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Chapter 1

Introduction

The development of the national energy sector, planned for the period 2025-2035 and
projected through 2050, is outlined in the strategic document titled “Romania’s Energy
Strategy (RES) 2025-2035, with a 2050 Outlook”. This strategy sets forth the medium-
and long-term vision for the energy sector, outlining the strategic objectives and key
directions of action. The modernization of the energy system is an absolute imperative
in order to ensure sustainable economic development, enhance the competitiveness of
the Romanian economy, improve quality of life, and support the transition to a
sustainable energy model, in line with Romania’s environmental commitments at both
European and international levels.

1.1 Presentation of the field of the doctoral thesis

The present doctoral thesis falls within the field of Electronic Engineering,
Telecommunications, and Information Technologies, focusing on the real-time
optimization and testing of energy systems in the context of the transition toward a
decarbonized and sustainable energy sector. In this regard, green hydrogen technology
represents a fundamental component of the future energy architecture, serving as a
strategic energy vector for reducing greenhouse gas emissions and enhancing the
operational flexibility of complex energy systems.

The integration of real-time data acquisition and digitalization, together with the
optimization of energy systems incorporating green hydrogen, enables a predictive
approach to the energy transition process.

In order to effectively assess and integrate green hydrogen-based technologies,
the simulation of energy systems plays a pivotal role. Tools such as
MATLAB/Simulink [8], TRNSYS [9], iHOGA [10], and OpenModelica [11] enable
the dynamic modeling of hybrid network behavior, optimal sizing of equipment, as well
as cost-benefit analysis under various operational scenarios.

1.2 Scope of the doctoral thesis

The objective of this doctoral thesis is to develop an integrated methodological
framework for the real-time optimization and testing of energy systems that incorporate
green hydrogen, with a focus on the acquisition and analysis of data from renewable
energy sources. Specifically, the research aims to simulate and assess the energy and
economic performance of investments in new electricity generation capacities from
renewable sources, covering the entire technological chain—from production to storage
and utilization of green hydrogen.

This research seeks to contribute both methodologically and practically to the
modernization of energy infrastructure through the acquisition, processing, and
interpretation of real-time operational data. Particular attention is given to the
integration of green hydrogen-based technologies in support of decarbonization goals,



energy efficiency, and the transition toward an intelligent, flexible, and sustainable
energy system.

1.3 Content of the doctoral thesis

The doctoral thesis aims to provide an integrated approach to the real-time optimization
and testing of energy systems, with a focus on the integration of renewable energy
sources and green hydrogen-based technologies. The work is organized into seven main
chapters, each contributing step by step to the theoretical foundation, methodological
framework, and practical contributions of the research.

Chapter 1 — Introduction

This chapter presents the strategic context of the national and European energy
transition, highlighting the role of renewable energy sources and innovative
technologies such as green hydrogen in reducing carbon emissions and achieving
sustainability goals. It also emphasizes the importance of digitalization and real-time
data acquisition for monitoring, control, and optimization of energy systems, which
supports infrastructure modernization and the development of smart, flexible, and
efficient networks in line with decarbonization objectives.

Chapter 2 — State of the Art in Real-Time Testing

This chapter reviews the current state of knowledge and applications in the field of real-
time testing and digital simulation, focusing on the techniques and platforms used for
validating complex systems. It introduces the concept of real-time simulation,
differentiating between fully digital simulations and Hardware-in-the-Loop (HIL)
simulations, and discusses the advantages and applicability of the OPAL-RT platform,
particularly the OP5600 system, across various industrial domains.

Chapter 3 — Design and Implementation of Energy Systems

Chapter 3 addresses the design and implementation of energy systems, emphasizing
strategies for the development of smart and efficient infrastructure tailored to the
management of renewable resources and advanced energy storage technologies. The
importance of adopting integrated technological solutions based on advanced digital
platforms, such as OPAL-RT, and real-time monitoring systems is highlighted. These
technologies enable continuous data collection and processing, dynamic optimization
and control strategies, improved equipment performance, reduced losses, and extended
infrastructure lifespan under safe and reliable operating conditions.

Chapter 4 — Optimization and Simulation of Energy Systems

This chapter investigates the technical and economic performance of a green hydrogen
production system powered by wind energy, through the simulation and comparison of
four distinct operational scenarios. Each scenario reflects a different strategy for using
the available energy and adapting production capacity to real-time resource conditions.
Chapter 5 — Performance Indicators

Chapter 5 presents an in-depth comparative evaluation of the four operational scenarios
for the green hydrogen production system based on wind energy. The analysis focuses
on identifying annual energy and economic performance using a set of relevant techno-
economic indicators, summarized in comparative tables and graphs.

Based on parameters such as energy used, hydrogen produced, module utilization rate,
water consumption, revenues, expenses, and net profit, Scenario 3 was identified as
offering the best balance between technical efficiency, sustainability, and economic
viability. It nearly fully exploits renewable energy without relying on the national grid,
while maintaining high production and revenue levels at relatively low costs.



