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Abstract

Hydrothermal (HT) treatment is an energy-efficient and green method for sewage sludge (SS)
pretreatment, which can significantly improve the dewatering performance of SS. Mastering the
effect of HT treatment on fuel properties of SS is the premise of its subsequent thermochemical
conversion. Pearson analysis was adopted to evaluate the linear correlation among feedstock, HT
conditions and hydrochar properties. Results showed that H, N, O and volatile matter (VM) con-
tents in the hydrochar had a strong negative correlation with HT temperature, while ash and fixed
carbon (FC) contents had a strong positive correlation with HT temperature. Higher heating value
(HHV) of hydrochar was mainly affected by C, H and ash contents of raw SS, which had a strong
positive correlation with C and H contents, but a negative correlation with ash content. High ash
content of SS would overlap the variation of C content in the hydrochar, and it was found that C
content augmented substantially with increasing HT temperature after transformation into dry
and ash free (daf) basis, while the hydrochar yield decreased greatly. Compared with HT temper-
ature, the influence of the reaction time was relatively weak. Good agreement has been observed
between the Pearson analysis and experimental results. Subsequently, MLR models including sta-
tistically significant variables were developed based on ANOVA analysis, suggesting that these
models fitted the data associated with hydrochar properties well in terms of Adj.R? > 0.8 and RMSE
< 5%, while the prediction of yield and moisture content was acceptable. The research results can
provide the guidance to evaluate fuel properties of hydrochar and optimize HT conditions.
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1. 518

WTE AKTEPR(BL R RIFR “T5787 )R TE KA B I FE P AR B = [ 1] BEAE SRk T AN Tl AR
P, REVST S EBRERTE, ERMKEIE 10.7%. Hrb, 2019 FEigi5ier i F 6325 Hmi[2]. K5
TR EEREA. EEEMEEAEGIGEMEAEDR, HREANY, S5l ki3] SR
CLIRHTSZ MR, 77 2 AR SE A D] L b SR AR R T I D (4] B, iS5leh S A REANA, " R
THALECE R ARSI T 000G FL A A BRI B RHS] . NYERRS TR B REE RS, BREE[61IAH
RN B KR TFRILT) 65%. BTV5VRM/KIERAER 2, Uik Tr 0 R aeH & /K 2% 2] 80% 4
Fi[4]. MiGRMRTIBERES, [RIRE S =4 VOCs (R A M)A NHs. H,S 2575 4#[7]. Kim Z£[8]
WA R B S TR R R R KR BI5 TR, 24 65%~75%.

IKIAEFEARTE — 8 W B A VLRI 3 564 15 R A 9 & BB =K i« K B/ &
SAHFEI(FEFEN COyHIEFE[9] [10]. ZIFRE TKM . WK, MR, BEMIGTMILEET RN T R
Mi[11]. MTFRIETEYE, AR TG GE3 15 2 B2 o [12] . 8 FAE[13140E, WA /KRN 87%HT)
Rl RIGVRE K AKIL ST, B HUIBE K AT &K 28 B 42 27%. BEAh, JK#0R HIC R O/C JE-7 L ik
WHE[14], BAEAIE i A RS F AT 5 [15]
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AR, T5UR /K ARALBRR 752 B E ] 4238 )32 R0, RIS R K AR A B 2% A R0 T R R 55 22 57 5 3
IKBORFEACTE PR A A K. 17 HL,  SERG I R R KR RN Sy RAS,  SEIGBUE 5 I R 5 AN
FAm[16]. DA, A BRASEIGEEE P2 38 0B AL A& R T A i) AR SR SE R TR R S .

BT Z I FH(MLR) 2 JeAELR M [FTH (MNLR) (6355 [B1 =86 R0 BEATLAR BR) FIHL A 2% 2] (ML) S A 7Y
Sof 7K BROR FEAL M R BT T B 22 [16]-[22]« Vallejo ZE[17)1RIZE25[19] [21]43 St B 22 s 2 [l AR B AN 2 6
AR LR [ Y= AL TR 6 A5 0 o /K e R e 2 B v I ARV RSO AT T, [RDBS A s T % IR R R TR R
AT ST AR L TN FISRIE R A, 40 Vallejo 25484E T 70 MR BB Sk A, T ZRAE[19]
A (0 A W B th ik 985 41, F Ak % (RAIE BT ST SR fE 1 , EURS BRI, 2R SR [19]BE R /) Adj.R?
(WHE S5 I 8 R A0 A 0.63~0.79 Y[l V5l R EME A S AR RSEA VA R[4], SARMA4%
RRAED AR EAE, HAEKRCE SRR SE AR R PLRE, R 0 E o &5 . It
G, 252 BT I AR AR, AT 5 S0 B X A [ (0 7K Rk B SR e N AR A . FE 2 [16] R
ANN (N TAHPE W)Y I 454 PSO (R HEA ) S50 [ 4 R 40 /K #om HIC 1 O/C /K EEHEAT T,
DAIH Sk 5 1 7K ek B 5t 5 ol /K A i 2 JE 988 7 . Djandja 25 [18]3E T~ ANN A 8% ¥5 Ye K Ak i U & gk 4T
FHORAE AT, AL TR, RIRIRTS R A & B s E MR R, IO R = /KGR
[ o FREE[22]5 T 2 Ju Rl A T vt i5 Ve K B Tolk A FOGz o Mt AT T, BREUG RN, BEAURERNE B
i, Adj.R?>0.8, RMSE (35 R1%%) < 3%.

