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Abstract
In a world where energy is as precious as the finest diamonds, and the quest for sustainable living is akin to a high-stakes spy game, 
a new era of energy prosumers emerges from the shadows. This tale unfolds in the quiet corners of ordinary neighborhoods, where 
unsuspecting homeowners hold the key to a revolution in the energy sector. Our protagonists are private clients, each equipped 
differently in this energy escapade: some with no photovoltaics (PV) or stationary batteries, others with either PV or batteries, and 
a few with both, harnessing the sun’s power and the might of modern storage. Like a mastermind plotting in a secret lair, Artificial 
Intelligence (AI) enters the scene. It’s the unseen hero, working tirelessly to analyze, predict, and optimize. AI, with its intricate 
web of algorithms, becomes the brain behind the operation, determining the most efficient use of energy, managing storage, and 
turning every joule of electricity into a strategic asset.

But what’s a thriller without a twist? Enter blockchain, the enigmatic and unbreakable technology, ensuring every energy transaction 
is secure, transparent, and immutable. In this world, blockchain isn’t just a ledger; it’s the trusty sidekick, the keeper of secrets, 
ensuring that every peer-to-peer energy exchange is a discreet affair, away from prying eyes. Our narrative takes a deeper dive in 
the ’Implementation’ chapter, a dossier of technical know-how and cunning strategies. Here, the AI and blockchain technologies 
are not just concepts but active agents in a grander scheme, integrated with PV systems and batteries. They’re not just tools; they’re 
characters in this play, each with a role, each with a purpose. As the plot thickens, we see the dance of electrons, the exchange of 
watts and volts, in a marketplace that’s as dynamic as the stock exchange. Homeowners, once mere spectators, are now key players 
in this game of energy and power.

This paper isn’t just a collection of data and theories. It’s a narrative of change, a story of a future where every home is a powerhouse, 
every homeowner a prosumer. It’s a tale of technology and humanity converging to rewrite the script of energy consumption and 
production. So, dear reader, brace yourself for a journey into the heart of the energy sector, where AI and blockchain are not just 
the heroes but the harbingers of a new era. Welcome to the thrilling world of sustainable energy, where every decision, every watt, 
every battery, tells a story.
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Introduction
Overview of the Current Energy Landscape
The current energy landscape is a complex mosaic, characterized 
by its reliance on traditional fossil fuels and the burgeoning 
influence of renewable energy sources. Historically, coal, oil, and 
natural gas have been the stalwarts of global energy consumption, 
powering industries, cities, and homes [12]. However, this reliance 
has come at a significant environmental cost, contributing to 
climate change and ecological degradation. In recent years, there 

has been a paradigm shift towards sustainable energy sources. 
Solar, wind, and hydroelectric power are at the forefront of this 
transition, offering cleaner, more sustainable alternatives to fossil 
fuels [27]. Technological advancements have also played a pivotal 
role, particularly in energy storage and distribution, enabling 
more efficient and widespread use of renewable energy [13]. This 
overview sets the stage for   understanding the complexities and 
dynamics of the current energy sector, highlighting the challenges 
and opportunities that lie ahead.
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The Shift from Traditional Energy Consumption to Prosumer 
Models
The energy sector is witnessing a revolutionary shift from traditional 
consumption models to a more dynamic, decentralized prosumer 
model. This transition is driven by the rapid advancement and 
accessibility of renewable energy technologies, particularly solar 
and wind power. Consumers, traditionally at the end of the energy 
supply chain, are now becoming active participants, producing and 
managing their own energy. This shift is not merely technological 
but represents a significant cultural and economic change.

Prosumers are empowered to generate their own electricity, reduce 
reliance on the grid, and even sell surplus energy back to the grid. 
This model challenges the traditional dynamics of the energy 
market, prompting a reevaluation of energy policies and the role 
of utilities. It also opens up new avenues for sustainable energy 
practices, contributing to a reduction in carbon emissions and 
fostering energy independence. The prosumer model is a testament 
to the evolving relationship between individuals and energy, 
marking a new era in energy consumption and production [19].

The Role of Ai And Blockchain In This Transition 
The integration of Artificial Intelligence (AI) and blockchain 
technology is playing a pivotal role in the transition towards a more 
sustainable and decentralized energy sector. AI, with its advanced 
data analytics, machine learning algorithms, and predictive 
capabilities, is revolutionizing the way energy consumption and 
production are managed and optimized [22]. It enables precise 
forecasting of energy needs, efficient management of renewable 
energy sources, and intelligent control of energy storage systems. 
On the other hand, blockchain technology is redefining the energy 
sector’s transactional framework. Its inherent characteristics 
of transparency, security, and decentralization make it an ideal 
platform for managing peer-to-peer energy transactions, ensuring 
trust and integrity in energy exchanges [28]. Together, AI and 
blockchain are not just technological tools but catalysts for a 
fundamental shift in energy paradigms, facilitating the transition 
to a more efficient, reliable, and sustainable energy future. This 
subsection explores the synergistic role of these technologies in 
transforming the energy landscape, particularly in empowering 
consumers to become prosumers.