Chapter 6 — Real-Time Data Acquisition Platform

Chapter 6 describes and experimentally validates integrated digital platforms for real-
time monitoring and data analysis, applied to a functional photovoltaic system
implemented in a laboratory environment. The chapter's main objective is to investigate
data acquisition and storage architectures from heterogeneous sources (PV panels,
environmental sensors, storage systems, inverter) in order to evaluate system
performance, autonomous operation capacity, and integration potential into smart
energy grids.

Three distinct software platforms, generically named Test 1, Test 2, and Test 3, were
developed and tested—each addressing specific functional requirements related to the
collection, synchronization, and interpretation of relevant data.

The chapter confirms the hypothesis that integrating IoT, blockchain, and real-time
analytics technologies can significantly enhance the processes of evaluation, control,
and optimization of renewable-based energy systems. The results support the
foundation of advanced smart energy management models capable of enabling the
transition to a sustainable and digitalized economy.

Chapter 7 — Conclusions

This final chapter synthesizes the results obtained, highlighting the added value of the
research in the field. It proposes future directions for scientific exploration, taking into
account the accelerating pace of the energy transition and the need for scalable,
efficient, and sustainable solutions. The chapter also outlines the author's original
scientific contributions.

Chapter 2

Current State of Knowledge on
Real-Time Testing

Real-time digital simulation has the capability to replicate a real system. The actual
system is mirrored and generates the necessary control signals.

Due to their high reliability and performance, OPAL-RT simulators [12] are
technically viable and readily available. The OPAL-RT simulator includes the
following digital simulation programs: eFPGAsim [13], ePHASORSIM [14],
eMEGAsim [15], and HYPERSIM [16].

eMEGAsim is a scalable and flexible real-time digital simulation program that
includes RTE Event, ARTEMIS, and RT-LAB software.

2.1 OPAL-RT Interface and the Connection Between
RT-Lab and MATLAB/Simulink

The OPAL-RT interface is associated with RT-Lab software, which is based on
MATLAB/Simulink's SimPowerSystems.



The main feature of this software is its ability to meet transient simulation
requirements for electromechanical drives and electrical systems.

2.2 SIL/HIL Challenges and Solutions Used in the
Thesis

Hardware-in-the-loop (HIL) testing consists of real-time simulation by connecting
real equipment and systems via sensors and actuators.

It enables users to perform realistic closed-loop tests without the need for testing on
the actual physical system.

HIL refers to configurations involving low-power signal connections.

Chapter 3

Implementation and Design of
Energy Systems

In the present doctoral thesis, the concept of "real-time testing of energy systems' is
addressed, with the aim of identifying optimal solutions for testing and evaluating the
performance of such systems. The focus is on developing efficient methods to support
the users’ energy consumption profiles, while integrating innovative technologies for
energy production from renewable sources such as solar and wind energy, as well as
energy storage technologies, particularly the use of hydrogen. This approach is
specifically illustrated in Figure 3.1.
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Figure 3.1 — Concept of Real-Time Testing of Hybrid Energy Systems



In Figure 3.1, an integrated architecture is presented, designed for the efficient
management of energy resources derived from renewable sources and green hydrogen,
as well as the process of real-time data collection and analysis for monitoring and
optimizing the energy system.

3.1 Primary Energy Source Module

The Primary Energy Source Module is the main component responsible for
the generation and supply of energy from renewable resources, such as photovoltaic
panels, wind turbines, and other energy production technologies based on natural
resources. This module is tasked with monitoring technical parameters such as power,
voltage, current, and efficiency of energy sources, ensuring real-time data acquisition.
Control and optimization strategies are also implemented at this level to maximize
energy production and manage resource variability, thereby contributing to the overall
stability and reliability of the energy system.

3.1.1 Wind Farm

The use of wind energy for electricity generation has a history of over a century,
evolving from early windmills to today’s technologically advanced wind generators.
Within monitoring and control systems, key technical parameters—such as wind speed
and direction, generated power, voltage, current, and turbine efficiency—are collected
in real time to ensure optimized operation.

3.1.2 Photovoltaic Park

A photovoltaic park is an electricity generation infrastructure composed of a
network of strategically mounted solar panels to maximize solar radiation capture under
variable environmental conditions and to facilitate the direct conversion of solar energy
into electricity. This investment contributes significantly to diversifying the national
energy portfolio and reducing greenhouse gas emissions, being considered a
fundamental pillar of the transition strategies toward a sustainable, low-emission
economy.

3.1.3 Hydrogen — Energy Vector

Green hydrogen represents a highly promising energy vector, playing a crucial
role in facilitating the transition to a sustainable energy system with reduced carbon
emissions and diversified energy sources. This energy vector is produced through water
electrolysis powered by renewable energy sources such as solar and wind, completely
eliminating greenhouse gas emissions typically associated with conventional hydrogen
production and use.

