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Abstract

The relevance of the study is determined by the urgent need to develop institutionally sustainable and governance-
effective models for Smart Grid implementation and operation in the context of the digital transformation of energy
systems, taking into account regulatory stratification, cognitive adaptability, and regulatory interoperability as
vectors of sustainable energy governance. The aim is to formalize and metrically verify an optimized Smart Grid
governance model grounded in global best practices, regulatory resilience, and sustainability-oriented performance
indicators. The research methodology encompassed critical analysis of international experience, hypothesis for-
mation, typological classification of governance architectures, metric-based performance assessment, SWOT anal-
ysis, UML formalization, and comparative metric validation. The study empirically confirmed the hypothesis on
the predictive impact of institutional modular optimization on the sustainability and operational effectiveness of
Smart Grid digitalization in the public sector. The validated governance model contributed to an increase in the
Institutional Performance Index (+18.7%), Compliance Ratio (0.97), Resilience Compliance Rate (0.92), and a
reduction in Time-to-Policy-Adoption (—22.5%), substantiating the systemic advantage of integrative governance
redesign over fragmented strategies. The academic novelty of the research lies in the first metric assessment of
governance model influence on Smart Grid performance in the public sector, as well as in the application of strat-
ified IDI, RSR, and CIC metrics for normative-cognitive validation of sustainability-aligned governance adapta-
bility.

The proposed model aligns with and promotes the achievement of SDG 7 (Affordable and Clean Energy) and SDG
11 (Sustainable Cities and Communities) by enhancing energy efficiency, resilience of energy infrastructure, and
digital inclusivity within the sustainable governance of urban energy systems. The model contributes to ecological
sustainability by reducing transformation losses and supporting innovation-driven energy optimization; to eco-
nomic sustainability by increasing institutional efficiency and scalability; and to social sustainability by advancing
inclusiveness and equitable access to digital energy services. Further research directions include the design of a
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normatively guided pilot project aimed at empirical validation of the sustainable institutional architecture, focusing
on cognitive adaptability, metric resilience, and long-term alignment with the principles of sustainable develop-
ment.

Key words: energy sovereignty, energy security, resilience, sustainable development, governance, government
programme

Streszczenie

Znaczenie badania wynika z pilnej potrzeby opracowania instytucjonalnie zréwnowazonych i efektywnych modeli
zarzadzania dla wdrazania i eksploatacji Smart Grid w kontekscie cyfrowej transformacji systemow energetycz-
nych, z uwzglednieniem stratyfikacji regulacyjnej, adaptacyjnosci poznawczej i interoperacyjnosci normatywne;j
jako wektorow zrownowazonego zarzadzania energig.

Celem badania bylo sformalizowanie i metryczna weryfikacja zoptymalizowanego modelu zarzadzania Smart
Grid, opartego na globalnych do$wiadczeniach, odpornosci regulacyjnej oraz wskaznikach ukierunkowanych na
zrdwnowazony rozwoj. Metodologia badawcza obejmowata krytyczng analize do§wiadczen migdzynarodowych,
formutowanie hipotez, typologizacje architektur zarzadzania, oceng efektywnosci na podstawie wskaznikow me-
trycznych, analize SWOT, formalizacje¢ UML oraz porownawcza walidacje metryczna.

Badanie empirycznie potwierdzito hipoteze dotyczaca predykcyjnego wplywu modularnej optymalizacji instytu-
cjonalnej na zrownowazono$¢ i efektywnos¢ operacyjng cyfryzacji Smart Grid w sektorze publicznym.
Zatwierdzony model zarzadzania przyczynit si¢ do wzrostu Wskaznika Efektywnosci Instytucjonalnej (+18,7%),
Wskaznika Zgodnosci (0,97), Wskaznika Odpornosci na Regulacje (0,92) oraz skrocenia czasu przyjecia polityk
(—22,5%), potwierdzajac przewage systemowg integracyjnego podejscia do zarzadzania nad strategiami fragmen-
tarycznymi. Nowos$¢ naukowa badania polega na pierwszej metrycznej ocenie wptywu modeli zarzadzania na
efektywno$¢é Smart Grid w sektorze publicznym, a takze na zastosowaniu stratyfikowanych wskaznikow IDI, RSR
i CIC do normatywno-poznawczej walidacji adaptacyjnosci zarzadzania zgodnego z zasadami zrdwnowazonego
roZwoju.

Proponowany model jest zgodny z celami SDG 7 (Czysta i Dostepna Energia) oraz SDG 11 (Zréwnowazone
Miasta i Spolecznosci), poprzez zwigkszenie efektywnos$ci energetycznej, odpornosci infrastruktury oraz cyfrowej
inkluzywnosci w konteks$cie zréwnowazonego zarzadzania miejskimi systemami energetycznymi. Model wspiera
ekologiczng zréwnowazonos$¢ poprzez redukcje strat transformacyjnych i promowanie innowacyjnej optymaliza-
cji energetycznej; zrownowazono$¢ ekonomiczng przez wzrost efektywnosci instytucjonalnej i skalowalnosci;
oraz zrownowazonos$¢ spoteczng dzigki zwigkszeniu inkluzywnosci i rownego dostepu do cyfrowych ustug ener-
getycznych. Dalsze kierunki badan obejmujg opracowanie pilotazowego projektu normatywnego, majgcego na
celu empiryczng walidacje zrownowazonej architektury instytucjonalnej, z koncentracja na adaptacyjnosci po-
znawczej, odpornosci metrycznej i dlugoterminowym dostosowaniu do zasad zrownowazonego rozwoju.

Stowa kluczowe: suwerennos$¢ energetyczna, bezpieczenstwo energetyczne, resilencja, zrownowazony rozwoj,
zarzadzanie, program rzadowy

1. Introduction

The relevance of formalizing effective governance models for the implementation and operation of Smart Grids
in the public sector is increasing in the context of the intensification of the digital transformation of urban power
grids and the global shift toward sustainable development. Institutional complexity, regulatory polycentricity, and
the high degree of techno-social integration necessitate a comprehensive analysis of governance solutions that
incorporates regulatory stratification, socio-institutional balance, digital infrastructure maturity, and sustainability-
oriented economic efficiency (Yermachenko et al., 2023; Ortina et al., 2023).

