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1 Introduction 
This thesis introduces a profound methodology that seamlessly integrates diverse 
domains of expertise, including Electrical Engineering, Computer Science, Software 
Engineering, Data Engineering, Energy Engineering, and Mechatronics. This approach 
lays the groundwork for advancing sustainable energy solutions, focusing on enabling 
the transition to a carbon-neutral future. It leverages the transformative pillars of 
digitalization, decentralization, and decarbonization to drive noteworthy progress in how 
battery systems are designed and optimized through Artificial Intelligence (AI). 

A succinct overview of the three core pillars is provided below, with a more in-depth 
explanation to follow in the subsequent chapters: 

1. Digitalization is achieved through the implementation of ingenious algorithms 
and sophisticated tools within coding and programming environments. 

2. Decentralization is realized by seamlessly integrating diverse fields of 
knowledge to unlock the synergistic potential between battery technologies 
and AI. 

3. Decarbonization is driven by a commitment to sustainability and collaborative 
efforts toward advancing the energy transition. 

As such, the methodology presented serves as a strategic blueprint for future 
generations of engineers and scientists, empowering them with the tools and knowledge 
to develop scalable, efficient, and environmentally friendly technologies that align with 
global sustainability goals. Through its holistic perspective, this thesis opens new avenues 
for interdisciplinary collaboration, fostering innovation in pivotal areas to address the 
urgent challenges of climate change and energy transition. 

1.1 Motivation  
In the fast-paced energy industry landscape, the path to achieving the energy transition 
is a challenging task that encompasses different topics in the field of science and 
technology around the world. 

With continuous advances in AI, developing and implementing a methodology in a 
Battery Energy Storage System (BESS) is a crucial step to promote sustainability and 
mitigate climate change. However, a significant lack of transparency appears during 
algorithm design, model resource management, and interpretability, revealing specific 
limitations in the reliability, adaptability, and robustness of the different methods 
proposed both in industry and academia. 

A BESS plays a vital role in ensuring the appropriate deployment of electric vehicles 
and engineering technologies for the clean energy transition [1]. It encourages talented 
professionals to develop, implement, and evaluate innovative strategies that deliver 
foundational framing and optimal solutions [2]. This approach highlights the BESS as an 
emerging technology within the realm of electric mobility, adeptly navigating various 
challenges and seizing opportunities tied to AI-driven advancements in battery 
management, such as smart power electronics, vehicular information, cloud computing, 
green mobility, and wireless power transfer [3]. In addition, energy density, fast charging, 
and safety issues are identified as the core issues of the operational performance of a 
BESS [3]–[5], along with real-time state prediction based on the practical dataset [4],[6].  

While data and energy-sharing insights are advancing through real-time status 
prediction, health diagnosis, and charging control [3],[7]. There is a notable gap in 
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research and industrial fields when engineering perspectives are oriented towards 
computational and AI applications, specifically related to management for efficient 
market development. 

Various strategies have been put forward to establish an optimal energy mechanism 
from an engineering perspective. Yet, there emerges a compelling necessity to extend 
the focus beyond mere physical entities to encompass virtual ones as well, ensuring 
alignment with user criteria and demands, chemical composition, physical properties, 
and diverse operational scenarios.  

Considering the challenges and emerging opportunities associated with a BESS on 
the journey toward energy transition, the author has harnessed his expertise, 
capabilities, and visionary drive to integrate diverse fields of knowledge seamlessly. 
This convergence propels the rapid advancement of sustainable storage solutions. 
It unveils a groundbreaking methodology that explores the synergistic potential between 
AI and battery technologies, sparking a catalyst for a transformative and sustainable 
revolution. 

This thesis presents a dynamic and strategic vision for the energy sector, highlighting 
how advancements in energy storage sector are exceeding expectations not only in 
Estonia but throughout the European Union. Regarding the broader implications for the 
energy storage sector, this modest contribution serves as a catalyst for promoting ties of 
collaboration among various private entities. The aim is to establish a foundation for 
impactful agreements across multiple domains, including energy storage systems, 
sustainability, model versing, AI and interpretability, model resource management 
techniques, and high-performance modelling. In addition, the proposed methodology 
fulfills the strategic vision of the European Union to achieve the sustainable objectives of 
2030 because specialists in the energy field must respond effectively to any eventuality. 

1.2 Digital Twin (DT) and current challenges 
Digital Twin (DT) is a trending technology that integrates physical and virtual entities to 
enhance the design, construction, and operation of complex systems. For the scope of 
this thesis, a DT is defined as a dynamic virtual representation of a physical system, 
perpetually updated with real-time data. Unlike traditional models, which are often static 
and limited to simulation, a DT evolves in parallel with its physical counterpart 
throughout its lifecycle, facilitating continuous monitoring, analytics, and optimization.   

From the energy perspective discussed in [I] and [II], the implementation of a DT based 
on a BESS is a beneficial asset in terms of safety, efficiency, and reliability, whose 
functionalities work in parallel with the real-time operation and engineering mechanisms, 
as outlined in the literature review.  

Due to the implementation of DT, operational challenges arise in terms of real-time 
data and virtual modelling, the foundations of which are encompassed in Data Mining. 
Classification, outlier analysis, clustering, and association pattern mining are the four 
“super problems” of Data Mining, as reflected in [IV]. Therefore, the distinctive methods 
employed in this methodology enable better decision-making, more optimal predictive 
capacity, and greater operational efficiency. 

Considering the initial contributions of [III], monitoring health and charge indicators 
play a crucial role in BESS performance, which enhances predictive maintenance and 
diagnostics, specifically regarding the State of Charge (SOC) and State of Health (SOH) as 
target variables in battery modelling. 
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 Based on the literature study, the latest trends in the field are the combination of 
different AI methods and battery models for improvement of the algorithm design to 
achieve energy transition [8]–[11], therefore it is important to consider current challenges 
when designing the present methodology: 

1. Combination of different AI methods and battery models: Implementing Data-Driven 
approaches, AI methods, and battery models that consider not only an engineering 
perspective but also a computational point of view, all to provide a trustworthy 
understanding across both physical and virtual entities. 

2. Improvement and interpretability of algorithm design: Accurate, adaptable, and 
reliable algorithm design based on user criteria, operating data, experimental 
conditions, and BESS properties. 

3. Energy transition and engineering technologies: Development of periodic strategies 
that address the management, manufacturing, and application of battery 
technologies, all to obtain optimal performance and deploy future technologies in 
the energy field. 

1.3 Objective of the thesis and hypotheses 
The objective of this thesis is to strengthen the methodological and technological 
capabilities of both industrial and academic sectors in developing resilient virtual and 
physical models of a BESS. These systems aim to mitigate the impacts of climate change 
that threaten sustainable stability, renewable energy sources, and the overall energy 
integrity of the European Union.   

To overcome the current challenges and to ensure optimal effectiveness, robustness, 
adaptability, and reliability, the following hypotheses, in which existing methodologies 
and algorithmic designs from both AI and energy domains are considered: 

• Battery tests have been meticulously conducted to assess the operational efficacy 
of each component involved in the experiments. This ongoing scrutiny is essential, 
as research lacking thorough validation risks promoting inaccurate and unreliable 
theories. 

• Both the physical and virtual entities of an energy storage system are affected by 
different operational problems. In physical entity, degradation plays the most 
relevant role, so under the End-of-Life (EOL) criteria, the internal performance of the 
BESS has been affected. Similarly, virtual entity presents a challenging topic due to 
real-time modelling, with its infrastructure heavily influenced by concept drift and 
data drift. To monitor and address these issues, in this thesis, a methodology that 
covers different branches of knowledge is created. 

• Application Programming Interfaces (APIs) and Relational Databases (RDBs) have 
been implemented to enhance coding optimization, manage larger volumes of data, 
and improve the accuracy of measurements. This approach is essential because,  
in the future, issues may arise related to Centric Requirements (CRs), such as state 
estimation, Remaining Useful Lifetime (RUL), or charging management. In such cases, 
immediate corrective actions must be taken. If the energy storage system is not 
properly adapted to operational demands, it can lead to additional complications. 
These complications may exploit existing performance limitations, ultimately affecting 
the efficiency and reliability of the entire system. 
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1.4 Scientific contributions 

1.4.1 Scientific novelty 
• In Data Mining, four “super problems” are tackled: classification, outlier analysis, 

clustering, and association pattern mining. The methodology addressed three of  
the four super problems, which are classification, outlier analysis, and clustering. 
Considering an energy framework, this significant contribution leads to the 
improvement of Exploratory Data Analysis (EDA) by explaining the foundations of 
the algorithm design. 

• In terms of stability, effectiveness, and interpretability, the methodology encourages 
the deployment through Machine Learning Operations (MLOps) for potential 
applications in the industry. The algorithm design of different Neural Networks (NNs) 
is improved through Bayesian optimization, which stochastically generates network 
architectures. This novelty motivates future generations to explore stochastic 
applications in the energy sector for both industry and academia. 

• The Encoder-only Transformer has been proposed. It is coded and customized from 
scratch, providing superior performance in state estimation with errors lower than 
0.40%.  In the algorithm design, the virtual and physical entities have been explained 
in detail to meet user criteria and needs by unifying the Computer Science and 
Electrical Engineering sectors. This allows the user to understand, customize, 
perform scientific computing, and reduce the complexity in model interpretability. 

• Regression algorithms, binary classifiers, and NNs are proposed within the framework 
of Machine Learning (ML) and Deep Learning (DL). Compared to existing scientific 
literature and prior research, this thesis offers a significant contribution by establishing 
the relationship between network hyperparameters, operating conditions, and BESS 
applications. Thus, it yields valuable outcomes in both scientific and technological 
contexts.  In addition, it represents a pioneering testament that explains algorithm 
design from scratch to an advanced level. 

• The Kolmogorov-Arnold Network (KAN) has been proposed as an alternative to 
traditional NNs. It has demonstrated superior performance, achieving errors below 
1.60% in the Model Performance Analysis, outperforming even the most accurate 
NN categories, and whose tremendous contributions go beyond expectations. 

1.4.2 Practical novelty 
• The proposed Data Mining algorithms are profitable in the Data processing step, 

specifically in the EDA to identify outliers and provide anomaly detection in different 
operational phases of a BESS. Segregation of explanatory variables is achieved by 
considering Feature Importance, Feature Ranking, and Mutual Information as 
benchmark signals that improves the algorithm design based on needs and user 
criteria.  

• For analysis in the RUL and EOL criteria, the Data Science techniques are enriching 
novelties to extend physics behavior through both Supervised and Unsupervised 
Learning in the various stages of a BESS life. 

• Artificial Neural Networks (ANNs), Convolutional Neural Networks (CNNs), Recurrent 
Neural Networks (RNNs), Transformers, and KANs are coded, validated, and evaluated. 
Considering computational sources and working mechanisms, users have the 
advantage of selecting the most optimal NN categories that fulfill their specific 
demands. 
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• The Encoder-only Transformer is used to investigate charge diagnostics and is a 
promising novelty in the Time Series analysis for industrial applications. 

• KAN is evaluated for RUL, state estimation, and charging management, whose 
programming configuration, mathematical properties, and network architecture can 
be further explored in the energy industry due to its exceptional performance metrics. 

1.4.3 Applied novelties of emerging algorithms 
Moreover, this research can help implement avant-garde algorithms in the industry, 
which can be considered visionary in Software Engineering, Electrical Engineering, Energy 
Engineering, Data Engineering, Mechatronics, and Computer Science. 

• A Hybrid model that implements Unsupervised and Supervised techniques in the 
Data Science techniques provides the foundations to generate meaningful insights 
into health and charge indicators through ML and ECM approaches. In the proposed 
Regression algorithms and Binary Classifiers, all ML methods are designed and 
executed under the foundations of Ensemble Learning for multitasking purposes.  
In most of the literature, these algorithms are addressed for individual or separate 
tasks, therefore limiting the performance and increasing the computational cost. 
On the other hand, in the proposed methodology, all algorithms are automatically 
considered while calculating the assessment of a BESS. 

• The proposed methodology can be used for advanced algorithm design in state 
estimation, charging management, and RUL applications. 

• Because of the prominent level of adaptability, the algorithm design has the 
potential to be deployed in different APIs, RDBs, and programming languages. 

• As the algorithm design has virtual and physical entities, once the physical entity is 
coded and defined based on BESS properties, the virtual entity has the potential to 
be customized by several functions and classes in a programming environment. 

• The compatibility of the algorithm design within the DL frameworks makes it feasible 
to utilize Keras, PyTorch, and TensorFlow, depending on the user case, project 
requirements, computational cost, and available resources. 

• It is of utmost importance to select the appropriate NNs according to application 
type. It has been scientifically proven that specific NN architectures provide higher 
performance in the Model evaluation based on different Centric Requirements 
(CRs). 

• The proposed Transformer and its innovative multi-head self-attention (MHSA) 
mechanism based on Encoder-only, represents a testament to developing, 
validating, and evaluating contemporary architectures such as Decoder-only and 
Encoder-Decoder. 

• The tremendous performance of the KANs for all CRs is an unprecedented pinnacle 
in the AI and energy sectors, which encourages future generations to explore the 
algorithm design of different energy technologies. 
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2 Data Science techniques in battery applications 
This chapter discusses the initial technological tools for developing the methodology and 
the framework, all to familiarize and provide a solid explanation of the scientific advances 
and their impact on later chapters. 

It is essential to highlight that the implementation, validation, and evaluation of the 
algorithms proposed in the methodology are designed in a programming environment. 
The list of publications, beginning with [IV] and progressing to the more advanced concepts 
in [IX], offers the foundational and advanced information necessary for understanding 
these processes. 

The structure of this chapter is divided into three sections. The first section explains 
the coding tasks, emphasizing the basis from an Electrical Engineering, Energy Engineering, 
and Mechatronics perspective. The second section illustrates the implemented APIs and 
RDBs, highlighting their impact and contributions to the thesis. In the third section, 
a summary of the chapter is provided. 

2.1 Battery modelling 
Considering the degree of physical interpretation explained in [I] and [II], battery models 
are categorized into three main categories: (1) the grey box model, (2) the white 
box model, and (3) the black box model. The grey box refers to either the  
Pure-Electrochemical or Electrochemical model; the white box contemplates the 
Equivalent Circuit Model (ECM) approach, and the black box model considers the 
Mathematical Model, which also implements AI methods. 

Regarding the physical system, it is essential to consider the categories of a BESS, as 
they highlight the mechanisms and chemical properties. Nickel-cadmium, Lead-acid, 
Lithium-ion, and Nickel-metal hydride are the most relevant types due to their raw 
material availability [12]–[14], cycle life [15,16], abundance [17,18], and reliable 
performance under various usage conditions [19]–[21]. Due to their high energy density, 
longer life cycle, and fast charging, Lithium-ion batteries provide better advantages 
compared to the other categories [22,23], being selected as the focus of this thesis and 
whose different parameters are explained in detail from [IV] to [VIII]. 

In this methodology, the electrochemical model, ECM, and the mathematical model 
are explained in the initial section, providing a framework for the following subsections. 
These subsections describe a summary of their corresponding advantages and drawbacks 
and introduce the design of hybrid models. 

2.1.1 Electrochemical model 
Electrochemical models explain the behavior of chemical reactions in the BESS 
components [24]–[26], such as cathode, anode, electrolyte, and Solid-Electrolyte 
Interphase (SEI), which are described from a molecular point of view and require 
microscopic experimental conditions [27,28]. Among all, the main electrochemical models 
of a BESS are: (1) Base Models, (2) Lithium-ion models, and (3) Lead acid models [17]. 

In a programming environment, the design, customization, and implementation of 
Electrochemical models refer to the solution of both ordinary differential equations and 
partial differential equations, therefore, an elevated level of computational resources is 
required. 
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Python Battery Mathematical Modelling (PyBaMM) is an open-source library developed 
in 2020 [29,30], which enables users to simulate physical behavior under various conditions, 
evaluating battery performance and relevant energy storage applications [31,32]. 

According to [I], the most relevant advantages of using electrochemical models are 
summarized as follows: 

• High accuracy compared to other battery modelling. 
• Equations reflect the internal mechanism of a BESS, and chemical properties 

highlight the energy framework. 
• Provide a reliable and elevated level of adaptability that efficiently monitors the 

physical entity of a BESS. 

2.1.2 Equivalent Circuit Model (ECM) 
The Equivalent Circuit Model (ECM) is a helpful approach to determining the engineering 
framework of the various variables in battery modelling, providing a solid understanding 
of the predictors during the initial stages of the methodology. However, complex 
experimental procedures, a lack of virtual interpretability, lower accuracy compared to 
electrochemical and mathematical models, and the expense of equipment highlight the 
opportunity to consider different alternatives to overcome these challenges. 

The ECM is composed of engineering parameters such as the voltage across the SEI 
∆𝑣𝑣𝑡𝑡(𝑡𝑡), SOC, voltage source 𝑉𝑉𝑜𝑜𝑜𝑜 , and the cell voltage output 𝑣𝑣𝑏𝑏(𝑡𝑡). The mathematical 
equation that reflects the voltage source and SOC is given as follows and explained in [V]: 

 

𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑆𝑆0 + 1
𝑞𝑞 ∫ 𝑖𝑖𝑏𝑏(𝑡𝑡) − 𝑉𝑉𝑜𝑜𝑜𝑜�𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡)�

𝑅𝑅𝑑𝑑
𝑑𝑑𝑡𝑡,𝑡𝑡

0  (1) 
 

As described in [V], the input variables correspond to the self-discharge resistor 𝑅𝑅𝑑𝑑, 
the initial SOC is expressed as 𝑆𝑆𝑆𝑆𝑆𝑆0, the applied current refers to 𝑖𝑖𝑏𝑏, and the capacity of 
the battery is the variable q. 

Regarding the voltage across the SEI ∆𝑣𝑣𝑡𝑡(𝑡𝑡), it is represented by the double layer 
capacitance 𝑆𝑆𝑡𝑡, and the resistance of the layer charge transfer 𝑅𝑅𝑡𝑡. The ∆𝑣𝑣𝑡𝑡(𝑡𝑡) is 
mathematically calculated by equation (2) [V]: 

 

  ∆𝑣𝑣𝑡𝑡(𝑡𝑡) = 1
𝑆𝑆𝑡𝑡
∫ 𝑖𝑖𝑏𝑏(𝑡𝑡) − ∆𝑣𝑣𝑡𝑡(𝑡𝑡)

𝑅𝑅𝑡𝑡
𝑑𝑑𝑡𝑡,𝑡𝑡

0   (2) 
 

The cell voltage output 𝑣𝑣𝑏𝑏(𝑡𝑡) is obtained by summing the voltage across the SEI, 
voltage source, and the voltage drop due to internal resistance 𝑅𝑅𝑠𝑠, calculated by equation 
3 [V]: 

 

       𝑣𝑣𝑏𝑏(𝑡𝑡) =  ∆𝑣𝑣𝑡𝑡 + 𝑉𝑉𝑜𝑜𝑜𝑜�𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡)� + 𝑖𝑖𝑏𝑏(𝑡𝑡) ∗ 𝑅𝑅𝑠𝑠,  (3) 
 

For this research, two types of ECM are illustrated: first order in [V], and second order 
for [VIII] and [IX], respectively.  Due to its simplicity and viable implementation, the ECM 
has been coded from scratch, using Python programming language to complement the 
Data Mining techniques and support the results of meaningful processes such as Feature 
Engineering, Feature Selection, and Variance Inflation Factor (VIF). 

The most relevant contributions to using an ECM are summarized as follows: 

• Straightforward understanding and helpful approach to generate explanatory 
variables in the Data processing step. 
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• Computationally fast and efficient. 
• Provide an engineering framework to explain the physical entity of a BESS. 

2.1.3 Mathematical model 
The Mathematical model is based on both mathematical and physics-based equations 
that describe the behavior of the BESS within the framework of analytical or stochastic 
techniques [I]. 

Although the physical entity is not fully reflected, mathematical models are a more 
suitable and appropriate option than electrochemical models or ECM due to their 
elevated level of stability and accuracy in terms of Validation and Model Performance 
Analysis, providing a high level of virtual interpretability. 

For the purposes of this thesis, mathematical models are employed to support the 
successful design of algorithms. Such modeling serves as the foundation for AI methods, 
whose mechanisms are based on statistical arbitrage theory. The resulting methods use 
stochastic algorithms and are applied to BESS datasets to generate advanced energy 
solutions. 

Although the operation of a BESS and its chemical properties present limitations in 
terms of user criteria and industrial applications, the significant contributions of 
mathematical models surpass expectations and can be summarized as follows: 

• Prominent adaptability compared to Electrochemical and ECM models. 
• Provide a solid and clear interpretability of the virtual entity in a BESS. 
• Reduce the complexity of physical understanding through analytical or stochastic 

methods. 

2.1.4 Hybrid model 
The hybrid model integrates a diverse array of specialized sub-models, each tailored to 
address multiple tasks simultaneously. Its architecture is primarily structured around the 
functional demands of BESS applications, while also adapting dynamically to user criteria 
and operational priorities. By combining the strengths of distinct modeling approaches, 
this hybrid framework enhances flexibility, scalability, and performance, ensuring that 
complex energy management challenges are met with precision and efficiency. 

It is fundamental to point out that, due to the operation and nature of the datasets,  
a varying number of models, ranging from a few to many, are implemented to deliver 
best results in the Model Performance Analysis. These models are customized to meet 
specific needs of the project, tasks, or requirements. 

In this thesis, the hybrid model is executed to conduct different steps and tasks that 
will be discussed and explained in the next chapters, obtaining tremendous performance 
metrics that satisfy the needs with more than 97% in several regression and classification 
approaches. The promising outcomes obtained with the algorithm design and methodology 
are presented below: 

• Physical and virtual interpretability, which is validated and explained through 
experimental procedures and programming tools. 

• Tremendous performance in terms of error rate, complemented by technological 
approaches and scientific branches of knowledge. 

• Outstanding reliability and robustness for different BESS applications. 
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2.2 Application Programming Interfaces (APIs) and Relational Databases 
(RDBs) 
This section explains the executed APIs, which are TensorFlow, Keras, and PyTorch, 
to familiarize their importance and impact on the methodology. The reader is encouraged 
to refer to [VII], which provides the foundations of the APIs in the TensorFlow and Keras 
framework, then discuss more sophisticated algorithm design in [VIII], and finally refer 
to [IX] for the complete incorporation of PyTorch. At the end of this section, the use of 
APIs is proposed in conjunction with RDBs to promote faster processing in terms of data 
management and storage. 

2.2.1 TensorFlow 
TensorFlow is a comprehensive API designed for ML and DL frameworks, which supports 
static and dynamic computational graphs [33]–[35]. In terms of model building, 
TensorFlow provides many toolkits and libraries for the construction and deployment 
of NNs. In addition, its computational usage offers efficient computation to different 
processors, such as CPU, GPU, and TPU [36]–[38]. 

Regarding the energy context, the use of TensorFlow promotes the adaptability and 
scalability of the implemented algorithms considering industrial and research needs, all 
due to the extensive ecosystem for model training, serving, deployment, and integration 
with other platforms. Examples of the ecosystems and rich set of tools include 
TensorFlow Hub [39]–[41], TensorFlow Extended (TFX) [42,43], and TensorFlow Lite 
[44,45]. 

For this research, TensorFlow Hub and TFX are the selected ecosystems, the first to 
encourage the Fine-tuning, discovery, and consumption of reusable DL models, while the 
second to provide the highest level of monitoring during Training, Validation, and Model 
evaluation. Execution of TensorFlow has demonstrated a significant reliability exceedingly 
more than 95% of accuracy for several algorithms based on the results in [VII], [VIII], and 
[IX]. 

2.2.2 Keras 
Keras is a high-level API designed in 2015 to build NN architectures, which has been 
integrated into TensorFlow since 2017 through the “tf.keras” module. Regarding model 
building, Keras shows flexibility with backends like the Microsoft Computational Network 
Toolkit (CNTK) [46], Theano [47], and TensorFlow [48,49], which allow switching 
frameworks if needed during the programming environment [50,51]. 

