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Abstract

Anaerobic digestion (AD) is an effective method for treating food waste; however, the disposal of
digestate remains a challenge, with co-combustion being the primary approach. Digestate has a high
moisture content, high ash content, and low calorific value, making combustion unstable and prone
to slagging and fouling. The rapid development of the express delivery industry has generated a
large amount of low-value but high-calorific waste logistics packaging, primarily comprising card-
board (CB) and polyethylene (PE). The co-combustion of AD with waste logistics packaging holds
significant potential as an efficient energy recovery strategy. In this study, thermogravimetric anal-
ysis (TGA) was employed to investigate the co-combustion characteristics, combustion kinetics. The
results showed that adding CB and PE improved the combustion performance of digestate, with the
comprehensive combustion index (CCI) being 8.3 times higher than that of digestate alone. CB also
enhanced the combustion stability index (Csi), and at a 30% cardboard addition, Csiwas 7.75 times
higher than that of digestate alone. However, when the polyethylene ratio exceeded 20%, the burn-
out temperature increased by approximately 30°C. Kinetic calculations revealed that digestate and
cardboard reduced the activation energy of volatile matter combustion, while polyethylene increased
the pre-exponential factor, accelerating the reaction. The blends of AD, CB, and PE have good com-
bustion characteristics, this research providing reference for the collaborative disposal of food
wastes-derived anerobic digestates and waste logistics packaging.
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1. 5|

FRIE A 2019 FETFAASEAT s R A 3, BEAR LIRS R BRI N . 2021 4F, R B T RN 1.27
fCWE[1]. PRAWEWHE G R b IR REEsEm /NG A, IR RO B AR I S I A B
Tk REHCI R 277 44 20%~47%HITEE(AD) [2], EZRAN. Y. WEY. KK
G MR A BT R[3]. T VR S KR AR &, SRR BCRAG,  H AT R EARFE A R
BRI HEAT[4]. B BB AT TR S PR R S, PUs RS R A I 20% 3 K g B2 [5], [RImS™
AT REMPOEDRSI . Hait, 2022 YR bR A A F] 2000 imi[6]. A, FUAFAUR (LA
RIFRACH, CB)MIMIRMS 2 HE RSy, 205 46.5%F1 30.4% [7], ¥ 204 (PE) S SRl 3 11 T B4 Bl
[8], K% 5%~15%[1I40HR Al 30% XKL 53k T AL vG 1 S B e[8] . Rl —Fh m HVE AR, I oK
[9]. {HIBAL ) IE Rl 3 BCHAE MRS AR b 2 BB ZE R R 2R 3R 1T, M A Be Rk 30 Mt F 22 4 B A [10] - 4R
PR — Pl R HE R A AR AR B KL, TERRBR I R b 5 sk LR eI R, VR A IR e h IS TN 4KAR fig
DR RE RV, TR EIARE AR [11]. AUBR. IR SM RAVE i [R] A B A e % o i )Xo MR e 1R 4 T i T
[12], #EmiabE R,

BEEKER, BERETHGE, THRBBEMMEL N 23MI-Kkg?Y, BFFIEIEEKE =l
ERIRE S B AT B P e G IR . 3R SRR IR AL 2R A MO8 12[13]. Guo F5idid TG-FTIR #R%
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R A IR £V SRR B IR0, BRI IR 1 GRS, $RAIRIRACR, SEmsr R ia
(CCI) [14]. Guo Z#H] CRIEWFF AT SR IR SIARE, FHMABEIIRE 0 N R o BB L #AkE
] T Bk (R BRI P NP B [15] o 76 JBF AR VAV RN 7T AR TR S SRR B R B FE iR I, 4 3H 15 Ly 90%H
IEALRE T A HAR, 7y 125.5 kd-mol™ [16], /DB s NI v 5 3% fE e AR T vE AL AR S B 7 o Bedh, THE
5] R B TR B RPN BE B AT A o A be b BURITE AL BE[17]. H AT, A RV E IR SRR 7 L2 b T
YT AR IR, 5 AR TR R A RN AT AR P AT B AR R i, BRI AT MR B A [18]. (H2, H&R
TR AT 25 B ) Ry K 7 o S BURBE R A h P I 25 . S5 AR R 1], PREBPD IR B P I LA
MRS o PV R, VRV AN RIS IR 3 % VR & MR B A B8 Xt R s R P [R Ik D 45 8 . 45
BIGRA M. Bk, WFREG BRI BRBESD 71 AT R B A R S A PSR S =k
SE P ISR Bt e LB 18 5 %

