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Introduction
Power grid icing is a severe natural hazard that threatens the safe and stable operation of power systems. With the expansion of ultra-high voltage (UHV) power grids, systematic assessment of icing disaster risks has become increasingly crucial.
Methods
This paper proposes a probabilistic inference approach for power grid icing risk assessment, which employs a Poisson process model to characterize the nonlinear relationship between line failure probability and ice thickness, combined with Monte Carlo simulation techniques to evaluate overall system risk.
Results
Research findings indicate that critical ice thickness and failure sensitivity coefficients significantly impact the grid’s disaster resistance capability, particularly when the proportion of high-load UHV lines increases, leading to nonlinear growth in system risk. Quantitative analysis reveals that when UHV lines account for 50% of the system, the maximum risk can exceed 15 times that of conventional line scenarios.
Discussion
The research outcomes provide theoretical foundations for power grid icing disaster prevention and mitigation, offering important guidance for optimizing grid planning and enhancing system resilience.
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1 INTRODUCTION
Transmission line icing refers to the phenomenon where rime or glaze accumulates on conductors, or where wet snow deposits and subsequently freezes on wires. The additional ice load imposes increased mechanical stress on transmission lines, thereby elevating conductor tension and increasing the likelihood of line breakage and equipment failure. Moreover, icing compromises the insulating properties of electrical components, which may result in widespread power outages. Historically, severe icing events have caused substantial economic losses and societal disruptions. In 2008, a severe freezing rain and snow disaster affected multiple southern provinces of China. Alongside the Wenchuan Earthquake, it was classified by the Ministry of Civil Affairs as one of the two most catastrophic natural disasters in recent decades, with exceptionally wide-ranging impacts. That year, nationwide natural disasters caused direct economic losses totaling 1.175 trillion yuan (Ministry of Civil Affairs of the People’s Republic of China, 2008). In 2021, an extreme cold spell in Texas caused extensive damage to transmission and distribution infrastructure, leading to large-scale power interruptions that affected millions of residents (Busby et al., 2021).
Icing typically begins once temperatures drop to the range of −10°C–0°C, with the accumulation phase primarily occurring between −5°C and 0°C (Farzaneh and Savadjiev, 2005). When meteorological conditions persist within the critical range, or during alternating periods of freezing rain and snow, the ice layer can rapidly thicken, forming high-density ice coatings. Throughout the ice formation process, accumulation begins predominantly on the side facing the wind. As ice loads increase progressively, conductors may be subject to rotational deformation or mechanical failure caused by gravitational stress (Yang et al., 2023). Due to differences in geometry, surface characteristics, material properties, and installation configurations, conductors and insulators display distinct ice formation behaviors and growth patterns (Huang et al., 2021; Han et al., 2022; Huang et al., 2025). These differential icing behaviors directly affect the mechanical stability and electrical performance of transmission line components. Risk assessment of power grids plays a vital role in ensuring the reliable operation of electrical systems (Johansson et al., 2013). Its primary objective is to identify and quantify potential risk factors, thereby informing targeted mitigation and prevention strategies. Traditional risk assessment methods often rely on deterministic models that fail to account fully for uncertainties in weather conditions and system operations, especially when addressing complex and variable icing hazards. Probabilistic inference, recognized for its capacity to address uncertainties, has emerged as a promising methodology in recent years. By incorporating probabilistic models, it is possible to systematically describe the relationships among various random variables in the icing process and quantify the likelihood of grid failures under different meteorological scenarios, thereby enhancing the accuracy and robustness of risk assessments.
Accordingly, this study aims to establish a probabilistic-inference-based framework for assessing the risks associated with power grid icing.
1.1 Current status of transmission line icing research
Transmission line icing refers to the complex physical process by which super-cooled water droplets in clouds or fog attach to conductors or insulators under low-temperature conditions and subsequently freeze. This accumulation of ice increases both the weight and tensile stress on the lines, and may induce conductor vibrations, potentially resulting in line breakage and compromising the secure operation of transmission lines. Current research on transmission line icing generally falls into two main categories: physical models and statistical models.
Physical models describe the icing process based on fundamental principles, employing numerical simulations to represent ice formation and growth mechanisms. Classical examples include the Imai, Chaine, and Makkonen models (Imai, 1953; Chaîné et al., 1974; Poots and Makkonen, 2000), which capture time-dependent evolution of ice thickness. The Imai model uses air temperature and wind speed to simulate ice growth controlled by heat transfer; the Chaine model considers radial ice accretion on bundled conductors which require precipitation rate inputs and empirically calibrated correction factors; while the Makkonen model provides time-dependent numerical simulation incorporating both cylindrical growth and icicle formation. These models rely on multiple meteorological inputs—such as droplet size distribution, humidity, and surface roughness—that are often unavailable for grid-scale applications. Recent advancements employ computational fluid dynamics to simulate two-dimensional icing processes, providing detailed analysis of factors influencing ice accumulation (Liu et al., 2022). However, these models require extensive input parameters and are computationally intensive, which limits their applicability in large-scale risk assessment contexts.