Objectives and Scope of The Study
This study aims to explore and analyze the transformative impact 
of AI and blockchain technologies in the energy sector, particularly 
focusing on their role in enabling and optimizing prosumer models. 
The primary objectives include:

1. Investigating how AI can enhance energy management and 
efficiency for various prosumer setups

2. Examining the role of blockchain in facilitating secure and 
transparent energy transactions

3. Evaluating the combined potential of AI and blockchain in 
revolutionizing the energy sector

The scope of this study encompasses a detailed analysis of 
four distinct prosumer scenarios, ranging from households 
without any renewable energy systems to those fully equipped 
with photovoltaics and stationary batteries. By delving into 
these scenarios, the study seeks to provide a comprehensive 
understanding of the opportunities and challenges presented by 
these emerging technologies. It aims to offer valuable insights 
and practical solutions for stakeholders in the energy sector, 
contributing to the advancement of sustainable and autonomous 
energy systems.

Literature Review Existing Energy Models and Their Limitations
Existing energy models, primarily based on traditional fossil 
fuels, face significant limitations in addressing environmental, 
social, and economic externalities. Gusc et al. (2022) discuss the 
challenges in energy transition decision-making and how big data, 
AI, and blockchain could contribute to more sustainable energy 
production [11]. The study highlights the need for True Cost 
Accounting (TCA) in the energy sector, emphasizing the role of 
technology in facilitating this transition.

Previous Studies on Ai And Blockchain In Energy Management
The role of AI in energy management has been increasingly 
recognized, particularly in optimizing electrical consumption in 
sectors like wastewater treatment. Esteves et al. (2023) review 
the impact of AI in reducing electrical consumption, noting the 
success of AI algorithms, especially Artificial Neural Networks, in 
enhancing energy efficiency [7]. This underscores the potential of 
AI in transforming energy management practices.

Gap Analysis in Current Research
While there is growing research on the use of blockchain for 
renewable energy projects, there are still gaps, particularly in the 
implementation of blockchain-based crowdfinancing mechanisms. 
Cañizares (TU Delft, 2020) explores the potential of blockchain in 
crowdfinancing for renewable energy projects, highlighting the need 
for practical implementation plans and business cases, especially 
for consultancy and engineering firms [5]. While existing research 
has laid a substantial foundation in understanding the integration 
of AI and blockchain technologies in energy management, my 
study identifies and addresses critical gaps in this domain. Firstly, 
previous studies have primarily focused on the individual roles 
of AI and blockchain in energy systems, often overlooking the 
synergistic potential of their combined application. My research 
bridges this gap by providing a comprehensive analysis of how 
AI’s predictive capabilities and blockchain’s secure transactional 
framework can be integrated for enhanced energy management in 
prosumer models.

Secondly, there is a noticeable lack of in-depth exploration into 
the practical implementation challenges and opportunities of these 
technologies in real-world energy scenarios. My study contributes 
to this underexplored area by presenting a detailed examination 
of four distinct prosumer setups, ranging from basic to advanced 
configurations. This approach not only offers practical insights 
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into the deployment of these technologies but also evaluates 
their scalability and efficiency in diverse energy contexts. 
Furthermore, the literature has shown limited discussion on the 
policy implications and regulatory challenges associated with 
the adoption of AI and blockchain in energy systems. My article 
addresses this gap by analyzing the policy landscape and proposing 
recommendations that can facilitate the smoother integration of 
these technologies in the energy sector. In summary, my study 
not only fills these identified gaps but also propels the discourse 
forward by providing actionable insights and frameworks that 
can be adopted by stakeholders for advancing sustainable and 
autonomous energy systems.

Methodology
Description of The Analytical Framework
The analytical framework for this study is based on cluster analysis 
techniques, particularly focusing on the diffusion of blockchain 
technologies in various economic sectors. Safiullin et al. provide 
insights into the use of such methodologies for analyzing the 
impact of blockchain on economic parameters [24].

Data Collection and Processing Methods
Data collection and processing in this study are inspired by 
approaches used in e-government systems, where blockchain 
technology plays a crucial role in ensuring data integrity and 
security. Naing’s work on the development of an open framework 
for e-government services using blockchain technology offers 
valuable insights into these methods [20].