2. KRRES5HE
2.1 MR

SR BT FH VA R 1 L T BRI b, AR AN R 2038 3RS o K JEURET 105 °C 3R 8A rh ot
THHE, WSS 60~200 H, %R ERLENIES, ot EE TBESNRAEH . S8 iR
A - AR - R OIE R E S ECHR AT Ar 4, filln, 0.5-0.3-0.2 oz &Rk, TEE. 4K
BRI 05 TR A AR R 1 50%, 30%F1 20%. AW . 4URANR A Tk #r. JeEadrans 1 pr
TN KEFERE T D 3By 550°C FHIKE 2 h B . AU REE, SRR X S22 eil Mk (XRF) I
SERFEFRITCRAR, XRF g Bans 2 s

Table 1. Industrial and elemental analysis results
Fz 1 Tl TESHER

. Tk ot
i Mar/% Adl% Va/% FCu/%" Qretd(J/9)
by 69.99 48.04 46.72 5.25 7413
4RAR 7.71 12.56 75.87 11.57 14302
R % 0.03 - 99.99 0.01 43552
. TCE T
e Cal% Ha/% Na/% Sa/% Ou/%" Cil%
SLabics 26.27 2.61 2.59 0.42 20.08 0.48
4RAR 41.82 4.30 0.63 0.94 39.74 0.14
RN 86.11 10.47 0.59 2.81 0.02 0.04

*: [EERR, % =100 - /K5 - Ko - RS, *: O, % =100 - 7K4) - K4 - C-H-N-S.

Table 2. XRF analysis results
2. k& XRF SHER

B w(Na20) w(MgO) w(AlOs) w(Si02) w(P20s) w(SOs) w(K20) w(CaO) w(TiO2) w (Fex03)

R 2.64 15 6.8 8.53 11.53 2.7 1.35 60.92 0.16 2.39
4RAR 1.49 3.48 11.35 17.64 0.428 1.74 0.521 58.91 1.34 2.65
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2.2. |ESHT

¥ Netzsch TG 209 F3 Tarsus H#E /3 M AU(TGAY K W . ZEHUF1 R 2 4G R B v b AT T 7, &8
ARG IR E N 80 ml-min T, JEEEVEHE Y 30°C & 900°C, FHEMEAE AN 10°C-min~t. AERSZIRELZ] 10
mg A fh, 1o T LI AR o AR A A

R KR E(Ti) RS BE (To) SRR AEAE T R PR I [18] 0 A& SR FERRAIC, R BARE S 45 K 1 Rk
Ufs AR AT, RURERELF . & KRBT TG-DTG VIZiEmw[19], MRS & SUNFE
AL RIEF] 98%H (UL o VE(HIEE (Tp)s& DTG M 2R i KR B 45 TR S s N IR . a3k —
W HINEEE BBt B (CC A befa & Ta X (Ca) VE N IABeRF M FIVPAN 240, 43 50l il 2R (L) A=K (2) T 54531 [20]

dw/dt dw/dt
CCI — ( W/ )maxzx( W/ )a
TT,

dw/d

i ' max

@

C, =8.5875x10" x

Fodr, (dwy/dt) A (dw/dt), 23 BARERIAREIE R ok Ok ELHUR AP R R, %-mint; T, RERK
2 B R WA BT o N RS IR, C o
2.3. BIRTNhZED W AE

KH Coats-Redfern 775K #f € S ALE[21]. CRVEMIIAGEE 2 7l U REB) &=

m{g(‘f)} - |n{ﬁ(1_2ﬂﬂ_£ ®
T BE E R

Horr, a8, TREHBIIFEE, K paATHEER, p=10C-mint; AZFEATET, min?; E &%
fLHE, kd-mol™?; R NEE/REMLEE, R=8.314J-molt-K?,

H T AE W 5 RN A BeTE AL fE E IR IR K, EBU 1 - 2RT/E~1. &1kAE E FEERT T A 7] LL#E 0,
G HEMR BRI EAF R PR SO IE B HIR 2 N, AT DUARHE LA 45 FAff e e A s B 28
n[22].
2.4. XEERSHT

3T B A SEIG TG 28 A 1R 22 R PP R A AP R v] BEAFAE R AZ ELAE T, B2 TG i e AN
xR Z ATG 73 Al (4 A (G) i E[23]. i, ATG <0, RUIZELAEHIEHER SRR .

