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Abstract

The transition towards low-carbon energy systems is fundamentally reshaping the relation-
ships between energy security, affordability, and environmental sustainability. Although the
energy trilemma has become a widely adopted framework for analysing these objectives,
existing studies often examine individual dimensions or bilateral trade-offs in isolation,
providing limited understanding of how interactions evolve throughout the transition
process. This review synthesises recent evidence on the energy trilemma in the context
of the low-carbon transition and develops a dynamic, context-sensitive interpretation of
interactions between its three dimensions. A structured integrative literature review with
thematic synthesis was conducted using systematic searches of the Scopus and Web of
Science databases, followed by multi-stage screening and qualitative synthesis. Rather than
evaluating individual studies separately, the review integrates evidence across comple-
mentary research streams to identify recurring interaction patterns, trade-offs, synergies,
and the conditions under which they emerge. The findings demonstrate that interactions
within the energy trilemma are neither static nor universally characterised by unavoidable
trade-offs. Energy security increasingly depends on electricity system resilience, critical
mineral supply chains, and institutional capacity rather than fossil fuel availability alone.
Affordability is shaped primarily by distributional processes, adaptive capacity, and eq-
uitable access to low-carbon transition opportunities rather than average energy prices.
Security—affordability interactions evolve across different risk regimes, highlighting the
economic value of resilience under geopolitical uncertainty and market disruption. Across
all three dimensions, technological innovation, infrastructure development, governance
quality, temporal dynamics, and socio-economic context determine whether policy interven-
tions generate trade-offs or mutually reinforcing outcomes. Building on these findings, the
review reconceptualises the energy trilemma as a dynamic and context-sensitive analytical
framework rather than a static balancing exercise. The proposed framework integrates tech-
nological, institutional, temporal, distributional, and geopolitical perspectives to explain
how interactions among energy security, affordability, and environmental sustainability
evolve under different transition conditions.

Keywords: energy trilemma; low-carbon transition; energy security; environmental
sustainability; trade-offs; dynamic interactions

1. Introduction

The transition towards low-carbon energy systems has fundamentally transformed
the priorities of contemporary energy policy. Governments are no longer challenged solely
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by the need to reduce greenhouse gas emissions, but increasingly by the requirement to
achieve climate objectives while maintaining reliable, resilient, and affordable energy sys-
tems under conditions of growing geopolitical uncertainty, accelerating electrification, and
rapidly evolving technologies [1,2]. Recent geopolitical disruptions, increasing electricity
demand, expanding renewable energy deployment, and the growing strategic importance
of critical materials have further demonstrated that decarbonisation cannot be considered
independently of wider energy system resilience and socio-economic stability [1,3,4]. At
the same time, the transition creates new opportunities for reducing fossil fuel dependence,
improving energy efficiency, and strengthening long-term sustainability, while simulta-
neously generating technological, institutional, and distributional challenges that require
increasingly integrated policy responses [5-7]. These developments suggest that under-
standing the interactions among multiple energy policy objectives has become as important
as pursuing the objectives themselves.

The growing complexity of the low-carbon transition has renewed attention towards
the energy trilemma, commonly conceptualised through the interconnected dimensions
of energy security, affordability (or energy equity), and environmental sustainability [2].
While this framework has traditionally been used to evaluate the balance among these
three dimensions, recent research increasingly demonstrates that their relationships are
neither static nor universally applicable. Instead, they evolve as technological innovation,
electricity system transformation, changing geopolitical conditions, and institutional re-
sponses reshape both the opportunities and constraints of decarbonisation [8-10]. Energy
security is no longer determined primarily by uninterrupted access to fossil fuels, but it
increasingly depends on electricity system flexibility, grid resilience, critical mineral supply
chains, and the secure deployment of low-carbon technologies [5,7]. Likewise, affordability
extends beyond energy prices to encompass energy poverty, adaptive capacity, equitable
access to low-carbon technologies, and the distribution of transition costs and benefits
across different social groups [11-14]. Environmental sustainability increasingly requires a
systems perspective that considers not only greenhouse gas mitigation but also resource
use, life-cycle impacts, circularity, and the environmental implications of rapidly expand-
ing clean energy value chains [6,15]. These developments make the relationships among
the three trilemma dimensions increasingly dependent on the technological, institutional,
temporal, distributional, and geopolitical conditions under which the transition unfolds.