3.2 Consumer Module

The Consumer Module is a fundamental component in advanced energy
management and control systems, responsible for monitoring, analyzing, and
optimizing electricity usage within integrated energy systems. Its main function is the
continuous, real-time collection of operational data from end-users and connected
equipment, including electric vehicle charging stations, residential buildings, industrial
and commercial units. This includes basic parameters such as energy consumption,
temporal usage profiles, seasonal variations, voltage and current fluctuations, and other



relevant technical indicators such as power factor, energy efficiency, and equipment
operational status.

3.3 Storage Module

The Storage Module is a critical component of modern energy system
infrastructure, with the primary objective of efficiently managing, monitoring, and
controlling energy storage technologies, including battery systems, thermal storage
solutions, and other advanced energy storage technologies. Its operation involves the
continuous and real-time collection of operational and technical parameters, such as
charging and discharging levels, conversion efficiency, and the degradation state of
storage equipment.

3.3.1 Green Hydrogen Energy Storage Technology

Green hydrogen energy storage technology is an innovative and strategic
component in the development of sustainable and efficient energy systems, with the
potential to facilitate the large-scale integration of intermittent renewable sources, such
as solar and wind energy, into modern energy grids.

Chapter 4

Optimization and Simulation of
Energy Systems

4.1 Defining Optimization Objectives and Constraints
for the Analyzed Scenarios

The main objective of Chapter 4 is to present, compare, and quantitatively evaluate
the techno-economic performance resulting from the simulation of a hydrogen
production system through electrolysis, under four distinct operational scenarios. This
analysis aims to highlight the impact of electrolyzer operation modes on energy
efficiency, economic sustainability, and the continuity of the hydrogen production
process, under the specific conditions of integrating intermittent renewable resources
(wind energy).

4.2 Electricity Production

To ensure accurate modeling of the production and storage capacity of the proposed
energy system, it is necessary to preliminarily establish an estimated annual wind
speed profile and the corresponding wind energy production. This step is essential for
defining the operating scenarios of the electrolyzers and evaluating the loading level
of the hydrogen storage units.

Over the course of one calendar year, the total estimated energy production of the
wind farm is approximately 294,432 MWh, based on the annual wind speed profile.



The monthly evolution of average hourly energy values is illustrated in Figure 4.2,
offering an overview of seasonal wind potential variations and the energy availability
for continuous electrolyzer operation. These parameters are fundamental for
estimating the overall efficiency of the analyzed energy system and for determining
the optimal operating regime for hydrogen production and storage facilities.

4.3 Scenario 1 — Proportional Operation in Adaptive
Mode

In this scenario, all six electrolysis modules operate simultaneously at the same power
level, adjusted proportionally to the available energy. The operating level is limited
between 20% and 100% of nominal power (Pn). If the energy allocated per module
drops below the minimum threshold of 20% (0.146 MWh/module), the entire
electrolysis system is automatically shut down according to the manufacturer’s
technical specifications, to avoid accelerated wear and efficiency loss.

4.4 Scenario 2 — Uniform Operation at Minimum
Admissible Power

In this case, all six modules operate continuously at the minimum power level, 20% of
nominal capacity, as long as at least 0.876 MWh of total energy is available. This
strategy aims to ensure continuous system operation with minimal energy consumption,
avoiding frequent stops and restarts.

4.5 Scenario 3 — Selective Module Operation Based on
Available Energy

This scenario involves activating a variable number of modules (n < 6) when total
available energy is below 4.3 MW. Modules are activated sequentially until reaching
a consumption threshold of 0.876 MWh/module. Inactive modules can be turned on
only if they can individually receive more than 0.146 MWh of energy. This ensures
efficient and adaptive operation, avoiding grid overload and inefficient electrolyzer
usage.

Scenario 3 proposes a flexible operational strategy based on sequential activation of
electrolyzer modules according to available energy, limiting total consumption to
below 4.3 MW. Modules are activated progressively up to 0.876 MWh/module, and
additional modules are only enabled if they can be allocated a minimum of 0.146
MWh/module. This approach ensures efficient, adaptive operation, prevents
overloading the electrical grid, and ensures operation only under optimal technical
conditions.

The average hourly energy allocated to electrolyzer operation is 20,462 MWh/year,
reflecting a dynamically adapted operation regime based on wind energy availability.
Throughout the year, all modules are used in a balanced manner, reflecting an effective
rotation strategy that distributes wear evenly and increases system reliability.



The total hydrogen production in Scenario 3 was 4,428,740 Nm? (equivalent to 394,718
kg). The produced hydrogen was used according to the working hypothesis: 75%
injected into the grid (3,321,555 Nm?) and 25% sold in tankers (98,680 kg).