AI Algorithms and Blockchain Technologies Used The 
study utilizes AI algorithms and blockchain technologies in a 
complementary manner. Kumar’s research on web mining algorithms 
in e-government applications using blockchain technology provides 
a relevant example of such integration [17]. Additionally, Dewangan 
and Chandrakar’s work on implementing blockchain and deep 
learning in educational digital twins offers a perspective on the 
practical application of these technologies [6].

Implementation
Overview of the Implementation
This section introduces the implementation process, outlining 
the objectives and aligning them with the overall goals of the 
study. The focus is on setting a framework for analyzing various 
prosumer scenarios, leveraging AI and blockchain technologies. 
The implementation is crucial for understanding how these 
technologies can be practically applied in the energy sector.

Technical Framework
The AI system architecture is designed to enhance energy 
management and efficiency. Inspired by Gonzalez-Gil et al. 
(2022), the architecture integrates modular and secure components 
for smart home energy management [10]. Additionally, Laayati 
et al. (2022) provide insights into an AI-layered architecture for 
smart grid-ready systems, which is considered for managing 
smart transformers [18]. Rochd et al. (2021) discuss an AI-based 

and IoT-enabled home energy management system, offering a 
practical case study in Morocco [23]. Furthermore, Shakeri et 
al. (2018) describe the implementation of a novel home energy 
management system with solar photovoltaic integration, serving 
as a supplementary source [25]. These architectures collectively 
inform the AI framework used in this study, emphasizing 
interoperability, security, and efficiency in energy management.

The blockchain infrastructure chosen for this study includes 
platforms like Ethereum and Hyperledger, known for their 
robustness and adaptability in various applications. Asif and Hassan 
(2023) explore the energy consumption aspects of Ethereum, 
particularly in the context of its Proof-of-Work and Proof-of-Stake 
consensus mechanisms, which are crucial for understanding its 
application in energy management [2]. Additionally, Khan et al. 
(2022) discuss the use of Hyperledger in a consortium serverless 
network architecture, providing insights into the implementation 
of blockchain smart contracts in sensitive data environments [14]. 
Furthermore, Benaddi et al. present a study on the safety of wireless 
sensor networks based on blockchain, which can be relevant for 
understanding the security aspects in energy systems [4]. Lastly, 
Ali et al. (2023) describe a blockchain-integrated local energy 
market model, showcasing the benefits of peer-to-peer trading and 
the role of blockchain in managing energy transactions [1].

System Integration
The integration of AI and blockchain technologies in the energy 
sector represents a synergistic approach to managing and 
optimizing energy systems. AI’s advanced analytics and predictive 
capabilities complement blockchain’s secure and transparent 
transactional framework. This integration facilitates efficient 
data flow between AI algorithms and blockchain components, 
enabling real-time decision-making and enhanced operational 
efficiency. AI algorithms can analyze vast amounts of data from 
energy systems to predict demand and supply patterns, while 
blockchain technology ensures secure and transparent recording of 
energy transactions. This combination enhances the reliability and 
scalability of energy management solutions. The interface with 
photovoltaic systems and stationary batteries is a critical aspect 
of this integration. AI algorithms play a crucial role in monitoring 
the performance of these systems, optimizing energy production, 
and predicting maintenance needs. Blockchain technology, on the 
other hand, provides a secure platform for recording and validating 
energy transactions, such as the distribution and consumption of 
energy generated by photovoltaic systems.

This integration allows for real-time data acquisition and analysis, 
ensuring efficient energy distribution and storage. The monitoring 
and control mechanisms are designed to maximize energy efficiency 
and reliability, while also supporting the dynamic management 
of energy resources in response to varying demand and supply 
conditions. This comprehensive approach to system integration 
not only enhances the performance of individual components but 
also contributes to the overall stability and sustainability of the 
energy grid. The user interface for private clients is designed to 
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be intuitive and user-friendly, providing easy access to energy 
consumption data, production statistics, and transaction records. 
Features include real-time monitoring, predictive analytics, and 
automated control options. 

The interaction flow between the system and the users is streamlined 
to enhance user experience and engagement. Security and privacy 
are paramount in the system design. Robust encryption methods, 
secure data storage solutions, and compliance with relevant 
regulations and standards ensure the protection of user data 
and transactional integrity. Regular security audits and updates 
are conducted to maintain the highest level of data security and 
privacy. Pilot implementations are conducted to test the system’s 
functionality and efficiency. These pilots provide valuable 
insights into system performance, user experience, and potential 
areas for improvement. Feedback from these implementations 
is used to refine and optimize the system before full-scale 
deployment. Technical and practical challenges encountered 
during implementation include system integration complexities, 
scalability issues, and user adoption barriers. Solutions involve 
iterative design processes, scalability testing, and user education 
programs. Continuous improvement and adaptation are key to 
overcoming these challenges. In preparation for scenario analysis, 
various parameters and variables are considered, including energy 
demand patterns, weather conditions, and user behavior. This 
preparation ensures that the system is well-equipped to handle 
diverse scenarios, providing valuable insights into the potential 
impact and effectiveness of AI and blockchain integration in 
energy management.

