A data-driven framework for estimating energy flexibility in renewable energy
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Abstract

The massive penetration of renewabl e energy resourcesinto microgrids introduces significant fluctuations and
operational challenges, requiring accurate quantification of energy flexibility management. Conventiona
energy flexibility estimations often rely on parametric assumptions, depending on explicit resource modeling,
and fail in the case of multi-node microgrid systems under changing environmental conditions [1]. To
overcome these difficulties, this paper proposes a data-driven framework for accurate energy flexibility
estimation in renewable energy-rich microgrids. The proposed framework consists of two identical layers[2].
In the first layer, it integrates unsupervised clustering methods to classify historical energy consumption,
variable weather conditions, and grid network anomalies. In the second layer, a machine learning (ML)
regression map identifies nonlinear spatio-temporal relationships, which explicitly measures the energy
flexibility of various assets in the microgrid such as solar PV, wind energy, battery energy storage, and
automatically controlled loads [3]. This framework supports microgrids as an integrated data-driven resource,
estimating real -time energy capacity and timescal es without any internal device parameters [4]. The proposed
methods are validated by using empirical smart meter, ground meteorological, and grid constraint datasets
from amicrogrid in Bangladesh. The results illustrate that it effectively identifies energy flexibility patterns,
improves demand-side energy allocation, and provides accurate flexibility estimation. The proposed
framework offers highly salary and robust tools for predictive demand management for smart microgrids and
community-based energy systems.

Keywords: data-driven framework, energy flexibility estimation, microgrids energy management, renewable
integration, machine learning.

Acknowledgements:

Thiswork is partially funded by national funds through FCT — Fundac&o para a Ciéncia e Tecnologia, I.P., in
the framework of the UID/06107/2025 — Centro de Investigagdo em Ciénciae Tecnologiaparao SistemaTerra
e Energia (CREATE), DOI https://doi.org/10.54499/U1D/06107/2025.

References:

[1] Habibnia, S, Fargji, M., Alizadeh, M., Zadeh, M. M., Caire, R., Gharehpetian, G., & Guerrero, J., Data-
driven solutions for microgrids energy management systems: A state-of-the-art survey on current trends and
future directions, Renewable and Sustainable Energy Reviews, 228, 2025, pp. 116592.

[2] Sun, X., Hui, W., Dong, X., Li, X., & Nahani, S. S., Evaluating the reliability of microgrids consisting of
renewable energy sources using stochastic scheduling based on the data-driven uncertainty set, Engineering
Applications of Artificia Intelligence, 133, 2024, pp. 108250.

[3] Wang, C,, Liu, C., Yang, P, Li, J, & Zhang, G., Data -driven flexibility evaluation methodology for
community integrated energy system in uncertain environments, Electric Power Systems Research, 231, 2024,
pp. 110347.

[4] Li, H., & Hong, T., On data-driven energy flexibility quantification: A framework and case study, Energy
and Buildings, 296, 2023, pp. 113381.

164



