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Abstract- Under the Vision 2030, the escalation of
electricity demand, urbanisation, deployment of renewable
energy and digital transformation has led to the integration
of smart energy grid as a strategic necessity for Saudi
Arabia. Low voltage and medium voltage distribution
systems are no longer passive delivery networks. They are
increasingly operating as active platforms, hosting
distributed energy resources, smart metres, electric
mobility interfaces, automated protection and flexible
demand. This paper reviews the modernisation of Low and
Medium Voltage (LV and MV) grids to enable secure,
reliable, scalable and sustainable power distribution in
Saudi Arabia. The literature review was performed using
Scopus, IEEE Xplore, ScienceDirect, SpringerLink, and
official publications of the energy sector for the period
2020-2025. We identify four core integration domains:
renewable hosting capacity, digital monitoring and
automation, resilience-oriented distribution planning, and
governance for interoperability and cybersecurity. The
results suggest that successful integration requires
coordinated  investment in  advanced  metering
infrastructure, distribution management systems, feeder-
level sensing, smart inverters, protection coordination,
energy storage, and data-driven asset management. This
review presents a Saudi-oriented framework that links the
objectives of Vision 2030 to practical LV/MV grid actions.
It argues that smart grid modernisation should be done as
a phased maturity process, not a single technology project.
The paper concludes that the combined development of
digital infrastructure, regulatory preparedness and
operational discipline can speed up renewable energy
integration, improve outage management, minimise
technical losses and increase customer engagement for
Saudi utilities and project stakeholders.

L. INTRODUCTION

Vision 2030 is transforming the electricity sector in
Saudi Arabia to support economic diversification,
environmental sustainability and high-reliability
infrastructure. Until now, the national power system
has been dominated by centralised generation, long
transmission corridors and traditional distribution
networks designed to deliver unidirectional flow of
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electricity. This configuration continues to be critical
for bulk supply, but it is not enough for a system that
needs to integrate utility-scale renewables, customer-
side generation, demand response, energy storage,
electric mobility and real-time digital services. Smart
grid integration offers the technical and organisational
framework for this transition by connecting power
assets, information systems, operators, regulators, and
consumers in a coordinated electricity system (Al-
Shetwi, 2022; IEA, 2023).

At the heart of this change are low and medium voltage
networks. MV feeders connect substations, urban
districts, industrial loads, renewable plants and
distribution transformers while LV systems supply
directly to households, commercial buildings and
public facilities. These layers are where the first
operational impacts from distributed solar generation,
voltage wvariation, peak-load growth, harmonic
distortion, feeder congestion and service quality
expectations are seen. In conventional planning,
LV/MV  networks have been designed with
conservative margins and periodic inspections in the
field. Smart-grid planning requires the same networks
to have continuous visibility, adaptive protection,
controllable power electronics and analytics-based
maintenance (Babar et al., 2021; Singh and Tiwari,
2022).

There are three practical pressures which make
modernisation of Saudi distribution important. Firstly,
renewable energy targets increase the need for flexible
local networks that can accommodate variable
generation without compromising on voltage quality
or protection selectivity Secondly, the rapid
development of smart cities, giga-projects, airports,
industrial zones and digital public services raises
expectations for high availability and fast restoration.
Third, energy efficiency and decarbonisation require
customers to be active participants through smart
metres, tariff signals, rooftop PV, controllable loads,
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and efficient building systems (Saudi Ministry of
Energy, 2024; SEC, 2023). These pressures make
smart grid integration a strategic enabler, not an
optional upgrade.

This review deals with the problem of smart energy
grid integration structuring for LV/MV power
distribution systems in Saudi Arabia. This paper is
distinct from general smart grid discussions that are
centred on national transmission or generic
digitalisation, and instead focuses on distribution-level
modernisation. The review draws on technical
literature and the Saudi policy context to develop a
framework  useful for utilities, consultants,
contractors, and researchers. It also looks at barriers
like interoperability gaps, cybersecurity exposure, data
governance, workforce readiness and financing
constraints. It aims to link the research findings to
practical applications in the Saudi electric system.

IL. AIM, OBJECTIVES AND RESEARCH
QUESTIONS

The purpose of this research is to review and
consolidate the state of the art of smart energy grid
integration for LV/MV power distribution system in
Saudi Arabia and to propose a practical framework to
be in line with vision 2030. The review considers
smart grids to be complex socio-technical systems,
requiring physical equipment, digital platforms,
regulatory rules and operational culture to work in
conjunction. The study therefore shifts away from
isolated technologies and assesses how distribution
networks can become more automated, resilient,
flexible and evidence-driven.