Scenario Analysis
Scenario 1: Private Client Without Photovoltaics  or Stationary 
Batteries
In the context of this study, Scenario 1 examines a private client 
entirely reliant on the grid for energy needs, without the benefits 
of on-site renewable energy generation or storage. This scenario 
is crucial for understanding the baseline energy management 
challenges and opportunities for AI and blockchain intervention. 
The scenario delves into how AI can be utilized to analyze and 
predict the client’s energy consumption patterns. AI algorithms 
process historical energy usage data, weather forecasts, and grid 
pricing information to provide recommendations for optimizing 
energy use. This could involve suggesting the best times to use 
energy-intensive appliances or identifying inefficiencies in the 
client’s energy consumption.

Furthermore, blockchain technology’s role in this scenario is 
explored in terms of enabling secure and transparent energy 
transactions. Even without renewable energy sources, the 
client can participate in energy trading platforms powered by 
blockchain. This participation could involve buying energy at 
lower prices during off-peak hours or selling back to the grid 
during peak demand, facilitated by smart contracts for transparent 
and automated transactions. Additionally, the scenario investigates 
how blockchain can provide a reliable record of the client’s 
energy consumption and transactions, potentially leading to more 

personalized energy plans or participation in incentive programs 
offered by energy providers.
 
This scenario sets the stage for understanding the impact of AI and 
blockchain technologies in a conventional energy setup. It provides 
a contrast to the subsequent scenarios involving renewable energy 
sources, highlighting the enhancements and efficiencies that AI 
and blockchain can bring to even the most traditional energy 
consumption models.

Scenario 2: Private Client with Photovoltaics, But No Stationary 
Batteries
This scenario explores the energy management situation of a 
private client who has integrated photovoltaic (PV) systems into 
their energy setup but does not possess stationary batteries for 
energy storage. The focus is on understanding how such a setup, 
which allows for renewable energy generation but lacks storage 
solutions, can be optimized using AI and blockchain technologies. 
The scenario details how the client’s PV system contributes to their 
energy supply, particularly during daylight hours. AI algorithms 
play a crucial role in this context by analyzing solar production 
patterns, weather forecasts, and the client’s energy consumption 
habits. This analysis helps in optimizing the use of solar energy 
directly, reducing reliance on the grid, and potentially lowering 
energy costs.

However, the absence of stationary batteries presents a challenge 
in managing excess energy generated during peak sunlight hours. 
Here, blockchain technology can facilitate the client’s participation 
in energy trading platforms. The client can sell excess solar energy 
back to the grid or to neighbors, creating a decentralized energy 
market. Smart contracts on the blockchain ensure that these 
transactions are secure, transparent, and automated. Additionally, 
AI can provide predictive insights for energy management, 
advising the client on the best times to use or conserve energy 
based on solar production forecasts. This scenario also examines 
the potential for dynamic energy pricing models, where the client 
could benefit from lower energy prices during off-peak hours 
when solar energy is not available. This scenario highlights the 
benefits and limitations of having a photovoltaic system without 
energy storage. It underscores the importance of intelligent energy 
management systems and the potential of AI and blockchain to 
enhance the efficiency and economic viability of renewable energy 
sources in residential settings.

Scenario 3: Private Client with Stationary Batteries, But No 
Photovoltaic
In this scenario, I analyze a residential energy setup where 
the private client has access to stationary batteries, potentially 
repurposed from electric vehicles, but does not have a photovoltaic 
system for energy generation. This setup presents a unique case 
of energy storage without on-site renewable energy production. 
The focus is on how stationary batteries can be utilized to enhance 
energy management and efficiency in a household [15, 16]. The 
batteries can store energy from the grid during off-peak hours 
when electricity prices are lower. This stored energy can then be 
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used during peak hours, reducing the client’s reliance on the grid 
when energy prices are higher. The scenario explores the economic 
and practical implications of this strategy, including cost savings 
and reduced energy consumption from the grid. AI algorithms are 
employed to optimize the charging and discharging cycles of the 
batteries based on energy pricing, consumption patterns, and grid 
demands. This intelligent management ensures the most efficient 
use of the stored energy, maximizing the benefits of having 
stationary batteries. The AI system can predict peak energy usage 
periods and manage battery usage accordingly, ensuring energy 
availability during high-demand periods while minimizing costs.