Research on the energy trilemma and low-carbon transitions has significantly ad-
vanced understanding of individual trilemma dimensions and their interactions. Recent
studies have examined renewable energy integration, electricity system resilience, and
adaptive energy governance [5,8,10], while others have focused on critical minerals, en-
ergy justice, affordability, and geopolitical risks as increasingly important determinants of
transition outcomes [7,13,16]. At the same time, methodological approaches have diversi-
fied considerably, encompassing composite indicator frameworks, optimisation models,
scenario analysis, governance-oriented research, and interdisciplinary transition studies.

Despite these advances, the literature has largely evolved through specialised research
streams that remain only partially integrated. Existing studies frequently examine indi-
vidual trilemma dimensions or bilateral relationships, particularly those between energy
security and environmental sustainability or affordability and sustainability, while com-
paratively fewer investigations analyse the multidirectional interactions among all three
dimensions simultaneously [5,6,14]. Moreover, trilemma performance is still commonly
evaluated using relatively static indicators or cross-sectional perspectives, despite growing
recognition that transition outcomes depend on technological maturity, institutional capac-
ity, temporal dynamics, geopolitical developments, and distributional conditions [7,8,17].
Consequently, there remains a need for a more integrated explanation of how interactions
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among energy security, affordability, and environmental sustainability evolve through-
out the low-carbon transition. In particular, existing evidence needs to be synthesised to
identify the mechanisms through which trade-offs and synergies emerge, the contextual
conditions that shape their direction and intensity, and the circumstances under which
initial trade-offs may weaken, persist, or develop into longer-term synergies.

Against this background, the objective of this review is to synthesise contemporary
evidence on the evolving relationships among energy security, affordability, and environ-
mental sustainability during the low-carbon transition. Rather than evaluating the relative
performance of countries or proposing universally applicable policy solutions, the review
develops a context-sensitive analytical framework that explains how technological, institu-
tional, temporal, distributional, and geopolitical conditions shape trilemma interactions and
influence the emergence of trade-offs and synergies across different transition pathways.

Guided by this objective, the review addresses the following research questions:

RQ1. How should the energy trilemma be interpreted in the context of the low-carbon transition?

RQ2. How do interactions among energy security, affordability, and environmental sustainabil-
ity generate trade-offs and synergies under different technological, institutional, temporal,
distributional, and geopolitical conditions?

RQ3. How can current evidence be synthesised into a context-sensitive analytical framework that
supports future research and policy development?

Building on these research questions, this review makes four principal contributions
to the existing literature. First, it integrates previously fragmented research streams on
energy security, affordability, and environmental sustainability into a common analytical
synthesis. This enables evidence on bilateral and multidimensional trilemma relationships
to be considered jointly rather than as separate transition challenges.

Second, the review identifies recurring mechanisms and interaction patterns through
which low-carbon transition processes generate trade-offs and synergies among the three
trilemma dimensions. It shows that the direction and intensity of these interactions depend
on technological, institutional, temporal, distributional, and geopolitical conditions and
may change as energy systems progress through the transition.

Third, these findings are consolidated into a context-sensitive analytical framework
that links trilemma interactions to the conditions under which they emerge and evolve. The
framework provides a structured basis for examining why similar transition measures can
produce different security, affordability, and sustainability outcomes across energy systems
and over time.

Finally, the review translates the synthesis into implications for context-sensitive and
adaptive energy governance and identifies empirically examinable questions for future
comparative and longitudinal research.