In the energy domain, Keras execution enables rapid feature customization based on 
its high-level design and modularity principle, thus fast network architecture and 
efficient coding characterization concerning physical experiments make it a concise API 
for beginners and experienced users. Examples of the straightforward and user-friendly 
Keras contributions in this methodology include the simplicity in algorithm design of DL 
algorithms from scratch [52,53], accelerating the development cycle in a BESS, and 
allowing quick prototyping and experimentation. 

In this research, Keras is used to select pre-trained models that will serve as a basis for 
different BESS applications. In addition, due to its adaptability in the TensorFlow API 
[54,55], rapid experimentation is encouraged in the selected network architectures by 
implementing Fine-tuning techniques and achieving scalable hyperparameter optimization 
[56,57]. It has been scientifically demonstrated through the current methodology and 
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outstanding results obtained from [VII] to [IX] that the incorporation of AI methods using 
TensorFlow and Keras improves the network architecture and saves computational 
sources with errors less than 3%. 

2.2.3 PyTorch 
PyTorch is an API based on the foundations of the dynamic computational graph [58]–[60], 
providing a DL framework that offers flexibility, simplicity, and efficiency. When it comes 
to model development, PyTorch offers faster debugging capabilities compared to 
TensorFlow and Keras APIs. Its Pythonic nature also makes it more intuitive and 
user-friendly for Python developers and researchers working in a programming 
environment [61,62]. 

Regarding the energy context, PyTorch promotes not only the use of dynamic graph 
computing but also a learning curve that appeals to both beginners and experienced 
users, all due to easier debugging and prototyping since the structure is defined at runtime, 
not beforehand. Examples of PyTorch’s contributions to this methodology include fast 
tensor computation compared to TensorFlow and Keras, automatic differentiation, and 
gradient computation to simplify the training process in network architecture. 

For this research, PyTorch is used to achieve a plug-in model with the Python language 
to serialize PyTorch models, ensuring production readiness and meeting user criteria 
[63,64]. In addition, running PyTorch offers the possibility of transferring a considerable 
part of the workload from the CPU to the GPU, thus promoting data parallelism to split 
data into batches and send them to multiple GPUs for processing [65,66]. 

2.2.4 Relational Databases (RDBs) 
RDBs play a vital role in deploying the methodology once the APIs have been executed 
[67]–[69], however, user criteria, specifications, and available computational sources are 
required to make the most appropriate decision for programming, research, and industrial 
objectives [70]–[73]. 

Based on the eminent skills and competencies of the author in both programming and 
energy, the implementation of RDBs is proposed to serve as a basis for deployments, 
leaving a future legacy that will lead to mutual agreement between the IT community 
and energy specialists. 

The implementation of RDBs is summarized in the following phases, providing a 
distinguished added value in AI-powered technology for battery management, on which 
the user is encouraged to customize, adapt, and include additional tools based on project 
goals. 

1. In the definition and purpose phase, structured data collection is stored in tables, 
and the databases are defined in SQL (Structured Query Language) to perform
CRUD (Create, Read, Update, Delete) operations on the data. Examples include
MySQL, PostgreSQL, and SQLite.

2. The second phase will consist of software architecture implementation, in which
the database is built on a table-based schema to organize data into rows and
columns, and relationships between tables are defined using keys (primary and
foreign keys). In the culmination of this phase, output data and subsequent
modifications are accessed using SQL and many Python libraries such as sqlite3 or 
SQLAlchemy, allowing easy access to this data.

3. After completing the two initial phases, the data is stored locally or remotely in a
structured format to manage large volumes of persistent data that can be queried 
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using SQL. Subsequently, the storage is conducted in the best-suited RDB for 
historical or static data that needs to be organized and analyzed. In the BESS 
domain, the user can use a RDB to store historical data on battery performance 
over time. This database can include information related to product specifications, 
such as battery charge cycles, lifespan, and failure rates. 

4. To ensure data availability, the RDB provides consistency by representing 
historical time stamps and allowing the user to query the data at a given period. 
In the BESS field, the database can contain historical records of how battery 
performance has changed over months or years, which is beneficial for long-term 
analysis and RUL predictions. 

5. Performance and stability are achieved in this phase, requiring data distribution 
across multiple servers and data storage from available vendors or manufacturers. 
An advantage of scalability is the opportunity to handle large datasets efficiently 
with proper schema design and indexing for big data, specifically in charging 
management and state estimation applications. 

6. The vision of the data integrity and relationship phase is to maintain data integrity 
and enforce relationships between data using constraints such as primary keys, 
foreign keys, and transaction management. For this innovative process, the user 
can store battery data in multiple tables: one for performance metrics, one for 
manufacturer specifications, and one for warranty information based on specific 
needs, underlying the query's potential to join tables and enforce the integrity of 
data relationships. 

7. The use cases are proposed as a promising phase that relies on database 
properties to manage structured and persistent data storage, especially when 
complex data queries and relationships are required. Considering the energy 
perspective, BESS aging or charging/discharging analysis could store large 
historical data sets in a RDB to track and compare battery health over time in 
multiple test environments. 

8. To conclude the implementation of the RDB, the security phase is proposed as a 
mechanism that ensures robustness and reliability by providing user roles, 
permissions, and encryption to protect data. At this stage, battery lifecycle data 
storage might require user authentication and access control lists (ACLs) to 
ensure that only authorized personnel can modify or delete data. 

It is meaningful to underline that in a BESS domain; the user can store historical 
battery performance data in a RDB (such as MySQL or PostgreSQL) and then use the 
desired API to load this data into their model for training.  

The proposed phases and innovations of RDBs in the energy sector go beyond 
expectations, representing a dynamism and visionary testament of the author, 
promoting ties of cooperation with specialists from various branches of knowledge, 
specifically from Computer Science, Software Engineering, and Mechatronics. 

2.3 Chapter summary 
Considering the topics discussed, this chapter's contributions are summarized in Table 1 
and Table 2.
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Table 1. APIs and RDBs contributions. 

Technology type Challenges addressed 

API 
• Interface to communicate with external services based on user criteria and needs.
• Monitoring of real-time interaction, retrieving or updating live data from external systems
• Data integrity managed by backend services, security given by API Keys, Open Authorization (OAuth) or Tokens

RDB 

• Persistent storage of structured data and table-based schemas with SQL queries.
• Monitoring persistent, historical, and performance data structured in rows and columns.
• Data integrity enforced by primary key, foreign keys, constraints, security given by user roles, permissions,

encryption

Table 2. Specific APIs and battery modelling contributions. 

API Challenges addressed Battery modelling 

TensorFlow 

• Best suited for large-scale, production-level DL models
• Full-fledged production and deployment, static and

dynamic graph execution
• Use case for enterprise-grade deployment and research

• Profitability of Electrochemical and
Mathematical models due to the incorporation
of PyBaMM and numerical libraries

Keras 

• User-friendly API, recommended for beginner users
• High-level API, simplified and easy to use for different

applications 
• Rapid prototyping, integrated into TensorFlow

• Ingenious integration of Hybrid model and ECM
through adaptability in programming and
engineering approaches

PyTorch 
• Dynamic graph execution allows detailed customization
• Excellent for research, prototyping, and academic uses
• Pythonic, intuitive, and easy debugging

• Mathematical and Hybrid models provide
explainability and interpretability that enable
reliable customization of the algorithms
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3 Tailored programming ecosystem for Centric Requirements 
(CRs) 
This chapter unveils the methodology that underpins the thesis innovation, dynamism, 
and unconventional contributions, all of which are indispensable for safeguarding the 
accuracy, robustness, and precision of the resulting deliverables. Through this approach, 
a foundation is laid for advancing both the integrity and sophistication of the work, 
ensuring outcomes that are as trustworthy as they are groundbreaking.  

The first section outlines the methodology, ensuring a structured and efficient 
framework for the next chapters. In the second section, the coding tasks are explained, 
emphasizing the importance of concept drift and data drift through the programming 
language. Finally, the third section summarizes the main Centric Requirements (CRs), 
which will serve as a basis for meeting user criteria and exploring further BESS 
applications. 

3.1 The RAGZ methodology: a unified nexus for AI-driven energy solutions 
For this thesis, the methodology created is called “RAGZ”, referring to the author’s name 
and surname. The RAGZ methodology represents an advanced, iterative framework 
designed to bridge cutting-edge AI innovations with energy-focused solutions. By 
harmonizing CRs, strategic management, visionary algorithm design, and cutting-edge 
solutions, this methodology ensures a seamless alignment between technological 
excellence and real-world impact. The diagram illustrates the interconnected stages that 
drive innovation, adaptability, and success in the dynamic landscape of AI-powered 
battery solutions. 

Figure 1. RAGZ methodology. 
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The step-by-step breakdown of the RAGZ methodology is presented in the following 
points: 

1. The foundational framing starts by evaluating the broader research context. This 
includes assessing the available resources based on battery modelling, APIs, 
RDBs, and their corresponding fit considering the energy industry. 

2. In the CRs, identifying and understanding the specific needs and expectations is 
the crucial goal. This step involves gathering user input, analyzing pain points, and 
aligning solution objectives. 

3. Once CRs are identified, they are incorporated into a broader strategic 
management framework. This step ensures adaptability and alignment with 
dynamic conditions and organizational priorities. 

4. Building upon strategic goals, the User-Centric AI innovation focuses on designing 
and developing AI solutions that directly address user needs. It emphasizes 
usability, personalization, and AI-driven enhancements tailored to end-users. 

5. The methodology progresses to the creation of advanced and forward-thinking 
algorithms. These algorithms form the foundation of AI solutions and are crafted 
with a focus on scalability, accuracy, and innovation. The aim of visionary 
algorithm design is to craft pioneering techniques that propel the functionality 
and enhance the efficiency of AI systems to new frontiers. 

6. The final stage focuses on transforming AI-powered innovations into actionable, 
real-world solutions. This phase encompasses implementation, rigorous testing, 
and optimization to ensure the final product not only meets but exceeds 
standards. The goal is to deliver impactful solutions that effectively address CRs 
challenges while driving research growth and success. 

In the following sections and chapters, all the relevant steps will be exemplified, 
discussed, and put into practice, all with the goal of highlighting the innovative legacy of 
the RAGZ methodology. 

3.2 Coding validation and characterization 
In the RAGZ methodology, the programming environment provides the highest level of 
adaptability to establish evaluation and verification procedures, serving as a cornerstone 
to support the entire system and meet the necessary specifications in the CRs. The added 
value is given by the maximum dynamism and performance within the framework of 
coding validation and characterization of physical and virtual procedures, complemented 
by the visionary Kolmogorov-Arnold Networks (KANs) recently created in 2024, proposed 
in [IX], and patented for a BESS in [X]. 

It is of utmost significance to note that the author embarks on an intellectual journey 
by harnessing the R programming language as a foundational instrument in [IV], before 
transitioning to the application of Python from [V] to [IX]. This seamless progression 
underpins the development and implementation of advanced APIs and RDBs. In the scope 
of this chapter, the most meaningful concepts that integrate the framework are 
explained and illustrated: (1) Data drift and (2) Concept drift.  
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3.2.1 Data drift 
In this thesis, Data drift refers to a phenomenon where the distribution of the input or 
independent variables, also known as features, changes over time. Such shifts can 
degrade the reliability of the predictions, as the assumed relationships between features 
and the target variable in the algorithm design may no longer be valid. 

In an energy context and within the framework of the scientific publications for this 
thesis, the data drift is presented intrinsically by the nature of the dataset, which is 
related to CRs, user criteria, and BESS applications. The above-mentioned topics are 
explained in the following points: 

• The specifications in the CRs are initially defined by the different purposes, 
constraints, and resources specified during the proposed industrial or research 
project. From a statistical perspective, in the data drift concept, the data that the 
model sees during deployment differs from the data it was trained on, which 
causes a shift in the statistical distribution. In a BESS context, the main causes of 
this problem are limitations in the experimental procedures, low quality of the 
collected data, or deficient performance of the test equipment. 

• The user criteria are a matter of strategic importance influenced by the data 
distribution across the Data-Driven methods implemented in the algorithm 
design, thus obtaining a low or prominent level of robustness and effectiveness 
in the Model Performance Analysis. Ineffective Feature Selection techniques and 
poor implementation of Feature Engineering generate a lack of consistency in 
Data processing, which is one of the main causes of data drift based on user criteria. 

• In the RAGZ methodology, the type of BESS application will play the most relevant 
role in selecting the appropriate algorithm. Considering the AI field, data drift 
occurs when the algorithm design is not optimal to meet the CRs, providing a lack 
of transparency between the user's criteria and the methodology. Due to their 
mechanism, architecture, and functionalities, AI methods deliver higher or lower 
accuracy to different CRs, which will be introduced in Chapter 4. 

To exemplify the data drift concept, Figure 2 illustrates the voltage density distribution 
of the different CRs.   

 

 
Figure 2. Density distribution of the Voltage in three different CRs. 
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By analyzing the density distribution, it is appreciated that there is an overlap between 
the state estimation and charging management curves, which indicates a correlation 
where the voltage values share similarities under certain conditions. On the other hand, 
the RUL curve highlights that the voltage levels differ and correspond to a distinct group 
of data, which describes lower values than those of state estimation and charging 
management. 

Considering the statistical analysis given in Figure 2, tightly grouped values are 
observed in the data distribution of state estimation around higher voltages, charging 
management displays moderate variability with slightly lower voltages, and RUL shows 
both lower voltages and more spread in the data, indicating higher variability and 
possibly reflecting more uncertainty as systems approach the end of their useful life. 

To conclude the explanations of the data drift, it is of remarkable importance to 
mention that the user has the mandatory task of understanding the needs and analyzing 
the data distribution of both independent and dependent variables before the 
initialization of the algorithm design. 

3.2.2 Concept drift 
Concept drift refers to a concept where the relationship between the input and target 
variable has changed over time. This phenomenon occurs even if the overall data 
distribution remains stable, because the underlying concept the model is meant to learn, 
and capture has changed. 

Compared to Data drift, the most relevant points in Concept drift refer to external 
conditions that the user cannot manage completely, so more advanced methods are 
required to address this challenging topic. Considering the wide domain knowledge 
acquired by the author, Concept drift is represented by chemical structure, physical 
properties, and operational scenarios, which are discussed as follows: 

• The specific chemical structure of the BESS and the potential performance 
provided by its components are based on electrochemical reactions, electrolyte 
dynamics, transport phenomena, and thermal effects. In this specific case, the 
concept drift is manifested not only in the foundations of the molecular level but 
also in the advanced experimental techniques to characterize a BESS. 

• The physical properties that the user and CR deal with the BESS refer to the 
foundational structure from which the physics and mathematical framework 
explain the core components and equations. The main elements that integrate 
the physical properties based on Concept drift are the governing equations, 
geometric and topological parameters, initial and boundary conditions, and 
numerical discretization. In the RAGZ methodology, this point encapsulates the 
core physics and mathematics of operation, which can then be customized and 
extended for specific BESS applications. 

• In the operational scenarios, the essence of the dataset will be processed and 
considered in the algorithm design. For the RAGZ methodology, concept drift is 
represented through external conditions that cannot be fully managed by the 
user, such as degradation, aging, manufacturing defects, and environmental 
conditions. The implication of operational scenarios highlights the significance of 
designing resilient algorithms with optimal features and preventive measures 
that take uncontrollable factors into account. 
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The challenges addressed by the current methodology in both concept and data drift 
will be summarized at the end of the chapter, identifying key aspects through continuous 
monitoring, retraining, or parameter tuning to maintain a reliable algorithm design over 
time. 

3.3 Centric Requirement (CR) 
This section describes and illustrates each CR that establishes the corresponding demands 
in the RAGZ methodology: (1) RUL, (2) Charging management, and (3) State estimation. 

A substantial number of datasets from extensive experimental measurements in both 
proprietary and public ecosystems have been collected and are explained in the following 
subsections. A solid understanding of CRs is encouraged in the list of publications, with a 
strong emphasis on [VII]–[IX]. However, it is important to note that, based on the 
conducted research, the selection of the most suitable AI method is inherently dependent 
on the complexity of the CR and the intrinsic properties of the dataset. This aspect will 
be examined in detail in the subsequent chapters. 

3.3.1 Remaining Useful Lifetime (RUL) 
RUL is a topic that encompasses End-of-Life (EOL) criteria, the importance of which 
highlights the optimal performance of a BESS over a given period. According to the design 
and manufacturer specifications, RUL is explained through the discharge cycles and their 
corresponding capacity of the BESS, so energy specialists are tasked with providing 
lifetime estimates, however, a lack of transparency appears during the interpretability 
and explainability of algorithm design from an energy perspective, specifically in terms 
of operation and function components. 

For this thesis, two of the most recognized datasets in the BESS field, National 
Aeronautics and Space Administration (NASA), and Center for Advanced Life Cycle 
Engineering (CALCE), are collected and processed to study the RUL. Explanations on the 
nature of the dataset, experimental measurements, and EDA are discussed in [IV] and [V] 
for the NASA and CALCE datasets, respectively. Furthermore, an initial piece of the RAGZ 
methodology is proposed in [VI] through regression algorithms and binary classifiers for 
BESS evaluation on EOL criteria and SOH. 

A graphical representation of the CR for the NASA and CALCE datasets is shown in 
Figure 3 and Figure 4. The X-axis represents the discharge cycles, while the Y-axis indicates 
the BESS capacity for different cells. 

Figure 3. CR representing the RUL of the NASA dataset. Horizontal line indicates the EOL criteria. [V], [IX] 
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Figure 4. CR representing the RUL of the CALCE dataset. The horizontal line denotes the EOL criteria. 
[V], [IX] 

The significance of the NASA dataset within the RAGZ methodology lies in its capability 
to evaluate the remaining product viability, leveraging avant-garde AI paradigms from 
the next generation of predictive analytics. Graphically, all cells show capacity recovery 
at specific points, displaying a marked increase in capacity before degrading further. 
Recovery periods are common in real-world battery behavior, due to rest periods or 
charging conditions that allow temporary capacity recovery. Degradation rates differ 
between cells due to several factors, such as manufacturing differences, usage conditions, 
or temperature exposure. Cell 3 and Cell 1 show slower and more consistent degradation 
rates, being more dependable and having a longer lifespan than cells with faster 
degradation, such as Cell 2 and Cell 4. 

Drawing from the CR based on RUL, the relevance of the CALCE dataset enhances the 
estimation of operational metrics for asset durability, thereby complementing the NASA 
dataset and fortifying the strategic oversight of the RAGZ methodology. Considering the 
graphical representation, all cells exhibit not only a general trend of capacity degradation 
as discharge cycles increase, but also some fluctuations along the way, where capacity 
increases and decreases slightly; this behavior manifests itself under certain operating 
conditions, such as partial charge-discharge cycles, thermal management due to 
temperature effects, charging conditions, or rest periods. Furthermore, as each cell 
degrades, the rate of capacity loss becomes more pronounced towards the later stages 
of its lifetime. Cells 1 and 3 are preferred for their longer RUL, while cell 4 could be 
considered less steady due to its rapid degradation and instability. 

To conclude this CR, [IX] summarizes the RUL and its contributions to the RAGZ 
methodology based on BESS applications and algorithm design. 

3.3.2 Charging management 
Charging management is a crucial topic in the performance of a BESS, and its relevance 
promotes efficiency in testing and battery operation. According to actual use and 
manufacturing characteristics, charging management is explained through output 
capacity and voltage level, which are crucial parameters in battery modelling and 
maintenance. Thus, energy specialists are tasked with providing interpretability of the 
explanatory variables in the algorithm design. 
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For this thesis, proprietary additional datasets are collected and processed for 
charging management by extensive battery testing on diverse Lithium-ion cells from their 
corresponding modules. Explanations on the nature of the dataset, experimental 
procedure, test equipment, and EDA are discussed in detail in [VII] and [IX]. Similarly, as 
mentioned in [IX], and for comparison purposes in algorithm design, the numerous 
datasets denoting charging management will be referred to as “RAGZ-cm dataset”. 

A graphical representation that exemplifies the CR for the RAGZ-cm dataset is 
illustrated in Figure 5. The X-axis represents the SOC, while the Y-axis indicates the Open 
Circuit Voltage (OCV) of four Lithium-ion cells. 

 

 
Figure 5. CR representing the charging management of the RAGZ-cm dataset. [VII], [IX] 

 
It is seen that the OCV curves are non-linear, with pronounced increases in voltage at 

low SOC (0–20%) and high SOC (80–100%), being a typical pattern in Lithium-ion chemistry, 
where significant changes in potential occur in these regions due to internal reactions of 
the battery. The OCV range is between 2.8 V (at 0% SOC) and 4.2 V (at 100% SOC), which 
is standard for most commercial Lithium-ion batteries. Regarding a comparative analysis, 
Cell 1 and Cell 3 exhibit higher OCVs compared to Cells 2 and 4, indicating better 
efficiency in terms of voltage response to charging, specifically Cell 3, which maintains 
the highest OCV at high SOC, suggesting that it can store more energy towards the end 
of the charge and showing an advantage for applications requiring full charges. 

As for charging management, the non-linear nature of the OCV curves reflects the 
voltage sensitivity, meaning that charging must be carefully controlled in these regions 
to avoid over-voltage, which can lead to overcharging or underutilization. Furthermore, 
as an example of the above statement, Cell 3 possesses a high OCV level which can be 
more sensitive to overcharging, requiring careful control; in contrast, Cell 4 and Cell 2 
exhibit a lower OCV which can make them safer during charging, but may also 
underperform compared to the other cells, especially in high-drain applications or 
devices requiring higher voltages. 

In engineering terms, for applications where maximum efficiency and voltage stability 
are crucial, such as electric vehicles, consumer electronics, and grid energy storage for 
renewable energy integration, Cells 1 and 3 would be preferred. However, in applications 
where safety and long-term durability under consistent loads are prioritized, such as 
military and defense systems, energy storage for remote areas, and telecommunications, 
Cell 4 might be better due to its conservative voltage profile. 
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Before concluding this CR, it is of utmost importance to emphasize that the complexity 
of charging management arises from several factors. These include the diverse user 
criteria, large variety of cells integrating the battery pack, and the specific needs of the 
CR. Given these challenges, the proposed algorithm design, outlined in [IX], leverages the 
DL methodology presented in [VII] to address these complexities. 

3.3.3 State estimation 
State estimation plays a fundamental role in the reliability and stability of a BESS, with SOC 
being a crucial parameter for optimizing performance, ensuring safety, and extending BESS 
lifetime. According to energy management, SOC is explained through operating conditions 
and Key Performance Indicators (KPIs), which are crucial elements in algorithm design 
and battery system optimization. Energy specialists are therefore tasked with providing 
accurate SOC estimates that allow the BESS to be discharged or charged at the appropriate 
times, maximizing system utility. 

For this thesis, proprietary datasets are experimentally collected and processed using 
a second-order ECM for state estimation by extensive testing of Lithium-ion cells. 
The nature of the dataset, test equipment, and validation of the second-order ECM are 
explained in [VIII] and [IX]. For comparison purposes in algorithm design, as mentioned 
in [IX], the multiple datasets indicating the state estimation will be referred to as the 
“RAGZ-se dataset.” 

A graphical representation that exemplifies the CR for the RAGZ-se dataset is illustrated 
in Figure 6. The X-axis represents time, while the Y-axis indicates the SOC under different 
operations. Each operation follows a distinct charging/discharging profile for different 
cells, estimated through parameter fitting and root-finding using local (multivariate) 
optimization, as detailed in [IX]. These profiles offer valuable insights into energy 
management strategies, operational efficiency, and system performance across diverse 
scenarios. For visualization purposes, four distinct operations are selected and presented 
in Figure 6. 

Figure 6. CR representing the state estimation of the RAGZ-se dataset. [VIII] 

In the charging management, Operation 3 shows the most aggressive charging 
behavior, with rapid and steady increases in SOC, while Operation 2 is more conservative, 
with slow and steady charging, which may be ideal for long-term battery health and 
minimizing stress. On the contrary, Operation 1 follows a moderate charging pattern with 
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a late-stage spike in SOC, which may indicate more balanced energy usage, and 
Operation 4 fluctuates significantly, due to high power demands or load variations. 

