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Executive Summary

The grid is shifting from centralized control to a distributed and renewables-led model. Edge
Al-driven distributed energy storage management ("Edge Al") provides:

e Faster decision making, stronger cybersecurity, and tighter integration of distributed
energy resources
Covers batteries, solar, wind, electric vehicles, and flexible loads

Grid balancing in real time including virtual power plants (VPPSs) orchestration

Improved reliability and economics

Progress toward decarbonization goals

1. Market context and trends

e DER and VPP momentum: Al-enabled aggregation supports demand flexibility and
market participation. US VPP capacity could reach 80-160 GW by 2030, with large-scale
residential and thermostat-led programs. For example, in Texas, partnerships are building 1
GW-class Al-powered VPPs [OEF 2025, p. 40; Energy & Climate 2025, p. 50].

e From legacy to intelligent infrastructure: Utilities report siloed data, limited OT/IT
integration, and manual workflows. Al can modernize data and technology stacks to support
real-time operations at the grid edge [Al in Utilities 2024, pp. 4, 7].

e Edge Al and digital twins: Edge processing reduces latency and bandwidth dependency.
Digital twins speed up planning, fault analysis, testing, and optimization for storage, renewable
plants, and networks [Al-for-Energy 2024, pp. 27, 43; Digital Twins 2024, pp. 177127,
177137-177138; Deep Learning/SG 2024, p. 21].

e Policy and governance: For example, FERC Order 2222 expands DER/VPP market
access. In addition, other governmental bodies push for stricter requirements for cybersecurity,
privacy, and human oversight in critical grid applications [DOE 2024, p. 21; OEF 2025, pp. 3, 43;
DOE 2024, p. 9].

@ Storage and security innovation: The trend is toward solid-state batteries and
supercapacitors. Blockchain and zero-trust patterns improve secure transactions and identity
across microgrids and DER systems [Smart Grid Optimization 2024, p. 5; Smart Charging/EV
2024, p. 9].
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2. Technical challenges

1) Intermittent and bidirectional flows: Varying renewable output and DER proliferation require
adaptive, real-time control and coordination. [OEF 2025, p. 3; DOE 2024, p. 21].

2) Latency and scalability: Distributed, high-velocity data stress centralized analytics. "Edge Al"
reduces round trips and enables sub-second response at the feeder and device levels [Al in
Utilities 2024, p. 4; Deep Learning/SG 2024, p. 21].

3) Cost and asset health: Unplanned outages and reactive maintenance inflate O&M; predictive
analytics cut downtime and extend life [[JEMT 2025, p. 15].

4) Cybersecurity and privacy: Expanded attack surfaces need multi-layer defenses, anomaly
detection, identity enforcement, and compliance with CIP and data protection regimes [DOE 2024,
p. 9; IJEMT 2025, p. 225].

5) Data quality and interoperability: Siloed structures, inconsistent schemas, and legacy protocols
impede model performance and scale [Intelligent Energy 2025, p. 34].

6) Regulatory alignment and explainability: Human-in-the-loop workflows, transparent model
behavior, and auditable controls are important for trust and regulatory approval [Al-for-Energy
2024, p. 27; OEF 2025, p. 3].

3. Solution architecture

Distributed control at the edge - Sub-second coordination of charge/discharge,
frequency/voltage support, and local fault response on controllers at substations and
behind-the-meter devices [Deep Learning/SG 2024, p. 21; Al-for-Energy 2024, p. 43].

Predictive maintenance and fault detection - Model-driven condition monitoring and anomaly
detection for batteries, inverters, and transformers, reducing O&M by double digits in mature
deployments [IJEMT 2025, p. 15; Digital Twins 2024, pp. 177127, 177137].

Digital twins and surrogate models - Planning and operations twins for storage fleets, feeders,
and plants enable scenario testing, accelerated R&D, and emergency control playbooks [Al-for-En
ergy 2024, pp. 27, 43].

VPP orchestration and market participation - Aggregate heterogeneous DERs (BESS, EVs,
thermostats) for grid services; optimize bids via risk-aware strategies that account for
end-customer behavior and physics-informed constraints [OEF 2025, pp. 40, 43].
Secure-by-design data plane - Identity-first architecture, encrypted telemetry, and edge-based
anomaly detection; optional blockchain for settlement transparency in local markets [IJEMT 2025,
p. 225; Smart Grid Optimization 2024, p. 5].