The first objective is to identify the main technologies
required for smart LV/MV integration such as smart
metres, feeder automation, distribution management
systems, sensors, power electronics, storage and
communication networks. The second goal is to assess
the contribution of these technologies in terms of
renewable energy hosting, reliability improvement,
loss reduction, and demand-side participation. The
third objective is to examine implementation
challenges that could impact Saudi distribution
systems such as cybersecurity, redesign of protection,
data quality, interoperability, and skills development.
The fourth objective is to propose a staged governance
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and maturity model that may help in the practical
deployment.

The review is guided by four research questions. RQ1.
What are the most relevant smart grid technologies for
LV/MV distribution modernisation in Saudi Arabia?
RQ2. How do distribution-level smart grids help in
renewable energy integration and Vision 2030 energy
goals? RQ3: What are the operational, regulatory and
cyber security challenges that prevent large scale
smart grid adoption? RQ4: What implementation
framework can assist Saudi enterprises and utilities to
integrate smart-grid capabilities in a disciplined and
scalable manner?

III.  REVIEW METHODOLOGY

In this paper, we use a structured review methodology,
inspired by systematic literature review practice. This
approach is appropriate since the integration of smart
grid is a multidisciplinary topic that covers electrical
engineering, information systems, energy policy,
cybersecurity and sustainability. The study was
conducted following the review protocols
recommended in engineering research, which include
planning, searching, screening, extraction, synthesis,
and reporting (Kitchenham and Brereton, 2020; Ali et
al., 2024). The method was developed to minimise
bias, capture recent advances and remain relevant to
the Saudi LV/MYV distribution environment.

The search was carried out on IEEE Xplore, Scopus-
indexed journals, ScienceDirect, SpringerLink and
Web of Science indexed outlets from 2020 to 2025.
We also looked at some Saudi official publications on
the energy and electricity sectors to find national
priorities, smart metering initiatives, renewable energy
direction, and grid integration programmes. The
primary search string contained the following terms:
smart grid, distribution automation, L'V network, MV
feeder, renewable integration, Saudi Arabia, Vision
2030, advanced metering infrastructure, distributed
energy resources, and distribution management
system. The application terms and geographical scope
were combined with the technology terms using
Boolean operators.

The inclusion criteria were that studies dealt with at
least one of the following topics: LV/MV distribution
modernisation, integration of renewable energy, smart

ICONIC RESEARCH AND ENGINEERING JOURNALS 252



© AUG 2026 | IRE Journals | Volume 10 Issue 2 | ISSN: 2456-8880
DOI: https://doi.org/10.64388/IREV1012-1722171

metering, grid automation, energy storage, protection
coordination, demand response, cybersecurity, and
power quality. We excluded papers that focused solely
on high-voltage transmission, economic forecasting
with no relevance to grids, non-electric infrastructure,
and articles published before 2020 unless required to
define a foundational concept. Peer reviewed articles,
official reports and recent applied research with clear
implications to distribution networks were the focus.

Screening was conducted in three stages: title and
abstract screening, and full-text screening when
relevance was unclear. Data were coded into four
fields: technology area, Saudi or comparable context,
operational benefit, and implementation challenge.
Given the diversity of models, simulations, field cases
and policy studies in the evidence base, the selected
literature  was  synthesised thematically, not
statistically. This lends support to a conceptual
framework that is suitable for applied decision
making. It also follows the logic of the attached
reference model where the literature is organised by
research questions, selection logic, quality assessment,
thematic findings, and conclusion (Jayamaha, 2009).

IV.  CONCEPTUAL BACKGROUND: SMART
LV/MV DISTRIBUTION SYSTEMS

A smart grid is an electricity network that uses digital
communication, measurement, automation and
analytics to improve reliability, efficiency,
sustainability and customer engagement. At LV/MV
level intelligence is created by the integration of field
devices, data platforms and operational decisions.
Smart metres provide customer level consumption and
event data. Feeder sensors and reclosers increase
visibility on MV circuits. Distribution transformers
can be monitored for loading, temperature and power
quality. Smart inverters control voltage and reactive
power. Distribution management systems coordinate
switching, outage management and voltage
optimisation (Bose, 2020; Hashmi et al., 2021).

The transformation from passive to active distribution
is particularly important where renewable energy is
introduced. Traditional feeders were designed to
support a predictable demand downstream.
Distributed PV and storage bring bidirectional flows,
local voltage rise, changing fault currents and time-
variability. Smart integration can counter these effects
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through hosting-capacity assessment, adaptive voltage
regulation, inverter settings, feeder reconfiguration
and real-time monitoring. The renewable penetration
without such measures may lead to increased
curtailment, degraded power quality and complicated
protection behaviour (Kumar et al., 2021; Kazmi et al.,
2022).