Considering energy management and SOC stability, Operation 2 prioritizes gradual 
power usage and slow charging, reflecting a system focused on safety and minimizing 
depth of discharge, exhibiting the most stable SOC profile with the least number of 
fluctuations. Operations 1 and 3 manage energy effectively, with fast recovery after 
periods of heavy discharge and no extreme fluctuations, thus maximizing energy usage 
while maintaining a sufficient charge for future demands that show smoother trends but 
with varying levels of charging speed and load demand. For Operation 4, a system 
designed to handle frequent variations in power load is reflected, with rapid response to 
energy demands and supply, prioritizing the ability to manage irregular loads over 
maintaining constant high SOC. 

To summarize this CR, state estimation reflects different priorities, such as efficiency, 
durability, or response to dynamic loads. The role of SOC prediction is to ensure that  
each operating scenario manages battery power efficiently without causing overcharges 
or deep discharges, which could shorten battery life or reduce its performance. 
Understanding SOC trends helps optimize each operation based on its specific demands, 
whether they focus on fast recharging, stability, or load management. 

Relative to RUL and charging management, attaining a precise SOC hinge on addressing 
the pronounced non-linear behavior inherent in a BESS. This complexity renders SOC 
prediction particularly challenging, especially at the extremities of the SOC spectrum.  
At extreme SOC levels, voltage changes become smaller and more complicated to measure, 
increasing SOC computation complexity. Based on the above statements, the most 
optimal algorithms have been designed to address the challenges presented in state 
estimation, whose contributions are explained in [VIII], [IX] and summarized in the 
following chapters. 

3.4 Chapter summary 
Considering the coding validation and characterization topics manifested by data drift 
and concept drift, and the discussed CRs, this chapter's contributions are summarized in 
Table 3 and Table 4.
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Table 3. Contributions of coding validation and characterization with their impact on the RAGZ methodology. 

Coding validation and 
characterization topic 

Challenges addressed RAGZ methodology 

Data drift 

• Feature Engineering for adjusting predictors to account for new
patterns in the data input

• Data scaling and normalization to ensure any changes in the scale
or distribution of the data input are managed appropriately.

• Statistical monitoring techniques for detecting changes in the data
distribution and input data over time, therefore updating training
data with the new input distribution

• Establishes the basis of the CRs and
provides the preamble for dynamic and
strategic management

• Influences the User-Centric AI
innovations by the nature of the
dataset, predictors, and data
distribution

Concept drift 

• Optimal and innovative AI methods to adapt to changes in data
patterns over time.

• Frequent retraining with recent data to help ensure that the
algorithm design remains accurate.

• Periodically track different performance metrics to help identify
when concept drift is occurring.

• Influences the visionary algorithm
design by the underlying concept,
specifically in Transfer Learning

• Affects the Model evaluation by altering
patterns in Training, leading to
continuous monitoring in Fine-tuning
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Table 4. Contributions of Centric Requirements and their impact on RAGZ methodology.  

Centric Requirement Challenges addressed RAGZ methodology 

Remaining Useful 
Lifetime 

• Validate degradation of a BESS, highlighting the impact of
EOL criteria on performance

• Provide early identification of unstable behavior through
capacity loss

• Ensure a comprehensive assessment of a BESS over time

• Refines the User-Centric AI innovations with
regression and classification algorithms

• Enhances coding validation and characterization
with ML and DL in the visionary algorithm design

Charging management 

• Provide a solid analysis based on charging behavior and
charging efficiency

• Generate voltage stability to minimize energy loss
• Ensure safety and long-term durability for optimal BESS

performance

• Enables experimental validation from an early
stage in dynamic and strategic management

• Provides the initial foundations of visionary
algorithm design using a DL approach

State estimation 

• Provide efficient, safe, and cost-effective operation in a
BESS

• Ensure system balance and stability, prolonging BESS life
• Balance energy generation and consumption based on

SOC

• Encourages the implementation of the most
sophisticated algorithms in the User-Centric AI
innovations

• Establishes the most challenging tasks in the
visionary algorithm design
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4 Dynamic and strategic management for KPIs using advanced 
data analytics 
This chapter discusses the techniques for completing the EDA, defines the most relevant 
features in algorithm design based on the dataset, and provides the foundations of AI 
methods, all to illustrate the first scientific and practical novelties. 

For this research, KPIs are the most relevant variables that will provide the highest 
level of interpretability, performance, and explainability in the algorithm design, based 
on Feature Selection and VIF. 

The implementation of the Data-Driven methods proposed in this chapter is outlined 
through Data Mining, Feature Engineering, Feature Selection, and VIF, which are 
explained in detail in [IV]–[VIII]. 

The structure of this chapter is divided into four sections. The first section explains the 
Data Mining algorithms, emphasizing the most optimal clustering and outlier analysis 
methods and their importance in achieving Data processing. The second section 
illustrates Feature Engineering, highlighting their impact and contributions to the 
algorithm design. The third section summarizes different Feature Selection methods, 
which will serve as a basis for meeting user criteria and satisfying CR needs. Finally, the 
fourth section underlines the VIF, whose contributions to the RAGZ methodology go 
beyond expectations due to engineering and mathematical approaches to provide 
algorithm interpretability. 

4.1 Capitalizing Data Mining foundations for Exploratory Data Analysis 
(EDA) 
This section describes and illustrates two of the four “super problems” in Data Mining 
with their corresponding applications in the EDA of a BESS: (1) Clustering and (2) Outlier 
Analysis. 

The selected Data Mining algorithms are Density-Based Spatial Clustering of 
Applications with Noise (DBSCAN), K-Means, Ordering Points To Identify the Clustering 
Structure (OPTICS), and Local Outlier Factor (LOF), referred in [IV] and [V] to understand 
the fundamentals and appreciate the detailed implementation. 

4.1.1 Clustering 
Clustering is an unsupervised technique from the ML category that groups data points 
with similar characteristics. In the energy field, clustering is relevant to pattern discovery, 
customer segmentation, anomaly detection, and data summarization, all of which 
explain the behavior and operation of different energy technologies. 

In the BESS sector, clustering will support the CRs in delivering the most optimal guide 
decision-making by revealing patterns that can inform strategic choices and resource 
allocation. In the Data processing step, clustering provides insights from distinctive 
features, making it valuable for EDA and hypothesis generation, which serves as a 
foundation for more advanced analysis techniques, such as Classification and Regression. 

Considering the contributions of [IV] and [V], the selected algorithms are K-Means, 
DBSCAN, and OPTICS. K-Means is a partition-based clustering algorithm that minimizes 
intra-cluster variance and shows high effectiveness, however, it requires specifying the 
number of clusters (k) in advance and experiences complications with non-spherical 
clusters. On the other hand, DBSCAN and OPTICS are density-based algorithms, whose 
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mechanism relies on clustering points according to the density of their surrounding 
points. DBSCAN can find arbitrarily shaped clusters and does not require specifying the 
number of clusters, but it can be sensitive to the choice of parameters, such as the 
maximum distance between two points (eps), and the minimum number of samples 
(min_samples). OPTICS has a similar mechanism to DBSCAN that better handles varying 
densities by ordering data points by their reachability distance, being beneficial to 
discover clusters with varying densities in real-time scenarios, it has the steepness 
threshold to identify a significant change in the reachability plot (xi), which also determines 
where clusters are separated from each other. 

As explained in [IV], the Silhouette score is calculated to provide a vigorous analysis 
and comparison of the clustering quality, where higher scores indicate better-defined 
clusters. To provide a trustworthy exemplification, Figure 7 illustrates the implementation 
of the clustering algorithms in state estimation by processing RAGZ-se datasets, showing 
their corresponding hyperparameters and Silhouette scores through parameter tuning. 

Figure 7. Clustering implementation. [IV] 

In K-Means, the clusters are reasonably separated but overlap in specific areas, 
particularly between Cluster 1 and Cluster 2, which suggests that the separation is not 
very distinct. The low Silhouette score of 0.371 specifies that K-Means does not provide 
an optimal separation for this dataset. In addition, the clusters are based on a broad 
division of the data points, without considering subtle variations in the distribution of 
SOC values. Due to its fixed number of clusters and distance-based clustering mechanism, 
K-Means exemplifies insufficient performance for a more nuanced understanding of
BESS dynamics, specifically when the SOC changes non-linearly over time.

Regarding the DBSCAN performance, the cluster distribution forms two distinct 
clusters concentrated in two specific regions. Cluster 0 is in the higher SOC range, while 
Cluster 1 appears in the lower SOC range. The algorithm successfully identifies dense 
regions of SOC values over relatively short time intervals. This behavior indicates that 
DBSCAN is conservative with this dataset, particularly given the selected eps value. 
The Silhouette score of 0.788 suggests that DBSCAN performs much better than K-Means 
in grouping SOC values into well-defined clusters. Unlike K-Means, which requires a fixed 
number of clusters, DBSCAN excels at identifying areas of high density without imposing 
such constraints. It effectively detects regions where SOC values are densely packed, and 
forms clusters based on the natural structure of the data. 
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In the case of OPTICS, as in DSCAN for this specific example, two groups are identified, 
but these groups are better distributed across the range of SOC values. Cluster 0 
represents the lowest SOC values (below 35%), while Cluster 1 contains from 40% to 55% 
SOC, which is higher than DBSCAN. OPTICS effectively manages the varying density of 
SOC values over time, providing better insights into different charging states, particularly 
when SOC moves from mid-to-high SOC values. The Silhouette score of 0.844 is the highest 
among the three methods, indicating well-separated clusters with better intra-cluster 
compactness, making it a better fit for the dynamic nature of SOC, as seen in this dataset. 

To finalize the clustering subsection, according to the Silhouette scores, the quality of 
clustering improves from K-Means to DBSCAN to OPTICS. K-Means is not recommended 
for non-linear BESS datasets due to overlapping clusters, DBSCAN works well but may 
miss some finer details of SOC progression, and OPTICS is the most effective method as 
it handles varying SOC densities over time more flexibly, thus where changes in battery 
performance occur dynamically and at different rates, density-based methods that 
account for varying densities deliver the most insightful results. 

4.1.2 Outlier analysis 
Outlier analysis is a process whose main objective is to emphasize points distant from 
the general pattern distribution, known as outliers. The benefits of outlier analysis are 
the identification, understanding, and management of data points that deviate significantly 
from other observations in a dataset, avoiding anomalies, errors, or unexpected variations 
in further processes. 

In the energy field, outliers can arise for several reasons, including data collection 
errors in experimental devices, measurement variability, or legitimate but rare phenomena 
based on external conditions. Identifying these outliers in a BESS is crucial, so that it 
contributes to indicating defects in manufacturing or machinery that require immediate 
attention, identifying errors in data related to incorrect measurements, and leads to 
more accurate predictions, better models, and more informed real-world decisions. 

For the RAGZ methodology and based on [IV] and [V], DBSCAN, OPTICS, and LOF are 
the selected algorithms to perform outlier analysis. Compared to DBSCAN and OPTICS, 
LOF is only designed for outlier analysis, which calculates the local density deviation of 
each point relative to its neighbors, and points that have lower densities compared to 
their neighbors are considered outliers. Furthermore, the hyperparameters of LOF are 
the number of neighbors used to calculate the local density (n_neighbors) and the 
proportion of outliers in the data (contamination). 

Like clustering implementation, the Silhouette score is obtained to provide vital 
performance analysis and comparison, however, in the case of LOF, Recall metrics are 
calculated to understand the proportion of actual and detected outliers. Figure 8 illustrates 
the implementation of the outlier analysis in RAGZ-se datasets from state estimation, 
revealing a promising application for uncovering unusual patterns in the behavior and 
operation of the BESS. 
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Figure 8. Outlier analysis implementation. [IV] 

 
In DBSCAN, a high number of outliers suggest that the algorithm views many points as 

falling outside the denser regions of the SOC data. The Silhouette score of 0.581 indicates 
moderate clustering quality, observing a more balanced distribution between clusters 
and outliers. However, the Silhouette score considers a substantial portion of the dataset 
as outliers, especially in the lower and upper regions of the SOC range, thus revealing 
that the algorithm struggles with capturing the underlying distribution of SOC data. 

Regarding the OPTICS performance, it identifies a mix of outlier and non-outlier points 
spread around the dataset. The algorithm shows a lower quantity of samples, which 
indicates that clusters can form with at least three points, making it more flexible than 
DBSCAN in capturing denser clusters. The Silhouette score of 0.689 suggests that OPTICS 
achieves a more balanced identification of outliers, distributing green points across areas 
of lower density while maintaining a more compact core of regular points. This may 
reflect more realistic behavior in SOC data where certain deviations could represent true 
anomalies without classifying too many points as noise. 

In the case of LOF, multiple points are labeled as outliers, especially in the upper and 
lower ranges of the SOC, but also within denser clusters. The performance of LOF with a 
Recall score of 0.722 indicates local anomalies and lower fluctuations in the SOC as 
outliers. Furthermore, when comparing the density of each point with its neighbors,  
the number of neighbors equals a value of 2, meaning that the algorithm is sensitive to 
little local deviations, complemented by a high contamination rate that forces numerous 
points to be categorized as outliers. 

As a summary of the exemplification provided, detecting numerous outliers as 
provided in DBSCAN and LOF restricts the data points in the EDA and shows rigid user 
criteria. On the contrary, under detection of true outliers leads to miss early warnings of 
battery inefficiencies showing less severe conditions to achieve the Data processing step. 
OPTICS demonstrated to offer the most balanced performance, with a well-separated 
distinction between ordinary and outlier points, making it the most suitable, as it scales 
well to varying data densities and has a higher silhouette score, indicating better outlier 
analysis. 

Considerations in implementing outlier analysis are crucial in distinguishing between 
meaningful outliers and irrelevant anomalies, so understanding the nature of the dataset, 
interpreting the context, and having solid domain knowledge are encouraged. 
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4.2 Refined Feature Engineering for optimal model advancement 
Feature Engineering is a process that aims to create new features based on various 
mathematical calculations, thus providing the basis for the most promising predictors 
that will integrate algorithm design.  

In EDA, distinct categories of features make up the dataset depending on their 
corresponding nature and application, so that it is possible to find numerical or 
categorical features. In the RAGZ methodology, the datasets of each CR are composed of 
numerical features, so scaling, normalization, and standardization are the selected 
mathematical techniques to deal with the numerical range.  

Exemplifying strategic thinking and long-term planning, focusing on overarching goals 
such as improving CRs, driving growth, and transforming model operation, four pivotal 
stages of Feature Engineering are proposed: (1) Combine features, (2) Tune objective 
function, (3) Make new features, and (4) Launch and reiterate. The following points 
emphasize the importance of Feature Engineering in enhancing the performance of ML 
and DL models, explaining the four key stages: 

1. The initial step refers to combining new features by merging existing ones.  
It includes techniques like feature interaction, polynomial features, or aggregation 
of related features, which in the RAGZ methodology refer to executing an ECM 
approach by monitoring Electrical Engineering variables. The importance of 
combining features allows the user to enhance model performance by capturing 
interactions between variables that may not be evident individually, therefore 
being valuable for improving accuracy, reducing bias, and making the model more 
resilient. 

2. After completing the initial stage of creating new features, tuning the objective 
function will consist of adjusting the optimization criterion to evaluate its 
performance. In the algorithm design, tuning the objective function involves 
improving the calculated training and validation losses by introducing penalty 
terms such as those used in regularization techniques. By tuning the objective 
function, the user guides the model to prioritize the most relevant features, avoid 
overfitting, and improve generalization to unseen data, ensuring that the model's 
focus aligns with the specific goals of the task. 

3. Once the combination of features and tuning of the objective function stages are 
achieved, the creation of new features from raw data is executed using 
techniques such as feature extraction, clustering, categorical variable coding, or 
numerical data scaling. For this methodology, the creation of new features 
through scaling, normalization, and standardization is complemented by the ECM 
approach in the initial stage, providing an engineering framework. This phase is 
crucial for uncovering hidden patterns and relationships in the data, which will 
serve as a basis for Feature Selection and the algorithm design. 

4. After the features have been combined, the objective function is tuned, and new 
features created, the final stage is launching and reiterating. Due to the iterative 
mechanism of Feature Engineering, after the initial model is trained, the user 
revisits previous steps to continue improving the features based on model 
performance. This continuous refinement cycle ensures that the feature 
engineering process is dynamic, improving the model’s ability to generalize by 
constantly adapting the feature set based on performance metrics. 
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Although Feature Engineering provides the possibility of creating new features, 
the user must deliver the most optimal solution not only based on performance metrics 
but also on the interpretability and explainability of the features based on algorithm design. 
For this reason, the author of this manuscript advocates for the RAGZ methodology, driven 
by the transformative pillars of digitalization, decentralization, and decarbonization. 

The impact of Feature Engineering is listed in the publications, focusing on [IV] to [VI] 
for the CR based on RUL, [VII] is related to charging management, and [VIII] to state 
estimation. 

4.3 Curated Feature Selection and computational framework 
development 
The Feature Selection process refers to choosing the most relevant features in the 
dataset, which provides the basis for achieving the highest level of interpretability in 
algorithm design by obtaining the KPIs. In the BESS context, Feature Selection supports 
the user in identifying the most relevant attributes of the dataset to predict the dependent 
variable. 

Before presenting the Feature Selection methods, it is necessary to point out two 
critical concepts, which are Feature Ranking and Feature Importance. Feature ranking 
refers to ordering features by their relevance based on the performance of an external 
model, which refers to how the model performs when certain features are removed and 
whose influence is evaluated to generate a ranked list of features, all by considering the 
interactions between the features and their collective contribution to the model.  Feature 
Importance directly measures the contribution of each feature to the decision-making 
process within a model, providing the degree of importance represented by scores based 
on how often a feature is used and how much each feature improves the performance 
metrics. Both concepts highlight remarkable features, but the approach and outcome are 
different, so Feature Ranking applies to Wrapper methods, while Feature Importance 
applies to Embedded methods. 

For the RAGZ methodology, Filter, Wrapper, and Embedded methods are the Feature 
Selection techniques implemented, which will be exemplified in this section and whose 
contributions are explained in [VIII] and summarized at the end of this chapter. 

4.3.1 Filter methods 
Filter methods for Feature selection rely on statistical techniques to assess the 
importance of each feature individually based on its relationship with the target variable. 
As described in VIII techniques include Correlation Coefficients, Mutual Information, and 
the Chi-Square test, the latter is used for categorical features. 

To illustrate the practical implementation of the Filter methods, Mutual Information 
technique is run to measure the dependence between each feature and the target 
variable, where higher values indicate more relevant features. Figure 9 displays the chart 
based on a battery test of a RAGZ-cm dataset. 
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Figure 9. Filter method implementation using Mutual Information. [VIII] 

 
In this example, Voltage (V), Current (I), Power (P), Capacity (mAh), Resistance (R), 

SOC, and Energy (Wh) are the total features generated after executing Feature Engineering, 
and the OCV is the target or predicted variable. Voltage and Power are seen to have the 
highest Mutual Information scores, indicating that they contain the most information 
about the target variable, followed by Capacity, SOC, Energy, and Resistance; on the other 
hand, Current shows the lowest score, suggesting that it is less informative or has little 
dependency on the predicted variable. 

Filter methods are useful for understanding the individual relevance of features, 
focusing on the statistical correlation between individual predictors and the dependent 
variable. However, considering interactions between features, Wrapper, and Embedded 
methods complement the initial insights, leading to different rankings and contributions 
of each feature to the prediction process. 

4.3.2 Wrapper methods 
Wrapper methods in Feature Selection aim to use a ML algorithm to evaluate the 
performance of a subset of features and iterate through different combinations of 
features to find the best-performing ones. As explained in [VIII], Forward Feature 
Selection, Backward Feature Elimination, and Exhaustive Feature Selection are the 
Wrapper methods implemented in the RAGZ methodology. 

An effective Wrapper method based on a backward manner is Recursive Feature 
Elimination (RFE), which recursively eliminates less relevant features based on the 
model’s performance until the desired number of features is accomplished using a 
Random Forest model. Figure 10 exemplifies the RFE performed in a RAGZ-cm dataset, 
whose detailed implementation is explained in [VII], [IX]. 
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Figure 10. Wrapper method implementation using RFE. [VIII] 

In the example considered in Figure 10, RFE results with Random Forest show that 
Current and Resistance are ranked as the most suitable features, being advantageous in 
combination with other features for prediction. However, features like Voltage and 
Power are given slightly more importance due to Random Forest’s ability to capture 
non-linear interactions, suggesting a decrease in importance when considering feature 
interactions and the Random Forest model’s structure. Compared to Filter methods, 
Wrapper methods evaluate features based on their contributions to model performance 
rather than just statistical dependence, thus considering interactions between features. 

The contributions of Wrapper methods are significant in evaluating features based on 
a specific criterion, typically their impact on the predicted variable, and are sensitive to 
feature interactions, which may result in different rankings compared to usual statistical 
methods. 

4.3.3 Embedded methods 
In Embedded methods, the Feature Selection process is integrated into the learning 
algorithm. These methods can identify notable features for predicting the target variable, 
with Lasso (L1 regularization), Ridge (L2 regularization), and decision-tree-based models 
commonly used in this approach. 

Like Wrapper methods and being considered as a tree-based ensemble model, 
Random Forest derives the feature importance based on how much a particular feature 
improves the purity (i.e., decreases the error) at each node, thus quantifying how much 
each feature contributes to reducing error in the algorithm. Figure 11 illustrates feature 
importance scores computed directly from a Random Forest model, which is derived 
from the frequency and effectiveness of a feature used in splits within decision trees, 
exemplifying a battery test for charging management. 
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Figure 11. Embedded method implementation using Random Forest. [VIII] 

In the example presented in Figure 11, Energy, Voltage, and Power have the highest 
importance scores, making them the most noteworthy features in this Random Forest 
model; on the contrary, Current is ranked as the least meaningful. Higher-ranking features 
appear consistently relevant, while the role of lower-ranking features depends on whether 
the user is looking at individual feature relevance or model-based importance. 

The Embedded method’s benefits include providing Feature Importance directly from 
the model, making it more aligned with each feature’s actual contribution to making 
predictions within a model, and capturing complex relationships. 

4.4 Maximizing Variance Inflation Factor (VIF) in core principles of 
algorithm design 
After implementing Feature Engineering and Feature Selection, one of the main points 
to focus on is the level of correlation and multicollinearity of the distinctive features in 
the dataset. This assists in obtaining an overview of the performance metrics in further 
steps and determining the KPIs. 

To underline the importance of correlation and multicollinearity, Figure 12 displays 
the correlation matrix of a RAGZ-cm dataset. This matrix represents the linear relationship 
between pairs of features and the target variable (OCV). 



46 

Figure 12. Example of a correlation matrix in a RAGZ-cm dataset. [VII] 

In this example, the correlation between Voltage and Power is 1.0, indicating that they 
are directly proportional. Similarly, Resistance, SOC, and OCV show very high correlations; 
in contrast, Capacity and Energy have a perfect negative correlation with the SOC and 
Resistance, indicating that the features are inversely proportional in their effect. This 
negative correlation also suggests that if one of these features is incorporated into the 
algorithm, the other might be redundant. In the case of Current, the moderate level of 
correlation with features such as Voltage, Resistance, and Power suggests its relevance 
to be included in the model as it provides additional information beyond the highly 
correlated features. 

Based on this correlation matrix and the closely related features, careful selection is 
needed to avoid multicollinearity, prevent redundancy, and improve model performance; 
therefore, VIF is implemented to identify features that are not optimal due to 
multicollinearity. 

In [VII], the corresponding steps of the VIF criterion, parallel with the Ridge Regression 
and Gradient Boosting algorithms, are explained to evaluate Feature Selection methods. 
Figure 13 provides a graphical example showing the distinctive features and their 
corresponding Root Mean Squared Error (RMSE) after executing the VIF. 

(a) Ridge Regression (b) Gradient Boosting
Figure 13. VIF implementation. [VII] 
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According to the results presented in Figure 13, the number of optimal features 
converges similarly across the models. However, the Gradient Boosting Regressor 
demonstrates the highest performance, achieving the lowest RMSE, with a value around 
0.035%. Finally, the KPIs are identified through Gradient Boosted and visualized in 
Figure 14. 

Figure 14. Implementation of the Gradient Boosted algorithm to identify KPIs. [VII] 

Considering the previous results, the performance metrics in subsequent steps will be 
influenced by the number of selected features. Thus, the user will have to choose the 
most relevant predictors before proceeding with the algorithm design, all based on the 
foundations defined in the concept drift and data drift. 

