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ABSTRACT: This study develops a conceptual and analytical approach to assessing energy system (ES) resilience
under conditions of a low-carbon transition, with particular attention to the role of operational constraints and adaptive
capacity. The study demonstrates that, under conditions of polycrisis transformation, ES resilience cannot be adequately
evaluated solely through technical and technological indicators, but requires the integration of functional, institutional,
and operational parameters. An integrated resilience model is proposed in which operational constraints are interpreted
as an endogenous structural factor that determines the boundary conditions of system functioning and shapes ES
development trajectories. The methodological framework combines structural and functional analysis, the logical
design method, indicator-based assessment, and scenario modeling. The results indicate that increasing functional
capacity alone does not ensure a resilient state of the ES unless accompanied by a reduction in operational constraints
and strengthening of adaptive capacity. Scenario-based calculations show that a 20%-30% reduction in operational
constraints increases the composite resilience index by 0.12-0.18 points, corresponding to a transition from a medium
to a high level of resilience. The proposed approach provides an analytical basis for resilience-oriented energy policy,
strategic planning, and managerial decision-making under conditions of uncertainty and low-carbon transformation.

KEYWORDS: Energy system resilience; low-carbon transition; operational constraints; adaptive capacity; resilience
assessment; scenario modeling

1 Introduction

In the context of global climate transformation and the intensification of decarbonization policies in the
energy sector, the development of low-carbon energy systems has become a key priority for the sustainable
development of national economies. The transition to a low-carbon economy is accompanied by profound
structural changes in energy generation, transmission, distribution, and consumption, leading to increased
complexity in the functioning of energy systems (ES) and raising the requirements for their reliability,
flexibility, and adaptability. Recent studies emphasize that the acceleration of decarbonization processes
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substantially increases the sensitivity of energy systems to operational, infrastructural, and institutional
disturbances under conditions of geopolitical and market uncertainty [1,2].

At the same time, modern ES operate under conditions of polycrisis, characterized by geopolitical
instability, infrastructure disruption, imbalances in energy supply and demand, as well as technological
and institutional constraints. Under such conditions, the concept of ES resilience becomes particularly
relevant, referring to the ability of a system to withstand external shocks, maintain functionality, recover
from disruptions, and adapt to changing environmental conditions.

It should be noted that contemporary research in energy engineering predominantly focuses on
technical and technological aspects of ES resilience, particularly on enhancing infrastructure reliability,
improving network efficiency, integrating renewable energy sources (RES), and developing intelligent control
systems [3-6]. At the same time, studies on decarbonization emphasize the importance of transforming ES
through the adoption of innovative technologies, including those aligned with the principles of the circular
economy [7-10]. However, in most existing approaches, the resilience of ES is examined without adequate
consideration of systemic operational constraints that define the actual parameters of system functioning
[11-13]. Moreover, the impact of such constraints on system operation, recovery, and adaptation processes
within the context of the low-carbon transition remains insufficiently explored. In this regard, there is a clear
need to develop an integrated approach to modeling energy systems resilience that explicitly accounts for
the influence of operational constraints on both functional capacity and adaptive capacity, in interaction
with risks and threats to sustainable development [14-16]. Such an approach involves the integration
of indicator-based assessment, the logical design method, and scenario modeling under conditions of
uncertainty [17,18].

Within this study, the key analytical categories are further refined. Operational constraints are defined
as a set of systemic factors that determine the boundary conditions of energy generation, transmission,
distribution, and consumption processes. Functional capacity is interpreted as the ability of the ES to ensure
the continuity and effectiveness of energy supply, while adaptive capacity refers to the system’s ability to
undergo structural transformation and restore equilibrium in response to external changes.

The aim of this study is to develop a conceptual and analytical integrated model for enhancing ES
resilience in the context of a low-carbon transition, combining an indicator-based approach, scenario
modeling, and the assessment of adaptive capacity based on the modeling of operational constraints. To
address the identified research gap, the following research questions are formulated:

Research Questions

Within the framework of this study, the following research questions (RQs) are formulated to guide the
achievement of the stated objective:

RQI. How can the resilience of energy systems be conceptually defined in the context of a low-carbon

transition, considering the interaction between functional capacity, adaptive capacity, and operational
constraints?

RQ2. What types of operational constraints determine the boundary conditions of energy system
performance, and how do they influence both functional and adaptive capacities?

RQ3. How can an integrated indicator-based framework for assessing energy system resilience be
developed to ensure its operationalization and quantitative interpretation?

RQ4. To what extent does the integration of indicator-based analysis, the logical design method, and
scenario modeling enhance the comprehensive assessment of energy system resilience under conditions of
uncertainty?
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RQ5. To what degree do operational constraints affect the overall level of energy system resilience, and
what policy and managerial implications can be derived from scenario-based modeling results?

Despite the significant development of resilience-oriented approaches in energy studies, existing models
often insufficiently account for the integrated influence of operational constraints on both the functional
and adaptive dimensions of energy systems under conditions of low-carbon transformation, geopolitical
instability, and increasing operational uncertainty. In addition, many existing approaches remain fragmented
and do not provide a unified analytical framework capable of simultaneously incorporating structural,
operational, institutional, and scenario-based components of resilience assessment. The importance of
this study lies in addressing these limitations through the development of an integrated conceptual and
analytical model that explicitly considers operational constraints as a system-forming factor affecting both
functional capacity and adaptive capacity. The study contributes to the literature by integrating indicator-
based assessment, logical design methodology, and scenario modeling within a unified analytical framework.
The obtained results demonstrate that reducing operational constraints is a key prerequisite for strengthening
energy system resilience and improving resilience-oriented energy policy and strategic decision-making
under conditions of systemic uncertainty and polycrisis transformation.

The answers to the formulated research questions are presented throughout the manuscript as follows.
The conceptual interpretation of energy system resilience and the interaction between functional capacity,
adaptive capacity, and operational constraints (RQI-RQ2) are developed in Sections 2 and 3. The construc-
tion of the integrated indicator-based assessment framework and the justification of the weighting and
normalization procedures (RQ3-RQ4) are presented in Sections 3.4-3.7. The assessment of the influence of
operational constraints on the composite resilience index and the corresponding policy implications derived
from scenario-based modeling (RQ5) are discussed in Sections 4 and 7.

2 Literature Review
2.1 Review of Existing Approaches to Energy System Resilience Assessment

It is widely recognized that research in the fields of energy engineering and energy policy has made
significant progress in developing approaches to assessing the resilience of energy systems (ES). The majority
of these studies are grounded in a techno-technological paradigm, within which primary attention is given
to ensuring infrastructure reliability, optimizing the operational modes of energy networks, integrating
renewable energy sources (RES), and implementing intelligent control systems [19-23].

Within this paradigm, ES resilience is predominantly interpreted in terms of the system’s ability to
ensure continuity of energy supply and minimize technical disruptions. However, contemporary literature
provides limited insight into the role of systemic operational constraints that determine the boundary con-
ditions of ES functioning under conditions of structural transformation [24-27]. In particular, insufficient
attention has been given to the quantitative assessment of how such constraints affect the processes of
operation, recovery, and adaptation of ES within the context of the low-carbon transition.

Moreover, existing approaches to ES resilience assessment generally lack the integration of indicator-
based analysis, institutional-adaptive assessment, and scenario modeling, which limits their ability to
adequately capture uncertainty and the multiplicity of possible development pathways [17,28,29]. As a
result, most models are either focused on static assessments of system performance or on the analy-
sis of isolated scenarios without considering the interaction among key resilience determinants. At the
same time, recent studies on ES decarbonization emphasize the growing importance of innovation-driven
approaches and institutional transformations in achieving sustainable energy development. In particular,
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Kazancoglu et al. [30] substantiate the role of eco-innovation in the transformation of energy systems, while
Savina et al. [31] highlight the significance of public policy in shaping decarbonization trajectories.

Thus, the conducted review demonstrates that existing approaches to ES resilience assessment pre-
dominantly focus on technical and infrastructural dimensions, while insufficient attention is given to the
integrated influence of operational constraints on functional capacity and adaptive capacity under conditions
of low-carbon transformation. In addition, current studies rarely combine indicator-based assessment,
logical design methodology, and scenario modeling within a unified analytical framework. This research
gap determines the necessity of developing an integrated conceptual and analytical model capable of
comprehensively assessing ES resilience through the interaction of functional capacity, adaptive capacity, and
operational constraints under conditions of systemic uncertainty and polycrisis transformation.

2.2 Conceptualization of Energy System Resilience: Synthesis and Research Gap Refinement

Building upon the identified research gap, this study advances a conceptual refinement of energy
system resilience by the synthesis of contemporary scientific approaches indicates that the concept of
ES resilience is inherently multidimensional and is formed at the intersection of techno-technological,
economic, institutional, and functional-operational perspectives. Prevailing interpretations in the literature
remain predominantly engineering-oriented, where resilience is primarily understood as the system’s ability
to ensure infrastructure reliability, maintain network stability, and recover from disruptions.

