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Abstract

The current Electric Power and Energy Systems sector has

been profoundly changed by the introduction of smart grid tech-

nologies, which have completely reshaped the security measures

for protecting energy infrastructure. While conventional power

systems were characterized by centralized generation and uni-

directional power flows, the emergence of distributed energy re-

sources, renewable energy integration, and prosumer-based archi-

tectures has introduced unprecedented complexities in the threat

landscape. These evolutionary changes have not only expanded

the attack surface of energy systems but have also introduced

novel vulnerabilities that stem from the bidirectional nature of

modern energy flows, the proliferation of Internet-of-Things de-

vices at the grid edge, and the increasing reliance on information

and communication technologies for operational control. The

traditional security frameworks that were developed for legacy

power systems prove inadequate when confronted with the multi-

faceted threats inherent in these distributed, interconnected, and

digitally-enabled energy ecosystems. Prosumer integration, in

particular, has created numerous weak points throughout the in-

frastructure, as residential and commercial entities equipped with

distributed generation, storage systems, and smart devices be-

come integral components of the broader energy network. These

edge nodes, often characterized by limited security measures and

inconsistent monitoring capabilities, represent critical vulnera-

bilities that can be exploited to compromise the stability and

integrity of the entire energy system. This research addresses

these issues by first revealing a profound lack of governance and

defined liability for security incidents originating from prosumer

assets. It demonstrates that the cumulative threat from aggre-

gated edge devices constitutes an overlooked systemic risk. In

response, this thesis presents two key contributions. First, a

specialized threat model and a reference APT scenario to guide

future research. Second, a novel monitoring framework that use



digital twin technology and data sovereignty principles. Results

show that this approach effectively detects prosumer-based ma-

licious activity, thereby securing the continuity of grid operations

without compromising citizen privacy, offering a resilient founda-

tion for securing the distributed energy perimeter.
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Introduction

The contemporary Electric Power and Energy Systems (EPES) have undergone a profound

transformation through the widespread adoption of smart grid technologies and the integra-

tion of Distributed Energy Resources (DERs), fundamentally altering the security landscape

of energy infrastructure. This evolution represents a paradigmatic shift from the traditional

centralized power generation model toward a distributed, interconnected ecosystem where bidi-

rectional energy flows and digital communication systems have become integral to operational

functionality [1]. The proliferation of smart grid components has exponentially expanded the

attack surface of energy systems, introducing numerous entry points that can be exploited by

malicious actors seeking to compromise the integrity, availability, and confidentiality of critical

energy infrastructure [2].

The integration of renewable energy sources, while essential for achieving sustainability

goals and reducing carbon emissions, has introduced unprecedented challenges from both

electrical management and cybersecurity perspectives. The intermittent nature of renewable

generation requires sophisticated forecasting, real-time monitoring, and dynamic load balancing

capabilities that rely heavily on information and communication technologies. More signifi-

cantly, the emergence of prosumers—entities that both produce and consume energy—has

created a new category of stakeholders whose sheer numerical presence throughout the grid

represents a substantial expansion of potential attack vectors. These numerous small-scale

prosumer installations, often characterized by limited security measures and inconsistent mon-

itoring capabilities, collectively constitute a distributed vulnerability that can be leveraged to

orchestrate large-scale attacks against the broader energy infrastructure [3].

From a regulatory perspective, legislative bodies at both national and international levels

have begun to acknowledge the critical importance of securing these evolving energy sys-

tems and are actively developing frameworks to govern the integration of distributed energy

resources. However, despite these regulatory efforts, the cybersecurity dimension of this in-

tegration remains significantly underdeveloped, with current legislative approaches struggling

to achieve an adequate balance between operational flexibility and security requirements [4].

The complexity of securing thousands of small-scale prosumer installations, each potentially

operating under different technical specifications and security protocols, presents challenges



2 Introduction

that existing regulatory frameworks are only beginning to address.

Similarly, while security measures specifically designed for prosumer and consumer envi-

ronments are gaining recognition within both scientific research and industrial development

communities, substantial gaps remain in the implementation and standardization of effective

protective measures. The distributed nature of these installations, combined with economic

constraints and varying levels of technical expertise among operators, creates a challenging

environment for deploying comprehensive security solutions. Current approaches often focus

on securing centralized components while leaving edge devices and prosumer installations inad-

equately protected, creating potential pathways for sophisticated attacks that could propagate

throughout the entire energy system.

This thesis addresses critical gaps in the cybersecurity of modern Electric Power and Energy

Systems. Its contributions are built upon a comprehensive foundational analysis structured

around three key areas of investigation:

• Cybersecurity Assessment of EPES: This work examines the current threat land-

scape impacting electric power and energy systems, systematically identifying vulnera-

bilities across infrastructure components, with a focus on those introduced by prosumer

integration. It covers both traditional centralized systems and the growing distributed ar-

chitecture, providing a detailed taxonomy of threats and vulnerabilities affecting various

levels of the energy system hierarchy.

• Evaluation of Global Institutional Efforts: The research investigates regulatory and

legislative initiatives by European institutions and key international stakeholders, in-

cluding the United States, China, Japan, and Canada, to tackle security challenges in

distributed energy systems. It characterizes legislative frameworks and guidelines, high-

lighting their strengths and limitations in governing modern energy system security.

• Technical Analysis of Prosumer Architecture and Advanced Persistent Threat

Scenarios: The thesis explores prosumer system architectures and their components,

analysing a reference Advanced Persistent Threat (APT) scenario to illustrate the envi-

sioned stages of such an attack on the distributed energy infrastructure. It demonstrates

the technical feasibility and quantifies their potential impacts on energy system stability

and economic operations, offering insights for defensive strategy development.

Collectively, this analysis leads to a significant set of discoveries. This research uncovers a

profound gap in the governance and technical monitoring of prosumer systems. It demonstrates

that they -prosumers- represent a cumulative, systemic risk to grid stability, largely due to a

lack of cohesive governance and defined liability for security incidents originating outside the

traditional utility perimeter.
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Building upon these findings, the thesis delivers two central contributions that directly

address both the theoretical understanding and the practical mitigation of these risks:

• First, it establishes a detailed threat model and a reference Advanced Persistent Threat

scenario. This provides a foundational resource for the research community, enabling the

development of novel security solutions targeted at emergent and as-yet-undiscovered

threat vectors.

• Second, it delivers a novel monitoring framework, designed to advance the state-of-the-

art in prosumer security monitoring. The framework’s efficacy was then demonstrated and

validated in a high-profile industrial context through the European Project CyberSEAS.

Founded on digital twin monitoring and principles of data sovereignty, this framework

provides a tangible solution for detecting advanced threats. Crucially, it guarantees

the continuity of energy services while upholding consumer privacy, thus bridging the

critical gap between theoretical research and the operational realities of modern EPES

protection.

The research, development, and validation of these contributions are detailed in the sub-

sequent chapters:

Chapter 1 examines smart grid vulnerabilities, providing an overview of industry standards

considered throughout the research. It establishes a methodological foundation for understand-

ing the current threat landscape, focusing on attacks originating from prosumer environments

that could compromise infrastructure and target the broader energy grid. This study is sup-

ported by methodological approaches and empirical evidence demonstrating the feasibility and

impact of such attack vectors.

Chapter 2 investigates the governance landscape, evaluating European and international

legislative frameworks for energy system security. It offers a global perspective on regulatory

gaps, providing actionable recommendations for policymakers. Through a comparative study of

regulatory approaches across major stakeholders, this chapter identifies areas needing enhanced

governance to address evolving security challenges in distributed energy systems.

Chapter 3 explores the reference architecture of prosumer systems, identifying vulnera-

bilities and risks within these distributed setups. It introduces a reference Advanced Persis-

tent Threat scenario to illustrate potential attack pathways and methodologies. The chapter

quantifies the potential economic and operational impacts of such attacks, including service

disruptions and their cascading effects on system stability.

Chapter 4 presents the primary technical contribution of the thesis: a Reference Archi-

tecture for a Prosumer-Oriented Cybersecurity Monitoring Framework. This architecture is



4 Introduction

specifically designed to address Advanced Persistent Threats that manipulate distributed en-

ergy resources and IoT devices. The chapter details the framework’s three-layer structure

(field, DT, application) and introduces its four core logical software artifacts: the Digital

Twin Builder, which creates a high-fidelity, semantically-rich (CIM/NGSI-LD) digital represen-

tation for security analysis; the Business Process Analyzer, which uses statistical baselining

and coordination tests to detect anomalies in prosumer behavior; the Data Space Connector

Builder (DSCB), which enables secure, sovereignty-preserving, cross-border data sharing; and

the Simulation Control Unit (SCU), which orchestrates ”what-if” scenarios to validate attack

impacts and defense responses. This chapter provides the functional specifications, interfaces,

and formalisms for each artifact.

Chapter 5 details the practical validation and evaluation of the prosumer-oriented cy-

bersecurity monitoring framework through an in-depth case study of the Berchidda urban

distribution network in Sardinia, Italy. This chapter validates the framework’s core artifacts

by: (i) detailing the construction of the network’s security-centric Digital Twin, including the

CIM to NGSI-LD pipeline; (ii) evaluating the Business Process Analyzer’s performance using

real-world data, testing both mathematical and privacy-preserving federated learning models

for prosumer behavior baselining; and (iii) demonstrating the feasibility of the Data Space

Connector Builder for enabling secure, policy-governed data sharing. The chapter presents

quantitative results on the trade-offs in single-prosumer anomaly detection and the effective-

ness of grid-level coordination checks, concluding with an economic analysis of the financial

impact of undetected prosumer-based attacks.

Conclusion Chapter synthesizes key findings, contributions, and limitations, outlining

implications for future research and practical implementation in energy system cybersecurity.

It discusses the broader impact of the research on academic knowledge and industry practice,

offering recommendations for stakeholders in the energy and cybersecurity domains.



Chapter 1

Electrical and Power Energy Systems:

Threats and Gaps

The transformation of traditional Electrical and Power Energy Systems toward highly inter-

connected and digitally enhanced infrastructures has fundamentally altered their cybersecurity

landscape, creating an exponentially broader attack surface [5, 6]. This paradigmatic shift

emerges from the convergence of advanced digital communication protocols, the ubiquitous

deployment of Internet of Things (IoT) technologies, and the unprecedented emergence of

prosumers as bidirectional energy market participants [7]. Although these technological in-

novations deliver substantial improvements in operational efficiency, grid reliability, and en-

vironmental sustainability, they simultaneously introduce complex vulnerability vectors that

adversaries may exploit to orchestrate cascading infrastructure failures [8]. This chapter sys-

tematically evaluates smart grid critical assets, identifies the threats associated with each

infrastructure component, and outlines persistent security deficiencies that are not addressed

by modern protection frameworks and standards. Through this assessment, the objective is to

establish research priorities and industrial focus areas essential for strengthening the cyberse-

curity posture of these critical energy systems.

1.1 The Smart Grid System: Vulnerabilities and Entry Points

The smart grid represents a fundamental paradigm shift from conventional electrical distribu-

tion networks through the systematic integration of sophisticated communication and infor-

mation technologies, thereby establishing an intelligent and adaptive energy infrastructure [9].

This technological evolution delivers substantial enhancements in operational efficiency and

system reliability; however, it concurrently expands the cybersecurity attack surface across

multiple architectural layers, introducing novel vulnerability vectors previously absent in legacy

systems [10].
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The smart grid architecture encompasses several critical components including the Ad-

vanced Metering Infrastructure (AMI), Supervisory Control and Data Acquisition (SCADA)

systems, Distributed Energy Resources (DERs), communication networks, and end-user de-

vices. Each constituent element presents distinct cybersecurity challenges, collectively forming

a highly complex cyber-physical system that poses significant difficulties for overall security

implementation. The subsequent analysis examines each component individually, identifying

associated risk factors and synthesizing recent Common Vulnerabilities and Exposures (CVEs)

with their corresponding Common Vulnerability Scoring System (CVSS) assessments.

1.1.1 Advanced Metering Infrastructure

The Advanced Metering Infrastructure facilitates bidirectional communication channels be-

tween utility providers and end consumers, enabling real-time energy consumption monitor-

ing, remote device management capabilities, and implementation of dynamic pricing mech-

anisms [11]. Although these technological advances substantially improve grid operational

efficiency, they simultaneously introduce significant cybersecurity vulnerabilities, particularly

manifesting at the smart meter deployment level. Smart meters acquire and transmit en-

ergy consumption data, leaving them vulnerable to both unauthorized physical tampering and

remote exploitation attempts. Such compromised systems may result in billing data manip-

ulation, energy theft activities, or deliberate service disruption scenarios. Adversaries can

exploit inherent weaknesses within communication protocols governing meter-to-utility back-

end transmission channels, particularly in DLMS/COSEM implementations [12], potentially

facilitating unauthorized access to sensitive consumer information or orchestrating distributed

denial-of-service attacks against critical infrastructure components.

Table 1.1: Critical Smart Meter Vulnerabilities in Advanced Metering Infrastructure

CVE Identifier CVSS Severity Vulnerability Type Affected Component

CVE-2021-22714 9.8 Critical Integer Overflow Schneider ION Smart Meters

CVE-2021-22713 7.5 High Memory Buffer Overflow PowerLogic ION Meters

CVE-2016-5809 8.8 High Access Control Bypass ION Series Power Meters

CVE-2016-5815 9.8 High Cross-Site Request Forgery IONXXXX Smart Meters

The documented vulnerabilities presented in Table 1.1 illustrate the severity of security

exposures within smart meter implementations deployed in Advanced Metering Infrastructure,

with all identified issues receiving high-to-critical CVSS scores exceeding 7.5. These vulner-

abilities demonstrate that attackers can send specially crafted TCP packets to smart meter

devices to either cause device reboots or remotely execute code, depending on the architecture

https://nvd.nist.gov/vuln/detail/CVE-2021-22714
https://nvd.nist.gov/vuln/detail/CVE-2021-22713
https://nvd.nist.gov/vuln/detail/CVE-2016-5809
https://nvd.nist.gov/vuln/detail/CVE-2016-5815
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of the targeted device , thereby highlighting the substantial threat confronting modern AMI

deployments.

1.1.2 Supervisory Control and Data Acquisition

Supervisory Control and Data Acquisition systems constitute the operational backbone of

electrical grid infrastructure, providing comprehensive monitoring and control capabilities for

critical assets including substations, transformers, and circuit breakers [13]. The architecture

of contemporary SCADA deployments frequently incorporates legacy components that were

originally engineered without consideration for modern cybersecurity paradigms. These legacy

systems typically operate on obsolete software platforms, lack comprehensive patch manage-

ment frameworks, and utilize inherently insecure communication protocols that were designed

prioritizing functionality over security [14]. Consequently, SCADA infrastructure presents sub-

stantial vulnerability surfaces that adversaries may exploit through attacks targeting unpatched

software components or leveraging weaknesses in legacy communication protocols. Such ex-

ploitation vectors can result in unauthorized access to critical control systems, potentially

enabling remote manipulation of grid elements by malicious actors , thereby precipitating

operational disruptions, cascading grid failures, or complete compromise of supervisory con-

trol functions. The cybersecurity threat landscape affecting SCADA systems demonstrates

persistent high-severity vulnerabilities that pose existential risks to grid control integrity and

operational continuity.

Table 1.2: Critical SCADA System Vulnerabilities in Smart Grid Infrastructure

CVE Identifier CVSS Severity Vulnerability Type Affected System

CVE-2023-51438 9.8 Critical Unauthorized Access Siemens SIMATIC SCADA

CVE-2024-21764 9.8 Critical Hard-coded Credentials Rapid SCADA System

CVE-2024-33698 Not Yet Provided Critical Buffer Overflow Siemens UMC Components

CVE-2024-35783 Not Yet Provided Critical Privilege Escalation Siemens SIMATIC PCS 7

CVE-2024-21852 8.8 High Remote Code Execution Rapid SCADA Platform

The vulnerability assessment presented in Table 1.2 demonstrates the critical security ex-

posure within SCADA systems deployed across smart grid infrastructure. These vulnerabilities

exhibit low attack complexity and remote exploitability characteristics, with two highlited vul-

nerabilities reaching the score of 9.8 , underscoring the severe threat landscape confronting su-

pervisory control systems. The prevalence of critical-severity exposures across multiple vendor

platforms illustrates the systemic cybersecurity challenges inherent in legacy SCADA deploy-

ments and emphasizes the urgent need for comprehensive security modernization initiatives

https://nvd.nist.gov/vuln/detail/CVE-2023-51438
https://nvd.nist.gov/vuln/detail/CVE-2024-21764
https://nvd.nist.gov/vuln/detail/CVE-2024-33698
https://nvd.nist.gov/vuln/detail/CVE-2024-35783
https://nvd.nist.gov/vuln/detail/CVE-2024-21852
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within electrical grid control infrastructure.

1.1.3 Distributed Energy Resources

The integration of Distributed Energy Resources, encompassing photovoltaic systems, wind

turbines, and other renewable energy generation technologies, represents a fundamental ar-

chitectural shift within contemporary smart grid infrastructure [15]. DERs are predominantly

managed through prosumer paradigms, wherein end-users function simultaneously as energy

producers and consumers, thereby establishing numerous decentralized network entry points

that expand the overall attack surface of electrical grid systems.

The critical vulnerability of DER infrastructure to coordinated cyberattacks presents un-

precedented risks to grid stability and national security. The U.S. Department of Energy’s

Office of Cybersecurity, Energy Security, and Energy Response (CESER) emphasized in 2022

that while individual renewable energy resources pose minimal threat, collectively their impact

is substantially larger, with sufficiently large DER cyberattacks potentially capable of trigger-

ing grid protection mechanisms that could cause localized blackouts [16]. The vulnerability of

European grid infrastructure becomes particularly evident when considering that the European

Network of Transmission System Operators for Electricity (ENTSO-E) defines 3GW as the

”reference incident point”—representing the maximum expected instantaneous power devia-

tion for which the system is designed to respond [17]. Given that European solar capacity

reached 336.07 GW by the end of 2023 [18], and considering that the vendors affected by

newly discovered vulnerabilities possess cumulative installed generating capacities of approxi-

mately 740GW (Sungrow), 300GW (Growatt), and 132GW (SMA) [19], coordinated attacks

against these distributed systems could achieve continental grid destabilization.

The operational management of DER assets frequently relies upon Internet of Things de-

vices and cloud-based platforms for real-time monitoring, control, and optimization functions,

which often lack comprehensive security implementations commensurate with their critical in-

frastructure role. These distributed systems present attractive targets for adversaries seeking

to manipulate energy production profiles, disrupt power flow dynamics, or establish persistent

access to interconnected grid devices. The proliferation of DER deployments correlates di-

rectly with an exponential increase in potential attack vectors, particularly when constituent

devices implement insufficient authentication mechanisms and inadequate encryption proto-

cols [20, 21].

The vulnerability assessment documented in Table 1.3 illustrates the substantial cyber-

security exposure inherent within DER ecosystem deployments. Following Forescout latest

research [19], analysis of over 93 documented vulnerabilities reveals that 32% possess CVSS

scores of 9.8 or 10.0, typically indicating that attackers can achieve complete control of affected

systems. The most severely affected components include solar monitoring systems (38% of
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Table 1.3: Critical Vulnerabilities in Distributed Energy Resource Systems

CVE Identifier CVSS Severity Vulnerability Type Affected DER Component

CVE-2023-28343 9.8 Critical Command Injection APsystems Altenergy Platform

CVE-2024-11305 Not Yet Provided Critical Remote Code Execution APsystems Cloud Backend

CVE-2019-19229 6.5 Medium Path Traversal Fronius Solar Inverters

CVE-2019-19228 9.8 Critical Authentication Bypass Fronius Monitoring Systems

SEDG-2024-1 5.9 Medium TLS Certificate Bypass SolarEdge MySolarEdge App

vulnerabilities) and cloud backends (25% of vulnerabilities), with relatively fewer vulnerabilities

(15%) directly affecting solar inverters themselves.

1.1.4 End-User Interfaces and Legacy Systems

End-user interfaces, encompassing home energy management systems, smart appliances, and

consumer IoT devices, constitute a critical vulnerability domain within smart grid infrastructure,

representing the intersection between residential energy systems and broader grid networks.

The proliferation of inadequate security practices among consumers, including the persistent

use of default authentication credentials and the inability to implement timely software updates,

makes these devices attractive and accessible targets for adversarial exploitation [22]. Once

compromised, these distributed endpoint devices function as strategic entry points into broader

grid infrastructure, enabling sophisticated attack escalation pathways that can propagate to

critical operational systems.

The cybersecurity threat landscape has intensified dramatically, with the National Vulner-

ability Database recording 40,003 CVEs in 2024, representing a 39% increase from 2023’s

28,817 CVEs [23] . These increasing number of vulnerabilities demonstrate the systemic expo-

sure of devices, potentially increasing also the exposure of consumer-facing grid technologies.

Research indicates that an estimated 80% of IoT devices deployed in smart home environments

are vulnerable to wide-ranging cyberattacks , creating extensive attack surfaces that adver-

saries can exploit to establish persistent access to residential energy management systems and

subsequently pivot to utility infrastructure.

The coexistence of contemporary smart grid technologies with legacy operational systems

introduces additional architectural complexities that exacerbate cybersecurity vulnerabilities.

Legacy systems, predominantly engineered during pre-digital security paradigms, frequently

lack support for modern cryptographic protocols and authentication frameworks, creating per-

sistent security gaps that prove both technically challenging and economically prohibitive to

address [24]. Critical vulnerabilities in infrastructure management systems, such as CVE-

https://nvd.nist.gov/vuln/detail/CVE-2023-28343
https://nvd.nist.gov/vuln/detail/CVE-2024-11305
https://nvd.nist.gov/vuln/detail/CVE-2019-19229
https://nvd.nist.gov/vuln/detail/CVE-2019-19228
https://www.solaredge.com/coordinated-vulnerability-disclosure-policy/advisories/sedg-2024-1
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2024-47575 affecting FortiManager with a CVSS score of 9.8, have demonstrated that missing

authentication in critical functions can enable threat actors to execute arbitrary code and steal

sensitive configuration data. The substantial financial investment required for comprehensive

legacy system modernization often results in organizations maintaining vulnerable infrastruc-

ture indefinitely, thereby preserving exploitable attack vectors that sophisticated adversaries

can leverage for sustained network persistence.

Table 1.4: Critical Vulnerabilities in End-User Interfaces and Legacy Systems

CVE Identifier CVSS Severity Vulnerability Type Affected System

CVE-2024-47575 9.8 Critical Missing Authentication Fortinet FortiManager

CVE-2023-22527 9.8 Critical Remote Code Execution Atlassian Confluence

CVE-2024-21887 9.1 Critical Command Injection Ivanti Connect Secure

CVE-2023-46805 8.2 High Authentication Bypass Ivanti Policy Secure

CVE-2024-21351 7.6 High Security Feature Bypass Windows SmartScreen

The vulnerability assessment presented in Table 1.4 demonstrates the severe cybersecurity

exposure affecting end-user interfaces and legacy infrastructure systems integrated within smart

grid environments. The prevalence of critical-severity exposures across diverse technology

platforms underscores the urgent need for comprehensive security frameworks addressing both

consumer device management and legacy system modernization within smart grid deployments.

1.2 EPES Standards Analysis

The susceptibility of EPES to sophisticated cyber threats poses a significant risk not only to

the operational integrity of these systems but also to the broader infrastructure that depends

on a consistent and secure power supply. Various international and national organizations

have developed standards for EPES security, including those from ISO, ISA, IEC, and IEEE.

Figure 1.1 visually represents the alignment of the Actor identified in NISTIR7628 [25] with

the relevant industry standard. It is evident that there is not a specific standard that covers

the prosumer integration along with the customer appliances’ interaction with the main grid.

In this section, we provide a comprehensive assessment of security-related standards associated

with smart grid infrastructure. Our analysis delves into analysing the most relevant to smart

grid and evaluating their effectiveness in addressing both current and evolving cybersecurity

challenges highlighting issues and limitations.

https://nvd.nist.gov/vuln/detail/CVE-2024-47575
https://nvd.nist.gov/vuln/detail/CVE-2023-22527
https://nvd.nist.gov/vuln/detail/CVE-2024-21887
https://nvd.nist.gov/vuln/detail/CVE-2023-46805
https://nvd.nist.gov/vuln/detail/CVE-2024-21351
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7628

1.2.1 Information Security Management System Standards

The International Organization for Standardization and the International Electrotechnical

Commission have developed a comprehensive suite of standards to address information se-

curity management across various sectors. The foundational standards ISO/IEC 270011 and

ISO/IEC 270022 establish the fundamental framework for information security management,

while sector-specific extensions such as ISO/IEC 27019 provide tailored guidance for special-

ized industries.

ISO/IEC 27001 constitutes the principal standard for establishing, implementing, maintaining,

and continually improving an Information Security Management System (ISMS). This standard

adopts a risk-based approach to information security management, emphasizing the system-

atic identification, assessment, and treatment of information security risks. The standard is

structured around the Plan-Do-Check-Act (PDCA) cycle, ensuring continuous improvement

and adaptation to evolving threat landscapes [26]. ISO/IEC 27001 mandates organizations

1https://www.iso.org/standard/27001
2https://www.iso.org/standard/75652.html
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to establish a comprehensive risk management framework that addresses the confidentiality,

integrity, and availability of information assets through the implementation of appropriate se-

curity controls.

ISO/IEC 27002, conversely, serves as a complementary code of practice that provides detailed

implementation guidance for information security controls. While ISO/IEC 27001 establishes

the management system framework and requirements, ISO/IEC 27002 offers practical guidance

on the selection, implementation, and management of security controls based on the organi-

zation’s risk assessment outcomes. The standard encompasses 14 security control domains,

covering areas such as access control, cryptography, physical and environmental security, and

incident management. This complementary relationship ensures that organizations possess

both the systematic management framework provided by ISO/IEC 27001 and the practical

implementation guidance offered by ISO/IEC 27002.

The fundamental distinction between Information Technology and Operational Technology

security paradigms becomes particularly relevant when examining sector-specific implementa-

tions. Traditional IT security, as addressed by ISO/IEC 27001 and 27002, prioritizes confiden-

tiality and integrity of information assets. In contrast, OT environments, particularly those

found in critical infrastructure sectors, prioritize availability and safety of operational systems,

where disruption can result in physical consequences and threats to public safety.

1.2.1.1 ISO/IEC 27019: Energy Sector-Specific Information Security Management

ISO/IEC 27019 represents a sector-specific adaptation of ISO/IEC 27002, developed explic-

itly to address the unique security requirements and operational characteristics of the energy

utility industry. This standard acknowledges that energy sector organizations operate in com-

plex environments where traditional IT systems interface with critical operational technology

infrastructure, creating distinct security challenges that require specialized approaches.

The fundamental differentiation of ISO/IEC 27019 from its parent standards lies in its recog-

nition of the energy sector’s unique operational context. Energy utilities manage complex

interconnected systems that combine legacy control systems with modern digital infrastruc-

ture, creating hybrid environments that require specialized security considerations. The stan-

dard addresses the critical nature of energy infrastructure, where security incidents can have

cascading effects on public safety, economic stability, and national security.

Customer Interface Security Management A critical aspect of ISO/IEC 27019 concerns

the management of customer-related security interfaces, as articulated in control 6.1.7 ENR

(Energy sector requirement for addressing security when dealing with customers). This control

extends beyond the general customer access management principles found in ISO/IEC 27002

by recognizing the complex multi-stakeholder environment characteristic of energy utilities.
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The energy sector presents unique challenges in customer relationship management due to

the intricate web of relationships between asset owners, system operators, service providers,

and end customers. These relationships often involve:

• Internal service providers responsible for transmission or distribution infrastructure oper-

ation and maintenance across organizationally separate units

• External service providers managing power generation facilities or distributed energy

resources

• Third-party operators of process control infrastructure

• Internal and external customers directly connected to energy supply and process control

systems

The standard mandates comprehensive security requirement identification and implemen-

tation before granting customer access to organizational information or assets. This approach

necessitates careful consideration of the demarcated responsibilities inherent in energy sector

business relationships, where operational boundaries may not align with security perimeters.

The implementation guidance emphasizes the need for rigorous security assessment when

equipment is deployed on customer premises or when process control systems are intercon-

nected across organizational boundaries.

Equipment Security on Customer Premises 11.3.2 ENR – Equipment sited on customer’s

premises - addresses the critical security challenge of protecting energy utility equipment in-

stalled within customer premises. This scenario is ubiquitous in the energy sector, where

utilities deploy measurement, control, and service delivery equipment across diverse customer

environments. The control mandates comprehensive protection of organizational equipment

against environmental threats and unauthorized access while operating in customer-controlled

environments.

The implementation of this control requires energy utilities to establish robust security frame-

works that account for the reduced physical control over equipment deployed in customer

locations. This includes:

• Environmental threat assessment and mitigation strategies for equipment operating in

diverse and potentially hostile environments

• Tamper resistance and detection mechanisms to protect against unauthorized physical

access

• Secure communication protocols to maintain data integrity and confidentiality across

potentially compromised network environments
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• Remote monitoring and management capabilities to maintain operational visibility and

control

Supply Chain Security Implications The customer-focused controls in ISO/IEC 27019 inher-

ently address critical supply chain security concerns. The complex relationships between energy

utilities and their customers, service providers, and equipment suppliers create extended at-

tack surfaces that require comprehensive security management. The standard recognizes that

energy sector supply chains are characterized by long-term relationships, critical dependency

on specialized equipment, and the integration of multiple vendor technologies within critical

infrastructure.

The implementation of customer-related security controls necessitates a comprehensive ap-

proach to supply chain risk management, encompassing vendor security assessments, contrac-

tual security requirements, ongoing monitoring of third-party security postures, and incident

response coordination across organizational boundaries. This approach is essential given the

potential for supply chain compromises to propagate across interconnected energy infrastruc-

ture, potentially affecting multiple utilities and compromising grid stability.

The differentiation provided by ISO/IEC 27019 in addressing customer interface security and

supply chain management reflects the unique position of energy utilities as critical infras-

tructure providers operating in highly interconnected and interdependent environments. The

standard’s emphasis on these areas acknowledges that traditional information security ap-

proaches, while necessary, are insufficient to address the full spectrum of security challenges

faced by energy sector organizations.

1.2.2 Security Industrial Communication Networks Standards

ISA/IEC 62443 The ISA/IEC 62443 standard , developed jointly by the International Society

of Automation (ISA) and the International Electrotechnical Commission (IEC), is specifically

tailored for securing Industrial Automation and Control Systems (IACS). This series of stan-

dards and technical reports provides a structured and detailed framework for ensuring the

cybersecurity of industrial control systems, which are fundamental in various sectors including

manufacturing, energy, and utilities. This standard is structured into several sections as shown

in Figure 1.2. Each section addresses different aspects of implementing secure industrial com-

munication networks. This includes defining terminology, establishing security programs, and

managing patches. It also specifies system security requirements and technical security needs,

while offering an overview of the product development lifecycle requirements. In our discus-

sion, we will describe IEC 61443-3-2, which pertains to system security design, and explore

potential ways to enhance the standard. This standard aims to identify the system requiring

analysis by offering a standardized approach to describe its architecture, diagrams, and other
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Figure 1.2: IEC 62443-3-2 Standard Process Visualization: From Asset Identification to Cybersecurity
Requirements Specification

relevant features. This facilitates conducting a thorough risk assessment and identifying zones

and conduits. Additionally, it provides tools for evaluating the threat model. This helps in

determining constraints and specifying cybersecurity requirements. The process outlined in

the standards includes the initial phase of defining the System Under Control (SUC). This

involves integrating the various control systems owned by the facility and identifying the zones

and conduits. A security zone is defined as a grouping of systems and components, catego-

rized based on their functional, logical, and physical attributes, which share common security

requirements. A conduit is either a logical or physical grouping of communication channels

that connect two or more zones, also sharing common security requirements.

1.2.3 Smart Grid Verticals

The shift from the traditional power grid paradigm to the emerging concept of smart grids has

presented diverse opportunities for enhancing energy production efficiency and control through

monitoring. Nevertheless, this transition has also exposed the entire energy supply chain to

novel threats [18]. Interconnected devices, bidirectional information and energy flow, and the

integration of legacy SCADA systems with modern IoT devices have opened new avenues

for hackers to exploit vulnerabilities and potentially disrupt the power grid [19]. The IEC

62351 standards, purposefully designed for bolstering cybersecurity in smart grids, not only

acknowledge these issues but also acknowledge the emerging challenges in safeguarding the

evolving power grid. A primary challenge is the rising threat of cyberattacks on critical power

infrastructure from various sources. The standards aim to establish robust security measures

to protect power systems from evolving threats. Moreover, Digitalization has introduced

vulnerabilities in power systems that require attention, particularly regarding unauthorized

access and tampering risks. The standards offer guidance on vulnerability identification and
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mitigation. Another crucial aspect pertains to recognizing the inherent complexity of achieving

interoperability among a wide array of devices and technologies within power systems. The

standards offer guidelines for establishing secure communication and data exchange protocols,

with a simultaneous focus on addressing security issues prevalent in widely used message

protocols within the EPES domain. Of particular significance to our research is the IEC

62351-12 standard, which specifically targets the domain of Distributed Energy Resources

from an industry perspective. By examining the synergies and potential points of contact

between this industrial viewpoint and prosumer facilities, we aim to present a comprehensive

prosumer threat model in the following sections. This model serves as a foundational basis for

developing high-level security guidelines aimed at enhancing the resilience of the entire energy

supply chain.

1.2.4 NIST IR 8498: Cybersecurity for Smart Inverters

The NIST Interagency Report 8498 establishes a framework of cybersecurity guidelines tailored

for smart inverters within residential and light commercial solar energy systems [27]. The doc-

ument serves as a crucial resource for various stakeholders, including system owners, installers,

maintainers, and manufacturers, by delineating a set of best practices to mitigate cyber risks.

The core of the report is centered on seven key recommendations that collectively aim to

secure these devices from unauthorized access and potential compromise. These guidelines in-

clude the imperative to change default credentials upon installation to prevent attackers from

using known, easily guessable passwords. The implementation of role-based access control

(RBAC) is also highlighted, ensuring that different user types (e.g., homeowners vs. installers)

are granted only the minimum necessary privileges. To aid in incident response, the report

recommends configuring the recording of events in a log for security-relevant activities. Proac-

tive security is addressed through the need to update software regularly via a secure method,

patching vulnerabilities as they are discovered. The importance of data integrity and busi-

ness continuity is underscored by the call to back up system information to allow for quick

restoration after a cyber event. Furthermore, the report advises disabling unused features to

reduce the attack surface and to protect communications connections to prevent interception

or manipulation of data transmitted to and from the inverter.

