1. Rébert Stefko', 2. Michal Kolcun', 3. Marek Bobéek', 4. Damian Mazur?, 5. Bogdan Kwiatkowski?

Technical University of KoSice (1), Rzeszow University of Technology (2)
ORCID: 1. 0000-0002-2477-4559, 2. 0000-0002-8041-9076, 3. 0009-0004-1912-211X; 4. 0000-0002-3247-5903, 5. 0000-0001-5287-2191

doi:10.15199/48.2024.09.53

Design of a Protection System for Distributed Energy Sources in
Distribution Grids

Abstract. The continuous rise in electricity consumption and the integration of renewable energy sources into distribution grids are gradually posing
challenges to conventional protection systems. This trend significantly impacts traditional centralized methods of electricity generation, shifting
towards local production and consumption and moving closer to emerging microgrids. This aspect was specifically considered during the
development of the current power system we utilize. To ensure the successful emergence of microgrids, it's imperative to begin addressing the issue
of protecting these renewable energy sources, especially considering that our current devices lack communication or remote-control capabilities. The
size of the topology and the number of devices managed at each point in a microgrid will play a crucial role. Therefore, addressing the overall
management of individual devices and resources within the microgrid is essential.

Streszczenie. Ciggfy wzrost zuzycia energii elektrycznej i integracja odnawialnych zrédet energii z sieciami dystrybucyjnymi stopniowo stawiajg
wyzwania konwencjonalnym systemom ochrony. Ten trend znaczgco wpfywa na tradycyjne scentralizowane metody wytwarzania energii
elektrycznej, przesuwajgc sie w Kkierunku lokalnej produkcji i zuzycia oraz zblizajgc sie do powstajgcych mikrosieci. Ten aspekt zostat szczegolnie
rozwazony podczas opracowywania obecnego systemu energetycznego, z ktérego korzystamy. Aby zapewni¢ pomysine powstanie mikrosieci,
konieczne jest rozpoczecie zajmowania sie kwestig ochrony tych odnawialnych zrédet energii, zwtaszcza biorgc pod uwage, Zze nasze obecne
urzadzenia nie majg mozliwo$ci komunikacji lub zdalnego sterowania. Rozmiar topologii i liczba urzadzen zarzgadzanych w kazdym punkcie
mikrosieci bedg odgrywac kluczowa role. Dlatego tez zajecie sie ogélnym zarzadzaniem poszczegoélnymi urzadzeniami i zasobami w mikrosieci jest

niezbedne. (Projekt systemu zabezpieczen rozproszonych zrédef energii w sieci dystrybucyjnej)

Keywords: protection system, protection relay, distribution grids, distribution energy sources.
Stowa kluczowe: system zabezpieczen, przekaznik zabezpieczajgcy, sieci dystrybucyjne, dystrybucyjne zrodta energii.

Introduction

The integration of renewable energy sources (RES) into
existing energy grids heralds a transformative shift, marked
by reduced transmission losses and heightened operational
reliability. However, this transition brings forth a host of new
challenges, particularly in the realms of protection, control,
and fault localization systems. Addressing these challenges
necessitates ongoing research and innovation in distribution
grid technology, with microgrids emerging as a beacon of
promise for the future.

One of the defining characteristics of microgrids is their
remarkable adaptability, seamlessly transitioning between
islanded operation and grid-connected mode. This flexibility
is empowered by their inherent self-control capabilities,
allowing them to autonomously manage energy generation
and consumption. In the event of system faults or
disruptions, microgrids can swiftly switch to islanded mode,
drawing upon local and renewable energy sources to
maintain power supply reliability.

Despite the technical complexities inherent in microgrid
design, the benefits they offer outweigh the associated
concerns. An essential aspect of microgrid planning is the
careful selection and integration of energy sources,
balancing local generation with renewable inputs to
optimize grid performance. This strategic energy mix is
pivotal in mitigating control and protection system
challenges within distribution grids, ensuring robust and
reliable operation.

Renewable energy units embedded within microgrids
fundamentally alter the traditional energy distribution
paradigm. By situating energy production closer to
consumption points, microgrids enable bidirectional energy
flow, effectively decentralizing power generation. This
paradigm shift prompts critical questions regarding energy
mix optimization, sustainability, and grid flexibility,
particularly in response to diverse weather conditions and
demand fluctuations.

