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Abstract— Grid-spread wildfires have become a powerful threat to the reliability of power transmission networks and environmental security. Transmission lines, when subjected to severe weather conditions and heavy vegetation density, may serve as ignition sources, causing extensive damage and economic loss. Conventional wildfire risk assessment approaches mostly consider environmental issues without leveraging fully grid-specific vulnerabilities. This work presents a new risk measure quantifying the vulnerability of transmission lines to being ignited by wildfires, taking into account weather, grid structure, and vegetation information. Our framework integrates topological, meteorological, and power grid data to model ignition points and determine the cascading impact of transmission line outages resulting from wildfire propagation. The efficacy of this risk indicator is illustrated through quantitative analysis on the IEEE 30-bus test system, giving a thorough ranking of transmission lines according to their wildfire risk. The results provide actionable information for electric utilities, allowing focused grid-hardening plans, optimized vegetation management, and enhanced Public Safety Power Shutoff (PSPS) actions. By adopting this risk-based methodology, power utilities can strengthen grid resilience, minimize economic loss, and minimize the environmental effect of grid-ignited wildfires.
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I. Introduction

Wildfires have become a major concern for ecosystems, human populations, and infrastructure, including power transmission networks. Power lines and their related components have been identified as ignition sources for many destructive fire events globally, leading to negative impacts on the environment, large-scale utility outages, and significant economic costs. There exists a strong relationship between fire incidents and changing climate [1]. Consequently, policymakers and electric utilities are prioritizing robust methods for evaluating and mitigating wildfire risk associated with power lines. 

Emerging work shows a growing awareness of the influence of power infrastructure in igniting wildfires, and a growing need to adopt more robust methods of wildfire risk evaluation. Traditional wildfire risk evaluation has mainly relied on and prioritized environmental conditions including vegetation fuel load, topography, and meteorological conditions [2] while downplaying issues related to the grid (i.e. vegetation surrounding transmission corridors, electrical faults during fire, cascading failures after the fire damages structures) [3]. The objective of this work is to address this important issue by developing an original Wildfire Vulnerability Index (WVI) that incorporates meteorological, topographical, and grid-specific factors to characterize vulnerability to wildfire from electric transmission lines..
A. Challenges in Wildfire Risk Assessment

Evaluating wildfire risks associated with power transmission lines presents significant methodological and practical challenges. Wildfires are inherently complicated, dynamic events resulting from the interaction between many interacting factors including wind speed, humidity, temperature, and fuel moisture content [4]. The interaction of rapidly changing environmental settings with electrical infrastructure introduces uncertainty to the modeling or forecasting of wildfires. There are existing risk evaluation schemes - such as the California Fire Hazard Severity Zone (FHZS), and Wildfire Hazard Potential (WHP) models [5] - that can evaluate regional hazards, but they lack the veracity and region specificity necessary for risk assessment specific to a transmission grid.

A complicating factor is in predicting and preventing cascading failures. Wildfires can spread rapidly through transmission corridors once ignited, damaging adjacent lines and substations. This cascade of failures will lead to larger outages and greater loss of infrastructure, as well as economic losses, since it often takes several hours to restore power. Developing next-generation, transmission grid-oriented wildfire risk assessment tools is very important to improve the resiliency and reliability of modern power systems. Current models tend to be unable to measure the financial and operational effects of such failures [6]. Also, most publicized wildfire risk investigations utilize fire spread simulation software like FARSITE (Finney, 1998), and integrating such models with power system analysis continues to be a challenge in ongoing research [7]. Public Safety Power Shutoff (PSPS) initiatives have been utilized to prevent grid-ignited wildfires, but the absence of an organized risk metric complicates decision-making for utilities [4].

Recent advances in machine learning and geospatial data analysis have cast new insights on wildfire risk analysis. [2] developed a convolutional neural network model which predicted wildfire susceptibility and established it as a reasonable candidate for improved prediction in above average risk areas. [9] similarly developed a quantitative framework for assessing the improvement of resilience in power distribution systems under extreme weather conditions. Although, these advancements exist, but a standard or common risk metric which includes environmental and power grid specific variables is still a point of research.
B. Contribution of This Study
This research contributes to the scientific community by following ways: 
· Novel Risk Metric: It introduces a risk measure that incorporates environmental, weather, and grid topology information to assess the vulnerability of transmission lines to ignition and cascading failure of wildfires.

· Multi-Domain Dataset Integration: In contrast to current methods that only account for environmental hazards, our approach integrates power grid infrastructure information, including line proximity, voltage ratings, and vegetation encroachment data.

· Comprehensive Simulation of Wildfires: Using the FARSITE fire spread model, we simulate the spread of wildfires caused by transmission line outages, examining their effects on both the environment and the power grid.

