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1. Introduction

Local Energy Communities offer direct benefits such as reduced energy bills and enhanced energy
independence, as well as indirect advantages like increased environmental awareness and social
cohesion. With technological advances and cost reductions in renewables and storage, numerous LECs
are emerging across Europe. However, the operational management of LECs faces significant
challenges, particularly concerning scalability, privacy, and real-time responsiveness. Centralized
optimization approaches, while yielding globally optimal solutions, suffer from high computational
burden and require extensive data sharing, raising privacy concerns. Decentralized or distributed
methods offer alternatives but often lack coordination for community-level objectives. Furthermore,
while various studies have explored energy trading, game theory, and blockchain for LEC
management, most focus on offline or day-ahead planning. Real-time, online management especially
incorporating Model Predictive Control and the provision of flexibility services to the grid remains
underexplored. This paper fills these gaps by proposing a hierarchical MPC-based energy management
framework that balances individual cost optimization with community-level sustainability, while
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enabling real-time flexibility provision. The key contributions include: (i) a two-stage hierarchical
MPC framework for LECs, (ii) a real-time flexibility quantification and provision mechanism.

2. Methodology

The proposed framework employs a two-stage hierarchical MPC-based energy management strategy for
Local Energy Communities comprising diverse building types (residential, office, healthcare) equipped
with photovoltaic generation and a Community Energy Storage (CES) system. The methodology
operates through two distinct optimization stages executed sequentially at each time step.

For residential buildings, additional constraints account for time-shiftable appliances (dishwashers,
washing machines). A ramping penalty term is incorporated to prevent abrupt HVAC switching. Each
BEMS operates autonomously, preserving user privacy while generating optimal power consumption
profiles. The Community Energy Management System receives the optimized profiles from all
BEMSs and coordinates them through CES operation. The objective maximizes LEC sustainability
measured by self-sufficiency (SS) and self-consumption (SC) indicators. CES dynamics include
charging/discharging efficiencies and capacity constraints, with binary variables preventing
simultaneous charge/discharge and power import/export. The optimization is subject to a critical
constraint ensuring community operational costs do not exceed the sum of individual optimal costs
from Stage 1.Real-time flexibility guantification employs an envelope-based approach, computing
upward/downward flexibility bounds for each building's HVAC system through quadratic optimization
problems while maintaining thermal comfort. Upon receiving grid aggregator requests, BEMSs
execute tracking optimizations to adjust consumption profiles accordingly. The entire framework
operates within a receding horizon MPC implementation, solving optimization problems repeatedly at
each sampling interval, enabling real-time responsiveness to forecast updates and grid requests while
maintaining computational scalability independent of community size.

3. Results

Simulation studies on a three-building LEC over weekly to yearly periods demonstrate the
effectiveness of the proposed hierarchical approach. The three building archetypes (residential, office,
healthcare) exhibited distinct thermal dynamics and HVAC consumption patterns consistent with their
occupancy profiles. Residential buildings showed cyclic high-low consumption patterns reflecting
occupancy schedules, office buildings demonstrated weekday activation with weekend shutdowns, and
healthcare facilities maintained continuously active but cost-optimized operations. All buildings
successfully maintained indoor temperatures within ASHRAE 55 comfort bounds throughout the
simulation periods. Yearly sustainability metrics reached 0.54 for self-sufficiency and 0.46 for self-
consumption, substantially contributing to LEC sustainability. The CES operated effectively by
charging during high PV production periods and discharging during peak demand hours, minimizing
grid exchange. The hierarchical approach demonstrated constant computation times independent of the
number of buildings (tested with 5, 10, 15, and 50 buildings), contrasting sharply with the centralized
approach whose computation time grew proportionally with building count. This scalability held for
both LP cases (without binary variables) and MILP cases (including time-shiftable appliances). The
parallel execution of BEMS optimizations in Stage 1 enables this independence, making the approach
suitable for large-scale practical deployments. Flexibility quantification successfully captured each
building's operational envelopes, representing technically feasible power consumption ranges under
comfort constraints. All BEMSs successfully tracked randomly requested flexibility profiles during
defined Flexibility Provision Periods (LFPPs) without significant deviations, demonstrating the
framework's capability for real-time ancillary service provision including load flexibility and CES
capacity sharing.

4. Conclusion

This paper has presented a novel two-stage hierarchical MPC-based energy management framework
for Local Energy Communities integrating diverse building types with Community Energy Storage
systems. The proposed approach successfully addresses critical challenges in LEC operation including
scalability, privacy preservation, and real-time responsiveness while enabling sustainability
enhancement and flexibility service provision to the grid aggregator. The hierarchical architecture
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effectively balances individual building cost optimization (Stage 1) with community-level
sustainability objectives measured by self-sufficiency and self-consumption metrics (Stage 2). This
decoupling preserves user privacy by maintaining autonomous BEMS operation while enabling
coordinated community benefits through CEMS supervision. A key innovation lies in the integration
of flexibility services through an envelope-based quantification mechanism, allowing buildings to
systematically determine their upward and downward flexibility bounds while respecting thermal
comfort constraints. The framework successfully demonstrated load flexibility provision and CES
capacity sharing services to the grid aggregator, contributing to improved grid stability and operational
support. Computationally, the hierarchical approach exhibits remarkable scalability with computation
times remaining constant regardless of community size, compared to the centralized counterpart
whose computational burden grows linearly with building countThe yearly sustainability metrics of
0.54 self-sufficiency and 0.46 self-consumption confirm substantial environmental benefits. The
framework's practical applicability is further validated through successful real-time tracking of
flexibility requests across diverse building types, showcasing robustness in operational performance.
Future work will address forecast uncertainties through stochastic programming approaches,
investigate optimal sizing of energy devices for enhanced sustainability, and validate the framework
through hardware-in-the-loop simulations for real-world deployment readiness. The proposed
methodology represents a significant step toward practical, scalable, and privacy-preserving LEC
implementation aligned with European Union energy community directives and sustainability goals.
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1. Local Energy Community (LEC)
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2. Heating, Ventilation, and Air Conditioning ( HVAC)
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4. Community Energy Management System( CEMS)
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