Navigating these challenges requires a reevaluation of
conventional grid infrastructure. A comparative analysis, as

depicted in Fig. 1, underscores the significant departure
from the radial energy flow model observed in traditional
power systems. In contrast, microgrids facilitate
bidirectional energy flow by shortening distribution lines and
integrating distributed energy sources, paving the way for a
more resilient and adaptable energy landscape.
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Fig.1. lllustrates the disparity in energy flow directions between
conventional power systems and microgrids [1].

Definition of Microgrid

Microgrids can be defined as small local distribution
grids that supply electrical energy to consumers, generating
electricity through distributed energy sources. These grids
must achieve self-sufficiency in electricity production,
necessitating an appropriate energy mix based on
geographic location to meet load demands.

According to a European Union research project, a
microgrid encompasses low-voltage distribution systems
with distributed energy resources, storage devices, energy
storage systems, and flexible loads. These systems can
operate connected or disconnected from the main grid. In
essence, a microgrid is a modern autonomous energy
distribution system primarily powered by local renewable
energy sources [2].

Similarly, the U.S. Department of Energy defines a
microgrid as a group of interconnected loads and distributed
energy resources within clearly defined boundaries, acting
as a single controllable unit concerning the grid. Microgrids
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can connect and disconnect from the grid, allowing
operation in both connected and islanded modes [2].

Protection of distributed sources of electrical energy
connected to the distribution grid is essential for several
reasons. Inverters include a built-in protection system and
perform self-checks in case of faults. Additional protection
systems, such as circuit breakers, circuit protection devices,
fuses, and surge protectors, are employed to safeguard the
inputs. However, protective relays utilized in low-voltage
grids often have limited functionality, primarily monitoring
frequency and voltage, and detecting ground faults or
disconnections during grid outages.

Current State of Research

Current research suggests various perspectives on the
further development of smart grids and microgrids. While
one of the current research trends indicates the use of
Phasor Measurement Units and centralized processing of
measured data, only after the development of new
protective relays with enhanced mutual communication.

A similar direction is also taken by article [3], in which
the research team focused on introducing a new method for
developing protective relays based on simulation and
applying it to the development of localized devices for
protecting distribution lines. Applying this method to the
development of localized devices for protecting distribution
lines and verifying its effectiveness and accuracy through
comparing the simulated model with physical testing on
relays.

The article [4], similarly to the previous one, suggests
the utilization of simulation. It explores the necessity of
hard-in-the-loop simulation (HILS) for cooperative protection
research in meshed distribution grids. It highlights the
issues with protection in these grids and proposes HILS as
a solution. The authors analyse traditional testing methods
and present a case study demonstrating the effectiveness
of HILS. Overall, it represents an important contribution to
addressing issues in the field of electrical power distribution.

The article [5] proposes an adaptive protection strategy
for power distribution systems with distributed generation
(DG), specifically addressing relay malfunctions in radial
distribution systems integrated with photovoltaic (PV)
sources. It combines Fuzzy Logic (FL) and Genetic
Algorithm (GA) to dynamically adjust relay settings based
on changes in PV capacity and load demand, aiming to
enhance system reliability without infrastructure redesign.
By analysing scenarios and comparing with traditional
methods, the study demonstrates the effectiveness of FL-
GA in optimizing relay operation, offering a valuable
solution for improving power distribution systems amidst
increasing DG integration.

The article [6] examines the influence of integrating
distributed photovoltaic (PV) systems on distribution grid
protection, particularly regarding low voltage ride-through
(LVRT) events. It points out that conventional protection
methods may not adequately address the altered fault
characteristics resulting from PV integration. The paper
proposes a distributed PV LVRT control strategy to mitigate
these impacts while providing support during faults.
Through analysis and simulations, the strategy's
effectiveness is demonstrated, paving the way for improved
fault management in active distribution grids.

The article [7] outlines a collaborative effort with ENEL
Distribution S&o Paulo to enhance intelligence, automation,
and protection in the low voltage (LV) overhead distribution
grid. It introduces self-healing methodology for LV grids,
previously utilized in medium voltage (MV) grids. The
development and improvements to LV Control equipment
for real-time monitoring and transformer protection are
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discussed, along with simulations validating the strategy's
effectiveness. The article highlights the need for advanced
monitoring and protection equipment in LV grids and
introduces an innovative solution to address this gap.

