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Abstract [ Objective] Addressing the challenges of surging sludge production in China’s urbanization, high energy consumption,
and low resource utilization efficiency of existing treatment technologies, this paper investigates the effectiveness of hydrothermal
carbonization (HTC) in converting sludge into hydrochar. It identifies key influencing factors to optimize sludge energy utilization
processes, reduce treatment energy consumption, and support the achievement of " dual carbon" goals. [ Methods] Using sludge
from a typical wastewater treatment plant in Shanghai, hydrochar was produced via HTC. The carbonization degree and fuel ratio were
analyzed to evaluate its value. [ Results]  As the reaction temperature increased from 170 °C to 220 °C, the low heating value of
hydrochar increased from 11. 91 MJ/kg to 13.59 MJ/kg (an approximately increase of 14.0% ), and the H/C and O/C atomic ratios
decreased from 1. 47 and 0. 36 to 1. 04 and 0. 23 respectively; the solid yield decreased from 77. 5% to 55. 4%, with a sharp decline
after 200 C. The average carbonization degree of dried sludge was 0.52, and the average fuel ratio was 0.16; the average
carbonization degree of hydrochar was 0. 61 (with a maximum increase of 30.77% ), and the average fuel ratio was 0.22 (with a
maximum increase of 93.75% ). The improvement of fuel ratio enhanced the combustion performance of hydrochar. When the ash-

combustible mass fraction ratio was less than 0. 45, the calorific value of hydrochar could be increased by up to 129%-14%, showing a
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significant carbonization effect. Energy balance analysis indicated a positive net energy gain [ 1. 28 MJ/ (kg dry sludge) ] under optimal

conditions (200 °C , ash-combustible mass fraction ratio was 0. 30). [ Conclusion |

HTC significantly improves sludge carbonization,

fuel ratio, and lower heating value, with 200 °C as the optimal temperature. The critical threshold for ash-to-combustible ratio ( =

0.45) limits carbonization efficiency, mainly due to catalytic side reactions and pH changes caused by metal oxides in ash. Pre-

treatment adjustments for wet-season sludge characteristics in combined sewer systems and supporting liquid treatment processes are

necessary. This paper provides key parameters and technical directions for optimizing sludge energy utilization.
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Fig.2 LHV and Solid Yield of Hydrochar at Different HTC Temperatures
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Tab.3 Elemental Composition and Atomic Ratios of Hydrochar at Different Temperatures
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Fig.3 Van Krevelen Diagram of Dried Sludge and Hydrochar
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Fig. 4 Carbonization Degree of Dried Sludge and Hydrochar
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— 112 —



WK R
WATER PURIFICATION TECHNOLOGY

Vol. 45,No. 6,2026
June 25th, 2026

fie 5 L), S BORE LU AR, K B e 1) R L DU
FHTE, M 0.18~0. 31, H{H N 0. 22, & TI5 8 7
BTF 0. 06, 2 TF 0. 15(2020 4E 12 A, Fi58 44
BHEER 0. 16, K #R A 0. 31, HEIRZM 93.75%)

BRORLLE B 2 T B 42 W0 T K A e 0 A R A
e, T RIRELEL A 0. 16, J8 T 18 & 43 AR &
RIRAL R BE it 25 B R KM R R AN T
g1 R Z 1 ()8 K AR ARG 0. 22, #8 & 41
55 [ 5 e L A9 5 M 4 R0 I KT R T v BT
15U 30~50 C, KAAFRE MEAT | RRARHE R 1 a2
40% ~50%

MZET 22 5 F , Kk (0.03 ~
0. 05) $& 7+ i B2 f /0N, #8430 H A (4n 2020 47 A |
2021 4F 8 1) AKF AL L (0. 18 ~0. 19) E E LT
0.20, 31X 55 506 K43 | 8 A i A R,