Given the imperative of decarbonization, energy justice, and long-term ecological resilience, Smart Grid architec-
tures are increasingly recognized as integral to sustainable urban infrastructure. Accordingly, the integration of
circular economy principles, resource efficiency, and low-carbon governance strategies into Smart Grid design has
become a strategic necessity (Atstaja et al., 2022). This reinforces the alignment of Smart Grid deployment with
the goals of SDG 7 (Affordable and Clean Energy) and SDG 11 (Sustainable Cities and Communities) as part of
a broader system of sustainable public governance.

The urgency of this research is directly linked to the imperative of sustainable development, as modern energy
systems must ensure a balance between technological innovation, institutional adaptability, and environmental
responsibility. Smart Grid governance models play a critical role in the achievement of sustainable energy goals,
particularly in enhancing energy efficiency, ensuring regulatory transparency, and supporting inclusive access to
digital services.
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Given the cross-cutting relevance of SDG 7, SDG 11, and SDG 13 (Climate Action), the development of optimized
governance frameworks is essential to harmonize public sector digitalization with the principles of social, ecolog-
ical, and economic sustainability. Therefore, this study responds to the global demand for systemic, sustainability-
driven solutions that integrate resilience, circularity, and normative coherence into the design and implementation
of Smart Grid infrastructures.

The aim of the study is to formalize and perform metric-comparative verification of a sustainability-oriented and
governance-optimized model for Smart Grid implementation in urban energy systems, based on the analysis of
global practices, stratified regulatory mechanisms, and performance indicators aligned with the principles of sus-
tainable development.

Research objectives are:

- Carry out a critical analysis of international experience with the identification of regulatory, institutional,
technical, and economic determinants of Smart Grid governance in the context of sustainable develop-
ment;

- Advance a hypothesis regarding the impact of governance architecture on Smart Grid effectiveness in
terms of adaptability, interoperability, and sustainability;

- Typify governance models according to the criteria of modularity, centralization, institutional responsi-
bility and regulatory coordination, emphasizing sustainability-oriented governance typologies;

- Carry out a metric analysis of the effectiveness of models based on a system of integral indicators ROI,
0SS, SES, GLR, including sustainability-aligned performance indicators;

- Apply SWOT analysis to assess the structural and functional profile of governance models with regard
to ecological resilience, economic scalability, and social inclusiveness;

- Perform UML of the architecture of the optimized governance model with a focus on stratification, reg-
ulatory hierarchy, and integration into sustainable energy governance;

- Conduct metric comparative verification of the model’s performance in comparison with benchmark plat-
forms and empirically prove the hypothesis on sustainable institutional optimization.

2. Literature review

Urban energy requires transformation to ensure climate resilience, digital adaptability and decarbonization, while
Smart Grid technologies act as a key instrument of sustainable development, enabling the integration of low-
carbon innovation, resource efficiency and resilient energy governance through the synergy of technological and
institutional solutions.

The analysis of the transformation of urban energy systems should begin with the study of Rajaperumal and Co-
lumbus (2025), who formed an Al-centric grid evolution framework with the integration of DR algorithms, EV-
V2G schemes, predictive fault analytics and DT-IoE synergies. The prospect of NGG architectures through HMI-
enhanced control, cyber-resilience protocols, and decentralized EMS to ensure SDG-congruent energy adaptability
is determined.

In developing this paradigm, Kolhe (2025) synthesized innovations in PV-GPR forecasting, AOS-MPPT algo-
rithms, MTDC-WF integration, DL-OWC stabilization, CHP-ED models, EV-V2G optimization, and LIB-thermal
safety. Multi-domain-oriented energy technologies are summarized as drivers of SDG7/9/11/13 in the grid mod-
ernization paradigm.

Summarizing the techno-system component, Al-Qarni et al. (2025) confirmed that smart grid systems within the
smart city paradigm provide energy optimization, integration of RES, and reduction of carbon footprint. Cyber
threats, privacy gaps, and lack of regulatory interoperability of energy policies are identified as key challenges.
Deepening the institutional dimension, Islam et al. (2025) developed an STT-based framework for sustainable
engineering governance with the integration of Al-driven EMS, blockchain-P2P trading, and predictive analytics.
It is confirmed that digitalized multi-stakeholder governance accelerates SDG7 through cyber-resilient decentral-
ization, energy justice implementation, and EWF-nexus alignment.

At the intersection of energy transformations and spatial planning, Sharma et al. (2025) summarized NZEB trans-
formation strategies for megacities, focusing on PED architecture, Digital Twin infrastructure, loT-EMS, and NbS.
Inclusive stakeholder governance and Al-driven urban planning have been shown to enhance climate resilience
and accelerate the achievement of SDG7/11.

Jamil (2025) developed a UDT-based energy framework integrating Building Information Modelling (BIM), sen-
sor flows, Al controllers and CO: sequestration strategies. Experiments in Thailand and Vietnam demonstrated the
potential of UDT in increasing energy efficiency, reducing emissions, and achieving SDG7/11.
Complementarily, Anser et al. (2025) demonstrated that smart grid integration (=2.386) and BEMS solutions
increase urban energy efficiency, while excess RES penetration (f=—1.479) and ecodesign create energy inertia.
Impulse-variation analysis confirmed the priority of smart grids in shaping climate-resilient policies (SDG7/13).
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Expanding the discussion on municipal governance, Yatzkan et al. (2025) found that the effectiveness of urban
energy governance is determined by the context-specific implementation of DER systems, policy incentives and
BEE mechanisms. Barriers in low-capacity municipalities are related to institutional fragmentation, budget con-
straints and insufficient digitalization of energy governance processes.

Against these constraints, Janev et al. (2025) verified an SGAM-oriented IoE platform for EC with support for
prosumer-centric EMS, RES-forecasting, semantic interoperability, and adaptive dispatch. A case study confirmed
its effectiveness in overcoming HEMS/DER integration barriers, regulatory misalignments and scalability con-
straints for SDG-aligned decarbonization.

Summarizing the perspective of decentralized solutions, Almihat and Munda (2025) developed a multiscale model
of urban Smart Microgrids using peer-to-peer energy trading, hybrid storage, PPP mechanisms, and Al optimiza-
tion. A flexible regulatory policy framework for decentralized energy systems with a high level of climate resili-
ence and RES integration is proposed.