Statistical models establish empirical relationships between icing thickness and meteorological factors through observed data analysis. Early research utilized regression analysis and time series forecasting (Zhihong et al., 2013; Liao and Duan, 2010), while recent developments have adopted more advanced data-driven methodologies. Han et al. (Han et al., 2024) utilized Grey Relational Pearson Combination Analysis to determine correlations between meteorological data and icing severity. Modern approaches increasingly leverage machine learning, with Huang and Li (Huang and Li, 2012) developing an icing thickness prediction model using BP Neural Network and Li et al. (Li X. et al., 2021) proposing an AMPSO BP neural network model. Wang (Wang L. et al., 2024) demonstrated hybrid approaches combining physical models with data-driven methods. Despite progress, the rarity of severe icing events constrains the availability of high-resolution and representative datasets.
Recent advances in power system vulnerability assessment under extreme weather conditions have yielded significant insights from multiple perspectives. Studies on parametrized fragility functions have revealed that the relationship between wind speed, ice thickness, and system component vulnerability is notably nonlinear, with wind speed primarily affecting pole rupture while extreme ice and wind combinations significantly influence conductor breakage (Pescarin and Salomoni, 2022). Regarding standards application, research using multivariate scenario sampling methods has found that the reduction factors for combined wind and ice loading specified in IEC 60826 may be conservative for most meteorological conditions, and that the mean recurrence interval (MRI) has minimal impact on hazard curves except for relatively smaller ice thicknesses (Jafari and Baghal, 2022). Additionally, investigations into the instability effects of wind and snow combinations on transmission line systems have demonstrated that a significant proportion of load combinations can lead to material yield and/or unacceptable large deformations, necessitating the implementation of control strategies and engineering innovations to limit or prevent line galloping (Li M. et al., 2024).
While existing research has primarily emphasized the dynamic simulation of ice accretion, few studies have systematically explored probabilistic modeling to quantify the nonlinear failure risks associated with varying ice thickness.
In extreme conditions, icing failures propagate through interconnected transmission systems, in-creasing the likelihood of cascading failures. The sudden shedding of accumulated ice induces conductor vibration, producing longitudinal unbalanced tension that can lead to sequential tower collapse (Li J. et al., 2021), compromising grid integrity, as shown in recent studies on progressive ice-shedding dynamics (Xie et al., 2019).
Power grid risk assessment identifies and quantifies potential risk factors, in-forming targeted prevention and mitigation measures. Recent research has utilized Poisson process models to characterize transmission line failures under icing conditions. Li W. et al. (2024) proposed a multi-device successive failure risk assessment method that models the probability distribution of equipment failures during ice storms. This approach captures the independent nature of successive failures and generates scenarios using Monte Carlo methods, effectively representing system-wide risk.
Monte Carlo simulation techniques evaluate icing risks by generating various failure scenarios, thereby facilitating a comprehensive evaluation of cascading failure risks (Li W. et al., 2024). Such probabilistic approaches are valuable for capturing the stochastic nature of icing events and their impacts on transmission systems.
Various probability distribution models characterize statistical patterns of icing disasters. Hui, (2012) applied the Pearson type III distribution to assess power grid failure risks due to ice disasters, providing insights into the probability distribution of annual extreme ice thickness and its economic implications.
To address data scarcity, innovative approaches like the GM(1, 6) grey theory model developed by Zhang N. et al. (2024) incorporate random data functions to improve predictive accuracy under data-scarce conditions. Additionally, Zhang et al. (2022) demonstrated the application of fuzzy algorithms and clustering techniques for evaluating galloping risks in iced transmission lines.
Ultra-high voltage transmission lines are particularly vulnerable to icing due to their larger conductor sizes and bundled configurations. The dynamic effects of ice-shedding cause significant mechanical damage and electrical faults, affecting both the mechanical design and alignment of UHV lines (Meng et al., 2011). Experimental studies have revealed significant differences in ice accretion between split and single conductors, highlighting the complex influence of conductor configuration on ice formation (Wang Y. et al., 2024).
Insulator flashover performance under icing conditions is critical for UHV systems. Hu et al. (2007) demonstrated that ice thickness and pollution severity significantly affect flashover voltage, directly impacting UHV line reliability. Their research on pre-contaminated and ice-covered composite insulators for 1,000 kV UHV AC trans-mission lines provides insights for designing resilient insulation systems.