4.5 Chapter summary 
Considering the foundations of the AI methods manifested by clustering and outlier 
analysis provided by Data Mining algorithms, Feature Engineering stages, Feature Selection 
methods, and VIF, this chapter’s contributions to the RAGZ methodology are outlined in 
Figure 15, Table 5, Table 6, and Table 7. 

Figure 15. Feature Engineering stages. 
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Table 5. Data Mining contributions. 

Data Mining problem Challenges addressed 

Clustering 

• Captures the non-linear dynamics of the state estimation, RUL, and charging management progression.
• Manages datasets with different densities and identify high-density points, understanding BESS behavior over

time. 
• Provides the flexibility to adapt the natural variations in the dataset and offers the clearest separation between

different BESS operations.

Outlier analysis 
• Provides support for detecting isolated points that do not fit well within their local neighborhood in BESS operation
• Evaluates battery test performance based on thresholds provided by the user.
• Identifies anomaly detection to support the diagnostics and maintenance of a BESS.

Table 6. Feature Selection methods contributions. 

Feature Selection 
methods 

Challenges addressed 

Filter 

• Captures both linear and non-linear individual feature relationships
• Relies on statistical techniques to assess the importance of each feature based on its relationship with the target

variable 
• Measures the dependency between each feature and the target variable

Wrapper 
• Captures complex feature interactions for large datasets
• Evaluates the performance of feature subsets
• Finds the most optimal combinations of features and provides Feature Ranking

Embedded 
• Manage high-dimensional data and handle collinearity
• Captures each feature and its impact on improving the performance by decreasing the error
• Provides Feature Importance based on model accuracy
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Table 7. VIF contributions. 

VIF criterion Challenges addressed 

Correlation matrix 
• Measures the strength and direction of correlation between pairs of features
• Detects multicollinearity to improve performance metrics and algorithm design
• Provides visual analysis of connections in a dataset

Implementation 

• Ridge Regression reduces overfitting caused by correlated features, aids in improving the model’s stability and
performance under multicollinearity

• Gradient Boosting Regressor is beneficial in complex and non-linear problems with larger datasets, capturing
intricate feature interactions for better accuracy

• Complements Feature Selection and delivers KPIs
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5 Shaping the future of battery solutions through User-Centric 
AI innovations  
The eminence of this chapter is given not only by the implementation of AI methods from 
scratch to a prominent level but also by the analytical and critical reasoning behind its 
performance, being a pinnacle of knowledge, whose modest contribution leverages the 
unification of digitalization, decentralization, and decarbonization. 

In this splendid manuscript, both Machine Learning (ML) and Deep Learning (DL) 
algorithms are proposed. However, in contrast to previous research, the author 
introduces avant-garde NN architectures that reflect a futuristic and visionary approach. 
These models are developed within the broader framework of supporting the energy 
transition, with a strong emphasis on achieving the highest levels of explainability, 
interpretability, performance, and abstraction. This contribution is intended to serve as 
a stimulus for future generations, inspiring continued innovation at the intersection of AI 
and sustainable energy.   

The implementation of AI methods in the ML field proposed in this chapter is described 
through Regression and Classification in [VI]. Considering the field of DL, various NNs are 
codified, validated, and evaluated starting from [VII], until proposing groundbreaking 
architectures in [VIII], [IX], and [X]. 

The structure of this chapter is divided into two sections. The first section provides an 
overview of ML algorithms, illustrating their application in vigorous and complex scenarios 
within a BESS. The second section illustrates DL algorithms, highlighting their mechanism 
and contributions to the CRs before harnessing the algorithm design and leveraging the 
final steps of the RAGZ methodology. 

5.1 Leveraging Machine Learning and predictive analytics for enhancing 
battery longevity 
This section describes and illustrates the Supervised techniques implemented in the 
RAGZ methodology, which are Classification and Regression. The first is a complement 
that enhances the algorithm design and exceeds the initial expectations provided by the 
EDA, while the second is considered the main prediction objective in the CRs. 

The selected Classification algorithms are Decision Trees, Naïve Bayes, Logistic 
Regression, and Random Forest. For Regression, Linear Regression, Ridge Regression, 
and Lasso Regression are implemented. The fundamentals and detailed implementation 
are described in [VI]. 

5.1.1 Classification algorithms for binary and multi-label predictions 
Besides being considered another “super problem” in the field of Data Mining, 
Classification is a Supervised Learning technique that helps to divide the dataset into 
categories based on various parameters and features, predicting a final discrete value. 
As described in [VI], Classification techniques are beneficial in providing profile status in 
a BESS and evaluating the prediction of health and charge indicators under diverse 
operating conditions. 

The evaluation of BESS mechanisms promotes optimal performance in charging and 
discharging processes, which has been scientifically demonstrated by binary classifiers in 
[VI]. However, to enhance the practical novelty delivered by Data Science techniques in 
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both Supervised and Unsupervised Learning, the Classification algorithms are customized 
to a multi-classifier problem. 

To elucidate this groundbreaking innovation, the RAGZ-se datasets, which pertain to 
the state estimation CR, are processed across three distinct profile statuses: charge, 
discharge, and rest. Advanced algorithms, including Decision Trees, Naïve Bayes, Logistic 
Regression, and Random Forest, are meticulously coded, validated, and evaluated, with 
a focus on the following key modifications: 

• Stratified splitting is performed to ensure class balance in training and validation 
sets, to prevent one class from being underrepresented, and to maintain class 
distribution in both sets. 

• Conditional resampling of the minority class is set to oversee class imbalance in 
the dataset. SMOTE (Synthetic Minority Oversampling Technique), under sampling, 
or using class weights are recommended to improve model generalization and 
preserve the original data distribution. 

• After the initial steps are accomplished, the dataset is scaled to reduce potential 
biases and inconsistencies that may arise from variations in feature values. 

• Once the previous steps are completed, cross-validation using StratifiedKFold is 
performed to validate the model across different training and test splits. This 
ensures an understanding of the model's generalization ability while checking for 
overfitting and underfitting. 

• The final modification involves setting stricter hyperparameters to limit overfitting 
by constraining the hyperparameter values and features of the corresponding 
algorithms, thereby automating the process of tuning the objective function. 

After running the key code modifications, Figure 16 provides the performance metrics 
of the multi-classifier problem, consisting of Precision, Accuracy, Recall, and F1 score. 
Random Forest performs best across all performance metrics, suggesting a good balance 
between capturing true positives and avoiding false positives, making it a solid choice for 
a multi-classifier problem. While Decision Tree also performs well, it falls behind Random 
Forest in accuracy and F1 score, due to its susceptibility to overfitting complex patterns. 
In the case of Logistic Regression, moderate performance metrics are provided, 
suggesting a helpful baseline, but lacking the flexibility needed for non-linear patterns. 
Finally, Naïve Bayes performs poorly compared to the other algorithms due to its 
independence assumptions, which may not align with complex and large datasets. 

 

 
Figure 16. Performance metrics on the multi-classifier problem. [VI] 
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Random Forest’s consistent high performance makes it the best candidate for a 
multi-classification problem in this CR. Other algorithms, while being useful as baselines 
or simpler alternatives to achieve binary classification, fail to capture all the complexity 
and trade-offs required for optimal performance. In future applications and CR needs, 
exploring other ensemble methods is encouraged, such as Gradient Boosting or XGBoost, 
which offer even better performance by combining weak learners in a more refined 
manner. 

5.1.2 Regression algorithms for product life cycle and efficiency 
Considering the continuous values of the target variable already discussed in the CRs, 
the Regression approach will be the focus of the RAGZ methodology for the following 
sections and chapters for achieving the most accurate, stable, and robust predictions. 

According to [VI], Regression algorithms are relevant not only for monitoring KPIs and 
feature evolution, but also for evaluating predicted variables to satisfy the required CRs, 
so that user criteria play the most crucial role in determining the optimal algorithm. 
The implementation of Regression algorithms reflected in [VI] provides a significant BESS 
perspective because it addresses critical aspects of battery health monitoring and 
lifecycle management, essential for the efficient and sustainable use of energy systems. 

Based on the coding implementation to model the SOH, the Regression algorithms 
presented in [VI] are summarized in the following points, serving as an initial motivation 
to lead the tremendous scientific and practical novelties reflected from [VII] to [IX]: 

• The data preprocessing step is conducted, including acquiring predictors and the
target variable by removing outliers using the Data Mining methods discussed in
Chapter 4. Subsequently, visualization is shown to monitor trends and confirm
data cleaning.

• Linear Regression, Lasso Regression, and Ridge Regression are selected and
trained. Hyperparameter tuning for Lasso and Ridge regressions is executed using 
GridSearchCV.

• The algorithms are validated using cross-validation, and the initial predictions
are obtained. Subsequently, each performance metric is calculated using Mean
Absolute Error (MAE), Mean Squared Error (MSE), and Root Mean Squared Error
(RMSE).

• The battery life cycle prediction for each algorithm is calculated in the testing data 
at specific cycle indices. Finally, the optimal hyperparameters for Ridge Regression
and Lasso Regression are reported with the corresponding performance metrics.

Figure 17 illustrates the graphical performance of the Regression algorithms in 
predicting the SOH as a function of the cycle index. 
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Figure 17. Graphical representation of the Regression algorithms in SOH prediction. [VI] 

 
It is observed that all Regression algorithms effectively capture the overall linear 

degradation trend of SOH with increasing cycle index, indicating battery degradation 
accelerates as it approaches the end of its useful life. In the case of the test data,  
the points are closely aligned with the regression predictions in most regions, suggesting 
strong model performance. 

In terms of practical implications, Ridge Regression and Lasso Regression algorithms 
can be integrated into a BESS to monitor SOH more accurately. This is especially useful 
under variable conditions where degradation is nearly linear for most of the battery life, 
confirming the general degradation trend that enables operators to predict the RUL and 
plan CRs effectively. 

To conclude with this section, the novelties proposed in [VI] adequately capture the 
SOH degradation, with Ridge regression emerging as the most vigorous and consistent. 
This analysis underscores the importance of using regularized Regression algorithms like 
Ridge and Lasso for datasets with noise or outliers. These tremendous advances can 
significantly improve battery health monitoring and lifecycle management strategies in 
real-world systems. 

5.2 Harmonizing neural synergy for breakthrough battery solutions via 
Deep Learning 
Exploring the transformative power of digitalization in achieving the energy transition, 
this section unveils a legacy of groundbreaking AI methodologies. The author embarks 
on an extraordinary journey through the evolution of network architectures. It begins 
with foundational models such as Artificial Neural Networks (ANNs), Convolutional 
Neural Networks (CNNs), and Recurrent Neural Networks (RNNs), which were embraced 
by early scientific visionaries. This journey extends to avant-garde architectures  
like Multi-Head Self-Attention (MHSA) in Transformers and the groundbreaking  
Kolmogorov-Arnold Network (KAN). Through relentless innovation, from rudimentary 
coding to cutting-edge NN solutions, this narrative encapsulates the essence of ingenuity, 
leaving a profound and lasting impact on future generations. 
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To illuminate the profound and visionary legacy of AI and DL advancements within the 
energy sector, this section ventures into the intricate and ever-evolving realms of 
Computer Science, Software Engineering, and Data Engineering. It is thus highly 
recommended that readers from related disciplines, particularly those in Electrical 
Engineering, Mechatronics, and Energy Engineering, engage with the seminal scientific 
works beginning with the distinguished [VII], progressing through the exceptional [VIII], 
and culminating in the unparalleled [IX].  

5.2.1 Artificial Neural Network (ANN) 
The first category of NN that will be explained in the RAGZ methodology is the ANN, 
which has been employed using TensorFlow’s Keras API in three different subcategories: 
Shallow NN, Multilayer Perceptron (MLP), and Deep Neural Network (DNN). 

In the Shallow NN, a simple and sequential design creates a linear stack of layers, each 
with exactly one input tensor and one output tensor. The first dense layer contains the 
number of units, uses the ReLU activation function, and applies L2 regularization to 
prevent overfitting. To complement the sequential design, dropout regularization is 
added to the network, randomly setting between 10%–20% of the layer’s neurons to zero 
during training, and the output layer is set to a single value in the last dense layer for 
making predictions. 

Considering the MLP, three dense hidden layers with ReLU activation are built, 
allowing the model to learn hierarchical patterns. Like the Shallow NN, in the first dense 
layer, the ReLU activation function introduces nonlinearity to the corresponding features 
including L2 regularization. For the second and third layers, additional units are added to 
allow the model to learn complex representations from the data and proceed with 
nonlinear transformations. To finish the design, an additional dense layer containing a 
normal kernel plays the role of feature transformation or intermediate processing layer 
in parallel with the dropout regularization, further reducing overfitting and ending with 
the output layer. 

Compared to Shallow NN, and MLP, DNN is designed with multiple stacked layers to 
learn hierarchical and complex data representations. In this design, five fully connected 
dense layers are added, each using the ReLU activation function to introduce greater 
non-linearity. This enables the model to capture complex patterns in the data and 
progressively learn more abstract features from the input. An additional dense layer is 
included, where kernel weights, kernel weights are initialized using a normal distribution, 
which can help stabilize training in parallel with L2 regularization and dropout, finally, 
the single output neuron is built to make the network suitable for the Regression 
predictions.  

To exemplify the theory, the corresponding ANNs are executed in the RAGZ 
methodology for each CR, and a visual manifestation is pictured in Figure 18. It can be 
appreciated from Figure 18 that DNNs consistently perform best across all datasets, 
demonstrating a superior ability to capture complex, non-linear relationships, particularly 
in dynamic scenarios like SOC predictions. MLPs also perform well and are comparable 
to DNNs, though they occasionally show slight deviations in more complex scenarios such 
as the RAGZ-se and RAGZ-cm datasets. Shallow NNs lag in capturing fine-grained details 
or managing dynamic changes, indicating their limited expressive power compared to 
deeper architectures. Summarizing this insight, the differences between ANNs are not 
distinctive, but in datasets with more variability and more complex demands such as 
state estimation, the depth of the network plays a more significant role. 
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Figure 18. Graphical representation of the ANN for each CR. [VII]–[IX] 

5.2.2 Convolutional Neural Network (CNN) 
The second category of NN explored in the RAGZ methodology is CNN, like ANN, 
employed using TensorFlow and Keras in three distinctive subcategories studied in [VII]: 
CNN-1D, CNN-2D, and CNN Long Short-Term Memory (CNN-LSTM). 

Regarding the CNN1D, a sequential model structure is used to stack layers linearly. 
For this architecture, a 1D convolutional layer with the corresponding number of unit 
filters, a kernel size of one, and ReLU activation are employed, including L2 regularization 
to reduce overfitting. In the flattened layer, the processed features of the convolutional 
layer are prepared into a 1D vector to design fully connected layers and provide 
predictions, organized in the dense layer, dropout layer, and output layer. 

Building the CNN-2D, the algorithm is sequentially designed, where layers are added 
one after another using second-dimension filters, a second-order kernel size, ReLU 
activation, and L2 regularization. In addition, a MaxPooling layer is added to introduce 
pooling operations to complement the flattened, dense, dropout, and output layers. 

In the coding of the CNN-LSTM, a hybrid NN is designed by combining CNN-1D and 
RNNs, specifically using LSTM to process sequential data over time, in combination with 
a linear stack of layers sequentially defined through a TimeDistributed Conv1D Layer. 
The role of the TimeDistributed Flatten Layer is to use a flatten operation independently 
to each timestep in the sequence and to apply the convolution independently to each 
timestep in the input sequence, all by converting feature maps into 1D vectors. Similarly, 
the LSTM layer processes the sequence data after convolution and flattening, learning 
temporal dependencies. Concluding the architectural structure, the dropout and output 
layers are added for tasks requiring spatial and temporal feature extraction, such as Time 
Series forecasting or sequential processing. 

To visually observe the performance of the sophisticated CNN architectures, each 
category is executed for the corresponding datasets, and the predictions are graphically 
observed in Figure 19. 
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Figure 19. Graphical representation of the CNN for each CR. [VII]–[IX] 

Considering graphical predictions in Figure 19, the CNN1D performs satisfactorily in 
all datasets, especially in scenarios where spatial features dominate, with smoother 
predictions. In CNN-2D, robustness with comparable performance shows a similar 
tendency to CNN1D across different CRs, benefiting from slightly more complex feature 
extraction. Finally, from the CNN-LSTM implementation, the temporal modelling 
capabilities are beneficial for Time Series such as state estimation. However, in cases with 
abrupt transitions or more linear relationships, CNN-LSTM introduces some instability or 
overfitting, therefore a hybrid approach could be further optimized for such cases. 

5.2.3 Recurrent Neural Network (RNN) 
Compared to the ANN and CNN, RNNs are designed using all the corresponding APIs,  
so TensorFlow, PyTorch, and Keras are the pinnacle of unification to provide the highest 
reliability and adaptability in the RAGZ methodology. Four subcategories of RNNs are 
coded, validated, and evaluated, hence LSTM, Gated Recurrent Unit (GRU), and their 
bidirectional architectures BiLSTM and BiGRU. 

In LSTM and GRU, a sequential NN model is initialized for Time Series and sequential 
Data processing. The corresponding recurrent layers are defined through the number of 
units and hidden state dimensions, ReLU activation function, and L2 regularization 
applied to the kernel weights to prevent overfitting. Like ANN and CNN, the dropout layer 
is added to reduce the overfitting of the neurons during training, and the fully connected 
layer with one output unit. 

Regarding BiGRU, an initial architecture is created by a sequential model for linearly 
stacking layers. The BiGRU layer introduces a bidirectional wrapper around the GRU, 
allowing the model to process information in both forward and backward directions. 
It specifies the number of units for each direction, applies the ReLU activation function 
to the GRU outputs, and incorporates L2 regularization to reduce overfitting. In the final 
architectural design, dropout and dense layers are connected to refine the output and 
generate the final predictions. 

For the BiLSTM, the architecture processes input in both directions (left-to-right and 
right-to-left), merging the outputs to provide a richer contextual understanding for 
stacking layers. In the architectural initialization, a sequential model for stacking layers 
in order is employed, subsequently, the BiLSTM adds a bidirectional wrapper around an 
LSTM layer with the corresponding ReLU function, L2 regularization, and several LSTM 
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units. Time steps and features are processed in the dropout layer, and a fully connected 
output layer with one unit for regression predictions is connected. 

Figure 20 visually shows the tremendous performance of RNNs, revealing a superior 
ability to capture dependencies compared to ANNs and CNNs, based on the directional 
mechanism and temporal processing for applications that require a complete contextual 
understanding of the sequence. 

 

 
Figure 20. Graphical representation of the RNN for each CR. [VII]–[IX] 

 
In the graphical manifestation shown in Figure 20, all RNN models perform well 

overall, demonstrating their ability to oversee sequential data. For CRs based on RUL, 
where temporal dependencies evolve naturally forward, unidirectional RNNs are sufficient 
and have minimal errors across datasets, indicating that both architectures are robust 
for battery-related predictions. Bidirectional algorithms show an advantage on datasets 
with more complex temporal dependencies, such as CRs based on charging management 
and state estimation. To conclude, RNNs are effective in capturing battery-related Time 
series trends, highlighting the advantages of bidirectional architecture for datasets with 
symmetric or complex dependencies, while unidirectional architecture is sufficient for 
simpler sequential trends. 

5.2.4 Transformer Network 
Through an unyielding pursuit of distinction, spanning the rudimentary scripts of nascent 
coding to the realization of state-of-the-art NN solutions, this subsection epitomizes the 
author’s journey by coding, validating, and evaluating a Transformer for each CR from 
scratch until transcendence.  

As discussed in [VIII], the Encoder-only Transformer, inspired by the Bidirectional 
Encoder Representation from Transformer (BERT), is the selected architecture. This is 
due to its contextual representation, parallelization, scalability, adaptability, robustness, 
and versatility in task design. 

From a mathematical perspective, the MHSA mechanism is integrated by the key, 
value, and query, which are defined as K, V, Q, respectively. In addition, a set of building 
blocks that fulfill input mapping is represented by the variable T, and the dimension of 
the vector is defined as 𝑑𝑑𝑘𝑘. The MHSA is explained by the next equation and its 
outstanding contributions are described in [VIII]: 
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𝐴𝐴𝑡𝑡𝑡𝑡𝐴𝐴𝐴𝐴𝑡𝑡𝑖𝑖𝐴𝐴𝐴𝐴(𝑄𝑄,𝐾𝐾,𝑉𝑉) = 𝑠𝑠𝐴𝐴𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠 �𝑄𝑄∗𝐾𝐾
𝑇𝑇

�𝑑𝑑𝑘𝑘
� 𝑉𝑉, (4) 

From the coding perspective of the CR based on RUL, a Transformer-based framework 
is defined for Time Series forecasting, incorporating custom positional encoding, model 
architecture, data preparation, and evaluation functions. First, the positional encoding 
introduces positional information to the input sequence using sine and cosine functions, 
ensuring a unique representation for each time step. Second, a Transformer Encoder-based 
model for sequence-to-value mapping is implemented, featuring multi-head attention 
and feed-forward layers, along with a causal mask to prevent future time steps from 
influencing predictions. A final linear layer maps the Transformer output to a single 
regression target, with weight initialization applied accordingly. Third, a sliding window 
approach is used to extract overlapping sequences, while training and validation splits 
are performed to prepare input-output pairs and manage batches for model training. 
Finally, predictions are generated by comparing model outputs with ground truth values 
for each input sequence, enabling the evaluation of performance metrics. 

Regarding the CR for charging management, architecture encapsulates the core 
components of the Transformer Encoder: MHSA, Feed-Forward Network (FFN), layer 
normalization, and dropout rate. Initially, the MHSA learns contextual relationships 
between input tokens, enabling the model to focus on critical sequence elements. Once 
the initial steps are completed, a two-layer FFN with ReLU activation is applied after 
self-attention for further transformation, and layer normalization with dropout rate is 
executed once after attention and once after the FFN to stabilize training and prevent 
gradient issues. To conclude the architecture, the final configuration ensures the layer 
can be saved and loaded with all its parameters, serializing the kernel regularizer for 
compatibility during model saving and loading. 

Due to the highest level of non-linearities, noisy inputs, and feature variability, 
the Transformer architecture for CR based on state estimation represents an eminence 
in coding by unifying the fields of Electrical Engineering and Computer Science. The code 
is a ML pipeline designed to train and evaluate a Transformer for processing and 
predicting Time Series related to battery parameters, predicting the SOC and consisting 
of the key stages: (1) Configuration, (2) Fully Connected Layers, (3) Encoder Layer, (4) 
Transformer, (5) Positional Encoding, and (6) Validation. It is highly recommended to 
refer to [VIII] for detailed information; however, the key stages are summarized as follows: 

1. In the configuration stage, the hyperparameters of the network, and input
features of the BESS are encapsulated for data preprocessing, model architecture, 
and training.

2. The fully connected layers create a two-layer dense network with batch
normalization and dropout for regularization, introducing non-linearity, and
preventing overfitting.

3. In the encoder layer, a single Transformer encoder block consisting of MHSA, FFN, 
layer normalization for stable training, residual connections for preserving
gradient flow, and dropout for regularization are set as workflow. At the end of
this stage, linear transformation for input features, positional encoding to
incorporate sequential information, and input data are passed through stacked
encoder layers.
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4. In the Transformer stage, the encoder processes the Time Series input, and the 
final dense layer maps the encoder output to provide the desired predictions for 
each step in the input window. 

5. A positional encoding function is coded to add sinusoidal positional embeddings 
to the input data, which allows the Transformer to capture sequential order. This 
splendid stage improves performance by using sine and cosine functions for even 
and odd dimensions of the feature space. 

6. A validation function completes the coding by evaluating the trained model on a 
validation set. In this process, predictions and ground truth values for each step 
are collected, and the function aggregates and aligns predictions to match the 
original sequence length. Finally, a data frame for easy visualization of predictions 
vs. ground truth is provided. 

The marvelous implementation of the Transformer, complemented by the author’s 
masterful skills for each CR delivers superior performance beyond initial expectations 
and is visualized in Figure 21. 