TG, = (XTGAD ) + ( YTGgg ) + (ZTGPE ) @)
TGexp _TGcaI
ATG = —22 2@ 100% ©)
TG

-
KLE)F, x, y Mz HRFRIREYHEE. SRR CIFREL, x+y+z=1; TGy, TGy, MTG. 7
BEVRHE . AR LM% TG M4k TG, M TG, 23 AR G HRRHI SLga f Bl ik T
I W CCI MSELS CCI RIAHXHRZE, AN oy 18] A2 158 FAE FH R G Bt RE Y 5
mi, R (6)ZFE CCl Wi HE I FE[24]:
CCl, =(XCCl 5 )+(yCCleg ) +(zCClye ) (6)

H{(6)F, CCl,,, CCleg FICCl,e 7 AR IAE . AN SR £ M5 SR B A9 5256 CCI AL,
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3. &R5118
3.1, BRI

F 1 ROR T THREESA 10°C -mint, 235 R 4URAER 2GRl #E . Hob, At
BRIIR G FE OB B A, Sl 1) K78 K(30°C~186°C), HI T A S Ue Hpoxh A it AT I Ak
R, BRI 2) FER S BB GE(186°C~373°C), X — i Bt T A 2k B 04 b5 Y v AN 46 A o
EF4E. A4 RMBRUSG ber ¢, XL EA 2N SCRESE M, EMPad R 25 5 4 B [25]; 3)
FEIRIRIF(373°C~628°C); 4) ToHLA# ) fift A+ 4x & (628°C~806 'C) IRE s« A1 AKAE G2 b4z b FH
TIREH IS R [26]. FETBERRE TR AR/ H WS B K& Ca JLER (4 2), FELL CaCOs A F7 T4
BH27]. B LR FIBRRAT N 5 SR A ) 2R A [28] o PRAATE A G K B 2 B RIOR i 2% £R B8 75 VR R
[29]. R IHEHIHA RS FERSAE AR, RS E, (E 240°C~500°C [X ] Py HRE i, i 2R R E [30].
7E 500°C~600°C Hi I 2k B U T B A2 3R M [ AH S = (R R 0% 3 3 [20] . FF i R R PE S 8n 1] 2
Kl 3 s, AN THE, AURANER MR B IRRRE S, RERTIIRRL. TR bR 2 HL
BRI R AR .

B (%)

W

20
——AD
——CB
| ——PE
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Figure 1. TG-DTG of AD, CB, and PE

B 1. BE. KB TG-DTG Bz

3.1.1. KIWREH

& 2 JEoR T AR & e R MR i . AN 2(a) TR AT, 2SR IN4RAR N, #E 385°C~580°C i
W, ISR E I VR . AR ORI SRR A R IR S, FEMRRRRE R, ek
ARG R, RIGRAHEER, BIGEARREK[BL, @MAVERS BRI E S RNIRITRE, 5
LPYER I R I XE LLIX 43 o 7E 580°C LA_ BRI /il B, To BEABIR & EL BT RIS TS B 3,
TEVETEIX —BY BL Tp BURT40R, =y & R A R JCH L 7E SE AR AR 5 2y At T ARAR A = 19
B, RPN S IR T R, T AR A 0 B AR VR B R L SR A R S, R L
MG R T IX— AR . ATG #TEI(F 2(b)R M, VA AMRAIER ZIG R A fE b 2 SR ZI 28 |
TERL S TEREANE RIS RECR IR e Bt S NEAT o 78 [ 52 SRR B BERUTE LA 20 RN B, DS 4R
BIEE S 10% 0 LI 0], BEA I LG b A2 R g AR . (SRR, RE N 0.8-0.0-0.2 I CsifH
BAK, N 2801.8% -mint-"C2 (] 2(a)), RIVAB AR LIFRE PR E B, BALM)E, Catl
B E S RIS A UL R, AR INEL KT 20% 5 R T AR FR RS, ] 2(c)H CCI
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SEOGAE A ER R AE T EE AR S T IX — W A5, ARSI EE v 3000}, JRARELE S = CCI{H, N 18.5 x
108062-min~t-°'C2, H i THISH .