The remainder of this article is organised as follows. Section 2 reviews the conceptual
foundations of the energy trilemma and its evolution in the context of the low-carbon
transition. Section 3 describes the review methodology. Section 4 synthesises the literature
on trade-offs and synergies among energy security, affordability, and environmental sus-
tainability. Section 5 presents the proposed context-sensitive analytical framework, while
Sections 6 and 7 discuss policy implications and future research directions, respectively.
Section 8 discusses the limitations of the review, and Section 9 concludes the article.
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2. Conceptual Foundations of the Energy Trilemma in the
Low-Carbon Transition

2.1. The Energy Trilemma as an Analytical Framework

The energy trilemma is commonly used to describe the challenge of balancing three
central objectives of energy policy: energy security, energy equity, and environmental
sustainability. In the World Energy Council framework, energy security refers to the
ability of an energy system to meet current and future demand reliably and to withstand
disruptions; energy equity concerns access to affordable and modern energy services; and
environmental sustainability concerns the reduction in the environmental impacts of energy
production and use. The World Energy Council presents the trilemma as a framework
for assessing the balance and robustness of national energy systems, while the Energy
Trilemma Index provides a comparative assessment of energy system performance across
countries [2].

In this review, the energy trilemma is treated not only as a benchmarking framework
but as an analytical lens for examining how trade-offs and synergies emerge under low-
carbon transition conditions. This distinction is important because composite indicators
can show whether countries perform differently across energy security, equity, and sus-
tainability, but they do not necessarily explain why progress in one dimension supports
or constrains another. A country may improve sustainability through renewable energy
deployment while still facing affordability pressures or grid integration problems. Sim-
ilarly, short-term energy security measures may weaken long-term sustainability if they
extend fossil fuel dependence. Therefore, this review uses the trilemma as a relational
framework: the focus is on the interactions between the three dimensions, not only on their
separate measurement.

The relationship between the low-carbon transition and the environmental sustainabil-
ity dimension requires an important conceptual distinction. Environmental sustainability
represents one of the three objectives of the energy trilemma, whereas the low-carbon
transition refers to the broader process of energy system transformation through which
decarbonisation and related sustainability objectives are pursued. The transition is, there-
fore, not treated in this review as a fourth trilemma dimension or as an external objective
separate from environmental sustainability. Rather, it represents the transformation con-
text within which the pursuit of sustainability reshapes the conditions affecting all three
trilemma dimensions.

This distinction makes a relational interpretation of the trilemma especially important.
Earlier energy policy debates often framed the trilemma around securing fuel supply,
maintaining acceptable energy prices and reducing environmental damage. These concerns
remain relevant, but their substance changes as energy systems decarbonise. Energy
security increasingly depends on electricity networks, system flexibility, critical minerals,
and clean technology supply chains. Affordability increasingly depends not only on energy
prices but also on access to low-carbon technologies and the distribution of transition
costs. Environmental sustainability itself requires attention not only to emissions reduction
but also to the life-cycle impacts, resource use, land use pressures, and waste associated
with the technologies and infrastructures through which decarbonisation is pursued. The
trilemma should, therefore, be understood as a dynamic framework whose interactions
evolve as the energy system transformation progresses.

2.2. Energy Security: From Fuel Supply to System Resilience

Energy security has traditionally been associated with the availability, reliability, and
affordability of energy supply. In many countries, this has meant reducing exposure to
imported fuels, diversifying suppliers, maintaining sufficient infrastructure, and ensuring
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that energy markets can withstand geopolitical or technical disruptions. These concerns
remain important, especially in the context of recent geopolitical instability and energy price
volatility. However, the low-carbon transition broadens the meaning of energy security
from fuel availability towards whole-system resilience.

This shift is most visible in electricity systems. Electrification of transport, build-
ings, industry, data centres, and advanced manufacturing makes reliable electricity supply
increasingly central to economic and social life. The IEA projects that global electricity
demand will grow strongly during 2026-2030 and that electricity consumption will in-
crease much faster than total energy demand [3]. Under these conditions, electricity grids,
flexibility resources, and system operation become core energy security issues. Renewable
electricity can reduce dependence on imported fossil fuels, but high shares of solar and
wind require adequate transmission and distribution networks, storage, demand response,
balancing capacity, and supportive regulatory frameworks. The IEA notes that grids and
flexibility are moving to the forefront of policymaking as power systems integrate changing
patterns of generation, demand, and storage, while large volumes of renewables, storage,
and new electricity demand remain delayed in grid connection queues [3].

