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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
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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
(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 simulating 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 modes of occurrence 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 in 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 kinetic-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;
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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 mg/kg
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Fig. 3 Conversion rates of the four types of pyrolytic char samples
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Table 5 Catalytic and Inhibitory indices of chars under varying atmospheres

PN LKA (CO,) R HEfL A% LR (H0) GRS HEfL AN %
K R=14.9081+0.125 36 14.908 1.000 R=8.643n+0.352 39 8.643 1.000
Na R\=7.593n+0.179 92 7.593 0.510 Ry=2.753n+0.313 06 2.753 0.318
Ca R¢,=8.632n+0.150 46 8.632 0.580 R, =3.211n+0.388 18 3211 0.372
Mg Ry=0.7951+0.156 73 0.795 0.053 Ry=1.0141+0.344 54 1.014 0.117
Fe Rp=5.774n+0.130 47 5.774 0.387 Rp=0.728n+0.366 77 0.728 0.084
Si Ry=-10.362n+2.016 82 -10.362 0.695 Ry=—5.984n+1.302 92 ~5.984 0.692
Al R\=—6.7591+1.657 45 —6.759 0.453 R,=-9.013n+1.647 83 -9.013 1.042
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