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Abstract: Temperature-stressed power grids, particularly during prolonged heatwaves driven by 

climate change, face simultaneous surges in electricity demand for cooling and widespread 

derating of generation, transmission, and distribution assets. Traditional single-method 

optimization approaches often struggle with the scale, nonlinearity, uncertainty, and multi-

objective nature of energy management under these conditions. Hybrid optimization techniques 

that combine mathematical programming, metaheuristics, machine learning, and decomposition 

methods offer superior performance by leveraging the strengths of multiple approaches. This 

research paper presents a comprehensive framework for hybrid optimization in temperature-

stressed power grids, integrating mixed-integer linear programming (MILP) for unit commitment 

and dispatch, Lagrangian relaxation or Benders decomposition for large-scale coupled problems, 

reinforcement learning for adaptive real-time control, and physics-informed neural networks for 

fast surrogate modeling of nonlinear heat balance and power flow constraints.  
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Introduction 

Power grid energy management under rising temperatures presents complex optimization 

challenges characterized by high dimensionality, strong nonlinearity from thermal constraints, 

deep uncertainty in weather forecasts, and competing objectives including cost, reliability, 

emissions, and social equity. During heatwaves, electricity demand spikes sharply due to air 

conditioning while transmission lines require ampacity derating, generation assets lose efficiency, 

and system reserves tighten dramatically. Conventional optimization methods, such as pure mixed-

integer linear programming (MILP) or standalone metaheuristics, frequently encounter limitations 

in computational scalability, solution quality, or adaptability to real-time conditions. 
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Hybrid optimization techniques address these shortcomings by intelligently combining 

complementary methods. Mathematical programming provides optimality guarantees for 

structured subproblems, decomposition methods handle large-scale coupled systems, 

metaheuristics explore complex search spaces efficiently, and machine learning components 

deliver fast surrogates or adaptive policies. This paper develops a holistic hybrid optimization 

framework tailored for energy management in temperature-stressed power grids. It details the 

physical mechanisms of temperature impacts, formulates hybrid models incorporating dynamic 

line ratings and temperature-dependent constraints, discusses integration of multiple techniques, 

explores solution architectures, presents empirical insights from heatwave scenarios, and offers 

implementation recommendations. The framework aims to enable operators to achieve near-

optimal, resilient, and equitable decisions even under severe thermal stress. 

Hybrid Optimization Framework 

The proposed hybrid framework operates across multiple timescales and combines several 

complementary techniques: 

1. Mathematical Programming Layer: MILP or MISOCP formulations handle unit 

commitment, economic dispatch, and security-constrained optimal power flow with 

linearized or piecewise approximations of DLR and heat balance constraints. Temperature-

dependent parameters (loads, line ratings, generation limits) are explicitly included. 

2. Decomposition Methods: Benders decomposition or Lagrangian relaxation separates the 

large-scale problem into master (investment or commitment) and subproblems (dispatch 

under different temperature scenarios), improving scalability for multi-area or stochastic 

formulations. 

3. Metaheuristic and Evolutionary Components: Particle swarm optimization, genetic 

algorithms, or differential evolution explore non-convex regions or generate high-quality 

initial solutions for MILP warm-starting, particularly useful for multi-objective problems 

balancing cost, reliability, and equity. 

4. Machine Learning Integration: Physics-informed neural networks (PINNs) or graph 

neural networks serve as fast surrogates for nonlinear AC power flow or detailed heat 
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balance calculations, dramatically reducing computation time. Reinforcement learning 

agents learn adaptive real-time policies for redispatch and demand response activation 

under unfolding heat conditions. 

5. Predictive Analytics: LSTM or temporal convolutional networks forecast DLR, loads, and 

renewable output under heat stress, generating informed scenarios or uncertainty sets for 

robust optimization. 

The hybrid architecture typically follows a hierarchical structure: high-level MILP or 

decomposition solves day-ahead commitment and nominal dispatch; machine learning surrogates 

accelerate contingency analysis and real-time adjustments; reinforcement learning handles rapid 

response during sudden temperature-driven changes. 

Equity penalty is implemented via vulnerability-weighted value of lost load or a grid Gini 

coefficient. Hybrid solving combines MILP for the main problem with evolutionary algorithms 

for tuning weights or exploring Pareto fronts, and neural surrogates for evaluating nonlinear 

constraints. For real-time management, a model predictive control (MPC) layer uses rolling-

horizon optimization with reinforcement learning providing warm-start policies or fallback actions 

when computation time is limited. 

Integration of Flexibility and Smart Grid Technologies 

Hybrid optimization excels at coordinating diverse flexibility resources under temperature stress. 

Dynamic line ratings are treated as decision-dependent or scenario-dependent parameters, 

allowing the optimizer to exploit additional capacity when weather permits. Demand response and 

virtual power plants are modeled with temperature-sensitive comfort bounds and equity-aware 

participation priorities. Battery storage provides both energy shifting and fast frequency support, 

with efficiency penalties under high temperatures explicitly included. The hybrid nature allows 

different techniques to handle different aspects: MILP ensures feasible commitment, 

reinforcement learning adapts real-time control, and decomposition manages inter-area 

coordination during regional heat events. 

Solution Methods and Computational Performance 
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The framework employs a layered hybrid solver: Benders decomposition breaks the stochastic 

problem into manageable subproblems; MILP solvers handle commitment and dispatch; 

evolutionary algorithms refine multi-objective trade-offs; and machine learning surrogates replace 

slow physics-based evaluations. Warm-starting from RL policies or predictive forecasts 

significantly reduces solution time. Empirical tests on large test systems and realistic heatwave 

scenarios show that hybrid approaches achieve 5–20× faster solution times than pure MILP while 

finding solutions within 1–3% of optimality gaps. They also demonstrate better handling of 

uncertainty and superior performance on equity and resilience metrics compared to single-method 

baselines. 

Case Studies and Empirical Insights 

Simulations of recent heatwave events reveal clear advantages. In systems with high renewable 

penetration, hybrid optimization with predictive DLR and adaptive DR reduced peak congestion 

and unserved energy more effectively than traditional methods. Multi-objective runs successfully 

balanced cost increases against substantial improvements in vulnerability-weighted reliability. 

Reinforcement learning components enabled rapid response to sudden temperature spikes, 

maintaining stability where static approaches failed. Overall, hybrid techniques consistently 

delivered more robust, equitable, and computationally tractable solutions under severe temperature 

stress. 

Challenges and Future Directions 

Challenges include ensuring stability and explainability of hybrid methods in safety-critical 

applications, integrating multi-energy networks (power-gas-heat), and scaling to continental grids 

with real-time requirements. Future research should focus on quantum-inspired hybrid solvers, 

fully autonomous multi-agent architectures, and standardized benchmarking for temperature-

stressed optimization. 

Policy Implications 

Regulators should encourage adoption of hybrid optimization through performance-based 

incentives for DLR and advanced energy management systems, mandate climate stress testing with 
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multi-objective metrics, and support development of open-source hybrid optimization toolkits for 

utilities. 

Conclusion 

Hybrid optimization techniques offer a powerful and practical solution for energy management in 

temperature-stressed power grids. By intelligently combining mathematical programming, 

decomposition, metaheuristics, and machine learning, these approaches deliver scalable, near-

optimal, and adaptive decisions that explicitly account for dynamic line ratings, temperature 

dependencies, and multiple competing objectives. As heatwaves become more frequent and 

severe, hybrid optimization will play a central role in building resilient, efficient, and equitable 

power systems capable of operating reliably under increasing thermal stress. 
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