UHV lines significantly influence grid resilience in regions prone to severe weather conditions. Yin et al. (2016) investigated corona losses and onset voltage under icing conditions, revealing higher corona losses with glaze ice, affecting UHV line efficiency. He et al. (2024) analyzed meteorological characteristics of ice-covered events on UHV transmission lines in the Yunnan region, emphasizing interactions between weather patterns and line performance. Yang et al. (2012) conducted unbalanced tension analysis of tangent towers for UHV lines in heavy icing areas, finding that ice thickness, span, and ice accretion rate significantly influence tension distribution, highlighting the importance of mechanical dynamics in UHV line design.
The GM(1, 6) grey theory model (Zhang N. et al., 2024) represents a notable advancement for data scarcity issues. Bai et al. (2023) compared physical mechanism models with data-driven models for icing thickness prediction, highlighting their respective advantages and limitations with sparse datasets. Recent efforts include digital twin models for trans-mission line icing (Zhang Y. et al., 2024) and heat balance modeling for transmission lines in high-frequency critical ice melting states (Tan et al., 2024).
Despite these valuable contributions to understanding power system vulnerability under winter weather conditions, there remains a need for research that integrates probabilistic inference approaches with physical mechanisms to better understand the complex relationship between line failure probability and ice thickness, particularly in the context of expanding ultra-high voltage (UHV) power grids. This study addresses this gap by developing a probabilistic inference framework for power grid icing disaster risk assessment that synthesizes physical mechanisms with statistical principles to capture icing growth uncertainties in situations with limited data availability.
1.2 Limitations of existing research
Despite progress in power system risk forecasting methodologies, substantial challenges remain in the identification and quantification of icing-related risks. Existing research frameworks are subject to notable constraints that hinder comprehensive assessment of system-wide vulnerabilities in evolving power grids.
Most prior studies focus on individual transmission lines or localized regions, failing to address the dynamics of risk propagation across interconnected systems. This limitation becomes increasingly problematic as ultra-high voltage grids expand across regions, highlighting the need for analytical frameworks capable of capturing complex system interactions throughout the power network. Traditional deterministic approaches inadequately capture the inherent uncertainties in icing phenomena, while emerging data-driven techniques, though promising, remain hampered by the scarcity of comprehensive datasets due to the infrequent nature of severe icing events.
A pronounced disconnect exists between physical mechanism models and statistical approaches. Physical models, while theoretically sound for describing ice accretion processes, demand extensive meteorological parameters that are seldom available for comprehensive grid analyses and impose substantial computational burdens. Statistical models offer computational efficiency but demonstrate inadequate reliability when confronting extreme events or data-scarce scenarios—particularly problematic for infrequent yet devastating icing disasters.
The vulnerability assessment of ultra-high voltage transmission infrastructure under icing conditions remains insufficiently explored. UHV lines exhibit distinct characteristics in ice formation and mechanical response due to their unique configurations, bundled conductors, and extended spans across diverse meteorological zones. Given the critical role these lines play in modern power systems and their exceptional load capacities, this knowledge gap presents a significant constraint on comprehensive risk evaluation.
Furthermore, existing assessment frameworks inadequately address the integration of physical principles with probabilistic methods. Most models either focus exclusively on mechanical stress analysis or probabilistic risk evaluation, but seldom effectively combine these approaches to characterize the nonlinear relationship between ice thickness and transmission line failures.
1.3 Research contributions
This paper introduces a probabilistic inference framework for power grid icing disaster risk assessment, synthesizing physical mechanisms with statistical principles to capture icing growth uncertainties, thereby addressing challenges associated with limited data. The study develops a system-level risk assessment framework integrating single line failure probabilities with grid topology and load characteristics, enabling comprehensive analysis of cascading impacts. Through quantitative assessment of how UHV line ratios impact grid vulnerability, this research provides practical guidance for grid planning and risk management under severe icing conditions.
2 MATERIALS AND METHODS
2.1 Line fault probability model
Icing disasters make transmission lines more likely to fail by putting extra mechanical strain on them. To rigorously evaluate system vulnerability under icing conditions during icing conditions, we need to accurately measure the connection between ice thickness and grid failures. In this section, we present a model for calculating line fault probability based on Poisson processes, with ice thickness as the main factor. Our model establishes a non-linear probability relationship that helps predict how likely lines are to fail across different icing scenarios.
