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Abstract

The Libyan electricity sector faces multifaceted challenges spanning physical, operational, and
systemic dimensions. The national grid is plagued by aging infrastructure and inadequate maintenance
resulting from centralized energy management. These issues, coupled with political instability and
security risks, have created a highly fragile system characterized by recurrent power outages and an
inability to satisfy growing electricity demand. To mitigate these persistent problems, the integration
of Smart Grid technology is proposed as an innovative solution to modernize the national distribution
network and enhance long-term supply reliability. Despite the potential, the transition to a smart grid
in Libya is hindered by the fact that most existing research assumes stable institutional environments,
which is not the case for fragile states. To overcome these resource and stability constraints, this paper
introduces a phased framework based on a three-layer hierarchical communication architecture. The
first layer, the Home Area Network (HAN), initiates digitalization through pilot smart meters in cities
like Tripoli, Benghazi, and Misrata. The second layer, the Neighborhood Area Network (NAN),
focuses on data aggregation and distribution-level monitoring. The final layer, the Wide Area Network
(WAN), acts as the strategic backbone linking substations, control hubs, and renewable energy
installations. This transition is structured across three timeframes: short-term (1-3 years), medium-
term (3-7 years), and long-term (7+ years), focusing on three parallel pillars: technical infrastructure,
human capital, and institutional readiness. This model serves as a scalable reference for post-conflict
nations with similar structural constraints, providing a realistic roadmap toward grid modernization
and resilience.

Keywords: Smart Grid, Libyan Electricity Network, Home Area Network (HAN), Neighborhood
Area Network (NAN), Wide Area Network (WAN), Power Sector Modernization.

Introduction

The production, transmission, and delivery of electrical energy constitute a foundational pillar of contemporary
global economies. The inherent adequacy of a power system is fundamentally determined by its capacity to precisely
match dynamic, time-varying electricity demand while rigorously maintaining critical operational parameters,
specifically voltage magnitude and system frequency, within prescribed acceptable tolerances. Achieving this
complex equilibrium necessitates robust generation assets equipped with sufficient operational reserve margins,
high-capacity transmission corridors designed to facilitate the bulk transfer of electrical power over extensive
geographical distances without exceeding thermal or dynamic stability constraints, and resilient distribution
infrastructures capable of ensuring secure and efficient energy delivery to end-users. These three interconnected
functional layers work synergistically as part of one grid architecture. The generation stratum consists of power
stations with associated step-up transformer facilities that convert various primary energy sources into electrical
power. This energy is then bulk transferred across the network at high voltage through interconnected substations in
the transmission stratum. At this final stage, the distribution stratum consists of many substations, feeder lines, and
local transformers, providing the interface for the direct supply of energy to the consumer at the desired utilization
voltage levels [1]. Figure 1 shows the inherent hierarchical structure of a typical electrical power grid. Such systems'
design is pretty common in most developed industrial countries, with characteristic stable operating behavior and
well-established, centralized control paradigms. On the other hand, electrical grids in most developing countries,
particularly those affected by long-lasting conflicts and deep institutional instability, fail to possess these basic
features. Moreover, the fundamental architectural paradigm of the electrical power grid has not undergone any
substantial modification over several decades, making it intrinsically incompatible with smoothly integrating most
new, modern energy technologies [2].
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Figure 1: Traditional grids and electrical power systems consisting of many subsystems [1].

I.  An Overview of the Energy Sector in Libya

Since its establishment in 1984, the state-owned General Electricity Company of Libya (GECOL) has been
fully responsible for the power infrastructure's strategic planning, management, and operation [3]. Currently, the total
installed capacity of the Libyan electrical system is about 6768 MW. The transmission configuration is subdivided
into six major interconnected operational areas: West, Tripoli, Central, Benghazi, East, and South, to overcome
technical and logistical problems due to the country's large size. The Libyan power system's backbone is the 400 kV,
220 kV, and 132 kV transmission system. The primary networks are connected through the 66 kV sub-transmission
network, while the distribution network provides the end user with 30 kV and 11 kV. Physically, the system is
mainly overhead line (OHL) type with an overall length of 14747 km, and underground cabling (UGC) is a
negligible part with only 138 km. On the other hand, the 30 kV distribution network has a total length of 11142 km
[4]. Figure 2: Single-line diagram of the Libyan national power grid. The network topology is based on the standard
GECOL model, extensively utilized in recent stability assessments
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Figure 2: Transmission power system of Libya.
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As the system topology in Figure 2 suggests, the Libyan grid must cover considerable distances over vast geographic
areas to accommodate a widely dispersed population. This large geographical footprint adds many dimensions to
network modernization. It implies a gradual, systematic shift from conventional centralization to smart grid
architectures. Thus, fully realizing an integrated and resilient modern utility will require a strategic and staged
implementation approach fitted to the socio-technical and operational peculiarities of the Libyan energy landscape.