Critical minerals further illustrate the changing nature of energy security. Low-carbon
technologies depend on material inputs such as copper, lithium, nickel, cobalt, graphite,
and rare earth elements. These materials are essential for electricity networks, batteries,
electric vehicles, wind turbines, solar technologies, and digital infrastructure. As a result,
energy security is increasingly connected to the resilience and diversification of mineral
supply chains. The IEA argues that critical minerals have moved to the centre of energy,
economic, and national security agendas because of supply chain concentration, trade
restrictions, and the need for resilience and diversification [4]. Recent export controls and
concentration in processing and refining have turned critical mineral supply chains into a
direct economic security challenge [4].

Energy security in the low-carbon transition, therefore, involves both old and new
risks. Fossil fuel dependence, geopolitical conflict and price volatility remain important,
but electricity system adequacy, grid congestion, flexibility, technology dependence, dig-
ital vulnerabilities, and mineral supply concentration are becoming increasingly central.
This does not mean that the low-carbon transition necessarily weakens energy security.
Renewable energy, efficiency, storage, demand-side flexibility, and regional interconnection
can strengthen security by reducing exposure to imported fuels and improving system
resilience. However, these benefits depend on infrastructure, governance, investment
capacity, and policy coordination.

2.3. Affordability, Equity, and Energy Justice

The second dimension of the trilemma is commonly described as energy equity. In
this review, affordability is used as the main analytical entry point because the low-carbon
transition directly affects energy prices, household energy burdens, investment costs, and
access to low-carbon technologies. However, affordability is not treated as a narrow ques-
tion of low prices. It is connected to wider questions of energy poverty, social vulnerability,
distributional justice, procedural participation, and energy justice.

Energy justice scholarship provides an important conceptual bridge between afford-
ability and equity. Heffron et al. [11] argue that energy justice can help balance the compet-
ing aims of the energy trilemma while addressing inequality across the energy sector and
wider society. Heffron [12] further emphasises that energy justice has become an important
interdisciplinary concept for ensuring that energy transitions are fair, equal, equitable, and
inclusive. From this perspective, affordability concerns not only whether energy prices are
low but also whether households can access adequate energy services, whether vulnerable
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groups are protected from excessive energy burdens, whether communities participate in
energy decisions, and whether the benefits and costs of transition are shared fairly.

The recent global energy crisis illustrates why affordability has become a central part
of the energy trilemma. High energy prices placed severe pressure on household budgets
and brought affordability and fairness to the centre of energy policy debates, especially
for low-income countries and households [18]. However, affordability debates can be
misleading if recent price shocks are attributed primarily to climate policy or clean energy.
The IEA argues that the 2022 global energy crisis was not caused by clean energy but was
strongly linked to major reductions in Russian natural gas supply [18]. This distinction
is important because it prevents affordability from being framed as inherently opposed
to decarbonisation.

At the same time, clean energy transitions can create genuine affordability and equity
risks. Many low-carbon technologies have lower operating costs over their lifetime but
require higher upfront investment. Building renovation, heat pumps, rooftop solar, electric
vehicles, and efficient appliances can reduce long-term energy costs, but households with
low incomes, poor access to credit, rental housing, or inadequate buildings may be unable
to benefit from them. The OECD notes that climate change and energy transition pathways
have heterogeneous effects across countries, regions, households, and workers, and that
both price-based and non-market policies can raise equity concerns depending on national
context, affordability, and energy poverty conditions [19]. Affordability must, therefore,
be analysed as a distributional issue: the key questions are not only whether average
energy prices rise or fall but who pays, who benefits, when costs are incurred, and whether
vulnerable groups can adapt.

2.4. Environmental Sustainability: Beyond Emissions Reduction

Environmental sustainability forms the third dimension of the trilemma. It is most
commonly associated with reducing greenhouse gas emissions, limiting climate change,
and decreasing the environmental impacts of energy production and consumption. Decar-
bonisation is, therefore, a central component of this dimension and a principal driver of
the low-carbon transition, involving the expansion of renewable energy, improvements in
energy efficiency, electrification of end uses, and the phasing down of fossil fuels. These
objectives remain central because deep decarbonisation is necessary to meet climate goals.