When ice forms on transmission lines, Line failures involve complex interactions among multiple physical processes with each other. Initially, ice accumulation increases the mechanical load to the conductors, putting them under additional static stress. Additionally, the combination of wind forces and ice buildup with ice buildup, the conductors start to vibrate, creating dynamic stress. Moreover, ice formation reduces the insulating performance the insulating capabilities of the conductors, which raises the risk of electrical failures. To systematically depict these multifaceted mechanisms, this study adopts a Poisson process-based fault probability model. A Poisson process is well suited for describing the random occurrence of events, especially given that the probability of multiple simultaneous events in an infinitesimally small time interval is negligible. This feature makes it appropriate for modeling line failures in complex icing scenarios.
Given the nonlinear relationship between ice thickness and line faults, we assume that the occurrence of failures follows a probability distribution that increases sharply once ice thickness Hice surpasses a critical threshold Hcrit. Specifically, the fault probability Pfault shows an exponential-like increase near or beyond Hcrit, aligning with actual observations of icing disasters. The following Poisson process-based formulation describes the fault probability under different icing conditions (Equation 1):
Pfault=1−e−λHice−Hcrit(1)
Where Pfault denotes the fault probability given an ice thickness Hice. The parameter λ, referred to here as the fault sensitivity coefficient, captures the physical characteristics of the transmission line—such as conductor material, span length, and wind-loading capacity—and reflects the line’s tolerance to icing loads. Hcrit is the critical icing thickness beyond which fault probability rises abruptly.
The model further assumes a nonlinear relationship between line fault probability and ice thickness, meaning that when the latter approaches or exceeds the threshold Hcrit, the probability of line failure escalates rapidly. This behavior is consistent with real-world observations of icing disasters. Ice thickness is influenced by line type and environmental conditions. Our model can adjust to include specific parameters for different transmission line setups (e.g., high-voltage vs. low-voltage lines). This flexibility makes it work well across various grid layouts and geographic features.
2.2 Risk assessment model
The single-line fault probability model serves as the foundation for a comprehensive system-level risk assessment framework. This framework integrates three key components: (1) grid topological complexity, including the spatial distribution and interconnection patterns of transmission lines; (2) quantitative load interdependencies that determine cascading failure pathways; and (3) established reliability standards that define acceptable operational thresholds. The framework enables systematic evaluation of icing-related hazards through probabilistic inference methods that incorporate both deterministic physical principles and stochastic variables reflecting meteorological uncertainties. System risk can typically be represented as the product of failure probability and impact severity. When examining icing scenarios specifically, the following factors require special consideration: First, the spatial distribution and topological structure of transmission lines within the power grid influence the propagation pathways of failures. A failure in a critical line may trigger a chain reaction, leading to systemic risk. Second, lines vary considerably in both load capacity and supply area; among them, ultra-high voltage (UHV) lines carry notably heavier loads than conventional lines. The load loss caused by a single UHV line failure often far exceeds that of conventional lines. The overall system risk can be disaggregated into direct and indirect dimensions. Direct risk includes equipment damage, repair and maintenance costs, and expenses related to rebuilding or replacing lines. Indirect risk involves the socioeconomic impact of power interruptions, such as reduced industrial output and compromised public services. In assessing these factors, it is important to account for the transmission voltage level, load capacity, criticality within the network topology, and load characteristics (e.g., industrial vs. residential).
In the present study, the simulated power grid topology is abstracted as a simplified non-meshed structure, wherein transmission lines are treated as independently operating components within a homogeneous network. This approach enables tractable analysis of system-level risk patterns while avoiding the computational overhead of solving full power flow equations. Load redistribution mechanisms following line failures are not explicitly modeled, as the primary focus is to assess how line-level failure probabilities, especially those associated with high-capacity UHV lines, scale up to influence overall system vulnerability. This structural simplification facilitates comparative analysis across different grid compositions and preserves analytical clarity. Future extensions of the model may incorporate more realistic topological features—such as meshed connections, regional subnetworks, or dynamic load balancing—to improve fidelity in simulating cascading failures.
Because UHV transmission lines typically carry much higher loads than conventional lines, their failures can impose disproportionately greater impacts on the system. Consequently, particular attention must be paid to fault probability and risk contributions in high-voltage scenarios. Several unique features of UHV lines stand out. First, their role in inter-regional power transfer means that any single UHV line can bear a load far exceeding that of ordinary lines. When such lines fail under icing conditions, the scale of the ensuing power outage and economic losses can be substantial. Additionally, UHV lines typically span complex terrain with highly variable meteorological conditions, increasing both the probability and unpredictability of icing events. Repair costs and timescales for UHV lines are also generally higher, amplifying the duration and impact of the risk.
