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Abstract: Biochar plays a pivotal role in enhancing anaerobic digestion (AD) for organic waste

treatment and bioenergy recovery. By facilitating direct interspecies electron transfer (DIET) and
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buffering acidity, biochar can substantially improve system stability. However, the practical application
of AD is often limited by the accumulation of volatile fatty acids (VFAs) and the high sensitivity of
methanogens to environmental fluctuations. Although biochar provides a potential solution, its
directional optimization remains challenging due to the complex, non-linear correlations among
preparation conditions (e.g., pyrolysis temperature and heating rate), physicochemical properties,
microbial community dynamics, and methanogenesis. Moreover, most machine learning (ML) studies
treat the AD process as a "black box," mapping input materials directly to output yields while neglecting
the microbial community as an essential intermediate process layer. Consequently, such models lack
interpretability and fail to reveal how material properties regulate functional microbiota to improve
performance. To bridge material science and microbial ecology with a primary focus on utilizing
sorghum stalk, we developed a Hierarchical Data-Driven Machine Learning (HDML) framework that
follows a strict "Preparation—Property—Microbe—Performance" logic. Using a Gradient Boosting
Regression (GBR) algorithm, we compiled 258 data points from the literature and our own experiments
(in-house data accounted for 34.8%). The modeling was conducted in two stages to resolve the
mechanism layer by layer. First, at the input layer, the model identified particle size (PS) and specific
surface area (SSA) as the primary physical features governing methane yield; based on these criteria, a
biochar variant with high methanogenic potential (C1) was initially selected. Second, to improve model
accuracy, we introduced key microorganisms that were highly related to the methanogenic pathway by
means of feature-importance analysis. Specifically, the relative abundances of the functional taxa
Methanoculleus and Candidatus _Caldatribacterium were quantified as process-layer variables for
iterative model refinement. Inclusion of this microbial process layer markedly enhanced model
performance: the root mean square error (RMSE) decreased from 73.21 to 36.19, and the coefficient of
determination (Rz) increased from 0.85 to 0.87. Guided by the optimized model, the global optimal
preparation conditions were determined to be a pyrolysis temperature of 650 °C and a heating rate of
15 °C/min (T650). Experimental validation showed that the methane yield in the T650 biochar system
increased by 51% compared with the blank control (no biochar) and by 18.9% relative to the C1 group
prepared without inclusion of the process layer. The T650 system also exhibited stronger pH buffering
capacity and higher VFAs degradation efficiency. These improvements are mainly attributed to a pore
structure jointly optimized by the ideal PS and high SSA, which enhanced adsorption and buffering of
inhibitory compounds and promoted DIET among enriched functional microorganisms. Overall, our
findings demonstrate that HDML can elucidate the continuum from preparation conditions and
physicochemical properties to microorganisms and methanogenesis, offering an interpretable and robust
paradigm for the intelligent design of biochar.

Keywords: Anaerobic digestion; Biochar preparation; Machine learning; Microorganisms; Direct

interspecies electron transfer (DIET)
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R mS/cm EC 0.2 185.5 4223 35.6 38.1
i F i % C 42.5 91.2 68.4 69.5 12.6
TLE UL Ao % N 0.20 4.50 1.35 1.10 0.85
AGE % 0 3.5 28.4 142 13.5 6.4
. . Methanocelleus % — 0 22.50 2.85 1.90 3.10
PR G/ES A
Candidatus_Caldatribacterium %o — 0 5.40 0.95 0.65 0.82

s B AR 2 A e o AR 0 2 B B



- 130 -

(LR N T T

5540 B4 2 4]

FIRBIE AR R T r i B B R
AR FeE, B A SZ 1% )5 2238 T SHAP R 8
FVERAT 5 LT PDP A9 A 9k il £ S 500 I )
etk
1.3 £ & 50Kt

BT 1.2 TR A ML I AL S R AT
SEOE, VU S ) S 2% 2 A, TR T AW e
il £ 5 PRAATH AL 5L 6, DU 004 R 7 45 5 A W e
PR T A 50

DA 5 3 A AT 0 SRR, 2 2 i A
2 FpAEY i CL 5 T650, BIMiE ., i 7 EAIRLE Ak
f3dE ok AR, o, C1 S Rt i AR, ik
2t PR R LA 2 BR A, WG 3 A ) o ol
AT S FALRRAE (ISR IR | TR 45 )
L, T A E o O HE T RE A AR R = B AR, T650
R Gt O A A AR R S R A A,
RV 3 A A2 R AR )2, A5 B 0 A AR W e i A
FIF.