However, sustainability cannot be reduced to operational emissions alone. A low-
carbon technology may reduce emissions during use while generating environmental
or social pressures elsewhere in its life-cycle. Renewable energy infrastructure, batteries,
electric vehicles, electricity networks, and digital technologies require materials, land, water,
processing facilities, and waste management systems. The extraction and refining of critical
minerals can create environmental impacts, social tensions, and governance concerns.
Similarly, large-scale deployment of renewables can raise land use, biodiversity, permitting,
and local acceptance issues. These concerns do not undermine the need for decarbonisation,
but they show that sustainability must be understood through a whole-system lens.

Critical minerals again illustrate this point. They are essential for low-carbon tech-
nologies, but their supply chains can create environmental and social risks if mining,
processing, and recycling are poorly governed. The IEA’s critical minerals outlook includes
not only supply and demand analysis but also sustainability performance tracking and
policy frameworks, reflecting the need to connect mineral security with responsible supply
chain development [4]. Recycling, circular economy approaches, responsible sourcing,
and improved material efficiency are, therefore, not only sustainability measures but also
security measures. Sustainability in the low-carbon transition requires attention to the full
energy system and the broader value chains that support it.
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2.5. Trade-Offs, Synergies, and Context Dependence

The three dimensions of the energy trilemma are interdependent. A policy designed
to improve one dimension can support, weaken, or transform another. These interactions
can take the form of trade-offs, where progress in one dimension creates costs or risks
in another, or synergies, where a policy improves multiple dimensions at the same time.
Understanding these interactions is the central analytical task of this review.

Trade-offs arise in several ways. Security-oriented policies may weaken sustainability
if they extend the lifetime of fossil fuel infrastructure or support new carbon-intensive
assets in the name of short-term reliability. Sustainability-oriented policies may weaken
affordability if they impose high upfront costs or distribute transition costs regressively.
Affordability-oriented policies may weaken sustainability and long-term security if they
suppress price signals, reduce incentives for efficiency, or delay investment in clean in-
frastructure. External shocks can intensify these tensions. Opoku et al. [20] show that
geopolitical risks may have positive effects on energy security and energy equity while cre-
ating negative pressures on environmental sustainability. Yosthongngam et al. [21] find that
climate physical risk places pressure on energy security and environmental sustainability,
while institutional quality moderates how countries absorb and adapt to these risks.

Synergies are also possible, but they are not automatic. Energy efficiency can reduce
emissions, lower consumer bills, and decrease dependence on imported fuels. Renewable
energy can improve sustainability and energy independence, but only when supported by
adequate grids, flexibility, and storage. Targeted social protection can protect vulnerable
households without fully weakening incentives for efficiency or demand response. Circular
economy strategies can reduce waste, lower material dependence, and strengthen supply
chain resilience. In each case, policy design determines whether an intervention reduces or
worsens trilemma tensions.

For this reason, the energy trilemma should be understood as a context-sensitive frame-
work. The same policy can have different effects depending on income level, energy mix,
institutional quality, market design, infrastructure capacity, import dependence, climate
exposure, and social vulnerability. Carbon pricing, for example, may be environmentally
effective but politically fragile if compensation mechanisms are weak. Renewable subsidies
may accelerate decarbonisation but become regressive if only higher-income households
can access them. Grid investment may raise network costs in the short term but reduce
congestion, improve reliability, and lower system costs over time. This context dependence
is central to the contribution of the review: the trilemma is treated as a dynamic analyti-
cal framework for examining how the relationships among energy security, affordability,
and sustainability evolve as the energy system transformation progresses and how policy
measures can transform trade-offs into synergies under specific conditions.