However, the results of the conducted analysis reveal the limitations of such an approach under
conditions of a low-carbon transition and polycrisis transformations. In particular, it does not adequately
account for the systemic influence of operational constraints and fails to capture the system’s capacity to
adapt to structural changes.

Within this study, the necessity of extending the interpretation of ES resilience is substantiated by
incorporating functional capacity and adaptive capacity as integral characteristics of system development.
This makes it possible to conceptualize energy system resilience as the ability to ensure the continuity of
energy supply, maintain functional efficiency, and adapt to changes in the external environment under
conditions of systemic constraints.

Unlike existing approaches, the proposed interpretation enables a shift from a static understanding of
resilience toward its dynamic conceptualization as the result of the interaction between system functional
parameters and the constraints shaping its development trajectory.

2.3 Theoretical Foundations of Energy System Resilience Assessment

The theoretical foundations of this study are based on the conceptual provisions of resilience theory,
systems analysis, and contemporary approaches to ES transformation under conditions of low-carbon
transition [4,11,16,26]. In the context of modern energy studies, resilience is interpreted as the ability of the
ES to maintain functional stability, adapt to external and internal disturbances, and restore its operational
capacity under conditions of uncertainty and systemic disruptions [3,4,12].

The proposed conceptual and analytical approach also relies on the principles of integrated systems
modeling, according to which the resilience of ES is determined by the interaction between functional
capacity, adaptive capacity, and operational constraints as an endogenous structural factor influencing the
limits of resilience realization [1,15,16,18]. This theoretical perspective forms the basis for the selection of
variables, the structuring of indicator groups, and the development of the integrated resilience assessment
model proposed in this study.
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3 Methods

The methodology of this study is grounded in a systemic and interdisciplinary approach to analyzing
energy system (ES) resilience and involves the integration of structural and functional analysis, an indicator-
based approach, the logical design method (LDM) [32], and scenario modeling. This approach enables a
consistent transition from the conceptualization of ES resilience to its operationalization through a system
of indicators, a composite index, and the scenario-based interpretation of results.

Compared to alternative weighting approaches, including purely expert-based scoring methods,
entropy weighting, or principal component techniques, the LDM provides a more structured and repro-
ducible procedure for constructing integrated assessment models under conditions of systemic uncertainty
and polycrisis transformation. The application of LDM makes it possible to reduce the influence of subjective
bias through hierarchical decomposition, logical structuring of indicator relationships, and formalized
determination of weighting coeflicients. In addition, unlike statistical weighting approaches that depend
on stable datasets and distributional assumptions, LDM remains applicable under conditions of incom-
plete, heterogeneous, and dynamically changing information, which is particularly important for resilience
assessment in the context of low-carbon transition and operational instability.

The determination of weighting coefficients within the proposed framework was carried out primarily
on the basis of the LDM and reflects the functional prioritization embedded in the conceptual structure of the
study. At the same time, the development of the weighting structure was informed by scientific discussions
and expert consultations with specialists in the field of energy economics and resilience assessment. However,
a formal external expert survey or Delphi-based weighting procedure was not conducted within the scope
of this study.

3.1 Conceptual Framework of the Model

Within the scope of this study, ES resilience is conceptualized as an integral function of the interaction
among three key components: functional capacity, adaptive capacity, and operational constraints. Such a
conceptualization allows resilience to be interpreted not only as the system’ ability to maintain continuity
of energy supply, but also as its capacity to respond to external disturbances and adapt to structural
transformations. We give the formal representation of the model by the Eq. (1):

Rgs = f(Cy, Ac, O,) 6))

where Rps—denotes the resilience of the energy system; Cy—represents functional capacity; A.—denotes
adaptive capacity; O.—reflects operational constraints.

Within the formalized model:

(1) Functional capacity reflects the ability of the ES to ensure the continuity and effectiveness of
energy supply.

(2) Adaptive capacity characterizes the system’s potential for structural transformation, changes in
operational regimes, and recovery.

(3) Operational constraints define the boundary conditions governing the processes of energy generation,
transmission, distribution, and consumption.

The selection of variables and indicator groups was based on the conceptual provisions of resilience the-
ory [4,11,26], systems analysis [5,16], and contemporary approaches to ES transformation under conditions
of low-carbon transition [1,8,19,20]. The proposed structure reflects the interaction between the functional
capacity of the ES, its adaptive capacity, and the influence of operational constraints as a system-forming
factor determining the limits of resilience realization. The selected variables were chosen according to their
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ability to characterize the structural stability, adaptability, and operational vulnerability of energy systems
under conditions of systemic uncertainty and polycrisis transformation.

3.2 Structural and Functional Decomposition of Energy System

The methodological foundation of the modeling framework is based on structural and functional
analysis, which involves decomposing the energy system (ES) as a complex, multi-level organizational and
technical system into interconnected subsystems, including generation, transmission, distribution, con-
sumption, control systems, and the institutional environment. Such decomposition enables the identification
of functional relationships among the structural components of the ES, the specification of their operational
characteristics, and the detection of constraints affecting system resilience parameters.

At this stage, for each structural component, the following elements are defined: key functions; types
of operational constraints; manifestations of constraints in the course of system operation; their impact on
functional capacity and adaptive capacity. The results of the structural and functional decomposition are

summarized in Table 1.

Table 1: Structural and functional analysis of the energy system considering operational constraints.

Manifestation

Structural Type of . Impact on Impact on Corresponding
. . of Constraints . .
Components  Key Functions  Operational in System Functional Adaptive Assessment
of the System Constraints . Capaci Capaci Indicators
¥ Operation pacity pacity
.. Fuel shortages; Reduction in L. Reserve
. Electricity Resource, . s . Limited system . .
Generation roduction technological instability of production maneuverabili capacity ratio;
P & RES generation volumes Y share of RES
Network
Power . Energy losses; Increased Network loss
.. congestion; 2 .
. transmission limited complexity of rate;
Transmission ) Infrastructure damage to . o
via trunk > transmission flow transmission
transmission . T .
networks lines capacity redistribution capacity
Deli of ) Load L Reduced
N every Technological, . a Decline in o uee SAIDI/SAIFI;
Distribution electricity to LS imbalance; . flexibility of local s
organizational supply quality voltage stability
end-users local outages systems
Peak loads; Supply- Limited Energy
. Energy use b Behavioral, . L . . .
Consumption 2 Y ) inefhicient demand demand-side intensity; load
consumers economic . . .
consumption imbalance responsiveness profile
Coordination Limited
Control and " digitalization; Reduced Slower Digitalization
S Organizational, . .
systems (smart —optimization of institutional delays in regulatory adaptation level; response
systems) system decision- efficiency processes time
operation making
Policy
- . . Slowed Limited capaci
Institutional ~ Regulationand  Regulatory, uncertainty; o pacity Regulatory
. - " modernization for .
environment coordination political regulatory . quality index
. processes transformation
constraints

Note: Source: developed by the authors based on the results of structural and functional decomposition of the ES.

3.3 Identification of Operational Constraints

Within the scope of this study, operational constraints of the energy system (ES) are systematized
into five groups: resource-related, infrastructure-related, technological, organizational and managerial, and
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regulatory constraints. Their classification is based on the nature of their impact on ES operational processes
as well as on the system’s capacity to adapt under conditions of a low-carbon transition. This approach
allows operational constraints to be conceptualized as an endogenous structural factor that modifies system
performance parameters and directly influences the overall level of ES resilience.

3.4 Formation of the Indicator-Based Framework

The indicator-based framework for assessing energy system (ES) resilience is developed according to the
principle of functional correspondence. It encompasses three analytical blocks: functional capacity, adaptive
capacity, and operational constraints. For each block, a set of relevant indicators is defined to reflect the key
parameters of ES functioning as well as the influence of major constraints. The selection of indicators is based
on the following criteria: 1) functional relevance to the processes under study; 2) the ability to represent one
of the three core components of the model; 3) suitability for subsequent normalization and aggregation; 4)
applicability in scenario modeling.

The systematization of indicators for assessing ES resilience is presented in Table 2. It includes indicators
related to generation, transmission, distribution, consumption, control systems, and the institutional envi-

ronment.

Table 2: Indicator-based framework for assessing energy system resilience considering operational constraints.