MYV systems are typically the backbone of district
level automation. They can hold automated switches,
fault indicators, capacitor banks, voltage regulators,
and supervisory control links. LV networks require a
different approach due to the much larger number of
end points and customer interfaces. Here smart metres,
building energy management, load disaggregation and
service-transformer  monitoring become  more
important. Therefore, a Saudi smart grid programme
should consider MV and LV integration as
interconnected but separate layers. MV modernisation
increases reliability and operational control. LV
modernisation provides customer participation, loss
detection, and distributed energy readiness (Mwasilu
et al., 2020; Gungor et al., 2021).

Communication infrastructure is also a necessity for a
smart LV/MV system. Options include fibre, cellular
networks, RF mesh, narrowband IoT, power-line
communication and hybrid models. Each option
carries implications for latency, cyber security,
coverage, cost, and  reliability. Reliable
communication with low latency is critical for
protection and automation. The folks who care about
metering and analytics may care more about data
integrity and coverage than millisecond response.
Thus, the integration architecture should be capable of
classifying data streams based on their operational
criticality and map the communication solutions
accordingly (Shafiullah et al., 2021; Zafar et al., 2022).

V. SAUDI VISION 2030 CONTEXT AND
DISTRIBUTION MODERNIZATION

Energy transformation is part of the bigger national
agenda on economic diversification, sustainability,
localisation and digital government under Vision
2030. The electricity sector is crucial for supporting
this agenda by enabling clean generation, efficient
consumption, industrial growth and high-quality urban
services. Saudi Arabia’s renewable energy programme
seeks to diversify the generation mix and expand solar
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and wind resources, and sector integration initiatives
are directed at smart metres, grid automation and the
phasing out of inefficient fuel use in utilities (Saudi
Ministry of Energy, 2024; Vision 2030, 2023). These
objectives lead to direct requirements for LV/MV
distribution readiness.

Saudi Arabia has already made a big step by rolling
out smart metres in large numbers. Advanced metering
can provide interval consumption data, remote
reading, outage indicators and improved billing
accuracy. But smart metres are only the first layer of a
smart distribution system. But their true value is
unlocked when metre data is combined with outage
management, customer engagement, demand
response, distribution planning and loss analysis.
Aggregated LV data can be used to identify
overloaded transformers, phase imbalance, abnormal
consumption and areas where rooftop PV may cause
voltage issues (SEC, 2023; Alotaibi and Alajmi,
2021).

Demand for advanced distribution systems is also
generated by large projects such as new airports,
economic zones, industrial cities, smart cities and
giga-projects. These developments call for high
reliability, resilience, energy efficiency and
certification for sustainability. These include district
cooling, public transport electrification, renewable
generation, data centres and digital building systems.
The MV networks feeding these loads need to be
operated flexibly and the LV systems need to provide
granular measurement and controllability. Smart grid
integration can therefore help reduce the risk during
project operation and aid in long-term asset
performance (Alharbi et al., 2022; Almutairi, 2025).

Climate is another Saudi-specific factor. Equipment
loading and reliability are impacted by high
temperatures, dust, humidity variation and peak
cooling demand. Thermal stress of distribution
transformers, cables, switchgear and solar inverters
during summer peaks. Smart monitoring can enhance
asset derating, predictive maintenance and load
management. This is important because the classic
peak-driven reinforcement could become expensive if
each local constraint was resolved by physical
expansion alone. The smart grid approach uses digital
optimisation, demand flexibility, and targeted storage
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with reinforcement to enhance system economics
(Alyahya and Irfan, 2021; IRENA, 2023).

VI.  RESULTS: CORE TECHNOLOGY
DOMAINS FOR LV/MV INTEGRATION

The literature reviewed suggests that the development
of the smart LV/MV integration should be carried out
through six connected technology domains. The first
is Advanced Metering Infrastructure. AMI allows
utilities and customers to communicate, offers remote
connect services, and provides data to support demand
analysis. In Saudi Arabia, AMI can support customer
awareness, peak reduction, billing transparency and
distribution planning. But AMI needs strong data
governance as the metre data can expose sensitive
household and business patterns (Depuru et al., 2021;
Alotaibi and Alajmi, 2021).

The second area is distribution automation. Automated
switches, reclosers, fault passage indicators, capacitor
banks and voltage regulators help operators isolate
faults and restore supply faster. Automation, in
conjunction with feeder monitoring and advanced
distribution management systems, supports fault
location, isolation, and service restoration. This
capability is vital for high-value loads like airports,
hospitals, industrial parks, and data-heavy services.
Distribution automation also enables network
reconfiguration which may aid in load balancing and
increase the capacity to host renewables (Babar et al.,
2021; Mohammadi et al., 2023).

