10 1] B A A B AR R AR 1l S A i £ e
AR PE PR B TRE 58
B, REE B, EAKY, EEE, FOW

(1. PEAFRT MERFLH, & M 5106405 2. PEAFHERKSE EAFERRFR,
HHL A 2300265 3. AP AR K F B EIREA A AR T LR T, Hk KX 430074)
WE: TARRKEFDAENI RGBT EERALFALSMENA A X4 T, 1P,
S, Hevh B e B e SR AT RILIR B K F A R, T S AT F AR R A B e AR
M, AR —FF R, KRR T — A @& F E ARG ERAACR BB AR
AR A TR LRI 6, M T S8 5L B MIF T | AT Z AR/ 300V R 69 RARE Fr- 4 2 %
BRAMB LR AR, ST T 4 AP B RSB ERR AR E T o) FRIES AT H
A8, TR A F iR 90% vA b, BE T AR A HO AR FTHRmMegiE Ay bk, AR LI, £
725~800 °C 92 X 8] i, R R A £ AR £ HO A T a9 B R A fbik £ 2 CO, A T4 3.16~
76.52 4%, X £ Z )3 W T &P RARAGIEALIGIBAE A . R, SR E AT E A RE LA T 69457
ORBAT T 2B RAE, K ILEAMEAAE R 69 Fe, a4 E M 69 Si, Al 3 # AMAFE £ CO/H,0 A
TERRR 27 2%, Fe £ CO, AR T M91EMAE AR 225 F H,0 A5, Si. Al £ 2 FF A5
TeERZIBB N AN E TAMRGEE, ARAENFEFERRRGEENSMEN, EFTER
B A Ank B S b ik s M R A AL ol BRE R AT R T A R F 4 it A2

FOFE A BRI AR AR Z
KR HFEA; RIWEFW; ABER; AR MR, bR, CO/H,0; TAITE
hE S ES: X705 XERARIRED: A

Digital Twin-Based Theoretical Model of Pyrolytic Char Gasification

Reactivity for Agricultural and Forestry Waste
QIAN Boyi"?, SONG Qianshi"*>*, XUE Yaoming"’, WANG Xiaohan"?,
HUANG Jingchun®’, QIAO Yu’
(1. Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou 510640, China;
2. School of Energy Science and Engineering, University of Science and Technology of China, Hefei 230026,
China; 3. State Key Laboratory of Coal Combustion, Huazhong University of
Science and Technology, Wuhan 430074, China)
Abstract: To construct a digital twin of the gasification process for agricultural and forestry waste and
enable real-time analysis and prediction of the gasification reaction rate, a fast-response theoretical
model suitable for the analysis and prediction layer of the digital twin system was established based on
simple collision theory. This model accounts for factors such as pore structure, reaction conditions, and
the catalytic or inhibitory effects of inorganic elements. With input parameters including feedstock

characteristics (proximate/ultimate analysis, inorganic element content, etc.) and operating conditions
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(temperature, atmosphere, etc.), the model can rapidly predict the gasification reaction rate of char in the
kinetics-controlled zone. Within the digital twin system, this model serves as the core simulation
module, capable of mapping the physical gasification process in real time using offline data. Its
applicability across various biomass samples under different conditions has been validated through
experimental testing. The results show that, within the temperature range of 725-800 °C, the model's
predictions of gasification reactivity under CO, and H,O atmospheres closely match the experimental
values. The model achieves a prediction accuracy of over 90% and demonstrates generalizability across
different types of char samples, indicating its reliability as a simulation module for digital twins.
Compared to the CO, atmosphere, the gasification rate of char is significantly higher in the H,O
atmosphere, primarily due to the stronger diffusivity of H,O and the catalytic promotion by active
intermediates. The gasification rate of char in the H,O atmosphere is 3.16—-76.52 times higher than that
in the CO, atmosphere, depending on the sample type. Under CO,/H,O gasification conditions, the
catalytic or inhibitory effects of inorganic elements (Fe, Si, Al) vary significantly, mainly due to the
formation of various oxygen-containing compounds induced by the specific atmosphere. These changes
alter the occurrence forms of elements and the surface chemical bond structures, thereby affecting
gasification reactivity. The quantitative effects of these inorganic elements were characterized through
the model. The theoretical mapping model of char gasification reactivity developed in this study
enriches the theoretical framework of biomass thermochemical conversion and provides fast-response
model support for the development of digital twin technology for agricultural and forestry wastein the
thermal conversion of agricultural and forestry waste. The model is applicable to reaction conditions
within the kinetics-controlled zone. Under non-ideal conditions, diffusion and combined Kkinetic-
diffusion control mechanisms dominate the thermochemical conversion process. To further refine the
model, the effects of diffusion mechanisms need to be incorporated. For the complex system of solid
waste thermal conversion, using a highly reliable simplified theoretical model as a foundation—
combined with big data, machine learning, and other advanced techniques—may offer a reasonable
approach for model construction in future digital energy systems.

Keywords: Digital twin; Agricultural and forestry waste; Pyrolytic char; Gasification reactivity;

Theoretical mapping model; CO,/H,0O; Inorganic elements
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Table 1 Proximate and ultimate analyses of the samples
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Table 2 Contents of ion-exchangeable metallic elements, Si, and Al in agricultural and forestry waste

. K/(mgkg ") Na/(mg-kg ) Ca/(mg-kg ") Mg/(mgkg ") Fe/(mgkg ") Si/(mg'kg ") Al/(mgkg ™)
Fedh Ng Ny Nea Nye Nee N Na
FEAR 82.97 250.40 306.44 91.70 41.29 672523 376525
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1231953 400.21 5.43 705.68 52.51 323.15 6 538.83 2 944.63
JHFF 309.31 52.97 9717.30 821.92 891.22 7046.34 3254.49
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Fig. 3 Conversion rates of the four types of pyrolytic char samples
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Table 4 Normalized catalytic and inhibitory factors of

different inorganic elements
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