The article [8] addresses challenges in implementing
relay protection systems in distribution grids due to the
integration of distributed energy resources, proposing an
automated system to adjust protection settings. It outlines
an adaptive dynamic protection scheme and optimization
methods, along with the development of microservices for
automatic calculation and adjustment of parameters.
Experimental results demonstrate the  system's
effectiveness in accurately adjusting protection settings for
various scenarios, highlighting its potential to enhance grid
reliability. Overall, the article presents a promising solution
to evolving distribution grid challenges through automated
protection adjustment systems.

Protection Relays for Distribution Grids:
Electrical System Security

Programmable protective relays are electronic devices
used in transmission and distribution electrical grids to
detect and respond to various faults and anomalies in the
system. These relays can perform various protective
functions and are programmable according to specific
requirements and needs of the distribution grid. Each
manufacturer of these relays has its own way of setting the
parameters. Their main task is to monitor electrical
parameters such as voltage, current, and frequency, and in
case of detecting abnormalities or faults, to trigger
protective actions such as disconnecting a section using a
contactor. Programmable protective relays are an important
component of distribution grid protection systems and help
ensure safe and reliable operation of electrical grids.

In the territory of the Slovak Republic, there are three
electricity suppliers: the Western Slovak Distribution
Company (ZSD), the Central Slovak Distribution Company
(SSD), and the Eastern Slovak Distribution Company
(VSD). These distribution companies in Slovakia manage
high-voltage lines and ensure the supply of electricity to
consumers. Each of the recommended protective relays
according to Table 1. has been tested by VSD and meets
strict requirements for response time and measurement
accuracy. Currently programmable protective relays are
applied in the territory of the Slovak Republic according to
the requirements of the local Eastern Slovak distribution
energy company (VSD) for sources exceeding 10 kW.

Ensuring

Table 1. Approved types of external grid protection by VSD [9]

Price excluding

Manufacturer Type VAT

Comap MainsPro 1300 €
Schrack URNA0345B 430 €
Tele NAQ003-M64 270 €
CZE+ U-f guard 280 €
CZE+ U_-f guard with_the 200 €

disconnect switch

Bender VMDA423 D-2 570 €
Bender VMD423H D-3 840 €
Bender VMD460-NA-D-2 560 €
ABB CM-UFD.M31 900 €
Ziehl UFR 1001E 460 €
Elko-EP UF300 235 €

When connecting a larger source exceeding 10 kW, it is
necessary to apply approved programmable relays as
specified by the distribution company managing the area
where the source will be installed. For the low-voltage level
(LV), the standard wiring diagram for direct measurement
by an electricity meter and a smart meter is depicted in Fig.
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2. Additionally, other components such as surge protectors
are part of the assembly, which are additionally protected
by 100A fuses, although they are not shown in the diagram
in Fig. 2. For the DC part of the system, which connects to
the inverter, similar protection of individual interconnected
panels into so-called strings and the installation of surge
protection on each such string is also necessary.

According to the current requirements of VSD, when
connecting a local source to the distribution grid with a
capacity up to 10 kW, it is not necessary to install external
grid protection for such a source (integrated grid protection
cannot be set according to VSD requirements). However,
when using more than one inverter with a total installed
power exceeding 10 kW, it is necessary to install external
grid protection for such a source, which will control the main
disconnecting point. The approved types and manufacturers
of external grid protection devices according to the VSD
company are shown in Table 2. along with their purchase
prices [9].

Inverter
<= 50kW Main Smart v
Circuit disconnecting Circuit Meter Distribution
= Breaker point Breaker vm Grid

| DFUS@S

Protection
relay

Fig.2. Schematic representation of a protective system for sources
from 10 kW to 50 kW connected to a LV distribution grid

Table 2. The required settings of the external gird protection
according to the VSD for LV grid [9]

Pick-up Delayed
Function Description value action
max.
Undervoltage Acts to switch off the
f . switch when voltage 1955V 0,1s
unction U<
drop
Overvoltage Acts to switch off the
f } switch when voltage 253V 0,1s
unction U> increase
Underfrequency Acts to_switch off the
function f< switch when 47,5 Hz 0,1s
frequency drop
Overfrequency Acts to switch off the
function f> switch when 51,5Hz 0,1s
frequency increase
Delayed during Acts to switch off the
start-up switch when power 230V 300s
restoration