4.6 Scenario 4 — Continuous Operation at Nominal
Capacity with External Grid Support

In this scenario, all six modules operate at nominal power (0.876 MWh/module)
regardless of the wind energy production. Any energy shortfall is covered by
purchasing electricity from the National Energy System (SEN) at a reference market
price. This scenario ensures maximum operation of the electrolysis system, enabling
assessment of the system's full capacity, though with significantly higher energy

costs.

Comparison of Optimization Coefficients for the Analyzed Scenarios
To fully understand system performance under each scenario, a comparison of
previously defined optimization coefficients is proposed. The summarized results are
presented in Figure 4.4.

Table 4.4 — Comparison of Optimization Coefficients for the Analyzed Scenarios
Coefficient / Scenario Scenario 1 Scenario2 Scenario3 Scenario 4

high

CUEA (Energy Use Efficiency [N
Coefficient)

moderate very high

CFO (Operational Flexibility 0 0.3 1 1
Coefficient)

PS (System Performance) medium low high maximum

CAER (Renewable Energy low >80% >95% approx. 53%
Utilization Rate)

CVEH (Hydrogen Economic <1 =1 >2 >2.5
Viability Coefficient)

Chapter 5
Performance Indicators

5.1. Energy Performance Indicators — Scenario 1

The average annual values of the main energy performance parameters obtained in
Scenario 1 are summarized in Table 5.1. From the analysis of these results, it is
observed that under the technical specifications of the electrolyzer and the adopted



working assumptions, the system operates for only ten months within a full calendar
year.

5.2. Financial Performance Indicators — Scenario 1

The total revenue generated from the utilization of the hydrogen produced by the
electrolysis installation, under Scenario 1, represents the sum of revenues obtained
from the two main commercialization channels: (i) hydrogen injected into the natural
gas grid and (i1) compressed hydrogen sold in tankers.

5.3. Energy Performance Indicators — Scenario 2

The average annual values of the energy performance parameters for Scenario 2 are
presented in Table 5.3. The analysis of these data shows that, throughout the calendar
year, the electrolysis system effectively operated for ten months, in accordance with
the working hypotheses and the technical constraints specified in the equipment’s
datasheet.

5.4. Financial Performance Indicators — Scenario 2

The revenues generated from the hydrogen valorization in Scenario 2 comprise the
sum of two main components: revenues from injecting hydrogen into the gas network
and revenues from selling it in tankers. Table 5.4 summarizes the values
corresponding to each of these financial indicators: Revenue — Hydrogen injected into
the gas network, Revenue — Hydrogen sold in tankers, and Total Revenue — Hydrogen
sold in Scenario 2. This structure enables a clear assessment of the contribution of
each marketing channel to the overall economic performance of the analyzed
scenario.

5.5. Energy Performance Indicators — Scenario 3

The average annual values of the main energy performance indicators obtained in
Scenario 3 are shown in Table 5.5. It is observed that, over the calendar year, the
electrolysis system operates continuously for 12 months, complying with both the
technical conditions specified in the equipment datasheet and the operational
assumptions made.

5.6. Financial Performance Indicators — Scenario 3

The revenue generated from the hydrogen produced in Scenario 3 consists of the total
earnings from the two primary distribution channels: injection into the natural gas grid
and delivery in compressed form via tankers.

5.7. Energy Performance Indicators — Scenario 4

The average annual energy performance values for Scenario 4 show that the
electrolyzer operates for the entire 12-month period, in accordance with the technical
requirements stated in the datasheet and in line with the working assumptions made in
the study.

5.8. Financial Performance Indicators — Scenario 4

The total revenue generated from the valorization of hydrogen in Scenario 4 is



determined by summing the revenues obtained from injecting into the gas network
and from selling it in compressed form via tankers, as summarized in Table 5.8.

5.9. Sensitivity Analysis

For Scenarios 1, 2, 3, and 4, three critical variables were analyzed: (i) the cost of tap
water, (i1) the price of hydrogen sold in tankers, and (iii) the price of hydrogen
injected into the gas network. Additionally, for Scenario 4, an extra critical parameter
was introduced: the price of electricity purchased from the National Energy System
(SEN).

5.9.1. Sensitivity Analysis — Scenario 1

For the critical variable "tap water cost" (Figure 5.3), a 10% decrease in the discount
rate results in a 0.0125% increase in Net Present Value (NPV) and a decrease in the
Internal Rate of Return (IRR) to 0.42%. Conversely, a 10% increase in the discount
rate causes a 0.0125% drop in NPV and an increase in IRR to 0.41%.

5.9.2. Sensitivity Analysis — Scenario 2

For the critical variable "tap water cost" (Figure 5.6), a 10% decrease in the discount
rate leads to a 0.0041% increase in NPV and a decrease in IRR to 0.14%. Conversely,
a 10% increase causes a 0.0041% decrease in NPV and an increase in IRR to 0.14%.
5.9.3. Sensitivity Analysis — Scenario 3

For the critical variable "tap water cost" (Figure 5.9), a 10% decrease in the discount
rate results in a 0.0131% increase in NPV and a decrease in IRR to 0.43%. A 10%
increase leads to a 0.0131% drop in NPV and an increase in IRR to 0.44%.