A particularly unique and critical aspect of the report is its formal acknowledgment of

the existing limitations within the industry. The document discloses that during a practical

assessment, only two out of five commercially available smart inverters were able to fully

implement all seven of the proposed guidelines. This finding underscores a significant gap

between the recommended cybersecurity best practices and the current capabilities of many

products on the market. In doing so, the report not only provides a security roadmap but also

serves as a formal acknowledgment of the practical challenges facing the widespread adoption
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of these measures. This is of paramount importance because the supply chain compromise

of these devices could have a cascading and destabilizing impact on the electrical grid, a

critical infrastructure that increasingly relies on the coordinated operation of distributed energy

resources. This systemic risk will be a primary focus of the analysis in the chapters that follow.

1.3 Edge Weaponisation: Leveraging Prosumer Infrastructure as At-

tack Vectors Against Grid Stability

The proliferation of distributed energy resources and the increasing digitization of energy sys-

tems, as examined in Sections 1.1.3 and 1.1.4, have fundamentally transformed the attack

surface of modern electrical grids. This transformation has introduced a paradigmatic shift

from centralized, physically secured infrastructure to a distributed architecture that extends be-

yond traditional security perimeters into prosumer environments. The integration of prosumer

devices—encompassing residential solar installations, energy storage systems, smart inverters,

and demand response technologies—has created numerous entry points that exist outside the

rigorous security frameworks typically implemented within utility operational environments.

The security implications of this architectural evolution are profound. Prosumer infrastruc-

ture represents the most vulnerable segment of the modern energy ecosystem, characterized

by minimal security oversight, heterogeneous device implementations, and limited cybersecu-

rity awareness among end users. Unlike industrial control systems that operate within secured

facilities under comprehensive monitoring and access control regimes, prosumer devices are de-

ployed in uncontrolled environments with minimal physical security and often default or weak

authentication mechanisms. This disparity in security posture creates an asymmetric threat

landscape where adversaries can exploit the least protected elements of the grid to achieve

disproportionate impact on overall system stability.

The weaponisation potential of prosumer infrastructure emerges from the aggregated ca-

pacity of distributed devices to influence grid operations. Individual prosumer installations,

while representing minimal threat in isolation, can collectively constitute significant load or

generation resources capable of affecting grid frequency, voltage stability, and power flow pat-

terns when compromised and coordinated. This phenomenon transforms distributed energy

resources from passive grid endpoints into potential attack vectors that can be leveraged to

destabilize critical infrastructure through coordinated manipulation of their operational param-

eters.

The theoretical foundation for such attacks has been established through various research con-

tributions that demonstrate the feasibility of large-scale grid disruption through coordinated

manipulation of distributed resources. These attack scenarios exploit the inherent trust re-

lationships between prosumer devices and grid operators, the limited real-time visibility into
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distributed device behavior, and the potential for cascading effects when multiple devices are

simultaneously compromised. The technical feasibility of such attacks is further enhanced by

the increasing standardization of communication protocols and device interfaces, which creates

common vulnerabilities that can be exploited across large populations of similar devices.

This section provides a comprehensive analysis of theoretically demonstrated attack method-

ologies that leverage prosumer infrastructure to compromise grid stability and reliability. The

examination encompasses various attack vectors that have been proposed in academic liter-

ature, ranging from direct device manipulation to sophisticated coordinated campaigns that

exploit the distributed nature of modern energy systems. The analysis presented herein un-

derscores the urgent necessity for comprehensive security frameworks that extend traditional

utility security models to encompass the distributed prosumer ecosystem, thereby address-

ing the fundamental security gap that exists at the intersection of critical infrastructure and

consumer technology domains.

1.3.1 Manipulation of Demand Attacks

The fundamental attack vector that emerges from the weaponisation of prosumer infrastruc-

ture centers on the strategic manipulation of electrical demand patterns to destabilise grid

operations. Demand manipulation attacks represent the primary threat category wherein ad-

versaries exploit the inherent requirement for continuous supply-demand balance in electrical

systems to achieve various malicious objectives. This attack paradigm leverages the unprece-

dented access to distributed load and generation resources within prosumer environments to

orchestrate systematic disruptions that extend far beyond the capabilities of traditional cyber-

physical attacks against centralized infrastructure.

The theoretical foundation of demand manipulation attacks rests on the principle that mod-

ern electrical grids operate under increasingly stringent stability margins due to the integration

of variable renewable energy sources and the decommissioning of traditional synchronous gen-

eration. This operational context creates heightened sensitivity to demand-side disturbances,

where relatively small coordinated changes in consumption or prosumer generation can precip-

itate disproportionate system-wide effects.

The attack methodology framework can be systematically classified into two primary di-

mensions: attack execution methodologies that define the technical approaches for achiev-

ing demand manipulation, and attack objectives that represent the specific grid stability or

economic targets adversaries seek to compromise. This taxonomic distinction is critical for

understanding how various technical execution vectors can be employed to achieve multiple

strategic objectives, and conversely, how specific objectives may be achieved through diverse

methodological approaches.
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1.3.1.1 Attack Execution Methodologies

The technical implementation of demand manipulation attacks employs several distinct method-

ological approaches (CLM and DGM), ash shown in Figure 1.3, each exploiting different aspects

of prosumer device functionality and grid interface characteristics.

Prosumer Infrastruc-
ture Compromise

for Grid Frequency
Destabilization

Impacts

Cascading
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Figure 1.3: Taxonomy of cyberattack vectors targeting prosumer infrastructure for grid frequency
destabilization. The hierarchical structure presents two primary attack pathways—Coordinated Load
Manipulation (CLM) and Distributed Generation Manipulation (DGM)—with their associated MITRE
ATT&CK techniques and resulting impacts on power system stability, including Under-Frequency
Load Shedding (UFLS) activation and cascading blackouts.
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Coordinated Load Manipulation (CLM) Coordinated Load Manipulation represents the pri-

mary execution methodology for achieving demand-side attacks through the orchestrated

modification of electrical consumption patterns across multiple prosumer installations. This

methodology exploits the aggregated effect of numerous compromised endpoints to achieve

system-level impacts that would be impossible through individual device manipulation. The

execution framework employs MITRE ATT&CK techniques including Endpoint Denial of Ser-

vice (T1499) through coordinated high-consumption appliance activation, Data Manipulation

(T1565) for altering power consumption schedules and inverter parameters, and Service Stop

(T1489) to disable energy efficiency systems during critical operational periods.

The attack methodology follows a systematic multi-stage process that can be classified

using the MITRE ATT&CK framework for Industrial Control Systems (ICS). Initial access em-

ploys techniques such as Exploit Public-Facing Application (T1190) to compromise exposed

IoT devices and energy management systems, Valid Accounts (T1078) through credential

stuffing attacks against prosumer platforms, and External Remote Services (T1133) by ex-

ploiting remote maintenance interfaces. The reconnaissance phase utilises Network Service

Scanning (T1046) to identify vulnerable prosumer installations, Remote System Discovery

(T1018) for mapping residential energy management system topologies, and Data from Infor-

mation Repositories (T1213) through Advanced Metering Infrastructure data exfiltration to

analyse consumption patterns.

Persistence and lateral movement implementation leverages Valid Accounts (T1078) for

maintaining access to compromised systems, Remote Services (T1021) for lateral propagation

across home automation networks, and Lateral Tool Transfer (T1570) to distribute malicious

payloads across IoT device ecosystems. Command and control establishment employs Ap-

plication Layer Protocol (T1071) through DNS tunneling and encrypted communications via

legitimate cloud services, Encrypted Channel (T1573) for secure adversary communications,

and Proxy (T1090) techniques using compromised prosumer devices as intermediary nodes.

Distributed Generation Manipulation This methodology focuses on the coordinated control

of prosumer-owned generation resources, including solar photovoltaic systems, battery energy

storage systems, and small-scale wind installations. The approach employs Data Manipulation

(T1565) to alter Maximum Power Point Tracking (MPPT) algorithms and inverter control pa-

rameters, System Shutdown/Reboot (T1529) for coordinated generation disconnection, and

Inhibit System Recovery (T1562.001) to prevent automatic restoration of generation capacity.

This methodology enables adversaries to create artificial supply-side constraints that comple-

ment demand-side manipulation efforts.
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1.3.1.2 Attack Objectives and Impact Scenarios

The strategic objectives of demand manipulation attacks encompass various aspects of grid

stability, operational efficiency, and economic functionality. Each objective can be achieved

through the application of one or more execution methodologies, creating a flexible attack

framework that can be adapted to specific target characteristics and adversary capabilities.

Frequency Stability Disruption This attack objective exploits the fundamental relationship

between load-generation imbalance and grid frequency stability through orchestrated rapid

switching of large electrical loads to create artificial frequency deviations. The objective lever-

ages the reduced system inertia characteristic of modern power systems with high renewable

penetration, making them more susceptible to frequency deviations caused by sudden load

changes.

Technical implementation utilises CLM methodologies to execute Endpoint Denial of Ser-

vice (T1499) through rapid load cycling, Data Manipulation (T1565) to alter load control

algorithms and switching schedules, and Loss of Control (T1427) by overwhelming automatic

generation control systems.

Impact Assessment: Successful frequency stability attacks can trigger automatic under-

frequency load shedding (UFLS) schemes, leading to cascading blackouts across interconnected

grid regions. The primary impacts include activation of protective relay systems resulting in

widespread service interruptions, forced deployment of expensive emergency generation re-

sources, violation of grid code frequency stability requirements necessitating regulatory in-

tervention, and potential damage to industrial processes sensitive to frequency variations.

Long-term consequences encompass reduced grid reliability metrics, increased operational re-

serve requirements, and elevated system operating costs that ultimately translate to higher

consumer energy prices.

Voltage Stability Compromise Voltage stability attacks target the reactive power balance

within distribution networks through coordinated manipulation of prosumer-connected equip-

ment, exploiting the voltage-reactive power relationship in electrical networks to create voltage

instability that can propagate through interconnected transmission systems. This objective em-

ploys both CLM and distributed generation manipulation methodologies to execute Data Ma-

nipulation (T1565) for altering reactive power control algorithms in inverter-based resources,

Modify Control Logic (T1562.007) to change power factor correction settings, and Dam-

age to Property (T1652) through deliberate voltage instability creation. The attack involves

coordinated manipulation of reactive power injection and absorption through inverter-based re-

sources, creating artificial reactive power imbalances that may result in voltage collapse events
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in vulnerable network areas.

Impact Assessment: Voltage stability compromise can precipitate localized voltage col-

lapse events that propagate through interconnected transmission networks, potentially leading

to regional blackouts. Primary impacts include overvoltage or undervoltage conditions trigger-

ing protective equipment disconnection, damage to voltage-sensitive equipment in industrial

and commercial facilities, degradation of power quality affecting sensitive electronic loads,

and potential physical damage to distribution transformers and other grid infrastructure. Cas-

cading effects encompass reduced transmission system transfer capability, increased reactive

power reserve requirements, and potential for dynamic voltage collapse in heavily loaded areas,

ultimately compromising grid resilience and requiring extensive infrastructure investment for

system recovery.

Duck Curve Amplification This objective specifically targets the characteristic load profile

challenges introduced by high penetration of solar photovoltaic systems, exploiting the steep

ramping requirements during evening hours when solar generation rapidly declines while res-

idential demand increases. The attack employs distributed generation manipulation method-

ologies to suppress solar generation during midday hours, followed by sudden restoration or

artificial demand injection during critical evening ramping periods. This creates an artificially

amplified duck curve effect that can overwhelm grid operators’ ability to manage the transition

between renewable and conventional generation sources, potentially leading to load shedding

events or emergency generation deployment.

Impact Assessment: Duck curve amplification attacks exploit the operational vulner-

abilities inherent in high renewable penetration grids, potentially causing ramping capability

shortfalls that exceed available flexible generation resources. Primary impacts include forced

activation of expensive peaking generation units during evening hours, inability to meet ramp-

ing requirements leading to emergency load shedding, increased grid instability during critical

transition periods, and accelerated cycling of conventional generation units reducing their op-

erational lifespan. Economic consequences encompass dramatic electricity price spikes during

evening peak periods, increased integration costs for renewable energy sources, potential cur-

tailment of renewable generation during off-peak periods, and reduced investor confidence in

renewable energy deployment programs. Long-term systemic impacts include delayed renew-

able energy transition goals and increased reliance on fossil fuel backup generation resources.

Economic Market Disruption Economic manipulation attacks target energy market mecha-

nisms and pricing structures through coordinated prosumer behaviour modification, exploiting
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the increasing integration of prosumer resources into energy markets and demand response

programs. This objective utilises CLM methodologies to implement Financial Theft (T1657)

through market manipulation and artificial price volatility creation, Data Manipulation (T1565)

to alter demand response participation algorithms, and Fraud (T1659) by exploiting net meter-

ing and feed-in tariff mechanisms. While these attacks may not directly threaten grid stability,

they can cause significant economic disruption and undermine market confidence in prosumer

integration programs.

Impact Assessment: Economic market disruption attacks primarily target the financial

mechanisms underpinning energy market operations, potentially causing widespread market

manipulation and fraud. Primary impacts include artificial electricity price volatility undermin-

ing market predictability, exploitation of demand response programs resulting in inappropriate

compensation payments, manipulation of net metering and feed-in tariff mechanisms causing

revenue losses for utilities, and reduced participation in voluntary demand response programs

due to compromised system integrity. Secondary effects encompass increased regulatory com-

pliance costs for market operators, reduced investor confidence in demand-side management

programs, potential legal liability for utilities managing compromised prosumer resources, and

erosion of public trust in smart grid economic incentives. Long-term consequences include

delayed deployment of demand response technologies, increased regulatory oversight costs,

and potential restructuring of prosumer compensation mechanisms to address security vulner-

abilities.

1.3.1.3 Threat Modelling and Attacks: Research Highligths

BlackIoT: Soltan et Al. Soltan et al. [28] have conducted a detailed study on the potential

consequences of MadIoT attacks on the operation of the power grid. Their work identifies

and analyses several key vulnerabilities and the possible impacts of these attacks. The study

utilised publicly available data sets to model the power grid and simulate the effects of MadIoT

attacks. They acknowledge that these data sets may not fully represent all existing power grids,

suggesting that while the simulations provide valuable insights, they may not capture the full

extent of vulnerabilities in every power grid.

The research highlighted the risk posed by high-wattage IoT devices such as air conditioners

and water heaters. These devices, if compromised, can cause significant disruptions. Air

conditioners with large capacitors, for instance, take several seconds to reach peak load,

making them less effective for sudden demand spikes but still a risk for other types of attacks

like line failures.

The study did not fully account for existing control mechanisms that mitigate the effects of

initial failures, such as preventive load-shedding. Therefore, their analysis primarily reflects

worst-case scenarios where these mitigating controls fail or are absent. Unlike DDoS attacks,
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MadIoT attacks require that the compromised IoT devices be geographically located within

the boundaries of a power system. This constraint makes it challenging to amass a sufficient

number of bots within a targeted area to execute a large-scale attack, although it remains a

plausible threat given the size of modern botnets like Mirai [29].

Using state-of-the-art simulators, Soltan et al. demonstrated that MadIoT attacks could lead

to both local outages and large-scale blackouts, depending on the scale of the attack and the

specific operational properties of the power grid. The research also explored the economic

ramifications of MadIoT attacks, showing that such attacks could increase the operating costs

of the grid, benefiting certain utilities within the electricity market by manipulating demand

and supply dynamics.

Soltan et al. emphasised the importance of raising awareness among grid operators, smart

appliance manufacturers, and security experts. Their work underscores the need for enhanced

security measures and protocols to protect against these emerging threats, especially as the

proliferation of internet-connected smart appliances continues to grow.

MaMIoT: Tohid Shekari et al. In their paper, Tohid Shekari et al. [30] introduced MaMIoT,

the first energy market manipulation cyberattack in which an adversary can slightly alter the

power system real-time demand through a botnet of high-wattage IoT devices. This attack

can help market players gain additional profit from the electricity market or cause significant

economic damage to a set of market players. The study evaluated the attack models on real

datasets from two major electricity markets in the U.S., the California and New York markets.

The simulation results revealed that with a botnet of just 200,000 bots, an attacker could cause

economic damage worth 2.8 million USD and 3.8 million USD to the demand and generation

side players of the California and New York markets, respectively. Additionally, the MaMIoT

attack could enable a typical power plant owner to gain an additional 30% profit from the

energy market, while maintaining stealth for increased repeatability.

The paper underscores the importance of making electricity markets more secure against such

cyberattacks, especially as the number of smart appliances with Internet connectivity continues

to grow.

Thermostat Attacks: Yan et al. Yan et al. [31] examined the vulnerabilities and impacts

of cyberattacks on power systems, focusing on the manipulation of demand (MAD) attacks

through compromised thermostatically controlled loads (TCLs). They highlighted incidents

in Ukraine [32] and Venezuela [33] as motivations for their research, which underscores the

susceptibility of power systems to cyberattacks due to poor network security measures on

large-scale controllable loads.

Their study reveals that compromised TCLs, such as air conditioners equipped with IoT
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devices, can be manipulated to cause significant harm to power systems. The research demon-

strates how MAD attacks can generate malicious electricity demand, impacting both the physi-

cal operation of the grid and the financial stability of electricity market participants. The study

emphasises that these attacks can be highly concealable, as they operate within the acceptable

temperature range for end-use consumers (EUCs), making them difficult to detect.

Yan et al. proposed an attack model based on the response characteristics of compro-

mised TCLs and assessed the potential economic loss and unfair competition in the electricity

market caused by these MAD attacks. Their findings highlight the need for improved network

security standards for IoT devices associated with TCLs and raise awareness among power grid

operators, IoT device manufacturers, and power retailers (PRs) about the significance of these

threats.

AMI Attack: El-Nasser et Al. El-Nasser et al. [34] have focused on the potential impacts

of cyberattacks on Advanced Metering Infrastructure within the utility’s DMZ or third-party

WAN. They assume that attackers can infiltrate the AMI through malware delivered to utility

systems or third-party WAN providers, using methods such as insider cooperation or infected

email attachments. Once the malware is installed, it provides attackers with backdoor access,

enabling reconnaissance to learn how to communicate with Electric Water Heaters (EWHs) in

the Demand Load Control (DLC) peak shaving program.

Attackers can then inject malicious activation commands to numerous EWHs during peak

shaving periods, causing them to simultaneously turn on and create a demand surge. This surge

can lead to various grid issues, including increased operating costs, power quality deterioration,

voltage problems, equipment damage, line overloads, cascading failures, and potentially large-

scale blackouts.

Their study illustrates the impact of such an attack on the Diversified Load Profile (DLP),

showing sharp demand increases resulting from the malicious activation of EWHs. The resistive

nature of EWH loads contributes to the instantaneous demand surge, making it challenging

to respond quickly, especially in large-scale attacks. The study underscores the importance of

having mitigation mechanisms to defend the grid against these types of cyberattacks.
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Chapter 2

Legal Efforts and Regulatory

Frameworks for Prosumer Security

Integration

2.1 European Legislative Framework Analysis

The increasing integration of distributed energy resources and prosumer technologies within

critical energy infrastructure necessitates a comprehensive examination of the applicable reg-

ulatory framework governing cybersecurity, operational security, and legal accountability. This

section provides a systematic analysis of the current European legislative landscape, focusing

on three fundamental domains: cybersecurity requirements for critical infrastructure, device

certification and organizational compliance mechanisms, and legal responsibility frameworks

including data protection considerations. The analysis aims to identify regulatory gaps and

compliance challenges specific to distributed energy systems, particularly concerning prosumer

infrastructure that operates beyond traditional organizational security perimeters.

2.1.1 Network and Information Systems Security Directive (NIS2)

The Network and Information Systems Security Directive 2022/2555 (NIS2) [35] represents the

cornerstone of European cybersecurity legislation for critical infrastructure sectors, establishing

harmonized minimum security requirements across member states. As a directive requiring

national transposition, NIS2 mandates comprehensive cybersecurity measures for entities whose

disruption could have significant societal and economic impacts, particularly within the energy

sector.
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2.1.1.1 Regulatory Framework and Scope

The directive establishes a two-tier classification system distinguishing between essential en-

tities and important entities based on criticality, scale, and potential impact. Essential en-

tities, as defined in Article 3, encompass organizations that exceed medium-sized enterprise

thresholds, provide critical services, or are designated by member states due to their strategic

importance. Important entities, while not meeting essential entity criteria, remain significant

contributors to sectoral resilience and are enumerated in Annexes I and II.

Within the energy sector context, Annex I identifies ”producers” as covered entities, refer-

encing the definition established in Article 2 of the Electricity Directive 2019/944 [36]. This

definition encompasses ”any natural or legal person who generates electricity,” creating poten-

tial ambiguity regarding the inclusion of distributed energy resources, prosumer installations,

and small-scale generation assets within the directive’s scope.

The application of NIS2 to distributed energy systems presents significant interpretative

challenges that warrant detailed examination. While individual prosumer installations may not

meet the quantitative thresholds for essential or important entity classification, their collective

impact on grid stability and security may necessitate regulatory consideration. The cumulative

capacity and influence of distributed energy resources can reach levels comparable to traditional

centralized generation assets, and when assessed collectively, distributed prosumer installations

may represent critical infrastructure whose disruption could significantly impact energy security

and grid stability.

Furthermore, prosumer devices are increasingly integrated into smart grid networks, au-

tomated demand response systems, and virtual power plant configurations, creating systemic

dependencies where individual device compromises can propagate across interconnected in-

frastructure. While the dispersed nature of prosumer infrastructure reduces single points of

failure, it simultaneously expands the attack surface and complicates security monitoring and

incident response capabilities.

2.1.1.2 Implementation Challenges and Security Requirements

Article 7 mandates the development of National Cybersecurity Strategies incorporating risk as-

sessment mechanisms and asset identification procedures, specifically requiring ”a mechanism

to identify relevant assets and an assessment of the risks.” This requirement assumes particular

significance in distributed energy contexts, where asset identification and risk assessment must

account for numerous small-scale installations operating under diverse ownership and manage-

ment structures. The directive also emphasizes the enhancement of ”cybersecurity awareness

among citizens,” directly addressing the prosumer context where individual citizens become

critical infrastructure operators requiring appropriate cybersecurity knowledge and awareness.
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Table 2.1: NIS2 Directive: Regulatory Gaps in Distributed Energy Infrastructure Context

Gap Category Description Impact on Distributed Energy Sys-
tems

Classification Ambiguity Essential/important entity
framework inadequately ad-
dresses collective criticality of
distributed assets

Individual prosumer installations fall
below thresholds but collectively rep-
resent critical infrastructure

Compliance Scalability Security requirements designed
for large organizations are in-
feasible for small-scale opera-
tors

Technical and economic barriers pre-
vent effective implementation of
organizational-level security measures

Enforcement Challenges Traditional compliance moni-
toring mechanisms lack scal-
ability for distributed environ-
ments

Regulatory oversight becomes imprac-
tical with numerous small-scale par-
ticipants

Incident Response Coordination Frameworks assume organiza-
tional structures capable of co-
ordinated response

Distributed operators lack formal in-
cident response capabilities and coor-
dination mechanisms

Article 21 establishes mandatory security measures for network and information system

protection, several of which present implementation challenges in distributed energy environ-

ments. Supply chain security requirements become particularly complex in distributed energy

systems, where prosumer devices may be procured through diverse channels with varying se-

curity standards. The heterogeneous nature of prosumer equipment, spanning multiple manu-

facturers and technology generations, complicates comprehensive supply chain risk assessment

and management.

Security requirements throughout system acquisition, development, and maintenance phases

must account for the consumer-grade nature of many prosumer devices, which may lack

enterprise-level security features and update mechanisms. Vulnerability management becomes

challenging when device ownership and maintenance responsibilities are distributed across

numerous individual prosumers. Additionally, traditional organizational security controls for

human resources, access management, and asset control require adaptation for distributed en-

vironments where device operators may lack formal cybersecurity training and organizational

oversight.
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2.1.1.3 NIS2 Regulatory Gap Analysis and Legislative Recommendations

The analysis reveals a fundamental tension between NIS2’s organizational-centric approach

and the distributed nature of modern energy infrastructure. While the directive’s scope the-

oretically encompasses electricity producers regardless of scale, its implementation framework

presupposes traditional organizational structures with centralized security management ca-

pabilities. This discrepancy creates several critical regulatory gaps that require systematic

addressing to ensure comprehensive cybersecurity coverage for distributed energy systems.

The primary regulatory gaps encompass classification ambiguities, compliance scalability

challenges, enforcement limitations, and coordination deficiencies. Classification ambiguity

emerges from the essential/important entity framework’s inadequate treatment of collective

criticality, where distributed assets that individually fall below regulatory thresholds may col-

lectively represent critical infrastructure requiring regulatory oversight. Compliance scalability

presents significant challenges as security requirements designed for large organizational entities

may be technically or economically infeasible for individual prosumers or small-scale distributed

resource operators, creating implementation barriers that undermine regulatory effectiveness.

Enforcement challenges arise from traditional compliance monitoring and enforcement

mechanisms that are ill-suited to distributed environments with numerous small-scale par-

ticipants, lacking the scalability and granularity necessary for effective oversight. Incident

response coordination difficulties stem from existing frameworks that assume organizational

structures capable of coordinated response, which may not exist in distributed prosumer envi-

ronments where individual operators lack formal incident response capabilities or organizational

coordination mechanisms.

The identified regulatory gaps, summarised in Table 2.1, necessitate systematic legisla-

tive and regulatory adaptations to address the unique characteristics of distributed energy

infrastructure. The current regulatory framework, while comprehensive in scope, requires

evolution to address the security challenges posed by the energy sector’s transition toward

distributed, digitalized infrastructure. Without appropriate regulatory adaptation, these gaps

may undermine the effectiveness of critical infrastructure protection efforts and create systemic

vulnerabilities in modernized energy systems.
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Regulatory Development Recommendations for Legislative Bodies - NIS2

To address the identified regulatory gaps and ensure effective cybersecurity governance

for distributed energy infrastructure, the following legislative adaptations are recom-

mended for regulatory authorities and policy makers:

Graduated Regulatory Framework Implementation: Legislative bodies should con-

sider developing tiered regulatory structures that apply proportionate security require-

ments based on aggregated risk assessment rather than individual entity characteristics.

This approach should incorporate collective compliance mechanisms for distributed re-

source aggregators, virtual power plant operators, and prosumer cooperatives, enabling

scaled regulatory oversight while maintaining proportionality.

Technology-Neutral Security Standard Establishment: Regulatory frameworks

should establish minimum cybersecurity standards applicable across diverse prosumer

technologies, focusing on essential security functions rather than prescriptive implemen-

tation approaches. These standards should address authentication, encryption, secure

communication protocols, and vulnerability management capabilities while remaining

technology-agnostic to accommodate innovation and technological evolution.

Shared Responsibility Model Development: Legislative frameworks should explic-

itly define and allocate cybersecurity responsibilities among prosumers, distribution sys-

tem operators, device manufacturers, energy service companies, and regulatory author-

ities. This allocation should consider technical capabilities, economic feasibility, and

operational responsibilities while ensuring comprehensive security coverage across the

distributed energy ecosystem.

Adaptive Regulatory Mechanism Integration: Regulatory frameworks should in-

corporate mechanisms for periodic review and adaptation to address emerging threats,

technological developments, and evolving system architectures. This should include pro-

visions for regulatory sandboxes, pilot programs, and stakeholder consultation processes

that enable responsive regulatory evolution.
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2.1.2 Commission Recommendation (EU) 2019/553 - Cybersecurity in the Energy

Sector

Commission Recommendation (EU) 2019/553 [37] addresses the cybersecurity challenges ac-

companying the European energy sector’s transformation toward a decarbonized economy while

maintaining security of supply and competitiveness. As the Commission states, ”The Euro-

pean energy sector is undergoing an important change towards a decarbonised economy, while

ensuring security of supply and competitiveness.” This non-legally binding instrument provides

guidance to energy operators for securing critical energy infrastructure through comprehensive

cybersecurity measures, establishing foundational principles for cybersecurity governance in

modernized energy systems that increasingly incorporate distributed resources and prosumer

participation.

2.1.2.1 Regulatory Framework and Technical Requirements

The Commission Recommendation establishes cybersecurity guidance across three critical op-

erational dimensions: real-time requirements, cascading effect mitigation, and legacy technol-

ogy integration challenges. These dimensions collectively address the technical and operational

complexities inherent in modern energy infrastructure, particularly concerning the integration

of emerging technologies and distributed resources.

The real-time requirements framework mandates that energy network operators apply the

most recent security standards for new installations wherever adequate, while considering

complementary physical security measures where legacy installations cannot be sufficiently

protected by cybersecurity mechanisms alone. The recommendation emphasizes systematic

approach through logical zone segmentation, requiring operators to ”split the overall system

into logical zones and within each zone, define time and process constraints in order to en-

able the application of suitable cybersecurity measures or to consider alternative protection

methods.” This segmentation approach enables proportionate security implementation based

on criticality and operational characteristics.

Cascading effect mitigation represents a central concern of the recommendation, explic-

itly requiring energy operators to ”ensure that new devices, including Internet of Things de-

vices, have and will maintain a level of cybersecurity appropriate to a site’s criticality” and to

”establish design criteria and an architecture for a resilient grid.” The framework mandates

implementation of defense-in-depth measures per site, tailored to site criticality, while ”iden-

tifying critical nodes, both in terms of power production capacity and customer impact, and

collaborating with other relevant operators and with technology suppliers to prevent cascading

effects by applying appropriate measures and services.”

The legacy and state-of-the-art technology integration dimension addresses the challenges
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posed by heterogeneous technology environments. Energy operators must ”analyse the risks

of connecting legacy and Internet of Things concepts and be aware of internal and external

interfaces and their vulnerabilities” while taking ”suitable measures against malicious attacks

originating from large numbers of maliciously controlled consumer devices or applications.”

Additionally, operators must ”update software and hardware of legacy and Internet of Things

systems to the most recent version whenever adequate,” establishing comprehensive lifecycle

management requirements.

2.1.2.2 Implementation Challenges and Prosumer Integration

The recommendation explicitly acknowledges the distributed nature of modern energy systems,

mandating that ”Member States should encourage energy network operators and technology

suppliers to follow the relevant internationally accepted standards on cybersecurity wherever

possible. Meanwhile, stakeholders and customers should adopt a cybersecurity-oriented ap-

proach when connecting devices to the grid.” This recognition directly addresses the expanding

attack surface created by distributed energy resources and prosumer participation in energy

markets.

The requirement for energy operators to implement measures against attacks ”originating

from large numbers of maliciously controlled consumer devices or applications” explicitly recog-

nizes prosumer devices as potential attack vectors requiring systematic security management.

However, the recommendation’s organizational-centric approach assumes direct control or in-

fluence over connected devices that may not exist in prosumer environments, where individual

device owners operate independently of traditional utility oversight structures.

While the Commission Recommendation provides valuable guidance for traditional en-

ergy infrastructure, its application to distributed prosumer environments reveals significant

implementation challenges. The recommendation’s focus on energy network operators and

technology suppliers does not adequately address the distributed ownership and management

structures characteristic of prosumer installations. Individual prosumers typically lack the

technical expertise, economic resources, and organizational structures necessary to implement

comprehensive cybersecurity measures as envisioned for traditional energy operators.

Furthermore, the recommendation’s emphasis on collaboration between operators and tech-

nology suppliers does not extend to the complex multi-stakeholder environment of distributed

energy systems, where prosumers, aggregators, energy service companies, and device manufac-

turers create intricate interdependencies that require coordinated security approaches beyond

traditional operator-supplier relationships.
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2.1.2.3 Commission Recommendation Regulatory Gap Analysis and Legislative Recom-

mendations

The analysis reveals that while Commission Recommendation (EU) 2019/553 provides compre-

hensive guidance for traditional energy infrastructure cybersecurity, its non-binding nature and

organizational focus create significant implementation challenges for distributed energy sys-

tems. The recommendation’s emphasis on energy network operators and technology suppliers

inadequately addresses the unique characteristics of prosumer infrastructure, where owner-

ship, operation, and security responsibilities are distributed across numerous individual actors

operating outside traditional utility management structures.

The primary regulatory gaps encompass scope limitations, implementation scalability chal-

lenges, enforcement mechanisms, and stakeholder coordination deficiencies. Scope limitations

arise from the recommendation’s focus on energy network operators and technology suppliers,

which inadequately addresses the distributed ownership and management structures character-

istic of prosumer installations where individual actors operate independently. Implementation

scalability challenges emerge from recommendations designed for organizational entities with

dedicated cybersecurity resources, technical expertise, and formal security management capa-

bilities that individual prosumers typically lack.

Enforcement mechanism deficiencies stem from the recommendation’s non-binding nature,

which relies entirely on voluntary compliance without mechanisms for ensuring systematic

implementation across distributed prosumer environments. This creates potential security

gaps where individual prosumer installations may remain unprotected despite their collective

potential impact on grid stability. Stakeholder coordination challenges arise from the complex

multi-actor environment of distributed energy systems, where traditional operator-supplier

relationships do not adequately represent the diverse stakeholder ecosystem including individual

prosumers, aggregators, energy service companies, and device manufacturers.

The identified regulatory gaps, summarised in Table 2.2 demonstrate the need for com-

plementary guidance specifically addressing distributed energy infrastructure characteristics.

While the Commission Recommendation provides valuable foundational principles for energy

sector cybersecurity, its application to prosumer environments requires adaptive implementa-

tion approaches that account for distributed ownership, limited technical resources, and diverse

stakeholder coordination requirements. Without appropriate adaptation, these gaps may un-

dermine the effectiveness of cybersecurity implementation across the increasingly distributed

energy infrastructure landscape.
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Table 2.2: Commission Recommendation 2019/553: Regulatory Gaps in Distributed Energy Infras-
tructure Context

Gap Category Description Impact on Distributed Energy Sys-
tems

Scope Limitations Focus on energy network opera-
tors and suppliers inadequately
addresses distributed ownership
structures

Prosumer installations and small-scale
DER operators fall outside primary
guidance scope

Implementation Scalability Recommendations designed
for organizational entities
with dedicated cybersecurity
resources

Individual prosumers lack technical
capabilities and economic resources
for comprehensive implementation

Enforcement Mechanisms Non-binding nature relies on
voluntary compliance without
systematic oversight mecha-
nisms

Lack of mandatory requirements un-
dermines systematic security imple-
mentation across distributed environ-
ments

Stakeholder Coordination Traditional operator-supplier
relationships inadequately
represent complex multi-actor
environments

Diverse stakeholder ecosystem in-
cluding prosumers, aggregators, and
service providers lacks coordination
framework
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Regulatory Development Recommendations for Legislative Bodies -

CR2019/553

To address the identified regulatory gaps and enhance the applicability of cybersecurity

guidance to distributed energy infrastructure, the following legislative and regulatory

adaptations are recommended for policy makers and regulatory authorities:

Prosumer-Specific Security Guidance Development: Regulatory authorities should

develop complementary guidance specifically addressing prosumer environments, includ-

ing simplified security requirements appropriate for individual operators and small-scale

distributed resource installations. This guidance should translate organizational-level

security principles into actionable measures for non-technical prosumer operators while

maintaining essential security functions.