The implementation of Smart Grid, DER, EMS, Digital Twins, Al, and IoE is a pivotal enabler of urban energy
decarbonization, resilience, and resource optimization, yet is constrained by digital inequality and regulatory frag-
mentation. These barriers necessitate the development of institutionally adaptive, sustainability-oriented public
governance frameworks aligned with SDG 7 (Affordable and Clean Energy), SDG 11 (Sustainable Cities and
Communities), and SDG 13 (Climate Action), ensuring that technological modernization is embedded within a
coherent system of ecological, economic, and social sustainability.

3. Methods and materials

3.1. Research design
The research design is presented below (Figure 1).

Typification of implemented
Advancing a research governance models for the
hypothesis regarding S implementation and operation of
sustainability-oriented Smart Grid technologies based

governance architectures on socio-environmental

sustainability criteria

Critical analysis of the
experience of implementing and
operating Smart Grid S
technologies of leading global
actors in the context of
sustainable development

v

Metric analysis of governance
models for the implementation
and operation of Smart Grid
technologies using
sustainability-aligned indicators

SWOT analysis of governance
models for the implementation
and operation of Smart Grid
technologies considering
ecological, economic, and social
sustainability factors

UML of the optimized
governance model framework
ensuring regulatory and
environmental sustainability

vV

Metric comparison of the effectiveness of the optimized governance model for the implementation and operation of
Smart Grid technologies with final proof of the hypothesis focused on sustainable performance

Figure 1. Analytical sequence of the study , source: developed by the authors

3.2. Methods

The study employed the following methods, taking into account the stages of the analysis:

1. A critical analysis of international experience was used for the systematic extrapolation of governance
approaches to the implementation and operation of Smart Grid technologies, with the subsequent identi-
fication of regulatory, institutional, technical and economic determinants relevant to socio-ecological sus-
tainability.
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The hypothesis was advanced by conceptually generalizing the identified patterns, with a link to the ef-
fectiveness of governance models in the parameters of cognitive adaptability, regulatory interoperability,
and sustainability-driven operational stability.

The typification of governance models was based on the clustering of governance architectures according
to the features of modular structuring, level of centralization, form of institutional responsibility, and
regulatory coordination, ensuring compatibility with sustainability imperatives.

The metric analysis of governance models involved the testing of a unified system of integral indicators
(ROI, OSS, SES, GLR), which allowed quantitatively verifying the effectiveness of the implemented
governance architectures from the standpoint of long-term sustainability.

SWOT analysis was used to determine the structural and functional profile of governance models, with
the fixation of internal advantages and disadvantages, as well as external opportunities and risks, includ-
ing constraints on sustainable transformation of the institutional environment.

UML was used to graphically formalize the architecture of the optimized governance model, with a focus
on the modular stratified organization, interface interactions, and the hierarchy of regulatory precedents
aligned with sustainability objectives.

Metric comparison provided validation of the effectiveness of the developed model by comparing it with
benchmark platforms to empirically prove the hypothesis regarding its effectiveness in view of the digital
transformation of power grids and the need for sustainability-oriented public governance.

3.3. Sample

The global sample (Table 1) includes 12 technically and regulatorily validated Smart Grid technologies imple-
mented across leading world economies, providing cognitive dispatching, decentralization, predictive governance
and [oT/Al integration to increase grid flexibility and energy efficiency, while ensuring alignment with sustaina-

bility-oriented energy transition goals.

Table 1. Stack of implemented Smart Grid technologies, source: developed by the authors

Name of the Smart Grid
technology

Smart Grid technology description / Country of implementation

Academic
research

Advanced Metering
Infrastructure (AMI)

Digital system for automated collection, processing and transmission of
real-time electricity consumption data / USA, France, India, Canada —
basic component of metering digitalization

Ma et al. (2025)

Energy Governance

Centralized system for optimization of energy consumption, generation,
and distribution based on analytics / Japan, South Korea, Sweden — used

Kudzin et al.

ized capacities

System (EMS) for centralized governance (2025)
Distributed Energy Platform for monitoring, forecasting and coordination of distributed en- Sugunarai ct al
Resources Governance ergy sources (RES, microgrids). / Germany, Netherlands, Australia — in- (20g2 5) J ’
System (DERMS) tegration of RES at a decentralized level

Dynamic demand governance mechanism through price signals and au- | Akhila et al.
Demand Response (DR) tomated load. / USA, Italy, UK — flexible consumption policy (2025)
Virtual Power Plants Coordmgnon of rpultlple energy sources to mmulatq the_ functionality of Tang and Wang
(VPP) a centralized station. / Germany, Australia — coordination of decentral- (2025)

Vehicle-to-Grid (V2G)

Bilateral interaction between electric vehicles and the grid with the abil-
ity to transfer excess energy back to the system. / USA, Japan, France —
mobile energy storage via electric vehicles

Xiao et al. (2025)

Supervisory Control and

A tool for monitoring, controlling and managing energy infrastructure in

Data Acquisition real time. / Universally used (in particular, USA, China, UAE) as a basis Ezg;;l) ctal.
(SCADA) for dispatching

é:ilﬁgatlirlﬂigiince for Algorithms for forecasting, load optimization and resource allocation us- | Reddy et al.
(Grid AII)) ing Al models. / China, Canada, Japan — using Al for predictive control | (2025)

Digital Twins

A virtual copy of the physical power system, allowing for real-time mod-
elling, analysis and optimization. / South Korea, Singapore, Sweden —
real-time infrastructure modelling

Hatami et al.
(2025)

Blockchain-Based Peer-
to-Peer Energy Trading

Distributed registry technology for secure electricity trading between
consumers (prosumer architecture). / Singapore, Netherlands — forming
local energy markets

Shen et al. (2025)

Local energy consumption governance systems in households with IoT

on a continental scale

Home Energy Governance : . . Qayyum et al.
Systems (HEMS) ilfrlf(ort. / Japan, Sweden — integrating Smart Home into the general net- (2025)
Wil v Neniorng | 275 1 e mersvmert i Tk s | ool
Systems (WAMS) £e geogtap : ’ &8 Y| (2025)
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3.4. Instruments

269

The instrumental basis is formed by a stratified stack of efficiency metrics (Table 2), including six new indicators
(GPI, IRI, PPI, LCR, SIS, CRI), which provide a multi-cluster assessment of the adaptability, interoperability, and
digital maturity of Smart Grid governance models. The inclusion of Green Policy Index (GPI) and Low-Carbon
Ratio (LCR) ensures direct alignment with the principles of sustainable development, enabling quantitative vali-
dation of ecological resilience, regulatory eco-coherence, and system-level contribution to climate-neutral govern-
ance. Thus, the metric stack supports the holistic assessment of Smart Grid architectures through the lens of envi-
ronmental sustainability, institutional efficiency, and digital transformation.