For such external grid protections, there is a relatively
simple setup using only basic functions to monitor the
qualitative parameters of the generated electrical energy.
The settings and description are displayed in Table 2.. This
external grid protection will primarily function as a
monitoring relay. Upon exceeding specified limits, it will
trigger a signal to change the state of the output contacts,
whose condition can be set for controlling the main
disconnecting point. In the context of the protective system,
it's crucial to note that the protective relay solely focuses on
the main disconnecting point, neglecting to monitor the
operational states of other components within the protection
system. Consequently, the electricity distributor is only privy
to information regarding the consumer's electrical energy
transactions with the grid — whether it be consumption from
or supply to the grid. When considering the integration of
distributed energy sources with a capacity of up to 110 kW,
the fundamental principle aligns with the protection strategy
discussed earlier.
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However, a notable deviation lies in the requirement for
a current instrument transformer to facilitate accurate
measurement of the consumer's production or consumption
by the smart meter. This additional component, depicted in
Fig. 3, plays a pivotal role in enhancing the monitoring and
management capabilities of the system, ensuring efficient
and reliable operation.

The installation of larger energy sources is typically
addressed for industrial enterprises that possess relatively
large rooftops capable of accommodating such capacity.
While conventional photovoltaic stations are also situated in
open fields, the prevailing trend indicates a notable
increase, especially within the industrial sector. Upon
connection to the medium-voltage (MV) level, consideration
must also be given to the installation of a transformer and
an additional protection system.
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Fig.3. Schematic representation of a protective system for sources
from 50 kW to 110 kW connected to a LV distribution grid

In such instances, the billing measurement responsibility
shifts from the distributor to the higher voltage side, as
industrial areas often incorporate their own substations on
the consumer's premises. Consequently, the addition of a
voltage instrument transformer becomes necessary to
enable the smart meter to measure consumption
accurately.

When considering inverters larger than 110 kW, as
shown in Fig. 4, the complexity of the protection system
increases significantly. The distribution company now
mandates monitoring the status of each protective device,
necessitating the connection of all individuals signalling
states of circuit breakers and fuses to the protective relay.
Additionally, there is a requirement for remote monitoring
capabilities through dispatching. Consequently, the use of
the same protective relays as in previous cases is not
feasible, as the protective relay must comply with secure
protection protocols in addition to the required protective
functions.
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Fig.4. Schematic representation of a protective system for sources
from 50 kW to 110 kW connected to a LV distribution grid

One of the most widely deployed relays in Europe in
recent years is the SEL-751 digital relay, typically installed
alongside the RTAC-3505 device for dispatching needs. For
microgrid applications, a similar combination will be
required to protect the LV level.

An issue arises with the overcurrent function when the
microgrid transitions from grid-connected operation to
islanded operation. If the microgrid relies solely on sources
with inverters, utilizing the overcurrent function becomes
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considerably challenging. This is since the contribution of
inverters amounts to a maximum of approximately 120% of
the inverter's nominal current, sustained for a maximum of
only 5 seconds [10], [11].

To address this challenge, digital protection must detect
the state of control elements to adjust the settings to a more
sensitive level, ensuring grid safety. However, implementing
this concept in practice for fault location poses difficulties.
Increasing the sensitivity of the protection may result in
minimal differentiation between fault current (the starting
current of the protection) and normal current or the starting
current of motors in industrial areas [12].

Currently, VSD does not consider the use of local small
sources during a black start due to the necessity to monitor
the grid frequency for inverters during synchronization with
the grid. Consequently, small renewable energy sources
(RES) are automatically connected only after 300 seconds
from the restoration of power by the grid [13].

Table 3. The required settings of the external gird protection
according to the VSD for a power range: 100kW< PN<5MW for LV
grid [9]

Pick-u Delayed
Function Description P action
value
max.
Undervoltage Acts to switch off the
voltag switch when voltage | 207 V 05s
function U< d
rop
Undervoltage Acts to switch off the
funcii 9 switch when voltage 161V 0,1s
unction U<< d
rop
Overvoltage Acts to switch off the
. 9 switch when voltage 253V 0,5s
function U> increase
Overvoltage Acts to switch off the
function U>> swﬂchir\]l\(/:r:eegs\éoltage 276 V 0,1s
Underfrequenc Acts to switch off the
equency switch when 475Hz | 01s
function f<
frequency drop
Overfrequenc Acts to switch off the
-quency switch when 515Hz | 01s
function f> .
frequency increase
Delaved durin Acts to switch off the
s¥a eu 9 switch when power 230V 300 s
P restoration