The key conceptual shifts discussed throughout this section are consolidated in Table 1,
which contrasts the conventional interpretation of each energy trilemma dimension with
the broader interpretation emerging under low-carbon transition conditions. The columns
should be read as a conceptual progression rather than as independent categories: changes
in the underlying meaning and operational conditions of each trilemma dimension modify
the types of risks and tensions associated with its pursuit. Thus, conventional concerns cen-
tred primarily on fuel availability, energy prices, and direct environmental impacts evolve
into broader challenges involving electricity system resilience, critical material depen-
dencies, distributional inequality, infrastructure requirements, and life-cycle impacts. The
categories presented in the table reflect recurring conceptual shifts identified in the reviewed
literature, including the movement from fuel supply security towards system resilience,
from price-centred affordability towards distributional equity and adaptive capacity, and
from emissions-centred sustainability towards whole-system and life-cycle considerations.

https:/ /doi.org/10.3390/en19184474


https://doi.org/10.3390/en19184474

Energies 2026, 19, 4474

8 of 44

The final column translates these shifts into the principal trade-off risks that provide the
conceptual basis for the interaction-oriented synthesis developed in Section 4. Together,
these conceptual foundations inform the review methodology described in the following
section and the subsequent synthesis of trade-offs and synergies across the literature.

Table 1. Conceptual evolution of the energy trilemma dimensions and associated trade-off risks
under low-carbon transition conditions.

Low-Carbon Transition

Dimension Traditional Interpretation . Main Trade-Off Risks
Interpretation
Electricity system resilience, grid Fossil fuel lock-in, grid
Fuel supply, import adequacy, flexibility, storage, bottlenecks, mineral
Energy security dependence, infrastructure demand response, critical dependence, technology
reliability, price stability minerals, clean technology concentration, cyber and
supply chains infrastructure risks
Energy burden, energy poverty, = Regressive transition costs,
Low prices, access to upfront costs of clean unequal access to clean
Affordability /equity energy, consumer technologies, access to efficiency  technologies, affordability
protection and electrification, backlash, weak
distributional justice social acceptance
Emissions reduction, Whole—sys tem sustainabﬂity, Ma.tenal extraction
. renewable energy ) . impacts, local
Environmental life-cycle impacts, land use, .
L deployment, energy -l . o . environmental pressures,
sustainability .- biodiversity, critical mineral .
efficiency, waste, land use conflicts,

extraction, recycling, circularity

reduced pollution rebound effects

3. Review Methodology
3.1. Review Design

This study employed a structured integrative literature review with a systematic
search strategy and thematic synthesis to examine the evolving relationships between
energy security, affordability, and environmental sustainability within the context of the
low-carbon transition. An integrative review was considered the most appropriate method-
ological approach because the research objective was not to estimate quantitative effects
or synthesise evidence from a single study design but rather to integrate the diverse con-
ceptual, empirical, and policy-oriented literature into a coherent analytical understanding
of the energy trilemma [22-24]. This approach enabled the inclusion of studies employ-
ing different methodological traditions, while facilitating the identification of recurring
mechanisms, emerging themes, and broader patterns across the literature.

Unlike conventional narrative reviews, the review followed a predefined and trans-
parent search and screening strategy designed to ensure methodological rigour and re-
producibility. At the same time, it did not seek the exhaustive coverage typically as-
sociated with full systematic reviews or meta-analyses. Instead, the review adopted a
structured and concept-driven approach in which literature was selected according to
its analytical relevance for explaining interactions among the three dimensions of the en-
ergy trilemma. Particular attention was paid to studies that advanced the understanding
of trade-offs, synergies, contextual conditions, and policy responses associated with the
low-carbon transition.

The review was further guided by thematic synthesis, which focused on identifying
and integrating recurring analytical mechanisms rather than summarising individual pub-
lications in isolation. Instead of organising the evidence according to study characteristics
or research designs, the synthesis examined how different studies explained relationships
between energy security, affordability, and environmental sustainability under varying
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technological, institutional, geopolitical, and socio-economic conditions. This approach
supported the development of a context-sensitive interpretation of the energy trilemma
and ultimately informed the conceptual framework proposed later in the review.