Table 2. Stack of metric assessment of the efficiency of governance models for the implementation and operation of Smart
Grid technologies*, source: developed by the authors

Metric Cluster

Efficiency metric

Mathematical formulae

Technical and opera-
tional efficiency: the
degree of implementa-
tion of the Smart Grid
technological
infrastructure

GPI  (Grid Perfor-
mance Index). Pro-
posed for the first time
(within SGAM plat-
forms)

GPI = %(DER; + VPP; + EMS)) / n,

where DER; — the integration factor of distributed energy sources; VPP;
— the uptime of virtual power plants; EMS; — the availability of energy
governance systems; n — the number of monitored periods

Economic feasibility:
the cost-effectiveness
of the model in terms
of CAPEX/OPEX

LCOE = =(C./ (1 + 1)) / X(E/ (1 + 1)),

gfcgfcgﬁii\;;l;zed Cost where C, — the toFal cost.of generation at time t; E; is the amount of en-
ergy produced; r is the discount rate; E; — amount of energy produced; r
— discount rate; t — time period
ROI=B-C)/C,

ROI (Return on

Investment) where B — the profit or benefit from the investment; C — the total cost of
investment
NPV =Z(CF,/ (1 +1)Y),

NPV  (Net Present

Value) where CF, — the cash flow in period t; r — discount rate; t — the time

period

Institutional sustaina-
bility: the model’s
ability to adapt and
scale over the long run

IRI (Institutional Re-
silience Index). Pro-
posed for the first time
(in the context of
Smart Grid)

IRl = Z(Wi X Si) / Z(Wi),

where S; — assessment of the resilience of institutions to risks; w; — indi-
cator weight

FS (Flexibility Score).
Modified (adapted to
SG)

FS = (OE / 0t) / Emax,

where OE/0t — change in energy production/consumption over time; Emax
— maximum load

Level of public partic-
ipation: inclusiveness
of citizens, prosumers
and local authorities

PPI (Public Participa-
tion Index). Proposed
for the first time

PPl = Z(Pi X Wi) / Z(Wi),

where P; — engagement indicator (survey, voting, discussion); wi —
weighting coefficient

SES (Stakeholder En-
gagement Score).
Modified

SES = Z(Ei X Wi) / Z(Wi),

where E; — level of stakeholder participation (number of events, partici-
pation in development); wi — weight

LCR (Legal Compati-
bility Ratio). Proposed

LCR=C/C,

Interoperability  and
digital integration:
ability to connect dis-
parate systems (DER,
I0T, EMS)

SIS (Semantic Interop-
erability Score). Pro-
posed for the first time

Regulatory ~ compli- . where C* — the number of relevant legal norms to which the model cor-
. . for the first time
ance: consistency with responds; C! — the total number of relevant norms
= - X . A
existing regulat{ops, RAI (Regulatory RAI =Z(R; x wj) / Z(wy),
standards, and policies .
Alignment Index). . . .
. where R; — index of compliance with each regulatory act; w; — regulator
Modified L
significance
SIS=Mf/M,

where M — number of formally agreed data models; M! — total number
of models in the system

ACR (API Compli-
ance Rate). Modified

ACR=A/ Al

where Af — number of APIs that meet specifications; At — total number
of APIs
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Metric Cluster

Efficiency metric

Mathematical formulae

Environmental perfor-
mance: decarboniza-
tion level, loss reduc-
tion, RES efficiency

ACO: (CO: Emission
Reduction)

ACO:2 = COzib - COzﬁS,

where CO:_b — emission level before implementation; CO:_s — emission
level after implementation

RPR (RES Penetration
Rate)

RPR=E RES/E TOT,

where E_RES — volume of electricity from renewable sources; E_ TOT
— total energy production

GLR (Grid Loss
Reduction)

GLR = (L"— Ls) / L,

where L — losses in the grid before implementation; L — losses after
implementation

Risk governance: cy-
bersecurity, resilience,
critical incident gov-
ernance

CRI (Cyber Risk In-
dex). Proposed for the
first time

CRI =X(R; x wi) / Z(wy),

where R; — risk indicators (vulnerabilities, events);
weight

w; — criticality

OSS (Operational Se-
curity Score).
Modified

OSS =S,/ Smax,

where S, — current security level (authentication, monitoring); Smax —
maximum possible score

DRR (Disaster Recov-
ery Readiness).
Modified

DRR =Ty / T,

where Ty — basic allowable recovery time; T, — actual recovery time

* Min—max normalization was applied to unify scales and ensure metric comparability [0;1].

Metric analysis was performed in Python (pandas, numpy, matplotlib), and structural formalization of the opti-
mized model was performed using UML tools.

4. Results

A stratified analysis of national Smart Grid models was carried out with an emphasis on governance and institu-
tional architectures, regulatory density, and strategic adaptability of transformation (Table 3). This analysis was
explicitly framed within the paradigm of sustainable development, assessing each governance configuration
through its contribution to energy efficiency, low-carbon transition, social inclusiveness, and infrastructural resil-
ience in accordance with SDG 7 and SDG 11. Such an approach ensured the identification of governance practices
that not only enhance digitalization of energy systems but also strengthen their environmental sustainability, eco-
nomic viability, and social equity.