5.9.4. Sensitivity Analysis — Scenario 4

For the critical variable "tap water cost" (Figure 5.12), a 10% decrease in the discount
rate causes a 0.0246% decrease in NPV and an increase in IRR to 0.81%. A 10%
increase results in a 0.0246% increase in NPV and a decrease in IRR to 0.83%.

Chapter 6

Real-Time Data Acquisition
Platform

6.1 Hardware and Software Architecture

The integrated and modular hardware-software architecture is presented in Figure 6.1,
designed for real-time monitoring and control of energy systems. It supports the
efficient management of renewable energy sources and energy storage technologies.
At the center is the control and processing unit, visually represented by a Raspberry Pi



board, which serves as the coordination and data analysis node for multiple peripheral
components and field subsystems.

6.2 Experimental Stand Description

The system integrates photovoltaic panels made up of 26 standard-configuration
modules, with an installed capacity of 8.58 kW. The energy storage units consist of
batteries with a capacity of approximately 10 kWh. These are interconnected with the
inverter, main controller, and energy management modules to ensure optimized
operation of charging/discharging processes and energy flow management.

6.3 Hardware Equipment of the Experimental Stand
The photovoltaic system was installed on the rooftop of a building within ICSI. Figure
6.3 shows both the photovoltaic panels used for energy harvesting and the modern
infrastructure of the building, highlighting the applicability of renewable energy
solutions.

6.3.1 Photovoltaic Panel Field

A total of 25 photovoltaic panels were used for the construction of the experimental
stand, distributed into two distinct categories.

6.3.2 Inverter

The inverter plays a central role in the functional architecture of photovoltaic systems,
being essential in converting the electrical energy generated by the panels into usable
form.

6.3.3 Battery

Four AGM-VRLA batteries were used in the experimental stand.

6.3.4 Consumer — Lighting System

The main energy consumer in the experimental stand is the building’s lighting system,
designed to operate in a local supply mode, through the inverter and batteries.

6.3.5 Building Automation System

The automation system in the experimental stand plays a key role in managing energy
flows and optimizing operation by coordinating between the inverter, power sources,
distribution boards, and end-users.

6.3.6 Rooftop Automation System

Figure 6.10 shows Automation Panel 2, a key element of the automation
infrastructure, located near the photovoltaic field, directly on the building's rooftop.
6.3.7 Block Diagram of the Experimental Stand

The energy generated as direct current (DC) is directed to a multifunctional inverter,
which converts it into alternating current (AC), compatible with the building's
electrical loads and the public grid.

6.4 Hardware Equipment for Data Acquisition

The experimental stand uses a series of Internet of Things (IoT) devices, whose role is
to monitor and transmit, in real time, relevant parameters for evaluating the
performance of the photovoltaic system.



6.5 Experimental Results

Intermediate results are illustrated, generated by two distinct microservices developed
for the collection and processing of specific sets of operational data.

6.5.1 Centralization of Collected Data

In the experimental stand, data from various sources — photovoltaic panels, hybrid
inverter, batteries, temperature sensors, solar radiation sensors (pyranometer), solar
trackers (Solys2), and various consumers — are continuously, asynchronously, and
heterogeneously collected.

6.5.2 Test 1 Platform

The results generated by the software application "Test 1 Platform," called "Energy
Calculator for CNHPC," dedicated to monitoring green energy production, are
presented.

6.5.3 Test 2 Platform

The application called "Test 2 Platform" was developed for real-time acquisition and
analysis of data from the photovoltaic system in the experimental stand, for the
continuous evaluation of energy performance. During the research, the application
was used to monitor data collected from September 2—6, 2022, corresponding to a
four-day period of continuous system operation.

6.5.4 Test 3 Platform

In the third experimental stage of the monitoring platform, "Test 3 Platform," a real-
time data acquisition and visualization system was implemented to analyze the
operational behavior of the photovoltaic panels under real environmental conditions.

6.6 Analysis of Obtained Results

This section presents the analysis of the results from the three tests.

Chapter 7

Conclusions

This doctoral thesis has undertaken an integrated approach to the design,
simulation, optimization, and validation of energy systems, with a particular focus on
green hydrogen production powered by renewable sources, especially wind energy. The
central objective of the research was to identify a robust, flexible, and sustainable
techno-economic model capable of addressing current demands for decarbonization,
energy autonomy, and operational efficiency.

Firstly, by contextualizing the energy transition at both national and European
levels, the thesis substantiated the necessity of integrating green hydrogen as a strategic
vector within the energy mix, supported by digitalization, IoT, and advanced real-time
monitoring and control solutions. Secondly, the thesis demonstrated the viability of
real-time simulation technologies (SIL, HIL) using the OPAL-RT platform, providing



a coherent methodological framework for the development, testing, and validation of
energy control systems under realistic and reproducible conditions. This approach
allows for the reduction of risks, costs, and development time for innovative energy
solutions.