HE—EEIIE T K434 HTC S8 6 01
2.3 BiRED SRS RES BILFHRA RN
HAER
2.3.1 RO SRR B AR 2R 8l

15U th K 43 5 AR A (18 Bk + 48 K o, 25 T
B8 WL 43 B0 Lo ) 2 S e T Y G B A A, FL 2R
TR & 6 s, &l 6 AT, B ] 5 B 2 Y
ZATi sl 42 (12 H—2 H) Hef1(0.28 ~0.35)
i, BN 0.32; EF (6 H—8 A) K6 (0.45 ~
0.52) fe i, HIMEH A 0.48; F#ZE (3 H—5 H.9
H—11 H) Al (0.38~0. 42) /- T # 2 a], 3% —
Wl 56 W mlHEK R G R tE A E B2
I, W A o) i T e v | A SR IR R ) B S K
HEATGKAETR) ™ S BO5Ue K 53 O B i A 2R
KA BRIV TR, 15 e K o & R AR

06 -

3 = r
05 |- a P F H
= i1 K n i B 2
& AU AU :
i} 4 ~ H H = - 1 H us £
e - HHAHUHHHAHE HHUHUUUHHE aUHH L
& o1 HHHHHHHHAE ATHHHUHHHHUHHHE bl HHHE
2 CSHAHAHUUHHHAHAHHaBHUHHHAUHUHHAOAAaHHOAHHA b
= 1 K1 H 1 1 K1 B 1 H B § MHHHHHHBHAHAHBHHEHHEHHHAHAE 1
— A HHHHHHHAHHAHHHAHHEHEHHEBEEEH A HHHBEHHHEHE
s % 1 B 1 H HH 1 H H 1 H HH 1 H HB 1 H B
o AT M HHHHHHBHBHHAHHBHBEHH HBAHHEHHBAHEHEEHBHEB BB HHEHEETEBA I AN e
T HHHHHHHHBHHHAHHHHBHHHAHHBAHBEBEHHAHHHAHEH
hid AT HHHHHBAHHHHHHBHHHHEHBABAHHHAHHAHAHHEBEEHAHEHAHE
L 2HHAHAHAHAHHHAHHHHHHUHHHHHBBHHHAAHHHUAHAHHUHHAA
5 - - M HHTHHHHEHEHHHHHAHHHHHBHAEHAHBAEEBEHBEEHHEBA BRI
&R AT HHHHHHHHHHHHHHEBEHHAHHAHHHHHUHHAHHAHBAE
AT HHHAHHHABHHHBHHHEHHHHEHEHHAHEBHHHHEBEHHHAHEBHAH
- 1§ g 1 1 K1 H 1 K1 K1 1 H H H 1 1 H H 1 H B
B 1T HHHBEHEHHHHBHHHBEHHHHHHHHBEBBHHEHHHHHHAHEAEHHAE
T HHHHHHHHBHHEHHAHHHHEHBHHHAHEHAHHBBEBEHHAHAE
AU HHAHHHBHHHAHHHBHAHHHBABAHHHAHHAAHHHBEHAHHEHAHEH
MMHHAHABHHHHHBHHHHHHHHHHAHHHHHHAHHAHUHEHEHAE
: T HHHAHHHBHHHBEBAHHAHHHH BEHHAHAHEHEBEEHEHEHAHHAHHEHAHEH
T HHHHHHHHBHHHHEHHAHBHHHBAEHHAHHBHEBEEBEHHAHEHAHE
A HHHAHAHHBHHHBHHAHHBHHHHEHHHAHAEBEEHEHHAHHHBEBREHHHAHEHH
A HHHHHHBHHHHAHAHAHHBHHAEHAH BHHHAHBHHAHAHHANHAFE
HTHAHHOHHHd AU U HUHdOUUOHA NN A NN A L
ol B BEHBEBEHBOBEHBBHEHBBUEHB BBUBEEB BB B LB
A0 DR D SR SR A D D S AD DD DDA D D S
\»;'é(\' B I g e A A A AN A AR \J\"\\&'\\&-\r{‘\ A AR R ,{&