AR T R T KRB T JeEm T @A RE (HHV) RIS 7K 26 (MC) &5 B A 14 )5 LA
SR FRWEE(Yield), I B 2R 3 AH 5 23 BT 98 6 S 4675 I B A 1 o AF0 7K AR Ak 2R 2% A1 55 7K Rk BR AL
JR 5 KRR M, 3T 5 Z i s R & B gt 2 B E i R AR, #F 7 as T
IR HRR SRR M VA AR SRR B 2 AL SR A R 5

2. 5k
2.1. BiEUR

BEWER, LIS (sewage sludge). 7K # 4k FE (hydrothermal treatment). 7K # %2 £k (hydrothermal
carbonization). 7K #5% (hydrochar) % {E Ay &1, FF ScienceDirect. Web of Knowledge F1 Google Scholar
SEEATOCIRRL R, WOER T M 2013 4R 3 2022 A3 27 RIAHOGSCHR[13] [14] [15] [23]-[46], $REUELFES VR
WAER(RIa6 &K Dby JeRT) KRS EOKGREE . SR a]) K #R AL IR BT (B 7K
T BT JTER AT FK AR RS, et 114 Ao [N g5 S H K #HOR Tk i e R o4
BHE AT AN TR, S4h, B IE GetData B A M SCHRIE A AR EL . A OGS W AR 1
Wik 1R,

2.2. XM

FE IR AAH G R E(r) R AT B B [ P ER YA DG OC &, wIARE B 5 22 bRtk 22 v 545 21, =X
(PR WHEAEVEE N-1~1, -1 F1 1, REPHESCHERGE, IEEAR A, FUEARFARCH:,
0 FRETLAHK K R
cov(X,Y)

o0

P(X.,Y)= 1)

y
(@), P(X,Y) RAE X AY Z IR ERIHCREL cov(X,Y) R %, o,, o, A% I
.
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Figure 1. Overview of collected data: (a) Raw SS, (b) hydrochar
B 1 #iEERER: (@) RiaiEhk, () K#Rx

2.3. Z&EFER

(5] = 73 A i T T, AR A AN PT DAARYE B A2 B AR T (5] AR B ) B A Y [19] o i AR
BEALH 3 80% &4 FH T IR, TR 1 209%%50 4 0 T- I [47] . FIH SPSS #4422 76 42 14 [ U 5
B e bR, G TS BA SR UCEE (p < 0.05) MR, [BH 5 R a0 (2) Bias[48]

Y, =B, +B X, +B, X, +---+ B, X, +¢ (2

R, Y, AEAER, RFABRINERAKRRICR: X, X, X, WEBE, REFEEGRENL
VERRAISZI 2% B, NEREE, BB, B, NHIN AERIIE IR, BB, B, &Mt 5 T
Y (OLS) 7% 2% P75 FI(RSS) e IMU A, %25 F 77 Rt R Q) FT[49], & JBEHLIRZE.
Rss =347 =2 (Y, ) @)
i=1 i=1
o, A ONBIRITRZE Y, R A R B .
2.4. HETE

VR I 1 V5 2 B (A).RY) R E J7 A A% 2 (RMSE) S8 bk FH T PP A B8 . o, (RS (v R 50
TR R LA E, &R e RERYMIBIE, [N R R R B RR, fefs o uHs
Tt S WA AN BSR40 B FE[19] 0 3877 R A5 72 e 1l B TRUUEL AN SR AR AR 2 IR R A ZE 155 00, T AR =X (4) 7
HAFH[50].