Il. The Smart Grid Paradigm

A smart grid represents an advanced power network characterized by the integration of modern communication and
information technologies (ICT). This integration enables intelligent monitoring, optimal control, and efficient
management of energy generation, transmission, and distribution. By accommodating renewable energy sources
(RES), energy storage systems (ESS), and electric vehicles (EVs), the smart grid significantly enhances the
reliability, security, and efficiency of the power supply for all consumers. The core distinguishing feature of a smart
grid is its capability to facilitate bidirectional flows of both electricity and real-time information, ensuring dynamic
interaction between utility providers and end-users [5] .

TABLE 1 ILLUSTRATES THE CHARACTERISTICS OF CONVENTIONAL POWER GRIDS COMPARED TO SMART GRIDS [6] .

Typical Power Grid

Smart Power Grid

Centralized, away from load

Distributed, less size,

Generation centers, limited renewable considerable renewable
Power Flow Radial, unidirectional Networked, multi-directional
Main Focus Continuity of Service Continuity & Quality

Control Centers

Based on manual communications

systems during faults

Computer based data collectors,
processors and decision making

Response to Faults

Focus on protecting assets and
prevent future damage

Predicts and prevents faults

Blackouts Cascading effect Islanding capability
Relays Electro-mechanical based
Attacks Exposed to natural and terrorist

attacks

The realization of a comprehensive smart grid, as illustrated in Figure 3, depends on the deployment of advanced
infrastructure built upon a resilient operational foundation. This requires the synergistic transformation of both the
electrical and telecommunications sectors into an integrated ecosystem characterized by secure, bidirectional
information exchange and embedded computational intelligence [7],[8].

Factories Nuclear Power Plant
Thermal Power Plant

M b

Hydraulic
Power generation

EE e S

- 5 Distribution Stations
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Solar Power

Wind Power Plant

Cities and Offices
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Figure 3: The Smart Power Grid ecosystem, integrating diverse energy sources, transmission, and consumption
points [9].
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This integrated system is supported by a hierarchical communication architecture comprising three distinct layers
Network (HAN), Neighborhood Area Network (NAN) and Wide Area Network (WAN). The Home Area Network
(HAN) provides connectivity within residential or commercial premises. The Neighborhood Area Network (NAN)
aggregates data from multiple HANs. The Wide Area Network (WAN) serves as the high-capacity backbone,
connecting substations, control centers, and bulk generation facilities [7],[9]. In Libya, these communication
networks are currently underdeveloped and require substantial investment. Therefore, the modernization process
must begin with the systematic development of these foundational layers before large-scale smart grid technologies
can be feasibly deployed [10].

I11. Human Resource Requirements and Technical Capacity
The successful implementation of smart grid technologies in Libya faces substantial human capital challenges,
including shortages of qualified professionals with expertise in power systems, communication networks, data
analytics, automation, and cybersecurity. Addressing these workforce gaps through targeted education, training, and
capacity-building initiatives is essential for ensuring the effective deployment and sustainable operation of smart grid
infrastructure [11].

111.1 Current Workforce Gap Analysis:

Libya's electricity sector currently operates with a workforce trained predominantly in conventional power system
management. The transition to smart grid infrastructure requires expertise in[12].

e ICT and Network Engineering: Available evidence suggests that the Libyan power sector faces shortages in
personnel trained in digital communication systems, smart grid networking, and cybersecurity, which may
hinder the deployment of HAN, NAN, and WAN infrastructures.

e Data Analytics and Software Engineering: Smart grid operation depends on real-time data processing,
predictive analytics, and algorithm development—competencies largely absent in the current workforce
structure.

e Advanced Metering and Sensor Technologies: Installation, calibration, and maintenance of AMI systems
require specialized training that extends beyond traditional electromechanical meter expertise.

e System Integration Specialists: Personnel capable of integrating legacy infrastructure with modern digital
systems are essential but currently unavailable in sufficient numbers.