B N S SR A A A A A A I R R A W S

pilie il i s el e Nl i i e Rl R L i sl el

Rz
6 SiRHIRS SRS LG
Fig. 6 Ratio of Ash to Combustible Matter in Sludge

2.3.2 KOS BRSO SALBCR B R R BEAMERUR (BURIREEEN 5% ~8%) .
FR A X — Il R R HLBAE T K VR AR PR 4L

DA 535 AT R 43 o £ 3 B8 LG R s A A | 7K A
55060 LHV 258 P AR , 23 9 1 5C & it
R 7 Fios, W7 L LAV Z2{E AR 435 0]
PR 53 T A B L 22 R 3 R DG 2 R 4 5 T Ry
B <0. 45 W) LHV 2508 Jy 1F {8, FLKE 4
AL, LHV 22 (B 4 K, He il 0.30 B, LHV 22
{H3ik 1.47~1.67 MI/kg( LHV #2FF 12% ~ 14%) ; It
%} 0.40 Bf, LHV 2% i % % 0.63 ~ 0. 84 MJ/kg
(LHV 487t 5% ~ 7%) ; 25 JK 53 5 AT BR 43 o1 42 53 %
[b=0.45 0f , LHV 22 {H5 A 574E, RIZK#ox LHV %
TAI5UE, BT HTC BAR AL TC 248 FH AL 5T

2 o 30 SOV g ARG BORE S ] A BILEE 73 5 i T
A LA S5 SR BT (H,0) 1945 805, AT 0
il K fifp i K SRR A SN AT 5 24 K 535 AT R o
R =0. 45 W, KOy S, A YL
ARG, BRSO AR RGP T B i AN A2 AR A% 2 73
W (HTC 1 B2 M4 K o AL R =) | 5
BOKIATR I 7] B2 43 B i /b, B4R I LHY
TR,

X — A BN TR T B BB 5 S T
BUHIHEK RGERT5 K AL B | B2 1 2= 5 0 75 1
PEATHIAL B (CANTTIERRED G 23 ) |, BRI o0 5 &, fi

— 113 —



r=x

5]

15 PR IABRAL AR ORI BE A5 1R B SRk

ok
.
Vol. 45,No. 6,2026

0.55

15t e

~ lof H&%%#ﬂ
3 :%:
Z ost
2
g 0 N 1 I L 1 L
4{ 0.25 0.30 0.35 0.40 0.45, 0.50
el A TRRSY IR AN %

-10F

-15}4

-20L

B7 koEMHSRESHELSE LHV ZENXERE

Fig. 7 Relationship between the Ash-Combustible Mass Fraction Ratio and the Difference in LHV

TRy 5 Rk Y B 7 K <0, 45, A BERR {4 HTC £
AR AL R 5 A Z V5 e IR AR, T OB 3R AT
HTC b3 o 8o AL 38 RIS AT AR .
2.4 BEEFESW

DL AR S RERE 200 °C A, AR R K 4 5
AIBRAY AT LE T R R A i S ss 45
RNk 4 poR, RFE 470, GEEmMA EEHIGR
Tl K 3T RN AR 2 R, oK TR

di IR, N 65% ~70% ., 4K 435 1] BE 4y T i 4y
B 0.30 (&R K 45 0e) B, i A8 = UK 25 0
1.28 MJ/kg, Hiiss M IE, T2 RER 1T, HKAH
R BRIY B2 B R 0. 40( FERKETGIR) I, e fie i
Wess B 2 0.35 MI/ke, 41524 1F, (H I 25 4 25 BRI
IR 50T R A R B R 0. 45 (L i K415
)i, hE R s M —-0. 18 MJ/kg, e A KT
fith, TARER AT,

x4 FRAKRSEABRSFESHILTHREETEHITEER

Tab.4 Energy Balance Calculation Results in Different Ash-Combustible Mass Fraction Ratios