Binding Regulatory Framework Integration: Legislative bodies should consider in-

corporating critical elements of the Commission Recommendation into binding regula-

tory frameworks, particularly concerning device security requirements and grid connec-

tion standards. This integration should include mandatory minimum security standards

for grid-connected devices and enforcement mechanisms appropriate for distributed en-

vironments.

Multi-Stakeholder Coordination Mechanism Establishment: Regulatory frame-

works should establish formal coordination mechanisms among energy network opera-

tors, prosumers, device manufacturers, aggregators, and service providers to ensure sys-

tematic cybersecurity implementation across distributed energy systems. These mecha-

nisms should include information sharing protocols, incident response coordination, and

collaborative threat assessment processes.

Graduated Implementation Support Framework: Regulatory authorities should

develop support mechanisms that enable effective implementation of security measures

across diverse prosumer capabilities, including technical assistance programs, economic

incentives for security compliance, and collective compliance mechanisms for prosumer

cooperatives and virtual power plant configurations.
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2.1.3 EU Network Code on Cybersecurity for the Electricity Sector (Commission

Delegated Regulation (EU) 2024/1366)

Commission Delegated Regulation (EU) 2024/1366 [38] establishes the EU Network Code

on cybersecurity for the electricity sector, recently adopted under the framework of Regula-

tion (EU) 2019/943 (the ”Electricity Regulation”). This network code represents a signifi-

cant development in sector-specific cybersecurity regulation, addressing cybersecurity aspects

of cross-border electricity flows through comprehensive rules on common minimum require-

ments, planning, monitoring, reporting, and crisis management. While primarily focused on

international energy exchanges and transmission system operator (TSO) responsibilities, the

regulation introduces systematic risk assessment procedures that have broader implications for

distributed energy infrastructure security.

2.1.3.1 Regulatory Framework and Risk Assessment Methodologies

The Network Code establishes comprehensive cybersecurity risk assessment frameworks that

mandate systematic evaluation of cyber threats across Union, regional, and Member State

levels. Article 18 requires TSOs to jointly develop proposals for cybersecurity risk assessment

methodologies, creating harmonized approaches for threat identification, impact evaluation,

and risk management across interconnected European electricity systems. These methodolo-

gies must incorporate comprehensive threat catalogs and systematic impact assessment criteria

that extend beyond traditional transmission-level considerations.

The regulation mandates inclusion of supply chain threats as fundamental components of

cybersecurity risk assessment, requiring consideration of ”attacks that cause a severe and un-

expected corruption of the supply chain,” ”cyber-attacks initiated through actors in the supply

chain,” and ”the introduction of weaknesses or backdoors into ICT products, ICT services, or

ICT processes through actors in the supply chain.” This comprehensive approach to supply

chain security recognizes the distributed and interconnected nature of modern energy sys-

tems, where vulnerabilities can propagate across multiple system components and stakeholder

boundaries.

The risk impact assessment framework established by Article 18 provides systematic crite-

ria for measuring consequences of cyber-attacks, including ”loss of load,” ”reduction of power

generation,” ”loss of capacity in the primary frequency reserve,” and ”loss of capacity for

restoration of an electric grid to operation without relying on the external transmission net-

work to recover after a total or partial shutdown (also called ’black start’).” Additionally, the

framework incorporates customer impact assessment through evaluation of ”the expected du-

ration of an electricity outage affecting customers in combination with the scale of the outage

in customer numbers,” combined with likelihood measurements based on attack frequency of
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occurrence.

The regulation establishes ”criteria to evaluate the impact of cybersecurity risks as high or

critical, using defined thresholds for consequences and likelihood,” creating systematic frame-

works for prioritizing cybersecurity investments and response measures. This risk-based ap-

proach enables proportionate resource allocation and ensures focus on the most critical vul-

nerabilities and highest-impact scenarios.

2.1.3.2 Implementation Challenges and Prosumer Integration

While the Network Code primarily addresses transmission-level cybersecurity and cross-border

electricity flows, its risk assessment methodologies and supply chain security requirements

have significant implications for distributed energy infrastructure. The regulation’s emphasis

on supply chain threats directly acknowledges the potential for cyber-attacks to originate from

distributed components, including prosumer installations that form part of the broader energy

supply chain.

The Network Code’s focus on TSO responsibilities creates implementation challenges when

addressing distributed energy resources that operate beyond traditional transmission system

boundaries. Prosumer installations, while not directly regulated under this framework, can

significantly impact the consequences measured by the regulation’s risk assessment criteria,

including load loss, generation reduction, and customer outage impacts. However, the regula-

tion does not establish mechanisms for systematic inclusion of prosumer-related risks in TSO

risk assessment processes.

The supply chain security requirements, while comprehensive in scope, assume organi-

zational relationships and control mechanisms that may not exist in distributed prosumer

environments. The regulation’s emphasis on preventing backdoors and weaknesses in ICT

products and services requires coordination across diverse stakeholder groups, including indi-

vidual prosumers who may lack the technical expertise or economic resources to implement

comprehensive supply chain security measures.

Furthermore, the regulation’s crisis management and reporting requirements focus on TSO

capabilities and responsibilities, potentially creating gaps in situational awareness when inci-

dents originate from or involve distributed prosumer infrastructure. The systematic impact

assessment criteria established by the regulation may not adequately capture cascading effects

that originate from compromised prosumer installations but manifest as transmission-level

impacts.

2.1.3.3 Network Code Regulatory Gap Analysis and Legislative Recommendations

The analysis reveals that while the EU Network Code on cybersecurity establishes compre-

hensive risk assessment methodologies for transmission-level infrastructure, its TSO-centric
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approach creates significant gaps in addressing distributed energy security challenges. The

regulation’s focus on cross-border electricity flows and transmission system cybersecurity does

not adequately account for the distributed nature of modern energy systems, where prosumer

installations can significantly influence the risk scenarios and impact criteria established by the

Network Code.

The primary regulatory gaps encompass scope limitations, risk assessment integration chal-

lenges, coordination mechanism deficiencies, and implementation authority boundaries. Scope

limitations arise from the Network Code’s primary focus on TSO responsibilities and cross-

border flows, which inadequately addresses the distributed energy resources that can influence

transmission system security and the risk scenarios defined by the regulation. Risk assess-

ment integration challenges emerge from the lack of systematic mechanisms for incorporating

prosumer-related risks into TSO risk assessment methodologies, despite prosumer installations’

potential to contribute to the impact criteria established by the regulation.

Coordination mechanism deficiencies stem from the absence of formal frameworks for infor-

mation sharing and threat intelligence exchange between TSOs and distributed energy stake-

holders, including prosumers, aggregators, and distribution system operators. Implementation

authority boundaries create challenges where TSOs lack direct authority or visibility over dis-

tributed resources that can influence transmission system security, yet remain responsible for

comprehensive risk assessment and crisis management under the Network Code requirements.

The identified regulatory gaps, summarised in Table 2.3, demonstrate the need for enhanced

coordination mechanisms and expanded risk assessment approaches that systematically incor-

porate distributed energy infrastructure considerations. While the Network Code establishes

robust risk assessment methodologies for transmission-level cybersecurity, its effective imple-

mentation requires complementary frameworks that address the distributed nature of modern

energy systems and the potential for prosumer infrastructure to influence transmission system

security and resilience.
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Table 2.3: Network Code 2024/1366: Regulatory Gaps in Distributed Energy Infrastructure Context

Gap Category Description Impact on Distributed Energy Sys-
tems

Scope Limitations TSO-centric focus inadequately
addresses distributed energy re-
sources influencing transmis-
sion security

Prosumer installations affecting
transmission-level risks remain out-
side systematic assessment scope

Risk Assessment Integration Lack of systematic mechanisms
for incorporating distributed en-
ergy risks into TSO methodolo-
gies

Prosumer-related vulnerabilities may
not be captured in comprehensive
transmission system risk assessments

Coordination Mechanisms Absence of formal informa-
tion sharing frameworks be-
tween TSOs and distributed en-
ergy stakeholders

Limited visibility and coordination ca-
pabilities for threats originating from
or involving prosumer infrastructure

Implementation Authority TSOs lack direct authority over
distributed resources affecting
transmission system security

Responsibility-authority misalignment
undermines comprehensive risk man-
agement and crisis response capabili-
ties
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Regulatory Development Recommendations for Legislative Bodies - Commis-

sion Delegated Regulation (EU) 2024/1366

To address the identified regulatory gaps and enhance the Network Code’s effective-

ness in addressing distributed energy security challenges, the following legislative and

regulatory adaptations are recommended for policy makers and regulatory authorities:

Distributed Energy Risk Assessment Integration: Regulatory frameworks should

establish systematic mechanisms for incorporating distributed energy resources into TSO

risk assessment methodologies required by the Network Code. This should include formal

procedures for distribution system operators and prosumer aggregators to contribute

threat intelligence and vulnerability information to transmission-level risk assessments.

Multi-Level Coordination Framework Development: Legislative bodies should

mandate formal coordination mechanisms between TSOs, distribution system opera-

tors, and distributed energy stakeholders to ensure comprehensive threat visibility and

coordinated response capabilities. These frameworks should establish information shar-

ing protocols, joint threat assessment processes, and coordinated crisis management

procedures across transmission and distribution system boundaries.

Supply Chain Security Extension: Regulatory authorities should extend supply chain

security requirements established by the Network Code to include distributed energy

equipment and prosumer devices that can influence transmission system security. This

should include mandatory security standards for grid-connected devices and systematic

supply chain risk assessment procedures for distributed energy technologies.

Graduated Authority and Responsibility Alignment: Legislative frameworks should

establish clear authority and responsibility allocations that enable TSOs to fulfill Network

Code requirements while accounting for distributed energy infrastructure. This should

include mechanisms for TSO oversight of critical distributed resources and collaborative

governance structures for shared cybersecurity responsibilities across transmission and

distribution system levels.
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2.1.4 Cybersecurity Act (Regulation (EU) 2019/881)

Regulation (EU) 2019/881, commonly known as the Cybersecurity Act [39], establishes a

comprehensive framework for cybersecurity certification of ICT products, services, and pro-

cesses across the European Union. This regulation addresses the growing need for harmonized

cybersecurity standards in an increasingly digital and interconnected economy, with particular

relevance to distributed energy systems where numerous ICT-enabled devices require appro-

priate security assurance. The Act establishes the legal foundation for European cybersecurity

certification schemes, defining security levels, conformity assessment procedures, and market

surveillance mechanisms that directly impact prosumer devices and distributed energy infras-

tructure components.

2.1.4.1 Regulatory Framework and Certification Requirements

The Cybersecurity Act establishes a tiered certification framework with three distinct security

levels: basic, substantial, and high, each corresponding to different risk profiles and security

requirements. Basic level certification addresses products with limited cybersecurity risks, sub-

stantial level targets products where cybersecurity incidents could have significant negative

impact, while high level certification applies to products where cybersecurity failures could

have catastrophic consequences. This graduated approach enables proportionate security re-

quirements based on the criticality and potential impact of different ICT products and services.

The regulation mandates that cybersecurity certification schemes shall specify the cate-

gories of ICT products, services, and processes covered, define the cybersecurity requirements

and evaluation criteria for each security level, and establish the evaluation methods to be used

by conformity assessment bodies. For distributed energy systems, this framework is particularly

relevant as prosumer devices including smart inverters, energy management systems, electric

vehicle charging stations, and battery storage systems may fall under various certification

requirements based on their potential impact on grid operations and customer safety.

Article 46 establishes specific requirements for cybersecurity risk assessments that must

consider the state of the art of cybersecurity measures, the economic feasibility of implementing

security measures, and the severity and likelihood of cybersecurity risks. The regulation requires

systematic evaluation of potential vulnerabilities, threat scenarios, and impact assessments

that encompass both individual device security and broader system-level implications. This

comprehensive approach recognizes that individual device vulnerabilities can cascade into larger

system compromises, particularly relevant in interconnected energy infrastructure.

The certification framework mandates ongoing security maintenance throughout product

lifecycles, requiring manufacturers to provide security updates, vulnerability management pro-

cesses, and incident response capabilities. Article 51 specifically addresses the validity and
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monitoring of certificates, establishing requirements for continuous compliance verification

and adaptation to evolving threat landscapes. This lifecycle approach is particularly critical

for prosumer devices that may remain operational for extended periods while facing evolving

cybersecurity threats.

2.1.4.2 Implementation Challenges and Prosumer Integration

The Cybersecurity Act’s certification requirements present significant implementation chal-

lenges when applied to the diverse ecosystem of prosumer devices and distributed energy

resources. Many prosumer technologies, including residential solar inverters, home energy

management systems, and electric vehicle charging equipment, are produced by manufactur-

ers operating across global supply chains with varying cybersecurity capabilities and regulatory

familiarity. The regulation’s requirements for comprehensive security documentation, vulnera-

bility management processes, and conformity assessment procedures may represent substantial

compliance burdens for manufacturers serving the prosumer market.

The economic feasibility considerations mandated by Article 46 become particularly com-

plex in prosumer contexts, where cost sensitivity is typically high and security benefits may

not be immediately apparent to end users. A critical challenge emerges from the disconnect

between individual device risk assessment and collective system impact: a single prosumer

inverter or high-wattage appliance may individually warrant only basic level certification due

to its limited isolated impact, yet the coordinated compromise of multiple such devices could

trigger cascading effects on power infrastructure requiring high level security assurance. This

creates a fundamental economic paradox where individual device owners face cost burdens

for high-level certification despite their devices appearing individually non-critical, while the

collective security risk necessitates comprehensive protection measures.

The regulation’s emphasis on proportionate security measures must balance comprehensive

protection requirements with market accessibility and adoption rates for distributed energy

technologies. This economic dimension is further complicated by the competitive dynamics

of prosumer device markets, where security features may not represent primary purchasing

decisions for individual consumers, yet the aggregated security implications require systematic

high-level protection across distributed installations.

Conformity assessment and market surveillance challenges arise from the distributed nature

of prosumer device deployment and operation. Unlike traditional enterprise ICT systems that

operate within controlled environments under professional management, prosumer devices are

deployed across numerous individual installations with varying technical expertise and main-

tenance capabilities. The regulation’s requirements for ongoing compliance verification and

security maintenance must account for this distributed operational reality while ensuring sys-

tematic security assurance.
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Furthermore, the Cybersecurity Act’s focus on individual product certification may not

adequately address the system-level security challenges characteristic of distributed energy in-

frastructure. While individual devices may achieve certification compliance, their integration

into broader energy management systems, aggregation platforms, and grid interface technolo-

gies creates complex interdependencies that require coordinated security approaches beyond

individual product certification scope.

2.1.4.3 Cybersecurity Act Regulatory Gap Analysis and Legislative Recommendations

The analysis reveals that while the Cybersecurity Act establishes comprehensive certification

frameworks for ICT products and services, its application to distributed energy infrastructure

presents significant challenges related to system integration, economic feasibility, and ongo-

ing compliance management. The regulation’s product-centric certification approach may

not adequately address the complex interdependencies and system-level security requirements

characteristic of modern distributed energy systems.

The primary regulatory gaps encompass system integration limitations, collective criticality

misalignment, economic feasibility challenges, lifecycle compliance management difficulties,

and market surveillance scalability issues. System integration limitations arise from the Act’s

focus on individual product certification, which may not adequately address the security impli-

cations of integrating multiple certified devices into complex distributed energy systems where

emergent vulnerabilities can arise from device interactions and system-level configurations.

Collective criticality misalignment represents a fundamental gap where individual prosumer

devices may warrant only basic level certification based on isolated risk assessment, yet their

coordinated compromise could trigger cascading effects requiring high level security assurance.

This creates an economic and regulatory paradox where the certification level required for

individual devices does not align with the collective security impact of multiple compromised

devices, particularly for high-wattage prosumer equipment whose aggregated manipulation

could significantly affect power infrastructure stability.

Economic feasibility challenges emerge from the substantial compliance costs associated

with cybersecurity certification procedures, which may create market barriers for innovative

distributed energy technologies or smaller manufacturers serving prosumer markets. The reg-

ulation’s proportionality requirements must balance comprehensive security assurance with

market accessibility, particularly for cost-sensitive prosumer applications where security invest-

ments compete with functional capability investments.

Lifecycle compliance management difficulties stem from the regulation’s requirements for

ongoing security maintenance and certificate validity monitoring across distributed prosumer

installations. The practical implementation of vulnerability management, security update de-

ployment, and compliance verification becomes complex when devices are distributed across



European Legislative Framework Analysis 45

numerous individual installations with varying technical capabilities and maintenance practices.

Table 2.4: Cybersecurity Act 2019/881: Regulatory Gaps in Distributed Energy Infrastructure Con-
text

Gap Category Description Impact on Distributed Energy Sys-
tems

System Integration Limitations Product-centric certification
approach inadequately ad-
dresses complex system-level
security requirements

Emergent vulnerabilities from device
interactions and system configura-
tions may not be captured by individ-
ual product certification

Collective Criticality Misalignment Individual device certification
levels do not reflect aggre-
gated security impact of multi-
ple compromised devices

High-wattage prosumer devices re-
quiring basic certification individually
could trigger cascading effects when
compromised collectively

Economic Feasibility Challenges Substantial compliance costs
may create market barriers
while collective security risks re-
quire high-level protection

Individual prosumer device owners
face cost burdens for high-level certi-
fication despite devices appearing in-
dividually non-critical

Lifecycle Compliance Management Ongoing security maintenance
requirements difficult to imple-
ment across distributed instal-
lations

Vulnerability management and secu-
rity updates challenging to deploy sys-
tematically across numerous individ-
ual prosumer installations

Market Surveillance Scalability Traditional surveillance mech-
anisms inadequate for dis-
tributed prosumer device de-
ployments

Compliance verification and enforce-
ment challenges across numerous
small-scale individual installations

The identified regulatory gaps, summarised in Table 2.4, demonstrate the need for adaptive

implementation approaches that account for the unique characteristics of distributed energy

infrastructure while maintaining the security assurance objectives of the Cybersecurity Act.

The regulation’s comprehensive certification framework provides valuable foundations for pro-

sumer device security, but its effective application requires complementary mechanisms that

address system-level integration, economic accessibility, and distributed compliance manage-

ment challenges.
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Regulatory Development Recommendations for Legislative Bodies - Cyberse-

curity Act

To address the identified regulatory gaps and enhance the Cybersecurity Act’s applica-

bility to distributed energy infrastructure, the following legislative and regulatory adap-

tations are recommended for policy makers and regulatory authorities:

System-Level Certification Framework Development: Regulatory authorities

should develop complementary certification schemes that address system-level security

requirements for distributed energy configurations, including integration security as-

sessment procedures for multiple certified devices operating within coordinated energy

management systems and virtual power plant configurations.

Graduated Economic Support Mechanisms: Legislative bodies should establish eco-

nomic support mechanisms that facilitate cybersecurity certification compliance for dis-

tributed energy technologies, including reduced certification costs for prosumer-focused

devices, collective certification procedures for standardized device categories, and incen-

tive programs that offset certification costs through security compliance benefits.

Distributed Compliance Management Framework: Regulatory frameworks should

establish scalable approaches for lifecycle compliance management across distributed

prosumer installations, including automated compliance monitoring systems, collective

maintenance mechanisms through device manufacturers or service providers, and simpli-

fied vulnerability management procedures appropriate for non-technical device operators.

Adaptive Market Surveillance Approach: Regulatory authorities should develop

market surveillance mechanisms specifically designed for distributed prosumer device

deployments, including risk-based sampling procedures, remote compliance verification

capabilities, and collaborative surveillance approaches involving distribution system op-

erators and device aggregators as compliance monitoring partners.



European Legislative Framework Analysis 47

2.1.5 Cyber Resilience Act (Regulation on Horizontal Cybersecurity Requirements

for Products with Digital Elements)

The Cyber Resilience Act (CRA) represents a paradigm shift in European cybersecurity legisla-

tion, moving from a voluntary certification approach to a mandatory market access framework.

While NIS2 addresses the security of entities and operators, the CRA targets the hardware

and software products that form the technological substrate of critical infrastructure. For

distributed energy systems, which rely heavily on a myriad of consumer-grade connected de-

vices—from smart inverters and residential battery controllers to electric vehicle chargers—the

CRA establishes the first comprehensive ”security by design” legal obligation for manufacturers.

2.1.5.1 Regulatory Framework and Product Scope

The CRA applies to ”products with digital elements” (PDEs), covering hardware and software

engaged in data connection. The regulation establishes essential cybersecurity requirements

that manufacturers must meet to affix the CE marking and place products on the EU market.

Crucially for the energy sector, the CRA introduces a classification system for critical prod-

ucts. Class I and Class II critical products require stricter conformity assessment procedures

involving third-party auditing. Components vital to energy system stability, such as industrial

smart metering systems and certain classes of microcontrollers and smart home energy in-

terfaces, fall within these critical categories depending on their potential impact on essential

services.

The regulation mandates two primary sets of obligations that directly benefit the non-

technical prosumer:

• Security by Design and Default: Manufacturers must ensure products are secure out

of the box (e.g., no default passwords, encrypted communications) without requiring

complex configuration by the end-user.

• Vulnerability Handling and Updates: Manufacturers are obligated to provide security

support and automatic updates for the expected product lifetime (typically 5 years or

more), ensuring that prosumer devices do not become obsolete vulnerabilities within the

grid.

This framework effectively shifts the burden of cybersecurity from the user (the prosumer)

to the manufacturer, acknowledging that the average prosumer lacks the technical expertise

to secure their own infrastructure.
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2.1.5.2 Implementation Challenges and Prosumer Context

While the CRA significantly elevates the baseline security of distributed energy resources

(DERs), it introduces specific challenges for the mass adoption of prosumer technologies.

The Legacy Device Dilemma: The CRA applies to products placed on the market after

the regulation’s enforcement. It does not retroactively mandate updates for the millions of

smart inverters and IoT energy devices already installed in European homes. This creates a

”bifurcated grid” scenario where new, secure CRA-compliant devices must coexist with a vast

legacy infrastructure of insecure prosumer devices that may remain operational for 15-20 years

without security updates.

Cost and Market Accessibility: The compliance costs associated with third-party as-

sessments and continuous vulnerability monitoring may increase the unit cost of prosumer

technologies. While essential for security, this ”security premium” could impact the economic

return on investment (ROI) for small-scale residential installations. For cost-sensitive house-

holds, this might slow the adoption of smart grid technologies or encourage the purchase of

non-compliant ”grey market” devices imported from outside the EU.

Update Management and Service Continuity: For non-technical prosumers, the

mandatory update regime introduces operational risks. An automatic security patch applied

to a smart inverter or battery system could inadvertently cause compatibility issues with other

home energy management components. Unlike standard consumer electronics, where a reboot

is a minor inconvenience, a disrupted energy device can impact household power supply or grid

balancing services. Ensuring that security updates do not compromise operational reliability is

a critical challenge for manufacturers serving the residential market.

2.1.5.3 CRA Regulatory Gap Analysis and Legislative Recommendations

The analysis indicates that while the CRA solves the ”unregulated device” problem, it cre-

ates new frictions regarding legacy transition and the operational continuity of interconnected

systems.

The primary gaps involve the management of the transition period for existing infrastruc-

ture, the definition of ”expected product lifetime” for energy assets (which significantly exceeds

typical IT lifecycles), and the risks of system fragmentation where updates to one device break

interoperability with others in the prosumer’s home network.

The identified gaps, summarized in Table 2.5, highlight the disconnect between IT regula-

tion cycles and the long-term operational reality of energy infrastructure.
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Table 2.5: Cyber Resilience Act: Regulatory Gaps in Distributed Energy Infrastructure Context

Gap Category Description Impact on Distributed Energy Sys-
tems

Legacy Infrastructure Regulation applies only to new
market entrants, leaving exist-
ing widespread DERs unregu-
lated

Long-lifecycle assets (inverters, bat-
teries) installed pre-CRA remain vul-
nerable points of entry for decades

Product Lifecycle Definition Ambiguity in ”expected prod-
uct lifetime” for support peri-
ods

Mismatch between consumer elec-
tronics support cycles (3-5 years) and
energy infrastructure longevity (15-20
years)

Interoperability Risks Focus on individual product se-
curity may overlook system-
level integration

Automatic security updates may dis-
rupt communication between devices
from different vendors, causing service
outages

Market Segmentation Increased costs for compliant
devices may drive ”grey mar-
ket” imports

Prosumers may unknowingly purchase
cheaper, non-compliant equipment,
undermining grid security

Regulatory Development Recommendations for Legislative Bodies - CRA

To ensure the Cyber Resilience Act effectively secures the distributed energy landscape

without hindering adoption, the following legislative adaptations are recommended:

Extended Support Lifecycles for Energy Assets: Regulatory authorities should

define specific ”expected product lifetimes” for energy-relevant PDEs (e.g., inverters,

EV chargers) that align with their operational reality (10+ years), exceeding the standard

consumer electronics baseline to prevent premature e-waste and security obsolescence

in the grid.

Legacy Transition Frameworks: Legislative bodies should develop incentive mecha-

nisms (e.g., ”scrap and replace” schemes) to encourage prosumers to replace pre-CRA

legacy equipment with compliant secure devices, accelerating the sanitization of the

distributed grid attack surface.

System-Level Interoperability Standards: Regulations should mandate that security

updates undergo rigorous interoperability testing to ensure that patching a vulnerability

does not disrupt the device’s ability to communicate with the wider grid or home energy

management systems.



50 Legal Efforts and Regulatory Frameworks for Prosumer Security Integration

2.1.6 Artificial Intelligence Act (Regulation (EU) 2024/1689)

Regulation (EU) 2024/1689, commonly known as the AI Act [40], establishes the first com-

prehensive regulatory framework for artificial intelligence systems within the European Union,

addressing the governance challenges posed by the increasing deployment of AI technologies

across critical sectors. The regulation adopts a risk-based approach to AI regulation, establish-

ing different requirements based on the potential impact of AI systems on fundamental rights,

safety, and societal well-being. While the AI Act acknowledges the deployment of AI systems

within critical infrastructure sectors, including energy, it does not provide domain-specific reg-

ulatory guidance for the unique characteristics and operational requirements of distributed

energy systems, creating significant gaps in the governance of AI-enabled prosumer technolo-

gies and distributed energy management systems.

2.1.6.1 Regulatory Framework and Risk Classification

The AI Act establishes a comprehensive risk-based regulatory framework that categorizes AI

systems into four distinct risk levels: unacceptable risk (prohibited), high-risk, limited risk, and

minimal risk. High-risk AI systems, as defined in Article 6 and detailed in Annex III, include

those used in critical infrastructure sectors, which explicitly encompasses ”digital infrastruc-

ture, transport, water, energy, waste, electronic communications networks, and services.” This

classification acknowledges that AI systems deployed within energy infrastructure require en-

hanced regulatory oversight due to their potential impact on essential services and societal

security.

The regulation defines AI systems broadly in Article 3, encompassing machine learning

approaches, logic- and knowledge-based approaches, and statistical approaches that can in-

fluence the environment with which they interact. This comprehensive definition captures the

diverse range of AI technologies increasingly deployed within distributed energy systems, includ-

ing demand forecasting algorithms, grid balancing optimization systems, prosumer behavior

prediction models, virtual power plant management platforms, and predictive maintenance

systems for distributed energy resources.

Article 9 establishes comprehensive requirements for high-risk AI systems, including risk

management systems, data governance and management practices, technical documentation

requirements, record-keeping obligations, transparency provisions for users, human oversight

requirements, and accuracy, robustness, and cybersecurity measures. These requirements

create systematic frameworks for ensuring AI system reliability and accountability, particularly

relevant for energy systems where AI decisions can significantly impact grid stability, consumer

costs, and service reliability.

The regulation mandates conformity assessment procedures under Articles 43-47, requiring
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systematic evaluation of AI system compliance with regulatory requirements before market de-

ployment. For energy sector AI systems, this includes assessment of safety measures, risk mit-

igation strategies, and ongoing monitoring capabilities. However, the Act’s generic approach

to critical infrastructure does not address the specific technical and operational characteristics

that distinguish energy systems from other critical sectors, potentially creating implementation

challenges for specialized energy applications.

2.1.6.2 Implementation Challenges and Prosumer Integration

The AI Act’s application to distributed energy systems reveals significant challenges stem-

ming from its generic approach to critical infrastructure regulation. While the regulation

acknowledges AI deployment in energy systems, it does not provide domain-specific guidance

addressing the unique operational characteristics of distributed energy infrastructure, including

real-time balancing requirements, bidirectional power flows, market integration complexities,

and the distributed ownership structures characteristic of prosumer environments.

Distributed energy systems increasingly rely on sophisticated AI algorithms for demand re-

sponse optimization, prosumer aggregation management, grid edge resource coordination, and

predictive analytics for maintenance and operation. These applications often involve multiple

stakeholders, including individual prosumers, aggregators, distribution system operators, and

energy service companies, creating complex accountability chains that the AI Act’s provider-

user framework may not adequately address. The regulation’s focus on individual AI system

compliance may not capture the systemic implications of interconnected AI applications oper-

ating across distributed energy networks.

The economic and technical feasibility challenges become particularly acute for prosumer-

focused AI applications. Many distributed energy management systems incorporate AI capa-

bilities for optimizing household energy consumption, electric vehicle charging, battery storage

operation, and solar generation forecasting. These systems often operate with limited technical

oversight and may be developed by companies lacking extensive regulatory compliance capabil-

ities. The AI Act’s comprehensive documentation, testing, and monitoring requirements may

create substantial compliance burdens that could limit innovation and market accessibility for

prosumer-oriented AI solutions.

Furthermore, the regulation’s emphasis on human oversight requirements presents practi-

cal challenges in distributed energy contexts where AI systems often operate autonomously to

manage rapid grid fluctuations and market responses that exceed human reaction capabilities.

The requirement for meaningful human control must be balanced with the operational necessi-

ties of real-time energy management while ensuring appropriate accountability and intervention

capabilities for critical decisions affecting grid stability and consumer impacts.
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2.1.6.3 AI Act Regulatory Gap Analysis and Legislative Recommendations

The analysis reveals that while the AI Act establishes comprehensive governance frameworks for

AI systems in critical infrastructure, its generic approach to energy sector applications creates

significant gaps in addressing the unique technical, operational, and stakeholder characteristics

of distributed energy systems. The regulation’s acknowledgment of energy as critical infras-

tructure lacks the domain-specific guidance necessary for effective governance of AI-enabled

prosumer technologies and distributed energy management systems.

The primary regulatory gaps encompass domain-specific guidance limitations, stakeholder

accountability complexity, real-time operational requirement challenges, and prosumer mar-

ket accessibility concerns. Domain-specific guidance limitations arise from the Act’s generic

treatment of critical infrastructure, which fails to address the unique technical requirements

of energy systems including real-time balancing constraints, bidirectional power flows, market

integration complexities, and distributed ownership structures that distinguish energy applica-

tions from other critical sectors.

Stakeholder accountability complexity emerges from the multi-actor environment charac-

teristic of distributed energy systems, where AI applications often involve coordination across

prosumers, aggregators, distribution system operators, and energy service companies. The AI

Act’s provider-user framework may not adequately address the complex responsibility alloca-

tions and accountability chains that characterize distributed energy AI deployments, potentially

creating gaps in oversight and liability assignment.

Real-time operational requirement challenges stem from the tension between the Act’s

human oversight requirements and the operational necessities of energy systems that require

autonomous AI decision-making for managing rapid grid fluctuations, frequency regulation, and

market responses that exceed human intervention capabilities. This creates potential conflicts

between regulatory compliance and operational effectiveness in critical energy management

functions.

The identified regulatory gaps demonstrate the need for sector-specific guidance that ad-

dresses the unique characteristics of AI deployment within distributed energy infrastructure

while maintaining the AI Act’s fundamental risk-based approach and safety objectives. The

regulation’s comprehensive framework provides valuable foundations for AI governance, but its

effective application to energy systems requires complementary guidance addressing domain-

specific technical, operational, and stakeholder management challenges.
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Table 2.6: AI Act 2024/1689: Regulatory Gaps in Distributed Energy Infrastructure Context

Gap Category Description Impact on Distributed Energy Sys-
tems

Domain-Specific Guidance Limitations Generic critical infrastructure
approach lacks energy sector-
specific technical and opera-
tional guidance

AI systems for energy management
lack tailored regulatory frameworks
addressing real-time balancing, bidi-
rectional flows, and distributed own-
ership

Stakeholder Accountability Complexity Provider-user framework inad-
equately addresses multi-actor
distributed energy environ-
ments

Complex responsibility chains across
prosumers, aggregators, and opera-
tors create accountability gaps in AI
system oversight

Real-Time Operational Conflicts Human oversight requirements
conflict with autonomous oper-
ation necessities in energy sys-
tems

Tension between regulatory compli-
ance and operational effectiveness for
critical real-time energy management
functions

Prosumer Market Accessibility Comprehensive compliance re-
quirements may create barriers
for prosumer-oriented AI solu-
tions

Innovation and market accessibil-
ity challenges for distributed energy
AI applications serving cost-sensitive
prosumer markets
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Regulatory Development Recommendations for Legislative Bodies - AI Act

To address the identified regulatory gaps and enhance the AI Act’s applicability to

distributed energy infrastructure, the following legislative and regulatory adaptations

are recommended for policy makers and regulatory authorities:

Energy Sector-Specific AI Guidance Development: Regulatory authorities should

develop complementary guidance specifically addressing AI systems in distributed en-

ergy infrastructure, including technical standards for real-time operation, bidirectional

power flow management, market integration requirements, and prosumer coordination

protocols that account for the unique operational characteristics of energy systems.

Multi-Stakeholder Accountability Framework Establishment: Legislative bodies

should establish clear accountability allocation mechanisms for AI systems operating

across complex distributed energy stakeholder networks, including responsibility-sharing

agreements between prosumers, aggregators, distribution system operators, and AI sys-

tem providers, with appropriate liability distribution based on control and benefit allo-

cation.

Adaptive Human Oversight Mechanism Development: Regulatory frameworks

should develop sector-appropriate human oversight requirements that balance AI Act

compliance with operational necessities of real-time energy management, including grad-

uated oversight levels based on decision criticality and time constraints, with enhanced

monitoring and intervention capabilities for high-impact autonomous decisions.

Prosumer-Accessible Compliance Framework: Regulatory authorities should es-

tablish simplified compliance pathways for prosumer-oriented AI applications, including

standardized assessment procedures for common distributed energy AI use cases, collec-

tive compliance mechanisms for similar AI deployments, and economic support mecha-

nisms that facilitate AI Act compliance for innovative distributed energy solutions.