3.2. Literature Search Strategy

The literature search was designed to capture both the core energy trilemma literature
and the rapidly expanding body of research examining its individual dimensions within
the context of the low-carbon transition. Because relevant studies are dispersed across
multiple research domains—including energy policy, sustainability transitions, energy
justice, electricity systems, and critical mineral supply chains—a single search strategy
based exclusively on the term energy trilemma was considered insufficient. Consequently,
the search strategy combined a broad conceptual search with targeted thematic searches
addressing the principal interactions examined in this review.

Two multidisciplinary bibliographic databases, Scopus and Web of Science Core Col-
lection, were selected as the principal sources for the structured peer-reviewed literature
search because of their broad and complementary coverage of research across energy,
sustainability, environmental science, economics, and public policy. The use of these estab-
lished bibliographic databases also enabled a consistent search and screening procedure to
be applied across the multidisciplinary literature relevant to the energy trilemma. Searches
were limited to English-language journal articles and review papers published between
2015 and 2026. The 2015 starting point was selected to focus the structured search on the
contemporary phase of the low-carbon energy transition, characterised by accelerating
technological change, renewable energy deployment, and electrification, and increasingly
complex interactions between decarbonisation, energy security, and affordability. The
temporal boundary was, therefore, intended to capture the conditions most relevant to the
contemporary energy trilemma rather than to provide a comprehensive historical account
of energy transitions. Conference papers, editorials, book chapters, and other non-peer-
reviewed publications were excluded from the structured database search in order to
maintain a consistent peer-reviewed evidence base. However, the broader evidence used
in the review was not restricted exclusively to publications retrieved through Scopus and
Web of Science. A limited number of authoritative institutional publications, including
reports published by the International Energy Agency (IEA), the Organisation for Economic
Co-operation and Development (OECD), and the World Energy Council (WEC), were in-
cluded selectively where they provided internationally recognised conceptual definitions,
policy frameworks, or statistical evidence directly relevant to the review objectives. These
institutional sources were treated as complementary contextual evidence rather than as
part of the numerical screening workflow for peer-reviewed publications.

To ensure comprehensive coverage while maintaining a clear analytical focus, the
search strategy was organised around six complementary thematic search blocks, each
addressing a distinct component of the energy trilemma literature (Table 2). The first
block captured the conceptual foundations of the energy trilemma, whereas the remaining
blocks focused on the principal bilateral interactions among energy security, affordability,
and environmental sustainability, together with two emerging themes that have become
increasingly important under the low-carbon transition: critical minerals and electricity
system resilience. This multi-block strategy reduced the risk of overlooking relevant
studies that address individual trilemma dimensions without explicitly employing the
term energy trilemma.
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Table 2. Thematic structure of the literature search strategy.
Search Block Primary Focus
Bl Conceptual foundations of the energy trilemma
B2 Energy security—environmental sustainability interactions
B3 Affordability—environmental sustainability interactions
B4 Energy security—affordability interactions
B5A Emerging research area: critical minerals and strategic supply chains
BSB Emerging research area: electricity security, grids, and
system flexibility

The complete search strings for each thematic search block are presented in
Appendix A (Table A1).

Following completion of the database searches, records retrieved from the six the-
matic blocks were merged into a single reference database prior to the screening process.
Duplicate records were removed before title and abstract screening to ensure that each
publication entered the review only once, irrespective of the number of search blocks in
which it appeared.

3.3. Study Selection and Screening

Following database retrieval and within-block deduplication, 510 unique records
underwent a multi-stage screening process designed to progressively identify studies pro-
viding the greatest analytical value for the objectives of this review (Figure 1). Rather than
relying solely on keyword matching, the screening process emphasised each publication’s
capacity to contribute meaningful conceptual, empirical, or policy-related insights into
the evolving relationships among energy security, affordability, and environmental sus-
tainability under low-carbon transition conditions. At both the title/abstract and full-text
stages, records were independently assessed by the two co-authors against the predefined
eligibility and analytical relevance criteria. Any initial disagreements concerning inclusion,
exclusion, or interpretation were subsequently discussed until consensus was reached, and
no third-party arbitration was required. A formal inter-rater agreement coefficient was not
calculated; the consensus-based procedure is, therefore, reported explicitly to provide a
transparent account of how disagreements were resolved.