ATG
N~~~ ————— 4\ 250
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Figure 2. The effect of CB blending ratio on combustion characteristics

2. RAUR & EEXHRG R ROR

3.12. BZIHRAHK

F 3 R TR IR A LU R R e m . IS 3(a) R B, TRABALE DTG HhiZkig 5 i f 4t
FAR S I 5 U (103 BE IXB) PR — B0, RIATEIR G R R VB . AR IR FF T & B BIAREAT M. 14 3(b)
(1 ATG # BRI, BRBKBY BN, TERANRE B F2 rh 28R Iy e dE B VE T, 7E 400°C i i)
FER G IRpe BORT 700°C MY I M TEHL o R B RO E AR FR B, BRI L(b) T, 5% CIHE R o e TRUI A T
460°C; TEVRGIAKERT, VAW FIAUR 45 R 40 8 SRR R ke, TR H (A A 3R M R 4 TR AT, T
VB R IE AR IR T IR IR RS o 5 LI SR MR R It BEARIAE B KRR . R R AR G
BRPEFRE AR = A7 HI[30] o AEARMEASCHISRIR AR, RO mEA TS &, AE 3(c)rTLAEH,
NN 30%% 205 2 RN MR AE 5, Th#F20 30°C, WAIURIE 5 %t CCI & piim, Hhi#ig CCl sk
WAE RN, ANTEVR AN 0.4-0.3-0.3 B, SEIGMEARTHIRME, ROIBIRINEL/ANT 20% 0T DU &g ke
Rtk

3.2. BIHFEHHHE
U4 3 PR THE . AARONUR 0 S H R A R BE B 1) 22 S 8. AR D E 2R B R2 1) 5 e (R S B
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MR S N 80, R? %I 1 MGERUCHED . (5 R0 TO0 N, SR A2 I o 2 b B i SR e il R i e s
RERZEIRT 097, HARHMA KT 0.99, RMTHERIAIE MRS . R 463 SO R Rk 58 208 stk
FRidHE, R?90.983. fE&FF M PAMMRGERT, TG R 7 im, HARYE TG-DTG Mk vl &, ROMmH#HEK
SRR . Bk, EFER RN B, ERE R R, A E] T 136.71 kd-mol . i AH XS T 4R,
VA SR E R & A, KOS A s T AW, 7 € IR B AL e By, 4 269.53 k-mol 2,
FRHT R FAK, KoM 3E I T BABERE 77, S BURL A SR 4 BOR S R P 1) S 5Oz BB AS [32] o THVE R E
BRI be, RN ALE R NOEZRG . WiEHLS A Ao i #2, ARAR I FR AT R 7 K TVEE, 40K
TN o R FER, 3 AR AR T R 4

o ATG
1 [ 1
(a) | | AD-CB-PE
0 : : . ——0.7-0.3-0.0
sol- ! ! 1 ——06-03-0.1
| | 1 —0.5-0.3-0.2
$70 | | I ——04-03-03
ol ! | :
& | | :
S . |
= A . '
30t | | :
| | ]
or | | |
10 : : :
0 : : : 070390 06030 050392 040302
o | | | AD-CB-PEJR & L
: ! (c)75(‘ X 4.0
: 1 o '
2 : : : 435
- I I : T00F --g--T, e et @----ee- JI -------- ? o
= | I 1 oo, ®-ooe i 130 0
e ! ; [ REK G oeeT, ! €
‘j\_; ! ! 110.0-00-1.0 74604 | 5 z —o—Ew ! 1%° €
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*® ! ! 110.7-0.3-0.0  9843.1 @enneanre T @ T \I ________ o 1o
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I () o O AD-CB-PEES I o
Figure 3. The effect of PE blending ratio on combustion characteristics
[ 3. R R ELEITHRIGAF RS20
Table 3. Calculation of activation energy and pre-exponential factor for SS-SD-PE
= 3. BE - iR - BTHRREL R RIEEIE I E
FE | DX [H] AT E (kJ-mol) A (min™) R?
0.0-0.0-1.0 D1 249~611 y =—16443.9x + 7.66 136.71 3.50 x 108 0.983
0.4.03.03 F3.5 188~570 y =—15246.5x + 12.98 126.76 6.62 x 1010 0.991
.4-0.3-0.
F1 570~746 y =—28945.7x + 15.86 240.65 1.87 x 10% 0.976
F3.5 210~560 y =—-17848.4x + 17.26 148.39 5.59 x 10%? 0.987
0.5-0.3-0.2
F1 560~710 y =—30404.6x + 18.23 252.78 2.52 x 103 0.984
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gk

