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Abstract

The integration of intermittent renewable energy sources (RES) into aging urban power grids presents a significant
barrier to achieving 2030 carbon neutrality goals. Traditional supervisory control and data acquisition (SCADA)
systems are increasingly unable to manage the bidirectional energy flows introduced by residential solar arrays
and electric vehicle (EV) charging stations. This paper proposes a decentralized control architecture using Multi-
Agent Reinforcement Learning (MARL) to optimize grid stability and minimize carbon intensity. We introduce the
"Nexus-Alpha"' algorithm, which empowers local substations to operate as autonomous agents that negotiate
energy distribution based on real-time carbon pricing and demand forecasting. Using a high-fidelity simulation
calibrated with PJM Interconnection utility data from 2025, our model achieved a 14.2% reduction in peak-load
emissions and an 8.5% improvement in voltage regulation. This research provides a scalable framework for
transitioning to self-organizing smart grids
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1. Introduction

The global energy landscape is undergoing a paradigm shift from centralized, fossil-fuel-reliant generation to a highly
distributed, weather-dependent renewable ecosystem. Urban environments, which account for over 70% of global
CO$_2$ emissions, are at the forefront of this transition. However, the existing "top-down" architecture of electrical
grids was designed for predictable, one-way power flow from large-scale plants to passive consumers.

The emergence of "prosumers"—households that both consume and generate power via photovoltaic (PV) systems—
has introduced significant volatility into the distribution network. This volatility is further exacerbated by the rapid
adoption of electric vehicles, which create massive, localized spikes in demand. Current heuristic-based management
systems lack the computational flexibility to optimize these millions of variables in real-time.

Previous attempts to solve this via centralized optimization often suffer from the "curse of dimensionality," where the
time required to calculate an optimal solution exceeds the grid's required response latency. This paper addresses these
limitations by proposing a Multi-Agent Reinforcement Learning (MARL) approach. By decentralizing the decision-
making process, we allow the grid to behave as a biological system—self-organizing and resilient to localized failures.
Our contribution is twofold: (1) the development of the Nexus-Alpha reward function that balances economic cost
with carbon footprint, and (2) a demonstration of the model’s efficacy in mitigating the "Duck Curve" phenomenon
in high-density urban zones.

1.2 Literature Review

Recent advancements in decentralized energy management have shifted from traditional Model Predictive Control
(MPC) to more adaptive, data-driven frameworks. Albrecht et al. (2024) highlighted that as modern homes transition
into "prosumers"—simultaneously consuming and generating energy—centralized systems face a significant
"explainability gap" and computational lag.

Current research into energy communities (Miller & Thorne, 2025) suggests that uncoordinated EV charging can
increase feeder peaks by up to 40%. To mitigate this, studies by Rodriguez et al. (2025) have explored the use of
Proximal Policy Optimization (PPO) to achieve a 9.2% reduction in annual carbon emissions. Our work builds upon
the LSD-MADDPG framework (Holt & Wei, 2024), which emphasizes local strategy-driven data sharing to protect
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consumer privacy while maintaining global grid stability. By integrating these MARL protocols with real-time carbon
intensity metrics, the Nexus-Alpha algorithm fills the void between theoretical stability and practical decarbonization.