The third area is renewable integration and inverter-
based control. Smart inverters can offer voltage
support, reactive power control, ride through
capability and active power curtailment, if needed.
Distribution planners need to evaluate hosting
capacity at feeder and transformer level before the
large-scale adoption of PV. Voltage optimisation,
conductor upgrades, transformer monitoring and local
storage can all enable increased hosting capacity. This
is especially the case in Saudi Arabia, where solar
resources are strong and rooftop or district-level PV
can be a valuable contributor if distribution constraints
are managed (Kazmi et al., 2022; IRENA, 2023).

The fourth area is energy storage and flexibility.
Batteries can cut peak loads, even out the variability
of renewables, provide backup during outages and
delay the need for network reinforcement. Storage

ICONIC RESEARCH AND ENGINEERING JOURNALS 254



© AUG 2026 | IRE Journals | Volume 10 Issue 2 | ISSN: 2456-8880
DOI: https://doi.org/10.64388/IREV1012-1722171

could be behind the metre or distribution transformers
at the LV level. It can support feeders, substations and
renewable plants at MV level. Another source of
flexibility is demanding response, moving cooling,
pumping, industrial processes or building loads at
peak times. The smart grid must view storage and
flexible demand as an operational resource rather than
only customer technologies (Hannan et al., 2021; I[EA,
2023).

Fifth area is data analytics and digital asset
management. Smart grid data can pinpoint loss
hotspots, forecast equipment failure, detect abnormal
voltage patterns and prioritise maintenance. Machine
learning can help to forecast but the algorithms need
to be explainable enough to be used operationally.
Digital twins can also support planning such as the
simulation of feeder loading, renewable scenarios, and
outage restoration strategies. In Saudi LV/MV
networks, the analytics should be focused on
actionable indicators such as transformer loading,
feeder reliability, power quality, phase imbalance, and
outage frequency (Mansouri et al., 2021; Jordehi,
2021).

The sixth area is cyber security and interoperability.
Smart grids increase the number of connected devices
and thus increase the attack surface. Cybersecurity
needs to be part of architecture, procurement,
commissioning and operations. Interoperability is also
important because utilities and project developers may
use equipment from many vendors. Reduced long-
term integration risk with open standards, secure
communication protocols, device certification, and
lifecycle patch management. Without such
foundations, smart-grid projects can become
disjointed systems that are hard to operate and secure
(NIST, 2020, ENISA, 2021, IEEE, 2022).

VII. PROPOSED FRAMEWORK FOR SAUDI
LV/MV SMART GRID INTEGRATION

Based on the review, this paper proposes a 5-layer
framework for Saudi LV/MV distribution systems in
the smart energy grid integration. The first layer is the
strategic alignment. Each distribution modernisation
project must be aligned with Vision 2030 outcomes
including renewable integration, reliability, energy
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efficiency, localisation, digital services, and emissions
reduction. This means that smart-grid technology is
not viewed as a stand-alone purchase and illustrates
why investment is needed.

The second layer is physical grid preparedness. This
includes, feeder mapping, transformer capacity
review, protection review, load-flow analysis, power
quality baseline and hosting capacity review. Being
physically fit is important because digital systems
cannot make up for all network weaknesses. We need
to use smart devices where they solve operational
problems, not just to increase device numbers. For
instance, feeders with high solar potential or critical
loads may need to be automated and monitored earlier.

Third is digital integration. Operational decisions
require the connection of smart metres, sensors,
controllers, inverters and substations to data platforms.
This layer includes AMI, supervisory control,
distribution management, outage management,
geographic information systems and enterprise asset
management. Integration must be done using common
data models and cyber-secure interfaces so
information can flow from field devices to planning
and operations teams.

The fourth layer is flexibility and optimisation. Once
visibility is achieved, operators can use voltage
optimisation, feeder reconfiguration, storage despatch,
demand response and predictive maintenance. This
layer takes the grid from monitoring to active control.
It also supports the integration of scalable renewables
as system flexibility becomes available before
constraints lead to curtailment or expensive
reinforcement. The fifth layer is governance and
continuous assurance. Clear ownership, operating
procedures, cybersecurity controls, data quality rules,
vendor management, and performance metrics are
needed for smart grid programmes. Governance must
define the owners of the data, the approvers of the
device settings, the responders to alarms, and the way
evidence is maintained for audits and management
review. This layer must also make sure that national
expectations regarding cybersecurity and the
regulation of the electricity sector in Saudi Arabia are
consistent.
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Figure 1. Smart Energy Grid Integration Architecture for Saudi LV/MV Networks
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Figure 1. Proposed smart energy grid integration architecture for Saudi LV/MV distribution systems.