Based on the above considerations, this study proposes a comprehensive system risk assessment model (Equation 2):
Rtotal=∑i=1nPfault,i·Li(2)
Where Rtotal denotes the total risk of the power grid, Pfault,i is the fault probability for line i (as derived in Section 3.1), and Li represents the load served by line i. The variable n is the total number of lines in the system.
This formulation captures how faults on different lines can produce varied system impacts, particularly by factoring in load size to reflect scaling effects. The model can be extended by introducing weight coefficients to reflect each line’s importance within the network, enabling planners to evaluate different icing protection schemes, optimize grid structures and line configurations, and develop differentiated maintenance strategies.
In this study, the fault sensitivity coefficient λ is introduced as a tunable parameter that modulates the probabilistic relationship between ice thickness and line failure probability. The values of λ (ranging from 0.05 to 1.0) are selected to represent a continuum from structurally robust systems (low sensitivity) to highly vulnerable configurations (high sensitivity). Although λ is not directly derived from physical measurements, it serves as a proxy for multiple physical and design characteristics of transmission lines, such as conductor type, span length, mechanical load capacity, and historical reliability performance. As such, users of the model can calibrate λ based on empirical observations, laboratory tests, or known design standards of the transmission infrastructure in a given region. For example, lower λ values may be used for newly reinforced UHV lines with superior load margins, while older or minimally maintained segments may correspond to higher λ values.
Additionally, the use of a Poisson-based fault model is motivated by its simplicity and suitability for rare-event modeling in engineering systems. While alternative models such as the Weibull or exponential failure distributions may be applicable in specific contexts, the current formulation prioritizes transparency and generalizability. Future extensions could incorporate component-specific failure curves or non-Poisson processes if sufficient empirical data are available.
3 RESULTS
3.1 Simulation method and procedure
To quantify the combined effects of ice thickness and high-capacity transmission line proportion on operational power grid risks, Monte Carlo simulation techniques were employed. This methodology generates numerous randomized samples representing potential ice thickness distributions. By integrating these samples with transmission line load profiles, the approach enables quantification of both line failure probabilities and aggregate system risk. Monte Carlo simulation is particularly advantageous for analyzing scenarios characterized by substantial uncertainty and variability, such as unpredictable ice formation patterns and fluctuating transmission line loads. By accounting for a broad range of possible icing scenarios and combining them with specific load distributions, the model provides a comprehensive estimate of failure probabilities and total risk.
All simulations are performed within a Python-based scientific computing environment. Specifically, 10,000 ice thickness samples are generated uniformly between 0 and 55 mm, encompassing conditions from no icing to severe icing to ensure the inclusiveness of the risk assessment. Based on these samples, line fault probabilities are calculated using a prescribed fault sensitivity coefficient (λ) and the critical ice thickness (Hcrit), where Hcrit is set to 10 mm, 20 mm, or 30 mm to represent light, medium, and heavy icing zones, respectively, and λ takes values of 0.05, 0.1, and 0.2 to reflect the broad spectrum of lines ranging from highly ice-resistant to more vulnerable.
In addition, different line load demands are incorporated to examine their impact on total risk. Conventional lines are assumed to follow a normal distribution N (20,52) MW, which reflects standard capacities with relatively stable fluctuations. By contrast, high-capacity lines follow N (800,1002) MW, mirroring the substantially higher design capacity of ultra-high-voltage (UHV) lines and the potential for significant load variations. The proportion of such high-capacity lines is set at 0%, 10%, 25%, and 50%, thereby simulating a range of network configurations from entirely conventional to predominantly high-capacity. Through this arrangement, the model systematically evaluates how increasing the share of high-capacity lines can shift the risk profile under different icing scenarios.
In this study, ice thickness is assumed to follow a uniform distribution, and line load demand is modeled using a normal distribution with fixed mean and standard deviation. These distributional choices are not only computationally tractable but also serve as a foundational structure for broader model expansion. The uniform distribution allows for equal representation across all ice thickness values, providing a neutral baseline that supports subsequent sensitivity analysis and modular adjustments. Similarly, the normal distribution for load demand reflects typical assumptions in power system planning and serves as a stable reference for incorporating more complex demand models. While alternative distributions such as Weibull (for environmental variables) or log-normal (for heavy-tailed events) may enhance realism in targeted applications, the current framework is intentionally simplified to facilitate extensibility and comparative analysis. Future studies can readily embed alternative statistical structures within this base model to test scenario-specific assumptions and examine their effects on risk projections.
3.2 Data sources and assumptions
To systematically assess the influence of icing disasters on transmission line operational risk, as well as to capture fault characteristics under diverse meteorological and load conditions, this study draws on the theoretical framework outlined in the Standard for Design of Tall Structures (GB 50135-2019), a national engineering code issued by the Ministry of Housing and Urban-Rural Development of China, and supplements it with representative power grid parameters.