% 53 5 TR 5 ; Y P
7’;’%?;[? ‘;’;Tf K ;‘;’f 7Jz N i:HY/ SR M R A/ @z iﬁfﬁ;/
0.30 0.2 72.5 0. 145 13. 60 2.00 0.72 1.28
0.40 0.2 65.3 0. 131 12. 85 1.68 1.33 0.35
0.45 0.2 58.7 0.117 11.20 1.31 1. 49 -0.18
0.50 0.2 54.2 0. 108 10. 95 1.18 1.55 -0.37

X2 SRR ALY K 5 a] Ay o 40 B
Ft<0. 45 i), HTC T ZAA e ME iy gl s , 5 i
A A I A B — 2, [ BE , mAR HTC T
L EEFE— R (B T T K IR be
PR R I AR, B A R4, A& TR
N FHAIRERE AT A TR o 25 75 PEORE SO0 7™ A 1) e i e s
ZRIRINCRIFE , SO = Ptk 47 DR ST Ak B e
Al kAT T AR R IR
2.5 IREFERALEEI

HTC T 207 A W UB 2 =S AR R =4,
FEPE HEEE I T MRS AT, AR SCRT 200 °C J
N2 F R RSB RIEA T T AN, T TR 8, pH
H7.2~8.5 A2 E A (COD) i ik N 5 200 ~

— 114 —

8 500 mg/L, SA(TN) BTt &0 850~ 1 200 mg/L,
ME(TP) BRI 120~ 180 mg/L, MAMNE & A —
ERI/NFTENLR (IR AR MIER, S5
Je 7K U8 (COD FTi kA 3 000~4 000 mg/L) 4
L, HTC 8V 75 G B B vy, Ab BHE TR
T AR LA DR AL B & HTC T 22 AN A 8%,
BRGNS . SEA A 5 KA B A B2 DL b B
HW —JE I E 15 KA R A T P R AL B A
FTE KT BT A A A P 2R G [ i LA AN AU
RT3 (R0 He ) (I < 10% ), e G ol A2 AL &R
G, o AR T A B T [ , SR TRk 2B
A (pH HIMZ 10.5~11.0, IR JE N 30~40 C, &
JBEISEE] R 60 min) , Z A L FRF ]Ik 85% L |, ik



WK R
WATER PURIFICATION TECHNOLOGY

Vol. 45,No. 6,2026
June 25th, 2026

P U PR AS 22X 15 K ) 1 ity 5 =2 XU
HEATREIRAL AR T, 38 3k 25 18 M/ o A HILRR (i
IR B T IR A A b, — 28T+ T2
PR RDSOR
3 it

(1) SN 0 P 2 148 K AR SR A 1 R 1 O i 2
B BN R E N 170 °C F+ = 220 C, K% LHV
MO11.91 MJ/kg $2F+ & 13.58 M kg (3 1§ 20 K
14.0%) ,H/C .0/C JE-FL M 1.47 .0.36 [ 1. 04,
0. 23 ; [ERF= R M 77. 5%/ % 55. 4% ,200 °C )5 2N
TR, LA PE S5 ,200 C AR BRIE , It
K #0% LHV 4 12. 90 MJ/kg B 1A =5 Hy 70. 0% ,
PEM H AR

(2)HTC ] & & 42 7415 Ve i i fh B 5 00 8 L
30 A H BB B, s sk fb BE Y (E R 0,52,
HREHLE (A 0. 165 7K i Ak BE B R 0. 61 (I
FETE 30.77%) BERE L IAE R 0. 22 (o iR T
93.75%) o KABHUAE T K MR PERE G

(3) V5K 5T Ry ot & 7 B L = 0. 45 S fk
AR B I SR 29 2554 . 2 22 2 T S B0A Tl 4
Perbim A V5K 53 5 AT R o3 i /3 A = 0. 45,
IEHS HTC Joik$& - #4E , SO 530 5% ~ 8% M #AE
PRI 5 KA 5T Ry i 4y B L <0. 45 1 K AR
WA B 3 TE 12% ~ 14% , AL BUR B3, e
Fr T2 #E e L T 00 (200 °C K43 5 ] BRI
RN 0.30) F,HTC T A% RER s M 1. 28
MJ/ (kg T1598) , BB AT AT ; {H 4 K 435 AT K 43 ot
HIMEL =0. 45 B S RE R GG M