· Quantification of Financial Risk: The paper offers a cost-based evaluation that estimates potential loss from grid-ignited wildfires, supporting strategic decision-making for grid hardening and PSPS by utilities.

EEE 30-Bus System Validation: The risk measure proposed is tested on the IEEE 30-bus test system, offering a realistic case study to show its utility in real-world applications.
II. Overview of the Proposed Risk Metric

The suggested risk indicator assesses transmission line vulnerability to wildfire ignition by integrating multi-domain data. This indicator measures risk by accounting for environmental, weather, and grid-specific parameters to allow utilities to rank mitigation strategies. The indicator is constructed using wildfire ignition likelihood, fire spreading behavior, and grid vulnerability components. It delivers an integrated risk score for each transmission line section, enabling site-specific intervention and resource allocation.

A. Data Collection and Preprocessing
1) Topographical and Vegetation Data
Fire spread and intensity are affected by elevation, slope, tree density, and canopy structure. High-resolution geospatial data is obtained from national forestry databases. Satellite imagery and LiDAR data are used to map vegetation encroachment around power lines, with accurate risk assessment.
2) Meteorological Data

Wind speed, wind direction, temperature, and humidity are important parameters influencing the spread of wildfires. Historic and current meteorological data are sourced from databases such as the National Solar Radiation Database. Seasonal adjustments are factored in studying the behaviour of fire under various climatic conditions.

3) Power Grid Infrastructure Data
Voltage of transmission lines, material of the conductor, and distance from vegetation are examined to determine ignition hazards. Topology data of the grid facilitates the mapping of fire routes. Redundancy and network connectivity analysis also assist in resilience planning.

B. Wildfire Spread Simulation and Modeling

FARSITE is a fire behavior model that simulates wildfire spread through ignition points along transmission lines. Simulation of topographical and meteorological environments provides estimates for the patterns of fire propagation. It uses real-world fire incidents to model-check to ensure accuracy in fire behavior prediction.

C. Risk Metric Formulation
The risk measure is calculated as a weighted sum of environmental and grid-specific variables. It measures prospective losses by marrying fire spread estimates with monetary loss estimates. The equation includes ignition probability, fire spread effect, and monetary loss estimates to optimize mitigation measures.

D. Implementation Framework
The methodology uses the risk metric to designate high-risk segments on transmission lines. This allows utilities to maximize wildfire mitigation efforts, including vegetation management and strategic PSPS. A decision-support system is created to map risk zones and aid proactive grid hardening initiatives.

III. Numerical Analysis and Case Study
A. Description of the IEEE 30-Bus Test System
The IEEE 30-bus test system serves as an versatile model for examining wildfire vulnerabilities because of its systematic modelling of transmission networks. It has a total of 41 branches, 7 of which are viewed as links while the other 34 branches qualify as transmission lines that mimic the real-world transmission system experience. The model is a standardized test system designed to feature a laboratory environment allowing a contrast of the influence of wildfire initiation occurring on any transmission line within the system impacting the steady state stability and strength of the grid. Fig. 1 shows the network topology of the IEEE 30-bus system as well as relevant transmission line connections. This visual can be used to map relevant wildfire ignition spots and obtain an understanding of cascading failures due to fire damage. When utilizing the IEEE 30-bus system a thorough analysis of grid deficiencies can be captured, and allow the development of grid hardening, vegetation management, and potential power shutoff to reduce risk.
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Fig. 1. Network Topology of the IEEE 30-Bus Test System and Its Relevance to Wildfire Risk Analysis

The formal organization of the IEEE 30-bus system makes it easier for researchers to introduce different wildfire scenarios and measure their impact through the introduced risk metric. High-risk transmission line mapping by utility operators can assist in prioritizing interventions and making the grid more resilient. The above figure provides an important point of reference in determining important risk areas and devising strategic wildfire prevention strategies.

B. Simulation Setup and Parameters
FARSITE has been used to model wildfire spread caused by transmission line failures for this research. We derived the major parameters like wind direction, temperature, and humidity from the National Solar Radiation Database. We simulated various ignition points on different transmission lines and tested fire propagation for each scenario.