Sectoral Harmonization Mechanism Integration: Legislative frameworks should

establish coordination mechanisms between AI Act requirements and existing energy

sector regulations (NIS2, Network Code, Cybersecurity Act) to ensure coherent regu-

latory compliance across overlapping requirements and avoid conflicting obligations for

distributed energy AI systems.
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2.1.7 Legal Accountability and GDPR Applicability (Regulation (EU) 2016/679)

The General Data Protection Regulation (EU) 2016/679 (GDPR) [41] constitutes the Euro-

pean Union’s principal legal instrument governing personal data processing, establishing com-

prehensive obligations for any activity involving data that identifies or can be linked to natural

persons. Within distributed energy infrastructure contexts, GDPR applicability becomes par-

ticularly complex due to the dual nature of prosumer installations: while individual prosumer

devices operate within household environments traditionally protected by GDPR exemptions,

their integration into critical energy infrastructure creates potential data processing activi-

ties that extend beyond purely personal use. This regulatory intersection raises fundamental

questions about liability allocation, accountability frameworks, and the scope of data protec-

tion obligations when individual prosumer activities collectively impact critical infrastructure

security and stability.

2.1.7.1 Regulatory Framework and Data Controller Responsibilities

The GDPR establishes comprehensive data protection obligations centered on the concept

of data controllers, defined as entities that determine the purposes and means of personal

data processing. In distributed energy system contexts, data controller identification becomes

complex due to the multi-stakeholder environment where prosumer data may be processed by

various entities including platform operators, aggregators, distribution system operators, energy

service companies, and potentially the prosumers themselves. Each entity’s data controller

status depends on their level of control over data processing activities and their decision-

making authority regarding data processing purposes and methods.

Article 5 establishes fundamental data processing principles including lawfulness, fairness,

transparency, purpose limitation, data minimization, accuracy, storage limitation, integrity,

confidentiality, and accountability. These principles create systematic obligations for ensuring

secure data processing throughout distributed energy systems, with particular emphasis on

the integrity and confidentiality requirements that mandate appropriate technical and organi-

zational measures to protect personal data against unauthorized processing, accidental loss,

destruction, or damage.

Articles 24 and 25 establish specific obligations for data protection by design and by default,

requiring controllers to implement appropriate technical and organizational measures to ensure

and demonstrate GDPR compliance. In distributed energy contexts, these requirements man-

date secure system design, privacy-preserving data processing architectures, and comprehensive

security measures that protect prosumer data throughout collection, processing, storage, and

transmission activities. The regulation’s emphasis on accountability requires controllers to

demonstrate compliance through documentation, monitoring, and regular assessment of data
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protection measures.

Article 33 and 34 establish comprehensive data breach notification obligations, requiring

controllers to notify supervisory authorities within 72 hours of breach awareness and inform af-

fected data subjects when breaches pose high risks to their rights and freedoms. For distributed

energy systems, these obligations create complex notification scenarios where breaches affect-

ing prosumer data may have implications extending beyond individual privacy to encompass

infrastructure security and grid stability concerns.

The household exception established in Article 2(2)(c) exempts personal data processing

”by a natural person in the course of a purely personal or household activity” from GDPR

obligations. This exception traditionally protects individual prosumers from data controller

obligations when their energy management activities remain within household contexts. How-

ever, the exception explicitly applies only to natural persons and excludes activities that extend

beyond purely personal or household purposes, creating potential gaps when prosumer activities

collectively impact critical infrastructure systems.

2.1.7.2 Implementation Challenges and Prosumer Integration

The application of GDPR to distributed energy systems reveals significant challenges stem-

ming from the evolution of prosumer roles from passive energy consumers to active participants

in critical infrastructure operations. Traditional household exception interpretations assumed

individual energy consumption activities with minimal external impact, yet modern prosumer in-

stallations increasingly contribute to grid balancing, demand response programs, virtual power

plant operations, and market participation activities that extend beyond purely personal use.

When cyber-attacks target prosumer equipment and manipulate personal data for infras-

tructure disruption purposes, multiple data controller relationships may be implicated. The

attacker clearly violates GDPR obligations through unauthorized data processing, but liability

questions extend to other stakeholders involved in prosumer data processing activities. Plat-

form operators, aggregators, and energy service companies managing prosumer infrastructure

may qualify as data controllers if their systems facilitate data processing or if inadequate

security measures contribute to successful attacks.

The most complex accountability question concerns prosumer liability under GDPR obli-

gations. While the household exception traditionally protects natural person prosumers, the

nature and scale of modern prosumer activities increasingly challenge this classification. In-

dividual prosumer installations that participate in demand response programs, provide grid

services, or operate within virtual power plant configurations may process data in ways that

affect other citizens and critical infrastructure operations, potentially exceeding the scope of

purely household activities.

Corporate prosumers face clearer obligations as they cannot benefit from household exemp-



European Legislative Framework Analysis 57

tions and likely qualify as data controllers for their prosumer-related data processing activities.

This creates systematic compliance requirements for secure data processing equipment, appro-

priate technical and organizational measures, and comprehensive incident response capabilities.

Failure to implement adequate security measures could result in GDPR liability toward affected

individuals and regulatory sanctions from supervisory authorities.

The distributed nature of prosumer data processing creates additional challenges for deter-

mining appropriate technical and organizational measures. Individual prosumers may lack the

technical expertise, economic resources, and organizational capabilities necessary to implement

comprehensive data protection measures equivalent to those expected from traditional data

controllers, yet their collective data processing activities may create risks to other citizens that

exceed traditional household activity impacts.

2.1.7.3 GDPR Regulatory Gap Analysis and Legislative Recommendations

The analysis reveals that while GDPR establishes comprehensive data protection frameworks,

its application to distributed energy infrastructure creates significant gaps in accountability al-

location, household exception interpretation, and technical implementation requirements. The

regulation’s traditional approach to data controller identification may not adequately address

the complex multi-stakeholder environment and collective impact characteristics of distributed

energy systems where individual prosumer activities aggregate into critical infrastructure op-

erations.

The primary regulatory gaps encompass household exception boundary ambiguity, collec-

tive impact accountability deficiencies, technical implementation scalability challenges, and

multi-stakeholder liability coordination difficulties. Household exception boundary ambiguity

arises from unclear criteria for determining when prosumer activities exceed purely personal or

household purposes, particularly as prosumer participation in grid services, demand response

programs, and virtual power plant operations becomes more sophisticated and impactful.

Collective impact accountability deficiencies emerge from GDPR’s focus on individual data

processing activities, which may not adequately address scenarios where multiple prosumer

installations create aggregated privacy and security risks affecting other citizens and critical

infrastructure systems. The regulation’s individual-centric approach may not capture the col-

lective accountability implications when numerous prosumer data processing activities combine

to create systemic risks requiring coordinated protection measures.

Technical implementation scalability challenges stem from GDPR’s comprehensive secu-

rity requirements, which may be difficult for individual prosumers to implement despite their

potential data controller status. The regulation’s emphasis on appropriate technical and or-

ganizational measures assumes organizational capabilities that individual prosumers may lack,

creating potential compliance gaps when prosumer activities extend beyond household exemp-



58 Legal Efforts and Regulatory Frameworks for Prosumer Security Integration

tion scope.

Table 2.7: GDPR 2016/679: Regulatory Gaps in Distributed Energy Infrastructure Context

Gap Category Description Impact on Distributed
Energy Systems

Household Exception Boundary Ambiguity Unclear criteria for deter-
mining when prosumer ac-
tivities exceed purely per-
sonal or household pur-
poses

Individual prosumer par-
ticipation in grid services
may exceed household ex-
emption scope without
clear regulatory guidance

Collective Impact Accountability Individual-centric ap-
proach inadequately
addresses aggregated
privacy and security risks
from multiple prosumers

Multiple prosumer data
processing activities may
create systemic risks re-
quiring coordinated pro-
tection beyond individual
accountability

Technical Implementation Scalability Comprehensive security
requirements difficult
for individual prosumers
to implement despite
potential controller status

Individual prosumers may
lack organizational ca-
pabilities for appropriate
technical and organiza-
tional measures

Multi-Stakeholder Liability Coordination Complex liability alloca-
tion among prosumers,
platforms, aggregators,
and operators creates
accountability gaps

Unclear responsibility dis-
tribution when prosumer
data breaches affect in-
frastructure security and
other citizens

The identified regulatory gaps demonstrate the need for adaptive GDPR interpretation and

complementary guidance that addresses the unique characteristics of distributed energy infras-

tructure while maintaining fundamental data protection principles. The regulation’s compre-

hensive privacy protection framework provides valuable foundations, but its effective application

to prosumer environments requires clarified accountability mechanisms, scaled implementation

approaches, and coordinated liability frameworks that reflect the collective nature of distributed

energy data processing activities.
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Regulatory Development Recommendations for Legislative Bodies - GDPR

To address the identified regulatory gaps and enhance GDPR applicability to distributed

energy infrastructure, the following legislative and regulatory adaptations are recom-

mended for policy makers and data protection authorities:

Household Exception Clarification Framework: Data protection authorities should

develop specific guidance clarifying household exception boundaries for prosumer activ-

ities, including criteria for determining when energy-related data processing exceeds

purely personal purposes, with clear thresholds based on market participation, grid

service provision, and collective impact potential on other citizens and infrastructure

systems.

Collective Accountability Mechanism Development: Legislative bodies should es-

tablish frameworks for addressing collective data protection risks arising from multi-

ple prosumer installations, including shared responsibility models for aggregated privacy

risks, collective compliance mechanisms for coordinated prosumer activities, and liability-

sharing agreements among distributed energy stakeholders.

Graduated Technical Implementation Support: Regulatory authorities should de-

velop scaled technical and organizational measures appropriate for different prosumer

controller categories, including simplified security requirements for individual natural per-

son prosumers, enhanced obligations for corporate prosumers, and technical assistance

programs to support appropriate measure implementation.

Multi-Stakeholder Liability Coordination Framework: Data protection authorities

should establish clear liability allocation mechanisms for distributed energy data process-

ing environments, including responsibility-sharing protocols among prosumers, platform

operators, aggregators, and distribution system operators, with appropriate liability dis-

tribution based on control, benefit, and capability to implement protective measures.

Energy Sector-Specific Data Protection Guidance: Regulatory frameworks should

develop sector-specific data protection guidance addressing unique characteristics of

energy data processing, including real-time operational requirements, infrastructure se-

curity implications, and coordination requirements between data protection and energy

security obligations.
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2.2 Global Perspectives on Prosumer Legislation

Outside the European Union, major economies are pursuing divergent regulatory strategies that

reveal significant variation in how jurisdictions conceptualize prosumer cybersecurity risks, with

some treating prosumers as critical infrastructure assets requiring protection and others viewing

them primarily as potential attack vectors requiring containment.

This analysis demonstrates a clear evolutionary trajectory from voluntary cybersecurity

guidelines toward mandatory compliance frameworks, driven by growing recognition that dis-

tributed energy resources create an exponentially expanding attack surface that traditional

centralized security models cannot adequately protect. The research reveals that while doc-

umented large-scale prosumer cybersecurity incidents remain relatively uncommon, identified

vulnerabilities have catalyzed substantial regulatory evolution that fundamentally reconceptu-

alizes energy sector cybersecurity governance.

2.2.1 United States: Comprehensive Federal-State Coordination Framework

The United States has developed the most comprehensive prosumer cybersecurity framework

through a sophisticated multi-layered approach combining federal oversight, market-based in-

centives, and state-level implementation. This regulatory architecture treats prosumers as

essential infrastructure participants requiring enabling cybersecurity support rather than view-

ing them primarily as security threats to be contained.

2.2.1.1 Federal Regulatory Foundation

The Department of Energy (DOE)’s landmark Cybersecurity Baselines for Electric Distribu-

tion Systems and Distributed Energy Resources, published in February 2024, represents the

first comprehensive global attempt to establish uniform cybersecurity standards specifically

for industrial-scale prosumer systems [42]. Developed through an unprecedented public-

private collaboration between the National Association of Regulatory Utility Commissioners

(NARUC) and federal agencies, these baselines establish minimum cybersecurity requirements

for distributed energy resources while providing scalable frameworks to accommodate diverse

large-scale system configurations.

The Federal Energy Regulatory Commission’s (FERC) regulatory approach demonstrates

sophisticated integration of cybersecurity requirements within market participation frameworks.

Order No. 2222, implemented in 2021, explicitly enables distributed energy resources to

participate in electricity markets while establishing mandatory cybersecurity coordination re-

quirements between regional transmission operators, DER aggregators, and distribution util-

ities [43]. This framework fundamentally reconceptualizes prosumers as market participants

requiring cybersecurity enablement rather than treating them as peripheral security concerns.
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FERC’s 2023 Cybersecurity Incentives Program provides substantial economic incentives for

voluntary cybersecurity investments exceeding mandatory standards, offering 200 basis points

rate-of-return adders for qualifying investments [44]. This market-driven approach encour-

ages enhanced security through economic incentives rather than purely regulatory mandates,

demonstrating regulatory philosophy that views cybersecurity investment as economically ra-

tional behavior requiring appropriate market signals.

2.2.2 China: Centralized Coordination with Market Integration

China’s regulatory approach represents centralized coordination with market-based evolution,

where prosumers are integrated into comprehensive national energy transformation planning

rather than treated as separate cybersecurity concerns. This framework emphasizes com-

prehensive coordination through national planning mechanisms while enabling rapid market

expansion of prosumer systems.

2.2.2.1 National Planning Integration

The 2024 Action Plan for Accelerating the New Type Power System, coordinated by the

National Development and Reform Commission and National Energy Administration, targets

200+ GW annual renewable capacity additions through 2027, with cybersecurity requirements

embedded within broader grid modernization frameworks rather than treated as separate reg-

ulatory concerns [45].

2.2.3 Canada: Mandatory Compliance Framework

Canada’s approach through Bill C-8, reintroduced in June 2025, demonstrates mandatory

compliance philosophy with the Critical Cyber Systems Protection Act creating comprehensive

cybersecurity frameworks for critical infrastructure including interprovincial power systems [46].

The legislation imposes penalties up to $15 million per day for corporations failing to main-

tain adequate cybersecurity programs, representing one of the most stringent penalty regimes

globally for cybersecurity non-compliance.

Natural Resources Canada’s Cyber Energy Security Policy coordinates public-private in-

formation sharing through forums that explicitly include prosumer system operators, treating

them as stakeholders in national energy security rather than peripheral market participants [47].

This approach demonstrates regulatory recognition of prosumers as critical infrastructure com-

ponents requiring protection and coordination rather than viewing them primarily as security

threats requiring containment.

The Canadian regulatory framework emphasizes mandatory compliance with significant

penalties, contrasting with United States market-based incentive approaches while maintaining
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similar recognition of prosumers as essential infrastructure participants requiring cybersecurity

enablement.

2.2.4 Japan: Industry-Led Standards Development

Japan’s sophisticated industry-led standards development reveals advanced regulatory thinking

about emerging prosumer cybersecurity threats through collaborative governance between the

Ministry of Economy, Trade and Industry and industry stakeholders. The May 2025 Cyber-

security Guidelines for Energy Resource Aggregation Business Version 3.0 explicitly addresses

gateway-less demand response systems and IoT device vulnerability management, represent-

ing regulatory adaptation to technological evolution that outpaces traditional regulatory cy-

cles [48].

Japan’s approach uniquely recognizes prosumers as potential cybersecurity weak points re-

quiring specialized protection frameworks, implementing three-pronged cybersecurity method-

ology addressing cloud-based control systems, IoT device vulnerabilities, and information secu-

rity risks from device utilization patterns. The March 2025 launch of the IoT Product Security

Labeling Scheme demonstrates proactive regulatory intervention in prosumer technology mar-

kets, requiring security evaluations before market deployment.

The Japanese regulatory framework demonstrates sophisticated technical understanding of

prosumer cybersecurity challenges while maintaining industry leadership in standards develop-

ment, enabling both innovation and security through collaborative governance mechanisms.

2.2.5 Comparative Analysis and Regulatory Trajectories

The comparative analysis reveals three distinct regulatory philosophies emerging globally: in-

frastructure enablement approaches (United States, Australia) that treat prosumers as essen-

tial participants requiring cybersecurity support; threat containment approaches (Japan, some

Canadian frameworks) emphasizing sophisticated monitoring and control requirements; and

market integration approaches (China, South Korea) where prosumer cybersecurity require-

ments are embedded within comprehensive energy transformation planning.

2.2.5.1 Regulatory Convergence Trends

Despite philosophical differences, regulatory convergence trends include movement toward

mandatory compliance frameworks with significant penalties for non-compliance, enhanced

supply chain security requirements addressing international coordination challenges, expanded

regulatory scope covering previously exempt smaller prosumer systems, and international co-

ordination mechanisms addressing cross-border cybersecurity governance.

The period 2020-2025 represents regulatory acceleration driven by growing recognition of
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prosumer cybersecurity risks, with all major jurisdictions implementing enhanced regulatory

frameworks reflecting sophisticated understanding of distributed energy resource cybersecurity

challenges.
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Chapter 3

Prosumer Security Analysis

The objective of this chapter is to introduce a reference prosumer system architecture by

systematically detailing each operational plane and its constituent technical components, as

depicted in Figure 3.1. This multi-layered architecture facilitates rigorous security analysis

through systematic examination of attack surfaces, threat vectors, and potential entry points

across the hierarchical architectural planes. In this chapter a detailed threat modeling and

risk assessment for individual planes is detailed, systematically identifying critical security

vulnerabilities, implementation gaps, and emerging threat. Through this approach, this analysis

establishes a security baseline for prosumer infrastructures while highlighting open research

challenges and mitigation strategies for next-generation distributed energy systems.

3.1 Reference Architecture and Components

The proposed architecture encompasses five distinct planes: generation, storage, control and

management, communication and networking, and market interface planes, each being ana-

lyzed in the following subsections. The system components of each plane will be systematically

deconstructed by providing the reader a comprehensive understanding of the bidirectional inter-

actions, energy flow dynamics, and data exchange patterns that characterize modern prosumer

operations.

3.1.1 Generation Plane Components

The generation layer constitutes the foundational stratum of the prosumer architecture, en-

compassing distributed energy resources that facilitate bidirectional power exchange with the

electrical grid through the grid interconnection interface. This plane integrates three primary

generation technologies: photovoltaic systems, wind micro-generation units, and combined

heat and power (CHP) installations, each employing distinct control mechanisms and opera-
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Figure 3.1: Multi-layered prosumer architecture framework illustrating the hierarchical integration of
generation, storage, control, communication, and market interface planes with constituent technical
components for autonomous energy management and grid interaction.
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tional paradigms.

3.1.1.1 Photovoltaic System Architecture

The PV system architecture, displayed in Figure 3.2 ,comprises multi-level power conversion

stages including DC/AC inverter modules with integrated maximum power point tracking

(MPPT) controllers operating at appropriate switching frequencies for optimal efficiency. The

inverter modules generally implement three-phase grid-tie functionality with low total har-

monic distortion (THD) specifications and comprehensive power factor correction capabilities

spanning leading to lagging operational ranges. Smart inverter functionalities include volt-

VAR control, frequency-watt response, and generic functionalities command that can be sent

remotely.

Figure 3.2: Photovoltaic electrical components view [49].

Real-time data acquisition encompasses DC string voltages and currents within operational

ranges typical for residential and commercial installations, module temperatures across stan-

dard environmental operating conditions, and solar irradiance measurements covering the full

spectrum of natural solar conditions. The system generally maintains historical databases con-

taining cumulative energy production, performance ratio calculations, and module degradation

tracking throughout operational lifetime. Environmental data such as ambient temperature,

wind speed, relative humidity, and barometric pressure can be used for comprehensive perfor-
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mance correlation analysis. The MPPT controllers utilize industry-standard algorithms such

as perturb-and-observe or incremental conductance methods with high tracking efficiency un-

der standard test conditions, while anti-islanding protection mechanisms provide rapid grid

disturbance detection using established active detection methods.

The control system accepts different operational commands including inverter enable/dis-

able functions, variable power curtailment set-points across the full rated capacity range, reac-

tive power control commands within standard power factor operational ranges, and volt-VAR

curve parameter adjustments. MPPT algorithm selection commands facilitate switching be-

tween various tracking methodologies including perturb-and-observe, incremental conductance,

and constant voltage tracking modes. Grid-tie operational commands encompass synchroniza-

tion control, anti-islanding sensitivity adjustments, and protective relay set-point modifications

for voltage and frequency parameters within acceptable grid operational ranges. Communica-

tion interfaces implement standard protocols such as Modbus RTU or SunSpec [50] for data

exchange, transmitting critical performance parameters including instantaneous power output,

cumulative energy production, thermal conditions, and comprehensive fault status indicators.

Table 3.1: Photovoltaic System Components: Data Types and Control Commands

Component Data Types and Measurements Control Commands and Param-
eters

DC/AC Inverter Three-phase voltage/current
within operational ranges, low
THD performance, adjustable
power factor, grid frequency
monitoring

Enable/disable, variable power
curtailment, reactive power con-
trol, volt-VAR curve adjustment

MPPT Controller DC string voltage/current mon-
itoring, high tracking efficiency,
comprehensive irradiance mea-
surement

Algorithm selection, tracking pa-
rameter optimization, operational
mode control

Grid Synchronization Grid frequency monitoring, phase
angle detection, voltage magni-
tude assessment, synchronization
status, islanding detection

Synchronization control, anti-
islanding sensitivity adjustment,
protective relay configuration

Environmental Monitoring Module temperature monitoring,
ambient condition assessment,
meteorological data collection

Calibration commands, measure-
ment interval configuration, sensor
management
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3.1.1.2 Wind Micro-Generation Infrastructure

Wind micro-generation systems typically employ three-phase permanent magnet synchronous

generators (PMSG) coupled with variable speed drive controllers implementing field-oriented

control (FOC) algorithms for optimal torque and flux regulation. The power electronic con-

verters utilize back-to-back AC-DC-AC topology with intermediate DC bus voltage regulation

at appropriate voltage levels and optimal switching frequencies to minimize electromagnetic

interference. Pitch control systems maintain blade angle optimization through servo-controlled

actuators with high angular resolution, responding to wind speed variations with rapid response

times. Data acquisition systems collect measurements of electrical parameters including three-

Table 3.2: Wind Micro-Generation Components: Data Types and Control Commands

Component Data Types and Measure-
ments

Control Commands and Pa-
rameters

PMSG and Drive Controller Three-phase voltage/current
within operational ranges, rota-
tional speed monitoring, DC bus
voltage regulation

Start/stop sequences, operational
mode selection, variable power
curtailment, reactive power con-
trol

Pitch Control System Blade pitch angle monitoring, ac-
tuator position feedback, rapid re-
sponse characteristics, tip-speed
ratio optimization

Target blade angle commands
with high resolution, tracking
mode selection, emergency feath-
ering

Yaw Control System Nacelle orientation monitoring,
wind direction tracking, precise
alignment control

Yaw position commands, wind
tracking enable/disable, manual
positioning override

Condition Monitoring Vibration amplitude across
frequency spectrum, bearing
temperature monitoring, gearbox
health assessment, tower oscilla-
tion analysis

Monitoring sensitivity adjust-
ment, alarm threshold configura-
tion, diagnostic test activation

phase voltages, currents, power factor, and frequency. Mechanical parameters encompass

generator rotational speed within operational ranges, blade pitch angles across the full ad-

justment spectrum, nacelle yaw position throughout complete rotational range, and vibration

amplitude measurements across comprehensive frequency bands. Meteorological data includes

wind speed across operational ranges, wind direction measurements, air density, and turbulence

intensity assessments. Advanced control algorithms implement tip-speed ratio optimization,

maintaining optimal values for maximum power coefficient extraction, while cut-in wind speeds

are established at appropriate thresholds with rated wind speeds determined for optimal energy
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capture.

Operational commands include turbine start/stop sequences, emergency shutdown activa-

tion, and operational mode selection encompassing power optimization, noise reduction, and

grid support functionalities. Pitch control commands specify target blade angles with high

angular resolution for wind speed tracking and power regulation, while yaw control commands

direct nacelle orientation adjustments for optimal wind tracking. Power curtailment commands

enable variable output limitation across the full rated capacity range for grid stability support,

and reactive power commands provide voltage support capabilities within generator VA rating

limits. Condition monitoring systems employ accelerometers for comprehensive vibration anal-

ysis, implementing Fast Fourier Transform (FFT) algorithms for bearing fault detection and

gearbox health assessment.

3.1.1.3 Combined Heat and Power Systems

CHP installations integrate reciprocating engines or microturbines with electrical generators

and heat recovery systems, achieving high overall system efficiencies through simultaneous

electricity and thermal energy production [51]. Prime mover controllers implement closed-

loop combustion control maintaining air-fuel ratios within optimal stoichiometric limits for

superior emissions performance and fuel efficiency. Heat recovery steam generators (HRSG)

capture exhaust heat through finned-tube heat exchangers, generating hot water at appropriate

temperatures or low-pressure steam within operational pressure ranges.

Engine management systems monitor critical parameters including coolant temperature,

lubricating oil pressure, exhaust gas temperature, and engine speed at high-frequency intervals.

Electrical measurements encompass three-phase output power across rated capacity, precise

voltage regulation, frequency stability, and comprehensive power factor monitoring. Thermal

system data includes heat recovery temperatures, operational flow rates, thermal output across

rated capacity, and cumulative thermal energy production. Fuel system monitoring tracks gas

supply pressure, flow rates, heating values within standard ranges, and fuel composition analysis

for combustion optimization.

Operational commands encompass engine start/stop sequences with appropriate pre-lubrication

and warm-up procedures, load set-point adjustments across full rated capacity, and operational

mode selection including baseload, load-following, and peak-shaving operations. Power output

commands specify electrical generation targets with appropriate ramping rate limitations, while

thermal management commands control heat recovery circuit temperatures, circulation pump

speeds across operational capacity, and three-way valve positions for optimal heat distribution.

Synchronization commands coordinate grid connection sequences, including voltage matching,

frequency synchronization, and phase angle alignment prior to breaker closure. Maintenance

commands enable comprehensive diagnostic test sequences, emissions monitoring calibration,
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and protective system function verification.

Table 3.3: Combined Heat and Power Components: Data Types and Control Commands

Component Data Types and Measurements Control Commands and Param-
eters

Prime Mover Controller Engine speed monitoring, coolant
temperature control, oil pressure
monitoring, optimal air-fuel ratio
maintenance

Start/stop sequences, variable load
set-points, operational mode selec-
tion, ramping rate control

Electrical Generator Three-phase power across rated ca-
pacity, precise voltage regulation,
frequency stability, comprehensive
power factor monitoring

Power output commands, synchro-
nization control, voltage regulation,
protective relay configuration

Heat Recovery System Exhaust temperature monitoring,
thermal output measurement, oper-
ational flow rate control, heat ex-
changer efficiency assessment

Thermal management commands,
circulation pump control, valve po-
sition optimization

Fuel Management Gas pressure monitoring, flow rate
measurement, heating value assess-
ment, comprehensive fuel composi-
tion analysis

Fuel supply control, pressure reg-
ulation, composition monitoring,
safety shutdown systems

3.1.2 Storage Plane Components

The storage plane serves as the critical energy buffering and management layer within the pro-

sumer architecture, enabling temporal decoupling between energy generation and consumption

while providing grid stabilization services. This layer encompasses battery energy storage sys-

tems (BESS), supercapacitor technologies, and hybrid storage configurations, each contribut-

ing distinct operational characteristics for power quality enhancement, peak shaving, and grid

support functions.

3.1.2.1 Battery Energy Storage Systems

Battery energy storage systems utilize lithium-ion or lithium iron phosphate (LFP) cell con-

figurations organized in series-parallel arrangements to achieve desired voltage and capacity

specifications. The battery management system (BMS) implements cell-level monitoring and

control through integrated circuits measuring individual cell voltages, temperatures across

operational ranges, and current flow at high-frequency sampling intervals. State-of-charge es-
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timation generally employs coulomb counting, open-circuit voltage correlation, and extended

Kalman filtering algorithms to maintain high accuracy under dynamic operating conditions.

Power conditioning systems integrate bidirectional DC-DC converters and DC-AC inverters

to facilitate grid interconnection with power ratings appropriate for residential prosumer appli-

cations. The converters maintain DC bus voltage regulation with minimal ripple content, while

implementing soft-switching techniques to minimize electromagnetic interference and switch-

ing losses. Battery protection circuits incorporate overcurrent, overvoltage, undervoltage, and

thermal protection with rapid response times for critical fault conditions.

Control commands encompass charge/discharge power set-points with high resolution,

operational mode selection including grid-following, grid-forming, and islanding capabilities,

and protective parameter adjustments for voltage and current thresholds. State-of-health

(SOH) monitoring tracks capacity fade, internal resistance increases, and cycle counting for

predictive maintenance scheduling. The system accepts frequency regulation commands for

primary and secondary grid support services, implementing droop control characteristics with

rapid response times for frequency deviations.

Table 3.4: Battery Energy Storage System Components: Data Types and Control Commands

Component Data Types and Measure-
ments

Control Commands and Pa-
rameters

Battery Management System Cell voltage monitoring, temper-
ature measurement across op-
erational ranges, high-accuracy
SOC estimation, SOH tracking,
cycle counting

Charge/discharge commands,
balancing control, protection
threshold adjustment, calibration
sequences

Power Conditioning System DC bus voltage regulation, AC
output across rated capacity,
high conversion efficiency, low
THD performance

Power set-points with high res-
olution, operational mode selec-
tion, grid synchronization com-
mands, protection configuration

Thermal Management Cell temperature monitoring,
coolant flow measurement,
thermal gradient assessment,
heating/cooling power tracking

Temperature set-point control,
fan/pump operation, heating ele-
ment activation, thermal protec-
tion limits

Grid Interface Controller Grid frequency monitoring, volt-
age regulation, power factor con-
trol, rapid response characteris-
tics

Frequency regulation commands,
voltage support control, island-
ing management, droop charac-
teristic adjustment
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3.1.2.2 Supercapacitor Energy Storage

Supercapacitor systems provide high-power, short-duration energy storage with exceptional

power densities and extended cycle life ratings. The systems utilize electric double-layer ca-

pacitor (EDLC) technology with operational voltages per cell, configured in series strings

to achieve appropriate system voltages [52]. Voltage balancing circuits maintain cell volt-

age equalization through passive resistive or active switching methods, preventing overvoltage

conditions and ensuring uniform aging characteristics. Energy management algorithms coordi-

Table 3.5: Supercapacitor System Components: Data Types and Control Commands

Component Data Types and Measure-
ments

Control Commands and Pa-
rameters

Supercapacitor Modules Cell voltage monitoring, capac-
itance measurement, ESR as-
sessment, leakage current track-
ing, temperature monitoring

Voltage balancing control,
precharge sequences, module
isolation commands, safety
disconnect

Power Electronics DC-DC converter monitoring,
optimal switching frequency op-
eration, high efficiency perfor-
mance, rapid response charac-
teristics

Power reference commands with
high update rates, control mode
selection, current limiting, pro-
tection configuration

Energy Management Controller SOC estimation, power flow
measurement, cycle counting,
degradation tracking, grid syn-
chronization

Charge/discharge scheduling,
power smoothing optimization,
grid support activation, hybrid
coordination

Condition Monitoring Impedance spectroscopy analy-
sis, aging indicator assessment,
thermal imaging, vibration anal-
ysis, comprehensive diagnostics

Diagnostic test activation, cal-
ibration procedures, health as-
sessment triggers, maintenance
scheduling

nate supercapacitor discharge for high-frequency power compensation, grid fault ride-through

support, and rapid response grid services. The power electronic interface implements buck-

boost DC-DC conversion with optimal switching frequencies to minimize filtering requirements

and maximize dynamic response. Current control loops achieve rapid response times for step

changes in power demand, enabling participation in fast frequency response markets and power

quality improvement services.

Control systems accept power reference commands with high update rates, enabling real-

time power smoothing and voltage regulation support. Capacitance monitoring tracks aging

degradation through impedance spectroscopy measurements, while leakage current monitoring
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ensures system integrity during standby operations. The systems implement coordinated con-

trol with battery storage for hybrid energy management, providing complementary high-power

and high-energy storage capabilities.

3.1.2.3 Thermal Management Systems

Thermal management systems maintain optimal operating temperatures across all storage

technologies through active cooling and heating mechanisms. Liquid cooling systems utilize

appropriate coolant mixtures circulated through heat exchangers integrated within battery

modules, maintaining uniform cell temperatures across the pack. Variable-speed circulation

pumps adjust flow rates based on thermal load requirements, while heat exchangers facili-

tate heat rejection to ambient air or ground-source heat pumps. Temperature monitoring

Table 3.6: Thermal Management System Components: Data Types and Control Commands

Component Data Types and Measurements Control Commands and Param-
eters

Liquid Cooling System Coolant temperature monitoring,
variable flow rate measurement,
pressure differential assessment,
pump power tracking

Flow rate commands, temperature
set-point control, pump speed ad-
justment, valve position optimiza-
tion

Temperature Monitoring High-accuracy cell temperature
measurement, thermal gradient
assessment, ambient condition
monitoring, heat exchanger perfor-
mance evaluation

Sensor calibration, sampling rate
configuration, alarm threshold ad-
justment, thermal imaging activa-
tion

Phase Change Materials PCM temperature monitoring, la-
tent heat capacity utilization, ther-
mal conductivity assessment, solid-
ification tracking

Thermal buffering activation, PCM
regeneration control, thermal ca-
pacity optimization

HVAC Integration Heat recovery measurement, COP
assessment, seasonal efficiency
tracking, waste heat utilization
monitoring

Heat recovery control, HVAC coor-
dination, seasonal optimization, ef-
ficiency maximization

employs distributed sensor networks with high-accuracy thermistors at appropriate sampling

rates. Thermal modeling algorithms predict temperature evolution based on charge/discharge

profiles, ambient conditions, and aging characteristics to optimize cooling system operation.

Phase change material (PCM) integration provides passive thermal buffering during high-rate

charge/discharge events, reducing active cooling power consumption and improving system
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efficiency.

Control algorithms coordinate heating and cooling systems based on predictive thermal

management, pre-conditioning storage systems for anticipated operating conditions. Heating

elements activate during cold weather conditions to maintain appropriate minimum operating

temperatures, while cooling systems prevent thermal runaway through active monitoring of

temperature rise rates. Integration with building HVAC systems enables waste heat recovery

for space heating applications, improving overall system efficiency.

3.1.3 Control and Management Plane

The control and management plane constitutes the supervisory layer responsible for coordinat-

ing distributed energy resources, load management, and grid interaction within the prosumer

architecture. This plane encompasses centralized control functions through cloud-based mon-

itoring systems, distributed safety controllers, demand response mechanisms, and automated

load management systems. The architecture facilitates bidirectional communication between

generation assets, storage systems, and controllable loads while ensuring compliance with grid

codes and operational safety requirements.

