCR AR S &
THEEL ) NH, , bR i as 585 0 e s 53R
T WG ) SR R R AT RO b IS AR
B TR, 1 ~2 h 58N S A9 i 48 A S A 300
mL(1 mol- L") KCI M ¥ANH . fHIR 25°C ¥k
i 1 h, >R FH A EQ 3R] 40 6 B vk s IR B h R
WP, HEGE i f HTEAR N

S, = e x V/(A x1) (1)

A, fan, WA THECE & (NH 4 T B i),
mg- (m’+h) "5 ¢ HEEE P A AWEE mg- L' V
FREERARTR, Ly A R W2 S 8 2 A 30T R

m’; ¢ A RAERT ] h.

(2) R E S (CH, FIN,O) R4

MEAE I AR R AR 5193 4 A4S DX, MU0 31)
THESR A A2 A PN B v X B R AR AL IR A
RIS R SAG 0L, IR BN HEoRAE S
(LT3 b RO FH B AR (PYVC) i1 /Y SR A
ﬁgﬁ(35 cm X24 cm x 17 cm,ﬁﬂl%?@:{ 14.3 L), PN B
B¥ B XN, O P 19 50 TE IR AR R E AR AT 3h HE
RRHEVRAST , % B o T I RAE A, AR
B8 3 min SRAEE —IK, 34 W SRR UL S &
2 d—iK.

A AR T AR AR LS AN 5N
FRASSRAEAR, Hhy JE e A THURR 19 940 20 A i B 38 RS
(K x5t x B )50 ecm x50 em x 20 cm, A [0] Y 7K ff
R R BRI GO X I, 7 g Pl 56 FH A G o [E]
IR HE , K B SR T 5 em. TH

FRSE (K x 58 x 155)50 em x50 e¢m x 50 em, N
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FIRETHRL. AARIME — 2RI, B 1 K PH R
SR SRAE AR B B T s WL 255 S 0 T ke A
KA FNB IEFE N A R S RO
%, SRR PR 5 min SREE—IR, 35 k. SRR EE
WRNET 4 d BR—IK, %6 ~21 d &2 d—k, K
J5 T35 23, 26 F129 d RAE.

(3) ek, L IERNEE SR AORE SRR

MENE 5 7 MR i T2 SR AR X R R 10
em TSR] BEAS R 4 A TR A A 9 4312k B[]
FER R, RAERTE TW B0 505 1.5,
9.13.17.21,25.29d, ATP ¥ R4 1, 3,
5.9, 13,15 d. FF T 045 o SR 4 M R 1 & T
- i R U

A A FH G R . A A A 0 0l A a5 T R i
JEAE S | AEA A R AR i R 4R 4 Yk FE AU
FERCREG R GRS “S"EFRLET 10 em 4k
ke, PEBEE DB SR TEBORETRENLR A 10 HE.
12,2 SARREA ST

K S M 8 35 AL ( Agilient 4890, Agilient
Technologies, USA) & K % 25 146 K ) 2% ( flame
ionization detector, FID) FTHL T4 #f K75 (electron
capture detector, ECD) 435l %€ & /3 # CH, FIN,OfY
WERE. A5 30 Ay €00 33 e T PR s A = B e A A

SR FE. N,O. CH, . NH, 8y 2 H 2 h AL
(2) ~(5) 555
Q =Ax > (A xt) (2)
fi =h x (Ac/At) x M x 60 x
273/[273 + (T, + T,) /2] (3)
Af, =(fi +fin) /2 (4)
t, =24 x (Day,,, — Day,) (5)