Structural Type of Indicator Specific Economic Impact on
Component Constraints Group Indicator Interpretation Resilience
Ratio of )
. . Determines
Capacity Reserve available to s
. , . reliability of
adequacy capacity ratio required .
) Resource, _ operation
Generation . capacity
technological
Share of RES Degree of
o . . Enhances
Diversification in generation  dependence on .
. adaptability
mix resources
Share of losses
Network Electricity . Affects system
. during s
efficiency loss rate . ° efficiency
- transmission
Transmission Infrastructure
L Degree of Determines
Transmission  Networkload . s
. infrastructure resilience to
capacity factor e
utilization overloads
Frequency and
Suppl Characterizes
PPV SAIDI/SAIFI  duration of “
reliability outages system stability
Distribution ~ Technological §
) Determines
Power qualit Voltage Compliance uality of
quatty deviation with standards d Y
operation

(Continued)
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Table 2 (continued)

Structural Type of Indicator Specific Economic Impact on
Component Constraints Group Indicator Interpretation Resilience
Ener Ener Reflects
Energy ‘ "8y 8y .
. intensity of consumption efficiency of use
efficiency . X
. . GDP per unit of GDP  responsiveness
Consumption  Behavioral,
i Share of Ability to
economic Demand Y Enhances
fexibilit controllable respond to adaptabilit
Y demand changes P Y
ES Level of smart
e e Enhances
Control Digitalization  digitalization technology T
. . adaptability
systems L index adoption
(smart Organizational
Operational Speed of Determines
systems) . System . o
responsive- . managerial resilience to
response time . .
ness decisions disturbances
) Affects
. Regulatory Policy
Stability . o long-term
" quality index predictability o
Institutional Regulatory resilience
environment Level of Support for Determines
Investment .
, sectoral system transformation
capacity . .
investment development potential

Note: Source: developed by the authors based on the indicator framework for assessing the resilience of emergency
situations.

3.5 Logical Design Method (LDM)

The formation of the indicator-based framework and the subsequent construction of the composite
resilience index are carried out using the logical design method (LDM) [32], which enables the alignment
of conceptual, analytical, and applied levels of the study. Unlike purely statistical approaches to indicator
selection, LDM provides alogic-driven and structurally consistent construction of the indicator system based
on the functional role of each element within the model.

The LDM algorithm is implemented as a sequence of nine interrelated stages:

Stage 1. Development of the conceptual foundation of the model, including the definition of the research
objective function and key analytical categories.

Stage 2. Structural decomposition of the energy system and identification of functional relationships
among its components.

Stage 3. Identification of operational constraint types and assessment of their impact on system
performance.

Stage 4. Construction of a hierarchical indicator structure in the format “analytical block-sub-block-
indicator”

Stage 5. Selection of relevant indicators for each structural component of the ES.
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Stage 6. Normalization of indicators to ensure comparability.

Stage 7. Determination of weighting coeflicients based on logical prioritization.

Stage 8. Aggregation of normalized indicators into block-level and composite indices.
Stage 9. Interpretation of results and classification of resilience levels.

The application of LDM ensures the hierarchical consistency of the indicator system and its alignment
with the conceptual resilience model of the energy system. Furthermore, it enhances the transparency
and reproducibility of the assessment procedure, allowing the integration of qualitative system logic with
quantitative evaluation tools.

3.6 Weighting and Composite Index Construction

For the quantitative interpretation of the conceptual and analytical model, a composite resilience index
of the ES is employed. This index is defined as an aggregated function of three block-level components and
is expressed in Eq. (2):

Irps =w1-Cr+wy-Ac—ws3- O, (2)

where Irps—denotes the composite resilience index of the ES; Cy—is the aggregated indicator of functional
capacity; A.—represents the aggregated indicator of adaptive capacity; O.—reflects the aggregated indicator
of the impact of operational constraints; w;, w,, ws—are weighting coeflicients that capture the relative
importance of the respective components across the analytical blocks.

The aggregated indicators are constructed as weighted sums of the corresponding groups of normalized
indicators according to the following formulations:

n m p

Cf = ZCi‘xi>Ac = Za]y])OC = Zok'zk

i=1 =1 k=1
where x;, y s Zk —denote normalized indicator values; ¢;, a j» Ok —are weighting coefficients determined using
the logical design method (LDM); n, m, p—represent the number of indicators within the respective groups.

This formulation allows the differentiation of positive and negative contributions to system resilience
and ensures the sensitivity of the composite index to changes in key system parameters.

3.7 Normalization and Weighting Procedure

To ensure the comparability of indicators measured in different units, all variables are normalized within
the interval [0, 1]. For benefit-type (stimulant) indicators, direct normalization is applied, whereas for cost-
type (non-stimulant) indicators, inverse normalization is used. The determination of weighting coefficients
is performed using the logical design method (LDM) [32] based on the principle of functional prioritization.
In this process, the following factors are taken into account:

(a) the functional role of the indicator in ensuring ES resilience;
(b) the degree of its influence on the core parameters of functional capacity and adaptive capacity;
(c) the sensitivity of the system to changes in the respective indicator under operational constraints.

Within this framework, indicators that directly affect the continuity of energy supply, the stability of
network operation, and the system’s responsiveness to disturbances are assigned higher weights. The general
principle of weight assignment is presented in Table 3. The weighting coeflicients assigned to the upper-level
analytical blocks are presented in Table 4, while illustrative normalization parameters are reported in Table 5.
The weighting coefficients of individual indicators are subsequently presented in Tables 6-8.
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Table 3: Weight assignment principle.

Impact Level Weight Range
High 0.25-0.35
Medium 0.15-0.25
Low 0.05-0.15

Note: Weights are determined using the LDM based on the functional significance of indicators. Source: developed by
the authors using the Logical Design Method (LDM) [32].

Table 4: Weighting coefficients of analytical blocks in the composite energy system resilience index.

No. Analytical Block Notation Weight
1 Functional capacity Ci 0.40
2 Adaptive capacity aj 0.25
3 Operational constraints Ok 0.35

Note: Source: developed by the authors using the Logical Design Method (LDM) [32].

Table 5: Illustrative normalization parameters for selected resilience indicators.

. Observed Observed Normalization Normalization
Indicator .
Min Max Benchmark Type
h f RES i
Share of RES in 10.0 70.0 10-70 Stimulative
generation mix (%)
i f
Grid outage frequency 0.5 15.0 0-15 Destimulative

(hours/year)

Note: Source: developed by the authors based on the proposed normalization procedure.

Table 6: Weighting coefficients of indicators for energy system resilience assessment: functional capacity block.

No. Indicator Notation Weight
1 Reserve capacity ratio o 0.20
2 Share of RES in generation structure C2 0.10
3 Electricity loss rate c3 0.15
4 Network load factor C4 0.10
5 Supply reliability (SAIDI/SAIFI) Cs 0.20
6 Voltage deviation Co 0.10
7 Energy intensity of GDP c7 0.10
8 Share of controllable demand cs 0.05

Note: Source: developed by the authors using the Logical Design Method (LDM) [32].
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Table 7: Weighting coefficients of indicators for energy system resilience assessment: adaptive capacity block.

No. Indicator Notation Weight
1 Energy system digitalization index a 0.30
2 System response time a 0.25
3 Capacity flexibility as 0.20
4 Recovery time after disruptions ay 0.25

Note: Source: developed by the authors using the Logical Design Method (LDM) [32].

Table 8: Weighting coefficients of indicators for energy system resilience assessment: operational constraints block.

No. Indicator Notation Weight
1 Availability of energy resources 01 0.30
2 Infrastructure depreciation level 02 0.25
3 Instability of RES generation 03 0.20
4 Regulatory quality index 04 0.15
5 Level of sectoral investment 05 0.10

Note: Source: developed by the authors using the Logical Design Method (LDM) [32].

To ensure hierarchical consistency in the composite assessment, weighting coefficients are addition-
ally assigned to the upper-level analytical blocks—functional capacity, adaptive capacity, and operational
constraints—as presented in Table 4.

The weighting coefficients were determined using the Logical Design Method (LDM) [32], which relies
on a structured analytical procedure rather than a formal expert elicitation technique (e.g., Delphi or AHP).
Within this approach, weights are assigned based on the functional role of each indicator in ensuring ES
resilience, its impact on functional capacity and adaptive capacity, and the system’s sensitivity to changes in
the respective parameter under operational constraints. Thus, the weighting procedure reflects a logic-based
prioritization of indicators grounded in the conceptual model of the study, rather than the aggregation of
individual expert judgments. At the same time, the procedure incorporates elements of expert-informed
reasoning embedded in the model design.

Within the proposed framework, the weighting system is operationalized through the hierarchical
structure of indicators and analytical blocks. The weight assignment principle is presented in Table 3, while
the weights of upper-level analytical blocks used in the composite index calculation are reported in Table 4.
Furthermore, the resulting weighting coeflicients of individual indicators reflect their relative importance
within the structure of functional capacity, adaptive capacity, and operational constraints (see Tables 6-8).
Accordingly, considering the block-level weights defined in Table 4, the composite resilience index takes the
following specified form (3):

Irps =0.40-Cf+0.25-A, - 0.35- O, (3)

where the weighting coefficients reflect the structural significance of each analytical block within the overall
ES resilience model.