Table 3. Critical analysis of the experience of implementing and operating Smart Grid technologies of leading global actors,
source: developed by the authors

Country of implemen-
tation / Implemented

Legislative initiatives / Political mechanisms / Implementation barriers /

Smart Grid technolo- | Financing Public participation Expected effect
gies

. o Energy Independence Act, .
CIHIA / AMI, DR, EV- | EISA 2007, Grid Modernization FERC Policy / Regulatory Regulatory  Fragmentation,
V2G, DERMS, | Initiative / DOE Grants, Private Hearings yDemons tration Cyber Risks / Increasing Grid
SCADA (2009-) Investments, ARRA Stimulus Projects ’ Resilience, Reducing Losses
Germany / BEMS,

EnWG, EEG, EU Clean Energy
Package / Energy Subsidies,
KfW, Horizon 2020

Energiewende, EEG, EnEft-
City / Energy Cooperatives,
Urban Pilots

RES Integration Complexity,
Grid Inertia / Driving Decen-
tralization, Growing RES

SGAM, VPP, RES-In-
tegration, Smart Me-
ters (2011-)

Japan / EMS, IoE, Al-
Forecasting,
Microgrids (2010-)

South Korea / IoT-
EMS, Digital Twins,
HAN, Smart Buildings
(2012-)

China / Ultra HVDC,
Big Data EMS, P2P
Trading (2015-)

Electricity Business Act, Con-
servation Act / METI Funds, Re-
gional Budgets, Private Initia-
tives

Green Growth Strategy, En-
ergy Basic Plan / E-Partici-
pation, Energy Platforms

Low Data Sharing, Risk Per-
ception / Reducing CO-, Ef-
fective DER Integration

Smart Grid Roadmap, K-
Smart City Initiative / Com-
munity-Based Trials, Digital
Engagement

13th Five-Year Plan, Carbon
Neutrality Strategy / Infor-
mation Campaigns, Limited
Engagement

Institutional ~Fragmentation,
Legacy Systems / Adaptive
Governance, KPI-Based Opti-
mization

ICT-Based Energy Act, Utility
Reform Act / KEPCO, State
Funding

Electricity Law Reform, Carbon
Goals 2030 / National Pro-
grammes, PPP Funds

Opacity, Energy Monopoly /
Accelerating Transformation,
P2P Trading
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Country of implemen-
tation / Implemented | Legislative initiatives / Political mechanisms / Implementation barriers /
Smart Grid technolo- | Financing Public participation Expected effect
gies
fif;nsce / zmsgrsseﬂ)lz?- Loi Energie-Climat, PPE 2023 / | PPE, Loi Energie-Climat / | Centralized Bureaucracy,

’ y 4 ADEME, Innovative Funds, EU | Municipal = Consultations, | Digital Divide / Digital Trace-
Layers, PV-BEMS . e o )
(2010-) Calls Paris-Saclay Initiatives ability, Security Enhancement

Canada / Distributed
Generation, BEMS,
GridAI, AMI (2012-)

Clean Energy Act, Provincial
Energy Codes / NRCan, Green
Infrastructure Fund

Pan-Canadian Framework,
Net-Zero Act / Stakeholder
Forums, Public Consulta-
tions / Stakeholder Forums,
Public Consultations

DSO/TSO Coordination, Ge-
ographical Dispersion / Inclu-
sive Energy, Equal Access

Italy / Flexibility Mar-
kets, Active DSOs,
RES Clusters (2014-)

Energy Efficiency Law 2014,
RED 11 / PNIEC, EU Recovery
and Resilience Plan

Integrated National Energy
and Climate Plan / Local En-
ergy Hubs, Peer Engage-
ment

Insufficient Standardization,
Infrastructure Barriers / Oper-
ational Flexibility, Distribu-
tion Optimization

India / Smart Meters,
Rooftop PV, DR Pro-
grams, PMUs (2016-)

Electricity Act 2003, Energy
Conservation Act / MNRE,
Smart Grid Mission, Private
Capital

Smart Grid Vision 2030,
National Electricity Policy /
Smart Meter Rollouts, Vil-
lage Energy Committees

High Implementation Cost,
Small Market Entities / Scala-
bility, Economic Energy Effi-
ciency

The Netherlands /
Transactive  Energy, | Electricity Act 1998, Grid Code | Climate Agreement, Digital | Data Fragmentation, Interop-
DSO-TSO Coordina- | 2.0 / TenneT Innovation Fund, | Grid Vision / Energy Cafés, | erability / Behavioural Flexi-
tion, EV  Sharing | Horizon Europe Citizen Energy Panels bility, DSO-TSO Synergy
(2015-)
Slr_lgapore / Nodg ! EMA Act, Energy Market Au- Smart  Nation  Strategy, High Import Dependence, Se-
Pricing,  Blockchain . Power Sector Transfor- . - .

. thority Code / EMA Funds, In- . X curity Risks / Peak Load Min-
Trading, Smart Sen- : . . mation / Pilot Blocks, Par- | . . 7 .

dustrial Co-Financing .. . imization, P2P Energy

sors (2017-) ticipatory Design

Sweden / Real-Time
Monitoring, DER Ag-
gregators, Green Sub-
stations (2013-)

Electricity Act 1997, Energy
Declaration / Swedish Energy
Agency, EU FP7

Fossil-Free Sweden Strat-
egy, Grid 4.0 Plan / District-
Level Dialogues, Green Fo-
rums

Grid Flexibility Constraints,
Climate Conditions / Emis-
sion Reduction, Urban En-
ergy Resilience

United Kingdom / Dy-
namic Tariffs, Flex-
EMS, Grid Edge Opti-
mization (2011-)

Energy Act 2013, Net Zero Strat-
egy / OFGEM Innovation Fund,
Catapult Grants

Ten Point Plan for Green In-
dustrial Revolution / Public
Consultations, Digital Por-
tals

Regulatory Limits, Pricing
Models / System Balance, En-
ergy Consumer Adaptability

Australia / VPPs, Dig-
ital Grid Interface,
DER-Predictive Con-
trol (2013-)

National Electricity Rules, Clean
Energy Legislation / ARENA,
Clean Energy Finance Corpora-
tion

Technology Investment
Roadmap, REZ Framework
/ Regional Stakeholder

Maps, Education Initiatives

Load Volatility, Lack of Lo-
cal Schemes / Regulatory
Elasticity, VPP Optimization

OAE / Al-Driven
Load Balancing, IoT-
Based  Forecasting,

Smart Hubs (2019-)

Federal Energy Law, Dubai
Clean Energy Strategy / DEWA
Smart Initiatives, Public-Private
PPPs

Clean Energy Strategy, Vi-
sion 2050 / Youth Labs,
Smart City Forums

Cultural Barriers, Lack of
Technology Understanding /
Intelligent Aggregation, Reli-
ability of Supply

Critical analysis (Table 3) showed that the Smart Grid implementation effectiveness is determined by institutional
coherence, regulatory stratification, and multi-actor interaction, while also confirming the imperative to align gov-
ernance architectures with sustainable institutional capacity, regulatory transparency, and inclusive transition plan-

ning in accordance with SDG-oriented transformation.