C. Risk Metric Evaluation for Transmission Lines
A new risk measure was used to order transmission lines according to their vulnerability to wildfire initiation and cascading failures. Through the combination of power grid topology and fire spread information, we detected high-risk lines that need to be addressed urgently. Table 1 shows the results.
TABLE I.  Wildfire risk assessment of transmission lines based on burned area, grid damage, and risk rank.
	Transmission Line ID
	Average Burned Area (Acres)
	Damage to Grid (Miles)
	Risk Rank

	6
	4236.2
	215.36
	1

	24
	4006
	99.5
	2

	8
	3476.3
	103.4
	3

	10
	3308.6
	135.39
	4

	9
	2771
	146.45
	5

	5
	2293.4
	198.63
	6

	40
	1895.8
	126.27
	7

	7
	2743.2
	114.89
	8

	32
	2302.3
	31.68
	9

	3
	1069.9
	259.9
	10


1) Sensitivity Analysis of Key Factors

The risk metric was tested for its sensitivity to variability in temperature, wind speed, and vegetation coverage. Increased wind speed and elevated temperatures greatly escalated the rates of fire spread, underscoring the necessity of dynamic risk analysis models.

2) Comparative Analysis with Existing Risk Models

Our method was contrasted with conventional fire hazard models like FHZS and WHP. The outcomes proved that the inclusion of power grid-specific vulnerabilities yielded a better risk assessment framework.

IV. Results and Discussion
The findings show that transmission lines with greater vegetation encroachment, wildland proximity, and exposure to harsh weather conditions have the highest wildfire risk. IEEE 30-bus test system analysis indicates that certain lines, like Line 6 and Line 24, are most vulnerable to fire. Using the proposed risk score, transmission lines at high risk can be given priority for mitigation techniques like grid hardening, cable cabling underground, and preventive vegetation management.
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Fig. 2.  Risk-Based Ranking of Transmission Lines for Wildfire Mitigation Prioritization

Fig. 2 is a risk-based ranking of transmission lines with a quantitative estimate of their wildfire-ignition susceptibility. The ranking is based on the introduced risk measure, which combines the most important parameters of vegetation encroachment, weather conditions, and location near high-risk zones. The figure indicates the most susceptible transmission lines that need to be addressed with urgent mitigation actions, including vegetation maintenance, infrastructure strengthening, or cabling through the ground.

Through the visualization of the risk profile over the power grid, allows utility operators to make informed decisions for resource planning towards preventing wildfires. The prioritization approach ensures that the most essential transmission lines are strengthened first, thus eliminating the risk of wildfire initiation and consequently the grid failure. The understanding gained from the figure helps to maximize grid resilience and improve disaster mitigation measures in areas of high risk.

The risk ranking is also used as a standard for evaluating the effect of projected climate change on power grid weaknesses. Through ongoing updating of the ranking with real-time information, utility companies can dynamically scale their wildfire prevention measures to change environmental conditions. This value is important for use in long-term planning and maintaining sustainable energy delivery in high-risk wildfire areas.

A. Implications for Grid Resilience and Disaster Mitigation
The results indicate the importance of incorporating risk-based decision-making into power system operation. Power utility companies can become more resilient by adding fire-resistant materials, having regular inspections, and installing automatic shutdown systems in high-risk locations.

B. Potential Applications for Utility Companies
Electric utilities can utilize the proposed framework to maximize resource allocation for wildfire prevention measures. The risk metric enables targeted investments in grid upgrades, minimizing monetary losses from wildfires and improving grid stability.

C. Limitations of the Proposed Method
Although it has its strengths, the suggested approach has certain drawbacks. It is based on good weather and vegetation information, which can be variable and unavailable at times. Future studies should aim to combine real-time satellite data with machine learning models to increase accuracy of predictions.

V. Conclusion 
This study introduced a novel risk measurement for assessing transmission line vulnerability to grid-ignited wildfires. Through the integration of meteorological, topography, and power grid infrastructure data, we formed an integrated model for estimating potential risk of transmission lines and transmission line contribution to wildfire spread. The quantitative analysis conducted on the IEEE 30-bus test system demonstrated the effectiveness of this approach in identifying high-risk transmission lines and where mitigation measures are most essential. The result indicates that transmission lines with increased vegetation encroachment, exposure to extreme weather conditions, and proximity to wildland areas are at the highest risk. The proposed risk measurement enables electric utilities to make fact-based decisions on enhancing grid resilience, maximizing vegetation management, and implementing strategic grid hardening strategies. It further provides a useful tool for the development of well-targeted PSPS plans aimed at mitigating wildfire ignition danger. The study has limitations although the promising outcomes. The accuracy of the proposed risk metric depends on the quantity and quality of environmental and grid information. As a potential future study, the integration of real-time satellite data and machine learning algorithms could improve prediction performance. Additionally, expanding the study to more and larger power grids could provide even greater insights into wildfire prevention activities. In conclusion, this study contributes to enhancing the resilience of power grids and mitigating the risk of wildfires. With the proposed risk measure, power utility companies can better predict the issue of grid-ignited wildfires, thus ensuring enhanced safety, reliability, and sustainability of power transmission grids
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