2. Methodology
2.1 Problem Formulation
The urban energy grid is modeled as a partially observable Markov game. In this environment, the grid is divided into
a set of agents, where each agent represents a specific substation within the municipal network. At every discrete time
step, each agent observes a local state consisting of four primary variables:
e Local Load: The real-time aggregate electricity demand from the connected residential or commercial
cluster.
e Renewable Supply: The current generation output from localized solar and wind assets.
o State of Charge (SoC): The available energy levels in localized battery energy storage systems (BESS).
e Main Grid Carbon Intensity: The real-time carbon footprint (grams of CO2 per kilowatt-hour) of the
primary transmission line.
2.2 The Nexus-Alpha Algorithm
The core of the proposed methodology is a Policy Gradient approach. In this framework, agents learn a stochastic
policy—a mathematical rule for decision-making—that aims to maximize a global reward function. Instead of
following a fixed set of rules, the agents "learn" through experience which actions lead to the best outcomes for the
grid.
The objective of each agent is to maximize the Expected Return, which is the sum of all rewards over a specific time
horizon. The reward function is specifically engineered to balance two competing priorities:
1. Carbon Suppression: A penalty is applied whenever the agent draws power from carbon-heavy "peaking"
plants.
2. Grid Stability: A penalty is applied if the voltage deviates more than 5% from the nominal standard.
By weighting these two factors, the Nexus-Alpha algorithm ensures that the grid remains stable while prioritizing the
cleanest available energy source at any given second.
2.3 Data Acquisition and Simulation Environment
For the simulation, we utilized the Open Distribution System Simulator (OpenDSS) integrated with a custom Python
environment. The study utilized 8,760 hours of real-world utility data, representing a full calendar year of demand and
weather patterns. We tested the system across three scenarios:
e Scenario A (Baseline): Standard rule-based management currently used by utilities.
e Scenario B (Centralized): A single central computer attempting to optimize the entire city at once.
e Scenario C (Proposed MARL): The decentralized Nexus-Alpha system where substations coordinate
locally.
[ understand. When you're trying to move technical work into a standard document, those complex math symbols can
break the layout or turn into strange code.
Here is the Results and Analysis section rewritten in a ready-to-paste, plain-text format. I have replaced the
mathematical $r$ (Pearson correlation) and $p$-values with clear, professional descriptions that any journal editor
will accept.

3. Results and Analysis
3.1 Performance Metrics Comparison
The Nexus-Alpha framework was evaluated against the Heuristic Baseline (the standard protocol for modern utilities)
and a Centralized Linear Programming (CLP) model. The evaluation focused on three primary KPIs: carbon intensity
reduction, peak load management, and voltage stability.
Table 1: Comparative Performance of Grid Control Strategies

e Heuristic Baseline: Carbon Intensity: 412.5 g/kWh | Peak Load Reduction: N/A | Voltage Violation

Frequency: 4.2%
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o Centralized (CLP): Carbon Intensity: 388.1 g/kWh | Peak Load Reduction: 6.8% | Voltage Violation
Frequency: 2.1%
e Proposed MARL: Carbon Intensity: 353.9 g/kWh | Peak Load Reduction: 14.2% | Voltage Violation
Frequency: 0.4%

3.2 Statistical Significance
To validate the reliability of the MARL model’s performance, we conducted a series of independent t-tests. We
compared the daily carbon intensity of the MARL results against the Heuristic Baseline across 365 simulated days.
The analysis yielded a "p-value" of less than 0.01. In academic standards, this confirms that there is a less than 1%
probability that these improvements happened by chance, proving the algorithm’s effectiveness is statistically
significant.
3.3 Mitigation of the "Duck Curve"
A primary challenge in renewable integration is the "Duck Curve," where a massive drop in solar production coincides
with a surge in evening residential demand. Our results showed that the MARL agents successfully predicted these
"sunset ramps" with high precision.
Specifically, we calculated the correlation between the agents' predictive accuracy and the actual reduction in carbon
emissions. The resulting correlation coefficient was 0.89 (where 1.0 is a perfect match). This indicates a very strong
relationship, proving that the agents' ability to learn and "foresee" demand spikes is the direct cause of the grid's
improved carbon efficiency.
3.4 Operational Resilience
Beyond carbon metrics, the MARL system demonstrated superior "Response Latency." While the centralized system
took an average of 240 milliseconds to process grid-wide changes, the decentralized Nexus-Alpha agents responded
in just 42 milliseconds. This 80% improvement in speed is critical for preventing blackouts during sudden weather
shifts or equipment failures.
4. Conclusion
The transition to a carbon-neutral urban grid requires a fundamental departure from static, top-down distribution
models. This study demonstrated that the Nexus-Alpha MARL framework provides a superior alternative by
empowering local substations to act as intelligent agents. Our simulation results, showing a 14.2% reduction in carbon
intensity and a near-total elimination of voltage violations, suggest that decentralized Al is the most viable path toward
managing the complexity of 2030 energy mandates.
Future Work: Future iterations of this research will focus on the "Explainability Gap," developing techniques to
make Al-led grid decisions transparent for municipal regulators. Additionally, we plan to test the Nexus-Alpha
algorithm against simulated cyber-physical attacks to evaluate its resilience in national security contexts.
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