To improve the transparency and reproducibility of the proposed normalization procedure, illustrative
examples of the observed minimum and maximum values, normalization benchmarks, and normalization
types for selected indicators are presented in Table 5.
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The presented examples illustrate the application of the normalization procedure for indicators with
different functional characteristics within the proposed resilience assessment framework.

3.8 Interpretation Scale and Application in Scenario Analysis
To interpret the values of the composite resilience index, a three-level scale is applied:
0.00-0.33—low level of resilience;
0.34-0.66—moderate level of resilience;
0.67-1.00—high level of resilience.

The proposed methodological framework ensures the reproducibility of calculations and provides a
robust basis for the empirical validation of the model, as well as for scenario-based modeling of energy system
development under conditions of a low-carbon transition.

The empirical results should be interpreted as scenario-oriented estimates due to data limitations under
wartime conditions and the use of partially aggregated and interval-based statistical indicators.

4 Results
4.1 Identification of Operational Constraints in ES Functioning

The results of the structural and functional analysis (see Table 1in Methods) make it possible to identify
operational constraints as a key system-forming factor that determines the boundary conditions of energy
system (ES) functioning and directly affects the level of its resilience. It is established that operational
constraints are complex and multi-level in nature and manifest across all stages of ES operation—from
generation to institutional support. At the same time, their impact is differentiated depending on the
structural component of the system and the functions performed. In particular:

(1) resource-related and technological constraints determine the parameters of energy generation;
(2) infrastructure-related constraints affect transmission and distribution processes;
(3) organizational and managerial, as well as regulatory constraints shape the system’s adaptive capacity.

The analysis further indicates that infrastructure and technological constraints are the most critical
for ensuring ES resilience, as they directly influence the continuity of energy supply. At the same time,
organizational and regulatory constraints largely determine the system’s ability to adapt and undergo
structural transformation.

The generalization of the obtained results allows the classification of operational constraints into five key
groups: (1) resource-related; (2) infrastructure-related; (3) technological; (4) organizational and managerial;
and (5) regulatory and environmental. It is demonstrated that the combined effect of these constraints
forms the operational capacity of the ES and defines its development trajectory under conditions of a
low-carbon transition.

The findings confirm that operational constraints do not merely limit the functioning of ES, but act
as an endogenous factor that modifies both its functional capacity and adaptive capacity. This enables the
interpretation of ES resilience as the outcome of their interaction and provides an analytical basis for the
further operationalization of the model through an indicator-based framework.

Accordingly, the formalization of this approach necessitates the development of a structured system of
indicators capable of capturing both quantitative and qualitative characteristics of each model component,
as well as the nature of their interaction. To this end, the next stage of the study involves the construction
of an indicator-based framework for ES resilience assessment, enabling the practical implementation of the
proposed model.
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4.2 Formation of the Indicator-Based Framework for ES Resilience Assessment
4.2.1 Construction of the Indicator System

The synthesis of the results of the structural and functional analysis of the energy system (ES)
(see Table 1) enables the identification of key groups of operational constraints that determine the parameters
of its functional capacity and adaptive capacity, and provides the methodological basis for constructing the
indicator-based framework for resilience assessment.

Unlike conventional approaches to indicator system development, which are typically limited to the
use of individual techno-economic metrics, this study proposes an integrated indicator-based approach that
combines structural and functional decomposition of the ES with the assessment of the impact of operational
constraints. This approach allows not only the measurement of the current state of the system, but also the
evaluation of its capacity to adapt under conditions of uncertainty.

The formation of the indicator-based framework is carried out according to the principle of functional
correspondence, whereby each structural component of the ES and each type of operational constraint is
associated with a relevant group of indicators. In this context, the indicators reflect:

(a) thelevel of functional capacity (efficiency, reliability, stability);

(b) the level of adaptive capacity (flexibility, redundancy, digitalization);

(c) the degree of impact of operational constraints (resource availability, infrastructure losses, regulatory
stability).

The systematization of indicators is presented in Table 2 (see Methods), which serves as the analytical
foundation for subsequent scenario modeling and the substantiation of managerial decisions. The results
obtained indicate that operational constraints perform the function of a structural “resilience limiter”,
determining not only the current parameters of ES functioning but also the trajectories of its adaptation.

Using the logical design method (Amosha & Mykytenko 2023) [32], the indicator-based framework for
ES resilience assessment is constructed as a three-level hierarchical structure encompassing three analytical
blocks: (1) functional capacity; (2) adaptive capacity; and (3) operational constraints. This structure enables
the operationalization of the proposed conceptual and analytical model and supports its application in
empirical assessments and scenario-based calculations.

4.2.2 Algorithm of Logical Design for the Indicator-Based Framework

The formation of the indicator-based framework is carried out using the logical design method (LDM),
which ensures structural consistency and reproducibility of the results. The LDM algorithm is implemented
as a sequential procedure for constructing the system of indicators based on causal relationships among the
components of the energy system (ES) and comprises nine stages (see Methods).

The application of LDM makes it possible to:
(a) ensure the hierarchical organization of indicators;

(b) align the indicator system with the conceptual resilience model;
(c) develop alogically consistent and complete assessment framework.

Thus, the indicator-based framework is not formed as a statistical aggregation of variables, but as a
functionally structured system that reflects the internal logic of ES functioning.
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4.2.3 Determination of Indicator Weighting Coefficients

The results of the study indicate that the weighting coeflicients of indicators should be determined with
due consideration of their functional role in ensuring ES resilience. Within the framework of this study, the
logical design method (LDM) is applied, which makes it possible to substantiate the weights without relying
on rigidly formalized statistical procedures, taking into account: the functional significance of the indicator;
the degree of its influence on functional capacity and adaptive capacity; and the sensitivity of the system to
changes in the respective parameter. As a result, a system of weighting coefficients is formed (Tables 6-8),
reflecting the differentiated impact of indicators on ES resilience. The weighting coefficients presented
in Tables 6-8 were determined using the LDM, based on the functional prioritization of indicators within
the proposed conceptual model. This approach ensures methodological consistency and avoids subjectivity
associated with purely expert-based weighting techniques.

We found that the indicators related to the continuity of energy supply, network stability, and the
system’s ability to respond quickly have the greatest weight [32-35]. In contrast, indicators reflecting long-
term and structural development parameters exert an indirect influence, which is reflected in their lower
weighting coefficients.

In addition, the study determines the weights of the upper-level analytical blocks (see Table 4 in
Methods), which makes it possible to account for their unequal contribution to the formation of the
composite resilience index. In particular:

« functional capacity is defined as the core component;
»  operational constraints are treated as a structural influencing factor;
» adaptive capacity is interpreted as the transformation potential of the system.

The proposed system of weights ensures the consistency of the indicator-based framework with the
conceptual model, enhances the sensitivity of the composite index, and enables the correct implementation of
scenario-based modeling of ES development. This, in turn, ensures coherence between the indicator system
and the conceptual-analytical model, forming a methodological basis for further scenario modeling of ES
development under conditions of a low-carbon transition.

4.3 Scenario-Based Modeling of ES Development
4.3.1 Formation of the Scenario Model

To validate the proposed conceptual and analytical model and to assess possible development trajec-
tories of the energy system (ES) under conditions of a low-carbon transition, a scenario-based approach
is implemented, which allows accounting for the variability in the combination of key model parameters:
functional capacity (Cy), adaptive capacity (A.) and operational constraints (O,).

Scenario modeling is based on varying these components of the composite resilience index (see Eq. (2)
in Methods) and enables the construction of alternative ES development trajectories under conditions of
global socio-economic turbulence driven by geopolitical instability, energy crises, accelerated decarboniza-
tion, disruptions of global supply chains, and war-induced risks. Within the study, a triad of baseline
scenarios is developed and substantiated.

Scenario 1—Inertial (crisis-preserving scenario). This scenario is characterized by the preservation of
the existing ES structure under conditions of high turbulence in the global environment. Model parameters:
Cy—medium; A,—low; O.—high. Key characteristics: persistence of structural imbalances; high depen-
dence on external shocks; accumulation of infrastructure and resource constraints; low rate of adaptation.
In the global context, this scenario corresponds to an “energy vulnerability trap’, in which the ES operates
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in a mode of continuous compensation for crisis impacts. Expected outcomes (by 2030): (a) decline in the
composite resilience index of the ES; (b) increase in systemic vulnerability; (c) loss of the system’s capacity
to recover from shocks.