(4)

3. R5118
3.1 xS

B ORIMAH A T3 M T PR A, 15 AR B (B4R TS YR B A SR SE 6 2 40) 5 DR AR B (K A 3 AL P JBURIK #40%
W) Z IR 2R PEAH R R &, BRI 2 i KR TTER 20 WT s Mk M A s (87 A 32 S de v e BRAL I
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JRECMAER K, SEISEIEN S 2 AR SS, (Ehnf URBUKHUR AL & EFER S & &5k
B BA BRI ORI R, AR 2 S B S KRR R RR M IEA R R R ART5 IR K sk
PRI A K s B B B AR L], (4 B AR B 2T AP 6 (FTIR) 73 M R B /K # i f-OH A 4§k 5
558 I 2 i 5 I AR FEE T v T U [35] o 280 B PRI R DM SR 4 ¥ Y R G WL EURN B 1 B AE 300°C BA R R AE K
PR AN LT, T LR B8 T IR T /K R R [22] o 7K SR AR B IR 2 B SR HLSR P 25 480 R g [ (-OH AT-COOH)
[22], (S EFEAK, /KIR FTIR 307U %2 21 B AN ek 4] o C=0 {4 #R 3 AI-COOH H C=0 A Xf FRfif
ARR KA B R R A T R OSE[24] [51],  [RIINF 7K SR A 1 A 2 75 4 i (SCOD) B 35 7K #4R: 5
FrEfi AW IN[13], R BAKIIRIE R 7= B BEAR . JRURTS VR FE 57 7= 2R R K AR BT B A, 420 )5 0 4k
SEARER, KRR IR 432 B DR G T BG m o []  l 75 S BG n A=2 RUA SR OR T 240°C) i3k 58 6 S S R AT [24]
5 A5 [13] [52]5250 4518 — 8, M Va5 RS e . SRR R oA B B AR IEA R R, 1
5K 5 ERGRI PR R m%ﬁwzﬁmmﬁﬁiﬁﬁMﬁW%%%,ﬁ%lﬁ%ﬁA%ﬁﬁ%ﬁ

T AR IR[27], K2 EFFE[14] [15] [23] [27] [33] [351 L Fix — 4510 . HE T /KPR, RN
1] P 2 M 45 55
Yield 4E0E -0. ) 0.19 -0.06-8.62E-4 0.23 -0.20
HHV 8 .95 53 033 028 0.74 027 0.75 '=0.11
JYOE .24 .36 N 0.32 -0.03 -0.10 0.53 0.07 0.47 -0.16

>
1
=

.55 OREE -0.54 -0.89 KA -0.16 0.35 OIS
-0.02 0.63 0.84 -0.05 5

-0.08 -0. 0.85 1 0.41 -0.13 -0.

7K H A I
<
=

24 030 0. .90 [-0.07 0.28

g 0.8 0.69 0.83 i 100 0.72 A § 0.81

0.91 .6 . i 0.75 Bk 21 0.84 0.01

0.91 .72 RO 7 : -0. 3 0.88 [-0.04 -0.14

€ H N Ash HHV T

J"?‘ﬂiiﬁa rému%w%z

Figure 2. Matrix graph of Pearson correlation coefficient

B 2. BUREMBXREAEREE

T

3.2. FESHT(ANOVA)

T3 2253 AT BT T DPA S A5 R B Ak 1 RN S5 2 H506F 7K RO BRAL PR R RUK B IR R 1 B A R E R
M. —Mihy, Wik p<0.05, KM EBRENFRREEARELW, BAG505E L [19]. BIE7 %5
BT, FTLOERRA Gt 2 R s i r Ay, o7 Z A & 3 pios .

DA BT AT S AT IR € R 36 45 TR 3 W /K FAGR B S /K Ol ik & A R 5, IX 5 a0 25 P S
F. = Areeprasert Z5[13] [23] [247HF 783 BH % i i 7K BRI BE AT DA HE /K FAi R & 48 n s SR, AR
T4 [28] [3010 K B K #hom ik 2 B B A 7K BRI FE T v T B A o IR N W B0 J5 R TS e s Ik Oy & s v
M K AR PR & B . TR, KW B AL T8 TC K LA B 2K 43 BRI SE A, 3 S B 7K AR B f 7K
Por it B RAMEEER, H ke 25 IR R 7K B EE K AR ik & & B W35 5 .
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0.9950
Yield+<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

HHVA 0.0066 <0.0001 0.0447 0.0099 0.0197 <0.0001 <0.0001 <0.0001 0.0299 8E-4
0.7960

FCH <0,()001<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.1507

Ash—<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

<
T

0.0172 <0.0001 0.0013 0.0089 0.0104 0.0031 0.0135 0.0037 <0.0001 <0.0001 T
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IKHR AT