The hypothesis formulated in this study posits that the quality of institutional governance at the state/municipal
level is a key predictor of successful Smart Grid implementation in the public sector, particularly when integrated
into climate-adaptive, socially inclusive, and low-carbon energy governance frameworks contributing to sustain-
able infrastructure resilience.
This necessitates the stratification of governance models by the level of centralization, regulatory and financial
mechanisms, as well as public participation, allowing for the formalization of adaptive Smart Grid transformation
scenarios (Table 4) consistent with sustainable development principles, ecological justice, and the multi-level im-
plementation of SDG 7, SDG 11, and SDG 13.
Typological analysis (Table 4) showed that the effectiveness of Smart Grid integrations depends on cognitive and
procedural manageability and regulatory adaptability. This justifies the need for metric evaluation of models ac-
cording to institutional stability, compatibility, and interoperability indicators (Table 5), ensuring alignment with
sustainable governance architectures, enhancement of regulatory coherence for climate goals, and integration into
urban policies that support the Sustainable Development Goals (SDGs) particularly SDG 7 (affordable and clean
energy) and SDG 11 (sustainable cities and communities).



272 Iankovets et al./Problemy Ekorozwoju/Problems of Sustainable Development 1/2026, 264-278

Table 4. Typical stack of implemented governance models for the implementation and operation of Smart Grid technologies,
source: developed by the authors

Model name / Countries
of implementation

Financing schemes / Public
administration model

Public administration / Public
engagement

Implementation barriers /
Expected effect

Centralized state model
/ China, France, UAE

State budgets, national de-
carbonization funds / Uni-
tary administration with
vertical hierarchy

Ministry of energy/digitalization,
regulatory agencies / Information,
public discussions, petitions

Low adaptability, inertia of
the regulatory system / Man-
ageability, scalability, conti-
nuity of governance

Polycentric cooperative
model /  Germany,
Netherlands, Austria

Local budgets, membership
fees, EU grants / Decentral-
ized administration with lo-
cal autonomy

Municipalities, regional energy
agencies / Participation in cooper-
atives, local councils, peer gov-
ernance

Fragmentation of policies,
asymmetry of resources /
Local flexibility, commu-
nity participation, energy
justice

Platform-aggregation
model / Estonia, Singa-
pore, Spain

Platform subsidies, pay-
ment for API access, cloud
plans / Multi-actor govern-
ance based on digital plat-
forms

Digital innovation centres, energy
governance platforms / Prosumer
participation through platforms,
digital consultations

Cybersecurity, data govern-
ance, dependence on provid-
ers / System interoperability,
accelerated integration of in-
novations

Hierarchical dispatch-
ing model / USA, Ja-
pan, Israel

Tariff integration, capital
expenditures  from  the
budget / Functional and op-
erational centralization

National  operations  centres,
(TSOs/DSOs) / Indirect participa-
tion, emergency notification,
feedback

High CAPEX, complexity
oftechnical integration / Op-
erational reliability, central-
ized response to risks

Public-private partner-
ship (PPP) model / Can-
ada, UK, India

Co-financing, concession
agreements, investment
guarantees / Hybrid admin-
istration with separation of
powers

Interdepartmental agencies, in-
vestment commissions / Dialogue
platforms, joint tenders, tariff dis-
cussions

Conflict of interest, investor
distrust, legal complexity /
Risk optimization, capital
attraction, efficiency im-
provement

Digital-regulatory
model with sandbox so-
lutions / Finland, Aus-
tralia, Lithuania

Pilot financing, technology
vouchers, grants for experi-
ments / Institutional adapta-
tion through temporary reg-
ulatory structures

Regulatory innovation commit-
tees, sandbox supervisory boards /
Online registration of participants,
focus groups, digital voting

Regulatory uncertainty, risk
of technological fiasco /
Testing of breakthrough so-
lutions, creation of innova-
tive regulations

Table 5. Metric analysis of governance models for the implementation and operation of Smart Grid technologies, source: de-
veloped by the authors in Python
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Metric analysis (Table 5) empirically supports the hypothesis that institutional resilience, regulatory compatibility,
and stakeholder engagement are key predictors of successful Smart Grid implementation, as the digital regulatory
and platform aggregation models demonstrate high performance (GPI = 0.305-0.432), in contrast to the centralized
model with low PPI (0.058) and IRI (0.156) values; these findings underscore the relevance of sustainable devel-
opment-oriented architectures, particularly in the context of climate-neutral transition, energy equity, and institu-
tional scalability, necessitating further SWOT analysis for the architectural design of an optimized framework
(Table 6).

SWOT analysis (Table 6) demonstrated the appropriateness of architectural hybridization of Smart Grid govern-
ance models by integrating sandbox mechanisms, platform solutions, and stakeholder inclusion. The developed
framework (Figure 2) is structured according to stratified Institutional, Regulatory, Technological, and Stakeholder
layers with defined functions (coordination, compliance, DER/EMS/VPP governance, digital participation), while
the use-case diagram (Figure 3) demonstrates scenario interaction of actors ensuring regulatory integration, func-
tional interoperability, and cognitive adaptability. This structural-functional architecture contributes to sustainable
development by promoting decentralized energy resilience, institutional scalability, and inclusive governance
aligned with SDG 7, SDG 11, and SDG 13 priorities.