VIII. CHALLENGES AND RISK FACTORS

LV/MV smart grid integration: great potential but
important challenges. The first challenge is about
interoperability. Distribution systems contain devices
from different vendors, installed in different phases of
the project and maintained by different teams. Utilities
may end up with locked systems, duplicated platforms
and limited data exchange if interoperability is not
considered in the procurement process. Mandatory
communication and integration testing based on
standards must be performed before large
deployments (IEEE, 2022; Shafiullah et al., 2021).

The second challenge is that of protection
coordination. Distributed generation, bidirectional
flows and inverter-based resources can change fault
behaviour. Some faults may not be detected by the
conventional protection settings or may operate
unnecessarily. As distributed resources grow, you
need adaptive protection, inverter ride-through
requirements, directional relays, and detailed short-
circuit studies. This is particularly the case for MV
feeders with connected PV plants, industrial
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microgrids or large customer facilities (Kumar et al.,
2021; Mohammadi et al., 2023).

The third challenge is cyber security. Cyber incidents
may be via smart metres, automation controllers,
communication gateways and management systems. A
distribution cyber incident may impact billing,
privacy, switching operations, outage restoration, or
grid stability. Hence, authentication, encryption,
segmentation, monitoring, incident response and
secure firmware management are required.
Cybersecurity should be treated as an operational risk
and not as an information-technology checklist (NIST,
2020; ENISA, 2021).

The fourth challenge is data governance. Smart grids
generate huge amounts of data, but value is determined
by accuracy, completeness, timeliness and usability.
Poor data quality may result in erroneous planning
decisions or spurious alerts. Data governance should
include naming conventions, device registries,
validation rules, retention policies, privacy
requirements, and access rights. Saudi utilities and
project owners should also make sure that analytics
outputs are understandable for engineers and operators
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who make field decisions (Mansouri et al., 2021;
Jordehi, 2021).

The fifth challenge is workforce readiness. Effective
distribution requires new skills in power systems,
communications, data analytics, cybersecurity and
automation. Training is needed for Field technicians
on Intelligent Electronic Devices, Communication
Faults and Safety Procedures. Engineers should be
able to do load-flow simulation, hosting capacity,
inverter  behaviour and  digital  platforms.
Consequently, organisational readiness is as important
as technology readiness (Alharbi et al., 2022; IEA,

2023).

Table 1. Smart LV/MV technology domains and Saudi distribution value

Domain

Key components

Distribution value

Implementation concern

Advanced metering
infrastructure

Smart meters, data
concentrators, meter data
management

Consumption visibility,
outage signals, loss
analysis, customer
engagement

Privacy, data quality,
communication coverage

Distribution automation

Reclosers, sectionalizers,
fault indicators, voltage

Faster restoration, feeder
reconfiguration, reliability

Protection settings, device
coordination, maintenance

regulators improvement
Smart inverters, hosting Higher PV hosting )
. . . . Voltage rise, reverse
Renewable integration studies, voltage capacity and reduced .
L . power flow, harmonics
optimization curtailment

Flexibility resources

Battery storage, demand
response, controllable
loads

Peak reduction, resilience,
deferred reinforcement

Market rules, customer
participation, control
strategy

Analytics and digital twin

Forecasting, asset models,
outage analytics

Evidence-based planning
and predictive

Model accuracy, staff
capability, data

standards

integration

maintenance governance
. Secure protocols, Trustworthy digital Lifecycle patching,
Cybersecurity and P . . . v cig .y .p . .g
. . segmentation, identity, operation and vendor certification, incident
interoperability

response
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Figure 2. Smart Grid Integration Maturity Cycle for LV/MV Distribution
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Figure 2. Maturity cycle for staged smart grid implementation in Saudi LV/MV networks.

IX.  DISCUSSION: IMPLEMENTATION

PATHWAY FOR VISION 2030

The results demonstrate a staged maturity path for
Saudi LV/MV smart grid integration. The first stage is
the baseline assessment, which records feeders,
transformers, load patterns, reliability indices and
renewable hosting limits. Stage two is visibility. This
is where AMI, feeder sensors, transformer monitoring
and data integration provide for reliable situational
awareness. The third stage is automation, which
enhances switching, voltage regulation, outage
management, and protection coordination. Stage four
is flexibility where storage, demand response, smart
inverter functions and network reconfiguration are
switched on. Stage five is optimisation. Analytics,
digital and continuous
investment and operations.