3.1.3.1 Control Block

The control block implements hierarchical control structures encompassing cloud-based mon-

itoring systems, distributed safety controllers, demand response controllers, and automatic

load management systems. These components work in coordination to optimize energy flows,

maintain system stability, and respond to both local operational requirements and external

grid signals.

Cloud-Based Monitoring Systems Citizen-deployed cloud-based monitoring architectures fa-

cilitate comprehensive data aggregation, analytical processing, and visualization capabilities

for privately-owned distributed prosumer installations. These systems enable prosumers to

maintain autonomous oversight of their energy assets through centralized data management

platforms. Real-time telemetry streams capture multidimensional operational parameters from

all distributed energy resources within the prosumer’s environment, encompassing photovoltaic

generation output, battery energy storage system state-of-charge metrics, residential and com-

mercial load consumption profiles, and ambient environmental variables affecting system per-

formance. The analytical framework may employ sophisticated data processing engines that

synthesize both historical datasets and real-time information streams to develop predictive com-

putational models. These models enable accurate energy production forecasting, load demand

prediction, and predictive maintenance scheduling algorithms. Machine learning methodolo-

gies systematically analyze operational behavioral patterns to optimize system efficiency, detect
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statistical anomalies, and provide autonomous fault identification capabilities through pattern

recognition algorithms.

Web-based visualization interfaces provide comprehensive system monitoring capabilities through

intuitive dashboard architectures, facilitating remote system supervision and detailed perfor-

mance analytics. Automated notification systems generate alerts for operational deviations,

predictive maintenance requirements, and grid interaction anomalies through multi-channel

communication protocols.

Safety Controllers Safety controllers implement distributed protection and safety functions

across all prosumer system components, ensuring personnel safety and equipment protection

under normal and fault conditions . These controllers utilize hardwired logic and programmable

safety systems with certified safety integrity levels appropriate for energy system applications.

Emergency shutdown capabilities provide rapid system isolation in response to hazardous con-

ditions, equipment failures, or grid disturbances.

Arc fault detection systems monitor electrical installations for dangerous arc conditions, im-

plementing rapid circuit interruption to prevent fire hazards. Ground fault protection monitors

insulation integrity and provides personnel protection through differential current detection.

Thermal protection systems monitor equipment temperatures and implement protective ac-

tions to prevent overheating and thermal damage.

Gas detection systems in CHP installations monitor for combustible gas leaks, implement-

ing automatic fuel shutoffs and ventilation activation. Electrical isolation systems provide

lockout/tagout capabilities for maintenance operations, ensuring safe working conditions. The

safety controllers maintain continuous operation through battery backup systems and imple-

ment fail-safe operational modes.

Demand Response Controllers Demand response controllers facilitate participation in utility

demand response programs and grid support services through automated load control and

generation adjustment capabilities [53]. These systems receive external signals from utility

companies, aggregators, or market operators, implementing predetermined response strategies

based on economic and operational criteria.

Load curtailment algorithms prioritize essential loads while reducing non-critical consump-

tion during demand response events. Generation dispatch optimization coordinates distributed

energy resources to maximize economic benefits while maintaining system stability. Energy

storage coordination ensures optimal charge/discharge scheduling to support demand response

objectives while preserving battery lifetime.

Price-responsive control systems implement dynamic load management based on real-time

electricity pricing signals, automatically shifting energy consumption to periods of lower cost.
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The controllers maintain user comfort and operational requirements while optimizing economic

performance through intelligent load scheduling and generation dispatch.

Automatic Load Management Automatic load management systems optimize energy con-

sumption patterns through intelligent control of controllable loads, energy storage systems,

and distributed generation resources [54]. These systems implement predictive algorithms

based on weather forecasts, occupancy patterns, and historical consumption data to optimize

energy flows and minimize operating costs.

Load scheduling algorithms coordinate the operation of thermal loads, electric vehicle

charging, and energy storage systems to minimize peak demand and maximize renewable energy

utilization. Power quality management maintains voltage and frequency stability through

coordinated control of distributed resources and reactive power compensation.

Energy optimization algorithms balance multiple objectives including cost minimization,

renewable energy maximization, and grid support service provision. The systems implement

adaptive control strategies that learn from operational experience and adjust control parame-

ters to improve performance over time.

Table 3.7: Control Block Components: Data Types and Control Commands

Component Data Types and Measure-
ments

Control Commands and Pa-
rameters

Cloud-Based Monitoring Real-time operational data ag-
gregation, performance analyt-
ics, predictive modeling results,
system health indicators

Data acquisition configuration,
alert threshold settings, analyt-
ics parameter adjustment, dash-
board customization

Safety Controllers Equipment status monitoring,
fault detection signals, emer-
gency conditions, protection sys-
tem states

Emergency shutdown activation,
protection setting adjustment,
safety system testing, isolation
control

Demand Response Controllers Utility signals, price information,
load curtailment status, genera-
tion dispatch levels

Demand response activation,
load curtailment commands,
generation adjustment, eco-
nomic optimization

Automatic Load Management Load consumption patterns,
energy optimization results,
scheduling parameters, system
efficiency metrics

Load scheduling commands,
optimization parameter adjust-
ment, control strategy selection
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3.1.3.2 Load Block

The load block encompasses controllable load systems, communication infrastructure, and

end-use devices that respond to control signals from the management plane. This block

includes IoT communication hubs, smart appliances, and electric vehicle charging systems, all

integrated through standardized communication protocols and control interfaces.

IoT Hub Systems IoT hub systems provide centralized communication and control interfaces

for distributed loads and smart devices within the prosumer installation [55]. These hubs

implement multiple communication protocols including WiFi, Zigbee, Z-Wave, and cellular

connectivity to accommodate diverse device requirements and ensure comprehensive system

integration.

Device management capabilities include automatic discovery, registration, and configura-

tion of connected devices. Protocol translation services enable interoperability between de-

vices using different communication standards, ensuring seamless integration within the overall

system architecture. Security frameworks implement encryption, authentication, and access

control mechanisms to protect against cybersecurity threats.

Data aggregation functions collect operational data from connected devices, providing local

processing capabilities to reduce communication bandwidth requirements and improve system

responsiveness. Edge computing capabilities enable local decision-making for time-critical

control functions while maintaining connectivity to cloud-based management systems.

Smart Appliances Smart appliances encompass household and commercial equipment capa-

ble of responding to external control signals while maintaining user comfort and operational

requirements. These devices include heating, ventilation, and air conditioning (HVAC) sys-

tems, water heaters, refrigeration systems, and other energy-intensive loads.

HVAC systems implement smart thermostats with occupancy sensing, weather compensa-

tion, and predictive control algorithms. These systems respond to demand response signals by

adjusting temperature set-points within acceptable comfort ranges while maintaining indoor

air quality requirements. Heat pump systems coordinate operation with renewable energy

availability and electricity pricing signals.

Water heating systems implement thermal storage capabilities, utilizing off-peak electricity

and renewable energy availability to minimize operating costs while ensuring hot water avail-

ability. Smart controls optimize heating schedules based on usage patterns and external price

signals. Refrigeration systems implement thermal mass utilization to provide demand response

capabilities without compromising food safety requirements.



Reference Architecture and Components 79

Electric Vehicle Charging Systems Electric vehicle charging systems provide controllable load

capabilities with bidirectional power flow potential for vehicle-to-grid applications. These sys-

tems implement smart charging algorithms that coordinate charging schedules with renewable

energy availability, electricity pricing, and grid support requirements while meeting vehicle

mobility needs.

Charging controllers implement multiple charging rates and scheduling capabilities, allowing

optimization based on departure times, energy costs, and grid conditions. Vehicle-to-grid

capable systems enable electric vehicles to provide grid support services through controlled

discharging during peak demand periods or grid emergencies.

Load balancing systems coordinate multiple charging stations to prevent local transformer

overloading and minimize infrastructure upgrade requirements. Communication interfaces

provide user interaction capabilities through mobile applications, enabling charging schedule

customization and energy cost tracking.

Table 3.8: Load Block Components: Data Types and Control Commands

Component Data Types and Measurements Control Commands and Param-
eters

IoT Hub Systems Device connectivity status, com-
munication protocol data, net-
work performance metrics, security
event logs

Device configuration commands,
protocol selection, security param-
eter settings, network optimization

Smart Appliances Energy consumption patterns, op-
erational status, comfort parame-
ters, efficiency metrics

Load control commands, schedul-
ing parameters, set-point adjust-
ments, operational mode selection

EV Charging Systems Charging status, battery state-of-
charge, power flow measurement,
vehicle connectivity

Charging schedule commands,
power level control, V2G activa-
tion, load balancing coordination

Communication Interface Data transmission rates, signal
quality metrics, latency measure-
ments, error rates

Communication parameter config-
uration, quality-of-service settings,
protocol optimization

3.1.4 Communication and Networking Layer

The communication and networking layer provides the essential infrastructure for data ex-

change, command transmission, and system coordination within the prosumer architecture.

This layer encompasses Advanced Metering Infrastructure components and comprehensive

networking systems that enable bidirectional communication between distributed energy re-
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sources, control systems, and external grid operators. The architecture implements standard-

ized communication protocols, cybersecurity frameworks, and quality-of-service mechanisms

to ensure reliable and secure data transmission across all system components.

3.1.4.1 AMI Components

The Advanced Metering Infrastructure components form the foundation of the communication

system, providing accurate measurement capabilities and data management functions essential

for prosumer operations. These components encompass smart meters for precise energy mea-

surement and Meter Data Management Systems (MDMS) for comprehensive data processing

and storage.

Smart Meters Smart meters implement advanced measurement capabilities with bidirectional

communication functions, enabling precise monitoring of energy flows in both consumption and

generation modes. These devices utilize high-accuracy measurement circuits with appropriate

sampling rates to capture power quality parameters, energy consumption patterns, and gen-

eration output data. The meters incorporate time-of-use functionality, demand measurement

capabilities, and power quality monitoring including voltage, current, frequency, and harmonic

analysis.

Communication interfaces implement multiple protocols including cellular, power line com-

munication (PLC), radio frequency mesh networks, and fiber optic connections to ensure

reliable data transmission under diverse operational conditions. The meters maintain secure

communication channels through encryption algorithms and authentication protocols, protect-

ing against cybersecurity threats and unauthorized access attempts.

Data logging capabilities store measurement data locally with appropriate storage capacity

and retention periods, ensuring data availability during communication outages. Event logging

functions record power quality disturbances, outage events, tamper detection, and system

anomalies for comprehensive system monitoring and forensic analysis. Load profile recording

captures detailed consumption and generation patterns at configurable intervals for billing,

forecasting, and optimization applications.

Remote configuration capabilities enable utility operators to update measurement param-

eters, communication settings, and operational modes without physical site visits. Disconnec-

t/reconnect functionality provides remote service control capabilities while maintaining safety

compliance and customer notification requirements. The meters implement self-diagnostic

functions with automated health monitoring and fault reporting capabilities.

Meter Data Management Systems provide centralized data collection, validation, editing,

and estimation functions for smart meter data streams. These systems implement scalable

database architectures capable of processing high-volume data streams from multiple pro-



Reference Architecture and Components 81

sumer installations while maintaining data integrity and availability. Smart meter data typically

reaches the MDMS via an Advanced Metering Infrastructure (AMI) Head-End System. This

data can originate either directly from meters communicating with the Head-End System,

or indirectly from meters that first transmit their data to local aggregators (which may be

strategically located near substations or other points in the distribution network) before being

forwarded to the Head-End System. Data validation algorithms detect and correct measure-

ment errors, communication failures, and data inconsistencies through automated processing

rules and exception handling procedures.

Data aggregation functions compile individual meter readings into meaningful reports for

billing, load forecasting, and system planning applications. Historical data analysis capabilities

provide trend identification, pattern recognition, and performance benchmarking functions.

The systems implement data warehousing capabilities with appropriate retention policies and

archival procedures for regulatory compliance and long-term analysis requirements.

Integration interfaces connect MDMS with utility billing systems, distribution management

systems, and customer information systems through standardized data exchange protocols.

Real-time data streaming capabilities provide immediate access to critical measurement data

for operational decision-making and emergency response procedures. Data export functions

support regulatory reporting requirements and third-party system integration needs.

Quality assurance mechanisms implement data validation rules, outlier detection algo-

rithms, and estimation procedures for missing or erroneous data. The systems maintain audit

trails for all data modifications and provide comprehensive reporting capabilities for regulatory

compliance and operational transparency.

3.1.4.2 Network Infrastructure

The network infrastructure provides the communication backbone for prosumer systems, im-

plementing robust networking solutions that ensure reliable data transmission, and quality-of-

service management across diverse communication requirements.

Router Systems Router systems provide packet routing and network management capabilities

for prosumer communication networks. These devices implement multiple communication

interfaces including Ethernet, cellular, satellite, and wireless connections to accommodate

diverse connectivity requirements and ensure communication redundancy. Advanced routing

protocols optimize data transmission paths based on network conditions, latency requirements,

and quality-of-service parameters.

Network security functions implement firewall capabilities, intrusion detection systems,

and virtual private network connections to protect against cybersecurity threats. Traffic man-

agement capabilities provide bandwidth allocation, priority queuing, and congestion control
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Table 3.9: AMI Components: Data Types and Control Commands

Component Data Types and Measurements Control Commands and Param-
eters

Smart Meters Bidirectional energy measurement,
power quality parameters, demand
profiles, event logging, communi-
cation status

Configuration updates, measure-
ment interval adjustment, discon-
nect/reconnect commands, diag-
nostic procedures

MDMS Data validation results, aggregated
consumption patterns, system per-
formance metrics, quality indica-
tors

Data processing configuration, val-
idation rule updates, report genera-
tion commands, integration param-
eters

Communication Interface Signal strength indicators, data
transmission rates, error statistics,
latency measurements

Protocol configuration, security
parameter updates, quality-of-
service settings, network optimiza-
tion

Data Storage Systems Database performance metrics,
storage utilization, backup status,
data integrity indicators

Retention policy configuration,
backup scheduling, archival com-
mands, performance optimization

mechanisms to ensure critical data transmission during peak usage periods. The routers main-

tain network performance monitoring with real-time analysis of throughput, latency, packet

loss, and connection availability.

Edge computing capabilities enable local data processing and decision-making functions,

reducing communication bandwidth requirements and improving system responsiveness. Pro-

tocol translation services facilitate interoperability between different communication standards

and legacy systems. Network redundancy features provide automatic failover capabilities and

load balancing across multiple communication paths.

Logic Network Organisation Logic network organisation encompasses the architectural frame-

work for network topology design, protocol selection, and communication flow optimization

within the prosumer system. This framework implements hierarchical network structures with

appropriate segmentation for operational efficiency, security isolation, and scalability require-

ments.

Network topology design considers communication requirements, geographic constraints,

and reliability objectives to optimize data transmission paths and minimize single points of

failure. Protocol standardization ensures interoperability between diverse system components

while maintaining flexibility for future technology integration. Communication flow optimiza-
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tion balances bandwidth utilization, latency requirements, and energy efficiency considerations.

Network management systems provide centralized monitoring and control capabilities for

distributed communication infrastructure. Configuration management ensures consistent net-

work parameters across all system components while enabling localized optimization for spe-

cific operational requirements. Performance monitoring capabilities track network utilization,

identify bottlenecks, and optimize resource allocation.

Table 3.10: Network Infrastructure Components: Data Types and Control Commands

Component Data Types and Measure-
ments

Control Commands and Pa-
rameters

Router Systems Network performance metrics,
traffic analysis, connection status,
security event logs

Routing configuration, security
policy updates, QoS parame-
ter adjustment, diagnostic com-
mands

Logic Network Organisation Network topology data, proto-
col performance, communication
flow analysis, scalability metrics

Network architecture configura-
tion, protocol selection, topology
optimization, standards compli-
ance

Network Management System-wide performance data,
configuration status, mainte-
nance schedules, compliance
reports

Configuration management com-
mands, performance optimiza-
tion, maintenance scheduling, re-
porting parameters

3.1.5 Market and Trading Interface

The market and trading interface provides the economic optimization and transaction mecha-

nisms that enable prosumer participation in electricity markets and peer-to-peer energy trading

systems [56], [57]. This interface encompasses Virtual Power Plant management capabilities

and distributed trading platforms that facilitate energy monetization, market participation, and

collaborative energy sharing among prosumer communities. The architecture implements so-

phisticated bidding algorithms, settlement mechanisms, and regulatory compliance frameworks

to maximize economic benefits while ensuring grid stability and market integrity.

3.1.5.1 Virtual Power Plant Management

Virtual Power Plant management systems aggregate distributed energy resources from multiple

prosumer installations to create virtual generation and storage portfolios capable of partici-

pating in wholesale electricity markets [58]. These systems coordinate diverse energy assets
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including renewable generation, energy storage, and controllable loads to provide grid services,

energy arbitrage, and ancillary service provision with market-scale operational capabilities.

Resource Aggregation and Coordination Resource aggregation systems combine individual

prosumer assets into portfolios with sufficient capacity and reliability characteristics for whole-

sale market participation. Advanced forecasting algorithms predict aggregate generation out-

put, storage availability, and load flexibility based on historical patterns, weather forecasts, and

operational constraints. The systems implement sophisticated optimization algorithms that

balance individual prosumer preferences with overall portfolio performance objectives.

Portfolio management functions coordinate charging and discharging of distributed storage

systems to maximize energy arbitrage opportunities while maintaining grid support capabilities.

Load aggregation algorithms identify and coordinate flexible loads across multiple installations,

creating virtual demand response resources with predictable performance characteristics. Gen-

eration dispatching coordinates renewable energy output with storage systems and controllable

loads to provide firm capacity commitments to wholesale markets.

Risk management frameworks assess and mitigate operational risks associated with weather

variability, equipment failures, and market price volatility. The systems implement diversifica-

tion strategies across geographic regions, technology types, and customer segments to reduce

portfolio risk and improve market performance predictability. Automated rebalancing mecha-

nisms adjust portfolio composition based on performance metrics and market conditions.

Compliance monitoring ensures adherence to market rules, grid codes, and regulatory re-

quirements across all participating prosumer installations. Performance tracking systems mon-

itor individual asset contributions and overall portfolio performance against market commit-

ments. Settlement and reconciliation functions allocate market revenues and costs among

participating prosumers based on contribution metrics and contractual agreements.

Market Participation and Bidding Market participation systems implement automated bid-

ding strategies for day-ahead, real-time, and ancillary service markets based on portfolio capa-

bilities and economic optimization objectives. Bidding algorithms consider forecast generation,

load patterns, storage state-of-charge, and market price predictions to formulate optimal bid

strategies. The systems maintain real-time monitoring of market conditions and portfolio

status to enable dynamic bid adjustments and performance optimization.

Price forecasting models utilize machine learning algorithms and market analysis to predict

electricity prices across different market timeframes and products. These forecasts inform bid-

ding strategies and operational decisions to maximize revenue while minimizing risks associated

with price volatility. Advanced analytics identify market opportunities and optimal timing for

energy trading activities.
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Grid service provision capabilities enable Virtual Power Plant participation in frequency

regulation, voltage support, and ramping services through coordinated control of distributed

resources. The systems implement rapid response mechanisms that can adjust portfolio output

within market-specified timeframes for ancillary service provision. Performance verification

systems ensure compliance with market requirements and maintain qualification for premium

ancillary service markets.

Communication interfaces provide real-time data exchange with wholesale market opera-

tors, transmission system operators, and regulatory authorities. Automated reporting systems

generate required market reports, compliance documentation, and performance metrics for

regulatory oversight. The systems maintain secure communication channels with market par-

ticipants while protecting proprietary operational data and customer privacy.

Table 3.11: Virtual Power Plant Management Components: Data Types and Control Commands

Component Data Types and Measurements Control Commands and Param-
eters

Resource Aggregation Portfolio capacity data, forecasting
results, performance metrics, risk
assessments

Asset coordination commands,
portfolio rebalancing, optimization
parameters, compliance monitoring

Market Bidding Systems Market price data, bid perfor-
mance, portfolio availability, settle-
ment results

Bidding strategy configuration,
price threshold settings, market
participation commands, perfor-
mance optimization

Grid Service Provision Ancillary service performance, re-
sponse time metrics, qualification
status, grid support capabilities

Service activation commands,
performance parameter adjust-
ment, qualification maintenance,
response coordination

3.1.5.2 Peer-to-Peer Trading Platforms

Peer-to-peer trading platforms enable direct energy transactions between prosumers within

local communities, bypassing traditional utility intermediaries while maintaining grid stability

and regulatory compliance. These platforms implement blockchain-based transaction systems,

automated trading algorithms, and community energy sharing mechanisms that optimize local

energy utilization and provide economic benefits to participating prosumers.

Distributed Transaction Systems Distributed transaction systems utilize blockchain technol-

ogy and smart contracts to facilitate secure, transparent, and automated energy transactions
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between prosumers. These systems implement consensus mechanisms that validate transac-

tions without requiring centralized authorities while maintaining transaction integrity and pre-

venting double-spending issues. Cryptographic security frameworks protect transaction data

and participant privacy while enabling transparent market operations.

Smart contract implementations automate transaction execution based on predefined trad-

ing rules, pricing mechanisms, and delivery schedules. These contracts include dispute res-

olution mechanisms, penalty clauses for non-performance, and automatic settlement proce-

dures that reduce transaction costs and eliminate counterparty risks. The systems maintain

immutable transaction records that provide audit trails and regulatory compliance documen-

tation.

Scalability solutions implement layer-2 protocols and off-chain transaction processing to

handle high-frequency trading volumes while maintaining reasonable transaction costs. Inter-

operability frameworks enable integration with external payment systems, utility billing plat-

forms, and regulatory reporting requirements. The systems implement energy tokenization

mechanisms that represent energy units as tradeable digital assets with verifiable authenticity

and ownership.

Community Energy Markets Community energy markets create localized trading environ-

ments where prosumers can buy and sell energy within geographical or virtual communities

based on shared preferences, environmental goals, or economic objectives [59]. These markets

implement dynamic pricing mechanisms that reflect local supply and demand conditions while

considering grid constraints and community objectives.

Matching algorithms pair energy buyers and sellers based on preferences, proximity, timing

requirements, and pricing criteria. The systems implement auction mechanisms, bilateral

trading, and continuous market operations to accommodate diverse trading preferences and

optimize market efficiency. Price discovery mechanisms establish fair market prices based on

local supply and demand dynamics while considering external market conditions.

Community governance frameworks enable participant communities to establish trading

rules, dispute resolution procedures, and market operation parameters through democratic

decision-making processes. The systems implement reputation mechanisms that track partici-

pant reliability and performance to build trust within trading communities. Incentive structures

encourage grid-friendly behavior and community cooperation through performance-based re-

wards and penalties.

Grid integration systems ensure that peer-to-peer transactions comply with distribution

system constraints and maintain grid stability. Real-time grid monitoring capabilities track

local network conditions and implement automatic transaction limiting during congestion or

emergency conditions. The systems coordinate with distribution system operators to provide
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necessary data and control capabilities for safe and reliable grid operation.

Table 3.12: Peer-to-Peer Trading Platform Components: Data Types and Control Commands

Component Data Types and Measure-
ments

Control Commands and Pa-
rameters

Distributed Transaction Systems Blockchain transaction data,
smart contract status, security
metrics, consensus validation
results

Smart contract configuration,
security parameter updates,
consensus mechanism selec-
tion, transaction validation

Community Energy Markets Local market data, participant
matching results, pricing infor-
mation, community governance
metrics

Market rule configuration,
matching algorithm param-
eters, pricing mechanism
selection, governance proce-
dure updates

Grid Integration Interface Distribution system status,
constraint monitoring data,
safety compliance metrics,
coordination signals

Grid constraint enforcement,
safety limit configuration, co-
ordination protocol updates,
emergency response procedures

Risk management functions assess and mitigate trading risks including price volatility,

counterparty default, and technical failures. Automated hedging mechanisms provide price

stability for risk-averse participants while enabling price exposure for participants seeking higher

returns. The systems implement portfolio diversification strategies that spread trading risks

across multiple counterparties and time periods.

Performance analytics track trading outcomes, participant satisfaction, and community

benefits to continuously improve trading algorithms and market operations. The systems

provide comprehensive reporting capabilities that enable participants to analyze their trading

performance and optimize their strategies. Market efficiency metrics monitor transaction costs,

price spreads, and market liquidity to ensure optimal market performance.

3.2 Prosumer Vulnerability: Highlights

The distributed nature of prosumer energy systems, spanning the generation plane, storage

systems, control and management plane, communication infrastructure, and market interfaces

analyzed in the previous section, introduces multiple attack vectors that adversaries may ex-

ploit to compromise system integrity, manipulate energy flows, or disrupt grid operations. The

attack surface encompasses five primary categories of vulnerability: Supply chain compromise

of distributed hardware components across generation and storage layers, network and proto-
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col exploitation targeting the communication and networking infrastructure, application and

software vulnerabilities within the control and management systems, social engineering attacks

that exploit human factors in system operation, and lastly the compromise of the sovereignty

of data. A complete analysis of these vulnerability is essential for highlighting what is missing

in securing prosumer environments.

3.2.1 Supply Chain Compromise

Supply chain compromise represents a critical vulnerability vector within prosumer energy sys-

tems that fundamentally challenges traditional cybersecurity threat models and attack assump-

tions. Conventional cybersecurity literature often theorizes that achieving significant impact

on power grid stability requires adversaries to gain control over substantial numbers of dis-

tributed prosumer installations within specific geographic regions, necessitating sophisticated

coordination and widespread system infiltration [60]. However, the concentrated nature of

prosumer technology manufacturing and integration creates a more accessible attack pathway

through supply chain infiltration, where compromising a single manufacturer or integrator can

potentially affect thousands of installations simultaneously without requiring individual system

breaches or complex coordination mechanisms.

The significance of supply chain attacks in prosumer systems extends beyond traditional

malware insertion or hardware tampering, encompassing the potential for systematic vulnera-

bilities embedded within firmware, control algorithms, communication protocols, and hardware

components during the manufacturing process. These vulnerabilities can remain dormant for

extended periods, activated remotely or triggered by specific operational conditions, enabling

adversaries to achieve widespread system compromise through a single point of entry. The

distributed nature of prosumer installations amplifies the impact potential, as compromised

systems span residential, commercial, and industrial sectors across diverse geographic regions,

creating opportunities for coordinated attacks on grid stability, market manipulation, or critical

infrastructure disruption.

Furthermore, the complexity of modern prosumer systems, incorporating components from

multiple suppliers across the generation layer, storage systems, control and management plane,

communication infrastructure, and market interfaces, creates numerous entry points through-

out the supply chain. Manufacturing processes involve integration of semiconductors, power

electronics, communication modules, and software components from diverse global suppli-

ers, each representing potential compromise points. The extended supply chain geography,

often spanning multiple countries with varying cybersecurity standards and regulatory over-

sight, compounds vulnerability exposure and complicates threat attribution and mitigation

efforts. As detailed in the latest report of Wood Mackenzie [61], the current market structure

for prosumer technologies demonstrates significant concentration that amplifies supply chain
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Figure 3.3: Battery energy storage system integrator market share ranking, 2023 [61]

compromise risks to unprecedented levels. According to Figure 3.3, global Battery Energy

Storage System Integrator Ranking 2023, Tesla has emerged as the leading producer in the

battery energy storage system (BESS) integrator market with a market share of approximately

15% in 2023, overtaking previous market leaders and establishing dominant positions across

multiple regional markets. Despite an overall trend toward market fragmentation, with the

global top five BESS integrators’ combined market share decreasing from 62% in 2022 to

47% in 2023, significant regional concentrations persist that create substantial vulnerability

exposure.

Regional market analysis reveals alarming concentration levels that magnify supply chain

compromise impacts. In the European market, the top three energy storage system integra-

tors—Nidec, Tesla, and BYD—captured 68% of market share in 2023, representing a 26%

year-over-year increase in market concentration. North American markets demonstrate even

higher concentration levels, with Tesla, Sungrow, and Fluence commanding 72% of regional

market share for BESS shipments in 2023, reflecting a 20% year-over-year growth in market

dominance. Tesla’s market share in North America specifically surged by 60% year-over-year,

driven by vertical integration strategies encompassing manufacturing hardware, software de-

velopment, and complete energy storage solutions.

The Asia Pacific region presents additional complexity through Chinese market dominance,

with six of the global top ten BESS integrators being China-based companies. This concentra-

tion reflects both the substantial domestic market demand within China and the competitive

advantages achieved through integrated manufacturing ecosystems and government support

policies. Chinese companies’ strengthened dominance in regional markets, exemplified by
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CRRC’s emergence as the leading BESS integrator in the Asia Pacific region due to cost com-

petitiveness advantages, demonstrates how supply chain concentration can achieve geographic

clustering that amplifies potential attack impacts.

Tesla’s vertical integration strategy exemplifies both the efficiency benefits and security

vulnerabilities inherent in concentrated supply chains. The company maintains control over

the entire value chain from component manufacturing to energy storage solution deployment,

operating through centralized production facilities including a 40-GWh Megapack factory in

Lathrop, California. While this integration enables rapid feature deployment and improved

asset lifecycle management, it simultaneously creates single points of failure where supply chain

compromise could affect extensive installations across multiple regions and market segments.

The combination of high-volume production, extensive geographic distribution, and inte-

grated supply chains creates conditions where compromising a single major manufacturer could

potentially affect tens of thousands of installations simultaneously.

The implications of supply chain compromise extend beyond individual system security

to encompass broader grid stability and market integrity concerns. Compromised prosumer

systems operating across multiple geographic regions could enable coordinated attacks on

transmission systems, market manipulation through synchronized trading behaviors,

or cascading failures through interconnected distribution networks. The temporal

aspects of supply chain attacks, where malicious code or hardware modifications can remain

dormant for months or years before activation, complicate detection and mitigation efforts

while enabling adversaries to achieve widespread deployment before discovery.

These market dynamics necessitate comprehensive supply chain security frameworks that

address vulnerability risks throughout the manufacturing, integration, and deployment pro-

cesses. The concentrated nature of prosumer technology markets transforms supply chain

security from a theoretical concern into a critical infrastructure protection imperative, requir-

ing enhanced oversight, verification procedures, and resilience mechanisms to mitigate the

substantial risks associated with manufacturer compromise scenarios.

3.2.2 Cloud Environment Compromise

Cloud infrastructure serves as the core management system for modern prosumer energy in-

stallations, providing comprehensive device management, real-time monitoring, and remote

control capabilities across the entire distributed energy architecture. A general architecture

overview is shown in Figure 3.4.

The cloud-based control architecture extends beyond passive monitoring to encompass active

command and control functions that directly influence prosumer system operations. Cloud plat-

forms maintain persistent connections with distributed assets through multiple communication

protocols, enabling real-time parameter adjustment, operational mode changes, and emergency
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Figure 3.4: Cloud management systems function as centralised platforms for managing vast numbers
of devices, including those critical for power systems [62]. A singular compromise of a cloud provider
poses a substantial threat to the Electric Power and Energy System.

response coordination. Advanced cloud management systems implement hierarchical control

structures where high-level optimization algorithms generate set-points and operational com-

mands that cascade through local controllers to individual device actuators. This architecture

enables sophisticated energy management strategies including predictive control, load fore-

casting, demand response participation, and market optimization that would be impossible to

achieve through purely local control systems. The centralized nature of cloud-based prosumer

management creates unprecedented vulnerability concentration where compromise of a single

cloud platform can provide adversaries with access to extensive fleets of distributed energy as-

sets. Major prosumer technology manufacturers typically operate unified cloud platforms that

manage devices across multiple geographic regions, market segments, and technology types,

creating attack surfaces that scale with manufacturer market share. Given the concentrated

market structure analyzed in the supply chain compromise section, where leading manufactur-

ers control substantial market segments, successful cloud platform infiltration can potentially

affect hundreds of thousands or millions of distributed prosumer installations simultaneously.

Cloud-based device management platforms implement comprehensive asset lifecycle man-

agement functions including device provisioning, firmware updates, configuration management,

and remote diagnostics across diverse prosumer technologies. These platforms maintain de-

tailed device inventories with real-time status monitoring, performance analytics, and predictive

maintenance capabilities. Device management functions include remote configuration of op-

erational parameters, security credential updates, and software deployment across distributed

installations. The platforms implement device clustering and fleet management capabilities
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that enable coordinated control actions across multiple installations, creating opportunities for

large-scale synchronized attacks if compromised.

Furthermore, IoT device management through cloud platforms encompasses smart appli-

ances, environmental sensors, energy meters, and home automation systems integrated within

the load block of the prosumer architecture. Cloud platforms provide centralized interfaces for

managing diverse IoT ecosystems including device discovery, network provisioning, security key

distribution, and operational policy enforcement. These systems implement device authentica-

tion protocols, encrypted communication channels, and access control mechanisms designed

to prevent unauthorized device access. However, compromise of cloud-based IoT management

platforms can bypass local security measures and provide direct access to building automation

systems, smart appliances, and environmental control systems.

The command injection capabilities inherent in cloud-based prosumer management create

substantial attack vectors for malicious system manipulation. Cloud platforms maintain au-

thorized command channels to distributed prosumer assets, enabling remote modification of

operational parameters, set-points, and control algorithms without requiring local access or

authentication bypass. Compromised cloud credentials or platform vulnerabilities can provide

adversaries with legitimate command authority, making detection significantly more challenging

than traditional network intrusion scenarios. Command injection attacks can leverage existing

operational interfaces and authorized communication channels, potentially evading intrusion

detection systems and security monitoring tools focused on unauthorized access attempts.

Load control attacks through compromised cloud platforms can manipulate energy con-

sumption patterns across extensive residential and commercial installations to create artificial

demand spikes, grid instability, or targeted infrastructure overloading. Cloud-based IoT de-

vice management platforms typically maintain direct control over smart appliances including

HVAC systems, water heaters, electric vehicle chargers, and industrial equipment. Adversaries

with cloud platform access can coordinate simultaneous activation of high-power loads across

geographic regions to create synchronized demand surges that exceed transmission capacity

or destabilize frequency regulation systems. Conversely, coordinated load disconnection can

create sudden demand drops that trigger generator ramping issues and grid stability problems.

Smart appliance control through compromised cloud platforms extends beyond simple

on/off commands to encompass sophisticated load profile manipulation. HVAC systems can

be manipulated to create heating or cooling loads that exceed building infrastructure capac-

ity, potentially causing equipment damage or safety hazards. Water heating systems can be

coordinated to create thermal loads that stress distribution transformers or create demand

patterns that interfere with utility load forecasting algorithms. Refrigeration systems can be

manipulated to compromise food safety through temperature excursions while simultaneously

creating coordinated electrical loads.
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Electric vehicle charging system compromise through cloud platforms represents partic-

ularly critical attack vectors due to the high-power nature of EV charging loads and their

integration with distribution infrastructure. Cloud-based EV charging management platforms

typically control charging schedules, power levels, and grid interaction functions across ex-

tensive charging networks. Compromised platforms can manipulate charging current levels

to create dangerous conditions including transformer overloading, voltage regulation failures,

and protective relay operation. Coordinated high-power charging activation across distribution

feeders can trigger automatic meter disconnection through overcurrent protection, creating

cascading outages that extend beyond the immediate attack targets.

