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Abstract: The distribution and characterization of microscopic residual oil have long been considered a bottleneck in the
development of high-water-cut oilfields. This study presents a systematic review and analysis of the advances and
challenges in research methods for microscopic residual oil in the late stage of oilfield development. Accordingly, we
propose tailored methods and establish an index system for selecting optimal techniques, thereby providing the
foundation for scientifically robust strategies to tap residual oil potential in the oilfields. The results indicate that
physical experiments remain central to uncovering the microscopic occurrence patterns and complex seepage
mechanisms of residual oil. Their effective application depends on the characterization objectives. Numerical simulation
techniques, based on the mechanisms underlying physical experiments, allow for the simulation of dynamic fluid
distribution and the prediction of residual oil potential using mathematical and physical models. Compared to traditional
methods, machine learning-based techniques offer distinct advantages in the intelligent processing of experimental
images, pore structure identification, fluid phase differentiation, residual oil morphology recognition, and the prediction
of residual oil distribution. Current research trends show a shift toward the deep integration of physical experiments,
numerical simulations, and machine learning. To address the complex challenges of tapping residual oil potential in the
late stage of oilfield development, future breakthroughs are required in three key areas. First, physical experiment
techniques should be advanced toward higher resolution, more realistic experimental conditions, and broader data

dimensions. Second, numerical simulation techniques should be enhanced to achieve greater accuracy and
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computational efficiency in characterizing seepage mechanisms under complex geological conditions. Third, machine
learning-based techniques should highlight the intelligent identification and cognitive understanding of the occurrence
morphologies and evolutionary patterns of microscopic residual oil. It is necessary to develop a decision-making model
that combines high-precision in situ experiments, multi-scale simulations, and forward-looking strategies. Such a model
will play a critical role in surging the tapping efficiency of residual oil potential in high-water-cut oilfields.
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Fig. 1  Micrographs showing the residual oil types observed in oil-bearing thin sections under a fluorescence microscope (modified after
reference [11])
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Fig. 3 Three-dimensional spatial occurrence characteristics of various types of microscopic residual oil derived from CT scanning'
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Table 4 Comparison and selection of the Color-Gradient and Shan-Chen models for residual oil research
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Table 5 Comparison of pore network modeling (PNM ) and the Lattice Boltzmann method (LBM) for residual oil research
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Fig. 8  Simplified flow chart of single- and dual-stage identification

methods for microscopic residual oil
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Table 6 Performance comparison of current typical network models for classification on residual oil datasets

TR YIS MR 2R/% M 77 RUBTRUG
MobileNetV2 M1 il 0o 7K SR il o A MR S 4 91.8 3.4 0.3
MobileNetV1 TR IR S 56 A il A 4 83.8 4.2 0.5
VGG16 90.0 138.0 15.5

254 ACGAN M4/ 1l
VGG19HM? 91.0 144.0 19.6
ResNet18 89.0 11.7 1.6
ResNet34 254 ACGAN 26 A2 il 90. 0 21.8 3.6
ResNet50'!"3! 86.0 25.6 3.8
DenseNet—121"4] 44 ACGAN R4 i 87.0 7.9 2.9
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Table 7 Deep learning-based identification methods for microscopic residual oil
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Fig. 10 Frameworks of prevailing deep learning-based identification methods for microscopic residual oil (modified after references [99-102])
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