 

 
Figure 21. Graphical representation of the Transformer for each CR. [VIII] 

 
As evident in Figure 21, the Transformer effectively models long-term trends in capacity 

fade and SOC dynamics. This highlights its ability to capture temporal dependencies in 
the data. The Transformer also represents a noteworthy generalization across datasets 
and variables, demonstrating robustness to different data distributions and patterns, and 
delivering exceptional relationships for deterministic and monotonic data connections. 
Compared to traditional NNs, the algorithm degrades at the extreme ends of the RUL in 
the CALCE dataset, such as in late-stage capacity fading, where degradation accelerates. 
The reliability, explainability, and interpretability of the Transformer to predict capacity 
fade and SOC dynamics make this algorithm highly relevant for a Battery Management 
System (BMS), broader energy forecasting tasks, and predictive maintenance for energy 
storage systems. 

5.2.5 Kolmogorov-Arnold Network (KAN) 
In the realm of electrochemical systems, where non-linearity governs behavior and 
multidimensional interactions define performance, emerging tools are essential to 
unlock the understanding. 

The Kolmogorov-Arnold Network (KAN), rooted in dynamical systems theory, provides 
a resilient framework for decomposing non-linear energy landscapes. This approach 
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enables a deeper understanding of critical battery processes, including charge transport, 
reaction kinetics, and degradation mechanisms.  

The author, through a comprehensive scientific exploration, introduces KANs as a 
transformative paradigm for the energy sector in [IX]. Described as a mathematical 
symphony, KANs translate complex energy dynamics into structured simplicity. 
By decoding the intricate behaviors of energy systems, KANs provide critical insights 
that facilitate design optimization. This framework advances innovation in battery 
technologies and establishes inaugural directions for the future of energy solutions as 
explained in [IX], leading to the tremendous invention in [X]. 

What sets the KAN apart from the previous NNs is the magnificent design to create 
the architecture, whose implementation provides the highest adaptability, interpretability, 
explainability, reliability, and performance for all the CRs across diverse datasets. 
Therefore, the coding description will be simplified compared to its competitors. 

From the programming environment, KAN defines a PyTorch NN class, which uses 
custom spline-based layers (SplineLinearLayer) to process Time Series data, consisting of 
three key stages for all CRs: (1) Class definition and initialization, (2) Forward method, 
and (3) Regularization loss. 

1. The class definition inherited from NN module makes the KAN compatible with
PyTorch’s NN framework, initializing the network's structure and parameters.
Core arguments are integrated by the input parameters, ReLU activation function, 
and hidden sizes, however, spline parameters of the KAN play the most relevant
role.

2. The forward method defines the network’s forward pass, applying the sequence
of layers and producing the output. In this stage, the input is sequentially passed
through all hidden layers, followed by the output layer, and the spline parameters 
adapt during inference, potentially increasing flexibility for dynamic Time Series
data. At the end of this stage, the result passes through the output layer and the
predictions are returned.

3. In the last stage, a regularization penalty for the algorithm is calculated, which is
critical in controlling model complexity and preventing overfitting, especially in
highly parameterized models like spline-based networks. Components of the
regularization loss are activation regularization and entropy regularization,
the first penalizes the spline’s activation outputs, encouraging smoother functions,
while the second promotes entropy to fully utilize the grid range and avoid
collapsing into narrow regions.

The KAN delivers a flexible and sophisticated framework for all CRs, leveraging 
spline-based layers for non-linear transformations. Its ability to dynamically adjust spline 
knots and incorporate regularization makes it a promising tool for complex temporal 
patterns, though it requires careful tuning to balance expressiveness with computational 
efficiency. Graphical results are illustrated in Figure 22. 

In the CR based on RUL, predictions closely track the actual capacity degradation 
trends, and both long-term degradation and sharp transitions in CALCE and NASA 
datasets are captured effectively. Considering state estimation, the SOC predictions over 
time align closely with the actual values, including transitions and gradual changes.  
In charging management, curve prediction is nearly identical to the actual data, 
demonstrating excellent accuracy that captures the nonlinear relationship between SOC 
and OCV, a matter of strategic importance for battery modelling. 



61 

Figure 22. Graphical representation of the KAN for each CR. [IX] 

In conclusion, this groundbreaking invention, meticulously crafted and introduced 
within the innovative RAGZ methodology, highlights KAN’s exceptional predictive 
prowess across a wide range of battery-related datasets. By adeptly capturing both long-
term trends and intricate nonlinear dynamics, KAN solidifies its place as a transformative 
tool in battery modelling and Time Series prediction. While the minor smoothing of 
abrupt transitions may present a subtle limitation, the overall performance remains 
nothing less than extraordinary, as underscored in [X]. 

5.3 Chapter summary 
Exemplary efforts to craft the most effective neural architectures for each CR, achieving 
unparalleled levels of explainability, interpretability, and reliability, have been thoroughly 
demonstrated. From the foundational concepts of traditional NNs to the cutting-edge 
capabilities of Transformers and the innovative KANs, this work stands as a testament to 
pioneering advancements. 

The author has meticulously showcased coding and programming expertise, 
embedding refined technical details that highlight the RAGZ methodology’s enduring 
contributions to future generations. These contributions emphasize not only the 
practical utility of the proposed solutions but also their legacy in fostering a deeper 
understanding of neural architectures. Furthermore, the AI innovations presented have 
been carefully tailored to adapt each method with precision and relevance, underscoring 
the harmony between theory and application. 

Having laid a sturdy foundation for the pillar of digitalization, the forthcoming chapter 
will pivot toward visionary algorithm design. It will delve into analyzing numerical results, 
evaluating performance metrics in both the Validation and Model Performance Analysis 
stages, and incorporating the pillar of decentralization.  
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6 Harnessing sophisticated algorithm design for industry and 
academic excellence 
In an era driven by technological innovation, the convergence of industry and academia 
demands solutions that are both cutting-edge and impactful. This chapter explores  
the transformative potential of advanced algorithmic frameworks. By leveraging  
state-of-the-art methodologies, this approach bridges the gap between theoretical rigor 
and practical application, fostering innovation, efficiency, and excellence across both 
domains. It unifies diverse fields of knowledge, seamlessly bridging the domains of 
Computer Science, Software Engineering, Data Engineering, and Electrical Engineering, 
as displayed in the preceding sections. 

The structure of this chapter is divided into six sections. The first section explains the 
network architecture based on the most pertinent hyperparameters. The second section 
illustrates the training, highlighting its mechanism and contributions to the AI methods. 
The third section delves into the importance of Fine-tuning for the user criteria in 
algorithm design and the fourth section underlines the role of Transfer Learning in the 
RAGZ methodology. The fifth section elucidates the hyperparameter optimization to 
achieve a convergence based on each CR. Section 6 delivers the validation results once 
the previous steps are completed. Finally, in section 7, the unparallel results are 
provided, incorporating the optimal network architectures, and the performance metrics 
for all the datasets and CRs. This progression sets the stage for a transformative 
approach, integrating advanced methodologies while exploring the synergies between 
centralization and decentralized frameworks. 

6.1 Network architecture 
Considering the advances and novelties proposed in [VII]–[IX], the selected 
hyperparameters in the network architecture are (1) Batch size, (2) Learning rate,  
(3) Weight decay, (4) Gamma, (5) Number of units, and (6) Epochs. 

In the batch size, the number of samples is processed before the model updates its 
weight. Smaller batch sizes provide more frequent updates and better generalization but 
may introduce noise into the gradient estimation, conversely, larger batch sizes produce 
smoother updates but might lead to slower convergence or overfitting. Considering the 
NN architecture, small batches help capture temporal dependencies better, especially 
for sequence data, and large batch sizes are employed due to their efficiency in 
leveraging GPU parallelism, specifically for CNNs. Considering KAN, batch size affects 
convergence speed and accuracy since these networks rely on learning nonlinear 
mappings over complex regressions. 

In network architecture, the learning rate refers to the step size at which the model 
weights are updated during training, its selection being crucial to avoid divergence, 
inefficient training, and vanishing/exploding gradient. All NN categories are sensitive to 
this hyperparameter, therefore adaptive learning rate methods like Adam are beneficial 
to alleviate sensitivity but require Fine-tuning of hyperparameters according to the 
contributions of [VII]. 

In the regularization process, the weight decay adds a small penalty proportional to 
the magnitude of the weights to the loss function. In terms of NN selection, for RNNs, 
ANNs, CNNs, and Transformer, the weight decay prevents overfitting by discouraging 
large weights that may overemphasize specific features in sequential data; as for KAN 
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design, this hyperparameter is relevant for dealing with highly nonlinear functions, thus 
avoiding overfitting in regression tasks. 

To improve algorithm design, a learning rate scheduler containing gamma refers to a 
multiplicative factor by which the learning rate is reduced at specific intervals. For RNNs, 
ANNs, and Transformers, gradual reduction of learning rate via gamma helps to stabilize 
the learning as the model converges, as for CNNs and KANs, gamma is essential to achieve 
finer adjustments as the model approaches the minimum in regression predictions. 

Considering the number of units, the architectural structure is determined by each NN 
category. For the RNNs and ANNs, the number of units determines the capacity of the 
network to capture sequential dependencies, in the CNNs, the number of filters in 
convolutional layers defines feature extraction capacity. Compared to traditional NNs, 
the number of units in the Transformer is based on attention heads and feed-forward 
layers, which affects the model’s ability in complex data relationships. In the KAN 
context, the number of layers determines the network’s ability to approximate the 
representation based on hidden sizes, number of knots, and spline order, as discussed in 
[IX]. 

To finalize the initial section of this chapter, the epoch’s impact on the generalization 
to learn patterns is reflected by the iterative nature of sequential Data processing for 
ANNs and RNNs. As for CNNs and Transformers, fewer epochs with sufficient data 
augmentation or pretraining are recommended to avoid high computational expenses, 
on the contrary, KANs deliver a smaller quantity of epochs based on their mechanism of 
multivariate inputs, hidden layers, and univariate functions. In all CRs, early stopping is a 
beneficial tool to determine the optimal number of epochs and avoid overfitting. 

6.2 Training 
Training a NN involves balancing the interplay of hyperparameters and the specific 
network architecture. Each architecture has unique characteristics that influence the 
optimal choice of hyperparameters and their impact on training. 

The impact of network architecture on training forms the cornerstone for interpreting 
and calculating performance metrics during the Validation and Model Performance 
Analysis. A profound understanding of CRs and User-Centric AI innovations is paramount 
in bridging theoretical constructions with practical applications. By delving into the 
intricate interplay between network design and training dynamics, this section 
establishes a framework for optimizing DL algorithms tailored to real-world demands. 

As the decentralization pillar of this chapter, an in-depth exploration of hyperparameters 
in the training process is unveiled across diverse network architectures. This analysis not 
only highlights the subtleties of tuning hyperparameters such as learning rates, batch 
sizes, and weight decay but also elucidates how these choices influence the convergence, 
generalization, and computational efficiency of models ranging from traditional NNs to 
cutting-edge Transformers and KANs. Through this lens, the author emphasizes the 
criticality of aligning architectural design with resource constraints and end-user 
expectations. 

This comprehensive examination paves the way for a more adaptive, decentralized 
approach to AI development, where the synergy between hyperparameter optimization 
and network architecture becomes a catalyst for innovation. In doing so, it sets the stage 
for a nuanced understanding of how training choices impact broader performance 
objectives, ensuring robust, user-aligned outcomes in the age of intelligent automation. 
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In the case of ANNs, architectures are less sensitive to hyperparameters but require 
careful tuning for high-dimensional or noisy data. Flexible batch size impacts convergence 
speed but is chosen based on the dataset size and hardware, like the learning rate, which 
works well using Fine-tuning for more complex architectures such as MLPs and DNNs. 
Considering the regularization, weight decay, and gamma ensures generalizations, 
especially when training on high-dimensional data. Regarding the number of units and 
epochs, the depth and complexity of the architecture play a critical role in achieving 
convergence phases. 

The batch size of the CNNs affects the training and is efficient for spatial Data 
processing, either by utilizing GPU memory and parallelism effectively or achieving 
convergence when memory is limited. The learning rate helps in the initial stages of 
training due to effective spatial feature extraction but must be reduced over time. In the 
regularization, gamma, and weight decay ensure that learning rate reduction is smooth 
and avoids oscillations or premature convergence, delivering robustness by penalizing 
large weights. Epochs and the number of units dictate the network’s capacity to model 
complexity and control convergence. 

Learning rate and batch size share a remarkable connection in the training of RNNs, 
so they allow the network to process sequential data with better temporal dependencies 
and governing convergence. Weight decay and gamma are critical for avoiding overfitting, 
especially in cases with small datasets and large models, stabilizing the learning in 
long-sequence tasks. In the case of epochs and several units, both hyperparameters are 
required for convergence and dependency on sequence length and capturing complex 
sequential patterns. 

In the Transformer implementation, training often benefits from larger batch sizes due 
to the parallelism in the attention mechanism, while optimal learning rates are 
indispensable due to the complexity of multi-head attention and large FFNs. The role of 
gamma and weight decay is the prevention of overfitting due to the substantial number 
of parameters in multi-head attention and feed-forward layers for stable training given 
the large model size. Compared to traditional NNs, the number of epochs in complex 
architectures is slightly higher, especially without pretraining, however, Fine-tuning tasks 
often require fewer, and the number of units depends on the feed-forward layers and 
attention heads that improve capacity but require careful regularization. 

For the innovative KAN, batch size directly affects the approximation of nonlinear 
functions. Small batches may help better generalize in complex regression tasks, while 
learning rate impacts the fitting of nonlinear mappings, preferring small values to ensure 
stability. From the coding perspective explained in the previous chapter, regularization 
plays a critical role in ensuring the network does not overfit the specific nonlinear 
regression problem, having the gamma and weight decay as the core elements for highly 
nonlinear regression tasks, ensuring smooth convergence. Finally, a high number of units 
are often required to model highly nonlinear functions but must be balanced, and in 
parallel with sufficient epochs to converge on a nonlinear regression task, with early 
stopping. 

6.3 Transfer Learning 
In the realm of visionary algorithm design stage, Transfer Learning plays a pivotal role by 
utilizing a model developed for one objective, which is then either partially or entirely 
repurposed as the foundation for a new model on a related problem. Rather than training 
a model from the ground up for each unseen challenge, Transfer Learning harnesses the 
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patterns, representations, and knowledge acquired by an existing model, typically 
trained on a vast and often general-purpose dataset, to accelerate learning and enhance 
performance on secondary endeavor. This approach not only saves significant 
computational resources but also allows for faster convergence, especially when labeled 
data for the new task is scarce or expensive to obtain. By capitalizing on the deep features 
learned from a broader, often unrelated dataset, Transfer Learning offers a powerful 
strategy for solving complex problems, enabling models to generalize across diverse 
domains with remarkable efficiency. 

After completing the training and the Fine-tuning process, Transfer Learning offers 
critical advantages in the context of algorithm design before the execution of 
Hyperparameter optimization in the RAGZ methodology, such as an improvement in 
model initialization, faster convergence during hyperparameter tuning, better feature 
representation, reduction in the risk of overfitting, and efficient search for optimal 
hyperparameters. 

Considering an improvement in the model initialization, a pre-trained NN provides a 
well-initialized set of weights based on knowledge from a previous, often larger dataset, 
therefore leading to better convergence during Fine-tuning and Hyperparameter 
optimization compared to starting with randomly initialized weights. With better initial 
weights, optimization algorithms find solutions faster and often have better quality. 

In the faster convergence benefit, since the algorithm starts with pre-learned features 
that are useful for the new task, training requires fewer epochs, so Hyperparameter 
optimization, which involves training multiple models, becomes computationally 
efficient because the fine-tuned transferred model already approximates a near-optimal 
solution. 

Regarding feature representation, Transfer Learning enables the model to leverage 
valuable feature representations from related tasks, which is particularly beneficial when 
the CR has a limited dataset. In this context, this advantageous feature representation 
allows the NN to generalize more effectively and enhance performance. 

Due to different CRs and user criteria in dynamic and strategic management, the NNs 
trained from scratch on small datasets are prone to overfitting. Transfer learning 
mitigates this issue by leveraging the general knowledge from the pre-trained model, 
ensuring that when Fine-tuning a pre-trained model, fewer parameters need to be 
adjusted compared to training from scratch, reducing the risk of overfitting. 

Before initiating hyperparameter optimization, Transfer Learning saves time and 
resources by improving model convergence and narrowing the hyperparameter search 
space. It enhances generalization and feature learning, making the hyperparameter 
search more productive and efficient. This approach is crucial for addressing the 
challenges faced by CRs and complements User-Centric AI innovations, proving especially 
valuable in situations where datasets are small or computational resources are limited. 

In NN pipelines, Transfer Learning acts as a critical bridge between initial training and 
final Hyperparameter optimization, enhancing model performance while minimizing 
computational demands of the CRs. This results in remarkable outcomes during the 
Validation and Model Performance Analysis phases, driving the delivery of cutting-edge 
solutions within the RAGZ methodology. 
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6.4 Fine-tuning 
After the culmination of the training process, the algorithm can perform a general task, 
such as regression or classification. Still, the algorithm may not be specialized for a 
specific use case, so additional techniques such as Fine-tuning and Hyperparameter 
optimization are required.  
Fine-tuning is a process that typically occurs after the initial training phase, being a 
subsequent stage where the NN, which has already learned general features, is adapted 
or specialized for a specific task or dataset. 

As mentioned in [VII], Fine-tuning involves training the model further on a smaller, 
more specific dataset that is closely related to the target task. The model’s parameters 
are adjusted slightly from their pre-trained state, whose mechanism is done by 
continuing the training process but with a smaller learning rate and sometimes fewer 
epochs. Sometimes, only specific layers are fine-tuned, while others are frozen. 

After Fine-tuning, the NN is better adapted to the specific task, potentially achieving 
higher accuracy or better performance on the target data than only considering the initial 
pre-training. Considering the tremendous innovations presented in [VII]–[IX], the efficiency 
of the Fine-tuning relies on the initial training phase that allows the model to learn general, 
low-level features that are applicable across many tasks, leveraging this foundational 
knowledge, so the user does not have to train a model from scratch for every new task 
or dataset. 

By starting from a pre-trained model based on the specific CRs, Fine-tuning ensures 
that the NN adapts to the nuances of the new, often smaller, dataset without losing 
the general knowledge it has already acquired. It is of utmost importance to underline 
that depending on the CR, several types of Fine-tuning approaches can be employed, 
specifically by considering factors like data size, similarity to pre-training data, 
computational resources, and the desired level of model adaptation.  

To illustrate the Fine-tuning relevance in the visionary algorithm design step of the 
RAGZ methodology, the implemented techniques in [VII]–[IX] are presented in Table 8. 

To conclude this subsection, different Fine-tuning techniques offer flexibility in 
adapting pre-trained models of the User-Centric AI innovations step to CRs depending 
on the nature of the target task, data availability, and computational constraints. 
Choosing the right Fine-tuning approach is essential for maximizing performance while 
minimizing computational costs and risks like overfitting. 
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Table 8. Fine-tuning techniques in the visionary algorithm design step of the RAGZ methodology. 

Fine-tuning technique Mechanism Implementation 

Full Fine-tuning 

• All layers of the pre-trained NN are unfrozen, and all
network parameters, which are biases and weights, are
updated during the training process on the new dataset

• Provides high flexibility and better adaptation to the
target task

• Beneficial when the target dataset is large
enough

• Allows the algorithm to fully adapt to
different CRs, potentially learning new
features from scratch

Partial Fine-tuning or Layer-
Wise Fine-Tuning 

• Only a subset of the layers in the NN is fine-tuned while
the others remain frozen or not updated.

• The higher layers closer to the output are fine-tuned
because they tend to learn more task-specific features,
while the earlier layers closer to the input learn more
generic features

• Useful when the target dataset is small or
when CRs show similarities. The model is
adapted by Fine-tuning only the later layers

• Reduces risk of overfitting, faster training,
and fewer computational resources
required.

Head-only Fine-tuning 

• All layers of the pre-trained model are kept frozen, and
only the last layer, also known as the “head” of the
network, is replaced and fine-tuned on the target dataset

• Employed when transferring models to new datasets with
different classes but similar features

• Functional when the new dataset is small
and the CRs show similar objectives in the
foundational framing, or when
computational resources are limited

• Very efficient and fast; minimal risk of
overfitting

Progressive Fine-tuning 

• The NN is fine-tuned in stages, starting with the last layers 
and gradually unfreezing and fine-tuning the earlier layers

• The NN is fine-tuned layer by layer, typically starting
from the output layer towards the input layer. Balanced
adaptation to the new task; reduced risk of overfitting
compared to Full Fine-tuning

• Valuable when the target dataset is
moderately sized, and there is a
reasonable similarity in the CRs

• Allows the algorithm to adapt to new tasks
using high-level features and then
progressively adjust more general features
as needed
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Fine-tuning technique Mechanism Implementation 

Regularization Fine-tuning 

• Involves Fine-tuning the entire model or parts of it with
additional regularization techniques to prevent overfitting 
such as L2 regularization, early stopping, and dropout

• The regularization helps ensure that the model does not
overly specialize to the small dataset

• Particularly useful for dynamic and
strategic management, when the target
dataset is small or when fine-tuning a large
model addressed to several CRs

• Reduces overfitting, leading to better
generalization

Task-specific Fine-tuning 

• Involves adapting the algorithm in a way that is specific to
the new CR, which may involve adding task-specific layers
or architectures on top of the pre-trained model

• Tailored specifically to the CR; can lead to significant
improvements in performance

• Valuable when the CR requires specialized
architecture or layers not present in the
original model

• Advantageous in dynamic and strategic
management, dependent on the KPIs

Adapter-based Fine-tuning 

• Small adapter modules are trained while keeping the rest
of the model's parameters frozen.

• Allows the model to adapt to the new task with a small
number of additional parameters.

• Practical when there are multiple CRs to be
fine-tuned on the same pre-trained model,
or when computational resources are
limited

• Efficiency requires fewer parameters,
and prevents loss of knowledge from
pre-training
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6.5 Hyperparameter optimization 
In real-world applications of a BESS, Hyperparameter optimization plays a crucial role in 
harnessing the full capabilities of AI-driven solutions. By leveraging advanced AI 
methods, this process fine-tunes network hyperparameters to achieve more accurate 
and reliable predictions of battery performance, efficiency, and lifespan across a variety 
of operating conditions and network architectures. Through the careful optimization of 
hyperparameters, models can capture the complex, nonlinear dynamics inherent in 
battery systems, improving their predictive power and stability. Moreover, this approach 
allows for the search of the most optimal configurations, enabling AI models to better 
adapt to diverse CRs and user criteria. As a result, the integration of Hyperparameter 
optimization within battery AI frameworks not only enhances performance but also 
drives transformative innovations in energy management, predictive maintenance, and 
the development of more sustainable and efficient engineering technologies through 
digitalization and decentralization. This advancement will be pivotal in addressing the 
growing demand for smarter, longer-lasting energy storage solutions in industries 
ranging from electric vehicles to renewable energy storage systems. 

The optimization techniques chosen for this thesis include Random Search, Grid Search, 
and Bayesian optimization. As outlined in earlier chapters, the methods implemented 
are crafted from the ground up, offering a bespoke approach to hyperparameter 
optimization. These methods are executed through the powerful frameworks of 
TensorFlow, Keras, and PyTorch, each renowned for their flexibility and efficiency 
in AI development. The intricate details of the coding process, design choices, and 
implementation nuances are comprehensively explored in [VI]–[IX], shedding light on the 
sophisticated mechanisms that underpin the optimization workflow and their seamless 
integration in the visionary algorithm design step of the RAGZ methodology. 

6.5.1 Random Search 
In Random Search, hyperparameter values are selected randomly from predefined 
distributions within specified ranges. Initially, a search space for each hyperparameter is 
carefully defined, considering the potential impact of each parameter on the model’s 
performance. From this search space, random sample combinations are generated and 
iteratively assessed, forming the basis of the optimization process. Unlike exhaustive 
search methods, which evaluate every combination, Random Search allows for a more 
efficient alternative by focusing on a smaller, randomized subset of the parameter space. 