Advanced EV charging attacks can exploit vehicle-to-grid capabilities to inject power into

distribution systems at inappropriate times or voltage levels, potentially damaging distribution

equipment or creating safety hazards for utility workers. Manipulated charging algorithms

can create harmonic distortion, voltage fluctuations, and power quality issues that propagate

through distribution networks. Coordinated EV charging attacks can create artificial peak

demand periods that trigger expensive peaking generation or cause utilities to implement

emergency demand response procedures.

Smart inverter platform compromise enables direct manipulation of distributed genera-

tion and energy storage systems through cloud-based management interfaces. Major inverter

manufacturers operate centralized monitoring and control platforms that manage inverter pa-

rameters, grid-tie functions, and safety systems across extensive installations. Compromised

inverter platforms can manipulate power output levels, reactive power compensation, fre-

quency response characteristics, and anti-islanding protection systems. These capabilities en-

able attacks on grid stability through coordinated generation manipulation, artificial frequency

deviations, and protective system interference.

Grid-tie inverter manipulation through compromised cloud platforms can create dangerous

electrical conditions including overvoltage situations, frequency deviations, and loss of anti-

islanding protection. Coordinated inverter tripping can create sudden generation loss equivalent

to conventional power plant outages, while coordinated reconnection can create voltage and

frequency transients that damage distribution equipment. Manipulated reactive power control

can create voltage regulation problems, power factor penalties, and equipment overheating

across distribution networks.

Battery energy storage system cloud platforms provide comprehensive control over charge/dis-

charge schedules, grid support functions, and safety systems across distributed installations.

Compromised BESS platforms can manipulate state-of-charge management, thermal protec-

tion systems, and emergency shutdown functions to create safety hazards including thermal

runaway, fire risks, and toxic gas emissions. Coordinated BESS manipulation can create arti-

ficial energy arbitrage opportunities, manipulate ancillary service markets, and interfere with
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grid stabilization functions during emergencies.

Market manipulation through compromised cloud platforms extends to virtual power plant

management systems and peer-to-peer trading platforms that coordinate distributed energy re-

sources for market participation. Compromised VPP platforms can manipulate bidding strate-

gies, generation forecasts, and energy delivery commitments to create artificial market con-

ditions, price manipulation, and grid reliability issues. P2P trading platform compromise can

enable fraudulent transactions, market manipulation, and disruption of community energy

sharing programs.

The scale and impact potential of cloud environment compromise in prosumer systems far

exceeds traditional cybersecurity threat models due to the combination of manufacturer con-

centration, centralized control architectures, and the critical nature of energy infrastructure.

Single cloud platform compromises can potentially affect energy systems across multiple coun-

tries, market sectors, and technology types simultaneously. The legitimate command authority

inherent in cloud-based management systems enables sophisticated attacks that can remain

undetected for extended periods while causing substantial damage to grid stability, market

integrity, and public safety. These characteristics position cloud environment compromise as

one of the most significant cybersecurity risks facing modern distributed energy systems.

3.2.3 Social Engineering and Human Factor Exploitation

Social engineering and human factor exploitation represent critical vulnerability vectors within

prosumer energy systems that leverage the inherent trust relationships, limited security aware-

ness, and operational complexity of distributed energy installations. Unlike traditional central-

ized power generation systems where human interactions are restricted to trained operational

personnel with comprehensive cybersecurity training, prosumer systems rely on widespread de-

ployment across residential and commercial sites, operated by individuals with varying levels

of technical expertise and security awareness. This distributed human element creates exten-

sive attack surfaces that malicious actors can exploit to gain unauthorized access to critical

energy infrastructure components across the generation layer, storage systems, control and

management plane, communication infrastructure, and market interfaces.

The prosumer energy sector demonstrates alarmingly low levels of cybersecurity awareness

among end users, contrasting sharply with established security education practices in other crit-

ical infrastructure sectors. Current prosumer deployment strategies focus primarily on technical

installation procedures, economic benefits, and operational efficiency while providing minimal

education regarding cybersecurity risks, threat vectors, and protective measures. End users

typically receive basic operational training covering system monitoring, performance optimiza-

tion, and routine maintenance procedures, but lack comprehensive understanding of how their

individual installations contribute to broader grid stability and the potential consequences of
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security compromises on critical infrastructure resilience.

This security awareness deficit becomes particularly concerning when contrasted with cy-

bersecurity education practices within the financial services sector, where continuous security

awareness campaigns, fraud prevention programs, and threat intelligence dissemination have

become standard operating procedures. Financial institutions implement comprehensive cus-

tomer education programs including regular communications about emerging fraud techniques,

phishing prevention strategies, identity verification procedures, and secure transaction prac-

tices. These programs utilize multiple communication channels including email notifications,

mobile application alerts, website security advisories, and direct customer communications to

maintain high awareness levels regarding evolving threat landscapes.

In stark contrast, the prosumer energy sector lacks equivalent systematic security awareness

initiatives, leaving end users vulnerable to sophisticated social engineering attacks targeting

energy system configurations, access credentials, and operational parameters. The absence

of coordinated security education programs means that prosumer operators remain largely

unaware of the potential grid-scale impacts that can result from individual system compro-

mises, creating conditions where well-intentioned users may inadvertently enable large-scale

infrastructure attacks through seemingly minor configuration changes or credential sharing.

The emergence of advanced artificial intelligence technologies, particularly large language

models (LLMs) and sophisticated natural language processing capabilities, has fundamentally

transformed the social engineering threat landscape by dramatically reducing the technical

barriers to conducting convincing impersonation attacks and fraudulent communications [63],

[64]. Modern AI systems can generate contextually appropriate communications that closely

mimic legitimate utility companies, equipment manufacturers, technical support personnel,

and regulatory authorities with unprecedented accuracy and personalization. These capabilities

enable malicious actors to conduct highly targeted social engineering campaigns that leverage

specific information about prosumer installations, operational patterns, and individual user

preferences to maximize attack effectiveness.

Large language models can analyze publicly available information about prosumer instal-

lations, including social media posts, utility billing data, property records, and equipment

specifications, to generate highly personalized and technically accurate communications that

appear to originate from legitimate sources. Advanced AI systems can maintain consistent per-

sonas across extended communication campaigns, respond appropriately to user questions and

concerns, and adapt their approaches based on user responses and behavioral patterns. This

technological capability enables sophisticated impersonation attacks where malicious actors

can convincingly represent themselves as technical support personnel, utility representatives,

regulatory inspectors, or equipment manufacturers while conducting extended social engineer-

ing campaigns.
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Furthermore, AI-powered voice synthesis and deepfake technologies enable real-time voice

impersonation capabilities that can convincingly replicate the speech patterns, accents, and

mannerisms of trusted individuals including family members, colleagues, utility personnel, or

equipment vendors [65]. These capabilities enable phone-based social engineering attacks

where malicious actors can conduct apparently legitimate conversations while requesting ac-

cess credentials, system configurations, or authorization for remote system modifications. The

sophistication of modern voice synthesis technologies makes detection of artificial speech in-

creasingly difficult for untrained individuals, particularly during high-stress situations or emer-

gency scenarios where users may be more susceptible to social engineering manipulation.

The combination of AI-enhanced social engineering capabilities with the low security aware-

ness levels prevalent in prosumer environments creates conditions conducive to large-scale ma-

nipulation campaigns targeting distributed energy infrastructure. Malicious actors can leverage

AI technologies to conduct coordinated attacks across thousands of prosumer installations si-

multaneously, using personalized communications and convincing impersonation techniques to

manipulate users into performing actions that compromise system security or enable unautho-

rized access to critical infrastructure components.

These AI-enhanced social engineering attacks can target multiple aspects of prosumer

system security, including credential harvesting campaigns where users are manipulated into

providing authentication information for cloud-based management platforms, device manage-

ment systems, or utility customer portals. Sophisticated phishing campaigns can utilize AI-

generated communications that perfectly mimic legitimate correspondence from equipment

manufacturers, utility companies, or regulatory authorities while requesting sensitive informa-

tion or directing users to fraudulent websites designed to capture login credentials or personal

information.

Configuration manipulation attacks represent particularly dangerous social engineering vec-

tors where malicious actors convince prosumer operators to modify system parameters, disable

security features, or install unauthorized software under the guise of performance optimization,

maintenance procedures, or regulatory compliance requirements. These attacks can leverage

AI-generated technical documentation, installation guides, and support communications that

appear entirely legitimate while directing users to make changes that compromise system

security or enable remote access capabilities.

Remote access facilitation attacks utilize social engineering techniques to convince pro-

sumer operators to install remote access software, modify firewall configurations, or provide

network access credentials under pretenses such as technical support, system optimization,

or regulatory inspections. AI-enhanced communications can provide detailed technical justi-

fications for these requests while addressing user concerns and objections with appropriate

technical explanations and reassurances.
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The distributed nature of prosumer systems amplifies the impact potential of successful

social engineering campaigns, as individual compromises can provide access to broader net-

works through lateral movement techniques, or enable coordinated attacks on grid stability

through simultaneous manipulation of multiple installations. Social engineering attacks target-

ing prosumer systems can achieve widespread impact without requiring sophisticated technical

exploitation capabilities, instead leveraging human psychology, trust relationships, and infor-

mation asymmetries to gain authorized access to critical infrastructure components.

The effectiveness of social engineering attacks in prosumer environments is further en-

hanced by the legitimate operational requirements for remote access, configuration manage-

ment, and technical support that characterize modern distributed energy systems. Users are

regularly required to interact with utility representatives, equipment vendors, technical support

personnel, and maintenance contractors through remote communication channels, creating

numerous opportunities for malicious actors to insert themselves into legitimate operational

processes through impersonation and social manipulation techniques.

Moreover, the economic incentives associated with prosumer systems create additional

social engineering vectors where malicious actors can leverage financial motivations to en-

courage user cooperation with fraudulent schemes. Attacks can target market participation

functions, energy trading platforms, and financial incentive programs by convincing users to

modify market participation settings, provide trading platform credentials, or authorize finan-

cial transactions under pretenses of optimizing economic returns or accessing new incentive

programs.

The complex regulatory environment surrounding prosumer systems creates additional

social engineering opportunities where malicious actors can impersonate regulatory authori-

ties, compliance inspectors, or certification personnel to request system access, configuration

changes, or sensitive information under the guise of regulatory compliance requirements. The

technical complexity of grid integration requirements, safety standards, and market partici-

pation rules creates information asymmetries that social engineering attacks can exploit by

providing seemingly authoritative guidance that actually serves malicious objectives.

The temporal aspects of social engineering attacks in prosumer environments can extend

over weeks or months as malicious actors build trust relationships with target users through

seemingly legitimate technical support interactions, performance optimization consultations,

or regulatory compliance assistance. These extended campaigns can gather detailed informa-

tion about system configurations, operational patterns, and security measures while gradually

introducing requests for information or actions that ultimately compromise system security.

The scale potential of social engineering attacks targeting prosumer systems is amplified

by the ability to conduct simultaneous campaigns across thousands of installations using AI-

enhanced communication capabilities and automated social engineering platforms. Single
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malicious actors or small groups can potentially target extensive populations of prosumer

operators simultaneously, leveraging manufacturer customer databases, utility customer lists,

or publicly available installation records to conduct widespread manipulation campaigns that

achieve grid-scale impacts through coordinated individual compromises.

These characteristics position social engineering and human factor exploitation as among

the most significant and underestimated cybersecurity risks facing distributed prosumer en-

ergy systems, requiring comprehensive security awareness programs, user education initiatives,

and technical countermeasures specifically designed to address the unique vulnerabilities cre-

ated by the intersection of human psychology, advanced AI capabilities, and critical energy

infrastructure dependencies.

3.2.4 Cross-Jurisdictional Data Sovereignty Vulnerabilities

The contemporary prosumer energy ecosystem presents significant vulnerabilities through the

absence of guaranteed data sovereignty, creating substantial attack surfaces that transcend na-

tional boundaries. This jurisdictional ambiguity manifests as a critical security concern wherein

energy-related information and control systems operate across multiple legal frameworks with-

out adequate sovereignty protections, fundamentally challenging traditional approaches to

critical infrastructure security.

The most significant vulnerability emerges from the cross-jurisdictional nature of command and

control infrastructure governing prosumer operations. Cloud-based energy management plat-

forms that control prosumer devices—including smart inverters, battery management systems,

and demand response mechanisms—frequently operate from data centres located in different

countries from the prosumer’s physical location. This architectural decision introduces critical

vulnerabilities where energy infrastructure control systems may be subject to foreign jurisdic-

tion and potential state influence. Command signals that regulate energy generation, storage,

and consumption patterns may originate from, or be processed through, infrastructure located

within potentially adversarial jurisdictions, creating scenarios wherein prosumer energy assets

become vulnerable to foreign manipulation through legitimate access to cloud-based control

systems.

The fragmented nature of global energy markets, combined with the lack of jurisdictional

sovereignty protections, creates opportunities for state-sponsored cyber operations to exploit

cross-border energy infrastructure dependencies. The interconnected and non-fragmented

characteristics of contemporary energy markets mean that targeted manipulation of prosumer

systems in one jurisdiction can potentially cascade effects across broader regional or inter-

national energy networks. State actors with jurisdiction over cloud infrastructure hosting

prosumer control systems possess the theoretical capability to influence energy operations in

foreign territories through legitimate access to these platforms, representing a novel form of
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critical infrastructure vulnerability where traditional concepts of energy security become com-

plicated by the distributed and cross-jurisdictional nature of prosumer management systems.

Furthermore, the potential for weaponising these jurisdictional vulnerabilities as diplomatic

leverage represents an emerging geopolitical risk. The ability to influence or disrupt prosumer

energy systems through cloud-based infrastructure located within one’s territory provides state

actors with asymmetric capabilities that could be employed during periods of international

tension or conflict. This sovereignty compromise inherent in current prosumer architectures

necessitates a reconceptualisation of energy security that incorporates jurisdictional risk as-

sessment and cross-border vulnerability management as core components of national critical

infrastructure protection strategies, particularly given the potential for these vulnerabilities to

be exploited as mechanisms of state-level coercion or influence.

3.3 Reference APT Attack Scenario Analysis

Having established the comprehensive attack surface and vulnerability vectors within prosumer

energy systems, this section presents a detailed Advanced Persistent Threat scenario that serves

as a reference case study for subsequent security analysis and countermeasure development.

The scenario analysis encompasses three critical components: comprehensive threat actor

profiling to establish adversary capabilities and motivations, systematic examination of attack

progression through distinct operational phases, and quantitative impact assessment measuring

potential consequences across technical, economic, and societal dimensions. This reference

scenario provides a structured framework for understanding how sophisticated adversaries can

exploit the identified vulnerabilities to achieve strategic objectives against distributed energy

infrastructure.

3.3.1 Threat Actor Profiling

The threat landscape for prosumer energy systems encompasses diverse adversary categories,

each possessing distinct motivations, capability levels, and attack methodologies that align

with different vulnerability exploitation strategies. Understanding these threat actor profiles

enables comprehensive risk assessment and targeted security countermeasure development ap-

propriate for the specific threats facing distributed energy infrastructure.

Nation-State Adversaries and Advanced Persistent Threats:

Nation-state adversaries represent the most sophisticated and well-resourced threat actors tar-

geting critical infrastructure systems, including distributed prosumer energy networks. These

adversaries operate with strategic geopolitical objectives, seeking to establish persistent ac-

cess to critical infrastructure for intelligence gathering, strategic disruption capabilities, and

potential future conflict scenarios. Their motivations encompass national security intelligence
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collection, economic espionage targeting energy market operations, technological capability

assessment of distributed energy systems, and development of strategic disruption capabilities

that could be activated during periods of international tension or conflict. Nation-state threat

actors typically operate with substantial financial resources, often exceeding tens of millions

of dollars annually for sophisticated cyber operations, enabling sustained multi-year campaigns

targeting specific infrastructure sectors. Their technical capabilities include access to zero-

day vulnerabilities, custom malware development, advanced social engineering resources, and

coordination with human intelligence assets. These adversaries maintain specialized teams of

highly skilled technical personnel, including reverse engineers, malware developers, social en-

gineers, and operational planners with deep expertise in industrial control systems and energy

infrastructure.

Nation-state adversaries demonstrate exceptional capability for exploiting supply chain com-

promise vectors through their ability to influence manufacturing processes, infiltrate software

development pipelines, and establish relationships with technology vendors. Their substantial

resources enable direct engagement with component manufacturers, software developers, and

system integrators to insert persistent backdoors, modify firmware, or influence design specifi-

cations during the development process. Advanced persistent threat groups have demonstrated

capability to maintain supply chain access for years while remaining undetected, creating op-

portunities for widespread infrastructure compromise across multiple geographic regions.

Cloud environment compromise represents a primary attack vector for nation-state ad-

versaries due to the strategic value of cloud platform access for intelligence collection and

strategic positioning. These adversaries possess the sophisticated technical capabilities nec-

essary to conduct advanced cloud security exploitation, including zero-day attacks against

cloud infrastructure, advanced lateral movement techniques within cloud environments, and

sophisticated data exfiltration methods that evade detection systems. Nation-state groups

often target cloud service providers directly, seeking to establish persistent access that enables

monitoring and control of extensive customer installations without requiring individual system

compromises.

Social engineering and human factor exploitation capabilities of nation-state adversaries

include sophisticated persona development, long-term relationship building with target indi-

viduals, and coordination with human intelligence assets to enhance credibility and access.

These adversaries can maintain complex social engineering campaigns spanning months or

years, utilizing detailed background research, cultural expertise, and professional relationship

development to gain trust and access from target individuals. Their capabilities include so-

phisticated impersonation techniques, document forgery, and coordination between cyber and

human intelligence operations.

Cybercriminal Organizations and Financial Motivations:
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Cybercriminal organizations targeting prosumer energy systems operate with primarily financial

motivations, seeking to monetize access to energy infrastructure through ransomware attacks,

cryptocurrency mining operations, energy theft, market manipulation, and data theft for finan-

cial gain. These adversaries demonstrate sophisticated technical capabilities combined with

business-like operational structures, including specialized roles, profit-sharing arrangements,

and reinvestment in advanced tools and capabilities. Their financial motivations create strong

incentives for targeting high-value systems with substantial economic impact potential, making

prosumer energy systems attractive targets due to their critical operational importance and

potential for causing widespread disruption.

Cybercriminal organizations typically operate with substantial financial resources derived

from previous successful operations, enabling investment in advanced tools, zero-day vulnera-

bilities, and skilled personnel. Their budgets can range from hundreds of thousands to millions

of dollars annually, supporting acquisition of sophisticated attack tools, custom malware de-

velopment, and recruitment of skilled technical personnel. These organizations often operate

as professional enterprises with specialized technical teams, business development functions,

and customer support services for their illicit offerings.

Supply chain compromise capabilities of cybercriminal organizations focus on identifying

cost-effective insertion points that provide access to large numbers of potential victims simul-

taneously. These adversaries target software vendors, component manufacturers, and system

integrators through advanced persistent attacks, seeking to insert malware or backdoors that

can be monetized across extensive customer bases. Cybercriminal groups have demonstrated

capability to compromise software update mechanisms, infiltrate manufacturing processes, and

establish relationships with insider threats within technology companies.

Cloud environment compromise represents a high-value target for cybercriminal organiza-

tions due to the potential for accessing thousands of prosumer installations through single

platform compromises. These adversaries possess advanced cloud security exploitation capa-

bilities, including sophisticated attack techniques targeting cloud infrastructure vulnerabilities,

advanced persistence mechanisms within cloud environments, and data exfiltration methods

designed to evade detection while maximizing financial value extraction. Cybercriminal or-

ganizations often target cloud platforms to deploy ransomware across extensive device fleets,

conduct cryptocurrency mining operations using compromised infrastructure, or steal sensitive

data for financial exploitation.

Social engineering capabilities of cybercriminal organizations include professional-grade

phishing operations, sophisticated voice fraud techniques, and business email compromise

attacks targeting prosumer operators and service providers. These adversaries often oper-

ate specialized social engineering teams with expertise in psychological manipulation, cultural

adaptation, and technical impersonation techniques. Their social engineering operations fre-
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quently target financial information, authentication credentials, and system access that can be

directly monetized through various fraud schemes.

Hacktivist Groups and Ideological Attacks:

Hacktivist groups targeting prosumer energy systems operate with ideological motivations re-

lated to environmental activism, anti-corporate sentiments, political protest, or social justice

objectives. These adversaries seek to disrupt energy infrastructure operations to draw atten-

tion to their causes, demonstrate vulnerabilities in critical systems, or cause economic and

social disruption that supports their ideological objectives. Hacktivist motivations can include

opposition to specific energy policies, corporate practices, government regulations, or broader

systemic issues related to energy production and distribution.

Hacktivist organizations typically operate with limited financial resources compared to

nation-state or cybercriminal adversaries, often relying on volunteer participation, crowdfund-

ing, and donations to support their operations. Their budgets are generally measured in thou-

sands rather than millions of dollars, constraining their ability to acquire expensive tools or

sustain long-term operations. However, their ideological motivations can inspire sustained vol-

unteer participation and creative problem-solving that compensates for financial limitations.

Technical capabilities vary significantly among hacktivist groups, ranging from basic script-

kiddie level activities to sophisticated operations conducted by skilled technical personnel with

professional cybersecurity experience.

Supply chain compromise capabilities of hacktivist groups are generally limited by their

financial and technical resource constraints, making sophisticated supply chain infiltration at-

tacks less common. However, these adversaries may target supply chain vulnerabilities through

opportunistic exploitation of publicly disclosed vulnerabilities, social engineering attacks against

vendor employees who support their ideological objectives, or coordination with insider threats

sympathetic to their causes. Hacktivist groups may also target supply chain components

through more accessible attack vectors such as open-source software contributions or public

development platforms.
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Contemporary Threat Intelligence: Real-World APT Activity in Energy Infras-

tructure

Recent cybersecurity incidents demonstrate the tangible reality of sophisticated threats

targeting energy infrastructure and distributed systems. The 2020 SolarWinds supply

chain compromise, attributed to the Russian SVR, affected over 18,000 organizations

globally and demonstrated nation-state capability to achieve widespread infrastructure

access through single vendor compromises. The 2021 Colonial Pipeline ransomware

attack by the DarkSide cybercriminal organization disrupted fuel supplies across the

Eastern United States, illustrating how financially motivated adversaries can cause crit-

ical infrastructure failures with substantial economic and societal impacts.

In 2023, the Volt Typhoon campaign revealed Chinese nation-state adversaries establish-

ing persistent access to U.S. critical infrastructure, including energy systems, through

”living off the land” techniques that evade traditional detection methods. The 2022

compromise of multiple European energy companies during the Ukraine conflict demon-

strated how geopolitical tensions translate into increased cyber targeting of energy in-

frastructure.

These incidents collectively demonstrate that the threat actor capabilities and attack

vectors analyzed in this threat profiling are not theoretical concerns but active opera-

tional realities requiring immediate attention and comprehensive security countermea-

sures.

Cloud environment compromise attacks by hacktivist groups typically focus on exploiting

publicly known vulnerabilities rather than sophisticated zero-day attacks, due to their limited

resources for acquiring advanced exploit capabilities. These adversaries may target cloud plat-

forms through credential stuffing attacks, social engineering targeting cloud service personnel,

or exploitation of misconfigurations and security gaps in cloud deployments. Hacktivist groups

often prioritize visible impact over sophisticated persistence, seeking to cause immediate dis-

ruption that generates media attention and public awareness of their causes.

Social engineering represents a primary attack vector for hacktivist groups due to its rel-

atively low cost and potential for high impact. These adversaries often possess strong com-

munication skills and ideological passion that can be effective in social engineering attacks

targeting individuals sympathetic to their causes or concerned about energy infrastructure is-

sues. Hacktivist social engineering operations may leverage environmental concerns, economic

inequality issues, or political grievances to gain cooperation from prosumer operators, utility

personnel, or technology vendors. Their social engineering capabilities are often enhanced by

deep knowledge of the issues they champion, enabling credible and passionate communications
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that can be persuasive to target audiences.

3.3.2 Reference APT Scenario

The reference Advanced Persistent Threat scenario presented demonstrates a sophisticated

two-phase attack campaign targeting distributed prosumer energy infrastructure with dual

strategic objectives: sustained financial exploitation followed by coordinated grid-scale dis-

ruption. This comprehensive scenario, fully detailed in literature [66], comprises two distinct

operational phases characterised by markedly different temporal dimensions and strategic ob-

jectives. The initial stealth phase operates across extended timeframes spanning months

to years, focusing on establishing comprehensive control whilst generating sustained finan-

cial returns through covert market manipulation. The subsequent disruption phase executes

immediate, high-impact operations designed to cause widespread blackouts and critical infras-

tructure damage. This scenario exemplifies how advanced adversaries exploit the concentrated

market structure, cloud-based management platforms, and limited security awareness identi-

fied in the attack surface analysis to achieve escalating impact levels from sustained economic

exploitation to catastrophic physical disruption.

The attack progression, illustrated in Figure 3.5, follows a deliberate two-phase approach

where extended stealth operations establish the foundation for immediate, coordinated physical

disruption capabilities that threaten grid stability and public safety.

Phase 1: Stealth Operations and Economic Exploitation (Duration: MM/YY)

The stealth phase represents an extended operational period where advanced adversaries sys-

tematically establish comprehensive control over distributed prosumer infrastructure whilst

maintaining complete operational security and generating sustained financial returns through

covert energy market manipulation. This phase encompasses intelligence collection, access

establishment, privilege escalation, device control acquisition, and coordinated economic ex-

ploitation operations designed to remain undetected across extended timeframes whilst mon-

etising adversary capabilities.

Intelligence gathering operations initiate the stealth phase through comprehensive recon-

naissance targeting victim identity information and network infrastructure mapping to identify

high-value prosumer installations and supporting infrastructure components. Advanced adver-

saries conduct systematic open source intelligence (OSINT) collection, social media analysis,

utility customer database exploitation, regulatory filing reviews, and technical infrastructure

scanning to develop detailed target profiles encompassing prosumer installations, technology

vendors, cloud management platforms, utility interconnections, and key personnel. This intelli-

gence foundation identifies manufacturer concentration patterns, cloud platform relationships,
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Figure 3.5: APT Attack Tree for Prosumer Energy Infrastructure [66]: Two-phase attack progression
from extended stealth operations through immediate disruption capabilities. Yellow nodes indicate
MITRE ATT&CK framework technique mapping for initial access vectors, demonstrating systematic
advancement from covert economic exploitation to coordinated physical impact objectives.

and communication pathways that enable scalable attack approaches targeting single points

of failure providing access to extensive device populations.

Initial access establishment implements multiple attack vectors simultaneously utilising

supply chain compromise, exploitation of public-facing applications, trusted relationship abuse,

valid account compromise, and sophisticated AI-enhanced phishing campaigns corresponding
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to MITRE ATT&CK framework tactics. Supply chain infiltration targets prosumer equipment

manufacturers, software vendors, and cloud service providers to insert persistent backdoors and

establish widespread access capabilities. Exploitation operations focus on cloud management

platforms, utility customer portals, and energy market trading platforms providing access to

extensive device populations. Credential harvesting through advanced phishing and social

engineering operations captures high-value authentication materials enabling legitimate system

access.

Privilege escalation and lateral movement operations systematically expand adversary ac-

cess scope through account manipulation, persistent malware deployment, and event-triggered

execution mechanisms. Advanced adversaries establish administrative access, deploy initial-

ization scripts ensuring continued access through system updates, and implement dormant

malware with automated activation capabilities. Lateral movement utilises legitimate ad-

ministrative tools and encrypted communication channels to expand access across prosumer

installations, cloud platforms, and supporting infrastructure whilst maintaining operational

security.

Device access and control establishment provides direct command authority over critical

prosumer components including smart inverters, IoT hub systems, electric vehicle chargers,

HVAC systems, and energy storage devices. Adversaries exploit cloud management platform

access, manufacturer support systems, and direct device communication channels to establish

persistent control over operational parameters, safety systems, and grid-tie functions. This

comprehensive device control enables manipulation of power output levels, reactive power

compensation, anti-islanding protection, emergency shutdown capabilities, and coordinated

load control across extensive geographic regions.

Economic exploitation operations represent the primary strategic objective of the stealth

phase, coordinating distributed prosumer assets to generate sustained financial returns through

energy market manipulation whilst maintaining complete operational security. Advanced adver-

saries utilise extensive device control capabilities to create artificial market conditions, manipu-

late pricing mechanisms, and exploit market inefficiencies for direct financial gain. Coordinated

generation and consumption pattern manipulation influences market prices, disrupts demand

forecasting, and creates fraudulent market participation opportunities. Individual prosumer

economic targeting generates substantial financial penalties through manipulated consumption

patterns, unauthorised system modifications, and equipment damage costs whilst validating

attack capabilities and establishing financial motivation for continued operations.

Device population expansion operations systematically acquire control over additional pro-

sumer installations throughout the stealth phase to achieve critical mass necessary for subse-

quent disruption operations. Advanced adversaries leverage established attack infrastructure,

proven exploitation techniques, and operational experience to rapidly expand control across
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extensive geographic regions whilst prioritising high-power devices, critical grid interconnec-

tion points, and strategic locations maximising disruption potential. Expansion utilises lateral

movement, supply chain exploitation, social engineering targeting interconnected systems, and

recruitment of unwitting insider threats through trust relationship abuse.

The stealth phase maintains operational security through careful calibration of economic

impact operations below detection thresholds whilst generating substantial financial returns

and establishing comprehensive infrastructure control. This extended operational period pro-

vides adversaries with detailed system knowledge, proven attack capabilities, validated com-

munication pathways, and extensive device populations necessary for subsequent immediate

disruption operations.

Phase 2: Immediate Disruption Operations (Duration: Immediate)

The disruption phase transitions from covert economic exploitation to immediate, coordinated

physical attacks designed to cause widespread power outages, grid instability, and critical in-

frastructure failures. This phase represents the culmination of extended stealth operations, util-

ising comprehensive device control capabilities established during Phase 1 to achieve strategic

disruption objectives through synchronized manipulation of thousands of distributed prosumer

installations.

Immediate power outage operations coordinate simultaneous manipulation of distributed

generation, energy storage, and load control systems to create localized power failures across

residential and commercial installations. Advanced adversaries utilise extensive device control

capabilities to disable generation systems, rapidly exhaust energy storage reserves, and create

artificial load spikes overwhelming local distribution infrastructure. Coordinated inverter shut-

down eliminates distributed generation capacity whilst synchronized high-consumption device

activation creates demand surges exceeding local supply capabilities.

Grid instability operations leverage comprehensive understanding of grid physics, control

system operations, and protective relay coordination to create frequency deviations, voltage

instability, and protective system cascading failures propagating throughout interconnected

transmission systems. Advanced adversaries coordinate large-scale manipulation of distributed

energy resources to create synchronized disturbances overwhelming grid stability mechanisms

and triggering automated protective responses causing system-wide instability.

Widespread blackout operations represent the ultimate strategic disruption objective, utilis-

ing coordinated manipulation of thousands of distributed prosumer installations to create syn-

chronized disruption overwhelming grid stability mechanisms and emergency response capabili-

ties. These operations demonstrate the potential for distributed cyber attacks to achieve phys-

ical impacts equivalent to conventional kinetic attacks against critical infrastructure through
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systematic exploitation of prosumer device populations established during extended stealth

operations.

The immediate disruption phase can be activated for maximum impact or maintained

as persistent threat capability providing strategic deterrence, coercion, or negotiation lever-

age. Advanced adversaries may utilise demonstrated disruption capability to achieve political

objectives, economic concessions, or strategic advantages without necessarily implementing

full-scale attacks. The transition from stealth to disruption operations occurs within minutes

or hours, leveraging years of preparation to achieve immediate, catastrophic impact.

This two-phase reference scenario demonstrates how the concentrated market structure,

cloud-based management architectures, and limited security awareness identified in the pro-

sumer attack surface create conditions where sophisticated adversaries can achieve sustained

economic exploitation followed by strategic infrastructure disruption objectives through system-

atic exploitation of distributed energy systems. The dual-phase approach enables adversaries to

monetise their capabilities across extended timeframes whilst maintaining the ability to achieve

immediate, catastrophic impacts when strategic objectives require infrastructure disruption.

3.4 Critical Security Gaps and Vulnerabilities

The reference APT scenario analysis reveals fundamental security deficiencies within current

prosumer energy infrastructure that enable sophisticated adversaries to achieve grid-scale dis-

ruption through systematic exploitation of distributed systems. These critical gaps extend

beyond traditional cybersecurity measures to encompass operational monitoring capabilities,

cross-jurisdictional coordination mechanisms, and behavioral detection systems specifically de-

signed for distributed energy environments. Addressing these vulnerabilities requires com-

prehensive security framework development that acknowledges the unique characteristics of

prosumer systems while providing robust protection against advanced persistent threats.

Enhanced Infrastructure Monitoring Requirements

Current prosumer monitoring systems lack the granular visibility necessary to detect sophisti-

cated manipulation activities that operate within normal operational parameters while achiev-

ing malicious objectives. The reference APT scenario demonstrates how adversaries can con-

duct prolonged economic manipulation and device control operations that remain undetected

by existing monitoring systems designed primarily for performance optimization rather than

security threat detection. Traditional monitoring approaches focus on aggregate performance

metrics and basic fault detection, failing to identify subtle behavioral anomalies that indicate

coordinated malicious activities across distributed installations.

The pressing need for enhanced monitoring capabilities encompasses real-time analysis of
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generation patterns, load consumption behaviors, market participation activities, and device

operational parameters at sufficient granularity to distinguish between legitimate operational

variations and coordinated attack activities. Advanced monitoring systems must implement so-

phisticated analytics capable of detecting temporal correlations, geographic clustering patterns,

and operational anomalies that suggest coordinated manipulation across multiple installations.

These capabilities require integration of advanced data analytics, machine learning algorithms,

and behavioral modeling techniques specifically designed for distributed energy system moni-

toring.

Digital Twin Infrastructure Development

The complexity of modern prosumer energy systems necessitates comprehensive digital twin

development that enables security testing, vulnerability assessment, and attack scenario val-

idation without impacting critical operational infrastructure. Digital twin platforms provide

essential capabilities for modeling potential attack impacts, testing defensive measures, and

validating security countermeasures under realistic operational conditions. The reference APT

scenario highlights the need for understanding cascading failure mechanisms, grid stability im-

pacts, and economic disruption potential that can only be comprehensively evaluated through

sophisticated simulation environments.

Digital twin infrastructure enables proactive security management through continuous mod-

eling of system vulnerabilities, attack pathway analysis, and defensive strategy optimization.