IV. Capacity Building Strategy

111.2 Institutional Capacity Requirements

Beyond individual competencies, strengthening the institutional capabilities of the organizational workforce is
paramount. In the context of the General Electricity Company, this represents a critical imperative. The organization
must prioritize enhancing employee proficiency, particularly in computational literacy and digital tool utilization.
This need is especially pronounced among technical personnel and frontline maintenance teams, where a substantial
proportion of technicians continue to demonstrate limited computer proficiency. Consequently, the following
institutional capacity dimensions require strategic reinforcement [13] :

* Project Management Capabilities: Large-scale infrastructure initiatives necessitate robust project management
frameworks, which remain underdeveloped within transitional governance contexts. These frameworks must
encompass comprehensive planning, resource allocation, risk mitigation, and stakeholder coordination mechanisms.

« Regulatory Expertise: The formulation of technical standards, cybersecurity protocols, and consumer protection
frameworks demands systematic regulatory capacity development. This includes establishing institutional knowledge
in compliance monitoring, quality assurance, and adaptive regulatory mechanisms responsive to technological
evolution.

e Maintenance and Support Infrastructure: Establishing resilient supply chains, implementing comprehensive
spare parts inventory management systems, and deploying rapid-response maintenance teams constitute foundational
requirements for operational sustainability.

V. Telecommunication Infrastructure Readiness Assessment
The successful implementation of smart grid technologies relies heavily on the availability of a robust, secure, and
resilient communication infrastructure capable of supporting real-time data exchange, monitoring, and control
functions. In developing countries such as Libya, the readiness of the telecommunications sector represents a critical
factor influencing the feasibility, scalability, and long-term sustainability of smart grid deployment initiatives.
Consequently, a comprehensive assessment of existing communication capabilities is essential for identifying
infrastructure gaps and establishing appropriate deployment strategies [14].
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V.1 Current Telecommunications Environment

The telecommunications sector in Libya and the world has experienced numerous operational and infrastructural
challenges over recent years. These challenges have affected the availability, reliability, and performance of
communication services required to support advanced smart grid applications. While ongoing modernization efforts
have improved connectivity in several regions, significant disparities remain between urban and remote areas,
creating obstacles for nationwide smart grid integration [14]. Fixed communication networks constitute an important
foundation for smart grid operation due to their ability to provide secure and high-capacity data transmission.
However, the expansion of fiber-optic infrastructure remains uneven, and legacy communication systems continue to
impose limitations on bandwidth, reliability, and interoperability. Such constraints may reduce the effectiveness of
applications requiring continuous monitoring, automation, and low-latency communication. Mobile communication
technologies have become increasingly important as a practical solution for supporting smart grid services,
particularly in regions where fixed-line infrastructure is limited. Although cellular networks offer flexible and cost-
effective connectivity, their performance may be affected by network congestion, service interruptions, and varying
quality-of-service levels. These factors can impact the reliability of mission-critical smart grid communications and
operational control functions [15]. Satellite communication systems provide an additional communication alternative
for geographically isolated locations and remote substations. Nevertheless, their relatively high operational costs and
latency characteristics limit their suitability for applications requiring rapid response and real-time control. As a
result, satellite technologies are generally more appropriate as supplementary or backup communication solutions
rather than primary communication channels [16].

VI. A Structured Framework for Smart Grid Development in Libya

Introducing intelligent grid capabilities within the Libyan electricity sector requires a structured transition strategy
built on gradual implementation, layered architecture, and explicit risk containment. The evolution of the
communication ecosystem—spanning home, neighborhood, and wide-area domains—needs to advance step by step
in harmony with prevailing technical capacities, financial limitations, and institutional readiness. Emphasis should
therefore be placed on creating an initial digital foundation that can reliably host successive functional upgrades
instead of pursuing an immediate, system-wide rollout [17].Adopting such a trajectory strengthens the robustness of
the communication environment, promotes compatibility among heterogeneous technologies, and preserves the
flexibility required for long-term expansion. Establishing these attributes forms a fundamental condition for
unlocking higher-level automation, monitoring, and control services associated with smart grid operation [18].

V1.1 Stage 1: Home Area Network (HAN) Development

The home domain represents the entry point of intelligence within the smart grid environment, forming the
operational boundary between consumers and the utility. At the outset, its mission should concentrate on
fundamental observability and systematic data collection, while sophisticated automation functions are introduced
only after the supporting ecosystem matures [19].Priority actions at this stage involve initiating limited pilot
programs for advanced metering in major metropolitan areas such as Tripoli, Benghazi, and Misrata, where
communication services and technical support structures are comparatively stronger. The deployed devices are
expected to align with Advanced Metering Infrastructure requirements and incorporate capabilities for local data
retention to enhance reliability during connectivity interruptions. From an economic and operational perspective,
cost-effective communication options—particularly power line carrier solutions and radio mesh configurations—
offer practical starting points. Conversely, large-scale dependence on intricate Internet-of-Things frameworks should
be postponed, given the financial burden and the specialized maintenance expertise they demand. An equally
decisive element of this phase concerns strengthening user engagement. Structured awareness initiatives can improve
understanding of consumption behavior, encourage efficient utilization, and build trust in digital metering practices.
Through these measures, the system can obtain an initial evidence base on demand characteristics, curb commercial
losses, and prepare the technical and organizational groundwork required for subsequent demand-side management
strategies [19].The principal components of this introductory stage are illustrated in Figure 4.
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[ Home Area Network (HAN) -Bottom Layer ]