During the training and Fine-tuning processes, the DL model is trained on the dataset 
for each set of randomly selected hyperparameters by the user criteria. This involves 
adjusting the model’s internal weights and evaluating its performance on validation 
data to assess how well it generalizes. For each hyperparameter combination, 
the corresponding performance metrics are calculated to determine the effectiveness of 
the selected hyperparameters. The results of these evaluations provide valuable feedback, 
guiding the optimization toward better-performing hyperparameter configurations. 
Through repeated cycles of this process, Random Search helps identify promising 
hyperparameter settings, offering a balance between the network architecture and 
computational efficiency while avoiding the exhaustive nature of a Grid Search. 

In the visionary algorithm design step, Random Search offers efficient sampling by 
finding optimal or near optimal hyperparameters faster than Grid Search, especially 
when only a few hyperparameters have significant effects on performance, in addition, 
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multiple combinations can be evaluated independently, making it highly parallelizable. 
On the contrary, drawbacks in the implementation can lead to redundant evaluations 
that can waste computational resources by sampling near-identical points in complex 
datasets, and no intelligent search strategy represented by a lack of consideration of past 
performance to guide future searches, which decreases the interpretability of the 
algorithm already integrated into the dynamic and strategic management. 

Considering the User-Centric AI innovations and the NNs explained in the previous 
chapter, Random Search offers beneficial contributions to the algorithm design that 
heavily depends on the network architecture. For ANNs, it provides efficiency when the 
number of hyperparameters is moderate and works well with activation functions, 
hidden layer sizes in simple networks and weight decay searches. In the case of CNNs, 
Random Search is useful when searching for kernel size and number of units, but less 
efficient when there is an elevated level of computational demand in the CR. From the 
RNNs perspective, learning rates and number of units are suitable in Random Search due 
to sequential data, but expensive due to sequential training. Regarding Transformers, 
optimizing the attention units and layers is appropriate by using Random Search, but 
demanding CR limitations that occur in the computational costs increase due to the 
model size. Finally, for the KANs, the algorithm benefits from more structured optimization 
strategies due to their complex hierarchical structure, however, implementation is likely 
to waste resources by sampling irrelevant hierarchical configurations without guidance 
or network understanding. 

6.5.2 Grid Search 
In Grid Search, every combination of hyperparameter values within specified ranges is 
exhaustively tested. To begin with, a search space is defined, considering discrete values 
for each hyperparameter. From this search space, NN is trained for every combination in 
the Cartesian product of those hyperparameter values. This method evaluates all 
possible hyperparameter combinations, ensuring that the global optimum is found within 
the search space. Additionally, it offers the advantage of ease in both implementation and 
understanding, providing a straightforward approach to hyperparameter optimization. 

Considering the DL field and NN architecture, Grid Search can be particularly effective 
as it rigorously assesses different configurations of hyperparameters that provide an 
exhaustive approach that guarantees a comprehensive evaluation, helping to identify the 
most suitable configuration for the given problem. However, due to the computationally 
expensive nature of DL, Grid Search can be resource-intensive, especially as the number 
of hyperparameters and their values increases. Each combination requires a full training 
cycle, resulting in long processing times and significant computational costs. 

In the visionary algorithm design step, Grid Search offers comprehensive advantages 
by finding the global optimum within the defined search space, being suitable for 
CRs when computational resources are abundant. Conversely, deficiencies in the 
implementation can lead to the exponential growth of the search space with the number 
of hyperparameters, making it computationally prohibitive for DL algorithms, and 
inefficient sampling that spends unnecessary time evaluating combinations with 
deficient performance. 

Regarding User-Centric AI innovations and NNs during the execution of Grid Search, 
several factors, such as task complexity, dataset nature, and user criteria are essential 
for delivering optimal solutions. For ANNs, efficiency is typically achieved when the 
search space is small and hyperparameters are limited, as this reduces computational 
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demands. From the perspective of CNNs, Random Search is effective when computational 
resources are abundant, but it becomes impractical for more complex network 
architectures due to the increased number of hyperparameters. In the case of RNNs, 
Random Search may be suitable for smaller datasets; however, it has been shown to lack 
adaptability for navigating more complex hyperparameter spaces, particularly because 
of long training times. When considering Transformers, the vast parameter space, 
especially in attention layers and feed-forward components, can lead to inefficient results. 
Finally, in the case of KANs, Grid Search is not the best choice due to the hierarchical 
nature and high parameter dimensionality, which can lead to a combinatorial explosion, 
making the process computationally expensive and ineffective for high-dimensional 
hierarchical models. 

6.5.3 Bayesian optimization 
Bayesian optimization stands at the frontier of Hyperparameter optimization, 
revolutionizing the Fine-tuning of NNs. By leveraging probabilistic models to balance 
exploration and exploitation intelligently, it seeks the sweet spot of model performance 
with minimal computational effort. One of its key strengths lies in acquisition functions 
such as Expected Improvement, which guide the search by predicting regions of 
hyperparameter space where performance gains are most promising. This Data-Driven 
approach transforms tedious grid and random searches into a sophisticated, adaptive 
strategy, unlocking the full potential of network architectures with precision and 
efficiency. 

As highlighted in [VII] and [IX], the primary goal of Bayesian optimization is to minimize 
loss during training and validation, achieve smooth convergence on learning curves, and 
effectively model the objective function. To tackle this intricate task, a powerful 
probabilistic tool considered an infinite-dimensional extension of the multidimensional 
Gaussian distribution known as the Gaussian Process is employed. This sophisticated 
process models the unknown objective function, providing a posterior distribution over 
its values based on observed data, paving the way for informed and adaptive 
optimization 

Regarding the role of exploration, the goal is to gather more information about the 
objective function by sampling points in regions where the model is uncertain or has high 
variance, especially in sections that have not been thoroughly explored. Exploration 
helps to avoid missing potentially better solutions in less understood areas. 

To complement the implementation of Bayesian optimization, exploitation focuses on 
sampling points where the model predicts the optimal or near-optimal objective 
function. It leverages the current knowledge to improve the estimate of the best 
solution, assuming the model’s predictions are trustworthy. 

The mathematical foundations of Bayesian optimization rely on the Expected 
Improvement acquisition function and the Gaussian process model. In the Gaussian 
process, a probabilistic model is used to predict the underlying objective function, 
providing both a mean, which represents the predictions and a variance that denotes the 
uncertainty at any given point in the domain. Similarly, the Expected Improvement 
acquisition function specifically aims to balance the exploitation of areas with promising 
predictions and the exploration of areas with high uncertainty, as a result, high-variance 
regions may trigger exploration, while areas with high mean predictions relative to the 
best-known value led to exploitation. 
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To graphically illuminate the mathematical essence of Bayesian optimization, Figure 23 
represents the Gaussian process, whereas Figure 24 depicts the Expected Improvement. 
Due to its relevance in the network architecture, the batch size is selected as an example. 

Figure 23. Graphical representation of Gaussian process. [IX] 

Figure 24. Graphical representation of Expected Improvement. [IX] 

In Figure 23, red points represent the observed loss values for various batch sizes 
evaluated during the optimization process, the dashed green curve represents the 
Gaussian process posterior mean that models the objective function, and the shaded 
green area indicates the uncertainty or confidence intervals of the Gaussian process 
predictions. In the exploration, the Gaussian process evaluates batch sizes across a wide 
range, even in regions where high loss values are observed, which is essential for gaining 
a comprehensive understanding of the loss landscape and reducing uncertainty. For the 
exploitation, optimization focuses on areas where the Gaussian process predicts low loss, 
as evidenced by denser sampling near regions of improved performance. 

Regarding Figure 24, the blue curve represents the Expected Improvement acquisition 
function, which quantifies the potential benefit of sampling at different batch sizes, and 
the shaded blue area emphasizes regions with higher Expected Improvement. Peaks in 
the curve highlight promising regions where further evaluations are likely to yield better 
performance, which usually corresponds to areas where the Gaussian process uncertainty 
or posterior mean suggests a potential for lower loss. Regarding the exploration and 
exploitation balance, the function tends to rise in areas where the uncertainty is elevated 
indicated by the shaded region in Figure 23, encouraging exploration. Conversely, when 
the Gaussian process confidently predicts a low loss, the function promotes exploitation 
by reinforcing sampling near these regions. 

Once the Gaussian Process model has completed its role in the Bayesian optimization 
by balancing exploration and exploitation through Expected Improvement, the next 
stage will consist of obtaining the convergence curves to determine an overview of the 
initial performance for each NN. 

Figure 25 displays the convergence plot for different NNs in a Bayesian optimization 
example, indicating their corresponding losses after a set of searches. For comparison, 
KAN (yellow), CNN-1D (dark blue), MLP (light green), GRU (teal blue), and LSTM (green) 
are exemplified. 
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Figure 25. Convergence plot of different NNs through Bayesian optimization. [VII], [IX] 

It is observed that all NNs eventually converge, with slight differences in their rates of 
convergence and final values. GRU and LSTM demonstrate fast convergence, stabilizing 
quickly after 5 to 10 searches. MLP converges well after about ten searches and maintains 
stability. CNN-1D also converges reliably, although its early searches are slightly less 
optimal compared to LSTM and GRU. KAN initially performs similarly to MLP but reaches 
the lowest final value after convergence, resulting in a minimal loss. This makes KAN 
a strong contender, provided that computational resources allow for a more extensive 
search. 

 To complete the Bayesian optimization, the Partial Dependence Plot (PDP) is a tool in 
the visionary algorithm design that provides the visual relationship between one or more 
input features and the predicted output of the model. It shows how the predicted value 
of the objective function changes as a particular feature evolves, while all other features 
are held constant. The core benefits of a PDP support the understanding nature of the 
algorithm, especially in high-dimensional spaces, by showing the impact of individual 
features on the model’s predictions as practically proven in [VII], [IX]. 

Figure 26 depicts the PDP that focuses on the relationship between the number of 
feed-forward layers (num_ff) in a Transformer and various other hyperparameters, 
including learning rate, number of epochs, batch size, weight decay, number of transformer 
units, embedding dimension, and attention heads. 

Figure 26. Exemplification of a PDP in a Transformer. [VII], [IX] 

Based on Figure 26, key observations in the algorithm design in the network 
hyperparameters suggest that careful learning rate tuning is essential when increasing 
the feed-forward layer size to avoid training instability, therefore smaller learning rates 
are preferred. Higher feed-forward layers require more training epochs for convergence, 
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highlighting the importance of scheduling long enough training sessions. In the batch size 
choice, a number between 40 and 80 for models with larger feed-forward layers to 
achieve an effective balance between computational efficiency and gradient stability, 
whereas increasing feed-forward layers is beneficial, but it is required to complement 
this hyperparameter with sufficient Transformer units, embedding dimensions, and 
attention heads. 

To conclude this subsection, Hyperparameter optimization is a critical step in 
algorithm design, with methods like Random Search and Grid Search providing 
foundational approaches to exploring hyperparameter space. However, these methods 
often lack efficiency, as they do not incorporate information from previous evaluations, 
leading to potentially wasteful sampling. In contrast, Bayesian optimization is a 
sophisticated technique that intelligently navigates the search space by leveraging a 
Gaussian process to model the underlying objective function. This probabilistic approach 
enables the method to balance the exploration of uncharted regions with the 
exploitation of areas that show promise, guided by the principle of Expected 
Improvement. By estimating where future gains are most likely found, Bayesian 
optimization not only enhances efficiency but also accelerates the convergence toward 
optimal hyperparameters. This constructive interaction between exploration and 
exploitation ensures that the optimization process is both adaptive and strategic, making 
Bayesian optimization a powerful tool for Fine-tuning complex models with minimal 
computational expense. 

6.6 Validation 
Validation in the AI field, particularly in the context of NNs, refers to evaluating the 
model’s performance on a dataset separate from the training data but not yet exposed 
to the final testing phase, as specified in [V]–[IX]. The primary purpose is to ensure the 
algorithm’s ability to generalize well to unseen data. It prevents overfitting, and 
underfitting, therefore allowing Fine-tuning of hyperparameters in the network 
architecture. 

As mentioned in [VII], overfitting refers to the process in which the NN learns 
excessively from the training data and might perform exceptionally on that data but 
poorly on new, unseen data, so Validation helps catch and mitigate overfitting by 
signaling when the training should stop or the proposed Regularization techniques 
specified in [VI], [VII]. On the other hand, underfitting denotes a poorly trained model 
that fails to capture the underlying patterns in the data [VII], consequently, validation 
scores can reveal this problem by showing persistently low-performance metrics across 
training and validation sets. 

According to the exceptional scientific contributions delivered in [VII]–[IX], 
the Validation process must be monitored by the user to ensure robustness, 
adaptability, reliability, and stability through validation scores and learning curves, 
the latter, a graphical representation of the initial performance metrics in the visionary 
algorithm design. 

Learning curves are support tools that identify overfitting or underfitting, assist in 
Hyperparameter optimization and Fine-tuning, and visually reinforce that the final 
deployed model can handle real-world data effectively. To exemplify the essence of 
learning curves in the visionary algorithm design of the RAGZ methodology, Figure 27, 
Figure 28, and Figure 29 display the validation cases of overfitting, underfitting, and 
optimal fit respectively. 
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Figure 27. Overfitting exemplified by learning curves in Validation. [VII]–[IX] 

Figure 28. Underfitting exemplified by learning curves in Validation. [VII]–[IX] 

Figure 29. Optimal fit exemplified by learning curves in Validation. [VII]–[IX] 

In Figure 27, overfitting is evident as the training error continues to decrease with 
each epoch, while the validation error stabilizes after a certain point and then either 
increases or oscillates. This pattern indicates that the model is becoming too specialized 
for the training data, leading to poor generalization of unseen data. 

In contrast, Figure 28 illustrates underfitting, where the training and validation errors 
remain high and stable throughout the training process. There is little to no improvement 
as the training progresses, and no convergence is observed in either error curve, 
suggesting that the model is too simplistic to capture the underlying patterns in the data. 
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On the other hand, the optimal fit of Figure 29 is represented by training and 
validation loss curves that steadily decrease over the epochs and eventually converge. 
This convergence signals effective training, where both curves align closely, with the error 
gap between them typically less than 1%, indicating that the algorithm is well-balanced 
and generalizes effectively, without significant overfitting. 

Once the behavior of the learning curves is monitored in the Validation step, the next 
task consists of obtaining the performance metrics, integrated by the MSE, MAE, and 
RMSE, in conjunction with the additional benchmarks proposed in [IX], which are the 
Symmetric Mean Absolute Percentage Error (SMAPE), and the Residual Sum of Squares 
(RSS). 

For the MAE, it provides a simple and direct way to understand typical prediction 
errors, especially when large magnitudes are not disproportionately penalized. In contrast, 
MSE and RMSE are particularly useful because their natural interpretation emphasizes 
the impact of large outliers on predictions, hence making them ideal for identifying 
algorithms that produce erratic or highly inaccurate predictions for specific data points. 
SMAPE, on the other hand, is particularly valuable for cases where percentage-based 
error evaluations are necessary, such as in Time Series forecasting and datasets where 
scale is crucial, as discussed in [VIII]. For RSS, this metric is beneficial for model 
diagnostics, as it quantifies the unexplained variance and allows for the comparison of 
different approaches or architectures, complementing the mathematical framework 
outlined through Bayesian optimization. 

The visionary algorithm design generated thousands of NNs, and only the most 
optimal have been carefully saved for future use. The final algorithms are stored in 
industry-standard formats such as Keras, PTH, and H5 files, ensuring both portability 
and scalability. These meticulously crafted models have demonstrated remarkable 
performance, reflecting the seamless integration of innovative architectures and 
practical applications. 

Table 9, Table 10, Table 11, and Table 12 deliver the calculated performance metrics 
using K-fold cross-validation as specified in [VII] for all the NNs in each dataset that 
integrates the CRs. 

Table 9. Performance metrics in the Validation step for the NASA dataset. 

NN MSE [%] MAE [%] RMSE [%] SMAPE [%] RSS [%] 
Shallow 0.02317 1.02435 1.52224 0.64998 0.64778 

MLP 0.01768 0.69117 1.32962 0.44012 0.49422 
DNN 0.01817 0.77788 1.34785 0.49608 0.50786 

CNN-1D 0.02057 1.02211 1.43412 0.64857 0.57496 
CNN-2D 0.03457 1.34452 1.85928 0.88894 0.96640 

CNN-LSTM 0.02115 0.87648 1.45441 0.55094 0.59135 
LSTM 0.01712 0.72823 1.30825 0.46713 0.47846 
GRU 0.01763 0.74811 1.32796 0.47221 0.49299 

BiLSTM 0.01843 0.87976 1.35760 0.55398 0.51524 
BiGRU 0.01736 0.69113 1.31743 0.43911 0.48520 

Transformer 0.02719 1.06476 1.64882 0.66459 0.76766 
KAN 0.01648 0.67684 1.28367 0.43031 0.46065 
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Table 10. Performance metrics in the Validation step for the CALCE dataset. 

NN MSE [%] MAE [%] RMSE [%] SMAPE [%] RSS [%] 
Shallow 0.01890 0.88897 1.37491 1.30884 0.43686 

MLP 0.02036 0.99073 1.42688 1.31767 0.47050 
DNN 0.07248 2.29504 2.69228 3.17046 1.67505 

CNN-1D 0.04325 1.74101 2.07965 2.25001 0.99946 
CNN-2D 0.02217 1.05863 1.48907 1.60311 0.51241 

CNN-LSTM 0.02608 1.23708 1.61489 1.73842 0.60266 
LSTM 0.11850 3.01924 3.44237 3.45480 2.73843 
GRU 0.01689 0.80136 1.29950 1.12311 0.39024 

BiLSTM 0.03385 1.28129 1.83990 1.61716 0.78231 
BiGRU 0.03932 1.67719 1.98301 2.19784 0.90873 

Transformer 0.53767 6.01212 7.33259 10.36050 13.05468 
KAN 0.01278 0.49460 1.13061 0.77125 0.29540 

Table 11. Performance metrics in the Validation step for the RAGZ-se dataset. 

NN MSE [%] MAE [%] RMSE [%] SMAPE [%] RSS [%] 
Shallow 5.11442 1.36150 2.26150 0.70796 0.01935 

MLP 3.76617 1.29633 1.94066 0.71619 0.01424 
DNN 4.09496 1.40277 2.02360 0.72017 0.01549 

CNN-1D 8.93079 2.04643 2.98844 0.71129 0.03378 
CNN-2D 5.11969 3.40471 2.26267 0.71551 0.09917 

CNN-LSTM 5.57406 1.68887 2.36094 0.70572 0.02108 
LSTM 7.26541 1.76505 2.69544 0.70759 0.02748 
GRU 10.36267 1.89256 3.21911 0.69891 0.03920 

BiLSTM 10.87812 2.12006 3.29820 0.70189 0.04115 
BiGRU 6.64136 1.68658 2.57708 0.71656 0.02512 

Transformer 0.00005 0.00515 0.00735 0.11981 0.00204 
KAN 0.00004 0.00171 0.00205 0.10098 0.00158 

Table 12. Performance metrics in the Validation step for the RAGZ-cm dataset. 

NN MSE [%] MAE [%] RMSE [%] SMAPE [%] RSS [%] 
Shallow 0.00370 0.52151 0.60865 4.54107 0.05838 

MLP 0.00133 0.33196 0.36471 4.49588 0.04185 
DNN 0.00186 0.39944 0.43080 4.50839 0.05838 

CNN-1D 0.00188 0.33644 0.43312 4.48826 0.05901 
CNN-2D 0.00143 0.29167 0.37770 4.49088 0.04488 

CNN-LSTM 0.00563 0.58733 0.75006 4.48371 0.17698 
LSTM 0.00288 0.42836 0.53688 4.52585 0.09068 
GRU 0.00304 0.44949 0.55121 4.51886 0.09558 

BiLSTM 0.00289 0.42221 0.53758 4.52200 0.09091 
BiGRU 0.00153 0.30098 0.39094 4.53861 0.04808 

Transformer 0.00001 0.01964 0.02431 0.00487 0.00019 
KAN 0.00047 0.10394 0.21727 0.30398 0.02537 
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For CR based on RUL for NASA and CALCE datasets, the ANN results remain 
competitive, especially the MLP with MSE below 0.21% and MAE under 1%. This 
outperforms the DNN, which shows MAE higher than 2.20% and RMSE above 2.60% in 
the NASA and CALCE datasets, respectively. The Shallow NN performs well for both 
datasets, with all metrics under 1.53%, suggesting simple architectures generalize 
effectively due to lower complexity. In the CNN category, CNN-1D and CNN-2D show 
impressive performance, capturing local dependencies, but still have error rates over 
2.50%, especially compared to CNN-LSTM, which struggles with the CALCE dataset’s 
patterns. Among RNNs, GRU excels in RUL prediction, with better generalization across 
both datasets, while BiLSTM has higher MSE than LSTM and BiGRU, struggling with CALCE 
features. The Transformer model underperforms, especially in CALCE, with MSE of 0.53% 
and SMAPE of 10.36%, due to its strength in long-sequence tasks rather than regression. 
Concluding this CR, KAN consistently outperforms other models with an MSE of 0.0165%, 
MAE of 0.79%, and RMSE of 1.30%, demonstrating superior accuracy and generalization 
without overfitting or requiring extensive hyperparameter tuning. 

Analyzing the results of the CR based on state estimation, ANNs work reasonably well, 
specifically MLP with an MSE of 3.76% and RMSE of 1.94%, indicating its superior ability 
to model nonlinear relationships, followed by DNN with slightly higher MSE (4.09%), 
suggesting a strong but less optimized structure compared to MLP. In the CNN category, 
CNN-2D performs better than CNN-1D and CNN-LSTM, with MSE of 5.11% and RMSE of 
2.26%, suggesting efficient spatial feature learning, and CNN-LSTM shows competitive 
results, but CNN-1D struggles, due to suboptimal feature extraction in one-dimensional 
space. For RNN, GRU performs the worst, and BiGRU outperforms GRU and BiLSTM, 
showing MSE lower than 6.7% and RMSE below 2.6%, suggesting bidirectional 
information flow improves generalization. At the top, Transformer and KAN perform 
exceptionally well with an extremely low error rate for all benchmarks with less than 
0.025%. 

Finalizing the validation results in the charging management and the RAGZ-cm 
datasets, MLP demonstrates the best performance in the ANN category, with an MSE of 
0.001% and RMSE of 0.36%, indicating excellent generalization, and Shallow NN, while 
showing a reasonable MSE below 0.004%, lag behind DNN and MLP in all other metrics. 
For CNN architecture, CNN-2D shows powerful performance with MSE below 0.0015% 
and RMSE of 0.37%, outperforming CNN-LSTM, and CNN-1D maintains solid generalization, 
indicating it efficiently extracts features for this CR. In the case of RNN, GRU shows 
significant improvement in RAGZ-cm with MSE of 0.003%, indicating better sequence 
learning for charging management than state estimation predictions, whereas BiGRU and 
BiLSTM perform similarly, highlighting the benefits of bidirectional recurrence. Finally, 
as obtained in the RAGZ-se dataset, the Transformer and KAN achieve the best results 
for all NN categories, demonstrating their robustness and adaptability, and highlighting 
the MHSA mechanism that reaches less than 0.02% across different error rates for 
prediction tasks in charging management. 

To summarize the Validation results in the RAGZ methodology, the diverse NN 
architecture explored in the visionary algorithm design have demonstrated exceptional 
prowess in predicting critical aspects of battery performance, including charging 
management, state estimation, and RUL for each CR. The performance of these models, 
spanning from traditional architecture like MLP and Shallow NN to advanced approaches 
such as CNN, RNN, and Transformer-based models, reveals a clear evolution in predictive 
accuracy and generalization capabilities. Among them, the KAN emerged as the undisputed 
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leader, delivering unparalleled precision and efficiency. These results underscore the 
transformative potential of NNs in optimizing battery management systems, paving the 
way for more authentic, intelligent, and long-lasting energy solutions. 