These platforms support comprehensive scenario testing including coordinated device manip-

ulation, market disruption modeling, and grid stability impact assessment that inform security

investment decisions and defensive capability development. Advanced digital twin implementa-

tions incorporate real-time operational data integration, enabling continuous model validation

and dynamic threat assessment capabilities that enhance situational awareness and incident

response effectiveness.

Cross-Border Information Sharing Frameworks

The geographic distribution potential demonstrated in the reference APT scenario reveals

critical gaps in cross-jurisdictional security coordination and information sharing mechanisms

among energy stakeholders. Sophisticated adversaries can exploit regulatory boundaries, ju-

risdictional limitations, and communication gaps between utility operators, equipment man-

ufacturers, and regulatory authorities to conduct coordinated attacks that span multiple ge-

ographic regions and regulatory domains. Current information sharing frameworks lack the

speed, specificity, and technical depth necessary for effective coordination against advanced

persistent threats targeting distributed energy infrastructure.



110 Prosumer Security Analysis

Enhanced information sharing capabilities must encompass real-time threat intelligence

dissemination, coordinated incident response procedures, and collective vulnerability assess-

ment activities that enable proactive security management through collaborative expertise.

Cross-border coordination frameworks require standardized communication protocols, com-

patible threat intelligence formats, and coordinated response procedures that enable rapid

information sharing during active attack scenarios. These capabilities necessitate international

cooperation agreements, technical standard harmonization, and collaborative security invest-

ment strategies that address the transnational nature of cyber threats targeting critical energy

infrastructure.

Prosumer-Specific Behavioral Detection Systems

Traditional cybersecurity detection systems designed for enterprise IT environments fail to ad-

dress the unique behavioral characteristics, operational patterns, and vulnerability profiles that

characterize prosumer energy installations. The reference APT scenario demonstrates how

adversaries exploit the limited security awareness, diverse technical capabilities, and opera-

tional complexity that distinguish prosumer environments from conventional industrial control

systems. Prosumer-specific detection systems must account for high behavioral variability, lim-

ited security expertise, and diverse operational objectives that characterize distributed energy

installations.

Behavioral detection systems specifically tailored for prosumer monitoring must implement

adaptive learning algorithms that accommodate legitimate operational diversity while identi-

fying subtle manipulation patterns that indicate malicious activities. These systems require

integration of user behavior analytics, device performance modeling, and energy consump-

tion pattern analysis that distinguish between normal operational variations and coordinated

attack activities. Advanced detection capabilities must address the challenge of monitoring

thousands of installations with varying operational characteristics while maintaining low false

positive rates that preserve user confidence and operational efficiency.

Furthermore, prosumer-specific detection systems must address the social engineering vul-

nerabilities identified in the attack surface analysis by monitoring for indicators of credential

compromise, unauthorized access attempts, and configuration changes that suggest human

factor exploitation. These capabilities require integration of technical monitoring with user

behavior analysis, communication pattern monitoring, and operational change detection that

identify complex attack scenarios involving both technical exploitation and social engineering

components.



Critical Security Gaps and Vulnerabilities 111

Table 3.13: Critical Security Gaps and Required Capabilities for Prosumer Energy Infrastructure

Security Gap Current Limita-
tions

Required Capabili-
ties

Implementation
Priorities

Enhanced Monitoring Aggregate perfor-
mance metrics, basic
fault detection, lim-
ited security focus

Real-time granular
analysis, behavioral
anomaly detection,
coordinated attack
identification

Machine learning in-
tegration, advanced
analytics platforms,
multi-installation
correlation

Digital Twin Infrastructure Limited simula-
tion capabilities,
performance-focused
modeling, static vul-
nerability assessment

Comprehensive
attack modeling,
real-time data inte-
gration, cascading
failure analysis

High-fidelity simula-
tion platforms, con-
tinuous model valida-
tion, scenario testing
capabilities

Cross-Border Coordination Jurisdictional limita-
tions, slow informa-
tion sharing, incom-
patible systems

Real-time threat
intelligence sharing,
coordinated response
procedures, stan-
dardized protocols

International coop-
eration frameworks,
technical harmoniza-
tion, collaborative
investment strategies

Prosumer-Specific Detection Enterprise IT security
models, limited be-
havioral understand-
ing, high false posi-
tives

Adaptive learning al-
gorithms, user be-
havior analytics, so-
cial engineering indi-
cators

Tailored detection
systems, prosumer
behavior modeling,
integrated monitor-
ing platforms
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Chapter 4

Reference Architecture for a Prosumer

Oriented Cybersecurity Monitoring

Framework

4.1 Scope, Basics, and Architectural Overview

This section introduces a reference architecture for a prosumer-oriented cybersecurity moni-

toring framework for smart grids. It is grounded in the security principles and gaps identified

in the previous chapters. The framework targets Advanced Persistent Threats that coordinate

distributed energy resources and IoT devices to manipulate demand. Its objective is to provide

enhanced monitoring via a security-centred Digital Twin, while enabling data sharing and coor-

dination among stakeholders across national boundaries. The architecture is organised in three

layers: field layer, DT layer, and application layer. The field layer includes devices, gateways,

and substations producing telemetry and receiving control signals. The DT layer ingests and

normalises streams from the field via a publish/subscribe message broker (producer–consumer

decoupling), aligns them to a semantic information model (e.g., NGSI-LD), and maintains the

evolving state of the infrastructure for security analysis. The application layer hosts security

services that consume DT state and events and act on results.

Four logical software Artifacts implement these functions and interact through the DT

abstraction (Figure 4.1). The Digital Twin Builder realises ingestion, semantic alignment,

and state maintenance for security use cases. The Business Process Analyzer (BPA) learns

baseline prosumer behaviour and detects coordinated deviations consistent with manipulation-

of-demand attacks. The Data Space Connector Builder (DSCB) enforces identity, access, and

usage control for sharing indicators and incidents with cross-border partners. The Simulation

Control Unit (SCU) orchestrates what-if scenarios on the DT to evaluate attacks and responses
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Figure 4.1: Prosumer-oriented cybersecurity monitoring framework reference architecture.

and to feed improvements back into analytics and procedures. These artefacts are specified

at the functional level; concrete implementations may vary by technology stack. Figure 4.1

summarises the layers, the message-broker decoupling, and the artefact interactions.

In the next sections, we detail each artefact and its interfaces, providing the technical

elements required to understand the coverage of this framework and how it addresses the gaps

highlighted in Table 3.13.

4.1.1 Digital Twin Builder

Several definitions of the Digital Twin exist across domains. The Industrial Internet Consor-

tium defines a DT as “a formal digital representation of some asset, process, or system that

captures attributes and behaviours suitable for communication, storage, interpretation, or pro-

cessing within a certain context” [67]. The Digital Twin Consortium describes it as “a virtual

representation of real-world entities and processes, synchronised at a specified frequency and

fidelity” [68]. In smart grids, these views converge on a bidirectional link between a physical
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entity and its digital counterpart to support awareness, prediction, and control.

Formally, a DT can be expressed as the quadruple

DT = {M, D(t), F, U } (4.1)

where M is the structural and parametric model, D(t) is the time-dependent measurement

stream, F is the set of mappings that update the model state, and U are the rules that

synchronise and evolve the twin over time or under hypothetical scenarios [69] [70]. The

interaction between the physical system S(t) and the DT is

S(t)
A−→ D(t)

F−→ M(t)
G−→ A(t) (4.2)

with A the acquisition process, G the analysis/inference process, and A(t) the actionable

insights.

A DT maintains static attributes xs ∈ Rn (e.g., rated capacity, topology) and dynamic

states xd(t) ∈ Rm (e.g., voltage, current, temperature). The state evolution is

dxd(t)

dt
= f

(
xd(t),u(t),w(t)

)
(4.3)

where u(t) are control inputs and w(t) are disturbances or attack-induced perturbations.

Predictive and prospective DT functions rely on simulation models gk(·), k = 1, . . . , K,

x̂d(t+∆t) = gk

(
xd(t), θk

)
, (4.4)

with θk calibrated from historical and real-time data.

DTs can be descriptive (state recording), diagnostic (fault localisation), predictive (state

forecasting), prospective (scenario exploration, including cyberattacks), and prescriptive (ac-

tion recommendation/execution) [71]. They can appear as prototypes during design, instances

bound to operational assets, or aggregates that compose multiple instances to represent an

infrastructure [72]. For cybersecurity monitoring, DTs integrate operational data with ana-

lytics and simulation to assess asset status, detect multi-site anomalies, explore attack paths,

anticipate cascading effects, and support operator actions.

The Digital Twin Builder follows a model-driven, standards-compliant process rooted in the

Common Information Model (CIM) [73]. Figure 4.2 shows a CIM Unified Modelling Language

excerpt with network elements and relations. A CIM dataset from the distribution system

operator cab be adopted as the baseline description of the physical grid (substations, lines,

switches, measurement points), preserving alignment with the operator’s engineering tools

and processes. To support dynamic operation, the static CIM representation is transformed
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Figure 4.2: Example CIM UML diagram with components, attributes, and relationships [74].

into NGSI-LD. NGSI-LD (ETSI) specifies a linked-data information model and Application

Programming Interface for entities, properties, and relationships, with JSON-LD serialisation.

Figure 4.3 illustrates the mapping from CIM XML to NGSI-LD, retaining semantic types and

topological links. This yields a unified model where static assets and live measurements are

handled consistently. Field telemetry is decoupled from consumers through a publish/subscribe

message broker (for example, Kafka-class systems). Producers, such as Intelligent Electronic

Devices, Remote Terminal Units, and gateways, publish time-stamped records; consumers

include the Digital Twin ingestion services, analytics, and archival stores. Decoupling sup-

ports buffering, backpressure, late joins, and replay for forensic analysis. Time synchronisation

uses Network Time Protocol and Precision Time Protocol according to device class; inges-

tion enforces monotonicity and reconciles clock drift using sequence numbers and watermarks.
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Figure 4.3: Transformation from CIM XML to NGSI-LD [75].

The NGSI-LD graph is managed by a Context Broker that implements the NGSI-LD Appli-

cation Programming Interface, providing create, update, query, and subscription operations.

Heterogeneous device protocols are normalised via Internet of Things Agents that translate

field payloads into NGSI-LD entities and properties before insertion. Subscriptions propagate

entity changes to downstream services, such as anomaly detectors and simulators, and to

time-series storage for historical queries. While multiple stacks can realise these functions,

including Eclipse Ditto, Azure Digital Twins with Digital Twins Definition Language adapters,

and custom microservices with a graph and time-series database backend, FIWARE represents

an optimal choice, offering open-source components that natively support NGSI-LD, easing

interoperability and lowering integration effort without constraining deployment choices.

Information modelling concerns The DT Builder addresses: (i) Topology fidelity : preser-

vation of CIM connectivity nodes, terminals, and switch states in the NGSI-LD graph; (ii)

Semantic alignment: mapping of CIM classes to NGSI-LD type, with properties/relationships

linked to agreed vocabularies; (iii) Temporal handling : representation of observations with ex-

plicit observedAt, sampling period, and quality flags; offloading high-rate series to a TSDB

while retaining current state in the graph; (iv) Control coupling : optional binding of control
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endpoints (setpoints, switching) as NGSI-LD properties guarded by policy and role checks;

(v) Versioning : model snapshots with immutable identifiers for reproducibility of analyses and

simulations.

Interfaces and outputs The DT exposes: (a) NGSI-LD queries over the current state and

topology; (b) subscription endpoints for event-driven processing; (c) replay interfaces via the

broker for time-bounded reprocessing; (d) exports of topology/state slices for the Simulation

Control Unit; and (e) feature streams for the Business Process Analyzer. All interfaces are

designed to be stack-agnostic and to operate under authenticated, authorisation-controlled

channels.

4.1.2 Business Process Analyzer (BPA)

The BPA is the security analytics component that applies business rules over the Digital Twin

to monitor the behaviour of entities (e.g., prosumers, devices, substations, applications) at fine

granularity. It subscribes to DT state changes and telemetry, derives features, evaluates rule-

and model-based conditions, and emits alerts and context for triage. The objective is twofold:

(i) single-entity anomaly detection against expected operational behaviour; (ii) grid-level su-

pervision to detect coordinated patterns consistent with advanced attacks (e.g., manipulation

of demand). The BPA consumes DT updates via a publish/subscribe interface, queries the

DT graph for topology and semantics (asset types, relations), and writes outcomes to the

application layer (alerts, metrics, recommended actions). It integrates with incident tooling

(e.g., SIEM/SOAR) and with the Simulation Control Unit for replay and what-if validation.

The BPA starts from an explicit business-process view of grid operations. Processes are elicited

from the DT model and operator procedures, identifying: (i) actors and assets (devices, gate-

ways, services); (ii) events and data flows (telemetry, setpoints, alarms); (iii) constraints and

service objectives (safety, availability, energy balance). Each process step is mapped to assets

in the DT and to a threat model. Techniques and tactics from established knowledge bases

(e.g., discovery, lateral movement, manipulation of control) are associated with process steps

and assets. For each step, the BPA defines:

• measurable variables and features (e.g., power output, setpoint adherence, timing, topology-

dependent aggregates);

• business rules and invariants (e.g., interlocks, rate limits, time-of-day envelopes, N-out-

of-M quorum);

• risk thresholds and tolerances (entity-level and aggregate-level);

• detection windows and sampling plans (fixed, event-driven, or adaptive).
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Single-entity baselining and detection For each entity i, the BPA builds an expected-behaviour

model ŷi,t = hi(xi,t, zt; θi), where xi,t are internal signals (e.g., device counters, setpoints),

zt are exogenous drivers (e.g., weather, calendar, tariff), and θi are parameters. Models can

be physics-based, statistical, or ML, such as Physics-/process-informed (simplified device/net-

work equations or surrogate models), Statistical (seasonal ARIMA/ETS, generalised additive

models, quantile regression), or ML (gradient boosting, random forests, shallow nets; for strict

latency, linear or additive models are preferred). Residuals ri,t = yi,t − ŷi,t are monitored with

smoothing and control logic. Common smoothers include a moving average (window J)

MAi,t =
1

J

J−1∑
j=0

yi,t−j,

and the exponentially weighted moving average (EWMA)

EWMAi,t = λyi,t + (1− λ)EWMAi,t−1, 0 < λ ≤ 1.

Decision rules combine magnitude and persistence:

Alarm if |ri,t| > τi(t) for ν of the last M samples,

with τi(t) possibly time-varying (e.g., quantile bands). Alternative sequential tests include

CUSUM:

C+
t = max{0, C+

t−1 + ri,t − k}, C−
t = max{0, C−

t−1 − ri,t − k},

raising an alarm when C+
t > H or C−

t > H.

Feature families typically include: device setpoint tracking, ramp rates, start/stop cadence,

topology-aware aggregates (e.g., feeder-level balances), seasonal effects, and cross-signals

(e.g., consumption vs. exogenous drivers). Outputs at this stage are per-entity anomaly scores,

rule violations, and short explanations (rule ID, residuals, window, contributing features).

Grid-level supervision and coordination tests To infer coordination, the BPA aggregates

entity-level alarms within clusters (e.g., by feeder, tariff class, geography, technology). Let

n be the number of entities in a cluster, p0 the expected per-entity alarm rate under normal

conditions, and Kt the observed number of alarms in a time bucket. A binomial tail test flags

likely coordination when

P(X ≥ Kt; n, p0) =
n∑

k=Kt

(
n

k

)
pk0(1− p0)

n−k < α,



120 Reference Architecture for a Prosumer Oriented Cybersecurity Monitoring Framework

with α the chosen significance level. Where over-dispersion exists, a beta-binomial or scan-

statistic is used. Spatial or topology-aware correlation (e.g., using the DT graph) refines

evidence by favouring clusters that align with electrical connectivity. The BPA can also enforce

k-of-n quorum rules conditioned on shared attributes (e.g., controller firmware version), raising

severity when alarms co-occur across independent control domains.

Rules, policies, and execution Business rules are expressed as deterministic predicates and

temporal patterns over DT entities and time windows, e.g.,

IF ∆setpoint > ρ ∧ ramp-rate > σ THEN raise violation(rule ID).

Execution combines: (i) a rules engine for invariants and policies; (ii) a stream processor for

stateful windows and joins; (iii) a model runner for expected-behaviour inference. Severity, sup-

pression, and cooldown policies limit alert storms. All decisions carry provenance: rule/model

version, DT snapshot ID, feature hashes, and confidence.

Implementation Details The BPA exposes: (a) subscriptions for rule/model outputs; (b) pull

APIs for scores and features; (c) cluster-level indicators for the DSCB and external sharing;

(d) feedback hooks for the SCU to update thresholds and model parameters after simula-

tions. Window length J , EWMA λ, control limits, and quorum (ν,M) govern the balance

between sensitivity and false positives. Tuning uses historical replays (broker-backed) and

cross-validation on held-out periods, with constraints from operations (e.g., maximum alert

rate, detection delay limits). The BPA can be realised with different stacks. A typical setup

uses: (i) a rules/policy engine (e.g., Drools-class or Open Policy Agent/Rego) for invariants

and access policies; (ii) a stream processor (e.g., Kafka Streams/Flink-class) for windowed

aggregations and joins with DT updates; (iii) a model-serving layer (microservice or embedded

library) for prediction and scoring; (iv) a time-series store for residuals and metrics. When

NGSI-LD is available, rules reference DT entity type, relationships, and observedAt to stay

consistent with semantics. Other stacks (custom microservices, CEP engines) are viable if they

provide the same contracts: stateful windows, deterministic rule evaluation, and auditable out-

puts. Two approaches are common for representing business processes monitored by the BPA:

FSMs, suitable for device-centric, deterministic workflows (e.g., start-up, synchronisation, dis-

patch) with advantages like a small runtime footprint, being amenable to formal verification

and code generation, and clear state invariants, but limited in expressiveness for human tasks,

compensations, and complex timers; and BPMN 2.0, suitable for end-to-end operational pro-

cedures with human/system tasks, gateways, timers, and escalation, offering advantages like

rich control-flow, wide tool support, and strong audit trails, but limited by heavier execution

semantics and overhead, requiring a process engine if enacted at runtime. Selection depends
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on scope: FSMs fit embedded or protection-grade logic; BPMN suits cross-team operational

workflows. Hybrid use is common: FSMs for equipment sequences; BPMN for orchestration

and incident handling.

4.1.3 Data Space Connector Builder (DSCB)

The DSCB enables cross-border data sharing among independent stakeholders while preserv-

ing data sovereignty. It mediates all exchanges between the Digital Twin environment and

external parties under explicit contracts, policies, and security controls. Its goals are interop-

erable publication/discovery of data and services, verified participant identity and trust, usage

control on every transfer, and full auditability. A data space is a federated setup that avoids

centralised storage and keeps data owners in control. It requires semantic and syntactic in-

teroperability so systems can interpret exchanged information; enforceable data-usage policies

that constrain access, retention, and processing; authenticated and authorised participation

with verifiable credentials; and traceable data flows for compliance. The connector is the

participant’s controlled gateway to the data space [76]. It terminates secure transport, au-

thenticates peers, negotiates and enforces data-use agreements, performs format adaptation,

and records provenance. Deployments may add privacy-preserving computation (e.g., trusted

execution, encrypted processing). These concepts align with European work such as the IDSA

Reference Architecture Model. The DSCB realises the data-space communication paradigm

with secure participant connectors that sit at each organisation’s boundary. Around them, a

Certification Authority issues and validates credentials; a Broker/Catalogue exposes offerings

for discovery without relaying payloads; and a Clearing House records transactions for audit

and settlement. Usage control engines apply obligations such as time-limited access, geo-

scoping, and purpose limitation. Figure 4.4 relates these elements to the IDSA RAM layers

(business, functional, information, process, and system).

Interoperability is achieved by adopting NGSI-LD for context data with JSON-LD serialisa-

tion, maintaining explicit entity type, properties, and relationships. Sector vocabularies (e.g.,

Smart Data Models) are aligned with the Common Information Model (CIM) so that topol-

ogy, assets, and measurements retain meaning across parties. When partners use different

encodings, the connector performs schema and unit transformations while preserving seman-

tics. Schemas are versioned; quality, sampling, and provenance metadata (source identifiers,

signatures, timestamps) accompany each exchange. Identity and trust rely on federated PKI

or equivalent identity providers, with attribute-based authorisation where needed. Each trans-

fer is bound to a signed data-use contract that the connector enforces at run time through

policy decision and enforcement points. Continuous monitoring supports an adaptive loop:

interaction telemetry and threat signals update risk posture, leading to stronger authentica-

tion, tighter rate limits, or contract revocation. Threat modelling (e.g., STRIDE) guides the
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Figure 4.4: IDSA Reference Architecture Model layers and components [77].

placement of controls on channels, endpoints, and processes.

DSCB Operations, placement and implementation Typical interactions follow an offer/con-

tract sequence in which a participant publishes capability metadata to the broker, negotiates

usage terms, and signs an agreement. Data movement then uses secure pull APIs, push call-

backs, or subscription streams with backpressure and quotas. Eventing delivers indicators,

incident notices, and topology deltas with DT-consistent entity references. All operations are

metered, rate-limited, and written to immutable logs at the clearing house, with correlation

identifiers linking catalogue entries, contracts, and transfers. Data in transit and at rest are

encrypted; integrity is protected with signatures or message authentication codes. Within the

three-layer architecture, the DSCB sits at the application boundary. It exposes selected DT

views and BPA indicators to authorised partners and ingests external context (for example,

regional indicators or incident bulletins) into the DT under policy constraints. Only contractu-

ally agreed projections and rates are published. Connectors can be implemented with different

stacks, including IDSA-aligned Trusted Connector variants, Eclipse Dataspace Connector-class

solutions, or bespoke gateways. When NGSI-LD is the internal contract, FIWARE-based con-

nectors are a practical choice due to native NGSI-LD support and existing context-management

components; other stacks remain valid if they provide contract negotiation, usage-control en-

forcement, semantic alignment, strong identity, transport security, and audited logging.

Design notes The DSCB should publish least-privilege projections of DT entities rather than

raw device streams unless required by contract; keep control and data planes separate, isolating

credential stores and policy engines; support reproducible replay with watermarks without

breaching retention obligations; and address cross-jurisdiction constraints through geo-fenced
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policies or in-place computation when necessary.

4.1.4 Simulation Control Unit (SCU)

The SCU provides scenario design, orchestration, and execution for grid simulations driven by

the Digital Twin’s context. It enables both continuous risk screening and offline assessment by

coordinating configuration, data preparation, simulator runs, and result publication to NGSI-

LD–compliant stores. Its capabilities include scenario parametrisation, perturbation injection,

preset management, run scheduling, and reproducible replays over historical or synthetic data.

The core coordinates the end-to-end workflow: it resolves presets and modes, compiles a run

plan, provisions inputs from the DPU, selects simulator modules, dispatches executions, and

tracks completion. It enforces ordering constraints (e.g., topology load → parameter binding

→ contingency sweep), manages concurrency and backpressure, and records provenance. It

maintains two data stores: a time-series store for simulation traces and KPIs, and a configura-

tion store (e.g., MongoDB) for presets, scenarios, seeds, solver options, and audit metadata.

Results are normalised and written back via NGSI-LD APIs for downstream use. The DPU

acquires, prepares, and enriches inputs. It accepts NGSI-LD context as well as static datasets.

Tasks include collection from declared sources; filtering and de-duplication; unit harmonisa-

tion and schema alignment; temporal alignment and interpolation; semantic enrichment with

topology and asset metadata; and integration of exogenous drivers (e.g., weather, tariffs) when

required by a scenario. Outputs are validated artefacts: network models, boundary conditions,

profiles, and parameter vectors ready for simulation. The run-time executes workloads on an

execution cluster that hosts simulator modules. Modules encapsulate specific tools and anal-

yses; in our prototype, a pandapower module performs load-flow and related studies. The

design is modular so that additional solvers (e.g., optimal power flow, short-circuit, stability)

can be added under a common contract. Required inputs include the electrical scheme of the

infrastructure and, where applicable, time-series profiles and perturbation schedules. The run-

time streams intermediate metrics to the time-series store and returns final states, violations,

and KPIs to the SCU core.

Operation modes Monitoring mode uses live or near-real-time context. The SCU pulls cur-

rent topology and measurements through the DPU, generates simulator-ready snapshots, ex-

ecutes targeted analyses (e.g., steady-state screening, contingency checks), and publishes

results for visualisation, alerting, and operator action. This supports continuous supervision

with controlled latency and fixed computational budgets.

Evaluation mode runs offline studies over historical or synthetic datasets. It supports parameter

sweeps, what-if scenarios, and safety-critical cases that cannot be exercised in production.

Typical uses include strategy evaluation, setpoint policy testing, firmware or control changes,
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and training material generation. Runs are reproducible: inputs, presets, solver versions, and

random seeds are captured to the configuration store and referenced by immutable run IDs.

Inputs and outputs Inputs comprise: NGSI-LD–derived network models; device and prosumer

profiles; exogenous drivers; scenario definitions (faults, outages, perturbations); and solver

settings. Outputs include: time-aligned state vectors; KPI series (voltage margins, loading,

losses); event logs of limit violations; and topology deltas. All outputs carry provenance

(scenario ID, preset, seed, simulator module, commit/version) and are exposed through NGSI-

LD entities with observedAt timestamps.



Chapter 5

Prosumer Framework Validation: A

Real-World Case Study

In this chapter, we present the validation and evaluation of the proposed prosumer-oriented

cybersecurity monitoring framework through a case study focused on an urban distribution

network in Berchidda, Sardinia, Italy. This evaluation has three primary objectives: first,

the construction and validation of the digital twin for this network; second, the performance

evaluation of the prosumer behaviour analytics module using real-world data from the net-

work’s residential prosumers; and third, demonstrating the feasibility of enabling a data-sharing

ecosystem within a data space to guarantee data sovereignty.

5.1 Case Study Overview

Berchidda is a municipality in north-eastern Sardinia with a population of roughly 5,000. The

local distribution network is owned and operated by the municipal utility Azienda Elettrica

Comunale (A.E.C.), which holds the concession for delivery and retail within the munici-

pal boundary. This governance model is uncommon in Italy but offers a clear perimeter of

responsibility, direct access to network models and operational data, and a single point of

accountability. These conditions are suitable for constructing a security-centred Digital Twin

and for validating monitoring and simulation workflows.

5.1.1 Grid topology and assets

The urban distribution network comprises medium-voltage (MV) and low-voltage (LV, shown

in figure 5.1) sections with a single MV point of common coupling to the upstream DSO.

The asset base includes 18 MV/LV substations with transformer ratings between 100 kVA and

500 kVA (about 5 MVA installed), approximately 4 km of MV underground cables (3.2 km
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meshed, 0.8 km radial), 15.4 km of LV overhead lines, and 21.6 km of LV underground cables.

The municipality has also acquired a rural network that adds further MV/LV substations and

increases distributed generation potential. The single upstream connection simplifies energy

exchange metering and provides an unambiguous system boundary for modelling and validation.

Table 5.1: Key characteristics of the Berchidda urban distribution network [78].

MV/LV substations (urban) 18

Transformer rating 100–500 kVA (total ≈ 5 MVA)

MV underground cables 4.0 km (3.2 km meshed, 0.8 km radial)

LV overhead lines 15.4 km

LV underground cables 21.6 km

Upstream connection points 1 (at MV)

Installed PV (existing) 67 plants, 608 kWp

Daily gross electric load (mean) ≈ 19 MWh/d

Energy purchased (current) ≈ 16.4 MWh/d (≈ 6.9 GWh/y)

5.1.2 Renewables, storage, and operations

The urban network currently hosts 67 rooftop photovoltaic installations totalling 608 kWp.

Their daytime output reduces the net load, producing local injections in limited intervals, while

the point of common coupling at MV level remains predominantly in import. The measured

mean daily gross load is about 19 MWh/d and the energy purchased from the upstream grid

is about 16.4 MWh/d (approximately 6.9 GWh/y).

No community-scale electrical storage is in operation at present and there is no dispatchable

on-site generation such as CHP. As a result, flexibility is mainly driven by passive PV variability

and the inherent diversity of consumer demand rather than by controllable assets. Operational

data are anchored by the single MV interconnection measurement and by standard metering in

the LV network, providing a clear system boundary for energy balancing and model validation.

This present configuration yields a stable baseline against which the monitoring framework can

quantify PV-driven net-load reductions, detect deviations in feeder and prosumer behaviour,

and cross-check DT-derived balances with measured imports.

5.1.3 Why Berchidda is a suitable testbed for the framework

Berchidda offers a controlled yet realistic scope:

(i) a clear electrical boundary with a single MV interconnection, which simplifies energy bal-

ance validation and model reconciliation;

(ii) access to CIM-aligned network descriptions and the possibility to map them to NGSI-LD



Building The Digital Twin 127

for a semantically consistent DT;

(iii) heterogeneous prosumer portfolios with measurable exogenous drivers, enabling behaviour

baselining and anomaly detection;

(iv) planned cross-organisation interactions (municipal utility, upstream DSO/TSO, technol-

ogy providers) that motivate data-space connectors and usage control;

(v) a roadmap of upgrades that permits structured what-if studies in the SCU, including de-

mand shifting, PV/ESS siting, voltage margin checks, and contingency analyses.

These properties allow end-to-end validation of the four artefacts: DT construction and syn-

chronisation, business-rule analytics for prosumer behaviour, policy-governed data exchange,

and simulation-driven planning and monitoring.

5.2 Building The Digital Twin

The digital twin for Berchidda was built with a model-driven, standards-based pipeline. The

operator’s Common Information Model export was used as the authoritative description of the

network. CIM classes (e.g., Substation, PowerTransformer, ACLineSegment, Switch, Terminal,

ConnectivityNode, Meter) were mapped to NGSI-LD types. CIM attributes became NGSI-

LD Property values with units and provenance; CIM relations were translated into NGSI-

LD Relationships. Prosumer devices were attached to the appropriate LV nodes and to

their meters; substation equipment was grouped under substation entities with geo references

and operational status. The result is a single NGSI-LD graph where static assets and live

observations share the same semantics.

Southbound interface (field→DT) Telemetry from selected MV/LV substations and pro-

sumer devices is normalised at the edge and published to Apache Kafka. Gateways adapt

vendor/legacy protocols to framed messages (JSON) with explicit schema, units, timestamps,

and stable equipment identifiers aligned with the CIM identifiers. Topics follow a hierarchical

convention (e.g., berchidda.substation.S#.measurements). Transport uses TLS/mTLS;

a schema registry governs payload versions.

A stateless Kafka→NGSI-LD bridge validates messages, reconciles device IDs against the

DT catalogue, and upserts NGSI-LD entities in the FIWARE Orion-LD broker. Measurements

are written as Property updates with observedAt and quality flags; each update links to the

source asset via a Relationship. The bridge enforces idempotent writes, handles late/out-

of-order data with watermarks, and deduplicates by key+timestamp. Where devices can speak

NGSI-LD via lightweight adapters, FIWARE IoT Agents are used; otherwise, the Kafka bridge

is the sole ingress path. Long-run series are forwarded from Kafka to a time-series sink;

Orion-LD retains the current state and recent history needed for operations.
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Figure 5.1: Berchidda Low-voltage distribution panel inside an electrical substation, an example of
an asset being monitored for Digital Twin implementation.

Northbound interface (DT→ analytics and sharing) Orion-LD exposes the DT through

NGSI-LD queries for topology and current state. Change notifications are configured via

NGSI-LD subscriptions; each entity delta is posted to Kafka so consumers can process a uni-

form stream without stressing the broker. The Business Process Analyzer consumes these

deltas and joins them with cluster/topology context from the DT graph. The Simulation

Control Unit queries snapshot slices (topology, setpoints, profiles) and replays time windows

by consuming bounded Kafka offsets. The Data Space Connector exports selected projections

and indicators under contract, using the same NGSI-LD views and audited transfers. All flows

carry provenance (DT snapshot ID, schema versions, correlation IDs) to support reproducibility

and audit.

Topology anchoring and identifiers DT entity identifiers are derived deterministically from

CIM keys (e.g., mRID) to keep joins stable across ingestion, streaming, and analytics. Switch

state changes, topology edits, and equipment updates are represented as NGSI-LD patches

on the concerned entities and propagate immediately through subscriptions. Topology-aware
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queries (upstream/downstream, feeder membership, cut-set analysis) operate directly on the

NGSI-LD relationships, enabling aggregation and impact checks that respect electrical bound-

aries.

Technology stack and controls The stack consists of FIWARE Orion-LD (NGSI-LD broker),

Apache Kafka (streaming), a CIM importer/mapping service, the Kafka↔NGSI-LD bridge,

optional FIWARE IoT Agents, a schema registry, a time-series sink, and minimal operational

services for health and metrics. Components are containerised and use mTLS between services.

Identity and access control rely on service accounts and signed client certificates; messages

can be signed at the producer for end-to-end integrity. Every update recorded in Orion-LD

includes observedAt, unit metadata, and source provenance to maintain traceability from

field device to DT and onward to analytics.

Figure 5.2: General architecture of the proposed Digital Twin system for cybersecurity monitoring.
The displayed framework, sourced from [75], is structurally equivalent to our implementation, pro-
vided the analytic service is replaced.

5.3 Analysing Prosumer Behaviour via Business Process Analytics

To analyse prosumer behaviour, the business process specification governing the Distribution

System Operator operations of dispatching and monitoring within the Berchidda case study

has been taken into consideration. Figure 5.3 presents a simplified version of this specification

that fully captures the operational activities examined in this analysis. The business process

is represented using the Business Process Model and Notation 2.0 formalism, which provides

a standardised graphical notation for specifying business processes in a workflow. This for-
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malisation enables the systematic creation of the monitoring solution described in subsequent

sections. The business process, shown in Figure 5.3 encompasses the critical activities exe-

cuted for energy management and distribution, including the comprehensive monitoring and

failure-handling procedures necessary to safeguard municipal operations. The process incorpo-

rates continuous assessment of grid status based on real-time data conforming to the Common

Information Model (CIM - IEC 61970) schema, thereby determining grid functionality during

component maintenance operations and ensuring operational reliability throughout the distri-

bution network.
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Figure 5.3: Simplified business process specification for renewable energy management and monitor-
ing task integration within the Berchidda DSO operational framework [66].

Business Process Logic Extraction

This section reports how prosumer behaviour was analysed on the Berchidda network using

the Business Process Analyzer (BPA). A set of representative prosumers was selected across

feeders and user types. For each subject, we collected active power, energy, inverter status

and meter readings from the Digital Twin, and paired these with exogenous drivers (e.g.,

irradiance proxies and ambient temperature from nearby meteorological sources) to support

model-based checks. The BPA consumed DT updates via subscriptions, aligned signals in time,

and produced two classes of outputs: single-prosumer anomaly flags and grid-level indicators

of coordination [66].