Subsequently, a modular electrolysis system powered by wind resources was
designed and integrated into an experimental platform capable of adaptive testing and
operation. Through the simulation of four distinct operational scenarios, Scenario 3
emerged as the most advantageous—characterized by maximum flexibility, full energy
autonomy, and a progressive module activation strategy. This scenario offered the best
balance between technical performance, economic profitability, and sustainability.

The major scientific contribution lies in the development and application of a
set of optimization coefficients (CUEA, CFO, CAER, CVEH), which enable a
quantitative and comparative evaluation of the performance of the analyzed scenarios.
Moreover, the sensitivity analysis applied to critical variables validated the robustness
of the proposed model, demonstrating that moderate variations in economic parameters
do not compromise the investment’s viability..

7.1 Obtained results

Results Obtained — Chapter 2

The results obtained in Chapter 2 highlight that the OPAL-RT platform, particularly the
OP5600 model, is a reliable and versatile solution for real-time simulation of energy
and control systems, successfully used in both industrial and academic settings. It was
demonstrated that the interfacing and synchronization between the OPAL-RT platform
and the MATLAB/Simulink environments is efficient, facilitating the development and
automated testing of controllers, significantly reducing processing time and increasing
verification accuracy. The coherent transition between Model-in-the-Loop (MIL),
Software-in-the-Loop (SIL), and Hardware-in-the-Loop (HIL) stages ensures
continuity and consistency of the control logic, eliminating the need for model
duplication and facilitating the evolution of systems from research to practical
implementation. Moreover, the use of automated verification methodologies and
centralized management of multiple models had a positive impact on development
process reliability, reducing human error risks and improving data consistency.
Consequently, these fundamental results support the systematic adoption of real-time
digital simulation as an essential methodology for designing, validating, and optimizing
modern energy systems, offering direct benefits for domains such as renewable sources,
energy storage, and advanced grid control, and contributing to advancing technical
knowledge in the field.

Results Obtained — Chapter 3

The results obtained in Chapter 3 demonstrate that implementing and designing modern
energy systems based on advanced digital technologies, such as OPAL-RT platforms
and real-time data acquisition systems, lead to efficient, safe, and sustainable energy
resource management. It was shown that using specialized modules for testing and



validating systems under real operating conditions allows for early identification of
deficiencies, reduction of operational risks, and extension of equipment lifespan, thus
enhancing infrastructure reliability.

Additionally, the benefits of developing energy storage infrastructure, particularly
through technologies such as electrolysis for green hydrogen, efficient storage and
transport systems, were emphasized as strategic solutions for balancing energy flows
from intermittent renewable sources. Furthermore, the research confirmed that holistic
approaches integrated into digital solutions ensure flexibility, adaptability, and
sustainability, contributing to greenhouse gas emissions reduction and increased energy
system resilience in the context of a transition toward a verifiably sustainable and
environmentally responsible economy.

Results Obtained — Chapter 4

Chapter 4 focused on a comparative analysis of four operational scenarios for a modular
electrolysis system powered by renewable energy, mainly wind. The main objective
was to determine the operational configuration that ensures optimal balance between
energy efficiency, economic profitability, and technological sustainability.

The results revealed significant differences between the four scenarios:

e Scenario 1 assumed full-capacity operation (4.3 MW), leading to limited annual
operating hours and low hydrogen output. Economic indicators were weak, and
resource utilization and profitability coefficients were low.

e Scenario 2 allowed system activation at a minimum threshold of 1.45 MW.
Hydrogen production increased compared to Scenario 1, but remained low
during periods of low energy availability. Economic performance improved but
was still insufficient for significant profitability.

e Scenario 3, featuring progressive and flexible module operation (sequential
activation based on available energy), yielded the most balanced outcomes.
Total annual energy consumption was 20,462 MWh, hydrogen production
reached 394,718 kg, and net annual profit was €401,871. The system operated
entirely on wind energy, achieving a renewable energy coverage coefficient of
over 95%. The optimization coefficients (CFO = 1, CVEH > 2) confirmed this
scenario’s superiority in terms of flexibility and profitability.

e Scenario 4 involved continuous nominal-capacity operation with
supplementary energy from the national grid (SEN). Although it achieved the
highest hydrogen production (740,150 kg) and the highest absolute profit
(€783,366), this was done with an annual energy consumption of 38,369 MWh,
of which 17,806 MWh came from the SEN, resulting in over 46% dependency
on the grid and a reduced energy autonomy coefficient (CAER = 53%).

Thus, the analysis of optimization coefficients and economic indicators reveals
Scenario 3 as the most efficient and sustainable operational strategy, optimizing
renewable resource usage, minimizing SEN dependency, and maximizing profitability
under flexible operation.