(4) TR FH L X T IR 55 A i hil HEK R8¢
57K AL 3 ), B 2 5 105 U bR b TR AL B T2
(AN BRAD SR ) | #5535 AT A 53 ot 2 4 K L 452
TE 0.45 UF ;2R 200 CAEN HTC K20 iR B, T 3
AR it B 5 28 5k, HTC B8R TS Yy o 1 e )
(COD B E N 5 200~8 500 mg/L) ¥, MR
ARt A8 TR B T 9 2R Y5 K ), gk A B UR AL A
Mo ARSCHHIRRRFEAAF I TR 72
BB <X BAR T 15U RE Rk P Rl AL

&% 3k

[ 1] RMIEE, Aok, (. J5K) 50 2 s ik 1 X 9 Ak 4
BELASCUERRSE[ )], P E%AKHEEK, 2023, 39(8) : 127-132.

Zhu Y T, Yu B, He T. Full chain empirical study on continuous

[3]

high-speed carbonization and recycling of sewage sludge [ J].
China Water & Wastewater, 2023, 39(8) . 127-132.

FETE, VIR, HEE, B BRI AN R AIEES
Elmm PR YR L] FRBERESE, 2018, 39(1):
284-291.

LuY Q, Xu Y, Dong B, et al. Enhancement of anaerobic
methane production by removal of organic-bonding metals from
sewage sludge[ J]. Environmental Science, 2018, 39(1) ; 284-
291.

BREL, 220, S, S T YA HAL B HOR B R IS
K[ )]. AR 4hE, 2021, 37(6) : 50-54.

Zhao F M, Li X J, Feng N, et al. Research and progress on
application of sludge treatment & disposal technology[ J]. Energy
Saving of Nonferrous Metallurgy, 2021, 37(6) ; 50-54.

FL, XA, EBE, S5 BTG JeK AR M R R AT
FLI]. ALK AARRIA, 2024, 60(4): 745~
757.

Wang H, Liu Y S, Wang D C, et al. Study on influencing
factors of hydrothermal carbonization of sewage sludge[ J]. Acta
Scientiarum Naturalium Universitatis Pekinensis, 2024, 60(4) :
745-757.

R, TR, K, S FIATS YRRk AL SRR 1 R IR
HIRBTIELT]. A KK, 2021, 37(19) : 1-6.

Zhao B W, Niu Y K, Xie F, et al. Pilot-scale study on resource
recycling of excess sludge carbonized pyrolysis liquid[ J]. China
Water & Wastewater, 2021, 37(19): 1-6.

Silva R D V K, Lei Z F, Shimizu K, et al. Hydrothermal
treatment of sewage sludge to produce solid biofuel ; Focus on fuel
characteristics[ J]. Bioresource Technology Reports, 2020, 11;
100453. DOI: 10. 1016/j. biteb. 2020. 100453.

Oliveira A S, Sarrion A, Baeza J A, et al. Integration of
hydrothermal carbonization and aqueous phase reforming for
Chemical Engineering

10. 1016/j.  cej.

energy recovery from sewage sludge[ J].
Journal, 2022, 442. 136301. DOI;
2022. 136301.

Wang R K, Wang C B, Zhao Z H, et al. Energy recovery from
high-ash municipal sewage sludge by hydrothermal carbonization ;
Fuel characteristics of biosolid products [ J ]. Energy, 2019,
186 115848. DOI: 10. 1016/]. energy. 2019. 07. 178.

Wilk M, Sliz M, Lubieniecki B. Hydrothermal co-carbonization
of sewage sludge and fuel additives; Combustion performance of
hydrochar[ J ]. Renewable Energy, 2021, 178. 1046 - 1056.
DOI: 10. 1016/j. renene. 2021. 06. 101.

FOEI, WRIRAE, BRrPB, 5. KPR ALk B AL B UL TS VR
K EemAb = By AR B FE (D], KA R 2025,
51(2): 61-67.