Table 4. The required settings of the external gird protection
according to the VSD for a power range: 100kW< PN<5MW for MV
grid [9]

Delayed
Function Description S‘t’a;rltl;:p action
max.
Undervoltage Acts to switch off the
. g switch when voltage AV 0,5s
function U<
drop
Undervoltage Acts to switch off the
P . 9 switch when voltage 70V 0,1s
unction U<< d
rop
Overvoltage Acts to switch off the
P 9 switch when voltage | 110V 05s
unction U> increase
Overvoltage Acts to switch off the
function U>> swnchir:l\(/:rrlggs\éoltage 120 V 0,1s
Underfrequenc Acts to switch off the
P ©q 4 switch when 47,5 Hz 0,1s
unction f<
frequency drop
Overfrequenc Acts to switch off the
9 Y switch when 51,5Hz 0,1s
function > f .
requency increase
Delaved durin Acts to switch off the
s¥a rtu 9 switch when power 100 V 300s
p restoration
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The comparison between Table 3. and Table 4. sheds
light on the nuanced considerations required in configuring
external grid protection systems. In Table 3., we find the
standard settings designated for power sources ranging
from 100 kW to 56 MW when integrated into the LV grid.
Conversely, Table 4. offers a glimpse into settings tailored
for the same power range but intended for connection to the
MV grid. While exploring this comparison, it becomes
evident that deviations emerge, particularly concerning the
trip time setting for voltage drop or rise at the first level, as
evident when comparing Table 2. and Table 3.. However,
despite these discrepancies, it's noteworthy that the
remaining settings largely align between the two tables.

Moreover, the method of connection to the grid and the
specific voltage level play pivotal roles in determining the
appropriate settings. This becomes particularly evident
when analysing the settings for indirect measurement from
Table 4., where we observe identical configurations, albeit
specifically designed for the secondary side measurement.
Consequently, these voltage values demonstrate a notable
reduction, as visually depicted in Fig. 4.

This comprehensive comparison underscores the critical
importance of considering grid connection specifics and
voltage levels when configuring external grid protection
systems [14]. The observed discrepancies not only highlight
the need for meticulous attention to detail but also
underscore the necessity for tailored approaches based on
the unique characteristics of the grid. By implementing
customized settings that account for these nuances, it
becomes possible to ensure optimal grid safety and
functionality, thereby mitigating risks and enhancing overall
system reliability.

Design of a Protection Relay

Currently, there is a lack of universal relays on the
market that would be able to meet strict criteria for various
options of connecting renewable energy sources (RES) to
the distribution grid. With the future deployment of
microgrids and smart grids in mind, having such universal
devices becomes a crucial necessity.

These systems will need to accommodate various grid
topologies, diverse characteristics of RES, and their
potential impact on the operation of distribution grids. As
microgrids and smart grids increasingly rely on RES, it is
essential to have reliable and flexible relays capable of
effectively managing and protecting these new energy
systems. From the needs described in the previous chapter,
it is evident that the device must provide only a few inputs
and outputs.

At the same time, it is important for it to have integrated
cybernetic security function in the form of Anti-Malware
technology, ensuring an elevated level of security. Such a
device should include a comprehensive set of security
features for user access, configuration management, and
monitoring. This will ensure that the system is protected
against potential cyber threats and capable of maintaining
the integrity and reliability of its operating environment.
Each output channel is equipped with both normally open
and normally closed contacts, providing both switching and
break functions for enhanced versatility. This design feature
ensures compatibility with a wide range of devices and
systems, allowing users to adapt the device to different
scenarios and operational needs easily.

The proposed device, as depicted in Fig. 5, is indeed
equipped with a diverse array of communication inputs,
offering enhanced flexibility and choices for the user. The
USB input facilitates local configuration, permitting users to
conveniently adjust settings directly on the device.
Moreover, this USB input can also be linked to the internet
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via an RJ-45 connector, enabling remote access and
configuration of the device. Additionally, there exists a
communication port tailored for connecting an intelligent
meter using standardized RS-232 serial communication,
ensuring compatibility with both present and forthcoming
systems.
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Fig.5. Design of a new device for protecting RES in Distribution grid

Another notable benefit is the inclusion of HMI (Human-
Machine Interface) access, which facilitates local control,
settings adjustment, and device monitoring. This feature
significantly improves user experience and management
efficiency. Overall, this solution furnishes a comprehensive
and adaptable platform for the management and
safeguarding of renewable energy sources.

