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Abstract: Heatwave events, intensified by climate change, create acute challenges for power 

systems by driving unprecedented electricity demand spikes from air conditioning often increasing 

peaks by 30–50% or more while simultaneously degrading infrastructure performance through 

elevated conductor temperatures, increased line losses, reduced generation efficiency, and derated 

transmission capacity. Smart grid technologies, including advanced metering infrastructure, 

distributed energy resource management systems, dynamic line ratings, demand response, virtual 

power plants, and energy storage systems, enable sophisticated optimization strategies to manage 

these peaks effectively. This research paper presents a comprehensive smart grid optimization 

framework for heatwave peak load management. The framework co-optimizes centralized 

generation, transmission flows (with DLR unlocking 10–40%+ additional capacity under 

favorable conditions), behind-the-meter flexibility from VPPs and DR, and battery storage for 

peak shaving and arbitrage. Multi-objective extensions balance operational costs, reliability 

(minimizing unserved energy or CVaR of risk), emissions, and equity (vulnerability-weighted 

curtailment using social vulnerability indices). Predictive analytics, including LSTM/TCN for 

DLR and load forecasting, and reinforcement learning for adaptive control, enhance decision-

making under uncertainty.  

Introduction 

Modern power systems face a convergence of challenges during heatwaves: explosive growth in 

cooling-driven demand coincides with reduced asset performance, tightening reserve margins and 

elevating blackout risks precisely when cooling is essential for public health. Smart grids, 

characterized by bidirectional communication, real-time monitoring via AMI and PMUs, advanced 

control through DERMS, and integration of distributed energy resources (DERs), provide the 

technological foundation for optimized peak load management. Unlike traditional grids with 

limited visibility and controllability, smart grids enable dynamic adjustment of supply, demand, 

and transmission capacity in response to evolving conditions. 
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Key smart grid enablers include dynamic line ratings, which update transmission ampacity based 

on real-time weather instead of conservative static ratings, often providing 10–40% or higher 

capacity gains (e.g., AES deployments showing 43–61% increases on monitored lines). Demand 

response and virtual power plants aggregate flexible loads (smart thermostats, HVAC, EVs, water 

heaters) and behind-the-meter storage to shave peaks or shift consumption. Battery energy storage 

systems (BESS) offer fast-responding peak shaving and arbitrage, while predictive analytics 

forecast loads, DLR, and risks to inform proactive decisions. Recent events, such as PJM’s record 

peaks in June 2025 and the Montreal heatwave pilot using the Peak Energy Load Management 

System, illustrate both the stresses and the potential of coordinated smart grid responses. 

This paper develops a holistic smart grid optimization framework tailored for heatwave peak 

management. It details physical mechanisms and constraints, formulates mathematical models 

incorporating DLR and flexibility, discusses multi-objective and predictive enhancements, 

explores solution methods, presents empirical case insights, and offers implementation and policy 

recommendations. By orchestrating centralized and distributed resources with weather-aware 

optimization, smart grids can mitigate peak stresses, reduce costs, lower emissions, protect 

vulnerable communities, and enhance overall resilience. 

Generation assets derate: thermal plants (including gas-fired peaking units) lose efficiency from 

higher cooling water/air temperatures; solar efficiency drops 0.3–0.5% per °C panel temperature 

rise. Compound effects—heat plus low wind or drought—further tighten margins. Without 

optimization, these dynamics lead to congestion, reliance on expensive peakers, price spikes, and 

potential load shedding, with disproportionate impacts on low-income or urban heat island 

communities lacking adaptive capacity. 

Smart grid optimization addresses this by providing real-time visibility, controllability, and 

coordination across transmission, distribution, and customer-side resources. 

DLR is incorporated via piecewise linear approximations of the heat balance or outputs from 

predictive models (e.g., TCN or LSTM forecasting day-ahead ratings). Loads D_t(T) use 

regression or ML models sensitive to cooling degree hours. VPPs and aggregated DERs appear as 

virtual generators or negative loads with ramping capabilities. 
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For multi-objective optimization, extensions add terms for CVaR of unserved energy, emissions, 

or vulnerability-weighted shedding (higher penalties for high-SVI zones). Robust or stochastic 

variants use predictive ensembles for temperature/load/renewable scenarios. Real-time layers 

employ model predictive control (MPC) or reinforcement learning for adaptive adjustments as 

conditions evolve. 

Integration of Smart Grid Technologies and Flexibility Resources 

Smart grid optimization leverages multiple technologies for peak management: 

 Dynamic Line Ratings (DLR): Real-time or forecasted ratings (via sensors like 

LineVision or weather-based models) unlock latent capacity. Deployments (e.g., AES with 

42 sensors) show average gains of 10–61% over static ratings, reducing congestion and 

deferring reconductoring. Predictive DLR enhances day-ahead planning. 