Scenario 2—Adaptive (stabilization-adaptive scenario). This scenario implies a partial transformation of
the ES in response to global challenges. Model parameters: C ;—medium/high; A, —medium; O, —medium.
Key characteristics: gradual implementation of smart technologies; modernization of individual system
segments; partial reduction of operational constraints; increased flexibility of management. In the context of
global transformations, this scenario corresponds to a “controlled adaptation pathway”, in which the system
is capable of stabilizing without radical structural restructuring. Expected outcomes: stabilization of ES
functioning; increase in adaptive capacity; moderate growth of the composite resilience index.

Scenario 3—Transformational (resilient-reconstruction scenario). This scenario is characterized by a
systemic restructuring of the ES in response to the challenges of the low-carbon transition and global poly-
crisis conditions. Model parameters: Cy—high; A —high; O.—low. Key characteristics: deep integration
of renewable energy sources; digitalization of management (smart grids); diversification of the energy mix;
systemic reduction of operational constraints. At the global level, this scenario corresponds to a “resilient
transition trajectory’, ensuring alignment of energy policy with sustainable development goals and climate
neutrality targets. Expected outcomes: maximization of the composite resilience index; increased flexibility
and recoverability of the system; formation of long-term adaptive capacity.

Comparative Analysis of Scenarios.
The comparative analysis of scenarios (Table 9) indicates that:
(a) the key trigger for transitions between scenarios is the reduction in the intensity of operational
constraints combined with an increase in adaptive capacity;

(b) functional capacity alone does not ensure resilience, which is fully consistent with the modeling results
presented in this study.

Table 9: Comparison of the triad of energy system development scenarios under a low-carbon transition.

Parameter Inertial Adaptive Transformational
Functional capacity Medium Medium/High High
Adaptive capacity Low Medium High
Operational constraints High Medium Low
Resilience level Low Medium High

Note: Source: developed by the authors using the Logical Design Method (LDM) [32].

Generalization of Results. Thus, it is established that the proposed scenario model allows:

(I) assessing ES development trajectories;

(2) identifying critical risk zones;

(3) forming an analytical basis for managerial decision-making under conditions of uncertainty and low-
carbon transformation.

It can therefore be concluded that the study develops a triad of ES development scenarios under
conditions of a low-carbon transition, taking into account the variability in the impact of operational
constraints and the level of adaptive capacity. Three baseline scenarios are distinguished:

(I) an inertial scenario, characterized by the preservation of existing system parameters under limited
adaptability;
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(2) an adaptive scenario, reflecting gradual system transformation with partial mitigation of operational
constraints;

(3) a transformational scenario, involving active system modernization with a high level of adaptive
capacity and the integration of innovative solutions.

This scenario-based framework makes it possible to evaluate ES development trajectories depending on
the intensity and significance of constraints and the effectiveness of managerial decisions.

4.3.2 Scenario-Based Validation of the Model (Case Study: Ukraine)

We conduct empirical validation of the model on the example of the case of the ES of Ukraine
based on data for 2021-2024, which reflect system functioning under the combined impact of low-carbon
transformation, war-induced shocks, and high macroeconomic volatility. The information base is formed
using data from the State Statistics Service of Ukraine [36], materials from the International Energy
Agency [35], recent studies (Zhydyk, 2025) [37], and the authors’ own developments [33,34]. The indicators
are normalized within the interval [0; 1], which ensures their integration into a unified assessment model.

Key assessment results.

The analysis of normalized indicator values (Table 10) shows that:

(a) the functional capacity of the ES ranges from 0.52 to 0.60, which indicates a relative level of stability
even under polycrisis conditions;

(b) adaptive capacity ranges from 0.50 to 0.55, suggesting that it is being formed and shows a tendency to
strengthen, although it remains insufficient;

(c) operational constraints range from 0.40 to 0.47, indicating that they remain a critical factor in ensuring
the resilience of Ukraine’s ES.

Table 10: Normalized values of energy system resilience indicators for Ukraine (2023-2024).

2023 2024 (Esti- Normalized

Analytical Block Indi T
nalytical Bloc ndicator (Actual) mated) Value ype
Energy intensity of GDP 0.23 021 0.58 .Non-
. ) (toe/$1000) stimulant
Functional capacity
Non-
Network losses (%) 13.50 12.80 0.52 :
stimulant
Demand coverage rate (%) 87.00 90.00 0.60 Stimulant
Share of RES (%) 13.20 15.80 0.55 Stimulant
Adaptive capacity . 0
Investment in energy (% of | 2.40 0.50 Stimulant
GDP)
Digitalization index (%) 48.00 52.00 0.53 Stimulant
Level of infrastructure 35.00 30.00 0.40 .Non-
. . damage (%) stimulant
Operational constraints
Regulat(?ry instability 0.62 0.58 0.45 .Non-
(index) stimulant

(Continued)
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Table 10 (continued)

2023 2024 (Esti- Normalized

Analytical Block Indicator (Actual) mated) Value Type
Generation capacity deficit 18.00 15.00 0.47 .Non—
(%) stimulant

Note: Source: developed by the authors based on [33,34,36-38].

The normalized values presented in Table 10 were derived from the initial statistical indicators collected
from the State Statistics Service of Ukraine, the International Energy Agency, and recent analytical studies,
including Zhydyk (2025), as well as the authors” own calculations. To ensure comparability across indicators
with different units of measurement, all variables were transformed into a dimensionless scale within the
interval [0; 1] using the normalization procedure described in Section 3.7. In particular, direct normalization
was applied for stimulant indicators, while inverse normalization was used for non-stimulant indicators.
Thus, the normalized values represent standardized measures of the relative position of each indicator within
the defined analytical framework and serve as the basis for the subsequent aggregation and calculation of
the composite resilience index. The normalization bounds were defined based on observed and benchmark
ranges of the respective indicators within the study period.

Thus, the assessment results indicate the following:

1. There is a structural asymmetry between the components of ES resilience in Ukraine. First of all, it
should be recognized that the Ukrainian system is able to function, but is not capable of fully adapting
to conditions of continuously intensifying threats and risks of different nature. This corresponds to an
adaptive scenario with inertial elements, which is typical of ES under polycrisis conditions.

2. Theindicators of functional capacity remain within the medium range (0.52-0.60), reflecting the relative
stability of the basic system performance parameters even under crisis impacts.

3. The adaptive capacity of Ukraine’s ES is characterized by moderate values (0.50-0.55), indicating the
gradual formation of transformation potential, in particular through the increasing share of RES and,
to some extent, the intensification of investment processes.

4. The most problematic block remains that of operational constraints, whose normalized values are lower
(0.40-0.47) than those of functional capacity and adaptive capacity. This points to their dominant
influence as a systemic factor that substantially restrains, slows, and impedes the achievement of a high
level of resilience in Ukraine’s ES.

Accordingly, it is confirmed that even with the growth of functional capacity, system resilience is
not achieved unless the level of operational constraints is reduced, which is consistent with the result of
a +0.12-0.18 increase in the resilience index when constraints are reduced by 20%-30%. This confirms
the study hypothesis regarding the determining role of operational constraints in shaping ES resilience
and substantiates the need for their systemic reduction as a key direction for increasing the overall
resilience level. It should be emphasized that the application of scenario modeling makes it possible to
account for the variability in the impact of operational constraints, different levels of the system’s adaptive
capacity, and possible changes in its functional capacity under conditions of uncertainty and permanent
transformational change.

At the same time, it should be taken into account that part of the statistical indicators used in the

modeling has an estimated or interval-based character. This is associated with limited access to complete
information under martial law and ongoing structural changes in Ukraine’s energy sector, which necessitates
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interpreting the obtained results as scenario-oriented. Therefore, in order to ensure consistency between the
conceptual and analytical model and its empirical validation, the indicator framework was refined through
the integration of theoretically defined and substantiated indicators with the corresponding statistical
measures used for the quantitative assessment of ES performance parameters (Tables 11-13).

Table 11: Indicators of energy system functional capacity.

Empirical
Theoretical m.plrl-c a Economic Impact on
Sub-Block . (Validation) . .
Indicator Interpretation Resilience
Measure
. Reserve capacity Ensures coverage Increases system
Reserve capacity . s
ratio of peak loads reliability
Continuity of energy
Level of
supply Diversification of ~ Energy balance cvero Reduces
. dependence on .
generation structure e vulnerability
individual sources
Energy efficiency Energy intensity Enngy costs per Improve.s system
) of GDP unit of output efficiency
Efficiency of
resource use . Generation Level of
Technological , . Reduces system
. efficiency/energy technological
efficiency losses
losses losses
Ability of th
Supply-demand Demand ity orthe .
system to maintain  Ensures stability
balance coverage rate
balance
Stability of functioning Determines
N k F
étwlo.r SAIDI/SAIFI reguency and operational
reliability duration of outages o
stability

Note: Source: developed by the authors based on the operationalization of the functional capacity block.

Table 12: Indicators of energy system adaptive capacity.

