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Co-combustion characteristics and interaction of sludge hydrothermal carbon
and municipal solid waste

QI Jianan, ZHANG Yinghua, LAN Haipeng, LI1U Haiwei

(China Enfi Engineering Group, Beijing 100038, China)

Abstract: To investigate the effect of blending ratio on co-combustion characteristics of sludge hydrothermal
carbon and municipal solid waste, and reveal the interaction between the two materials, thermogravimetric
analyzer is used to test the combustion characteristics of sludge hydrothermal carbon, municipal solid waste and
mixed samples. The combustion kinetics of the samples were analyzed by Coats-Redfern method. Based on the
difference between the experimental combustion characteristics and the theoretical combustion characteristics of
the mixed samples, the interactions between the two materials was revealed. The results showed that, the ignition
temperatures and burnout temperatures of the mixed samples decreased with the increase of sludge hydrothermal
carbon blending ratio, but the combustion rate also decreased, resulting in a decrease of the comprehensive
combustion characteristic index. As the blending ratio of sludge hydrothermal carbon increased from 0% to 80%,
the comprehensive combustion characteristic index of mixed sample decreased by 71.8%. With the increase of
sludge hydrothermal carbon blending ratio, the activation energy of volatile combustion stage decreased, while the
activation energy of char combustion stage increased. There was a significant interaction between sludge
hydrothermal carbon and municipal solid waste, which can inhibit the combustion of volatiles. In the blending
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ratio range of 20%~80%, the comprehensive combustion characteristic index of the mixture decreased by 12.9%
on average. The research results can provide data reference and theoretical basis for the control of the working
condition and the design of ACC automatic control system in the municipal solid waste incineration plant.

Key words: sludge hydrothermal carbon; municipal solid waste; co-combustion; combustion kinetics; interaction
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B War(M) wa(V-) Wq(FC) Wd(A)
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Tab.2 Ultimate analysis of the raw materials

AT %

FEfh w(C) W(H) W(N) w(S) w(0)"
e 22.82 3.04 2.83 452 6.26
MSW 57.40 8.64 1.34 0.27 18.10

http://rlfd.cbpt.cnki.net

e TPV B2 A g KT

SR F /[ Netzsch STA409PC #vEE /3 HHASGHATRE
PRI R PRI SIS, B SN RIS TR LIRS it R R
M. BRRSEIGATHZ) 10 mg FEM, BAZSREN
100 mL/min, LA 20 “C/min KRR FEM N F IR
hn#E] 850 “C. K FH#E[E Elementar VarioEL cube 7t
RO MHACHHS Ve K AR N A 5 B3 3k AT TC R A0
MERESTH C HO N STEEREE, Hh ot
EN SO S Pt A e
1.2 i AE

F R Tl TG-DTG VIZEI3k48, 58 X
PRI To IFE I A0 7 i AR S 1Y) 989K




156 kA%

2025 4F

R EE o o BT i Ve /K PR AB TR LU0 e R e
REFISEME , R ZR S IRBRF I TR S PRUTHORL I
BetERERel. ZIRHER B T IREHIIAE KPS
T, AT S RS 5 AL 55
S — (dm/dt)maxz(dm/dt)mean (1)
T,
TR R R T B g s R, SRR
1 JE B M 5 RERIRE SR e 8l )1 5 S Bt AT K . IF
TR [ 4R R s N2 T 43R A -
da

E?zk@—af @)

Aol n ARG ORI s kARSI 45
o FEENGHR, FOR EARBERE R 05 R R TR
BRI T s 0 R

{EREIRBESEI Tl BE R AL 5 ARAE R 3)
e

a="o =M ©)

My — Mg
A mo ARSI RAG & meJy t I 2Rl Ao
B omeFERIRR R R E .
SSEEH KBRS JE £ 7 B, HARIA 0y

k= Aexp(%) (4)

s A IR T, mint; E R MIEGEE, I/mol;
R WAL, @ 8.314 Ji(mol K).