Results Obtained — Chapter 5



Chapter 5 aimed to provide a detailed comparative assessment of the techno-economic
performance of the four proposed operating scenarios for a wind-powered green
hydrogen production system. The analysis was conducted using relevant energy and
financial performance indicators within a multi-criteria decision-making framework.
Key findings include:

e Scenarios 1 and 2, relying exclusively on local renewable sources, allowed
operation for only 10 months per year. This limitation resulted in low annual
hydrogen production volumes (381,268 kg in Scenario 1 and 123,358 kg in
Scenario 2), leading to modest revenues and low profits. Despite full energy
autonomy, their added economic value was limited.

e Scenario 3 introduced a flexible operational strategy, where electrolyzer
modules are activated progressively based on resource availability. This model
enabled year-round operation without external energy sources (SEN), ensuring
an annual hydrogen production of 394,718 kg and a net profit of €789,652.
Notable performance metrics were recorded: CAER > 95%, CFO = 1, and
CVEH > 2, positioning this scenario as a balanced option between
sustainability, operational efficiency, and economic profitability.

e Scenario 4 operated at nominal capacity year-round with significant SEN
energy use (17,806 MWh). While it resulted in the highest operating costs
(€703,688), it also achieved the highest hydrogen production (740,150 kg) and
total revenue (€1,543,180), with a net profit similar to Scenario 3 (€783,366).
However, its increased reliance on SEN reduced both autonomy and
sustainability.

Based on the analyzed optimization coefficients (CAER, CFO, PS, CVEH, etc.),
Scenario 3 demonstrated the best combined performance, favored for its balance of
energy efficiency and financial viability.

Sensitivity analysis showed that £10% variations in key variables (water cost, hydrogen
sale price, SEN energy cost in Scenario 4) resulted in marginal changes in net present
value (NPV), all below +0.5%, underscoring the model’s economic robustness.
Graphical comparisons of NPV and internal rate of return (IRR) versus each critical
variable confirmed overall system stability under moderate parametric variations.
These findings support scalability and applicability under real-world conditions.

In conclusion, Chapter 5 rigorously demonstrated that Scenario 3 represents the optimal
solution from the perspective of technological performance, energy sustainability, and
economic viability for a wind-powered green hydrogen production system.

Results Obtained — Chapter 6

Chapter 6 yielded significant results regarding the design, implementation, and
evaluation of an integrated energy monitoring and management system in a
photovoltaic experimental setup using emerging technologies such as IoT,
microservices, blockchain, and interactive web applications.

1. Implementation of a digital infrastructure for energy acquisition and
monitoring: Three software applications (Test 1, Test 2, and Test 3) were
developed and tested to capture real-time data from PV panels, batteries,
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inverters, temperature, and solar radiation sensors. The data were
asynchronously collected, cached, and transmitted to a distributed database
(BigchainDB), ensuring traceability, consistency, and integrity.

Green energy production assessment: The "Test 1 platform" enabled analysis
of monthly renewable energy production for August and September 2022. In
August, the PV system generated 43.684 kWh (66.6% of consumption), and in
September 110.571 kWh (58.5% of consumption). Despite absolute production
growth, the percentage fell due to higher consumption, confirming the system's
capacity to cover a significant portion of energy demand from green sources.
Real-time operational parameter analysis: Using the "Test 2 platform,"
detailed monitoring was performed between September 2-6, 2022, tracking
consumed energy, grid energy, PV energy, and stored energy. Measurements
included panel temperature, solar radiation, currents, and voltages, offering an
integrated view of system performance under real conditions.

Correlation of environmental parameters with PV performance: The "Test
3 platform" enabled daily monitoring (October 12, 2021) of current, voltage,
and panel temperature. The analysis revealed a direct influence of temperature
and solar radiation on electrical parameters, with an inverse relationship
between voltage and temperature, specific to solar cell behavior. Peak current
and voltage aligned with solar intensity around midday.

Integration of energy data into blockchain: A major achievement of this
chapter was the use of blockchain technology for secure, distributed energy data
storage. This model ensures record immutability, supporting auditing,
comparative analysis, and predictive modeling in scientific and industrial
contexts. This approach established a trusted framework for validating energy
flows and optimization decisions.

Validation of the proposed architecture: Experimental results confirmed the
viability of the proposed architecture for a distributed energy system capable of
autonomous operation, real-time environmental response, and accurate data
provision for production and consumption optimization. The architecture is
scalable, hardware-agnostic, and compatible with future smart grid extensions.

Original contributions

The applicability and reliability of the OPAL-RT platform, particularly the
OP5600 model, for real-time simulation of energy and control systems in both
academic and industrial environments have been demonstrated.

The implementation and design of modern energy systems, based on advanced
digital technologies such as OPAL-RT platforms and real-time data acquisition
and processing systems, lead to efficient, safe, and sustainable energy resource
management.



Four distinct operational scenarios for a modular electrolysis system were
developed and compared under variable energy production conditions, enabling
a detailed evaluation of techno-economic performance in real-world wind
intermittency contexts.