First, the selection of critical ice thickness values (Hcrit = 10 mm, 20 mm, 30 mm) is informed by the Standard for Design of Tall Structures (GB 50135-2019), a national engineering code issued by the Ministry of Housing and Urban-Rural Development of China. This standard recommends using long-term observational data at a height of 10 m above ground, along with recurrence interval analysis, to define icing severity zones. Where direct data are unavailable, field surveys or empirical reference values are used, including 5–10 mm (light icing), 15–20 mm (moderate icing), and 20–50 mm (heavy icing). The selected values in this study correspond to this classification and are intended to represent a gradual progression from low-risk to high-risk scenarios. Although the standard originates from China, its zonal methodology is consistent with international practices for environmental load modeling and has broad applicability to power system design under icing conditions. For the fault sensitivity coefficient λ, values ranging from 0.05 to 1.0 are chosen to reflect different structural tolerances found in transmission networks with varying conductor types, spans, and design specifications. These settings enable structured simulation across a wide range of conditions, and the framework can be further adapted using region-specific empirical data without altering its core inference logic.
Second, parameters for both conventional and UHV transmission lines are derived from publicly available data on select lines in regions such as Harbin, Changsha, and Xi’an, and adjusted to reflect maximum load conditions. Specifically, conventional line loads are assumed to follow the normal distribution N (20,52) MW, whose mean represents a typical load capacity, and whose standard deviation accounts for operational fluctuations. UHV lines, by contrast, are modeled with N (800,1002) MW, reflecting a marked increase in design capacity and the inherent variability of large-scale power transfer. These assumptions allow the simulation to span a diverse array of line types and to examine in detail how different proportions of high-capacity lines alter overall risk.
Finally, to fully capture the effect of shifting proportions of high-capacity lines on system vulnerability, the share of UHV lines is set to 0%, 10%, 25%, and 50%. In this way, the study encompasses scenarios ranging from exclusive reliance on conventional lines to grids dominated by UHV lines. By analyzing fault probabilities and total system risk across varying ice thicknesses, the study sheds light on the extent to which different technological configurations can modulate overall risk levels, and it offers insights for refining grid designs to mitigate the potential impacts of severe icing events.
3.3 Fault probability model analysis
The 10,000 Monte Carlo-generated ice-thickness samples in this study span a range from 0 to 54.98 mm and are drawn from an approximately uniform distribution. As shown in Figure 1, the histogram reflects minor fluctuations in bin heights due to random sampling noise rather than true differences in underlying probability. Since the simulation inputs are generated through stochastic sampling without imposed weighting, the histogram serves primarily to confirm coverage across the full domain of possible icing conditions. The apparent unevenness is a natural artifact of random variation and does not contradict the uniform sampling assumption.
[image: Bar chart showing the frequency distribution of ice thickness in millimeters, ranging from zero to fifty-five. Frequencies consistently exceed one hundred fifty, with peaks around two hundred, indicating uniform distribution across thickness levels.]FIGURE 1 | Distribution characteristics of sample ice thickness.3.3.1 Impact of critical ice thickness Hcrit
A series of simulations were conducted under the assumption of a fixed fault sensitivity coefficient λ = 0.1. The critical ice thickness Hcrit was set to 0, 10, 20, and 30 mm to examine how lines would fail under different icing scenarios. Figure 2 illustrates that line fault rates increase along with ice thickness. When Hcrit = 10 mm, the fault probability begins rising rapidly once the thickness exceeds 10 mm; by contrast, with Hcrit = 20 mm, the fault-probability curve is shifted to the right, indicating higher ice tolerance, and at Hcrit = 30 mm, the system demonstrates the strongest tolerance among the four groups. Relative to the reference case of Hcrit = 0, the introduction of a nonzero critical ice thickness provides a meaningful parameter that reflects each line’s capability to withstand icing loads.
[image: Graph showing fault probability against ice thickness for different critical layer heights (Hcrit). Four curves represent Hcrit values: 10mm (blue), 20mm (orange), 30mm (green), and 0mm as control (red dashed). The fault probability increases with ice thickness, with higher Hcrit values reaching a fault probability of one at greater thicknesses.]FIGURE 2 | Line Failure Rate vs. Ice Thickness for Different Critical Ice Thickness (Hcrit) values (λ = 0.1).3.3.2 Impact of fault sensitivity coefficient λ
Simulations were then carried out by fixing Hcrit = 20 mm—representing the boundary between medium and heavy icing—and allowing λ o take values of 0.05, 0.1, 0.2, or 1. The results in Figure 3 show that the larger the λ value, the more quickly the fault probability escalates once the ice thickness surpasses the critical threshold. An unrealistically high sensitivity is observed at λ = 1, while λ = 0.2 produces the steepest increase in fault probability in a realistic context. By contrast, a value of λ = 0.05 leads to the slowest increase, indicating that selecting involves λ balancing the conservatism of the system design against the risk of underestimating potential failures.