HY n=1, %] Coats-Redfern 201715t R, (4) 3477
gy, 133

(M) o

A pORNTHEEER, B FE AR FEE IS AL
Rt E i KT RT, EIHIG) A it A:
In[—ln(lza)]:ln(ﬁ]—i (6)
T BE) RT
R (6), PLUT NEAZRE, AR AR
A AT S, WA LKRER N—ER, H
BESRASRE SRS ) R WG AL fE E.
2 R5 i
2.1 EENIR 55K R AR BR4F 1
ANEAIE IR IBIR BRI TG dhekinA 1
e HTI5IRKBRIIK T AmE, FEiS
VeKBORBIR LGB0, FE SRR SV 5 &

http://rifd.cbpt.cnki.net

73 B n .

100

80F —a— MSW

SC 20%
—+— SC 40%
40 —— SC 60%
—— SC 80%

—a— SC

60

w/%

20

L 100 200 300 400 500 600 700

i JiE/C

B 1 RREISRAMARKSR LGRS TG MLk
Fig.1 TG curves of the samples with different SC
proportions

K 2 JypEdhi) DTG hsk. &l 2 WL, FEEF:
i R YR KBRS IR LL BRI, FF b (0 5K R
AT P KR AR B R AR A FE L ) DTG
MHEIIAEAE 2 DWLR IR EIE, 7350 RIFE b 5
RITIRIGERT BRI R IR AR B0 200, 5 e K #vak
PR3 o R IGR Y BUR AR IR AR BLI 2R 5 oA 24,
1113 A 375 32 30 PRI 5 3 BRI Y B R O o B 2 K T A
WIRBERT B R PR . AN [FIRT BU) 2R ot 5 R i 1
R SRR ARBTG5 TR K AR 4%
Koy By, AR R AE ) (RS
SE R ZAD ik HIAF) 88.3%, 15 IR K HURIE K 7
AR HEAR 61.9% (R 1. BKltk, AVERIRAE
R I IRERT B R B R 25 v TS YK AR .

2F

0 i ~
~ -2 :‘!".
E -af \ 5 —— Msw
S & W a SC 20%
E i —+— SC 40%
5 -8 bi £ +— SC 60%

10 | —+— SC 80%

X —— SC
,I‘) 1 1 1 1 1 1

0 100 200 300 400 500 600 700
g C
2 FREITRAKRKRISIR LLBIAEmAEY DTG fhik
Fig.2 DTG curves of the sar_nples with different SC
proportions
N T ARG e K PR A5 TR LA 0] A i A e
RERIREM, R JGREE . VIR M ER G RS
PEFEHOOFINFE AL AP PERE . FE ML SR EEFITIRR
I EEE 3 Frs. HE 3 AIH, T5le/KBIR B K
TR FEARSIR B T ARV B . BEEFE a5 e
K F 5 ECRIHE NN, A B TR AR R B 1Y
AR, RNTGTRKHR B IR AN o A TG B )
(& KRR VERE .




2 FrEm 5 V5 VKRR G AE R IR IR R RS BAE 157
280 1 1570 “10r
270 b 1560 B Tk
&
= -12f
O 260 1550 L s
# = g "B ~
5 201 240 7 T M 5=3963.7x6957
el —— 3L E £ or et
I e R -16 1 1 1 J
230 —— BRI 1520 0.0012  0.0014 00016 00018 0.0020
220 ' L ' ' L5100 vr
0 200 40 60 80 100 a) FLBUE
SCH L H /% 10~
. e . . . 115k + R IR B
B 3 SRKARZRILGIHRINE JREFIREE =B RO B
Fig.3 Effect of SC proportion on ignition temperature and ; 12,5 N y==5 596.4x~4.135 2
burnout temperature of the samples F-13.0f < ‘\\ﬁ*(l_uxn 8
= -13.5F
: | y— 7\ 2 BEY A A = “140F 1=-3269.9x-7.9317 \~\
(R b 5 e K RO B 3G 0, A 2% = -14.5F R*=0.990 3 W
. " . — 15.0F
BRI TR RS, BSR4 pros. JRH -15.5 : : : -
s s . . 0.0012  0.0014 00016 00018 0.0020
TETIFIR KBRS B (B 2), BRIk o
FH R G Y KRR S B RN T AR . 5Tk b) 2Bt