twins assurance power

This staged pathway is important as it minimises risk
of technology led deployment. “Utility can buy smart
devices, but without accurate network models, trained
teams and data governance, those devices may not
produce measurable outcomes.” But the disciplined
sequence allows each stage to prepare the next.
Baseline data-based visibility design. Visibility makes
automation possible. Automation brings flexibility.
Flexibility enables optimisation across the whole
system.
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For Saudi Arabia, the smart grid integration should be
in line with localisation and industrial development as
well. Local manufacturing, engineering services,
testing laboratories and specialised training are
enabled by distribution automation, smart metering,
sensors, software platforms and energy storage. This
supports knowledge transfer and high value
employment, supporting Vision 2030 objectives
beyond the electricity sector. However, localisation
needs to be balanced with technical quality and
interoperability
compatible with international standards (Vision 2030,
2023; Saudi Ministry of Energy, 2024).

to ensure local solutions are

Another implication is that LV/MV modernisation can
support sustainability and reliability. Renewable
integration is typically framed as an environmental
objective, while distribution automation is framed as a
reliability  objective. practice  they
interdependent. A strong smart distribution grid can
accommodate more renewables and distributed energy
resources can improve resilience if they are managed
well. Thus, the best Saudi strategy is not to separate
renewables deployment from grid modernisation, but
rather to plan both as one integrated distribution

In are

transformation programme.

258



© AUG 2026 | IRE Journals | Volume 10 Issue 2 | ISSN: 2456-8880
DOI: https://doi.org/10.64388/IREV1012-1722171

Table 2. Implementation maturity model for Saudi smart distribution integration

network

review

Stage Main purpose Typical actions Evidence produced | Expected outcome
. Understand current Asset mappine. load | Feeder model, . . .
1. Baseline flow, reliability transformer loading, | Clear starting point

risk register

Make network

AMLI, sensors,

Meter data, event

Better planning and

2. Visibilit transformer logs, power qualit
Y observable . 8% p Y| fault awareness
monitoring records
Switching
. Improve control and | automation, DMS, Switching records, Reduced outage
3. Automation . . . .
restoration OMS, voltage restoration metrics duration
control

4. Flexibility

Manage variability

Storage dispatch,
demand response,

Flexibility
schedules, hosting

Higher renewable

governance audits

and peaks smart inverter hosting capacit
P . results § capacity
settings
Digital twin, .
g. . Dashboards, audit Scalable and
S Improve predictive . .
5. Optimization . . evidence, resilient
continuously maintenance, .
performance trends | modernization

X. TABLES AND FIGURE INTERPRETATION

Table 1 presents a summary of the key LV/MV smart
grid technology domains and their importance to Saudi
distribution systems. It shows how integration value is
created when field assets, communication systems,
analytics and governance are aligned. Smart metres
themselves offer limited value unless their data is
linked to planning, outage management, and customer
programmes. Similarly, renewable integration is not
only a function of PV capacity, but also inverter
functions, voltage control, protection studies and
hosting-capacity analysis.

An implementation maturity model for Saudi
enterprises and utilities is shown in Table 2. The model
emphasises a gradual process from baseline
assessment to optimisation. This is deliberately
practical, as modernisation of distribution generally
occurs over several projects and budget cycles.
Utilities, consultants and owners of projects can use
the maturity model to assess readiness, prioritise
investment and measure improvement over time.

Fig. 1 shows the proposed Saudi LV/MV smart grid
integration architecture. It puts the smart distribution
core at its heart and links renewable resources, AMI,
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automation, energy storage, customers, cybersecurity
and analytics. The figure illustrates that smart grid
modernisation is a coordinated architecture, not one
device category. Figure 2 shows the maturity cycle,
where baseline, visibility, automation, flexibility and
optimisation are the pillars for continuous
improvement. Both figures support the core message
of this review: success in the smart grid depends on
disciplined integration, not disjointed technology

adoption.

XI.  PRACTICAL RECOMMENDATIONS

Several recommendations emerge from the review.
First, Saudi LV/MV grid projects should begin with
feeder-level data quality improvement. Accurate
geographic, electrical, and asset data is required before
hosting-capacity studies, automation design, or digital
twins can be trusted. Second, project specifications
should require interoperability, cybersecurity, and
lifecycle support. Devices that cannot communicate
securely or integrate with enterprise platforms may
increase long-term operational cost.

Third, renewable projects should include distribution
impact assessment at early design stages. This
assessment should cover voltage rise, reverse power
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flow, transformer loading, harmonics, fault current,
protection selectivity, and communication
requirements. Fourth, smart meters should be
connected to customer programs that encourage
energy efficiency and flexibility. Without customer
engagement, AMI remains a utility-side data tool
rather than a demand-side transformation platform.