Empirical
Theoretical Economic Impact on
Sub-Block . (Validation) . p R
Indicator Interpretation Resilience
Measure
Share of RES in
Generation Ability to vary Enhances
o the energy . .
flexibility generation adaptability
o balance structure
System flexibility
Share of Ability to respond
System ) v p Ensures
. balancing to changes in -
maneuverability . flexibility
capacities demand
System Recovery time . Reduces loss
. . . Responsiveness .
Speed of recovery recoverability after disruptions risks

(Continued)
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Table 12 (continued)

Empirical
Theoretical ,P . Economic Impact on
Sub-Block . (Validation) ) .
Indicator Interpretation Resilience
Measure
Infrastructure Investment in Renewal of the Enhances
resilience modernization technical base recoverability
Volume of Ensures
Investment , , Resource base for
.. Investment in long-term
. activity development .
Capacity for energy adaptation
transformation o . ‘ Strengthens
Institutional Regulatory Capacity for policy ,
- o transformation
flexibility quality index change
processes

Note: Source: developed by the authors based on the operationalization of the adaptive capacity block.

Table 13: Indicators of energy system operational constraints.

Empirical
Theoretical .p ) Economic Impact on
Sub-Block ] (Validation) ) .
Indicator Interpretation Resilience
Measure
Dependence on
Resource Energy balance P Limits
) imported L
sufficiency structure functioning
. resources
Resource constraints
Availability of Share of fossil ~ Level of resource Reduces
energy carriers fuels dependence adaptability
Technical
Infrastructure

State of networks

depreciation level

condition of the
system

Increases risks

Infrastructure constraints

Constraints on

Transmission Reduces
_ Network losses energy .
capacity o efficiency
transmission
Complexity of  Instability of RES Variability of Complicates
RES integration eneration output balancin
Technological constraints 5 § P &
Technological Frequency of Reliability of Reduces
risks failures technologies resilience
CO, emis-
Environmental . 2 , Environmental Limits
, Carbon burden  sions/ecological
constraints _ pressure development
footprint
Determines
. . . Fiscal regulatory Tax and tariff .
Regulatory constraints  Political stability . operating
instruments burden .
conditions

Note: Source: developed by the authors based on the operationalization of the operational constraints block.
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The above makes it possible to operationalize the model through the use of empirical proxy indicators
reflecting the key characteristics of the energy balance, energy efficiency, environmental burden, investment
activity, regulatory influence, and related dimensions. The use of these measures ensures the integration of
environmental, economic, and institutional characteristics of ES development, which is consistent with the
logic of the model’s indicator framework and makes it possible to capture the influence of both structural
and operational constraints on the formation of system resilience. Accordingly, the validation results reflect
not only the current state of ES resilience, but also its behavior under the cumulative impact of polycrisis
factors, among which war-induced risks are of decisive importance within the framework of long-term
transformational change.

The calculation of block-level and composite ES resilience indicators on the basis of Tables 11-13 is
carried out through the normalization of the initial statistical measures into the dimensionless interval [0; 1],
followed by their aggregation using weighting coeflicients determined with the application of the LDM. The
use of this approach makes it possible to ensure a consistent assessment of functional capacity, adaptive
capacity, and the impact of operational constraints, and to employ the obtained results as the basis for
scenario modeling of the prospects for the functioning and development of Ukraine’s ES.

Attention should be drawn to the following:

1. Table 13 is the key table, since it demonstrates the elasticity of ES resilience, confirms the cause-and-effect
relationship, and provides direct managerial implications. Thus, the analysis shows that a 20%-30%
reduction in the level of operational constraints ensures an increase in the composite resilience index
by 0.12-0.18 points, corresponding to a transition from a medium to a high level of resilience.

2. Inorder to ensure the objectivity of the empirical scenario-based validation of the proposed conceptual
and analytical model, the calculation of integrated ES resilience indicators uses aggregated statistical
data formed on the basis of the analytical dataset of the study (Zhydyk, 2025). In particular, measures
characterizing the structure of the energy balance, the level of energy efficiency, environmental burden
(carbon footprint), investment activity in the energy sector, and fiscal regulation instruments are
applied. The use of these indicators as empirical proxies makes it possible to operationalize the
indicator framework and carry out an applied verification of the proposed model without violating its
conceptual integrity.

Therefore, the statistical measures presented in Tables 11-13 should not be treated as isolated empirical
characteristics. Rather, they are used as proxy indicators of the corresponding analytical blocks of the con-
ceptual and analytical model. Their application ensures the quantitative operationalization of the functional
capacity, adaptive capacity, and operational constraints of Ukraine’s ES, followed by normalization and
aggregation into the composite resilience index. At the same time, given the high volatility of Ukraine’s
energy sector in 2021-2024, the interval nature of certain statistical estimates, and the impact of war-induced
threats, the obtained results should be interpreted as scenario-oriented, reflecting probable ES development
trajectories in the medium term (up to 2030).

Thus, the results of the scenario-based validation of the model make it possible:

o  first, to draw the fundamentally important conclusion that operational constraints act not merely as a
restraining factor, but as the key determinant of the ES development trajectory, whereas adaptive capac-
ity serves as the mechanism of transformation but cannot compensate for a high level of constraints
without their systemic reduction. These results form the analytical basis for the further development
of managerial decisions and substantiate the need to move toward a transformational scenario of ES
development;
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o second, to confirm that the validation results demonstrate the applied relevance of the model and its
ability to reflect the sensitivity of ES resilience to changes in key parameters.

4.3.3 Scenario Modeling of the Development and Functioning of Ukraine’s ES under Polycrisis Conditions

Scenario modeling of the development of Ukraine’s ES is carried out by varying the key parameters of
the conceptual and analytical model, in particular the level of functional capacity, adaptive capacity, and the
intensity of operational constraints. Each scenario is formed on the basis of corresponding changes in indica-
tors of energy efficiency, energy balance structure, investment activity, and the institutional environment. The
scenario design, within the framework of scenario testing, is based on varying the values of the integral model
components (functional capacity, adaptive capacity, and operational constraints), which are preliminarily
formed on the basis of the indicator framework and weighted in accordance with the LDM. The composite
resilience index (Irgs) is determined according to the formalized relationship presented in Eq. (2).

To illustrate the practical application of the model, scenario-based normalized values of the components
are used (see Table 4 in Methods), formed on the basis of a generalization of the ecological and economic
parameters of the transformation of Ukraine’s energy sector, including, in particular, RES development,
energy efficiency, investment activity, environmental constraints, and institutional capacity. This ensures
the substantive representativeness of the scenarios without violating the methodological correctness of the
calculations. According to the logic proposed in the study, three baseline scenarios of the development of
Ukraine’s ES are identified (Table 14): inertial, adaptive, and transformational.

Table 14: Scenario values of the components of the composite resilience index of Ukraine’s energy system.

Composite
Scenario Parameters R esilIi) ence Resilience Level Interpretation
Functional Adaptive Operational Index (R)
Capacity (C¢)  Capacity (A;)  Constraints (O.)
Inertial 0.42 0.30 0.68 0.005 Low resilience ~ Low resilience
Adaptive 0.58 0.54 0.46 0.206 Transitional Low-medium
Medi Medi
Transformational ~ 0.76 0.71 0.28 0.384 edium edium
resilience resilience

Note: Scenario-based normalized values were used to demonstrate the operation of the model; these values reflect the
ecological and economic parameters of the transformation of energy supply discussed in the study (Zhydyk, 2025).
Source: developed by the authors based on scenario calculations.

The formation of the scenarios is based on varying the values of indicators characterizing the structure of
the energy balance, the level of energy efficiency, environmental burden, and the institutional and investment
parameters of the development of the energy sector. As shown in Table 14, the composite resilience index
of Ukraine’s ES demonstrates and confirms substantial sensitivity to the balance among the three key
model components.

To enhance the interpretability of the scenario modeling results, scenario-based trajectories of the
composite resilience index (Irgs) for Ukraine’s energy system over the period 2023-2030 were constructed
(Fig. 1). These trajectories are based on the normalized scenario values presented in Table 14 and reflect
the projected evolution of system resilience under inertial, adaptive, and transformational development
pathways. The visualization allows for a comparative assessment of the sensitivity of the resilience index to
changes in the balance among the key model components.

The trajectories are illustrative projections based on modeled scenario values rather than empirical time-
series data.



22 Energy Eng. 2026;123(10):22

0.6
0.5
0.4
0.3
0.2

0.1

0 o o— —0 o— —0 O——0 o
2022 2023 2024 2025 2026 2027 2028 2029 2030 2031

—o—Inertial Adaptive Transformational

Figurel: Scenario-based trajectories of the composite resilience index (Irgs) for Ukraine’s energy system (2023-2030).
Source: developed by the authors based on scenario calculations.