Function: Pilot deployment in urban canters, basic monitoring and
consumer engagement.

Key Actions:

e Deploy pilot smart meters in cities such as Tripoli,
Benghazi, and Misrata.

e Use AMI-compliant smart meters.

e Utilize cost-efficient network technologies such as PLC and
RF mesh.

e Delay advanced IoT solutions.

e Raise consumer awareness on energy efficiency.

Expected Outcomes:
e Visibility into energy consumption patterns.
e Reduced non-technical losses.
e Readiness for future demand-side management initiatives.

-

Figure 4: Stage 1 Home Area Network (HAN) -Bottom Layer. Resources: [19],[20], [21].

V1.2 Stage 2: Neighborhood Area Network (NAN) Development

The neighborhood domain performs the role of a regional coordination layer within the smart grid communication
hierarchy. It aggregates information streams originating from numerous home installations and supports supervisory
functions that enhance visibility across distribution assets [20].Key steps in this stage involve linking advanced
meters to data concentrators positioned at electrically strategic locations, including feeder termini and secondary
substations. System architecture should incorporate redundancy mechanisms, such as auxiliary energy supplies and
diversified communication routes, in order to preserve data continuity when disturbances or blackouts occur.
Selection of the communication medium is best guided by local constraints; a blended model that may include radio
mesh arrangements, commercial cellular services, or dedicated LTE infrastructures provides flexibility while
addressing coverage and security considerations. Preference should be given to solutions that limit the need for
heavy field construction and that can maintain performance under volatile operating conditions. With these
capabilities in place, utilities gain access to practical tools for early fault identification, faster determination of
interruption boundaries, and detailed assessment of loading behavior at the feeder scale. The immediate benefit is a
marked improvement in operational awareness throughout the distribution grid, which in turn strengthens restoration
practices and establishes the technical platform upon which more advanced automation schemes can be progressively
introduced [20].
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Function: Aggregates data from multiple HANSs, localized monitoring,
efficient shortcomings

P

7

e Link smart meters to data concentrators at key feeders and
substations. ——

e Implement backup power and communication paths.

e  Utilize mixed network architectures like RF mesh, 3G/4G/LTE.

e  Prioritize technologies that minimize civil works.

o Detect, identify, and grid faults and outages planning.

e Facilitate short-term load analysis and planning.

Figure 5: Stage 2 Neighborhood Area Network (NAN) Aggregates data from multiple HANs. Resources : [19],[20], [21].

V1.3 Stage 3: Wide Area Network (WAN) Development

The wide-area network represents the strategic communication spine of an intelligent power system, linking
substations, control hubs, generation facilities, and large-scale renewable installations. Its establishment is essential
for achieving comprehensive system coordination and enabling real-time operational oversight [21].Implementation
priorities include leveraging existing fiber-optic assets along high-voltage transmission routes while augmenting
connectivity in remote regions through microwave links and cellular technologies. Upgrades to national and regional
control centers are required, incorporating advanced Supervisory Control and Data Acquisition (SCADA) systems
alongside Distribution Management Systems (DMS) to enhance monitoring and control capabilities. The integration
of real-time analytics platforms is vital for informed operational decision-making. Equally critical is the formulation
of a robust cybersecurity strategy encompassing data governance, encryption protocols, and access management,
with security considerations embedded at the design stage. Successfully deploying the WAN establishes a secure
framework for system-level coordination, reinforces overall grid stability, and enables the scalable integration of
renewable energy sources [21].

~
Wide Area Network (WAN) Backbone connecting substations,

control centres, and renewable resources

==

Function: Leverage fiber-optic networks along transmission lines.
Key Actions:
e  Complement fiber with microwave and cellular tech .
e Advance control centers with SCADA and E-cloud DMS.
e Implement real-time data analytics platforms.
e Establish centralized cybersecurity monitoring.

e Develop governance and cybersecurity frameworks.
« planning.