Specific optimization coefficients (CUEA, RCEH, CFO, PS, CAER, CVEH)
were defined and applied to objectively and comparably quantify the
performance of each scenario based on standardized indicators of efficiency,
flexibility, and profitability.

A sequential and flexible module operation strategy was validated, which
simultaneously optimizes resource consumption, equipment lifespan, and
production flows, reducing risks associated with frequent start-stop cycles.

The feasibility of an autonomous energy system (Scenario 3), operating
exclusively on renewable energy while maintaining high profitability and
operational stability without external input, was demonstrated.

The seasonal impact on hydrogen production was identified, along with efficient
management strategies through module rotation and diversification of economic
valorization channels (grid injection and tank sale).

An integrated economic assessment model was established, quantifying
monthly revenues, direct costs (energy and water), and net profit for each
scenario, providing a comprehensive view of the system’s economic
sustainability.

The scientific rationale for selecting Scenario 3 as the optimal solution was
supported by correlating all techno-economic performance indicators and
demonstrating its advantages in terms of autonomy, efficiency, and profitability.
A multicriteria analysis framework was developed and applied for comparative
evaluation of four operational scenarios of a wind-powered green hydrogen
production system, integrating relevant energy and economic indicators.
Optimization coefficients (CUEA, CFO, CAER, PS, CVEH) were defined and
used to quantify the techno-economic performance of each scenario, offering a
coherent and comparable evaluation tool.

The optimal operational scenario (Scenario 3) was determined, ensuring the best
balance between operational flexibility, energy autonomy, and economic
profitability, without reliance on the National Energy System (SEN).

A detailed sensitivity analysis was conducted on the most relevant critical
variables (water cost, hydrogen price in tanks, hydrogen injection price into the
grid), demonstrating the economic robustness of each scenario under +10%
parameter variation.

The correlation between wind resource seasonality and monthly economic
performance was identified, highlighting the importance of an adaptive
operational strategy to maximize profit and optimize electrolyzer module
operation.

The techno-economic viability of green hydrogen production under real wind
intermittency conditions was validated by integrating energy simulations,
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financial calculations, and comparative interpretations to support informed
investment decisions.

A modular energy monitoring platform was designed and developed, based on
a distributed architecture that integrates loT devices, software microservices, a
real-time cache engine for synchronization, and a blockchain database
(BigchainDB) for secure and verifiable energy data storage.

A proprietary solution was implemented for managing asynchronous and
heterogeneous data streams, using a real-time cache engine that transforms
disparate sensor flows into coherent, synchronized data structures.

A web application was developed for calculating and visualizing the renewable
energy produced, enabling estimation of green energy percentage in total
consumption, interactive graphical display, and result storage in a blockchain
system for traceability assurance.

Blockchain technology was integrated to secure and ensure the traceability of
energy data, providing a high degree of transparency, immutability, and
availability for monitoring, analysis, and energy optimization processes.

The relationship between environmental parameters (solar radiation,
temperature) and photovoltaic system performance was experimentally
validated through a series of tests (Test 1, Test 2, Test 3) conducted over
representative periods, with real-time analysis of current, voltage, and panel
temperature.

An original ecological performance indicator—the percentage of green energy
consumed—was defined and applied to assess the system’s energy autonomy
and efficiency relative to photovoltaic sources and the conventional power grid.
A synchronized graphical interface for monitoring operational parameters was
developed, enabling real-time analysis of charging/discharging currents, battery
voltages, delivered power, and solar radiation, offering a holistic view of the
photovoltaic system’s behavior.

The practical applicability of the proposed architecture was demonstrated
through successful integration of data from experimental equipment,
comparative analysis over extended time intervals, and decision support for
optimizing the design and operation of the energy system.
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Perspectives for further developments

Extension of the platform toward a multi-source system by integrating
additional forms of renewable energy (wind, geothermal, hydroelectric) in order
to evaluate the synergistic behavior of a hybrid energy system operating under
partial or full autonomy.

Implementation of artificial intelligence (AI) and machine learning
algorithms aimed at forecasting photovoltaic production, detecting operational
anomalies, and automatically optimizing energy storage and consumption
strategies.

Scaling the software architecture to the level of an urban or rural

microgrid, with the possibility of integration into smart grids and active
participation of prosumers (producer-consumers) in the energy market.
Automation of energy source switching decisions, based on cost, demand,
solar radiation levels, or the status of the storage system, using an advanced
energy management system (EMS) based on fuzzy logic, multi-objective
optimization, or adaptive control.

Expansion of the web application’s functionalities by implementing
customizable dashboards, automatic alerts, and notifications regarding the
exceeding of certain operational thresholds, as well as developing a mobile
interface for remote monitoring.
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» Integration of a peer-to-peer (P2P) energy trading platform, based on smart
contracts and blockchain, enabling locally generated renewable energy to be
securely and decentrally traded among participants.
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