IR IR ELBI AN O 39N 5] 80%, 2R S R s

PEFEEUR 71.8%.
14X10°
12x10°
LOX10° |
8.0%107 F
60107}
40X 107}

2.0X107 F

0 20 40 60 80 100
SCHEIR L%

4 REIFRKRIRIS IR LLHEREY R & PRIGHER IR L
Fig.4 Change of the comprehensive combustion
characteristic index of the samples with the SC proportion

2.2 IRBN N FE R

FIH Coats-Redfern #75 xi} 5 e K #4m « A v
T K W3 IR G R AT R e Bl 71 5 40 A, DAARTE ST
WRES oA, EHERLEEME 5 fin. RRAET
0.98, Ff i BENARIS AR I I 22K . HIE] 5a)
A LR BB #2878 1/T=0.001 6 C(JES¥ 360 C) Ht
A 1 AHEME L. X DTG thek kB, &R
J£ 96 B A i 2 R 23 MR e i BB R e R B B
T X3, BT OURE SRR I 7 R IGE Y B R AR I 1A
R BB REZE K . N T BB A R T
BLRI8h S e 22 5, 15 Bl Coats-Redfern #5784 X6 A
it MR 8 B5UHE 1R 4 R o SR e i BRI 6 i R I B B 73
BIBEATIE, 45 5h)im. 2 AMRBERY B 4L
BRI R LA ROR

http://rlfd.cbpt.cnki.net

5 4 ENIIRFEM Coats-Redfern B2 141 &
Fig.5 Coats-Redfern model linear fitting for MSW

AN 5 55 8 LA EE il 10 B A4 MR 5 0% A i A S
BrBORbEE L RE W 6 s . I 6 AL, FEARK
HER IR A RE i T AR IRBEIR L RE, FF il ) £
HIRBETR A RENR T B ARG is AL RE . X EL 2 Rkt
(IR TR R I, AR TEhi I FE R S Ik be s 1L BE
BTSRRI, T AT by 3 R B R SR B Tk R R
TIGVRAKIANGK o BETE R 5 e /K AR & 5 ) 4
TN, AR IR BEE T RE PRI

701

m sk
er S FER S RLE
50t e e

PIRBE AL E/(KJ mol ')

SCHE LK%

6 5 eTK BRI IR ELI5I XA SR B MR IGRE 1L RERY 20
Fig.6 Effect of SC proportion on combustion activation
energy of the samples

AR AL T RGBT 5. K
W TEREIE22, 355 7y IR BEIR AL RE e T FR IR AR
IR RE . 4 K70 & B R Rd 2 pl b Ak rh fLiE
IR Il B e+ AR AL 230, S8 fR ok
MAERELR, o AERRGE AR T AW RO 5E,  BH
W HER 52 URHEAREA, K, BEE V5K RS
TREEBIRIHEIN, &R R oy & B D T K 73




158 kA%

2025 4F

HEIN, X R AR 3 R PE T A B PRI T R R R
A BE TR BRI 4 i B2 1) 0 Ak B AR A e 5ok
A, BT R HARA, BEFEMER D S EBIR
KT HE AR PRI T RE SR BE R 2 2
2.3 SRR ANE R IEMRZ EER

R4 AT U6 7K AR AR 3 7 SR IR MR R AE HL
YERT, XGRS SR B R P i S2 P B 3R
JiE . VAR AERA P AR B B 18 BT R N [R])—i EE
NEA FEKEAIMBCFR, HHREA K.

My = Ase X Mes + Aysw X Mysw )

s Mea NERIRAFEMTE; mesy Mvsw 731
NIRE R 5 e K R M AT B IR BT Asc
A Amsw 73 931 978 B o it o 175 Y 2K R R A0 AR i 1L 3
HU5TE = 8

H AN ] ik B2 T VR 5 A o 0 R R AT AR
FEGEE TG B, 18 7 i5Ue /KR 4000 &1
AR SEE TG MBS TG #hZk. M 7 AT,
FERAJGE IR 200~400 “CAHH [R]HR B2 T TR A il S5t
SERAE R T BRME, RUIR SRR AR R i I
AR5 VR AN AR T B R o R Tl BB, T2
FAAEAZ EAE IR, R A S BB RE = 25 T 4 2%
By BRR T RAEE IR PEHE