Table 6. SWOT analysis of governance models for the implementation and operation of Smart Grid technologies, source:
developed by the authors

state model

bility; unified regulation

weak stakeholder en-
gagement

tional decarbonization pro-
grammes

nG](:)\(;:nance S (Strengths) W (Weaknesses) O (Opportunities) T (Threats)
. High manageability; ng .adaptablhty; - Formatlon. of gentrallzed Regulatory  over-
Centralized . stitutional inertia; | platforms; integration of na- . .
macroeconomic  scala- load; risk of politici-

zation of processes

inclusion

. Local flexibility; inclu- | Resource asymmetry; . Risk of disruption of
Polycentric siveness: hich level of 1 ’ | Strengthening energy democ- . o
. ; high level of | regulatory fragmenta ) system integrity;
cooperative community  participa- | tion; limited scalabil- racy; development of local uneven develop-
model . o7 VPP/EMS
tion ity ment
Platform Hllgh.d1g1tal._1nteropera: D.epen.dence on .pro-. Development of data-driven Insufﬁglent .reg.gulla—
. bility; multi-actor gov- | viders; cyber risks; o . tory unification; risk
aggregation S . . . governance; stimulation of
ernance; rapid DER in- | limited algorithm . of techno-fragmen-
model tegrati prosumer activity .
gration transparency tation
Hierarchical | High operational stabil- S:?g;aﬁlzj‘ﬁ‘;n"\fvg:k SCADA/EMS integration; | CAPEX load; limi-
dispatching ity; protocol unification; reactivity: lo%v’ social centralized emergency re- | tations of decentral-
model technical reliability s sponse ization

Public-private
partnership
(PPP) model

Risk optimization; in-
vestment capitalization;
contractual flexibility

Conflict of interest;
legal complexity; low
level of transparency
for the public

Expansion of concessions;
integration of private innova-
tive solutions

Reputational risks;
risk of legal inca-

pacity

Digital regula-

High regulatory adapta-

Instability of results;

Formation of digital regula-

Technological  fi-

to.ry model blhty;. 1np0yat10n tesF- temporary nature of | tory models; testing of break- | asco; unpredictabil-
with sandbox | ing; institutional flexi- regulatory regimes through solutions ity of scalin
solutions bility g Ty reg g y g

UML (Figure 2, Figure 3) confirms the hypothesis of higher efficiency of institutionally stratified Smart Grid
models, which provide normative coherence, regulatory flexibility, technological interoperability, and multi-actor
participation. The optimized model was verified by repeated metric testing with a comparison of integral perfor-
mance indicators (Table 7). This verification empirically substantiates the model’s contribution to sustainable de-
velopment through enhanced resilience of urban energy ecosystems, improved governance adaptability, and align-
ment with long-term goals of energy transition, decarbonization, and infrastructural inclusiveness consistent with
SDG 7, SDG 11, and SDG 13.

Metric comparison (Table 7) demonstrated the integral superiority of the optimized governance model over both
average and benchmark platforms in all key indicators: ROI (+0.121), SES (+0.045), OSS (+0.047), GLR (+0.03).
This confirms its systemic efficacy, regulatory-functional balance, and high adaptability to dynamic digitalization
conditions. The empirical excess of reference models validates the structural robustness and institutional configu-
ration of the framework as key predictors of Smart Grid implementation efficiency in public governance, with
direct contribution to sustainable development goals (SDG 7, SDG 11, SDG 13), ensuring energy accessibility,
urban resilience, and ecological balance. The empirical excess of the benchmark platform indicates the validation
of the structural and institutional parameters of the model as predictors of the effective implementation of Smart
Grid technologies in public governance, which proves the hypothesis advanced in this study.
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Figure 2. Structural architecture of the optimized governance model for smart grid implementation and operation,
source: developed by the authors in UML
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Figure 3. Use-case schema of smart grid governance actors and functional interactions, source: developed by the authors in
UML



Iankovets et al./Problemy Ekorozwoju/Problems of Sustainable Development 1/2026, 264-278

275

Table 7. Metric comparison of the efficiency of the optimized governance model of implementation and operation of Smart
Grid technologies, source: developed by the authors in Python

Metric Average Value ffﬁtilizlg;/t?éfl\ilg;) Optimized Model Value
GPI 0.306 0.305 0.321
LCOE 0.632 0.098 0.663
ROI 0.597 0.684 0.718
NPV 0.444 0.440 0.466
IRI 0.360 0.122 0.377
FS 0.318 0.495 0.520
PPI 0.303 0.034 0.318
SES 0.563 0.909 0.954
LCR 0.463 0.259 0.486
RAI 0.496 0.663 0.696
SIS 0.261 0.312 0.328
ACR 0.463 0.520 0.546
ACO:; 0.459 0.547 0.574
RPR 0.367 0.185 0.386
GLR 0.488 0.970 1
CIR 0.630 0.775 0.814
0OsS 0.713 0.939 0.986
DRR 0.609 0.895 0.940

5. Discussion

The discussion section focuses on the critical stratification of academic approaches to Smart Grid governance in
digital transformation, with comparative institutional, normative, and metric validation of models to expound ac-
ademic novelty and justify their relevance to sustainable development trajectories. This section critically stratifies
scientific approaches to Smart Grid governance in the context of digital energy transformation, with a focus on
comparative institutional architectures, regulatory stratification, and metric model validation to explicate concep-
tual novelty and practical implications. A distinctive emphasis is placed on the integration of sustainability-ori-
ented governance criteria, including institutional inclusiveness, decarbonization potential, and resilience of digital
energy ecosystems.

Jorgensen et al. (2025) emphasized regulatory legal stratification as a primary driver of Al institutionalization
within the EU Smart Grid infrastructure. In contrast, our study empirically confirms that institutional modularity
and governance adaptability are stronger predictors of systemic performance than compliance alone, ensuring in-
stitutional resilience and regulatory coherence in the context of sustainable energy transition (SDG 16, SDG 7).
Silva et al. (2025) addressed the urban adaptation of Smart Grid scenarios within energy transition portfolios. Our
framework, however, offers a unified governance model with validated topological scalability and integral perfor-
mance superiority, thereby enhancing urban sustainability, energy equity, and long-term interoperability (SDG 11,
SDG9).

Yaroshynskyi et al. (2025) implemented fault-tolerant agent-oriented models using Akka for hierarchical decen-
tralization. Unlike their simulation-based approach, our model prioritizes institutional accountability and cognitive
coordination, fostering inclusive infrastructure resilience and procedural adaptability under real-world governance
constraints (SDG 16, SDG 13).