5.3.1 Prosumers Behaviour Modelling

The objective of prosumer behaviour modelling is to establish a baseline of expected opera-

tion for each prosumer, against which deviations can be detected and analysed. Two distinct

approaches were employed to achieve this objective. The first approach is rooted in a de-
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terministic mathematical model that comprehensively describes the equipment characteristics

associated with individual user profiles, thereby enabling the simulation and prediction of

prosumer behaviour based on the technical specifications of installed devices and consump-

tion patterns. The second approach leverages artificial intelligence-based modelling through

federated learning techniques, which enable the creation of user profiles characterising produc-

tion and consumption curves while guaranteeing privacy preservation. This federated learning

paradigm allows the model to learn from distributed data across multiple prosumers without

requiring the centralisation of sensitive individual consumption data, thus maintaining data

sovereignty and ensuring compliance with privacy regulations.

5.3.1.1 Mathematical Based Modelling

For PV-equipped prosumers, the expected generation profile was computed from a process-

informed model driven by plant metadata (rated DC power, orientation, tilt, temperature

coefficient) and weather inputs. Using a PV performance library (pvlib), the DC output was

obtained with a PVWatts-style relation

PDC(t) = GPOA(t)

(
PDC0

GSTC

)[
1 + γ (Tcell(t)− Tref)

]
,

with the cell temperature estimated as

Tcell(t) = Tair(t) +

(
GPOA(t)

Gref

)(
NOCT−20

800

)
.

Here GPOA is plane-of-array irradiance, PDC0 the DC rating at STC, GSTC ≈ 1000 W/m2,

γ the power temperature coefficient, and Tref ≈ 25◦C. AC output was derived by applying

inverter and system losses:

PAC(t) = PDC(t) ηinv ηloss.

The residual r(t) = Pmeas(t)− PAC(t) was monitored under smoothing to control day-to-day

variability. A moving-average baseline over a window of J samples was used:

MAJ(t) =
1

J

J−1∑
i=0

x(t− i).

Decision rules combined magnitude and persistence: an alarm was raised when |r(t)| exceeded
a time-varying threshold for a minimum number of points within a sliding window. Thresholds

were set from quantile bands of historical residuals and adjusted for seasonality. The same

scheme was applied to consumption-only prosumers using demand models driven by calendar

features and temperature.



132 Prosumer Framework Validation: A Real-World Case Study

Grid-level supervision and coordination tests To check for coordination, the BPA aggregated

alarms within time buckets and clusters (e.g., by feeder or technology) and evaluated the tail

probability of observing at least k alarms out of n entities under a background per-entity alarm

rate p0. The binomial tail was used:

P(X ≥ k;n, p0) =
n∑

i=k

(
n

i

)
p i
0 (1− p0)

n−i.

If P fell below a chosen significance level, the system flagged a likely coordinated event.

Topology information from the DT was used to prioritise clusters that aligned with electrical

connectivity, reducing false correlations across independent sections of the network.

5.3.1.2 AI-Based Modelling

The second approach to prosumer behaviour modeling employs a federated learning paradigm

that integrates user profiling techniques with distributed machine learning to establish baseline

consumption patterns while ensuring privacy preservation. This methodology addresses the

critical challenge of analysing sensitive energy consumption data without requiring centrali-

sation of individual measurements, thereby maintaining compliance with privacy regulations

such as the General Data Protection Regulation and the Electricity Directive. The federated

learning architecture is structured according to the hierarchical topology of the smart grid

infrastructure, as illustrated in Figure 5.4. Gateway devices function as federated learning

clients, receiving processed energy consumption data from smart meters within their respec-

tive regions and maintaining computational capabilities sufficient for local model training. The

control centre operates as the federated learning server, orchestrating the distributed training

process by broadcasting initial model parameters to all gateways and subsequently aggregat-

ing the locally computed training parameters to construct an improved global model. This

architectural arrangement ensures that raw consumption data remains localised at the gate-

way level, with only model parameters being transmitted to the central server. The anomaly

detection framework combines two complementary techniques to achieve robust user profiling

and deviation detection. Initially, the K-means clustering algorithm performs user profiling by

categorising prosumers based on their energy consumption patterns, with the optimal num-

ber of clusters determined through the silhouette score method. This clustering enables the

identification of distinct consumption behaviours across different user groups. Subsequently, a

Variational Autoencoder (VAE) is trained on normalised consumption data to learn compact

latent representations of typical consumption patterns. The VAE reconstructs input data and

calculates reconstruction errors, which quantify deviations from expected behaviour. Anoma-

lies are identified through a multi-criteria approach that considers both cluster membership and
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reconstruction error thresholds, thereby reducing false positives by accounting for legitimate

variations in consumption patterns across different user profiles.

Global Model
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Weights

Parameter
DIstribution Updated

Weights

Local Anomaly
Detector

- VAE Training
- K-Meas Clustering

Gateway 1

Local Anomaly
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Figure 5.4: Federated learning architecture for smart grid anomaly detection in the Berchidda deploy-
ment. The three-layer hierarchy comprises the control centre functioning as the FL server, gateways
operating as FL clients with local anomaly detectors, and smart meters performing data collection.
Bidirectional communication flows enable secure model weight transmission whilst preserving data
privacy by maintaining raw consumption data at local nodes.

The implementation leverages the PySyft library to facilitate secure communication be-

tween federated learning clients and the server. Each gateway collects energy consumption

measurements at fifteen-minute intervals, performs local preprocessing and normalisation using

standard scaling techniques, and trains the VAE model on its local dataset. Following local

training, gateways securely transmit only the VAE model weights to the control centre, which

aggregates these parameters to refine the global model. The updated global model weights

are then redistributed to all gateways, enabling each node to benefit from the collective knowl-

edge derived from distributed data across the entire network. This iterative process enhances

detection accuracy over time while maintaining the fundamental privacy-preserving property

that raw consumption data never leaves its originating location.

Table 5.2 summarises the specific hyperparameters and configuration settings adopted for

the model training in this case study.

Limitations and Challenges While the proposed Federated Learning strategy effectively pre-

serves privacy and detects anomalies, certain limitations warrant discussion. First, the non-IID
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Table 5.2: Hyperparameters and local training configuration for the Federated Learning model.

Parameter Value

Federated Strategy FedAvg

Local Epochs 5

Batch Size 32

Optimizer Adam

Learning Rate 10−3

Input Dimension 96 (24h × 15min)

Latent Dimension 8

(Independent and Identically Distributed) nature of the data is a significant factor; each pro-

sumer has a unique consumption profile (e.g., residential vs. commercial), meaning local

datasets do not represent the global distribution. While our clustering-based user profiling

mitigates this by grouping similar behaviours, extreme heterogeneity can still impact the con-

vergence rate of the global model. Second, communication latency within the Smart Grid

infrastructure can affect the synchronisation of model weights. Although FL significantly re-

duces bandwidth usage by avoiding raw data transmission, the iterative aggregation process

requires reliable connectivity, and network delays could hinder real-time responsiveness in a

large-scale deployment. Finally, the dataset is inherently imbalanced, as anomalous events

are rare compared to normal operations. This imbalance was observed in the variability of

the Precision-Recall AUC scores during validation, suggesting that while the system is robust,

continuous re-training and careful threshold tuning are necessary to maintain high detection

performance across all conditions.

5.4 Simulation Control Unit for What-If Analyses

In Berchidda the SCU was used to generate what-if datasets and to drive power-flow checks

on the Digital Twin without touching the live network. Two simulation sources were enabled

and coupled with the CIM-derived topology and the explicit representation of distribution lines.

Prosumer generation via mathematical model For PV-equipped prosumers, the SCU pro-

duced synthetic generation series using a process-informed model parameterised by plant meta-

data (rated power, orientation, tilt, temperature coefficient) and meteorological drivers (plane-

of-array irradiance, air temperature, wind). DC output followed a PVWatts-type relation with

temperature correction, then was converted to AC using inverter efficiency and loss factors.

The SCU varied inputs and parameters to emulate degradations, sensor bias, curtailment,
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and sudden irradiance drops. The resulting traces were injected into the DT as NGSI-LD

observations linked to the corresponding prosumer entities.

Prosumer profiles via federated learning To cover consumption and mixed prosumer be-

haviour, the SCU ingested profiles generated by a federated learning pipeline. Gateways trained

local models on meter data, the server aggregated weights, and the global model produced

consumption/production trajectories per profile class. These series respect privacy constraints

because raw data stayed local during training. The SCU sampled from these models under

different calendar and temperature conditions to create realistic load/production inputs for

large clusters.

Coupling with network model and disruptive tests Both sources were combined with the

CIM-based network model (substations, transformers, switches, line segments, terminals, con-

nectivity nodes). The SCU assembled simulator-ready cases by binding synthetic prosumer

injections/loads to the LV nodes defined in the DT and by applying current switch states.

Typical disruptive tests included: sharp PV ramp-down on selected feeders, coordinated set-

point shifts across a prosumer clusters, forced outages on a branch, and tap changes at MV/LV

transformers. For each case the solver produced node voltages, equipment loading, losses, and

limit violations. Results were written back as NGSI-LD entities with observedAt and prove-

nance to support replay and comparison.

Outcome This setup allowed repeatable evaluation of BPA thresholds and operating policies

under controlled stress. The mathematical model supplied targeted generation perturbations;

the federated model supplied realistic demand/production patterns at scale; the CIM topology

ensured that impacts were assessed along true electrical paths. The SCU thus provided a safe

path to test disruptive events on the DT and measure their effects before any field action.

5.5 Enabling Cross Border Data Sharing via Data Space

The Berchidda connector deployment enables cross-border data exchange between the mu-

nicipal operator (A.E.C.), upstream DSO/TSO actors, and selected peers by adopting a data

space approach. The goal is to share operational context, indicators, and incident information

while keeping data owners in control. The method combines trusted identification and au-

thentication, policy-based usage control, encryption in transit and at rest, and semantic inter-

operability based on NGSI-LD aligned with the Common Information Model (CIM). European

building blocks guide the design: governance and interaction patterns follow IDSA concepts,

and the technical stack uses FIWARE components where NGSI-LD is required. STRIDE threat

modelling is applied to the flows and assets to align controls with risks.
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Architecture in Berchidda Each participant exposes a connector at its boundary. At the

municipality level, the connector fronts the Digital Twin and publishes selected projections

(e.g., substation status, feeder-level KPIs, anonymised prosumer cluster, topology deltas).

The connector enforces contracts negotiated via a Broker/Catalogue, authenticates peers

with certificates issued by a Certification Authority, and records immutable transaction logs

at a Clearing House. Usage control is applied before, during, and after transfer (time limits,

purpose restriction, geo-scoping, retention). Figure 5.5 summarises this arrangement.
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Figure 5.5: Dataspace-based data exchange architecture: connectors, broker, certification, usage
control, and clearing [77].

The architecture maps to the IDSA Reference Architecture Model (RAM): business roles

and value chains define who publishes or consumes; functional capabilities cover discovery,

contract negotiation, and policy enforcement; information defines semantics and governance;

process prescribes compliant interaction flows; system identifies the connector and supporting

services. FIWARE’s Context Broker and IoT Agents integrate on the provider side to normalise

heterogeneous telemetry into NGSI-LD; Smart Data Models aligned with CIM keep semantics

consistent across parties.

DT integration and data products On the provider side, Orion-LD exposes DT views. The

Data Space Connector Builder (DSCB) derives least-privilege projections and binds them to

catalogue entries: (i) network state summaries at substation/feeder level; (ii) aggregated

indicators from the Business Process Analyzer (alarm counts, tail probabilities); (iii) incident

notices and enrichment; (iv) topology updates with versioning. Exports are annotated with

provenance (snapshot ID, schema version, issuer) and quality metadata (sampling, units).

Prosumer-sensitive data are shared as aggregates or pseudonymised where contracts require

it.

Trust boundaries, assets, and controls Figure 5.6 shows an example of data flow diagram that

can be used to identify trust boundaries between the municipality, upstream grid operators,
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and peers. Assets include real-time grid status, CIM-based topology, device outputs, and

demand-response signals. Channels use TLS/mTLS; participants authenticate with CA-issued

credentials; authorisation can rely on attributes (role, purpose, geography). Policies constrain

access windows, resolution (e.g., aggregated vs. raw), and retention. High-risk assets receive

tighter monitoring and additional checks (rate limits, anomaly flags at the connector).

DSOs Trust Boundary 

TSOs Trust Boundary 

C

A_IoT A_DR

Customers

DS
O

s 
Tr

us
t B

ou
nd

ar
y 

External Data
Source

Meter
Measurement

Data

CIM Data

Grid Status
Data

Meter

IoT
DR

Devices

OT

IT

DSO
WNode

SCADA

C
us

to
m

er
s 

Tr
us

t B
ou

nd
ar

y 

Customer
WNode

Device Usage
Data

Operational Status
Data

D-S CommunicationSERVER

SERVER

SCADA

PMUs

Power
Lines OT

IT

TSO
WNode

TS
O

s 
Tr

us
t B

ou
nd

ar
y 

C-S Communication

Data
Processing

TSO
 Service Provider Trust Boundary 

CIM Data

LEGEND

Software
Analysis

Physical
Device

Entity

Data
Source

Direct
Communication

National Stakeholder A

SERVER

T-T CommunicationSERVER

D-D Communication

SERVER

Customer
Services

TSOs
Services

DSOs
Services

SERVER

SERVER

D
SO

 Service Provider Trust Boundary 

C
ustom

er Service Provider Trust Boundary 

T-S Communication

National Stakeholder B

Figure 5.6: Data flows for energy stakeholders in the dataspace with trust boundaries and key
assets [77].

Policy enforcement loop Connectors operate a feedback loop that adapts protection to ob-

served conditions. Interaction telemetry and threat insights update the risk model; the con-

nector can then adjust authentication strength, tighten permissions, or change encryption

parameters. Figure 5.7 illustrates this policy loop, which keeps the exchange resilient as

threats evolve while preserving auditability through the clearing function.

Outcome for Berchidda In Berchidda, the data space setup allows the municipality to publish

DT-backed operational views and indicators to upstream operators and peers under clear

contracts, while receiving regional context and incident information. The combination of NGSI-

LD semantics, connector-level policy enforcement, and audited exchanges keeps ownership and
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Figure 5.7: Secure cross-border sharing with a dynamic policy-enforcement loop [77].

accountability with the data providers and enables cross-border cooperation without centralised

data pooling.

5.6 Validation Results

This section reports the results obtained on the Berchidda case study from (i) single–prosumer

analysis and (ii) grid–level coordination checks.

Single–prosumer error analysis

For each selected PV prosumer, the Business Process Analyzer generated an expected AC

power series from plant metadata and exogenous drivers. Let the residual be

r(t) = Pmeas(t)− PAC(t).

We quantify accuracy with the mean absolute error (MAE) and with an exceedance rate

ERτ =
1

T

T∑
t=1

⊮{|r(t)| > τ},

where τ is a tolerance band capturing sensor noise and model mismatch. To reduce short–term

volatility, residuals were evaluated after applying a moving–average smoother of length J

(MAD = J days).

Figure 5.8 shows the effect of increasing the smoothing window. With J = 1, the ex-

ceedance rate is high due to intra–day variability and short transients. Increasing J to 3, 5,

and 7 days progressively lowers ERτ and MAE, indicating more stable residuals and fewer

spurious exceedances. This reflects the expected trade–off: larger J reduces false positives at

the cost of slower reaction to genuine shifts. In practice, J is selected to satisfy an opera-
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tor–defined bound on ERτ while keeping detection delay within acceptable limits.

(a) MAD 1 (b) MAD 3

(c) MAD 5 (d) MAD 7

Figure 5.8: Error-rate variation across Moving Average Days (MAD): (a) J=1 shows higher error
due to volatility; (b–d) larger J reduce exceedances coppolino2024increasing.

Grid–level coordination check

Grid–level supervision aggregates entity–level alarms within time buckets and tests whether

their count is consistent with the background rate. Let n be the cluster size, K the observed

alarm count, and p0 the expected per–entity alarm probability under normal conditions. The

binomial tail

P(X ≥ K; n, p0) =
n∑

i=K

(
n

i

)
p i
0(1− p0)

n−i

is used to flag coordination when P falls below a fixed significance level. Figure 5.9 summarises

detection probabilities obtained for varying energy thresholds (2, 4, 6, 8 kWh) and smoothing

(MAD = 1, 3, 5, 7) under Berchidda’s reference daily consumption of 16.6 MWh. With a

2 kWh threshold and MAD=7, the system tolerates up to ∼ 160 prosumer alarms before
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crossing the significance bound, which corresponds to about 320 kWh (1.9% of daily energy).

Raising thresholds to 4, 6, and 8 kWh tightens the tolerated count to ∼80, ∼45, and ∼18,

respectively (roughly 1.9% down to 0.9% of daily energy). Lower thresholds are more sensitive

but increase false positives; higher thresholds reduce false positives but raise the minimum

coordinated impact required for detection.

(a) Threshold: 2 kWh (b) Threshold: 4 kWh

(c) Threshold: 6 kWh (d) Threshold: 8 kWh

Figure 5.9: Coordination detection probabilities across MAD settings and energy thresholds. Lower
thresholds increase sensitivity; higher thresholds reduce false positives coppolino2024increasing.

5.7 Economic impact

The validation results from the Berchidda case study confirm the technical feasibility and

effectiveness of the proposed monitoring framework. At the single-prosumer level, the analysis

demonstrated a clear, quantifiable trade-off between detection sensitivity and system stability.

As shown in Figure 5.8, applying a moving-average smoother (J) is highly effective at reducing

false positives (measured by MAE and ERτ ) caused by short-term volatility. Increasing J from

1 to 7 days progressively stabilises the residuals, though this comes at the cost of a slower

reaction time, a primary tuning parameter for operators.

At the grid level, the coordination check successfully aggregates these individual alarms

to detect systemic patterns. The binomial tail probability test provides a statistically robust

method for flagging coordinated events that would be missed by entity-level monitoring alone.

The results in Figure 5.9 highlight the system’s tunability: by adjusting the energy threshold

and smoothing factor (MAD), operators can configure the system’s sensitivity. For instance, a

higher threshold (e.g., 8 kWh) can detect coordinated events representing a smaller total energy

impact (approx. 0.9% of daily energy) composed of large individual deviations. Conversely,

a lower threshold (e.g., 2 kWh) is tuned to detect widespread events of smaller individual
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magnitude, even if they require a larger cumulative impact (approx. 1.9% of daily energy) to

be flagged as statistically significant. These findings validate the framework’s capability to

identify subtle, coordinated attacks.

Building on this, the economic imperative for such detection is significant. A quantitative

assessment of the financial repercussions from energy production deficits was conducted. The

model assumes a collective of n prosumers, each with an average annual energy output of E

(in kWh), resulting in a total baseline production of Etotal = nE. If this collective experiences

a uniform production shortfall of R percent, the total volume of lost energy can be calculated

as:

Elost =
R

100
Etotal

The corresponding economic impact, I, is subsequently determined by multiplying this lost

energy by the prevailing energy cost, C (e.g., in USD/kWh), yielding the relationship:

I = Elost × C

This model was applied to the Berchidda scenario, with the results illustrated in Figure 5.10.

Considering a community of n = 260 prosumers, each with a mean annual production esti-

mated at E = 4018 kWh. The analysis explores the financial loss across a range of plausible

disruption scenarios, specifically for production reductions (R) between 1% and 10%, and for

energy costs (C) spanning from 0.10 to 0.20 USD/kWh. As demonstrated by the loss surface

Figure 5.10: Economic loss as a function of production reduction (%) and cost per kWh. [66]

in the figure, the total financial impact scales linearly with both the magnitude of the produc-

tion cut (R) and the unit cost of energy (C). Notably, at the upper boundary of the simulated

parameters—that is, a 10% reduction at a cost of 0.20 USD/kWh—the resulting monetary
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losses become substantial (5% of the total municipality expenses). This impact is signifi-

cant when contextualized against the municipality’s typical expenses for energy distribution.

This finding underscores the critical value of implementing robust, early-warning detection and

response mechanisms—as validated in this chapter—to mitigate such production anomalies

before they escalate.

While this analysis focuses on a single municipality, the model’s linear nature has critical

implications when scaled to larger scenarios. The financial impact I is directly proportional to

the total energy baseline Etotal, which in turn is a function of the number of prosumers n. In the

context of a large metropolitan area or a coordinated attack targeting multiple municipalities

simultaneously, the value of n would increase by orders of magnitude. This direct scalability

means that the absolute economic losses from an equivalent percentage-based shortfall (R)

would be dramatically magnified. Such an event could transition from a localised material loss

to a systemic financial disruption, further reinforcing the necessity of scalable, multi-region

security analytics.

5.8 Framework Validation Summary

This chapter presented the design, implementation, and validation of the proposed prosumer-

oriented cybersecurity monitoring framework through a real-world case study on the Berchidda

distribution network. The validation successfully demonstrated the technical feasibility and

effectiveness of all four core architectural artifacts by applying them to the operator’s envi-

ronment and data. The key objectives and the corresponding results validated within the case

study are summarised in Table 5.3.

The requirement for a high-fidelity, semantically-rich Digital Twin was validated by suc-

cessfully constructing a model of the Berchidda network. This was achieved through a model-

driven pipeline that transformed the operator’s CIM export into a dynamic NGSI-LD graph.

We demonstrated the implementation of decoupled southbound, Kafka-based ingestion and

northbound Orion-LD subscription interfaces, proving the DT’s capability to serve as a central,

real-time state representation for all other framework components.

This Digital Twin served as the foundation for the Business Process Analyzer, whose ef-

fectiveness in detecting anomalous and coordinated prosumer behaviour was validated using

the operator’s real-world data. Single-entity detection was demonstrated using two distinct

approaches: a process-informed mathematical model and a privacy-preserving federated learn-

ing model. The results in Section 5.6 confirmed the ability to establish accurate baselines

and quantify the trade-off between detection sensitivity and stability. Furthermore, grid-level

coordination detection was validated using a binomial tail test, which successfully aggregated

single-entity alarms to identify systemic patterns consistent with a coordinated attack.
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The Simulation Control Unit’s capability to orchestrate what-if analyses was also validated.

We demonstrated that the SCU could couple the CIM-based network model from the Digital

Twin with synthetic data sources, both mathematical and federated learning-generated. This

allowed for the execution of controlled, disruptive scenarios, such as coordinated PV ramp-

downs, to test framework resilience and BPA tuning, providing a safe environment for the

operator to evaluate responses.

Finally, the feasibility of enabling secure, cross-border data sharing via the Data Space

Connector Builder was demonstrated. A data space connector, aligned with IDSA principles,

was deployed at the utility’s boundary. This validation confirmed the framework’s ability to

share least-privilege projections and indicators based on NGSI-LD semantics, thereby enforcing

the operator’s data sovereignty and usage control requirements with external stakeholders.

Table 5.3: Framework Validation Results by Artifact, Key Result, and Beneficiary.

Artifact Key Result 1 Key Result 2 Key Result 3 Beneficiary(s)

DT Builder Live CIM-to-NGSI-
LD Model

Decoupled Ingestion Real-time State
Query

Operator, Inte-
grator

BPA Tunable Anomaly
Detection

Statistical Coord.
Alert

FL Model Privacy Sec. Analyst, Op-
erator

SCU Repeatable ’What-
if’ Test

Safe Policy Valida-
tion

DT-Coupled Sce-
narios

Operator, Sec.
Analyst

DSCB Sovereign Data
Sharing

NGSI-LD Indicator
Exch.

IDSA Policy En-
forcement

Operator, Stake-
holders
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Conclusions

This thesis has systematically addressed the critical cybersecurity challenges of the high per-

vasive distributed energy resources integration affecting the contemporary Electric Power and

Energy Systems. It employs a multidisciplinary research approach that integrates technical

vulnerability analysis, formal threat modelling, and regulatory gap analysis to bolster the cy-

bersecurity posture of the energy critical infrastructure.

The research develops a reference Advanced Persistent Threat scenario, provides a com-

prehensive regulatory critique, and delivers a novel cybersecurity monitoring framework. The

technical contributions of this framework were subsequently validated using a real-world case

study within the municipality of Berchidda, demonstrating both its detection efficacy and the

quantifiable economic impact of the threats it is designed to address.

To properly situate these findings, the following sections will first define the specific scope

and boundaries of the research. Following this, the distinct, actionable insights generated

by this work for both policymakers and technical operators are detailed, leading to a final

summary of the work’s primary contribution.

Limitations and Scope of the Research

To fully contextualise the contributions of this thesis, it is important to define its specific

scope boundaries. The successful validation in the Berchidda case study was subject to several

deliberate limitations, which, far from diminishing the results, clarify their precise applicability

and the foundation laid by this work.

First, the validation’s focus on the Berchidda municipal network was a strategic choice.

This environment provided a controlled, real-world testbed with clear governance and accessible

operator data, which was essential for a first-of-its-kind feasibility and efficacy validation.

Consequently, while the framework’s principles are designed for scalability, its performance and

operational dynamics in a larger, multi-operator national grid—with its attendant political and

commercial complexities—were outside the direct scope of this validation.

Second, the research prioritised the demonstration of technical feasibility and detection

efficacy over a formal economic analysis of the solution itself. The proposed architecture is
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technologically advanced, and its implementation implies costs in terms of capital and exper-

tise. This thesis successfully quantifies the economic risk (the cost of an attack), providing the

justification for such a framework. However, a formal Total Cost of Ownership (TCO) analysis

for the monitoring solution was considered a separate, subsequent business-case activity, not

a primary research question.

Third, the framework’s validation was predicated on the availability of high-quality, CIM-

compliant data. This ’greenfield’ data environment was necessary to establish a clear, unam-

biguous baseline for the Business Process Analyzer’s performance. The framework’s robustness

and the significant pre-processing effort required in typical ’brownfield’ scenarios—which are

often dominated by noisy data, incomplete telemetry, or non-standard protocols—was therefore

not assessed.

Finally, the framework was intentionally specified at a logical and functional level to ensure

its principles remain stack-agnostic. The research focused on defining the core artifacts, their

interactions, and proving their function. The design and prototyping of the specific Application

Layer, including the Human-Machine Interfaces and operational workflows for an analyst, was

considered a subsequent, implementation-specific activity, and thus beyond the architectural

and validation scope of this thesis.

National Security Implications for Prosumer-oriented Critical Infras-

tructure

This work has provided evidence-based insights for policymakers and national security strate-

gists, highlighting how prosumer infrastructure introduces systemic vulnerabilities with pro-

found implications for the energy critical infrastructure protection.

The Prosumer as the Weakest Link While the energy infrastructure is designed to be fault-

tolerant and can easily withstand the failure or compromise of a single prosumer, its resilience

does not account for multiple, coordinated attacks leveraging a single, widespread vulnerabil-

ity. The true foundational threat is this systemic risk. The vast new class of non-technical

prosumers shares a common, critical vulnerability: low cybersecurity awareness and a lack of

security training. This creates a massive, uniform attack surface. An attacker doesn’t need

to find a unique flaw in each device; they only need one strategy—such as an AI-enhanced

social engineering campaign impersonating a utility—to exploit this shared human factor at

scale. Therefore, the critical danger is not an isolated breach but a coordinated compromise

that hijacks thousands of prosumers simultaneously, enabling an attacker to manipulate load

or generation in a way that could destabilize the entire grid.
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Insecure Management and Operational Gaps This human vulnerability directly undermines

device-level security. While a manufacturer may follow rigorous security-by-design principles

and, for example, provide promptly security patches, the system’s integrity is compromised

by insecure operational practices. Attackers can leverage social engineering to convince a

prosumer to bypass security controls, such as disabling safety features or installing unauthorized

software under the guise of “maintenance.” This effectively neutralizes manufacturer-side

protections, creating a critical gap between the device’s theoretical security and its real-world

installations. Another operational risk arises from the third-party companies that often manage

prosumer devices on behalf of homeowners. These entities may lack robust security practices,

further exposing the infrastructure to compromise.

Concentrated Risk in Cloud Platforms and Supply Chains The reliance on third-party man-

agement creates a massive, concentrated risk. The market is dominated by a few major

manufacturers, each operating centralized cloud platforms to manage their device fleet. This

architecture represents an unprecedented vulnerability concentration; the compromise of a sin-

gle cloud platform could grant an adversary simultaneous, coordinated control over hundreds

of thousands or even millions of distributed energy assets. This concentrated supply chain

structure means a single breach can be leveraged for a systemic, grid-scale attack.

Geopolitical and Data Sovereignty Threats Finally, policymakers must contend with a novel

geopolitical risk. These critical cloud control platforms are frequently hosted in foreign ju-

risdictions, placing energy data and command infrastructure outside the nation’s legal and

regulatory control. This absence of guaranteed data sovereignty makes the energy infras-

tructure vulnerable to foreign state influence or direct manipulation. This dependency can

be weaponised as diplomatic leverage or as an asymmetric attack vector, inextricably linking

national energy security to the jurisdictional location of cloud data centres.

Lessons Learnt for Regulatory Bodies

This research provides evidence-based insights for governing bodies tasked with securing dis-

tributed energy infrastructure. A primary lesson is the inadequacy of current entity-based

regulations, such as the NIS2 Directive. These frameworks fail to classify prosumer agglomer-

ations as critical entities, even though, as this thesis demonstrates, their collective, coordinated

behaviour can have systemic impacts on grid stability. The analysis confirms that the most

vulnerable nodes in the infrastructure currently receive the least regulatory protection.

This gap is mirrored in device certification and market access regulations. While the Cyber

Resilience Act introduces mandatory baseline security and lifecycle management, it shares a

limitation with the Cybersecurity Act: a predominantly product-centric focus that does not
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adequately address the concept of collective criticality. A single prosumer device may warrant

only ‘basic’ certification or standard conformity assessment under the CRA, yet the aggregated

risk of thousands of such devices necessitates a systemic security posture that current product-

oriented frameworks do not effectively mandate. Securing the individual component does not

automatically secure the aggregated system behavior.

Furthermore, the analysis highlights the practical limitations of applying corporate-grade

compliance to individual prosumers. The requirements of the Cybersecurity Act, the AI Act,

and GDPR, while appropriate for large organizations, are not economically or technically scal-

able to thousands of distributed installations. For instance, GDPR’s comprehensive security

requirements, with their emphasis on ‘appropriate technical and organizational measures,’

assume organizational capabilities that individual prosumers may lack, creating potential com-

pliance gaps when their activities extend beyond the household exemption scope. This creates

a systemic governance gap.

The research also points to a need for clearer multi-stakeholder accountability models,

which are not sufficiently defined in frameworks like the EU Network Code on Cybersecurity

or GDPR. Specifically for GDPR, its traditional, individual-centric approach to data controller

identification and accountability is ill-suited for the complex, multi-stakeholder environment of

distributed energy. This creates both significant multi-stakeholder liability coordination diffi-

culties—with unclear responsibility distribution between Transmission System Operators, Dis-

tribution System Operators, aggregators, manufacturers, and the prosumers themselves—and

collective impact accountability deficiencies. The regulation’s focus on individual data pro-

cessing fails to adequately address the aggregated privacy and security risks that emerge when

numerous prosumer data processing activities combine to create systemic risks affecting critical

infrastructure.

Generic regulations, such as the AI Act and GDPR, also require specific sectoral guidance

to address the unique real-time operational and security needs of the energy domain, such

as clarifying the ‘household exception’ for prosumers providing grid services. This household

exception boundary ambiguity arises from unclear criteria for determining when prosumer

activities exceed ‘purely personal or household purposes,’ a line that becomes increasingly

blurred as prosumer participation in sophisticated grid services, demand response programs,

and virtual power plant operations grows.

The key takeaway is that future legislation should evolve from an individual entity or

product-centric view to a risk-based, systemic-impact perspective. This includes developing

frameworks that formally address collective risk and establish clear, scalable responsibilities for

the security of aggregated prosumer infrastructure.
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Lessons Learnt for Security and Energy Operators

For technical stakeholders, this thesis highlights the insufficiency of conventional, aggregate-

level monitoring for prosumer-driven grids, advocating instead for a data-centric, behaviour-

based paradigm. The validation in Berchidda provides empirical evidence that manipulation-of-

demand attacks are not merely theoretical. A subtle 10% production reduction across a small

prosumer group was shown to have a measurable 5% impact on general municipal expenditure,

confirming the economic and operational materiality of this threat vector.

The proposed four-artifact framework (DT, BPA, SCU, DSCB) was validated as a viable

and effective solution. The Digital Twin Builder emerges as the foundational enabler. The

case study demonstrated the critical importance of mapping legacy operator data (CIM) to a

standard, semantic, real-time model (NGSI-LD). This Digital Twin is not merely a static model

but the central data hub that enables all subsequent analytics and simulations to operate on

a single, trusted source of truth.

From this foundation, the Business Process Analyzer (BPA) demonstrates effective detec-

tion capabilities at two levels. Single-entity baselines, using both mathematical and AI-based

models, are effective at identifying individual prosumer deviations. Furthermore, the validation

of the grid-level coordination check (the binomial tail test) shows this to be a reliable method

for detecting the coordinated, low-and-slow nature of an advanced attack, which would be

missed by isolated, single-device alarms. This highlights the need to move beyond simple

thresholding to a more aggregated, statistical approach.

The Simulation Control Unit (SCU) was validated as an essential tool for proactive defense.

It allows for the safe testing and validation of response procedures against ”what-if” attack

scenarios (such as a coordinated PV ramp-down) on a high-fidelity model of the network. This

provides a repeatable, safe environment for training and policy refinement without any risk to

live operations.

Finally, the validation of the Data Space Connector Builder (DSCB) points to advances in

collaborative security. The case study demonstrated the feasibility of sharing curated security

intelligence (e.g., aggregated BPA alerts, DT-derived indicators) with external stakeholders

without sacrificing data sovereignty. This addresses a major operational barrier, showing that

operators can participate in a trusted, cross-border ecosystem, gaining collective situational

awareness without exposing sensitive raw operational data.
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Final Remarks

This research has demonstrated a significant structural vulnerability within contemporary en-

ergy grid architectures, specifically concerning the aggregated behavior of distributed prosumer

devices. Through empirical analysis and validation, the study has established that current reg-

ulatory frameworks, which predominantly focus on individual entity compliance, inadequately

address the emergent systemic risks posed by coordinated device networks. The data-centric

security architecture developed and tested within this work represents a departure from con-

ventional approaches, offering a technically viable pathway for managing these distributed

vulnerabilities while maintaining operational efficiency. The findings underscore the inherently

interdisciplinary nature of energy grid security challenges. Technical solutions alone prove in-

sufficient without corresponding evolution in regulatory structures and economic incentives.

The research reveals that effective mitigation of these vulnerabilities requires simultaneous

consideration of technological implementation, policy adaptation, and market mechanisms.

By demonstrating the viability of collaborative, data-centric security architectures in this con-

text, this research contributes to an expanding body of evidence that challenges conventional

siloed approaches to critical infrastructure protection, suggesting that systemic vulnerabilities

demand correspondingly systemic responses.
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