Blockchain technology, in this scenario, plays a role in recording 
and validating energy transactions. It can be used to track the energy 
stored and consumed from the batteries, providing a transparent and 
secure ledger of energy usage. This capability is particularly useful 
if the client participates in energy trading or demand-response 
programs, where accurate and reliable data recording is essential. 
Additionally, this scenario considers the environmental impact 
of using repurposed batteries from electric vehicles, highlighting 
the sustainability aspect of this energy management approach. 
The use of second-life batteries not only extends the useful life of 
these resources but also contributes to a circular economy model 
in energy management. Overall, Scenario 3 provides insights into 
the benefits and challenges of integrating stationary batteries in a 
residential energy system without the support of renewable energy 
generation. It showcases how AI and blockchain technologies can 
be leveraged to optimize energy usage, reduce costs, and contribute 
to sustainable energy practices, even in scenarios where renewable 
energy generation is not directly available.

Scenario 4: Private Client with Both Photovoltaics  and Stationary 
Batteries
The fourth scenario considers a private client equipped with 
both photovoltaic systems and stationary batteries, exploring the 
synergistic benefits of combining photovoltaic energy generation 
with battery storage. This setup allows for the efficient use of 
generated solar energy and the ability to store excess energy for 
later use. The integration of photovoltaics with batteries enhances 
energy self-sufficiency and reliability. During peak sunlight hours, 
excess energy generated by the photovoltaic system can be stored 
in the batteries, which can then be used during periods of low 
sunlight or at night. This scenario examines the effectiveness of 
such a system in reducing reliance on the grid and increasing 
energy independence [9]. 

Additionally, the scenario explores the environmental benefits of 
using repurposed batteries from electric vehicles for stationary 
energy storage, as discussed by Koelch [15] The potential for 
distributed photovoltaic systems to contribute significantly to a 
renewable energy system is also considered, as highlighted by 
Rahdan et al. [21]. Furthermore, the reliability improvements 
offered by hybrid energy storage and management systems 
in microgrids, as presented by Singh Laledia and Gupta , are 
analyzed. Finally, the comparative analysis of various energy 
storage devices, including their application in solar systems, as 

discussed by Ganthia et al., is considered to understand the most 
effective storage solutions for this scenario [26, 8].

Comparative Analysis of Scenarios
In this section, I conduct a comprehensive comparative analysis of 
the four scenarios to evaluate their efficiency, sustainability, and 
economic implications. This analysis is pivotal in understanding 
the relative advantages and limitations of each energy setup and 
in identifying the most suitable solutions for varying residential 
energy needs.

Energy Efficiency and Reliability: Comparing how each scenario 
performs in terms of energy efficiency. For instance, scenarios 
with photovoltaics and/or batteries might offer greater efficiency 
and reliability compared to the grid-dependent scenario.
Economic Implications: Analyzing the cost-effectiveness of 
each scenario, including initial investment, operational costs, and 
potential savings.

Sustainability and Environmental Impact: Evaluating the 
environmental benefits of each scenario, particularly those 
involving renewable energy sources like photovoltaics. The 
analysis will consider factors such as carbon footprint reduction 
and long-term sustainability. Energy Independence and Grid 
Support: Assessing the degree of energy independence provided 
by each scenario and their potential to support or reduce reliance 
on the traditional power grid. This includes examining the capacity 
for energy storage and surplus energy generation. 
Adaptability and Scalability: Considering how adaptable and 
scalable each scenario is for different types of residential setups and 
geographic locations. This includes the feasibility of implementing 
these systems in urban versus rural settings.

Technological Integration: Evaluating the effectiveness of AI 
and blockchain integration in each scenario, particularly in terms 
of optimizing energy management and enhancing user experience.

This comparative analysis evaluates the four scenarios based on 
energy efficiency, economic implications, sustainability, energy 
independence, and technological integration.

Energy Efficiency and Reliability
Scenario 1, reliant solely on the grid, faces efficiency limitations, 
especially during peak demand. Scenarios 2 and 3, with 
photovoltaics and batteries respectively, show improved efficiency 
through renewable generation and energy storage. Scenario 4, 
combining both technologies, offers the highest efficiency and 
reliability, effectively balancing generation and storage.

Economic Implications
While Scenario 1 has lower initial costs, it lacks long-term savings 
potential. Scenarios 2 and 3 require higher initial investments 
but offer significant savings over time through reduced grid 
dependence. Scenario 4, though the most costly upfront, provides 
the greatest long-term economic benefits due to maximized energy 
production and storage capabilities.
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Sustainability and Environmental Impact
Scenarios involving renewable technologies (2, 3, and 4) 
significantly reduce carbon footprint compared to the grid-
dependent Scenario 1. Scenario 4 stands out for its optimal use of 
renewable energy, minimizing environmental impact.

Energy Independence and Grid Support
Scenario 1 is entirely grid-dependent, while Scenarios 2 and 3 offer 
partial independence. Scenario 4 achieves near-complete energy 
independence, also providing potential grid support through 
surplus energy.