Fifth, distribution automation should prioritize high-
impact feeders. Critical infrastructure feeders, high-
growth districts, renewable hosting zones, and areas
with poor reliability should be modernized first. Sixth,
workforce development should accompany each
deployment phase. Training should cover smart
devices, cybersecurity hygiene, data interpretation,
safety, and new operating procedures. Finally,
performance measurement should be continuous.
Utilities should track outage duration, restoration time,
technical losses, voltage complaints, renewable
hosting capacity, cyber incidents, and customer
participation.

XII. CONCLUSION

Smart energy grid integration for LV/MV power
distribution systems is a critical enabler of Saudi
Arabia’s energy transformation vision 2030. The
review shows that distribution networks need to
transition from passive delivery infrastructure to
active, data-driven and flexible systems that support
renewable energy, reliable urban services, efficient
consumption and resilient operations. Key
technologies include AMI, distribution automation,
smart inverters, feeder sensors, storage, demand
response, data analytics and secure communication
platforms.

But the study also finds that technology alone is not
enough. Effective integration necessitates physical
grid readiness, digital interoperability, cybersecurity,
data governance, regulatory alignment, and workforce
capacity. Saudi Arabia has a solid foundation with its
smart metre deployment and renewable energy
direction, but the next step is to leverage these assets
into integrated operational intelligence. This requires
a staged maturity, beginning with baseline assessment,
then  visibility, automation, flexibility and
optimisation.

The proposed framework offers a pragmatic model for
utilities, consultants and project stakeholders. It links
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Vision 2030 objectives to distribution level actions
and emphasises the need for implementation
discipline. Modernising LV/MV systems in an
integrated way can help Saudi Arabia to increase
renewable energy hosting capacity, improve
reliability, reduce losses, strengthen environmental
performance and support the development of smart
cities and advanced infrastructure. Future work should
include case studies of Saudi feeders, hosting-capacity
simulations, testing of cyber-resilience and techno-
economic models for distribution-level storage and
demand response.

XIII. CLOSING NOTE ON IMPLEMENTATION
DISCIPLINE

Implementation discipline should be the guiding
principle for all phases of Saudi smart grid
modernisation. A distribution utility can aim for
ambitious digital goals, but performance only
improves when responsibilities, operating rules,
evidence and review cycles are consistently kept. For
LV and MV systems, this means that each automation
device, metre, inverter, sensor and communication
gateway must have an owner, commissioning record,
cybersecurity status, maintenance plan and operational
use case defined. Governance should not just check
that devices are installed, but that they are creating
trusted data and enabling measurable grid outcomes.

The discipline is especially important where
renewable generation, large infrastructure projects and
customer-side technologies are all expanding
simultaneously. Field teams may be using new
equipment with old assumptions if policies are not up
to date. Analytics can lead to misleading
recommendations if data is not validated. The
reliability risks could increase if protection studies are
not repeated after network changes. Extending your
digital reach without proven cybersecurity controls
can embed hidden vulnerabilities. Regular maturity
reviews, where actual practice is compared against
approved standards and improvement actions are
closed, avoid such gaps.

A disciplined implementation culture also creates
stakeholder confidence. Regulators, project owners,
customers and investors need to be assured that smart
grid programmes are not experimental installations,
but controlled modernisation programmes. Progress
should therefore be evidenced by inspections,
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dashboards, incident logs, restoration reports and audit
findings. Thus, implementation discipline converts
Vision 2030 ambition into reliable distribution
performance. This allows Saudi utilities to scale
innovation while protecting safety, service quality,
affordability and environmental goals. The end goal is
not technology visibility, but a reliable operating
environment where planners, operators, contractors
and consumers can trust the network, react faster to
stress, and grow clean electricity without introducing
unmanaged technical or governance risk. This allows
for phased investment, clearer accountability and a
stronger link between field engineering decisions and
national transformation priorities. And it makes future
upgrades easier to sell.

REFERENCES

[1] Ali, F., Khan, H. U. and Nazir, S. (2024). Social
mobile analytics and cloud computing: a big data
analytical approach. Computing, 108, 106.

[2] Alharbi, Y., Alshammari, F. and Alqahtani, S.
(2022). Smart electricity infrastructure and
sustainable urban development in Saudi Arabia.
Energy Reports, 8, 1012-1024.

[3] Almutairi, A. (2025). Sustainability and grid
reliability of renewable energy deployment in
Saudi Arabia. Sustainability, 17(10), 4493.

[4] Alotaibi, I. and Alajmi, A. (2021). Advanced
metering infrastructure for smart -electricity
services in Saudi Arabia. Energies, 14(18), 5703.

[51 Al-Shetwi, A. Q. (2022). Sustainable
development of renewable energy integrated
power sector in Saudi Arabia. Renewable Energy
Focus, 41, 152-163.