Further, the device is equipped with two output options,
namely OUT1 and OUT2. These output channels provide
versatility in connecting and controlling external devices or
systems based on specific operational requirements. The
availability of multiple output channels enhances the
device's utility and compatibility with various applications,
offering users greater flexibility in configuring and managing
their renewable energy systems. Each output channel is
equipped with both normally open and normally closed
contacts, providing both switching and break functions for
enhanced versatility. This design feature ensures
compatibility with a wide range of devices and systems,
allowing users to adapt the device to different scenarios and
operational needs easily.

The device evaluates input and output contacts and
monitors them based on the measured input data for
voltage input contacts L1, L2, L3, and N. Current inputs can
be connected to I1, 12, 13, and COM. This configuration
allows for comprehensive monitoring and control of the
electrical parameters, ensuring efficient operation and
protection of the connected renewable energy system. Of
course, for a more robust system, input contacts for
monitoring the status of individual protective devices will be
necessary, which the device will provide in this case. There
are up to eight input contacts available, labelled as IN1 to
IN8, through which the status of various elements requiring
attention from distribution companies when connecting
larger power capacities can be detected. These input
contacts enable comprehensive monitoring and control,
enhancing the safety and efficiency of power distribution
operations.

Conclusion

The design of a protection system for distributed energy
sources in distribution grids is crucial for ensuring the
reliability and safety of electricity supply, especially with the
increasing integration of renewable energy sources (RES)
and the emergence of microgrids and smart grids.

Addressing the challenges associated with protecting
RES requires innovative solutions that cater to various grid
topologies, RES characteristics, and operational needs. The
proposed device offers a versatile platform equipped with
advanced communication inputs, local and remote
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configuration capabilities, and comprehensive monitoring
features.

With the inclusion of HMI access and multiple output
options, the device enhances user experience and
management efficiency while providing flexibility in
connecting and controlling external devices. Additionally,
the integration of cybernetic security features ensures the
integrity and reliability of the system in the face of potential
cyber threats.

Furthermore, the device's ability to evaluate input and
output contacts based on measured data enables efficient
operation and protection of connected renewable energy
systems. The provision of input contacts for monitoring the
status of protective devices enhances safety and efficiency
in power distribution operations. In conclusion, the design of
a protection system for distributed energy sources in
distribution grids marks a pivotal advancement in the realm
of electrical grid infrastructure. As the energy landscape
undergoes rapid transformation with the integration of
renewable energy sources and the proliferation of
microgrids and smart grids, the need for robust and
adaptable protection systems becomes increasingly
pronounced.

The proposed device embodies a holistic approach to
addressing the multifaceted challenges posed by these
developments. Its versatile architecture, encompassing a
diverse array of communication inputs, local and remote
configuration capabilities, and comprehensive monitoring
features, positions it as a cornerstone in the transition
towards a more sustainable and resilient energy ecosystem.

Moreover, the integration of cybernetic security
functions underscores a proactive stance towards
safeguarding critical infrastructure against emerging cyber
threats, ensuring the integrity and reliability of energy
distribution networks. This emphasis on security aligns with
contemporary imperatives for fortifying infrastructure
resilience in the face of evolving digital risks.

Furthermore, the device's capability to evaluate input
and output contacts based on measured data empowers
operators with actionable insights for optimizing system
performance and mitigating potential risks. By providing a
seamless interface for monitoring and controlling renewable
energy systems, it enhances operational efficiency and
facilitates proactive maintenance strategies.

The inclusion of input contacts for monitoring the status
of protective devices further enhances the device's utility in
ensuring grid reliability and resilience. This comprehensive
approach to protection system design reflects a
commitment to addressing the evolving needs of distribution
grids while embracing the principles of sustainability,
efficiency, and reliability.

In essence, the design of this protection system
represents not only a technological milestone but also a
testament to the collective efforts towards building a more
sustainable and secure energy future. As we navigate the
complexities of modern energy systems, innovations such
as this serve as catalysts for progress, ushering in an era of
energy resilience and sustainability for generations to come.
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