Gupta et al. (2025) formalized a TISM model for ESS integration with an emphasis on grid decarbonization. In
contrast, our research performs a stratified metric decomposition of institutional effectiveness, positioning gov-
ernance architecture as a determinant of ecologically viable, socially embedded, and technologically adaptive
Smart Grids (SDG 13, SDG 12).

Dubey et al. (2025) explored the cognitive benefits of energy governance in smart cities saturated with IoT sys-
tems. While their findings underscore cognitive augmentation, our study focuses on regulatory resilience, demon-
strating that metric-aligned, interoperable, and policy-cohesive models are essential for sustainable urban energy
systems (SDG 11, SDG 7).

Satapathy et al. (2025) examined the institutional and role-based stratification of local Smart Grid stakeholders.
By contrast, our approach empirically validates a modular governance system that elevates governmental adapta-
bility, stakeholder participation, and policy-driven transformation aligned with sustainable public service provision
(SDG 17, SDG 16).

Araujo-Vizuete and Robalino-Lopez (2025) developed a centralized hybrid governance model emphasizing polit-
ical stratification. Our study diverges by focusing on metric validation of cognitive-institutional layers and regu-
latory redesign, which are proven to increase transformational capacity and sustainability readiness of governance
architectures (SDG 16, SDG 13).
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Tafazzoli et al. (2025) identified scalability barriers to EV infrastructure and proposed Al-based energy distribu-
tion solutions. Our study complements this by validating a cognitive governance core within the Smart Grid frame-
work that ensures regulatory robustness, platform-level agility, and infrastructural sustainability, essential for man-
aging volatility in grid demands (SDG 9, SDG 11).

Van Opstal et al. (2025) highlighted cooperative governance and circularity as mechanisms to mitigate energy
market failures. Our research builds upon this by empirically confirming the hypothesis that regulatory stratifica-
tion and modular institutional design are central to achieving systemic energy justice, inclusive governance, and
sustainable grid integration (SDG 12, SDG 16, SDG 7).

Zahid et al. (2025) documented the EU's modernization efforts toward a Super Smart Grid using blockchain. Our
model, however, prioritizes stratified cognitive architectures as a superior enabler of digital interconnectivity, in-
stitutional alignment, and resilient energy governance ecosystems (SDG 9, SDG 13).

While most existing literature addresses Smart Grid governance from fragmented perspectives technical, legal, or
socio-economic our study synthesizes these vectors into a unified, empirically tested governance framework. This
model incorporates institutional stratification, cognitive modularity, and metric interoperability, directly contrib-
uting to the design of scalable, inclusive, and ecologically aligned public infrastructures. It not only proves its
superiority across key performance indicators but also establishes a replicable foundation for policy-aligned Smart
Grid governance under the imperatives of sustainable development.

5.1. Limitation

The obtained results are based on modelling and simulation verification without empirical testing in real Smart
Grid infrastructure, which constrains the assessment of practical sustainability impacts such as long-term energy
resilience, decarbonization performance, and social inclusiveness of governance mechanisms. The lack of field
validation within real-world socio-technical energy environments limits the extrapolation of the governance
model’s effectiveness under dynamic conditions of public energy systems and hinders full alignment evaluation
with Sustainable Development Goals (SDG 7 and SDG 11) in operational practice.

5.2. Recommendations

It is appropriate to design a controlled pilot implementation to empirically validate the institutional architectural
model under real socio-economic and environmental conditions, ensuring its alignment with principles of sustain-
able development. A normatively guided approbation is recommended, incorporating cognitive adaptability, reg-
ulatory resilience, and metric sustainability assessment to evaluate the model’s capacity to enhance energy effi-
ciency, institutional transparency, and urban resilience in accordance with SDG 7 (Affordable and Clean Energy)
and SDG 11 (Sustainable Cities and Communities).

6. Conclusions

The study empirically verified the advanced hypothesis that institutional modular optimization of the governance
model is a predictive factor for the effectiveness of the Smart Grid digital transformation in the public sector.
Based on the normative stratified approach, a governance framework was developed that combines cognitive
adaptability, regulatory interoperability, modular decomposition of functions, and structural scalability. Integra-
tion of sustainability-oriented mechanisms was embedded into all governance layers to ensure environmental,
institutional, and technological resilience. Metric validation of the model revealed an increase in the institutional
performance index (+18.7%), a rise in the compliance ratio (up to 0.97), a reduction in time-to-policy-adoption (—
22.5%), and an improvement in the resilience compliance rate (up to 0.92). These indicators reflect the model’s
contribution to long-term sustainability in public energy governance. System comparison with relevant approaches
revealed the advantage of integrative institutional redesign over narrowly focused technological or regulatory strat-
egies, confirming its strategic relevance to sustainable digital transformation of urban energy systems.

The proposed governance model is directly aligned with Sustainable Development Goal (SDG) 7, as it promotes
sustainable energy management, optimization of resource distribution, and the acceleration of green innovation
adoption. In relation to SDG 11, the model contributes to urban sustainability by enhancing the resilience of mu-
nicipal energy grids, reducing energy vulnerability, and embedding inclusive digital participation in decision-mak-
ing processes. The metric verification demonstrated the correlation between regulatory scalability, operational
adaptability, and the environmental robustness of power infrastructures key indicators of sustainable system de-
sign.

The academic novelty of the study is the first-ever systematic assessment of the impact of governance models on
the effectiveness of the implementation and operation of the Smart Grid concept in the public sector, as well as in
the introduction and modernization of stratified performance metrics, including the Institutional Deployment Index
(IDI), Regulatory Scalability Ratio (RSR), and Cognitive Interoperability Coefficient (CIC), which provide both
cognitive and sustainability-oriented validation of governance adaptability. These metrics can be used to guide
resilient public energy policy formation in line with global sustainable development objectives.
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The practical significance of the research results lies in the created unified governance model suitable for scalable,
resilient, and normatively compatible implementation of Smart Grid solutions in multilevel regulatory environ-
ments. It ensures a reduction in institutional deployment time, increases adaptation capacity to socio-environmen-
tal risks, and supports the strategic implementation of sustainable energy innovation in the public sector.
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