Expected Outcomes:
e The WAN layer enables secure and reliable system-level
coordination.
e Enhances grid stability, and facilitates large-scale integration of
renewable energy resources.
e A foundation for future distribution automation.

Figure 6: Stage 3 Wide Area Network (WAN)Backbone connecting substations, control centers, and renewable.
Resources: : [19],[20], [21].
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VI1.Discussion: Implementation Timeline and Key Considerations
The transformation of Libya's conventional grid requires a clearly defined implementation timeline. Table 2 outlines
a proposed multi-phase approach, designed to align technological integration with evolving operational maturity and
infrastructure readiness.

TABLE 2 1S A PROPOSED TIMELINE FOR THE DEVELOPMENT OF THE SMART GRID IN LIBYA'S ELECTRICITY SECTOR.

Phase Focus Duration

Phase | HAN pilots and basic WAN upgrades Short-term (1-3 years)
Phase 11 NAN expansion and initial distribution automation Medium-term (3-7 years)
Phase IlI Full WAN integration and advanced smart grid services | Long-term (7+ years)

The transition to a smart grid is not merely a technical upgrade but a comprehensive infrastructure transformation
[7].1ts success is contingent upon several non-technical factors. Institutional and political stability are paramount; a
stable security environment and coherent governance are prerequisites for attracting investment, ensuring effective
project management, and coordinating among implementing bodies. Without these, even the most well-designed
technical plans are unlikely to succeed. From an economic standpoint, smart grid implementation demands
significant upfront capital investment and long-term financial planning [22].While Libya possesses energy resources,
the effective mobilization and allocation of capital for large-scale infrastructure projects are directly enabled by
political and security stability. Furthermore, socio-technical readiness is a critical determinant. Research suggests
that successful adoption depends less on overcoming inherent societal resistance and more on proactive stakeholder
engagement, institutional capacity building, and consumer education [23].Public trust in advanced metering, data
privacy, and control technologies must be cultivated through strategic planning and transparent communication.
Therefore, these social and governance aspects should be treated as integral components of the implementation
strategy, not as secondary obstacles.

VIII. Conclusion and Strategic Recommendations

The analysis presented in this paper confirms that transforming Libya's electricity sector through smart grid
integration is neither a mere technical option nor an overnight overhaul. Rather, it is an urgent necessity fraught with
considerable challenges. At the heart of this transformation lies the need to reconceptualize the process as a gradual,
adaptive, and context-sensitive transition rather than a disruptive, one-time replacement that could further destabilize
an already fragile system. The findings clearly indicate that any successful pathway toward smart grid adoption in
the Libyan context must rest upon three interdependent pillars: technical infrastructure, human capital, and
institutional readiness. On the technical front, establishing an integrated communications hierarchy spanning the
home area, neighborhood area, and wide area networks is essential to ensure data flow and operational reliability.
Simultaneously, the critical gap in workforce competencies capable of handling these technologies cannot be
overlooked, making comprehensive training programs a top priority. At the institutional level, political stability,
clear regulatory frameworks, and sound governance capacities do not merely serve as enabling factors—they
constitute fundamental preconditions for the success of any technical endeavor, regardless of how meticulously it is
designed. The phased framework proposed in this paper offers sufficient flexibility to adapt the pace of
implementation to the actual level of institutional maturity, rendering it a replicable model not only for Libya but
also for other fragile and post-conflict states facing similar constraints. The emphasis on staged execution, proactive
risk mitigation, and context-appropriate technology selection provides a practical alternative to conventional smart
grid literature, which typically assumes stable institutions and abundant resources. From a realistic perspective,
Libya's chronic electricity problems—frequent outages, aging infrastructure, and the inability to meet growing
demand—will not be resolved quickly or easily. Nevertheless, the stepwise approach outlined here charts a feasible
path forward: by systematically building communication infrastructure, developing human capacity in parallel, and
implementing technologies incrementally, Libya can progressively enhance grid reliability and resilience.
Ultimately, however, success will depend not only on the quality of technical execution but also on sustained
political commitment, transparent governance, and long-term investment in both infrastructure and people. In
conclusion, the journey from Libya's current grid fragility to a resilient smart grid will be long and arduous, but it is
by no means unattainable. If the aforementioned conditions can be met, this transformation offers Libya a rare
opportunity to leapfrog decades of conventional grid development and establish a modern, efficient, and sustainable
electricity system capable of supporting national development for generations to come. This paper has provided a
clear roadmap; executing it will require collective will and sustained effort from policymakers, utility managers,
technical professionals, and the Libyan people alike.
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