Ao, Q R I A3 A A HE B A A
MBS RIBENAIN,O . CH, RBUHE T (LA N 3% C JT
RIET) ,mg; ¢ AR I E A ] R s B) by i
EREEL. £ OAN,0 . CH, (HERGE & (R T i &
FR) ,mge(m’+h) 7' h RFSMEE, m; Ac/At
SRy BN PR AR S R A L B, x 10 7% »min
M $§ 1 mol N,O=% CH, Xt Rif N ¥ C It ZE FEE/R i
T, gemol 'y 273/[273 + (T, + T,) /2] a5t iR &
KIEREL; T, A1 T, 43 05— il JG — A FE i
I SRARER N SR IR ,°C. B ATP T 24 KA 4 h
AN R PRIHAN 38 JRCHR 285 A AR HE G A 2 R
TW T HEGE 35 SRR

FZHR TPCC 2007 4F26 DU PEAG #1245 3R

wRHGN 1 kg CH, =25 kg eCO,,1 kg N,O =
298 kg eCO,. Wi fH IBM SPSS® 20 Giit/rHr&ds.

2 HFREHMW

2.1 V5N
2.1.1 MEAREERY S5

e 2 frs , TW SRR IR BE 2 # o 2 60°C , 78
%24 d ZRIRZ > DE > IR)Z, Z e 2R E BT
RZHFETHE. ATP AU RZRE > )2,
M E MR T TW, R 2R E FHE A &, KR
ATP HE AR 32 38 KU ), xfE DL AR BB 3 il 3R
JZ I R

65
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Fig. 2 Changes of pile temperature and ambient

temperature during sludge composting

MERL 2B E, TW A ATP HERHE pH {E 43 51
7E8.26 ~9.24 Fl18.22 ~9. 17 Z Ak 5. HEAE 1 2
TW F1 ATP HERL Y 5 7K 2 40 B IR T 19. 50% il
9.63% , A HLET 43 5k > T 14.70% 1 9.96% . *F
FRTRIAS [R]P (HIE 16 d) , 32 5% il 38 X055 AL AR 0 44 3 [
YER L ATP T2 THRACRIET TW T2, &J5 TW
F1ATP HERH) & /K R 5 5 2 52. 19% 1 54. 09%
HHLIT A I 2 43, 52% F1143.90% (& 3).

2.1.2 R=ESM(CH, FIN,0)HEK

WE 4 frzs, TW HEfR CH, FIN,O R 53
FEHENE T IR, Bl TR, CH, SR K HETL
W[ 1.78 g+ (m*-h) ' IHEIFEHENELE 4 d, P4k
HoE K 275. 51 mg- (m?-h) ™' N,Of KHE T E &
[23.07 mg-(m’-h) ~' JHEAES 2 d, EXHEGE &
72.06 mg+(m’-h) "',

ser il KUHENE A R | ik, R S il 4
PG 7 s KU CH, #9772 5 HET, ATP HE
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2.2.1 JRESM(CH, FIN,0) HE%

E 6 s, SC TR HENE &) AR CK (%5
XPHR) Ab B CH, P ¥ HE il & 4 0 o 0.023
mg+(m>-h) ™" Fl 0.072 mg-(m’-h) ', H
96.03% . 59.36% 1) CH, ZFHE & & A fE Ak 5

MERIBI(E 18 d ZJ5) , CH, R &K Ch
CK(99.92 mg) >SC(23.84 mg) , 5 ML TC ¥y
KT 0.001% , H ¢ K5 R H A FEREEZS
(P=0.871).

N,OHE K F= 22 4 Hh 7E B0 9 AT 20 d, B 28
TRE. SC, CK Ab 3 i) ¥ HE il 5 43 531 4 0. 487
mg+(m’>+h) "'F1 0. 140 mg-(m*-h) ~". ¢ K % F£ WA
SC 5 CK N, OV HEBGH A B EEE R (P =
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2.2.2 #ASHRk

e 7 FiR, AL ER A NH, 25 HE i & Al
AR YT R 43 W B R . SC 17.77 (1.47 ~ 60.25)
mg+(m?+h) ™', CK 13.79 (2.49 ~ 50.79)