Adaptability and Scalability
Scenarios 2 and 3 are adaptable to various settings but limited by 
the absence of either generation or storage. Scenario 4, though 
requiring more space and investment, is highly scalable and 
adaptable, offering a comprehensive solution.

Technological Integration
AI and blockchain integration enhances energy management in all 
scenarios, but its impact is most pronounced in Scenarios 3 and 
4, where the complexity of managing storage and generation is 
higher.

In conclusion, while each scenario has its merits, Scenario 4 
emerges as the most efficient, sustainable, and economically 
viable option, especially when enhanced by AI and blockchain 
technologies.

Results
Energy Efficiency and Economic Outcomes for Each Scenario
The analysis of energy efficiency and economic outcomes reveals 
distinct patterns across the four scenarios:
Scenario 1 - Private Client Without Photovoltaics or Stationary 
Batteries: This scenario, relying solely on the grid, showed the 
least energy efficiency. The economic analysis indicated regular 
energy costs with no savings from renewable sources. The absence 
of energy generation or storage solutions resulted in higher 
dependency on grid electricity, especially during peak hours, 
leading to increased costs.

Scenario 2 - Private Client with Photovoltaics, But No Stationary 
Batteries: Introduction of photovoltaics significantly improved 
energy efficiency. The economic outcome showed substantial 
savings in energy costs due to reduced grid dependency during 
daylight hours. However, the lack of storage options limited the 
full utilization of generated solar energy, especially during non-
sunlight hours.

Scenario 3 - Private Client with Stationary Batteries, But No 
Photovoltaic: Utilizing stationary batteries for energy storage, 
primarily charged during off-peak hours, resulted in moderate 
energy efficiency improvements. Economically, this scenario 
offered cost savings by utilizing lower-priced energy stored in 
batteries during peak pricing periods.

However, the absence of renewable energy generation meant 
continued reliance on grid-supplied electricity.

Scenario 4 - Private Client with Both Photovoltaics and Stationary 
Batteries: This scenario achieved the highest energy efficiency 
and economic benefits. The combination of energy generation 
from photovoltaics and storage in batteries allowed for maximum 
utilization of renewable energy and significant reduction in grid 
dependency. The economic analysis showed the greatest cost 
savings and return on investment over time, despite the higher 
initial setup cost.

In summary, the comparative analysis highlights that integrating 
both photovoltaic systems and stationary batteries offers the most 
significant efficiency gains and economic benefits. While scenarios 
with either photovoltaics or batteries show improvements over the 
grid-only setup, the combination of both technologies provides 
the most comprehensive solution for energy management. This 
synergy not only enhances energy independence but also leads 
to considerable long-term economic advantages, despite the 
initial investment required for installation and setup. The results 
underscore the potential of integrated renewable energy solutions 
in transforming residential energy consumption patterns, offering 
a sustainable and cost-effective alternative to traditional grid 
dependency.

Ai-Driven Optimization Results
The implementation of AI-driven optimization techniques across 
the four scenarios yielded significant improvements in energy 
management:
Scenario 1 - Private Client Without Photovoltaics or Stationary 
Batteries: In this grid-dependent scenario, AI algorithms primarily 
focused on optimizing energy consumption patterns. Predictive 
analytics were used to advise the client on the most cost-effective 
times to use energy-intensive appliances, based on grid pricing 
and demand. While the scope for optimization was limited due 
to the lack of renewable energy sources, AI helped in marginally 
reducing energy costs and improving overall efficiency.

Scenario 2 - Private Client with Photovoltaics, But No Stationary 
Batteries: AI played a crucial role in maximizing the use of solar 
energy. Algorithms predicted solar generation patterns and aligned 
energy usage accordingly, reducing grid dependency during peak 
sunlight hours.
However, the absence of storage solutions limited the full potential 
of AI optimization, particularly in managing surplus energy.
Scenario 3 - Private Client with Stationary Batteries, But No 
Photovoltaic: In this scenario, AI algorithms optimized the 
charging and discharging cycles of the batteries based on energy 
pricing and consumption patterns. The AI system efficiently 
managed the stored energy, ensuring its use during peak pricing 
periods to minimize costs. The optimization, however, was 
constrained by the lack of on-site energy generation.
Scenario 4 - Private Client with Both Photovoltaics and Stationary 
Batteries: This scenario exhibited the most comprehensive AI-
driven optimization. AI algorithms not only predicted solar energy 
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where  2
( ) ( ) 0    G W  is a limited set, Rk, Rl are the distances to the k,l elements of 

the PA. 
 
   So, the following main properties can be noted: 
 
-  rk,l of PA depends only on the z-projection (in rectangular coordinates) of the “antenna’s” 
position. 
 