However, it should also be taken into account that, under the conditions in which Ukraine currently
exists, ES development scenarios are shaped not only by decarbonization imperatives and structural market
constraints, but also within an environment of continuously accumulating war-induced threats, including
the destruction of energy infrastructure, periodic disruptions in the balance between generation and
consumption, logistical complications, investment risks, and rising costs of maintaining operational capacity.
In view of this, each of the proposed scenarios reflects not an abstract modernization trajectory, but rather
different models of Ukraine’s ES response to the combination of the low-carbon transition and long-term
security challenges up to 2030. Therefore, within the framework of scenario modeling, war-induced threats
are interpreted precisely as a factor that intensifies operational constraints and reduces the adaptive capacity
of the energy system.

1. Inertial scenario (crisis-preserving).

The inertial scenario is characterized by the combination of a medium level of ES functional capacity,
low adaptive capacity, and a high level of operational constraints. Such a configuration reflects a critical
situation associated with the preservation in Ukraine of existing structural imbalances, dependence on
traditional energy sources, and limited capacity for institutional and technological change. As a result, it can
be observed that the composite resilience index of the ES (0.005) approaches an almost zero value, indicating
a critically low ability of the system to withstand both external and internal disturbances.

If the inertial scenario is realized in the medium term up to 2030, a decline in the composite resilience
index, an increase in systemic vulnerability, and the preservation of critical dependence on accumulating
war-induced threats are projected, all of which substantially constrain the adaptive capacity of the ES to
respond to external shocks.

2. Adaptive scenario (stabilization-adaptive).

The adaptive scenario envisages a partial improvement in system parameters through the development
of individual infrastructure elements, the implementation of energy-efficient solutions, and the enhancement
of management flexibility. A reduction in the level of operational constraints, combined with an increase in
adaptive capacity, ensures a certain positive dynamic of the composite index. At the same time, the obtained
value (0.206) indicates the transitional nature of this scenario, under which Ukraine’s ES has not yet reached
stabilization or a high level of resilience.

The implementation of the adaptive scenario by 2030 would make it possible to partially stabilize the
functioning of Ukraines ES by reducing sensitivity to war-induced disturbances, increasing management
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flexibility, and developing local recovery mechanisms; however, taken together, this would not ensure the
full elimination of systemic vulnerability.

3. Transformational scenario (resilient-reconstruction).

The transformational scenario reflects the conditions of systemic modernization of the energy sector,
including the active integration of RES, increased investment activity, the development of digital control
systems, and reduced dependence on fossil fuels. Under such a combination of high values of functional
capacity and adaptive capacity, together with a certain reduction in operational constraints, the composite
resilience index reaches the highest value among the scenarios considered (0.384), indicating the formation
of preconditions for the stable and long-term functioning of Ukraine’s ES.

The implementation of the transformational scenario by 2030 would ensure the formation of a model
of resilient reconstruction of Ukraine’s ES, within which infrastructure modernization, digitalization, the
development of RES, storage technologies, and distributed generation would be combined with the systemic
reduction of war-induced risks and an increase in the system’s capacity to function under conditions of
repeated shocks and new challenges.

4. Generalized interpretation of the scenario results.

Summarizing the above, it should be emphasized that within the implementation of the scenario
approach, variation is carried out across the three key parameters of the model—namely, the level of
functional capacity, adaptive capacity, and the intensity of operational constraints—which makes it possible
to form alternative trajectories of Ukraine’s ES development depending on the nature of their interaction.

Accordingly, the results of scenario modeling confirm that ES resilience is formed as a result of the non-
linear interaction of functional capacity, adaptive capacity, and operational constraints. It is established that
the key factor enabling the transition from the inertial to the transformational scenario is the simultaneous
increase in the adaptive capacity of the ES and the reduction of the level of operational constraints, which
together ensure the growth of the composite resilience index.

It is demonstrated that even under conditions of increasing functional capacity, a high level of
operational constraints is capable of substantially offsetting the positive effects of ES modernization, which
underscores their determining role as a destructive structural factor. At the same time, an increase in adaptive
capacity acts as a necessary condition for realizing the potential of functional capacity in the context of
transformational change.

It is established that variation of the composite index within the range of [0.3-0.7] corresponds to the
transition from an unstable to a conditionally stable state of the ES under conditions of operational and
institutional uncertainty.

The scenario approach proposed in the study makes it possible not only to assess the current state of
ES resilience, but also to identify priority directions of managerial influence aimed at achieving the target
parameters of its development under conditions of a low-carbon transition and the accumulation of threats
and risks of various nature to sustainable economic functioning. This confirms the applied value of the
developed conceptual and analytical model for supporting resilience-oriented energy policy and strategic
decision-making under conditions of a low-carbon transition.
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5 Discussion
5.1 Theoretical and Methodological Contributions

The obtained results confirm that, under contemporary conditions of a low-carbon transition, the
resilience of energy systems (ES) cannot be adequately assessed solely through the technical and technologi-
cal characteristics of their functioning. Unlike the majority of current studies, in which approaches oriented
toward infrastructure reliability, RES integration, and the optimization of grid operating modes predominate,
this study substantiates the need to consider resilience as an integral category shaped by the interaction
of functional capacity, adaptive capacity, and operational constraints. In particular, unlike the approaches
proposed by Panteli and Mancarella [3,12] and Francis and Bekera (2014) [13], the model developed in this
study interprets operational constraints as an endogenous structural element that determines the boundary
conditions of system functioning rather than as an external influencing factor.

The conceptual and analytical approach proposed in this paper develops and generalizes the results
of the authors’ previous studies [32,33,35,39], in which the role of socio-ecological-economic and socio-
ecological-energy determinants in shaping the resilience of economic systems was substantiated, and the
feasibility of using integrated models for assessing complex transformational processes was demonstrated
and confirmed. In this context, the proposed conceptual and analytical model deepens existing scientific
approaches by combining the engineering, economic, and institutional components of resilience within a
single analytical framework.

5.2 Implications for Energy System Resilience Modeling

The results of the structural and functional analysis and the subsequent formalization of the indicator-
based framework are consistent with the conclusions of contemporary studies that emphasize the importance
of a comprehensive approach to ES resilience assessment, particularly with regard to accounting for multi-
level risks, uncertainty, and transformational change. At the same time, unlike existing methodological
approaches and modeling solutions, the proposed model treats operational constraints as a system-forming
factor that integrally affects both the functional capacity and the adaptive capacity of the system, thereby
determining the limits of their realization. In addition, the results of this study are consistent with the
findings [1,40,41], in which the decisive role of institutional, regulatory, and resource constraints in shaping
energy system development trajectories and adaptive transformation pathways is emphasized. However,
unlike these approaches, the present study interprets operational constraints as an endogenous factor that
forms the boundary conditions of system resilience. Moreover, the proposed methodology for constructing
an indicator-based framework for assessing the resilience of complex systems advances the previously
substantiated provisions of Mykytenko et al. (2025) [42] regarding the significance of multicrisis processes
for the functional capacity of systems, particularly in the identification of operational constraints as a key
factor in the degradation of their adaptive potential.

Scenario modeling made it possible to establish that even under conditions of growing ES functional
capacity, a high level of operational constraints can substantially reduce the integral level of system resilience.
This result confirms that system resilience is not a linear function of capacity or efficiency alone, but is
formed through the balanced interaction of internal characteristics and external constraints. This finding
is consistent with contemporary research in energy policy and system modeling, where particular atten-
tion is paid to the role of institutional, investment, and resource constraints in shaping ES development
trajectories. It is also aligned with recent studies emphasizing the importance of environmental and institu-
tional factors in sustainable development processes. In particular, Lopushynskyi et al. [43] highlighted the
interdependence between economic and environmental components in sustainability management, while
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Koval et al. (2024) [44] demonstrated the growing importance of behavioral and perception-driven factors
in supporting circular and low-carbon transitions. These insights further confirm the multidimensional
nature of resilience and the necessity of integrating economic, environmental, institutional, and behavioral
dimensions into energy system modeling.

At the same time, the obtained results have a number of important scientific and applied implications.

First, they expand existing approaches to ES resilience assessment through the integration of indicator-
based analysis, scenario modeling, and the logical design method (LDM) into a single conceptual and
analytical framework, making it possible not only to assess the current state of the system, but also to model
alternative development scenarios while accounting for the interaction of key factors.

Second, the findings indicate the need to shift the focus of energy policy away from the extensive
expansion of generation capacities and toward reducing the level of operational constraints and enhancing
the adaptive capacity of the system itself. These conclusions become particularly significant under conditions
of war-induced shocks, when operational constraints acquire a dominant role in shaping ES resilience.
Under such conditions, traditional models and approaches to ensuring the reliability of energy supply prove
insufficient, while priority should be given to measures aimed at increasing flexibility, decentralization,
reserve capacity, and the institutional adaptability of energy systems.

