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Abstract: The growth and evolution of biofilms in porous media involve complex coupled physicochemical and
biological processes. Their pronounced multi-scale characteristics, heterogeneity of the media, and uncertainties in
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model parameterization have led to fundamental divergences in the theoretical frameworks of numerical models
across different scales. This poses significant challenges for the accurate characterization and prediction of biofilm
dynamics. In recent years, advances in computational techniques have driven substantial progress in pore-scale,
continuum-scale, and cross-scale coupled numerical modeling and simulation of biofilm growth. However,
considerable bottlenecks remain in model development, validation, and utilization. These include difficulties in
characterizing three-dimensional microscopic pore structures, the complexity of constructing biofilm growth
dynamics models, the lack of quantitative standards for cross-scale multiprocess coupling strategies, and the scarcity
of experimental data required for model parameterization. Based on the mechanisms of biofilm growth dynamics in
porous media, this paper reviews the research progress of pore-scale, continuum-scale, and multi-scale coupling
numerical models, analyzes the theoretical foundations, numerical algorithms, application cases, applicability, and
limitations of biofilm growth models at different scales. It also summarizes the application potential of three-
dimensional imaging technologies, outlines the emerging trends in mechanistic representation of the complete
biofilm growth processes, and explores the optimization pathways for cross-scale coupling modeling strategies. This
review provides a theoretical basis for the selection and improvement of biofilm growth models, and offers technical
support for the engineering application of soil microbial technologies in environmental pollution control and
ecological restoration.
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Fig. 1 Biofilm growth in porous media (adapted from reference [7])



UTAEsk, GRS BUE R O SO IIR 2 AL i AR AN S AT NI 05 B MBS [F RS (1)
AR A KA AL, TR SEHT FLBR G5 A A=A T D52, 20 R AR R 3 -39 o2 S S+ - A= P A
KM SRR AR, BRI 2% 2 AL 5t b AR A 3h &84T v, A Al L3 e M4
ARIEBRN RO . SRT,  BA SRR AP AR K3 ) S LB ) 200 1 7 TR TS 5 50, IR AE A M e 1
5%, EPS A, VIR E SMESBAT AR T . HFBER AN 4 N7 EH
R RRMEAL . ZREFE AREVERAE L Z AL BLAE S BT ERHER 4 6.9 1524 1ok, AW Eh ST
N5 Z AN ALBRERHE (FLBRR/NRITZARE O, @S B4t (pHP, JREEPL B FRYIIIK
FEWSE) 2 AAELERE i AR ZR M . B B BAROC R filln, K pH MABEREAEIE IR EPS XSl A 5504
MR BVE R, BRI (R 4548, ETT AP ALREE S0 I, S S AR W I A K e R TR 9 i
IEFEROT, R, AR R A AR O R AL 2 AT, HRREE A Ko it — P R E TRV PR B F LR &5
Rl T IX — S AR B0 F M DU 3 T AR R K 30 1 2 R E DT RE AR R P . Lk, HAR S K AR s
TR Foamikimal. Whiaks 5 NAEE KBS, JFRAYIERNZ RERHERY, Fik, bHiREk
LR RN 2 RO RHIE 3 B Y S 800 BAT 5 BE AN 8 1, A 45 AR MBS AT O (1) 78 B AR A L wf 125260,
WAL, AVIEA KRN T 2N BN AR B, AR ARAR S« ¥ FUEH 1 Z) ) B Dy [ 2427
30]_

ORI T 2 B AR T LR RS AR S R ERAEYIBEAEKAT N (B 2D, IR R TAFERERAY)
AR BB AT, AFEFLRUR BRSSP AR AN 2 ROS RSB . o, ALBR RS RS B
2 RO F LR P IO g 4E- 1076 70 37 (Navier-Stokes, N-S) J5 2 . X it -4 HU7 #2 (convection-diffusion equation,
CDE) VAR 5 AR A KA IG I SSL3) 732 T7 R8s S fdftfr 22 AL A7 ot Hh AR P A A O AL 2 ) B S 12631,
B2 R T & @R SAS, MDA BEONRE . 8l R R T RAE B TR (representative
elementary volume, REV) 1%, RFHSEA LWL T R MEFLBRGEW . e AKVIFERAE 2 MO0 A 5.AF
F, 1T REAS AE L2 i RUE b AR AR MR ) A AT A 2] (LM DAKS 240 221 ) 358 o - A 0 - 3t A 11 = 38 A
HAERBS], TEREEMWIE . 2 REBEMN SRS LR R RS fUR B S F, R4 —
F N RRYE, RIS BRSO R B S W e AR (A BAE R A AE S, R R B S
PERALRURS B 518 F MERO381, BT, 2 REERM 3 2L T Darcy-Brinkman-Stokes (DBS) AEZ2 85 f4 FH 35k 73
fi#777% (domain decomposition method, DDM ) P47 . AR 7 Fig (17) 3 B AR A e 2 7 AR - 2 W 5 A Y
MEZEFNZH T R, ORUESON- 75 A5 A b I RS e 1t 5 R 1, bk 1 2 RBEBCY @ P vl dh e
PESTRENHEE AR, B2, REMNLE. B8N REU LS RIEMEAE, 2N RhEYEEE K
TR BB E AT 7 DS 7 BE R, (AR R Z RIR T3 R RUEE R e 5N, Gk
ZXAN R R EERRAL R 25 G R 50 Lo, AT P 2 17 A KA AL A R e . PRI, ke
BT ARSI, KRG REA RR R e, FUEE L. MRS SRR, #—5
RS AN E AR I A BB A Y ) R K T 11



HAE K B Characteristic length

L (m) >> R (mm-cm)

x

Rk Solid
FRAE K BE

Characteristic lengﬁx R

FLBR R JF Pore scale HELEANFRE Continuum scale
Kl 2 2 LR R E SE LA TR ER A s g B (X 3 SCER[R4D

Fig. 2 Schematic diagram of biofilm distribution at pore scale and continuum scale (adapted from reference [24])
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Fig. 4 Representative test cases of pore-scale biofilm growth models
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Fig. 5 Conceptual diagram of continuum-scale biofilm growth numerical model (a) and solving flowchart (b)
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Fig. 6 Representative test cases of continuum-scale biofilm growth models
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Table 2 Summary of parameterization schemes for numerical models of biofilm growth at the continuum scale
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