37 °C IR IR UM (5 2R 200 mL) i,
B LA b 2 AR i 1) S A il A S 1 R AL Ry
fiE o DA %5 0 0 IS, B2 (DR S B0k 5 e ) B
HOR R IGRAN L), MY SR Y AR B H i
FEN 2 1, BEE T650 41, C1 4 K JoAHW)m ds i
128 F X IR (CG) A7 XF He, Hidr C1 415 T650
2 14 A 0 3 5% i A A TR B A A B A BN, ok
12 R BB () 38 FORAR

WA C1 5 T650 1) B Bt 7= 1 22 31, 1 5
“REFRJZET B G X 0 A SR A 5 5 3 A G A
Wy 5 25 AL = e 2250, iE R AZ, B IS
LAY R | H R TE RO TR0 A BT R s fe 238
o 2 A e e, DA R S5 K IE R B, B

S T f

oell,

pH. VFAs FIZ A & &, 56 0 3 > HDML (1) 5
BREGIIE .
14 SHAESRIEFE

SR Hi B S R LI A 4 o i 2% T AROUR
TE 5155 AR BET 30 5 He 2% 1 B K AL BR 45 44 5
A 2 L AR 2T A AT R T RE A

Hidsg =R aitk), IFRHEA
FHA AL (GC, Agilent 7890B) 43 #7 Hl & & & . oE
WIRAEWARREAS, M 5E pH. VFAs K& A WKE, L)
SR R G AR e T

2 #R5iTiE

PR R ST R MR IS S IR
YT IRE AL RGN = BRI
258 A B e R A B Y m Gk (FRIE S =15
AN L IIREAS (REAS FE<300 4>) 74 5, AL 55 2 1k 1]
VS DAl B2 A0 2 e 2 2 AR R S R o A e
2 L B 5% 25 B/ N IO A AR g AR Y
YRR B R R e ar, DG R E 8
Bl A= 0 = B TR AL AR AR . A0 i o 8 1 T A
PETF TSR, X A B 1) P S FR BN 34y R
2

S5 R (& 2), GBR BRI /E 4 48 % 4
RIMEA . BHARMF, & 2(a) frzn, GBR X H
Foe 7 0 T e i R BU(RY) IKF 0.85, 07 MR
WP HILE 73.21, 10T RE(R’=0.80, [&] 2(b) ) I
XGBoost(R’=0.80, €] 2(¢)) . x| GBR K%
I H BB IE R 227 2 2] 5 =X, AR e i
FEEE, AT R 2% ik DX S0 AR 1 AT PR 3 B 1y 3 18065
(], [A i, PEH GBR AL RIAE R J5 SR RRAE AT 5
BRAACHIARY

21

w
(=3
=1
w
(=3
(=]

I Ik R*=0.99
WL R=0.85

| U4 RMSE A 6.23
R4 RMSE H 73.21

IS
(=3
=)
IS
=3
(=]

TR e 7 B /(mL CH, g™ VS)
S

(=} =3

T e B (mL CHy-g ! VS)
[}*) (98]
(=3 (=3
S (=]

%)
(=3
=1

(=3
=1

e
Wik

S

I JIZ4E R*=0.96
iR AE R=0.80
| %4 RMSE N 34.20
iR RMSE 2 82.60

w
(=}
(=)

I I8 R=1.00
WHiRAE R=0.80
| V24 RMSE X 7.14
R4 RMSE Jy 83.31

IS
=3
S

[o%)

[=3

(=]
T

e
B

HER S
RS

TN e 1/(mL CH, g ' VS)
S
(=)

0 200 400 i 0
S e /(mL CH, g 7' VS)
(a) BEEESETHEIA (GBR)

200

200 400

400 ] 0
S e e/ (mL CH,-g ™' VS) SN e 7 B /(mL CH, g 7' VS)
(b) BEHLFRM (RF)

(c) TR B HETE (XGBoost)

VE: T AR L7 P G G R VRS, 5 oA ) 4 SRR S 0000 Y6 2= B33 53, B IR E A1 T (KDE) i e M A 4 A A iy, Rl
2 3MARKREN PR~ EHEENTMLER

Fig.2 Prediction results of three different models on the methane yield dataset
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