 Demand Response and Virtual Power Plants (VPPs): Orchestration of smart 

thermostats, HVAC, EVs, and water heaters via DERMS provides fast, scalable peak 

shaving. In 2025 heat events, VPPs delivered hundreds of MW (e.g., 130 MW in one 

dispatch), with programs like National Grid’s Connected Solutions or EnergyHub 

platforms proving effective. Optimization coordinates pre-cooling during solar-abundant 

periods and targeted reductions during peaks, with equity-aware designs protecting 

vulnerable customers. 

 Energy Storage and BTM Batteries: Utility-scale and behind-the-meter BESS enable 

peak shaving and arbitrage. Green Mountain Power’s utility-owned battery VPP and 

similar programs demonstrate reliability benefits during extremes. Models co-optimize 

charge/discharge with temperature effects on efficiency. 

 Advanced Metering and DERMS: AMI provides granular visibility; DERMS aggregates 

and controls diverse resources as a unified asset. AI-enhanced forecasting and optimization 

(e.g., for fan speed/thermostat adjustments in buildings) further mitigate peaks and heat 

stress indoors. 

Interregional coordination and microgrids add layers of resilience, allowing power shifts from less-

affected areas or localized islanding. 
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Solution Methods and Predictive Enhancements 

Large-scale problems are solved with commercial MILP solvers (Gurobi, CPLEX), decomposition 

methods, or successive linear programming for AC models. Predictive analytics accelerate and 

improve decisions: LSTM/TCN or GNNs forecast DLR, loads, and risks with low errors, feeding 

scenario generation or warm-starting. Reinforcement learning or MPC handles real-time adaptivity 

under uncertainty. Hybrid physics-ML models embed heat balance for better generalization during 

extremes. Validation uses hardware-in-the-loop, historical replays (e.g., 2025 heat domes), or 

pilots like Montreal’s PELMS, comparing optimized vs. baseline performance on peak reduction, 

cost savings, reliability metrics, and equity indicators. 

Case Studies and Empirical Insights 

Recent deployments provide strong evidence. AES’s DLR implementation across lines in Indiana 

and Ohio achieved significant capacity gains (up to 61% on some), reducing congestion and 

avoiding costly reconductoring. PJM’s 2025 heat operations relied on DR and alerts, with VPPs 

and flexibility preventing tighter shortfalls. Montreal’s PELMS pilot during the June 2025 

heatwave demonstrated fine-scale peak forecasting and dynamic adjustments to minimize 

disruption. Building-level optimizations jointly adjusting fan speeds and thermostats reduced 

peaks and indoor heat stress. VPP growth to 37.5 GW in North America by recent reports, with 

programs delivering MW-scale relief during records, underscores scalability. Studies on DLR in 

ERCOT and Europe show congestion relief and cost savings (e.g., millions in avoided expenses). 

Overall, integrated smart grid approaches achieve 2–5%+ peak reductions, lower prices, deferred 

investments, and enhanced resilience compared to traditional methods. 

Challenges, Future Directions, and Policy Implications 

Challenges include data integration and cybersecurity for smart devices, regulatory frameworks 

for DLR and VPP compensation, computational scalability for real-time optimization across large 

footprints, and equitable participation (addressing digital divides or tenant barriers). Forecasting 

accuracy in unprecedented extremes remains imperfect. 

Future directions encompass AI-native DERMS with multi-agent reinforcement learning for 

decentralized coordination, widespread DLR with predictive horizons, hybrid 
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centralized/distributed architectures, and standardization of heatwave stress testing. Multi-energy 

integration (power-gas-heat) and resilience hubs in vulnerable communities will add robustness. 

Policy should incentivize DLR, DERMS, and VPP deployment through performance-based 

regulation and capacity payments, mandate climate-aware planning with smart grid capabilities, 

support data-sharing platforms, and promote equity in program design (e.g., subsidies for low-

income DER adoption). Investments in AMI, sensors, and workforce training accelerate adoption. 

Alignment with decarbonization goals can unlock funding for the scale needed by 2030–2035. 

Conclusion  

Smart grid optimization for managing peak loads during heatwave events transforms vulnerability 

into resilience by orchestrating real-time visibility, dynamic capacity (via DLR), flexible demand 

(DR and VPPs), and storage within advanced mathematical and predictive frameworks. By 

explicitly modeling temperature dependencies and co-optimizing across transmission, distribution, 

and customer resources, these strategies reduce peaks, lower costs and emissions, defer 

infrastructure, and protect public health and equity. Empirical evidence from 2025 deployments 

and pilots confirms substantial operational and societal benefits. As heatwaves intensify alongside 

load growth and renewables, widespread adoption of smart grid optimization supported by 

technology, analytics, and policy will be indispensable for reliable, affordable, and sustainable 

power systems in a warming climate. 
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