Yuan D Y, Xu Z J, Chen Z M, et al. Enhancing dewatering

performance of printing and dyeing sludge by hydrothermal

(F#% 131 1)

— 115 —



WK R
WATER PURIFICATION TECHNOLOGY

Vol. 45,No. 6,2026
June 25th, 2026

Nanjing University of Technology: Natural Science Edition,
2024, 46(3) : 338-344.

PRER, YRR, TEEOC, AF. E5ER A BEOK BH AR B AR
SR Pe 77 ik BOR oy W FE ()], BT T AR, 2014, 32
(1): 147-152.

Qu L, Fu H X, Wang C W, et al. Research on production and
composition of sludge produced by the treatment of solar cell
wastewater containing fluoride using calcium salt method [ J ].
Environmental Engineering, 2014, 32(1) . 147-152.

B, LS, B, % RIS (PESA) X & fifl B
PR AP BRG], RS SR T R, 2013,
35(3) . 121-125.

Zhao K, Kong X Q, Xing C X, et al. Performance of
polyepoxysuccinic acid( PESA) in the biological treatment of high
of Chongging Jianzhu

hardness wastewater [ J |. Journal

University, 2013, 35(3); 121-125.

[8]

[10]

[11]

Pulgar F, Ayala L, Jeldres M, et al. Lime/sodium carbonate
treated seawater to improve flocculation and sedimentation of clay-
based tailings[ J]. Polymers, 2021, 13(23) ; 4108.

Chialvo A A, Simonson J] M. The effect of salt concentration on
the structure of water in CaCl, aqueous solutions[ J]. Journal of
Molecular Liquids, 2004, 112(1/2): 99-105. DOI. 10. 1016/
j. molliq. 2003. 11. 001.

Shi Y X, Chen Z Q, Li Q, et al. Adsorption behavior of SiO,
coatings on Cal, crystal planes: Molecular dynamics simulation
and preparation [ J ]. Materials Today Communications, 2023,
36: 106510. DOI:; 10. 1016/j. mtcomm. 2023. 106510.

FEIT &R, B, B IR BE R AL B UK K Y S 56 AT
8[J]. Tolbskab¥E, 2023, 43(6) ; 150-155.

Cui B, Jin Y, Yang Z K. Research on the treatment of high
fluoride wastewater by calcium salt-coagulation method [ J ].

Industrial Water Treatment, 2023, 43(6) : 150-155.

(E#EF 115 7R)

[11]

[12]

carbonization method and high-value utilization of the derived
carbonization products [ J]. Technology of Water Treatment,
2025, 51(2): 61-67.

VRN, %, BB, . KIRBRACEOR T TI5 e A Ak B
BIATT]. PEZR/KHEK, 2020, 36(16) : 54-59.

XuJ, Xu J, Li Q Y, et al. Perspectives on hydrothermal
carbonization technology for municipal sludge treatment and
disposal[ J]. China Water & Wastewater, 2020, 36(16) ; 54—
59.

Thctl, V5 IR B AR SCBEBORDFFE [ J]. o B
ORI, 2019, 37(2) ; 8-10.

Ma W B. Research on key technologies of low temperature

carbonization fuel sludge [ J]. China Resources Comprehensive

[14]

Utilization, 2019, 37(2) . 8-10.

R, TGRS K R ST R TS e SR
WE[J]. HokdEA, 2024, 43(10) ; 154-159.

Mou J M, Geng X S. Coutermeasures of overflow pollution control
for typical combined drainage system in Shanghai[ J]. Water
Purification Technology, 2024, 43(10) : 154-159.

FH, BRI, A, S ST A RN )X E SR IE S
BAE BRI [ 1], Rl KF24, 2015, 36(5) .
54-60.

Wang J, Chen X, Gui P, et al. Effects of pyrolysis temperature
and time on the speciation and bioaccumulation of heavy metals
derived from sludge [ J]. Journal of South China Agricultural
University, 2015, 36(5) : 54-60.

— 131 —