mg+(m’+h) ~'. NH, BFHERE KK R SC(27.28
g) >CK(19.09 g) ,CK F1 SC 4bF LA NH, HEjiL § 5%
N ZBR 0 E 3TN 20 1.38% Al
1.82%. FHXF CK,SC AbPEP NH, HEjk T 25000 4 4
K H8.19 g, HimURHENL & TN &1 7. 22% . HEAE &
Jiti FH I, SC AL PR + 3% pH {H (8. 23) i T CK 4b#f
(8.15) , AT WL AMAE W] L EAE PR IR | = N oK
SRR NH, 8%, ok, iE A KE Y I s R 4
BRI T 23 SORGE B T, H S KR
TCHEKI B N T 3R S XA TRk
YEHT PEHE T NH, 8% .

60 £ SCAk P NH5HERH it
BE CRARFNHHE 0 At

h
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s
=]

20
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Fig. 7 Fluxes of NH; from SC and CK tests

2.3 EENEES RS ZHBURE

HERESS R TW HEARAY CH, BFUHEL 62. 85 kg
(R D8R TC B 1Y 0.32% ), N,0 2 A1 HE jik
468.79 ¢ ( HHEEILR TN &1 0.018% ). ATP HE
i) CH, BFHEN 14.9 kg ( 5 HER W 1E TC 1
0.064% ) ,N,0 EFHE 181. 6 g( SHEEHI A TN &
0. 006 6% ) , BRFBHERW C. N R (5914 TC, TN
() EL I I T TW HEAA.

+ 4 R At # CH, 2 FUHE L AR KO CK
(99.92 mg) >SC(23.84 mg) ,  +HEWH TC FHIE
F0.001% , [A] % BEAL B CK AHEL , AT SC AR BRA
15 PR AR SR I PR AR B CH, HERCE O 0. N,0
ZFHHER K SC (670.69 mg) > CK (180. 57
mg) , 75 5 R ER TN A9 0. 05% F10.015% ,
FHXT CK, SC 4bPH AN, O 1+ HE K 490. 12 mg,
TSR HERE & TN 9 0. 524% .

W 3 Fios, TW il ATP T 254 2 B 37 4
YRR 2 Y B (eCO,/ T Y5 1R ) 431 A 196. 21
kgt~ A1 121. 84 kgt ™', Al R A MR FH AR E
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Ay,
=

SMHECS E R, N0 F 2R = AH R,
W CH, ¥ EZOR A THEAE R, 4350 5 TW F1 ATP
T 25 CH, HElE /Y 99. 52% F196. 60% ; N,0 %
Kl A A AR, 2o e TS N0 HE R
92.91% % 1 98. 36% .
£3 EEBEMBESEHRETFY
Table 3 GHG emission factors of the full process of sludge

composting and compost application

R VA RER

FuRS gt ! CH, N,0 eCO,
HeAE W 3.14 0.028  86. 84
ATP 0.43  0.0061 12.47
R 0. 00 0. 37 109. 34
Eeuy it ™ 3.14  0.39 196. 21
ATP 0.43 0.37 121. 83

D IRZE AR N T = iR A BB TS R i

FETW ., ATP T2 M4 #4354 57. 00%
F158.97% 1 NH, HEBORIEF o R . Aad #21
NH, HE P F (NH,/ 5 08) a1 F . O e e i 72,
TW ., ATP .20 43 Jil HE HE Gl 2.95 kg-t™' Fl 2.72
kgt ™'y @ MR AR A X CK Ab 3, SC i HE ik
3.91 kg-t ™', IXUEZERIRB, FOAR 1 R O AR
NH, HE e e i 73 AU 72, (H H 3 T 95
TR HEROE A0 s T HEAE R AR (A5 OGE.