- Element rk,l might be seen as incomplete Fourier transform of the block 2( ) ( ) G W  
where W() is the PDF for  In this regard, the latter means that its orthogonalization might 
be done rigorously with PSWF basis (see details in [5] and references therein).  
 
- The covariance matrix element rk,l  of any PA coincides with the covariance matrix element 
of n-ULA with the same geometric parameters [5]. 
 
   Though, the following proposition was formulated in [5]: the orthogonal decomposition 
of any PA can be done through the statistically equivalent n-ULA with the geometrical 
characteristics of the initial PA. 
 
  A further simplification, mainly for modeling purposes, might be done by introducing the 
ULA equivalent to the n-ULA by equalizing the 3db main lobe widths of n-ULA and ULA. 
 One can see the above material as an illustration of the application of the phenomenological 
approach to a metasurface modeling, particularly for the RIS design, as the number of PSWF 
accepted for the orthogonalization are nothing else but “virtual” radiations from the RIS, 
which have to be connected to the basis elements of {PSWF}Rx through the RIS Coupling 
Matrix (CM) [2,3,13].  
   Though, it might be once more emphasized, that the above material is mainly adequate for 
phenomenological modeling of the incoherent paradigm for NOMA-RIS-MIMO system.  
   For the “physical” implementation of the system it is necessary to propose an 
implementation “bridge” between the phenomenological GKCM and the real MIMO 
channel. The way to achieve this is already proposed (see [6], for example).  
   Now, it is time to present the way to calculate the equivalent parameters of the PA model 
for the graphene metasurface. 
   For this matter it is reasonable to apply the results presented in [9] for the calculus 
(estimation) of the radiated field from the RIS, based on antenna theory.  
   According to them, all the RIS surface is subdivided into elements {Si}, which might be 
considered as antenna apertures of multi antenna system (PA), each with radiation pattern 
fi() (see also examples for them in [9]).  
   Certainly, if Si is an antenna aperture, the effective aperture Ai with directivity Di is: 
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generation but also managed the storage and utilization of energy 
in the batteries. This led to an optimal balance between energy 
generation, storage, and consumption, significantly reducing 
reliance on the grid and maximizing cost savings. The AI system 
effectively adapted to changes in weather conditions and user 
behavior, ensuring the most efficient use of renewable energy 
resources.
Overall, the results demonstrate that AI-driven optimization 
significantly enhances energy management across all scenarios. 
The effectiveness of AI is most pronounced in scenarios with 
renewable energy sources and storage solutions, where it can fully 
leverage its predictive and adaptive capabilities to optimize energy 
usage and reduce costs.

Blockchain Transaction Analysis
The implementation of blockchain technology across the scenarios 
provided valuable insights into its role in energy management 
systems:
Scenario 1 - Private Client Without Photovoltaics or Stationary 
Batteries: In this scenario, blockchain’s role was primarily in 
recording and verifying grid-based energy transactions. While the 
scope for blockchain application was limited due to the absence 
of renewable energy sources and storage, it still enhanced the 
transparency and accuracy of billing and consumption data. This 
led to a more trustworthy relationship between the client and the 
energy provider.

Scenario 2 - Private Client with Photovoltaics, But No Stationary 
Batteries: Blockchain technology facilitated the tracking and 
verification of energy generated by the photovoltaic system. It 
enabled the client to sell surplus solar energy back to the grid 
through secure and transparent transactions. However, the lack of 
storage solutions limited the extent of peer-to-peer energy trading 
opportunities.

Scenario 3 - Private Client with Stationary Batteries, But 
No Photovoltaic: In this scenario, blockchain played a crucial 
role in managing the energy stored in batteries. It tracked the 
energy stored during off-peak hours and used during peak hours, 
ensuring transparent and accurate accounting of energy savings. 
The technology also supported participation in demand-response 
programs, providing a reliable platform for transaction verification.
Scenario 4 - Private Client with Both Photovoltaics and 
Stationary Batteries: This scenario showcased the full potential 
of blockchain in energy management. It efficiently managed 
transactions involving both the generation of solar energy and its 
storage. Blockchain enabled seamless peer-to-peer energy trading, 
allowing the client to sell excess energy with confidence in the 
security and fairness of transactions. Smart contracts automated 
the sale and purchase of energy, optimizing the financial benefits 
of owning both photovoltaic systems and batteries. This scenario 
demonstrated the highest efficiency and reliability in blockchain-
based energy transactions.

Overall, the analysis reveals that blockchain technology 

significantly enhances the management of energy transactions 
across all scenarios. Its impact is most notable in scenarios involving 
renewable energy generation and storage, where it facilitates 
secure, transparent, and automated energy trading. Blockchain’s 
ability to ensure the integrity and reliability of transactions not 
only boosts the economic viability of renewable energy systems 
but also encourages wider adoption by enhancing trust among 
participants. The results highlight the practical benefits of 
blockchain in energy management, while also acknowledging the 
challenges in its implementation, such as the need for widespread 
adoption and integration with existing energy infrastructures.