6.7 Model Performance Analysis 
In this subsection, the ultimate step of the visionary algorithm design through a 
comprehensive Model Performance Analysis is explored, emphasizing the impact of 
optimal network hyperparameters and rigorous testing on the accuracy, interpretability, 
reliability, adaptability, and stability of the RAGZ methodology. Building on the foundation 
of the NN architectures previously discussed, which have demonstrated exceptional 
capabilities in CRs and user criteria, the focus will shift to obtaining the most optimal 
hyperparameters through the powerful Bayesian optimization technique. By systematically 
evaluating various hyperparameter configurations, the goal is to identify the settings that 
maximize predictive precision and model generalization. This analysis not only highlights 
the strengths of each NN category but also provides valuable insights into how 
hyperparameter optimization can further enhance their applicability in real-world 
battery management systems. The refined results will be presented in the Model 
Evaluation section, concluding the transformative pillar of decentralization in the RAGZ 
methodology.  

6.7.1 Optimal network hyperparameters 
Achieving optimal performance in NNs requires more than just vigorous architecture; 
it demands strategic experimentation and precise optimization of key hyperparameters. 
This step of the Model Performance Analysis presents a comprehensive examination of 
the Training, Transfer Learning, Fine-tuning, Bayesian optimization, and Validation for 
advancing model generalization and predictive accuracy. 

Through rigorous iterative experimentation, optimal hyperparameter configurations 
are obtained to significantly improve the efficiency and predictive power of the network 
architecture based on CRs. Thanks to the visionary algorithm design approach, the results 
carefully balance the exploration and exploitation of hyperparameter spaces, leveraging 
advanced search strategies and transfer learning paradigms to accelerate convergence 
and maximize model reliability and adaptability. 

To ensure the highest level of congruency, explainability, and interpretability of the 
algorithm design, the values of the corresponding network hyperparameters are given 
for all NNs in each dataset. Highlighting that in the Transformer implementation for the 
CR based on state estimation, the value of the gamma hyperparameter does not reach a 
fixed term due to the cosine annealing, where the learning rate gradually decays 
following a cosine curve. 
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Table 13. Optimal network hyperparameters of the NASA dataset. 

NN Batch 
size 

Epochs Learning 
rate 

Weight 
decay 

Gamma Units 

Shallow 254 500 0.00067 0.00010 0.15491 50 
MLP 193 686 0.00037 0.00018 0.28115 88 
DNN 245 960 0.00220 0.00943 0.99933 145 

CNN-1D 114 839 0.00381 0.00012 0.64052 179 
CNN-2D 113 622 0.00415 0.00931 0.21797 200 

CNN-LSTM 138 982 0.00053 0.00014 0.51787 169 
LSTM 100 800 0.00069 0.00001 1.00000 150 
GRU 100 500 0.00054 0.00001 1.00000 135 

BiLSTM 190 800 0.00106 0.00001 0.83458 100 
BiGRU 200 800 0.00073 0.00001 1.00000 100 

Transformer 16 200 0.00050 0.00010 0.9500 1 
KAN 8 237 0.00220 0.00300 1.00000 32 

Table 14. Optimal network hyperparameters of the CALCE dataset. 

NN Batch 
size 

Epochs Learning 
rate 

Weight 
decay 

Gamma Units 

Shallow 184 1000 0.00852 0.00010 0.10000 150 
MLP 186 903 0.00040 0.00715 0.92281 79 
DNN 140 706 0.00481 0.00045 0.94007 77 

CNN-1D 121 735 0.0045 0.00517 1.00000 173 
CNN-2D 84 910 0.00141 0.00100 0.72541 101 

CNN-LSTM 273 1000 0.00197 0.00583 1.00000 100 
LSTM 100 1000 0.01000 0.00177 0.77640 155 
GRU 100 1000 0.00393 0.00001 1.00000 128 

BiLSTM 100 885 0.00742 0.00614 1.00000 128 
BiGRU 191 803 0.01000 0.00001 0.51923 300 

Transformer 128 100 0.00096 0.00003 0.57760 4 
KAN 62 270 0.00220 0.00001 0.98029 16 

Table 15. Optimal network hyperparameters of the RAGZ-se dataset. 

NN Batch 
size 

Epochs Learning 
rate 

Weight 
decay 

Gamma Units 

Shallow 287 534 0.00032 0.00018 0.99252 115 
MLP 164 780 0.00264 0.00161 0.89026 119 
DNN 240 500 0.00010 0.00100 0.90000 64 

CNN-1D 123 759 0.00340 0.00686 0.85708 196 
CNN-2D 101 814 0.00558 0.00352 0.50953 206 

CNN-LSTM 273 949 0.0077 0.00126 0.18926 318 
LSTM 200 500 0.00100 0.00010 0.90000 200 
GRU 200 500 0.00100 0.00001 0.90000 200 

BiLSTM 200 500 0.00100 0.00010 0.90000 150 
BiGRU 200 500 0.00100 0.00010 0.90000 150 

Transformer 32 256 0.00100 0.00010 NA 8 
KAN 171 39 0.00144 0.00010 1.00000 64 
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Table 16. Optimal network hyperparameters of the RAGZ-cm dataset. 

NN Batch 
size 

Epochs Learning 
rate 

Weight 
decay 

Gamma Units 

Shallow 253 621 0.00530 0.00071 0.56356 94 
MLP 120 799 0.00013 0.00269 0.72794 78 
DNN 205 846 0.00026 0.00772 0.80066 94 

CNN-1D 259 602 0.00020 0.00077 0.65761 140 
CNN-2D 293 639 0.00010 0.00159 0.92586 168 

CNN-LSTM 117 697 0.00010 0.00580 0.99599 251 
LSTM 181 864 0.00126 0.00039 0.58547 232 
GRU 196 545 0.00307 0.00051 0.49582 168 

BiLSTM 290 661 0.00662 0.00072 0.15768 248 
BiGRU 285 874 0.00028 0.00160 0.81709 166 

Transformer 63 450 0.00087 0.00025 0.90000 3 
KAN 16 41 0.00730 1.42e-5 1.00000 16 

 
Examining the optimal results in CALCE and NASA datasets, ANNs demand careful 

tuning of learning rates and weight decay to prevent overfitting while supporting their 
respective complexities, whereas CNN architectures reveal varying learning requirements 
based on the complexity of their spatial and sequential feature extraction mechanisms. 
In the case of RNNs, they demonstrate dataset-dependent differences in batch sizes and 
epochs, with bidirectional variants benefiting from slightly more aggressive learning 
rates, specifically in the BiGRU optimization. A prominent level of importance is given to 
the efficient MHSA mechanism in Transformer models, which require fewer training 
steps but benefit from meticulous learning rate adjustments and careful weight decay 
optimization. KAN exhibits vigorous performance across both datasets, highlighting its 
flexibility and efficiency in high-dimensional, nonlinear modelling tasks from fewer epochs 
with carefully tuned hyperparameters. 

Noteworthy interpretability for the RAGZ-se and RAGZ-cm datasets highlights the 
complexity of the CRs and the importance of user criteria through dynamic and strategic 
management during hyperparameter convergence. The ANN categories across both 
datasets require careful tuning of the learning rate and weight decay to account for their 
architectural complexities, demonstrating that Shallow NNs favor faster convergence, 
while deeper models benefit from more extensive training. CNNs in both datasets 
emphasize the importance of balancing the batch size and learning rate; however,  
the CNN-LSTM architecture consistently requires more training but achieves stability 
with careful regularization. RNN architecture exhibits a strong dependence on epoch 
count and learning rate adjustments, particularly when bidirectional variants are used, 
indicating that increased complexity necessitates more epochs in charge management. 
Transformers consistently achieve efficient convergence with fewer training steps due to 
their powerful attention mechanisms, making them highly adaptable for prediction tasks. 
Finally, KAN stands out as a powerful and computationally efficient network, capable of 
achieving strong predictive performance with minimal training. 

By Fine-tuning pre-trained models and performing targeted validation, results 
demonstrate how careful hyperparameter optimization can bridge the gap between 
baseline results and optimal performance in complex learning tasks. The findings  
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contribute valuable insights to the ongoing pursuit of best practices in AI and BESS 
development, offering practical guidance for pioneering solutions in NN design and 
optimization. 

6.7.2 Model evaluation 
In this comprehensive Model evaluation, the intricacies of advanced NN architectures 
are delved into assessing their performance in tackling a wide range of complex and 
dynamic problems. This evaluation provides valuable insights into the unique capabilities 
of AI methods, offering a detailed comparison of their efficiency, scalability, and 
interpretability in addressing issues that involve intricate data relationships, non-linearity, 
and high dimensionality. 

Each NN has been carefully chosen for its unique strengths: the ANN for its versatility, 
CNN for pattern recognition, RNN for sequential Data processing, and Transformers for 
their exceptional handling of contextual relationships. The KAN approach, an avant-garde 
journey of complexity theory, unveils a profound and insightful perspective on the art of 
data transformation and the discovery of intricate patterns. Table 17, Table 18, Table 19, 
and Table 20 show the results of each NN for all the datasets demanded in the CR.  

Table 17. Performance metrics in the Model evaluation step for the NASA dataset. 

NN MSE [%] MAE [%] RMSE [%] SMAPE [%] RSS [%] 
Shallow 0.0450 1.3604 2.0674 0.8654 1.3512 

MLP 0.0395 0.9383 1.9263 0.5973 1.1837 
DNN 0.0406 1.0876 1.9547 0.6877 1.2458 

CNN-1D 0.0454 1.3886 2.0635 0.8694 1.3471 
CNN-2D 0.0616 1.5796 2.4158 1.0444 1.7632 

CNN-LSTM 0.0443 1.0932 2.0379 0.6886 1.3075 
LSTM 0.0398 1.0412 1.9321 0.6620 1.1858 
GRU 0.0402 1.0748 1.9448 0.6751 1.2179 

BiLSTM 0.0423 1.2180 1.9907 0.7602 1.2719 
BiGRU 0.0402 1.0081 1.9437 0.6371 1.2121 

Transformer 0.0658 1.4934 2.4757 0.9130 1.8789 
KAN 0.0398 0.9827 1.9300 0.6202 1.2013 

Table 18. Performance metrics in the Model evaluation step for the CALCE dataset. 

NN MSE [%] MAE [%] RMSE [%] SMAPE [%] RSS [%] 
Shallow 0.0256 1.0196 1.5983 1.5016 0.5184 

MLP 0.0284 1.1577 1.6811 1.5373 0.5731 
DNN 6.4548 4.9827 2.5406 1.1109 0.1072 

CNN-1D 0.0536 1.8953 2.3075 2.4822 1.0757 
CNN-2D 0.0296 1.1936 1.7155 1.8383 0.5960 

CNN-LSTM 0.0339 1.3615 1.8384 1.9424 0.6844 
LSTM 0.1391 3.2458 3.7180 3.7005 2.7977 
GRU 0.0230 0.9085 1.5131 1.2345 0.4654 

BiLSTM 0.0471 1.5119 2.1504 3.7005 2.7977 
BiGRU 0.0487 1.8282 2.2021 2.4112 0.9834 

Transformer 0.6700 6.6900 8.090 14.1100 13.200 
KAN 0.0189 0.6013 1.3721 0.8602 0.3841 
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Table 19. Performance metrics in the Model evaluation step for the RAGZ-se dataset. 

NN MSE [%] MAE [%] RMSE [%] SMAPE [%] RSS [%] 
Shallow 5.8435 4.3209 2.4173 1.2089 0.0833 

MLP 5.6862 4.0399 2.3845 1.1097 0.0804 
DNN 6.4548 4.9827 2.5406 1.1109 0.1072 

CNN-1D 6.3010 4.7146 2.5101 1.0865 0.0972 
CNN-2D 13.7307 4.7146 3.7054 1.0998 0.6314 

CNN-LSTM 5.4700 3.9751 2.3388 1.1003 0.07243 
LSTM 5.8797 4.4196 2.4248 1.2133 0.0836 
GRU 7.3483 5.5897 2.7107 1.2155 0.1370 

BiLSTM 6.6670 4.9944 2.5820 1.2165 0.1104 
BiGRU 7.1920 5.2865 2.6817 1.2257 0.1339 

Transformer 0.0001 0.0094 0.0118 0.3735 0.3019 
KAN 0.0212 0.0913 0.1057 0.6848 0.6261 

Table 20. Performance metrics in the Model evaluation step for the RAGZ-cm dataset. 

NN MSE [%] MAE [%] RMSE [%] SMAPE [%] RSS [%] 
Shallow 0.6447 4.3376 5.5511 5.7479 9.5047 

MLP 0.4804 4.5616 5.0035 5.4822 8.4320 
DNN 0.7813 6.8438 7.3328 5.6038 2.1376 

CNN-1D 0.0485 4.0607 4.7004 5.5456 6.7605 
CNN-2D 0.5184 4.0058 4.8730 5.6241 7.2353 

CNN-LSTM 0.7826 6.0449 6.8296 5.7205 15.9713 
LSTM 0.6099 4.3703 5.2720 5.6751 8.4580 
GRU 0.5663 4.0648 4.8653 5.6184 6.9597 

BiLSTM 0.5648 4.2450 4.8473 5.5668 6.8966 
BiGRU 0.7874 5.4390 6.5476 5.8298 14.0386 

Transformer 0.2806 0.6508 0.8870 0.2514 0.1470 
KAN 0.0107 0.4103 0.5006 1.5798 0.1715 

For the NASA and CALCE datasets, ANN models rely heavily on proper tuning and 
model depth, MLP is the algorithm that stands out due to its ability to oversee non-linear 
patterns efficiently. In the CNN category, CNN-LSTM consistently outperforms standalone 
CNNs, suggesting the importance of temporal feature extraction in predictive modelling 
for both datasets. Considering RNNs, GRU consistently delivers superior performance, 
suggesting their efficiency in capturing temporal dependencies without the complexity 
of LSTM, on the other hand, BiLSTM exhibits moderate errors, while BiGRU continues to 
be strong with an MSE of 0.0487% and RMSE of 2.20%. The Transformer struggles to 
achieve competitive performance, with the highest MSE of 0.0658% and RMSE of 2.47% 
in the NASA dataset, whereas, in the CALCE, the performance remains in the same range 
as the Validation step and lower compared to the other categories of NNs, indicating that 
the complexity of the task may not align well with the MHSA architecture’s strengths. 
KAN emerges as an exceptionally strong and efficient NN, setting itself apart in the 
domain of RUL prediction, demonstrating an unparalleled aptitude for navigating 
nonlinear relationships with minimal training, and proving to be an exemplary choice for 
this CR, with an error rate consistently below 1.94% across all performance metrics. 
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In the RAGZ-se dataset, Shallow NN has an MSE of 5.84% and RMSE of 2.41%, 
indicating moderate performance but higher errors compared to the other categories of 
ANNs. DNN shows slightly worse errors due to the complex nature of the dataset, and 
MLP performs the best among ANNs with the lowest MSE of 5.68% and RMSE of 2.38%, 
showing strong generalization for this CR. In the case of CNNs, both CNN-1D and CNN-2D 
predictions indicate poor feature extraction from spatial dependencies compared to 
CNN-LSTM, which performs the best among CNN with an MSE of 5.47% and RMSE of 
2.33%. LSTM and BiLSTM in the RNN category demonstrate competitive performance 
with MSEs of 5.87% and 6.66%, respectively, BiGRU and GRU show slightly higher errors 
that exceed 7.00%. The Transformer achieves the best overall results, with an 
impressively low MSE of 0.0001%, RMSE lower than 0.012%, and the lowest SMAPE of 
0.37%, confirming its superior generalization capability. Compared to traditional NNs, 
KAN demonstrates excellent performance after the Validation step with an error rate of 
less than 0.70% for all performance metrics, indicating strong prediction capabilities in 
the CR based on state estimation. 

In the context of RAGZ-cm within the ANN category, the MLP stands out with its 
superior learning efficiency and exceptional generalization capabilities, outshining both 
Shallow NN and DNN. Conversely, the underperformance of the DNN underscores its 
vulnerability to intricate challenges and heightened non-linearity, as previously observed 
in state estimation. When it comes to CNN architectures, the CNN-1D yields more 
promising results than CNN-2D; however, the CNN-LSTM’s remarkable ability to 
seamlessly integrate temporal and spatial feature extraction propels its performance to 
the forefront, achieving an MSE of 0.78% and an RMSE of 6.82%, making it the preferred 
choice for temporal-spatial data. While RNNs, with their well-established sequential 
modelling, show promise, BiGRU exhibits slightly elevated errors, surpassing the 6.50% 
threshold in RMSE and SMAPE. In contrast, the GRU maintains an ideal balance of 
efficiency and accuracy with errors lower than 5.70%, surpassing LSTM variants due to 
its streamlined architecture and powerful temporal feature extraction. The Transformer 
continues to exhibit unparalleled stability, boasting an MSE of 0.28%, an RMSE of 0.88%, 
and retaining the lowest SMAPE at 0.25%. KAN exemplifies extraordinary efficacy in 
charging management, achieving error rates under 1.58%, whose remarkable mechanism 
to adeptly manage nonlinear relationships without falling prey to overfitting firmly 
establishes it as a pioneering solution on the forefront. 

The performance metrics in the Model evaluation are nothing short of compelling, 
providing undeniable evidence of the profound impact and potential of the RAGZ 
methodology, and exemplify a truly extraordinary synergy between DL techniques and 
groundbreaking theoretical advancements in the CRs. These findings not only redefine 
the limits of what is possible in ML but also represent a monumental leap toward the 
realization of more intelligent, adaptive, and efficient algorithms. The results speak for 
themselves, with performance metrics far surpassing expectations, serving as a resounding 
testament to the transformative power of these innovative NN paradigms. 

6.8 Chapter summary 
Driven by the constructive collaboration of advanced network architectures such as ANN, 
CNN, RNN, Transformers, and KAN, this visionary algorithm design delivers unparalleled 
value in the BESS field. By seamlessly integrating rigorous Training, Fine-tuning, and 
Hyperparameter optimization guided by Bayesian principles, it offers innovative solutions 
tailored to user criteria and CR needs. 
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Specifically, the system excels in all the critical areas of the RUL, providing accurate 
insights into battery longevity to optimize operational decisions. Its state estimation 
capabilities ensure precise monitoring of battery health and performance metrics, 
fostering safer and more efficient usage. Additionally, advanced charging management 
strategies optimize energy delivery, reducing degradation while enhancing charging 
speed and efficiency. 

Through meticulous validation, and testing in the Model Performance Analysis, this 
groundbreaking approach transforms complex challenges into elegant solutions, setting 
distinguished standards for intelligent battery management and driving progress in 
energy sustainability and technological advancement. 

The RAGZ methodology emphasizes comprehensive visionary algorithm design, 
employing a layered validation and testing pipeline to ensure the model’s accuracy, 
generalizability, stability, reliability, interpretability, and explainability. By employing 
Bayesian optimization, the system identifies hyperparameters that maximize model 
efficiency, minimizing computational overhead while delivering top-tier results. 
Furthermore, fine-tuned calibration ensures that the algorithm adapt seamlessly to 
dynamic operating conditions, maintaining peak performance even under fluctuating 
load profiles. 

This trailblazing approach transforms intricate challenges into refined, scalable 
solutions, setting unique benchmarks for intelligent battery management. With its 
commitment to sustainable energy practices and technological advancement, this 
groundbreaking design stands as a beacon of innovation, driving the future of energy 
storage towards greater efficiency, resilience, and environmental harmony. 
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7 Unleashing RAGZ methodology and future work to accelerate 
AI-powered battery solutions  
In an era defined by an immense variety of demands of a BESS, the RAGZ methodology 
has dived into the pillars of digitalization and decentralization, so in the decarbonization 
pinnacle, this groundbreaking methodology unlocks unprecedented frontiers for energy 
innovation by harmonizing AI with advanced battery technologies. Guided by six 
transformative steps, it crafts pioneering solutions that address evolving energy demands 
with precision and foresight. 

The journey begins with a comprehensive analysis of market dynamics and 
operational landscapes, ensuring a deep understanding of foundational framing and 
opportunities to create a future-ready energy roadmap. This foundation continuously 
transitions into a meticulous alignment with CRs, where user expectations, regulatory 
compliance, and market trends converge to guide solution development. 

Building on this, dynamic and strategic management frameworks are implemented, 
fostering resilience and adaptability in the face of technological and environmental 
evolution. This agile approach sets the stage for integrating User-Centric AI innovations, 
embedding intelligent algorithms at the core of operations to deliver Data-Driven insights 
for enhanced energy management, predictive maintenance, and smooth optimization of 
battery systems. 

At the core of this transformative process is the visionary algorithm design step. 
By harnessing the power of advanced NN architectures such as ANNs, CNNs, RNNs, 
Transformers, and KANs, sophisticated computational intelligence is unleashed, enabling 
the solution of complex challenges with unmatched precision. The culmination of this 
methodology is embodied in cutting-edge solutions that are both sophisticated and 
scalable, redefining battery energy storage systems through predictive analytics, state 
estimation, and intelligent charging management strategies. 

Considering the RAGZ methodology and presented novelties, future work in the 
framework as a scientist and scholar involves the following tasks: 

• Coding validation and characterization in thermal, electrochemical, and
mechanical phenomena.

• Model-based framework for predicting non-linear behavior in connection
with AI methods.

• Electrochemical modelling and remote-control operation.

This forward-thinking framework empowers the energy sector with intelligent, 
sustainable solutions that transcend traditional boundaries. It transforms complex 
challenges into elegant opportunities, driving progress toward a cleaner, smarter, and 
more resilient energy future through pioneering applications that illuminate the path to 
global energy transformation. 

7.1 Charting new horizons through pioneering energy applications 
In an age defined by complexity, innovation, and the relentless pursuit of efficiency, 
the RAGZ methodology emerges as a transformative force across diverse domains. 
By harmoniously integrating the pinnacles of digitalization, decentralization, and 
decarbonization, energy applications are empowered to push the boundaries of 
possibility, creating a future fueled by intelligence and sustainability. 
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The promise of this groundbreaking framework shines brightly in three critical areas: 
Research and Development (R&D), Consulting, and High-Performance Computing (HPC) 
for decision-making. In R&D, the proposed pioneer’s solutions redefine battery systems, 
leveraging AI-driven insights to extend battery life, optimize energy usage, and foster 
technological advancements. For Consulting, the groundbreaking approach innovates 
decision-making and operational strategies, helping organizations craft tailored, 
Data-Driven approaches that ensure agility, efficiency, and sustainable growth. 
Meanwhile, in HPC, the RAGZ methodology unleashes unprecedented computational 
power to solve complex problems, enabling leaders to make faster, smarter decisions 
backed by real-time analytics and predictive intelligence. 

With its bold, future-forward vision, the RAGZ methodology bridges innovation with 
practicality, offering scalable, intelligent solutions for dynamic enterprises, and paving 
the way for a smarter, greener, and more resilient tomorrow. 

7.1.1 Research and Development (R&D) 
The RAGZ methodology, consolidated as an innovative framework that harmonizes AI 
with cutting-edge advancements in battery technologies, holds immense potential for 
transformative R&D applications. By fusing the pillars of digitalization, decentralization, 
and decarbonization with intelligent algorithm design, RAGZ becomes a strategic compass 
for pioneering solutions that redefine energy storage systems and sustainable power 
management. 

One of the most promising research applications lies in predictive battery analytics. 
Leveraging AI-driven models built upon RAGZ’s visionary algorithm design, researchers 
can develop sophisticated tools for accurate RUL and health monitoring. These innovations 
will enhance battery performance diagnostics, enabling more efficient resource allocation 
and extending battery lifespan. Such breakthroughs are essential for industries ranging 
from electric vehicles to renewable energy storage solutions. 

The methodology also opens doors for advanced SOC and SOH systems. Traditional 
methods often rely on static models that struggle under dynamic operating conditions. 
The RAGZ approach introduces adaptable NNs, such as RNNs, Transformers and KANs, 
that continuously learn and optimize, offering unparalleled precision in real-time battery 
state tracking. This capability is critical for maximizing efficiency and safety in grid-scale 
energy storage and decentralized power networks. 

In the field of smart charging management, User-Centric AI innovations enable the 
development of adaptive charging algorithms that intelligently balance speed and 
degradation rates. By integrating strategic decision-making processes with ML, researchers 
can create next generation charging systems that optimize energy flow while reducing 
wear on batteries. This advancement will significantly benefit fast-charging stations for 
electric vehicles and energy storage hubs for smart grids. 