3 itig

3.1 MEESRE

HEALSHIE], TW T2 B9 HERE TN (DW ) IR 1Y
26.64 g-kg T TRERSEHM 22.97 g-kg KT
13.78% , H:H NH, FIN, 08 RER R R E 5500
Mkl TN #1259 32.25% F110. 13% ; ATP T. 2511
HeRL TN (DW) FH#IER Y 23. 13 g-kg ' BEELE R 1K
21.51 g-kg ', 41K T 7.0% , Hrfr NH, FIN, 01 &

U R E = 51 5 R TN 45225 &2 1 30. 13%
0.095% ,BEAIE T TW HEfA.

TW HYHERAS B I = AR TS . Rasfe,
P e S 7 AR 3 N, O CH, HE i 2 W 2 /b
ATP 1 HE I A 0%, 388 XSS S8 A5 AR 4, 3R] T DR 4™
CH,; AR, 55 4 ~ 6 d B3Rl 15 7K 6 32 o T 5% 1) ]
WG TE i, P REARE UE CH, W™ R R g 48 Ak 7R
KUV IR CH, B X T TW HEIRAY CH, 1
N,OV- 243 HE780 i 2 73 ) J& ATP 1Y 4. 65 #1 1. 39 5.
ZELMERNIH S Hras LR (6) ], TW HEK Y
NOHEGH & 5 Mkt b i A Z A (2 A NH, | i
A NO, FIEAEZ NO, ) BEHM (R =0.908,P =
0.015) , Hr NO,; R, N0/ L YRl iA
%Eﬁ.]l]‘

F(N,0) =937.34 x NO, —24.26 x
NO; -0.11 x NH; (6)

S [RIEE, NH, HEBCSZ HEAR RS NH, 221652 e
K JEFER N RERBCIE . TW HER T 5
NH, &b e LTt A e i pE s>
Nz pH>8, C: N K (8.49 ~9.01) , H[FFmM T
NH, B¥# k. TR NG T, ATP /9 NH, ~F3 4k
KT TW 8, NH, 575 5 MRS BRI HE K
FRA.
3.2 MR

e 8 s, iF ABKA S, TIER)ZT 5 em Ab
T TR IR M SRR R S R R (HAR X
T B e 7K AR R AT 42 T

Pearson FHIC/MT 45 R 1, SC AL PRN, O HE L
Wi 5IRESH (R | =N AIR I ERIR )
WEMIE (P <0.01) , R S0 F) T N,OHE ;i
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Fig. 8 Changes of soil, greenhouse and surface temperatures, irrigation and relative humidity

30

doi. W HiFmAESC

(b) CK

20

10

0 5 15
i i)/



11 4] P

TR HE AL e 3 ) P A A Al AU S 2 THE R AR

4193

A (P <0.05).
3.3 RESRMEHES A E AT
AT LE RAGEAL T IPCC HEFE B HE AL i 72
T SARHE R ¥ B8 (CH,/ Ti5 8,10 kgt ™'
N,0/Fi578,0. 6 kg-t =) i HHIIMEFHI K &
R MEER (R 4). Blan, 15 U6 58 il 3 KU S HE
AR AN, OHER b7 kL w1t TN B89 0. 7% 7, CH, HEJik
HHERIRI IR TC 9 0.003% ~0.26% >, SPEHENE
Qb BRAONE 3 A P2 B K 5 PR, CH, HERCE: k)

7 TC 1Y 1. 47% ~ 4. 56% , {H 38 fin A S5 4 Ak mT ok /0>
CH, HEfi ™.

AN, A HLEAR P 52 R AR B R N R 5
PRI R SR T B e 2 224 i BT 98 RS, R R
AT VIR AR BEERY | st AR IR
SR FH ] 8o A0 BT sz 30 NH, e, ASBESE A5 IR
HERE 1 #2 NH, #5126 (HERMRI 45 TN &1 2. 18% ~
4. 44% VIR T RIZEAF 5 45 1 (MEEHI 46 TN 1Y 46. 8%
~77.4% %)),

F4 XHWEEGNERERIENBEESEHREF

Table 4  Literature data of GHG emission factors from organic waste composting operation