[image: Graph showing fault probability against ice thickness for different lambda values. Blue, orange, green, and red dashed lines represent lambda values of 0.05, 0.1, 0.2, and 1 (control), respectively. Fault probability increases with ice thickness, rising quickly after 20 millimeters, with the control reaching 1.0 fault probability the fastest.]FIGURE 3 | Line Failure Rate vs. Ice Thickness for Different Fault Sensitivity Coefficients (λ) (Hcrit = 20 mm).3.4 System risk assessment
3.4.1 Impact of critical ice thickness and fault sensitivity coefficient
Further scenario-based simulations were conducted to evaluate how Hcrit and λ jointly affect total system risk. In these simulations, the grid was represented by 300 lines whose individual load demands were modeled by a normal distribution N (20,52) MW, with a mean of 20 MW and a standard deviation of 5 MW. Figures 4, 5 illustrate that changes in Hcrit and λ influence total system risk in a manner similar to their impact on single-line fault rates, confirming that higher ice tolerance and lower fault sensitivity both help mitigate overall system vulnerability.
[image: Graph showing Total Risk (MW) versus Ice Thickness (mm) with three curves. Blue line for Hcrit = 10 mm, orange for Hcrit = 20 mm, green for Hcrit = 30 mm. Risk increases sharply with thickness, more significantly at lower Hcrit values.]FIGURE 4 | Line Failure Rate vs. Ice Thickness for Different Critical Ice Thickness (Hcrit) Values (λ = 0.1).[image: Graph showing the relationship between ice thickness (millimeters) and total risk (MW). Three curves represent different lambda values: blue for lambda 0.05, orange for lambda 0.1, and green for lambda 0.2. Total risk increases with ice thickness, with higher lambda values reaching maximum risk sooner.]FIGURE 5 | Line Failure Rate vs. Ice Thickness for Different Fault Sensitivity Coefficients (λ) (Hcrit = 20 mm).3.4.2 Impact of line scale on total system risk
To examine how network size influences cumulative risk, simulations were performed at Hcrit = 20 mm and λ = 0.1, with total line counts set to 30, 100, 500, and 1,000. As shown in Figure 6, the maximum risk is approximately 800 MW when 30 lines are present, but escalates to nearly 20,000 MW for 1,000 lines, confirming a positive correlation between the number of lines and total risk exposure. Larger systems not only accumulate more risk but also exhibit a steeper slope in the risk curve, indicating a nonlinear risk-growth effect as network size increases.
[image: Line graph showing the relationship between ice thickness (in millimeters) and total risk (in megawatts). Four lines represent different line counts: blue for 30, orange for 100, green for 500, and red for 1000. Risk sharply increases with ice thickness, most prominently for higher line counts.]FIGURE 6 | Total risk for different numbers of lines (n).3.4.3 Impact of the proportion of ultra-high voltage (UHV) lines
Ultra-high voltage transmission lines are designed to carry significantly higher loads, often in excess of 500–1000 MW per line, and typically span long distances with complex meteorological conditions that may encompass multiple icing regions. To investigate how different UHV line proportions affect overall system risk, this study considered scenarios where the percentage of UHV lines in the network was set to 0%, 10%, 25%, or 50%. In these high-capacity scenarios, conventional lines followed N (20,52) MW, whereas UHV lines followed N (800,1002) MW. For each of the four UHV-percentage scenarios, 10,000 load-demand samples were generated per line type, and Figure 7 depicts the distribution of load values in these settings.
[image: Four histograms display load demand distributions at different ultra-high voltage (UHV) line proportions: (a) 0%, normal load around 20 MW; (b) 10%, introducing UHV load around 800 MW; (c) 25%, increased UHV load; (d) 50%, dominant UHV load. Each chart shows varying frequencies.]FIGURE 7 | Sample Line Load Distributions under Varying UHV Transmission Shares (Hcrit = 20 mm, λ = 0.1). (a) UHV Line Proportion = 0%. (b) UHV Line Proportion = 10%. (c) UHV Line Proportion = 25%. (d) UHV Line Proportion = 50%.Figure 8 illustrates that the total system risk increases substantially with rising UHV-line share, reaching up to 120,000 MW at a 50% UHV proportion—more than 15 times higher than the risk associated with systems composed entirely of conventional lines. This result indicates that high-capacity lines, which inherently carry larger loads, contribute more significantly to overall system vulnerability, underscoring the need for tailored risk-mitigation strategies in UHV-rich power grids.