100

90

—a— S

Sl —— It
S
(=]
-
U 60}
2
= s0f
40
30 1 1 1 1 1 1 ]
0 100 200 300 400 500 600 700

i/ C

7 REISKARKIZIR LI ARG TE L BE
Fig.7 Change of combustion activation energy of the
samples with the SC proportion

FHIRAFE G 2 1 S5 E Mexp 5 BRIRAE Mear Z 7
ESUCNZEF TR Am, HILEREAFEM T ATG #hZE.
Am=m,, —m, ©)]

ANENGIR K BRIBIRELBIRE S ATG #iZkin

K1 8 il o FH 11 8 1T WL, 7E AR FEE 200 ~300 °C ATG
M IAFE B &S, ATG ik pyugE(E
IAE 300 CHir. XFHEP 2 HiE 1 DTG £k,
RILATG M2k IEEH 5 DTG 45 kK 0 R B B
R B E I . etk o] DARI W, 2 Fhdhkl 2 HAE

http://rifd.cbpt.cnki.net

PRI £ R 5 o R ) 400 ) 3 B 8 A AR 4 R 3 A
Beb B

4 -
2 L
< of
<4
21 SC 20% —+— SC 40%
4t —+—SC 60% —+— SC 80%
76 1 1 1 1 1 1

1
0 100 200 300 400 500 600 700
iRAEIC

8 FEISRKMRKEEHMATG Hhk
Fig.8 ATG curves of the samples with different SC
proportions

K FHAR R 73 b 07 1576 8858 HAE AR G Y&
KRR BRIR NSRS Rsere A s, 45 a0
Bl 9 . B 9 I hL: A5 YR K AR B H A
T, ZESEKEE AT MZESBRRERE ATy YINIE
B, BIVRAE IR SE R 2 KGR B AR R B 38 s T
HIRMH; ZRCGEERRETREL AS B TE, B
TRAHE S I SEBRER B AR BRI T BB . 57K
PORABIR LLBIAE 2000~80%, 28 HAEHIER AW K
BT 9.3 °C, BAURIEIEF7HE 9.8 C, 45
B IRBAF AR BT IPAR 12.9%. ATiv ATo £ AS 1
TS UL, AR TG b RS e K AR 2 B 138 B
TERIFEES TIRGFEM IS KRR, PR T HEg s
PRIGEPERE . BEE V5 IR KPR B IR LB 3N, AT
ATy B4R 2RI T3, AS BRI R s,
R IR RIS 15 Je /K 0K 2 18] 58 HAE R AR
A RIS R i 75 JE /K AR AB TR LU A () 386 i T 384

15
o 10
B s —-— AT,
—x— At,
L 20 40 60 80 100
SCHERLLF/%
Ei) ';l‘n‘LFI
0
~5.0%10"
3
-1.0X 10
15X 107 - , . : .
0 20 40 60 80 100

SCHIRLLFI%
b) AS
B 9 iTRKAKIZRLLBIZTATI. ATo FIAS BIFZME
Fig.9 Effects of SC proportion on ATi, Atb and AS




52 3

FrEm 5 IS URKIOR S AR TS ORI S EAE R 159

34 i

A 1 73 M AN TR BE B0 A 3 B2 5 95 e K ok
TREFEM IR REAIB) )15, BBILUN 4.

1) 5 /KRB AXSTA 0 B 0 B A S
KUEREMMR AR, A2 AT B 455 P /K AR
] BRI SR A IR EE AR TR - (B3 K
PORIIRPEE R B, BIRNEFN IR B EERS
WABEVEREFRIEAL . V58 KR B TR LL B A O 351
3 80%, FfihIZREABERAE TR AU/ 71.8%.

2) V5 /KIRIR A TE L S P TR A Y
A IE I RE I8 W] 20 D 5 o0 WA e B BT B 3 A e
Beo FEFER RGN BL 15 TR KRR B RS
PERE; TAEFRRMAGERT B, ARid Bl B AR S
ERE. FEE TSI KARBIRLEIRIE N, REYE
IR A BEANTE S R peim AL RE R FEAG, T A%
WA IE AL RET v o

3) V5URAK IR 5 A TE B AEHE R A R e I B
FERZ NI, AR TR, SEUR
B A I R EEAR IR T o V5 TR/K R B
TRELGIE 20%~80%, AZHAF M EIREME KL
TR 9.3 C, IR TR 9.8 C, ZRE
KABEAFAEHEHCT KPR 12.9%.