F3.5 165~562 y = —15510.2x + 13.97 128.95 1.81x101%  0.984

0.6-0.3-0.1
F1 562~720 y = —31875.3x + 19.59 265.01 1.03x 10  0.992
F35 186~545 y = —16643.5x + 15.93 138.37 1.38x102 0976

0.7-0.3-0.0
F1 545~714 y = —29820.8x + 17.53 247.93 123x 108  0.989
F2 186~463 y = -8701.5x + 1.54 72.34 4.05 x 10 0.998
1.0-0.0-0.0 F35 463~628 y = —32418.5x + 28.13 269.53 534x 107  0.994
F1 628~806 y = —30513.7x + 15.44 253.69 156x102 0977
F35 210~560 y = —17848.4x + 17.26 148.39 559x 1012  0.987
050302 F1 560~710 y = —30404.6x + 18.23 252.78 252x 108  0.984
F15 161~410 y = -8621.4x + 1.64 71.68 4.45 x 105 0.998
0.6-0.2-0.2 F2 410~595 y = —28425.2x + 25.64 236.33 3.87x10%  0.997
F1 595~759 y = —34339.6x + 20.78 285.50 362x104  0.984
F3.5 175~580 y = —12957.2x + 9.20 107.73 1.29 x 10° 0.994
070102 F1 580~764 y = —31538.2x + 18.02 262.21 210x 108 0.977
F15 163~396 y = —8074.9x + 1.00 67.13 2.19 x 10 0.998
0.8-0.0-0.2 F15 396~559 y = —24724.7x + 20.10 205.56 325x 104  0.984
F1 559~732 y = ~31926.1x + 19.44 265.43 8.87x108  0.985
F1 235~380 y = —14981.3x + 11.43 124,55 1.37x101°  0.996
0.0-1.0-0.0 F2.5 380~605 y = —28097.1x + 28.01 233.60 409x 107  0.998
F1 605~770 y = —33607.5x + 19.74 279.41 125x 10"  0.989

32.1. BZIHRAEH

%X 0.4-0.3-0.3. 0.5-0.3-0.2. 0.6-0.3-0.1. 0.7-0.3-0.0 1 R 43#r I 2 I s in L BR B 50 3 25 i S st
Phdfl. SIRABREIER BE 1 (0 R N ZEE R T HMIREE, IR CIG 15 E R b . BRI e i rs
BEBEI BOZWT & I, 5 S SRR IGE IS B4 S 43 R80T P DX 1) 5 A S . AR SR Ak e T[] 5 ek Joe
XFE RS (A 1), ZABRPAEE 2 RO, MR E N . fEIRA N 0.4-0.3-0.3 F1 0.6-0.3-
0.1 I, ¥R BEBRIIRIERN B MBS AL REAR T 58 S Bpiukloe, A Be I N BE 25 5 AT o TR A LA 0.5-
0.3-0.2 R EA B KMFRRTE T, Bbe RN EAMZ SRR, EUCEIHR T 752, HRERE
AR R EOR %, [N RLT, BUAME RN [33]. TEEIRIRER B, R RN R . BEER LI
EEAI Tt iy, I AK AE(265.01~240.65 kJ-mol ) FiFiE Fl A 1 41K (1.03 x 10%~1.87 x 102 min™?Y), IR L) FEACKA
ReTE AL RE /R FATE SR L0 R AE Y T TR A R e SR 56 R DA T [14], R W 1 m VB AL TEHLA 53 ik S 25
GyiAT, T & B 8 i R A . IR A LA 0.4-0.3-0.3 I, PIANEYBUR NG RERRAR, LB
(VR MR 2 3 S R e R 1 [34] o IX R, BN R 20 B T JoW L3 23 A, T 384 0 v Vs DU R T4
I RETR
3.2.2. KIWREH

1Y 0.5-0.3-0.2. 0.6-0.2-0.2. 0.7-0.1-0.2. 0.8-0.0-0.2 F: 43 # 5 Z MR £ LU XA BBl J1 2 ) S i it
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