[image: Line graph showing the relationship between ice thickness in millimeters and total risk in megawatts for varying proportions of UHV lines. Four curves represent 0% (blue), 10% (orange), 25% (green), and 50% (red) proportions. Risk increases with ice thickness and is highest with the 50% UHV line proportion.]FIGURE 8 | Risk assessment under different UHV line proportions.4 CONCLUSION
This study establishes a probabilistic-inference-based risk assessment framework for power grid icing disasters, systematically quantifying the influence of ice thickness on operational security and reliability. Using Monte Carlo simulations, the research models the probability of grid failures and the evolution of overall risk under various icing conditions, thereby illuminating potential vulnerabilities and offering a scientific foundation for disaster prevention and risk management in power systems.
A core contribution lies in using a Poisson-process-based probabilistic inference model to characterize the nonlinear relationship between ice thickness and transmission line failures. Simulation results show that once ice thickness exceeds a particular critical value, the pr obability of line failure increases sharply. Results indicate that the critical ice thickness parameter serves as an effective indicator of a grid’s resilience to icing conditions, providing quantifiable metrics for system vulnerability assessment.
The risk assessment model incorporates both transmission line load requirements and system reliability criteria. Analysis of different transmission line types (e.g., high-voltage versus low-voltage) and their respective load distributions reveals that heavily loaded lines, particularly ultra-high-voltage (UHV) lines, constitute critical vulnerability points during severe icing conditions. Monte Carlo simulations enabled detailed analysis of fault development across diverse ice thickness scenarios. This approach provides a multidimensional and quantitatively grounded framework for assessing grid risks. Results suggest that the critical ice thickness Hcrit value effectively represents the impact of icing intensity on the grid, thereby guiding defense strategies against icing disasters. Meanwhile, larger values of the fault sensitivity coefficient λ lead to faster increases in failure rates, particularly as ice thickness approaches the critical level. Choosing λ thus requires a pragmatic balance between system safety and economic feasibility; excessively small values may underestimate system risk, while overly large ones may produce unduly conservative designs.
5 LIMITATIONS AND FUTURE WORK
At the system level, the study examines how grid size and the proportion of UHV lines affect total risk. Simulations indicate a nonlinear surge in overall system risk with rising line counts, and the slope of the risk curve becomes steeper in larger grids, reflecting a cumulative effect of increased potential failure points. Further analyses of UHV line proportions demonstrate that the high load demands of these lines significantly elevate system-wide risk. Specifically, when the share of UHV lines reaches 50%, the maximum risk is more than 15 times that of a grid composed exclusively of conventional lines, underscoring that high-capacity lines can be principal contributors to system vulnerabilities. Consequently, large-scale grid expansions must fully account for icing threats, implementing targeted mitigation measures to reduce the likelihood of widespread failures.
While the proposed probabilistic inference model is validated through extensive Monte Carlo simulations, it has not yet been calibrated against empirical failure data from real-world grid icing incidents. Nevertheless, historical events such as the 2008 South China ice storm and the 2021 Texas freeze illustrate the severity and cascading nature of icing-induced failures, highlighting the importance of robust and scenario-adaptive risk assessment frameworks. Future work will seek to incorporate observational datasets from such events to further enhance the model’s realism and practical applicability.
Although this study’s probabilistic inference method for evaluating grid icing risk has yielded promising insights, certain limitations persist. First, the meteorological parameters and model assumptions rest on restricted datasets and simplified estimates that may not encompass the multifaceted weather conditions encountered in real-world power systems—such as transitions between snow and ice or extreme wind speeds—that could further exacerbate failures. Second, the Monte Carlo simulations primarily consider line load demands and ice thickness; other influential factors, such as coupling effects among lines and power dispatch strategies, are not explored in depth. Future research may address these gaps by integrating more granular meteorological data and dynamic simulation methods, thereby refining and extending the proposed risk assessment model for power grid icing disasters.
While this study focuses on estimating failure probabilities and cumulative system risk under icing scenarios, it does not incorporate restoration time, repair resource constraints, or redundancy mechanisms. These factors are known to influence both the duration and severity of power outages, particularly in large-scale or high-voltage transmission systems. Incorporating repair and restoration dynamics—such as time-dependent recovery functions, logistical delays, or component redundancy—would allow future models to more accurately capture the temporal evolution of risk and system resilience. Such integration could further support operational planning by distinguishing between transient disruptions and sustained systemic failures.
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