Forecasting and optimization services - Demand, generation, and price forecasting; dynamic
setpoint optimization; automated dispatch for congestion management and peak shaving [Al in
Utilities 2024, pp. 8-11; DOE 2024, p. 21].
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Interoperable, modular platform - Works across legacy SCADA/ADMS, DERMS, cloud, and
edge stacks; supports heterogeneous hardware (ARM/Intel/GPUs) and standardized interfaces for
field devices [Barbara Edge 2024, p. 2].

Governance and compliance - Built-in logging, model explainability, approvals, and audit trails
aligned to NERC CIP, GDPR, FERC Order 2222, and EU Al Act requirements [DOE 2024, p. 9;
OEF 2025, pp. 3, 43].

4. Priority use cases and expected impact

Distribution-level flexibility and congestion relief - Real-time DER flexibility estimation and
dispatch reduce overvoltage and thermal constraints; increases PV hosting capacity [NREL
DERMS 2025, p. 3].

Frequency and voltage support - Coordinated inverter and storage controls provide fast
regulation and local voltage control, stabilizing renewables-rich feeders [Al-for-Energy 2024, pp.
39, 43].

Peak shaving and demand response - Automated, price- and constraint-aware scheduling
lowers peaks and energy costs while honoring customer preferences [Al in Utilities 2024, pp. 8-9;
OEF 2025, p. 43].

Predictive maintenance for storage fleets - Early fault detection and life-cycle optimization
improve availability and extend asset life [[JEMT 2025, p. 15; Digital Twins 2024, p. 177138].
VPP market operations - Aggregations enhance reliability and margins; recent programs
demonstrate GW-scale orchestration in the US and rapid growth in the EU [Energy & Climate
2025, p. 50; OEF 2025, p. 40].

System-level outcomes - A Denmark Al-managed grid recorded 25% improvement in distribution
efficiency--an indicator of what scaled, data-driven operations can deliver [IJEMT 2025, p. 220].

5. Implementation roadmap

1) Foundations (0-6 months)

e Data governance and standardization; architecture for cloud/edge/legacy integration;
initial device onboarding and telemetry normalization [Intelligent Energy 2025, p. 34].

2) Pilot and validate (6-12 months)

e Targeted feeders or campuses; deploy edge controllers and twins; validate safety cases,
human-in-the-loop workflows, and compliance.

3) Scale to programs (12-24 months)

e Expand to multi-feeder VPPs; integrate market operations; refine models with MLOps and
continuous learning; track ROI (12-24 months typical for maintenance and forecasting use cases) [
Al in Utilities 2024, p. 5].
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4) Enterprise embed (24+ months)

® Integrate KPIs for resilience, uptime, compliance, and decarbonization; roll out across
service territories and partner ecosystems [Intelligent Energy 2025, p. 25].

6. Risk and governance

Cybersecurity and privacy - Defense-in-depth, edge anomaly detection, zero-trust identities,
encryption at rest/in transit, red-teaming, and incident playbooks [DOE 2024, p. 9; IJEMT 2025, p.
225].

Model risk management - Validation in digital twins, physics-informed constraints, explainability,
monitoring, and drift management [Al-for-Energy 2024, p. 27; OEF 2025, p. 43].

Regulatory alighment - FERC 2222 patrticipation models, GDPR-compliant data handling, NERC
CIP controls, and EU high-risk Al governance where applicable [DOE 2024, p. 21; OEF 2025, p. 3]

Program economics - Phased investment, incentives, and partnerships (public-private, OEMs,
aggregators) to manage upfront costs and accelerate adoption [France MaaS 2024-2033, p. 2;
WEF 2025, pp. 5, 21].

7. Conclusion

Edge Al-driven distributed energy storage management is a practical path to higher reliability,
lower operating costs, and faster renewable integration. With interoperable architecture, secure
edge intelligence, and explainable governance, utilities and developers can orchestrate DERs at
scale, unlock VPP value, and meet regulatory and sustainability goals across the United States
and the EU.
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