4) FEBAETELIRAERE) BN e KIOR 5 AT
FETHREYIRE KA ERE, P& s Dk
FENHE L s B E] s V58K IARB N A 7 N5
BERGIIHEIC R, FFARGE A TR IR AR LA 0
TRETTIR R AN RELLBI, By bV RHIRBE AN RS E AT
BEATEIr o F3Ah, FIIE SN —XOARE R, (2
BEFE Ry (3 ORI -

(& % 3 #]

(1] BREH, mARN. AP ARIET B Ve E F 13
R[], B this 4%, 2019(6): 45-59.

YAO Jianming, GAO Shujie. Application of heat
treatment technology in municipal sludge disposal[J].
Nonferrous Metallurgical Equipment, 2019(6): 45-59.

[2] WANGL, CHANGY, LI A. Hydrothermal carbonization
for energy-efficient processing of sewage sludge: a
review[J]. Renewable and Sustainable Energy Reviews,
2019, 108: 423-440.

[3] EEE, RRE, BAE, 5 KRRMZEX5RA
WYywé e B KR RS2 e [0 RS H B A4, 2012,
21(10): 1775-1780
WANG Dingmei, XU Rongxian, QIN Dongxing, et al.
Influence of final hydrothermal  carbonization
temperatures on the yields and characteristics of sludge
biochars[J]. Ecology and Environmental Sciences, 2012,
21(10): 1775-1780.

http://rlfd.cbpt.cnki.net

[4] RIJO B, NOBRE C, BRITO P, et al. An overview of the
thermochemical valorization of sewage sludge: principles
and current challenges[J]. Energies, 2024, 17(10): 2417.

(5] Wi, ALk, 935, . 57KI5 KR AL AL BT

FURE]. #fesh 71 TR, 2020, 35(2): 1-8.
CHEN Wei, ZHENG Xiaoyuan, JI Shasha, et al.
Research progress on hydrothermal carbonization of
sewage sludge[J]. Journal of Engineering for Thermal
Energy and Power, 2020, 35(2): 1-8.

[6] ZHANG X, LI X, LI R, et al. Hydrothermal
carbonization and liquefaction of sludge for harmless and
resource purposes: a review[J]. Energy & Fuels, 2020,
34(11): 13268-13290.

(71 xlfgml, XU, skBi%E, 55 BT “1+1+N” ZE %

BB AR R ) T RS R[] A iR,
2021, 35(3): 1-3.
LIU Haiwei, LIU Cheng, ZHANG Yinghua, et al.
Solution and practice of smart low-carbon waste
incineration power plant based on “1+1+N” structure[J].
Nonferrous Metallurgical Equipment, 2021, 35(3): 1-3.

(8] RWH, i, Ay, & %R R A b R A

RITAE T ZHE AN, A AR 6, 2022, 38(1):
56-60.
SONG Shili, FENG Nan, SHI Shanshan, et al. Treatment
technology of collaborative disposal of kitchen waste and
domestic waste incineration plant[J]. Sustainable Mining
and Metallurgy, 2022, 38(1): 56-60.

(9] Shidemk, skZm. ARvEbiiatke) WA Ei5 it
REFA[I). B S5 81H, 2023(9): 14-19
MA Jinlin, ZHANG Mengyu. Research on technology of
collaborative disposal of sludge in domestic waste
incineration plant[J]. Science and Technology &
Innovation, 2023(9): 14-19.

[10] XB¥e, J5fh, S84k, 55 BN G I 5 bR b F 5 ke
RIS D). BG4, 2024(1): 74-77
DENG Ling, SU Wei, CHAI Hua, et al. Effect of
blending ratio on co-incineration of sludge and
garbage[J]. Hebei Metallurgy, 2024(1): 74-77.

[11] x)dedh, Ra, 264, & ARk 5HEIRG RS

PE R B 77 % 4 AT 3], BB AR =k, 2016, 10(2):
915-921.
LIU Jingjing, WU Qi, LI Juansheng, et al. Combustion
characteristics and kinetic analysis of living garbage and
coal blends[J]. Chinese Journal of Environmental
Engineering, 2016, 10(2): 915-921.