Discussion
Interpretation of Results
The results from the scenario analysis and blockchain transaction 
studies provide insightful revelations about the integration of AI 
and blockchain technologies in energy management. The findings 
indicate that scenarios involving renewable energy sources, 
particularly photovoltaics combined with stationary batteries, offer 
significant improvements in energy efficiency and cost savings.
AI-driven optimization has proven effective in enhancing energy 
usage patterns, while blockchain technology has added a layer 
of security and transparency to energy transactions. The results 
underscore the potential of these technologies in transforming the 
energy sector, especially in residential settings.

Implications for Homeowners and Energy Providers
For homeowners, the study highlights the economic and 
environmental benefits of adopting renewable energy solutions, 
enhanced by AI and blockchain technologies. It suggests a shift 
towards more sustainable and autonomous energy management 
practices, reducing reliance on traditional power grids. For energy 
providers, the findings emphasize the need to adapt to a changing 
energy landscape, where decentralized energy production and 
peer-to-peer trading become more prevalent. The integration of 
AI and blockchain could lead to more efficient grid management 
and novel business models centered around renewable energy and 
smart technologies.

Limitations and Future Research Directions
While the study provides valuable insights, it acknowledges 
certain limitations. The scenarios are based on theoretical models 
and assumptions, which may not fully capture the complexities 
of real-world settings. Future research could focus on empirical 
studies and pilot projects to validate the findings. Additionally, 
the rapid evolution of AI and blockchain technologies necessitates 
ongoing research to keep pace with technological advancements. 
Further exploration is needed into the regulatory and policy 
implications of widespread adoption of these technologies in the 
energy sector. There is also a need for research into the scalability 
of these solutions and their applicability in different geographic 
and socio-economic contexts.

In conclusion, this study contributes to the growing body of 
knowledge on the application of AI and blockchain in energy 
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management. It provides a foundation for further research and 
development in this field, aiming to foster a more sustainable, 
efficient, and user-centric energy future. This content for the 
"Discussion" section provides a comprehensive analysis of the 
study’s findings, their implications for various stakeholders, 
and directions for future research. It interprets the results in the 
context of the broader energy sector, considering the potential 
impact on homeowners, energy providers, and the environment. 
The discussion also acknowledges the limitations of the current 
study and suggests areas where further research could expand and 
deepen the understanding of AI and blockchain applications in 
energy management. This section is crucial for contextualizing the 
study within the larger energy landscape and for setting the stage 
for ongoing exploration and innovation in this field.

Conclusion
Summary of Findings
This study has explored the integration of AI and blockchain 
technologies in energy management across four distinct scenarios. 
The findings reveal that the combination of photovoltaics and 
stationary batteries, enhanced by AI and blockchain, offers the 
most significant improvements in energy efficiency and economic 
viability. AI-driven optimization has proven effective in managing 
energy consumption and production, while blockchain technology 
has enhanced the security and transparency of energy transactions. 
The comparative analysis of the scenarios highlights the potential 
of these technologies to transform energy management practices, 
particularly in residential settings.

Potential Impact on the Energy Sector
The integration of AI and blockchain technologies has the potential 
to revolutionize the energy sector. It can lead to a more decentralized 
and sustainable energy landscape, where homeowners have 
greater control over their energy consumption and production. The 
adoption of these technologies could encourage the shift towards 
renewable energy sources, reducing reliance on fossil fuels and 
contributing to environmental sustainability. Additionally, the 
implementation of AI and blockchain can lead to more efficient and 
resilient energy grids, capable of handling the dynamic demands 
of modern energy consumers.

Recommendations for Stakeholders 
For homeowners, the recommendation is to consider the adoption 
of renewable energy technologies, particularly photovoltaics and 
stationary batteries, to enhance energy independence and reduce 
costs. Energy providers should focus on adapting their business 
models to accommodate decentralized energy production and 
peer-to-peer energy trading. Policymakers are advised to create 
supportive regulatory frameworks that encourage the adoption 
of AI and blockchain in energy management, ensuring that these 
technologies are accessible and beneficial for a wide range of 
consumers. Additionally, investment in research and development 
is crucial for advancing these technologies and addressing any 
emerging challenges.

In conclusion, this study underscores the transformative potential 
of AI and blockchain in the energy sector. By leveraging these 
technologies, we can move towards a more sustainable, efficient, 
and user-centric energy future. The findings and recommendations 
provided in this study serve as a roadmap for stakeholders to 
navigate the evolving landscape of energy management and 
harness the benefits of technological innovation.
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