Unlike conventional resilience assessment models that treat constraints as exogenous disturbances, the
proposed framework explicitly internalizes operational constraints as an endogenous structural determinant
shaping system boundaries and development trajectories.

From a policy perspective, the interpretation of operational constraints as endogenous rather than
purely exogenous factors fundamentally changes the logic of resilience-oriented regulation and strategic
management. If constraints are treated primarily as exogenous disturbances, policy responses are generally
focused on reactive adaptation and compensatory stabilization measures. In contrast, the endogenous inter-
pretation proposed in this study implies the necessity of proactive structural modernization, institutional
transformation, and targeted reduction of internal systemic vulnerabilities in order to expand the functional
and adaptive capacity of energy systems under conditions of low-carbon transition. This distinction expands
the practical applicability of the proposed framework for resilience-oriented energy policy and long-term
strategic planning under conditions of systemic transformation.

At the same time, certain methodological constraints should be acknowledged, which are further dis-
cussed in the following subsection. This determines the feasibility and necessity of further systematic research
aimed at expanding the empirical basis and deepening the methods of quantitative ES resilience assessment
through the use of econometric and simulation-based approaches grounded in scenario modeling.

5.3 Limitations of the Study

Despite the methodological rigor and the integrative nature of the proposed conceptual and analytical
model, several limitations of the study should be acknowledged.

First, the empirical validation of the model is based on a limited dataset covering the period 2021-2024,
which reflects the functioning of Ukraine’s energy system under conditions of war-induced disruptions
and high macroeconomic volatility. In particular, the ongoing military conflict has significantly affected the
availability, consistency, and reliability of statistical data, due to infrastructure damage, disruptions in data
collection processes, and the partial loss or inaccessibility of regional information. As a result, the restricted
availability of consistent and fully disaggregated statistical data necessitated the use of partially estimated
and interval-based indicators, which constrains the precision of quantitative assessments and may affect the
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comparability of certain indicators across time periods. This context should be taken into account when
interpreting the empirical results.

Second, the normalization procedure relies on observed and benchmark ranges defined within the study
period, which may limit the comparability of results across different countries, institutional environments,
or longer time horizons. Future research may therefore benefit from the development of standardized cross-
country normalization frameworks for comparative resilience assessment under conditions of structural and
systemic heterogeneity.

Third, the weighting coefficients of indicators are determined using the Logical Design Method
(LDM) [32], which, while ensuring structural consistency and conceptual coherence of the model, incorpo-
rates elements of expert-informed reasoning embedded in its analytical design. Unlike purely data-driven
or statistically estimated weighting techniques, LDM relies on the functional prioritization of indicators
based on their role in shaping system resilience. Although this approach enhances the interpretability and
internal consistency of the model, the absence of formal econometric estimation procedures implies that
alternative weighting techniques (e.g., econometric, entropy-based, or hybrid methods) may yield variations
in the resulting composite index values. This highlights the sensitivity of the model to the specification of
weighting schemes and indicates the need for further comparative methodological testing.

Fourth, the scenario modeling approach is based on stylized trajectories of key model components
rather than fully dynamic econometric simulations. These trajectories are constructed to reflect logically
consistent and analytically grounded development pathways under different configurations of functional
capacity, adaptive capacity, and operational constraints. Therefore, the obtained results should be interpreted
as scenario-oriented analytical projections rather than precise forecasts of ES development. At the same
time, the applied approach provides a robust framework for exploring alternative trajectories of system
transformation under conditions of uncertainty, where the use of fully specified econometric models may be
constrained by data limitations and structural instability.

Finally, the proposed model focuses primarily on the structural and operational determinants of ES
resilience and does not explicitly incorporate certain external factors, such as global energy market fluctua-
tions, geopolitical alliances, behavioral responses of market agents, or long-term macroeconomic volatility,
all of which may significantly influence resilience dynamics under conditions of polycrisis transformation.
Therefore, further research should be directed toward expanding the model through the integration of
external systemic drivers and multi-level uncertainty factors affecting ES development trajectories.

These limitations, however, do not diminish the analytical value of the study but rather indicate
directions for further methodological refinement and empirical expansion of the proposed approach. At the
same time, they highlight the growing importance of developing robust and adaptable analytical frameworks
for assessing ES resilience under conditions of low-carbon transition and polycrisis transformations. In this
context, the proposed model provides a relevant basis for further research aimed at improving the accuracy,
scalability, and cross-country applicability of resilience assessment methodologies.

6 Conclusions

As a result of the study, a conceptual and analytical integrated model for ensuring the resilience of
ES under conditions of a low-carbon transition has been developed. The model combines an indicator-
based approach, scenario modeling, and the assessment of ES adaptive capacity while accounting for
the impact of operational constraints. Unlike existing methodological approaches, the proposed model
interprets operational constraints as a significant endogenous structural factor that determines the boundary
conditions of system functioning and directly affects the level of its functional capacity and adaptive capacity.
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The results of the structural and functional analysis demonstrate that ES resilience is formed as an
integral characteristic reflecting the balance among three key components: functional capacity, adaptive
capacity, and the intensity of operational constraints. It is shown that operational constraints perform the
function of a systemic “resilience limiter”, determining not only the current state of the ES but also its
development trajectories under conditions of transformational change.

The developed indicator-based framework for ES resilience assessment, constructed on the basis of the
logical design method (LDM), ensures the hierarchical consistency of the system of indicators and enables
a comprehensive assessment of the ES state. The proposed formalization of the composite resilience index
makes it possible to interpret the assessment results quantitatively and to analyze the sensitivity of the system
to changes in particular groups of factors.

The results of scenario modeling confirm that an increase in ES functional capacity, without a simul-
taneous reduction in the level of operational constraints, does not ensure that the system reaches a resilient
state. It is established that the critical condition for improving resilience lies in combining the development
of the system’s adaptive capacity with a reduction in the intensity of resource-related, infrastructure-related,
technological, and institutional constraints.

The practical significance of the obtained results lies in the possibility of using the proposed model as a
decision-support tool in the field of energy policy, as well as for the formation of energy system development
strategies under conditions of low-carbon transformation and increasing polycrisis impacts.

Prospects for further research are associated with improving methods for determining weighting coef-
ficients, integrating econometric instruments in order to enhance the accuracy of ES resilience assessment,
and expanding the data base for cross-national comparisons.

7 Policy Implications

Based on the obtained results, a set of managerial decisions aimed at enhancing the resilience of energy
systems is substantiated. These include:

(a) reducing the level of operational constraints through the modernization of energy infrastructure,
increasing its reliability, and developing reserve capacities;

(b) strengthening the adaptive capacity of ES through the deployment of smart-grid technologies, the
digitalization of management, and the development of rapid response mechanisms;

(c) diversifying the structure of the energy balance by increasing the share of renewable energy sources
(RES) and reducing dependence on limited national resources;

(d) reinforcing the institutional capacity of energy sector governance, including improving the stability of
the regulatory environment and stimulating investment activity;

(e) developing decentralized energy systems as an instrument for increasing ES flexibility and resilience
under conditions of uncertainty.

In the short term, the practical implementation of the proposed approach may be implemented through
the introduction of a resilience-oriented operational monitoring system aimed at identifying critical opera-
tional constraints within the energy sector. In the context of Ukraine, such a mechanism could support the
prioritization of infrastructure modernization measures, adaptive reserve allocation, and rapid identification
of systemic vulnerabilities under conditions of wartime uncertainty and low-carbon transformation. The
implementation of such monitoring instruments may significantly improve the responsiveness and strategic
flexibility of energy policy decision-making.

It is established that the effectiveness of implementing these managerial decisions directly depends on
the extent to which operational constraints are taken into account in the process of energy policy formation.
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Under conditions of war-induced threats and infrastructure damage, operational constraints acquire decisive
significance, which necessitates a transition from an extensive model of energy sector development to a
model oriented toward enhancing flexibility, adaptability, and systemic resilience.
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Glossary

Energy System Resilience (ES Resilience) The ability of an energy system to withstand external shocks, maintain
functionality, recover after disruptions, and adapt to changing conditions.

Operational Constraints A set of endogenous systemic factors that determine the boundary con-
ditions of energy system functioning across generation, transmission,
distribution, and consumption processes.

Functional Capacity The ability of an energy system to ensure continuity, reliability, and effective-
ness of energy supply.

Adaptive Capacity The ability of an energy system to adjust its structure, operational
modes, and response mechanisms under conditions of uncertainty and
transformation.

Composite Resilience Index (I_RES) An integrated indicator reflecting the combined effect of functional capacity,

adaptive capacity, and operational constraints on the overall resilience of the
energy system.

Abbreviations
The following abbreviations are used in this manuscript:
ES Energy System
LDM Logical Design Method
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GDP Gross Domestic Product
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