N—0.0031 <0.0001 0.1297 6E-4 4E-4 0.0041 0.0016 0.0042 <0.0001 SE-4

T
1

<0.0001 KOVFARE <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0023
0.1990

C (daf) —<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0012
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Figure 3. t-test results of physiochemical characteristics and yield of hydrochar

B 3. AKFRRIBUME BRI (1038 R

BT IR B TRD AT 7K B o ] e Tk 2 i S35 RE A, S0 2 00 e Jn R A3 BT R b o A AR A
RERW . KISEIRW AR E R N, HASZ S50 S5 s LK . 1518 i 2 R AE K # ik B
T2 o S S K A U T R R S s, SR T KA 2-BRIE AT 532 AR BB (5-HMF) 55
e, BEAR, TEle B A BUS S WOK AR R, JF S SRR I I SR SN AR L BORER, 2-8
fift . 5-¥% H SRR R AN & BURMEA h S IB I 46 & RA AT M — RV R B TR RO R [15].
FE R BEAE Y 2 S i 2 0% (R RE ok 20 il K 0 A AL, ATIHAE B S s PE A 2 B W RN B A, Ty e
b mERARR SRS T A0 RIS 12 R & AR, 2R R LU K [4]. Ruyter [53]%:
ST PR 7K AL 3 2 8 0 5 AR 3 TR AR I TR) R AT — S I A 81, P 2081 il 52 0 R A e e 8 2 e S I [
ISR FAL R ALK, DR b s B2 B )t 7K B B M R B LA — e s . ek, BRAGTS5 IR B M TG
IKEIR TCZ S A A T 2 B B s R O, (LGRS e i & B Sl K Bk i &L B s AN ik B B R R
PR . AT IRIGTETE, KR T BT f e &= o kA B384, TE a0 B ZR A % 4 4
PRI A B S B2 RUKRAE BT B, AKsr [ B Fi ik & S 38 .

IKAR BB t RIS R ToR, JRARTS Ve IR PE B RN SEG S BRI H B 2 5, SR 5
VGV TV AT TG 3R A BT IR A B A% AR 2 s K AR BB AN 2, 5 i 1S3 45 - — 20

HHERAEAR, KR EKEE BN K% JE G5 R MAIG SR BN S48, (HRIUGIE
Bz, INENIF T A B E, MARERTF, 0 2 fios, Adj.R?=0.9240, RMSE = 3.71%.

3.3. EYARBE S5HHE

Table 1. Regression equations of physiochemical characteristics and yield of hydrochar

= L OKBORIBU M R R YT 5T

Az (Bl =475 72
Chc (%, daf) C,. =18C +21.42H +14.08N +15.63S +16.140 —83.63VM —66.65Ash —83.34FC + 0.084T + 0.0157 + 6683

Hic (%, db) H,. =-0.77C - 0.68N —0.76S —0.790 + 4.96VM + 4.18Ash + 4.96FC —0.0062T —0.00077 —416.6
Npe (%, db) N,. =-0.42C —1.04H —-0.56S —0.590 — 6.5VM —7.09 Ash — 6.48FC —0.015T —0.0027 + 709.8
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Continued
Spe (%, db) S,. =—0.29C —0.38H —0.41IN +0.18S —0.360 —5.29VM —5.63Ash —5.21FC —0.002T —0.00037 +563.1
O (%, db) O,. =—8.03C —10.51H —7.4N —7.96S — 6.780 + 42.85VM +34.86 Ash + 42.92FC —0.048T —0.00937 — 3479

VM, (%, db) VM, =-2.73C - 6.91H —3.91IN —3.17S — 2.920 + 30.52VM + 26.21Ash + 29.81FC —0.12T —0.0227 — 2617
Ashy (%, db) Ash,, =9.01C +11.43H + 7.81N +8.79S +8.980 — 76.41VM —66.4Ash — 76.58FC + 0.087T +0.0187 + 6726
FChrc (%, db) FC, =-3.66C —2.52N —2.92S —3.330 + 32.67VM + 29.51Ash + 33.5FC + 0.033T — 2953
HHV,; (MJ/kg, db) HHV, =1.48C +3.59H +1.03N +1.39S +1.240 +19.12VM + 20.31Ash +18.79FC —0.006T —0.0037 — 2035
Yieldy (%) Yield,, =-17.89C — 26.36H —14.91N —16.57S —16.760 —18.52VM —35.3Ash —15.8FC —0.1T + 0.0157 + 3666