[12] Zokte, BN, S0ek, 55, AR A PR
WFFE[I]. H4< /7, 2009, 37(2): 323-326
LI Yonghua, HU Xiaocui, GUO lJian, et al. Study of
characteristics of MSW combustion with biomass[J].
East China Electric Power, 2009, 37(2): 323-326.

[13] 2%, RN, FEE, 55 BREE S AE B

R A PR R Y A0 Rl RR PR [J]. MR B AR, 2023,
41(5): 69-74.
Z0OU Qihong, YU Zhaosheng, WEI Chen, et al. Ash
fusion characteristic of food waste digestate and
municipal solid waste during co-combustion process[J].
Environment Engineering, 2023, 41(5): 69-74.

[14] FEfEE, Rfs:, AR, 5 KRGS EARRERE
HH R B () RN R R B TR 9], MR BHAL SF 2 4, 2018,
46(12): 1437-1446.

ZHUANG Xiuzheng, SONG Yanpei, ZHAN Hao, et al.
Synergistic effects in co-combusting of hydrochar
derived from sewage sludge with different-rank coals[J].




160

kA% e

2025 4E

Journal of Fuel Chemistry and Technology, 2018, 46(12):

1437-1446.
[15] MR, Yokt BB, 55 3T HRFH KR
BT[], M RS LAE, 2007(3): 29-31.
ZHOU Yingbiao, FAN Duping, DUAN Quanpeng, et al.
A new method based on thermal balance ignition
temperature[J]. Power System Engineering, 2007(3):
29-31.
GUO F HE Y, HASSANPOUR A, et al
Thermogravimetric analysis on the co-combustion of
biomass pellets with lignite and bituminous coal[J].
Energy, 2020, 197: 117147.
YANG L, ZHANG Z, CHEN A, et al. Experimental and
kinetic study on pyrolysis and combustion characteristics
of pesticide waste liquid[J]. Journal of Environmental
Chemical Engineering, 2024, 12(2): 111994.
(18] F2uk, ¥4k, 7h5, 5. Sl & 7EI5 e AE &R
Hrer AORFI[I]. bR RS AR (E AR AR), 2014(11):
4081-4086.
CHENG Cheng, HUANG Yaji, SUN Yu, et al
Application of Gaussian fitting in resolution of sludge
thermo-gravimetric curves analyzing[J]. Journal of
Central South University (Science and Technology),
2014(11): 4081-4086.
SCHMIDT H, KAMINSKY W. Pyrolysis of oil sludge in
a fluidised bed reactor[J]. Chemosphere, 2001, 45(3):

[16]

[17]

[19]

ARFRPFRDAIRDE] i,
B TSI A RS

(BAERY ITHEET oo

http://rifd.cbpt.cnki.net

285-290.

[20] ZHAO R, QIN J, CHEN T, et al. Experimental study on
co-combustion of low rank coal semicoke and oil sludge
by TG-FTIR[J]. Waste Management, 2020, 116: 91-99.

[21] VAROL M, ATIMTAY A T, BAY B, et al. Investigation
of co-combustion characteristics of low quality lignite
coals and biomass with thermogravimetric analysis[J].
Thermochimica Acta, 2010, 510(1/2): 195-201.

[22] JANG H, LU P, XUE Z, et al. Co-combustion
characteristics of paper sludge and combustible
construction and demolition waste[J]. Journal of the
Energy Institute, 2023, 110: 101352.

[23] QI J, FAN C, LI S. Characteristics of lignite char derived
from oxy-pyrolysis[J]. Fuel, 2021, 291: 120261.

[24] HU S, MA X, LIN Y, et al. Thermogravimetric analysis

of the co-combustion of paper mill sludge and municipal

solid waste[J]. Energy Conversion and Management,

2015, 99: 112-118.

ZHANG R, LElI K, YE B, et al. Combustion

characteristics and synergy behaviors of biomass and

coal blending in oxy-fuel conditions: a single particle
co-combustion method[J]. Science China Technological

Sciences, 2018, 61(11): 1723-1731.

[25]

ALHIE MEE)

..................................................... BHHE 1
............................................... Je #4427

................................................... J& ¥4 28