Moreover, the decarbonization of energy systems can be accelerated through 
AI-augmented energy forecasting and charging management solutions derived from the 
RAGZ methodology. By combining dynamic and strategic management frameworks with 
Data-Driven insights, researchers can design systems that optimize energy distribution 
based on demand fluctuations and renewable energy availability. This capability not only 
reduces computational complexity but also supports the seamless integration of 
decentralized renewable energy sources. 
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Lastly, the RAGZ methodology encourages innovation in the development of a DT for 
energy storage systems. These virtual models, powered by AI and advanced NNs, such as 
KANs and Transformers, will enable researchers to simulate, assess, and optimize battery 
performance under various scenarios without risking physical assets. The insights gleaned 
from such simulations will drive more resilient and efficient battery designs, fostering an 
incipient wave of technological advancements in sustainable energy solutions. 

By embracing the RAGZ methodology, R&D in the energy sector is poised for a 
renaissance of innovation. This paradigm shift will empower researchers to push the 
boundaries of battery technology, creating intelligent, adaptive, and sustainable solutions 
that meet the demands of a rapidly evolving energy landscape. The future of energy 
storage is bright, with RAGZ leading the charge toward a smarter, cleaner, and more 
resilient world. 

7.1.2 Consulting 
The RAGZ methodology, a forefront framework that flawlessly blends AI, strategic 
management, and algorithm design, offers transformative potential for consulting. RAGZ 
methodology empowers organizations to unlock Data-Driven insights, optimize operations, 
and achieve sustainable growth. By addressing modern research challenges with precision, 
this methodology becomes a significant change for consultants seeking to deliver value 
across diverse scientific and technological fields. 

One promising application lies in predictive operational strategy development. 
By leveraging the algorithmic power of RAGZ methodology, consultants can craft highly 
adaptive strategies that forecast market trends, resource requirements, and operational 
risks with unparalleled accuracy. This capability enables engineering and research to 
transition from reactive decision-making to initiative-taking leadership, positioning them 
ahead of their competitors. 

Performance optimization through AI-driven process intelligence is another vital area 
where this tremendous approach shines. Traditional consulting models often rely on 
retrospective analysis, but RAGZ’s dynamic and strategic management frameworks allow 
for continuous real-time optimization. ML, and DL algorithms embedded within the 
visionary algorithm design empower the consultants to identify bottlenecks, streamline 
workflows, and recommend actionable improvements, driving significant gains in efficiency 
and profitability. 

In the field of supply chain, the methodology introduces intelligent solutions for 
demand forecasting, inventory management, and energy storage optimization. 
By integrating decentralized data streams and applying advanced predictive analytics, 
consultants can help businesses build resilient and sustainable supply chains that 
respond seamlessly to market fluctuations and disruptions. This approach fosters 
operational agility while reducing waste and carbon footprints. 

RAGZ methodology also redefines consulting through the development of personalized, 
AI-driven engagement strategies. By analyzing dynamic patterns, consultants can design 
tailored experiences that anticipate needs and preferences, leading to increased loyalty 
and revenue growth. The methodology’s user-centric AI innovations ensure that consulting 
remains agile and responsive to evolving expectations. 

Moreover, the RAGZ methodology plays a pivotal role in sustainability consulting, 
enabling industries to meet environmental, social, and governance (ESG) goals through 
Data-Driven decarbonization strategies. By harnessing RAGZ’s advanced modelling 
capabilities, consultants can design energy-efficient operational models and recommend 
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sustainable resource allocation strategies. This not only positions consulting as leaders 
in sustainability but also unlocks long-term cost savings and regulatory advantages. 

Finally, the RAGZ methodology empowers consultants to develop DTs for organizations, 
simulating operations and market conditions in virtual environments. These models 
provide a safe and scalable platform for testing strategic initiatives, optimizing resource 
allocation, and evaluating potential risks without disrupting real-world operations. 

By welcoming the RAGZ methodology, consultants can deliver smarter, more impactful 
solutions that drive innovation, resilience, and sustainability of energy storage systems. 
This game-changing procedure positions consulting firms as strategic partners in shaping 
the future of consulting, helping organizations thrive in a dynamic and rapidly evolving 
marketplace. 

7.7.3 High Performance Computing (HPC) for decision-making 
The RAGZ methodology, leveraging its innovative framework that coordinates advanced AI, 
strategic management, and visionary algorithm design, paves the way for groundbreaking 
applications in HPC for decision-making. Strengthening the pillar of digitalization, 
the RAGZ methodology unleashes computational power to transform complex data into 
actionable insights, redefining how organizations make strategic decisions in real time. 

One of the most promising applications of the RAGZ methodology in HPC lies in 
real-time scenario simulation and predictive analytics. By harnessing the immense 
computational capabilities of HPC systems and sophisticated NNs embedded into 
the RAGZ methodology, decision-makers can simulate intricate operational, and 
environmental scenarios at unparalleled speed and accuracy. This allows leaders to 
anticipate market trends, optimize resources, and respond proactively to potential 
disruptions, ensuring a competitive edge in rapidly evolving industries. 

Additionally, the methodology supports multi-objective optimization for complex 
decision frameworks. Traditional decision-making models often struggle to balance 
competing priorities such as cost, efficiency, and sustainability. The RAGZ framework, 
powered by HPC, processes vast amounts of data in parallel, applying dynamic 
optimization techniques to provide decision-makers with trade-off analyses and optimal 
recommendations tailored to specific contexts. This approach is particularly valuable for 
industries like manufacturing, logistics, and energy management. 

Another transformative application is found in resource allocation and scheduling 
optimization. Leveraging advanced NNs and ML models, the RAGZ methodology enables 
HPC systems to solve complex combinatorial problems in real time, such as fleet 
management, production scheduling, and supply chain coordination. These capabilities 
drive significant gains in operational efficiency and cost reduction, empowering 
organizations to make smarter, faster decisions with precision. 

The methodology’s focus on user-centric AI innovations further amplifies 
decision-making processes through intelligent recommendation systems. By analyzing 
diverse and decentralized data sources, RAGZ methodology enhances HPC systems by 
delivering personalized insights to executives and stakeholders, helping them navigate 
uncertainty with confidence. This capability fosters more inclusive and informed 
decision-making at all organizational levels. 

Furthermore, the proposed framework advances risk assessment and resilience 
modelling. With HPC’s ability to perform massively parallel computations, organizations 
can model complex risk scenarios across multiple dimensions in the energy sector, such 
as financial, operational, and environmental, while identifying strategies to mitigate 
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vulnerabilities. This is crucial for industries seeking to build resilience in an era of climate 
change, geopolitical uncertainty, and supply chain disruptions. 

Lastly, the integration of this thesis with HPC facilitates the creation of DTs for decision 
environments. These virtual replicas of organizational systems, market dynamics, and 
operational processes empower decision-makers to evaluate strategies, optimize resource 
allocation, and evaluate potential outcomes without real-world consequences. The insights 
gleaned from such digital ecosystems drive smarter, more strategic decisions. 

By adopting the RAGZ methodology within HPC, organizations gain access to 
unparalleled computational intelligence for superior decision-making. This transformative 
approach empowers leaders to navigate complexity with clarity, driving innovation, 
efficiency, and sustainability across industries. As a beacon of computational excellence, 
the tremendous potential of this thesis reshapes the decision-making landscape, heralding 
a future where Data-Driven intelligence and strategic foresight lead the way. 

7.2 Powering a decarbonized world for everyone and conclusions 
The author of this thesis, a proud precursor of different branches of knowledge, has the 
vision of giving continuity to the RAGZ methodology in honor of all his work, effort, and 
dedication over the years, from his beginnings in industrial physical engineering, 
specializing in energy systems and data science, to reaching transcendence with AI 
applied to autonomous systems. 

The mission for the future is to strengthen strategic planning and decision-making 
processes through research and consulting in competitive and technological intelligence 
for innovation, providing alternatives for companies to be at the forefront of innovation 
and increase their competitive position. This mission stems from a legacy instilled in the 
author by the Instituto Tecnológico de Estudios Superiores de Monterrey (ITESM), 
Campus Monterrey, his alma mater, from an early age, and on which the three pillars 
proposed in the RAGZ methodology originate: digitalization, decentralization and 
decarbonization. Additionally, the author’s forethought involves training ethical, honest, 
and humanistic professionals through the RAGZ methodology. This approach cultivates 
professionals who are not only internationally competitive in their field but also 
dedicated to economic, technological, and scientific progress, as well as the sustainable 
use of natural resources. 

Promoting the values and principles of the master’s degree in energy awarded by 
Mines Paris - PSL, the RAGZ methodology is presented as selective and committed to 
equal opportunities, aimed at researchers, entrepreneurs, engineers, and managers who 
are aware of their individual and collective social responsibility. 

In conclusion, the RAGZ methodology is introduced to Estonia as a catalyst for 
fostering cooperation and collaboration, offering a visionary approach to propel the 
country’s growth. This vision is intricately aligned with the economic, scientific, 
technological, and business needs of not only Estonia but also the broader European 
Union, particularly within the energy sector. The enduring impact of this contribution 
rests in the shared interests between the author and the relevant entities, united in their 
pursuit of a greater good for future generations. 
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Abstract 

Artificial Intelligence-Based Predictive Analytics for Battery 
Energy Storage Systems in Electric Vehicle Applications 
In today’s world, energy technologies have become indispensable, playing a pivotal role 
across a multitude of sectors, with the Battery Energy Storage System (BESS) emerging 
as a cornerstone and catalyst for the global energy transition. Despite their immense 
importance, the design, construction, and operation of a BESS present formidable 
challenges, influenced by a myriad of user-specific criteria, project demands, and needs. 
Consequently, vigilant monitoring of BESS performance is not merely advisable but 
essential, ensuring both operational reliability and minimization of costly downtime. 

This thesis introduces a tremendous methodology for optimizing the overall 
performance of a BESS by integrating diverse disciplines of expertise, including Electrical 
Engineering, Mechatronics, Computer Science, Software Engineering, Energy Engineering, 
and Data Engineering. At its core, the methodology lays a solid foundation by presenting 
the most advanced battery models, aligning them with precise requirements, and 
utilizing avant-garde technological tools within a sophisticated programming environment. 
This multidisciplinary approach not only enhances the functionality of the system but 
also ensures its reliability, explainability, interpretability, and adaptability across various 
applications. 

In the practical segment of this thesis, considerable emphasis was placed on the 
extensive and intricate implementation of code, leveraging Python as the primary 
programming language. This effort encompassed development, rigorous validation, and 
thorough evaluation of the most sophisticated Artificial Intelligence (AI) methods.  
To ensure the utmost authenticity and precision in the outcomes, the algorithm design 
was meticulously crafted from the ground up, transcending traditional approaches and 
pushing the boundaries of computational innovation. Moreover, a profound exploration 
of stochastic methods was undertaken, underscoring the critical importance of Bayesian 
optimization in shaping the future of next-generation battery solutions. By harnessing 
these trailblazing techniques, the research aims to illuminate novel pathways for 
enhancing the path of the energy storage sector, setting the stage for transformative 
advancements in the field. 

In forthcoming endeavours, the author envisions the continuation and further 
refinement of the proposed research, focusing on the validation and detailed 
characterization of more complex battery phenomena, with particular attention to 
non-linear aging processes and electrochemical approaches, harmonized with Internet 
of Things technologies and AI methodologies. This convergence of pioneering tools and 
techniques will not only enhance the depth of battery research but also lay the 
foundation for more dynamic, responsive systems in the energy sector. 

Furthermore, fostering ties of cooperation and collaboration is a strategic imperative. 
Such alliances empower research groups to facilitate the participation of their collective 
expertise and resources, ensuring they are well-positioned to tackle the ever-evolving 
challenges within the interdisciplinary landscape. In doing so, PhD holders contribute to 
the collective advancement of society, underscoring their roles as scientists and scholars, 
while supporting the broader goals of global warming and peacebuilding. 
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Lühikokkuvõte 

Tehisintellektil põhinev ennustav andmeanalüüs akupõhiste 
energiasalvestussüsteemide jaoks elektrisõidukites 
Tänapäeva maailmas on energiatehnoloogiatest saanud asendamatud komponendid, 
mängides keskset rolli mitmetes valdkondades. Akupõhiste energiasalvestussüsteemid 
(AESS) on esile kerkinud kui ülemaailmse energiapöörde tugisambad ja katalüsaatorid. 
Hoolimata nende olulisusest on AESS-i projekteerimine, ehitus ja käitamine äärmiselt 
keerulised, kuna neid mõjutavad paljud kasutajaspetsiifilised kriteeriumid, projektinõuded 
ja vajadused. Seetõttu ei ole AESS-i jõudluse hoolikas jälgimine üksnes soovitatav, vaid 
hädavajalik, tagamaks töökindlus ja vähendamaks kulukat seisakuaega. 

Käesolev doktoritöö tutvustab murrangulist metoodikat AESS-i üldise jõudluse 
optimeerimiseks, integreerides erinevaid valdkondi, nagu elektrotehnika, mehatroonika, 
informaatika, tarkvaraarendus, energiatehnika ja andmeinseneeria. Selle metoodika 
tuumaks on arenenumate akumudelite esitlemine, nende vastavusse viimine täpsete 
nõuetega ning tipptasemel tehnoloogiliste tööriistade rakendamine keerukas 
programmeerimiskeskkonnas. See interdistsiplinaarne lähenemine suurendab mitte 
ainult süsteemi funktsionaalsust, vaid tagab ka selle töökindluse, seletatavuse, 
tõlgendatavuse ja kohandatavuse erinevates rakendustes. 

Töö praktilises osas keskenduti põhjalikule ja keerukale koodi rakendamisele, 
kasutades peamise programmeerimiskeelena Pythoni. Selle käigus töötati välja, 
valideeriti ja hinnati kõige arenenumaid tehisintellekti meetodeid. Tulemuste 
maksimaalse täpsuse ja usaldusväärsuse tagamiseks loodi algoritmid algusest peale, 
ületades traditsioonilisi lähenemisi ja nihutades arvutusliku innovatsiooni piire. Lisaks 
viidi läbi põhjalik uurimus stokastiliste meetodite kohta, rõhutades Bayesi optimeerimise 
kriitilist rolli järgmise põlvkonna akulahenduste kujundamisel. Neid uuenduslikke 
tehnikaid rakendades püütakse avada uusi suundi energiasalvestuse sektori 
arendamiseks ja sillutada teed valdkonna murrangulistele edusammudele. 

Tulevastes uurimistöödes näeb autor ette pakutud metoodika jätkamist ja 
edasiarendamist, keskendudes keerukamate akuprotsesside valideerimisele ja põhjalikule 
iseloomustamisele, pöörates erilist tähelepanu mittelineaarsetele vananemisprotsessidele 
ja elektrokeemilistele lähenemistele, mis on kooskõlas asjade interneti  tehnoloogiate ja 
tehisintellekti metoodikatega. Nende tipptasemel tööriistade ja tehnikate koostoime 
süvendab mitte ainult akude uurimist, vaid loob ka aluse dünaamilisematele ja 
reageerimisvõimelisematele süsteemidele energiasektoris. 

Samuti on strateegiliselt oluline edendada koostöövõrgustikke ja teadusalast 
partnerlust. Sellised liidud võimaldavad uurimisrühmadel ühendada oma teadmised ja 
ressursid, et paremini toime tulla interdistsiplinaarse maastiku üha muutuvate 
väljakutsetega. Nii panustavad doktorikraadiga teadlased ühiskonna arengusse, täites 
oma rolli teadlaste ja akadeemikutena ning toetades samal ajal üleilmseid eesmärke, 
nagu kliimamuutuste leevendamine ja rahu edendamine. 
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Appendix 1 

Publication I 

Gilbert Zequera, R.A.; Rassõlkin, A.; Vaimann, T.; Kallaste, A. “Overview of battery energy 
storage systems readiness for digital twin of electric vehicles.” IET Smart Grid 6.1 (2023): 
5–16. 
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Publication II 
 

Ibrahim, M.; Rjabtšikov, V.; Gilbert, R. Overview of Digital Twin Platforms for EV 
Applications. Sensors 2023, 23, 1414. https://doi.org/10.3390/s23031414. 
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Gilbert Zequera, R.A.; Rassõlkin, A.; Vaimann, T.; Kallaste, A. “Modeling Battery Energy 
Storage Systems Based on Remaining Useful Lifetime through Regression Algorithms and 
Binary Classifiers.” Applied Sciences 13.13 (2023): 7597. 
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��� ��������	�
����	���������
�������
��	������������������������
������ ���� � �!"�#�$%�$&%'(&� ')$�*�+,$� $%�#�+�-�$�' &$�)�./+"�+� �0���� +'&&�.��-+� �0��+�-�$�' +'&&���/��������1�����2��
����������3�����	��1

��/����
��1�����2��
����������3�����	��1
��/������1�����2��
����������3�����	��1

�&"&"�++4+�&&$%� �5� - ���+46��'� � �-��+&�$"�$�' �-�!���&� �7'$%$��� � �� -#�+�-�$�' +'&&�&8$%���9'���$%��� �:$" � ��&�!!'*)+�&%�-�� -$%�')$�*�+)��9'�*� !�)'� $'9$%�*'-�+%�&7�� ���!%�-9'�"&�' $%���&$� �&�$��� �++4�$%�$����$#����7+��&)��-�!$�-�� -)��9'�*� !�*�$:��!&���'7$�� �-74!�+!"+�$� �$%�2�� 	;"������'�.2	�0� -2�� �7&'+"$����'�.2��09'�$%�!'���&)' -� ���&��&*� $�' �-� 	�!$�' ����	%�++'(�3���� -2�1���-�&�� �-� $%����!�$��'�4��&9'�
���' �-�*� &�' .
��:�30�$('-�*� &�' &.
��:�30� -
��:�	�2����*)+�*� $�-�� $%�!�&�'9���!�$��'�4�
����	�2�/��	�2� -/�
�����!' &�-���-���7+�&�������� -�&%'($%�)��9'�*� !�*�$��!&� $%���+�-�$�' &$�)9'���!%����
���� -�����&)�!$�#�+4���'*$%�!'*)���&' '9)��9'�*� !�*�$��!&� $%�&)�'7+�*��$�&!�"!��+$'�#�+"�$�$%� �$"��'9$%�-�$�&�$&��9$%�-�$�&�$!' $�� &-�$�)'� $&$%�$-' '$,$$%��� ���+)�$$�� '9$%�7�$$��4$�&$&��$�&�-#�&�7+�$'&�+�!$2��&$%�$)�'#�-�����$����&�+�� !����� &$-�&$'�$�' &� $�'-"!�-74'"$+���&�
' #��&�+4�

�9$%�-�$�&�$�&��+�$�#�+4!+�� � -(�$%'"$&�� �,!� $'"$:+���&�$%�9�&$��!' #���� !�'92	�&!'"+-'99��� �-#� $���������-� �$%���&"+$&'9$%��3�)�'!�&&�$%����& '&�� �9:�!� $�#�-� !�'9'"$+���&� $%�3�$��!;"�&�$�' &$�)�&' '��+�#� $� '*�+��&���9'" -� $%�-�$�&�$�(�$%2	�7�� �*'��!' #� �� $$%� 2��7�!�"&��$'99��&9�&$��!' #���� !�' $%�&$���&(%���$%����'�#�+"�&�����+�$�#�+4&*�++� -!' &�&$� $������-� �$%� "*���!�+#�+"�&'7$�� �-� $%�)��9'�:*� !�*�$��!&�$%�2���&%��%��$%� $%�2	��(%�!%&"���&$&$%�$$%���%�#�&'*�&*�++���'�&$%�$�!!"*":+�$�� $%�2���(�$%$%�#����7�+�$4'9')���$�' 7�� �$%�*�� !�"&�'9!�)$"�� ����'�&-"�� �7�$$��4$�&$&�3"�$'$%�7�$$��4"&��<& ��-&$')��-�!$�!!"��$�
%����� -�!�$'�&�2	��&�*'��')$�*�+)��9'�*� !�*�$��!$%� 2��� '$' +47�!�"&��$!' &�-��&+�������'�&� &$��-'9&*�++' �&�7"$�+&'7�!�"&��$)� �+�6�&*'-�+&$%�$*�=�&�� �,!� $*�&$�=�&�
' &�-��� �$%�!' $� "'"&�-#� !�*� $� ��*�$%'-&�$%��*)+�*� $�$�' '9!�'&&:#�+�-�$�' ����"+���6�$�' �� -�� �:$" � �$%�'"�%/�4�&�� ')$�*�6�$�' �&�$�&$�*' 4$'$%��*)�'#�*� $� -�99�!$�#� �&&'9-�99��� $!�$��'���&'9����*' �$%�*'&$��+�#� $7� �,$&���!'&$� -��&'"�!��9:,!�� !4�(%�!%� $"� +��-&$'+'(��!'&$&� -+�&&' ��'"&� 9��&$�"!$"����;"���*� $&� $%�2'-�+�#�+"�$�' &$�)�
' $��7"$�' &'9$%��-#� !�-!'*)"$��&!�� !�$�!% �;"�&� $%�&&$"-4���&"**���6�-� ��������%�#�+�-�$�' ��&"+$&&%'($%�$/���&)�'#�-��%��%��+�#�+'9)��9'�*� !�!'*)���-$'
��&� -���&8%'(�#���$%�������+&' '$�7+�)��9'�*� !�*�$��!&� $%�!�&�'9	%�++'(��*'��-�$��+�-� �+4&�&� -�>)+� �$�' (�++7�)�'#�-�-� 	�!$�' ��?@ABCDEFG�%���&$� �&$�)!' &�&$&'9� �>)���*� $�+� -!'*)"$�:$�' �+)��$8� $%�,�&$�&�#���+������!�++&(���-�&�&&�*:7+�-9�'*-�99��� $7�$$��4*'-"+�&$'$�&$$%�*" -��#���'"&')���$� �!' -�$�' &�(%�+�� $%�&�!' -�$%�!'++�!$�--�$�&�$&(���!'*)�+�-$'� &"��)�')��-�$�)�'!�&&� �� -�" 2'-�+�#�+"�$�' �� $%��>)���*� $�+)��$�&�>$�� ������!�++&(���$�&$�-"&� ��)�'���**�7+�3
�+�!$�' �!+'�-�HI7�$$��4$�&$&(���-' ��� (%�!%$%�')���$� �!' -�$�' &���J�0
:��$���0')���$:� �#'+$����� ���� -I0!"$:'99#'+$����� ����$�&�&&� $��+$' '$�$%�$$%�')���$� �!' -�$�' &(����>%�"&$�#�+4*��&"��-� #���'"&&!� ���'&$%�'"�%$%��+$���'�-	'9$(���9'���*'$�')���$�' � -*' �$'�� �� '$' +4$'�>)���*� $�++4�#�+"�$�$%�)��9'�*� !�'9$%�!�++&�7"$�+&'$'$�&$$%��'7"&$ �&&'9$%�3��)���� � ��+�'��$%*&-"�� �$%�2'-�+�#�+"�$�' ��&9'�$%�!'*)"$�$�' �+)��$�$%�-�$�&�$&(���!'++�!$�-� -$%�3�$��!;"�&�$�' &$�)(�&�>�!"$�-�!���4� �'"$$%�!'���:&)' -� �)�'!�&&�&�>)+�� �-�$$%�7���  � �'9$%�&&�!$�' ��++"&� �$� &'�$�� &9'�*�$�' � �� &'�K'($%�'"�%L���&��� �++4�$%���&$� �&�$(�&'7$�� �-� -)��)���-$'!'*)+�$�$%�2'-�+�#�+"�$�' ��%�&�+�!$�' '9�3��,+�&�&$%�)��*��4&'"�!�9'�����!%�$�!$"��&�&7�&�-' $%�9'�*�$$%�$&"))'�$&+�����!'*)+�>�� -%�$��'�� �'"&-�$��1�'!�&&� �� -&$'�� �')$�*�6�-MNOPQRSTUVWXSYUZ[UVWN[UWXS\SOUVWOQ]Ŵ_XXSZZẀZSaUR[SObWQcŴUYPZQXQdbeWfQgZXQ_VUVWQZWhNXbWijkilimW_OWno]ii]inẀ p̂WcRQ\WqrrrWstXQRUeWWuU[ORSYOSQZ[W_ttXbeW
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