MC,, =129.9M, +4.54T +3.357 — 0.7M +0.0016T ? + 0.000057° — 0.061M T

MChe (%
re (%) ~0.041M 7 —0.017T 7 +0.0002M T — 5826

IK PR BAGIE AR (6 2 et A AR A0 1 R, KR FR kS B TR TE I SEH A0 N T8
KA ZZEA(5).
100 - Ash, (%, db)
100

Adj.R?* Fil RMSE ] LA S B [l A RS AL (KA B . b ob, LRI A LRS00 F 2 y = x 11 222 60 F900 X 40 )
Tt RE S R T AR AL ARG S . A 4 AN 2 B, IR ARG ZKGER R Tl 34 M 6 3R 0 M PN A
JEH T, Ad.R®> 0.9, RMSE < 2%, i TS [224RE NS A KAGRE A AVE . SRS K S0
FREARRT IS AR . BB BRI, KL R A IER 2 B I 45 R, A iR A F 2
K2y SN AF 2I[15] [35] [44], Hb AU v ML AAVEL I IR B2 7= 26 7 — € R, LA, TR R IR T e
2 PR AR 5 AN TR T 3 Bl 22, B ARt 7K 2 DAL B B T e = A 1, 7T R0 2 i D 4 L e R 9 0 2
RSB o KBRS IR A 2 AN R B K 7 3T i 2, ELHURR 7K i AS [ B 1 ) th 2 3 BB K R
FEARTF . HEKITF, AdjR* > 0.8, RMSE < 4%, FURSEERBAS, & K HoR AL MR IR K 0k i e
(B AR B 5 A7 RO TR K IR IR, e Se b A e (AR 45 o [RIARE R O BRI TS DL 1] 5 i
7 AT BRI RS f B U 4% SR 22 T, (AR 2200, R T 57Kk 3%, HoAb R A8 & Adj.R? > 0.8, RMSE
< 5%, 2 B H AR 7K A AL RSO s AR T S P2 o KB B K 6 (R BESE N Ad].R? = 0.7943
A RMSE = 6.48%. [A AT #B7) SCHRIRIE 1 /K I B MR AN & KRS K0, - AN B0 i) Hodle s L L e
A gD, R4E(4), RMSE S5%udls i s bt , PRI 52 i RMSE W&OK, b4, BRUON/KIAIR &K
R EBRE S 3D, A ERUR 0 A ARG A A s FL R, IR X A X, &
PRI A B AR PP A 45 UL R T4k 2.

Cye (%,b) = C,, (%, daf ) x

®)

Table 2. Summary of MLR model evaluation indicators
= 2. MLR #EEIR3EHR

S ES eEes AR 4
- Adj.R? RMSE/% $eila Adj.R? RMSE/% HHE 5
Che (%, daf) 0.9870 1.56 75 0.9422 2.00 19
Hie (%, db) 0.9650 0.17 75 0.9632 0.23 19
Nie (%, db) 0.9327 0.47 75 0.9323 0.40 19
She (%, db) 0.9857 0.13 75 0.9254 0.10 19
O (%, db) 0.9694 1.55 75 0.9038 1.56 19
VM (%, db) 0.9799 1.94 75 0.9568 3.12 19
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Continued
Ashyc (%, db) 0.9840 1.51 75 0.9240 3.19 19
FChe (%, db) 0.9074 0.99 75 0.8487 1.11 19
HHV,. (MJ/kg, db) 0.8710 1.18 75 0.9263 0.64 19
Yieldy. (%) 0.8011 3.16 60 0.8961 4.56 15
MGy, (%) 0.9240 3.71 38 0.7943 6.48 8
80, = 7
C (%, daf) H (%, db)
Adj.R?=0.9870 Adj.R*=0.9650
20k RMSE=1.5580% o OF  RMSE=0.1744%
1=0.9802x+1.6482 ——— p=0.9734x+0.1276 -
95% & {5 X If] 95% & {5 X [f] 3
95% T X 5] i 95% X 7]
<o 60F X
Esol =
3._
40
2_
30 1 L 1 1 l 1 1 1 1 1
30 40 50 60 70 80 2 3 A 6
WLIAE /% MLME /Y
(a) (b)
N (%, db) S (%, db)
7+ Adj.R*=0.9327 Adj.R?=0.9857
RMSE=0.4698% o 4 RMSE=0.1309%
6F ——y=0.9220x+0.2177 ——y=0.9886x+0.0587
95% .15 X [ 95% B {5 X [11]
sk 95% Fii il [X ] 95% T X [A]
E4— Ez_
3 -
l._
2_
0_
l -
O 5 q 1 1 1 1 1 1 1 1 1 1 1
0 1 2 4 6 7 8 0 1 2 4 E
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