. CH, ki N,0 HEik CO, Y&t
JkH HENE R G5 5 ML E;ﬁ;f (Fi5iR) (Fi5R) (Fi5iR) &I SCHR
/kget! /kget™! /kget!
51 8,140 m? 64.8 3.14 0.028 86.84  TW £t ENGIE
5 S 3E A + B, 202.5 m? 60.9 0. 426 0.006 1 12.47  ATP k¥ AR5
15 S f3E K, 18 L 75 —b 0.7 — (7]
BAKIEE + RBTR 45,18 m? 56.22 ~53.42 31.52~10.14 — — Mol A= 7 [26]
5k 5 38 XL, 300 L 66.2 ~71.3 138.54 ~182.17 — — fgﬁg.jﬁf?{?ﬂ;} o, [25]
FHLE B — 60 10 0-6 428.80  EUR. HA. MY [24)
(0.08~20)  (0.2~1.6)
42+ FEFT 5,40 m® 70 36 4.71 2304. 86 [31]
FEIE + T &H,30.5 60 7.49 0.0771  368.4 +18.5 eCO, AHHEYAT CO, [32]
BEEIEME +ARE AB30.5 ] 60 7.54 0.0842  349.2 +£24.3 eCO, FFFEMIHSA CO, [32]
e + Ak 5,675 m? 72 4.51 0.006 3 114. 63 [33]

1) “—" R IFOCTEAR R H

AW e e
BSRAAFTE N FE RIS AP | AR AL T
FERRAE T 58, AR50 50408 A7 47 A6 R 1 R R
OHE TAEEE I, AWM T RS e IR T2 4
Peas—4% , RBOTAT 2 1 N Hds | I HL B~ A0
(K70 m ~90 m) RAE S AR, @ilsh L2 —14
AT NRER B AL A 22 5. BN, A
XN B 6] Sk 32 2B | A I it - b ) FH W00 st 1] 7 Rk
Z5 s (DR BRA )2 Y (14 - i 1 FH L0 A 5

I, T 7o E TG e MR &+ b
FH A R iR = SR S J S HEBRR IR 9T, 5 )R
AN 5 T - OFF R 22 a5 A7 W | etk <,
R SR | $2 m Z R RN E 0% @FF
JEANTRI X3 R TRI T | AN [] 5 e e AE A H A w1
FHZE Y B s Az LA 5

3.4

4 i

(1) V5 URHEAE B+ 1 A 4 B ) = <A
HE A F KK A TW T2 (eCO,/ 15 1, 196. 21

kg-t™') >ATP T.2:(eCO,/Ti5{€,121. 84 kg-t "),
HAN,03k B + s A FH T 2 (92.91% ~98.36% ),
CH, JLF5e 43k AR L.

(2) &b F NH, HEOl I FIKRCh TW T4
(NH,/ 1578 ,6.86 kg-t™") > ATP T.25(NH,/ 5
Ue,6.63 kg-t ™), FEK A+ HuR H T (57. 00%
~58.97%).

(3) V5 RHEAE AP ATP T.Z;fUN,0. CH, .
NH, 2R T TW T2, 2 ATP T 2K
IR SARHICY B (eCO,/ TI5TR 12,47 kgt ™) i
FT TW T (eCO,/ 1512 ,86. 84 kg-t™') , TW
A ATP HERAR 72 NH, SERHERCR 2051 & 3k TN
B Ay 32. 25% H130. 13% ,N,0F1 CH, HEji 53k
() AR R J LT ] 2 ARt

(4) HHF RPN, 0 2 i = AR HE L
P8, 05 CK Al SCAb B R 28 M HE i Y & Y
96. 21% F199. 74% , H. SC AbHf) N ik & T CK 4k
L HA SCARFRIR NH, FIN, OHERGE: B i) 2 K it 2
O3S JRHERR S IE TN B 7. 22% F10. 524% .
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