[6] Alyahya, S. and Irfan, M. (2021). Role of Saudi
energy transition in sustainable development.
Renewable and Sustainable Energy Reviews,
144, 111021.

[7] Babar, M., Ali, F. and Jan, M. A. (2021).
Distribution  automation  and  reliability
improvement in smart grids: a review. Electric
Power Systems Research, 196, 107217.

[8] Bose, B. K. (2020). Artificial intelligence
techniques in smart grid and renewable energy
systems. Proceedings of the IEEE, 108(8), 1252-
1273.

IRE 1722171

[9] Depuruy, S. S. S. R., Wang, L. and Devabhaktuni,
V. (2021). Smart meters for power grid:
challenges, issues, advantages and status.
Renewable and Sustainable Energy Reviews,
142, 110873.

[10] ENISA (2021). Cybersecurity for Smart Grids
and Distribution Networks. European Union
Agency for Cybersecurity.

[11] Gungor, V. C., Kocak, T. and Ergut, S. (2021).
Smart grid technologies: communication
technologies and standards. IEEE Transactions
on Industrial Informatics, 17(3), 2020-2033.

[12] Hannan, M. A., Wali, S. B. and Ker, P. J. (2021).
Battery energy-storage systems and smart grid
applications. IEEE Access, 9, 87432-87455.

[13] Hashmi, S. A., Ali, C. F. and Zafar, S. (2021).
Internet of things and cloud computing based
energy management for smart grids. Sustainable
Cities and Society, 68, 102775.

[14] IEA (2023). Electricity Grids and Secure Energy
Transitions. International Energy Agency, Paris.

[15] IEEE (2022). IEEE Guide for Smart Grid
Interoperability of Energy Technology and
Information Technology Operation with the
Electric Power System. IEEE Standards
Association.

[16] IRENA (2023). Smart Electrification with
Renewables: Driving Transformation of Energy
Services. International Renewable Energy
Agency, Abu Dhabi.

[17] Jayamaha, J. H. P. C. (2009). Assessment of
Technology Requirements for Off-grid Rural
Electrification. MSc Thesis, University of
Nottingham.

[18] Jordehi, A. R. (2021). Optimisation of demand
response in electric power systems: a review.
Renewable and Sustainable Energy Reviews,
138, 110626.

[19] Kabeyi, M. J. B. and Olanrewaju, O. A. (2023).
Smart grid technologies and application in the
sustainable energy transition: a review. Natural
Product Research, 37(21), 1-23.

[20] Kazmi, S. A. A., Shahzad, M. K. and Shin, D. R.
(2022). Voltage regulation and hosting capacity

enhancement for renewable-rich distribution
networks. Applied Energy, 306, 118017.

ICONIC RESEARCH AND ENGINEERING JOURNALS 261



(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

IRE 1722171

© AUG 2026 | IRE Journals | Volume 10 Issue 2 | ISSN: 2456-8880
DOI: https://doi.org/10.64388/IREV1012-1722171

Khan, K. A., Quamar, M. M., Al-Qahtani, F. H.
and Asif, M. (2023). Smart grid infrastructure
and renewable energy deployment: a conceptual
review of Saudi Arabia. Energy Strategy
Reviews, 49, 101168.

Kitchenham, B. and Brereton, P. (2020).
Systematic review methodology in software and
engineering research. Information and Software
Technology, 122, 106284.

Kumar, N., Singh, B. and Panigrahi, B. K.
(2021). Integration of solar PV with distribution
networks: challenges and mitigation techniques.
Renewable and Sustainable Energy Reviews,
135,110108.

Mansouri, S. A., Ahmarinejad, A. and Javadi, M.
S. (2021). Data-driven energy management in
smart distribution systems: a review. Energy
Reports, 7, 102-118.

Mohammadi, F., Saif, M. and Nasiri, A. (2023).
Adaptive protection and automation for active
distribution networks. IEEE Access, 11, 44128-
44147.

Mwasilu, F., Justo, J. J. and Jung, J. W. (2020).
Decentralized energy management and smart
distribution systems: a review. Renewable and
Sustainable Energy Reviews, 121, 109689.
NIST (2020). Cybersecurity for Smart Grid
Systems. National Institute of Standards and
Technology, United States.

Saudi Electricity Company (SEC) (2023). Smart
Metering and Digital Services Update. Saudi
Electricity Company, Riyadh.

Saudi Ministry of Energy (2024). Electricity
Sector Integration and Renewable Energy
Programs. Ministry of Energy, Riyadh.

Vision 2030 (2023). Saudi Vision 2030 Annual
Report and Energy Transformation Priorities.
Kingdom of Saudi Arabia.

ICONIC RESEARCH AND ENGINEERING JOURNALS

262