During the initial title and abstract screening, publications were assessed according
to their topical relevance and anticipated analytical contribution to the review. Of the
510 records screened, 391 were retained for further assessment, whereas 119 were not
advanced because they either fell outside the scope of the review or provided insuffi-
cient analytical value for the objectives of the study. Two general reasons accounted for
non-advancement at this stage: thematic or scope mismatch, where publications did not
substantively address the energy trilemma dimensions or their interactions under low-
carbon transition conditions, and insufficient analytical relevance to the objectives of the
review. Because these reasons were not recorded as mutually exclusive categories dur-
ing the original screening process, they are reported qualitatively rather than as separate
numerical counts.

During consolidation of the retained records, an additional 34 duplicate publications
retrieved across multiple thematic search blocks were identified and removed. This resulted
in 357 unique publications, which subsequently underwent a stricter analytical screening
focused on conceptual relevance, analytical value, and redundancy. Following this stage,
112 publications were retained for targeted full-text assessment and detailed thematic
analysis. The remaining 245 publications were not advanced at this stage, primarily
because of insufficient conceptual relevance, insufficient analytical value in explaining
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the mechanisms, contextual conditions or policy implications associated with trilemma
interactions, or substantial redundancy with evidence already represented by retained
studies. As at the preceding stage, these reasons were not recorded as mutually exclusive
categories during the original screening process and are, therefore, reported qualitatively
rather than as separate numerical counts.

[ Scopus + Web of Science ]

v

Six thematic search blocks

Records identified n = 806

(Scopus = 437; Web of Science = 369)

v

Deduplication

Duplicates removed n = 296

Unique records for title and abstract screening n = 510

N ¢ J
f Title and abstract screening \
510 records screened
Retained n = 391
Not advanced n =119
K Reasons: thematic or scope mismatch; insufficient analytical relevance /

Strict analytical screening \

Records assessed n = 357

Retained for targeted full-text assessment n = 112
Not advanced n = 245

Reasons: insufficient conceptual relevance or analytical value; substantive redundancy

v

/ Targeted full-text assessment \

Publications assessed n = 112
Initially retained for thematic synthesis n = 59

Not retained n =53

@easons: limited analytical contribution or complementarity within the thematic synthesij

v

/ Final thematic synthesis \

Structured review evidence base: 42 peer-reviewed studies
Targeted supplementary evidence: 3 peer-reviewed historical transition studies
Complementary sources: 6 institutional reports + 3 methodological references

K Final citation base n = 54 /

v

s R

Review synthesis: bilateral interaction syntheses; integrated trilemma dynamics; context-
sensitive analytical framework

- J

Figure 1. Workflow of the original structured literature search, study selection, and screening process,
together with the supplementary evidence incorporated during manuscript revision and the resulting
final thematic synthesis.
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Because the review sought to develop a conceptual synthesis across heterogeneous
evidence rather than evaluate intervention effectiveness, a formal methodological quality
appraisal using standard critical appraisal tools was not undertaken. Instead, studies were
evaluated during full-text assessment according to their analytical relevance, conceptual
or empirical contribution, and alignment with the review questions, consistent with the
interpretive objectives of integrative literature reviews [24].

The initial screening stage consisted of title and abstract assessment, during which
publications were evaluated against the predefined scope of the review. Studies were
retained when they addressed at least one of the three energy trilemma dimensions or their
interactions within the context of energy transition, decarbonisation, electricity systems,
critical minerals, energy justice, or related policy challenges. Publications focusing on
unrelated topics, lacking substantive relevance to the review objectives, or failing to provide
sufficient analytical content were excluded at this stage.

Publications passing the initial screening subsequently underwent targeted full-text
assessment. Instead of reviewing every publication with equal depth, full-text analy-
sis focused on extracting information directly relevant to the review questions. Particu-
lar attention was paid to studies explaining the mechanisms underlying trade-offs and
synergies, contextual conditions influencing interactions among trilemma dimensions,
proposed policy responses, and emerging analytical perspectives. Where multiple pub-
lications presented highly similar evidence or repeated equivalent analytical arguments,
studies offering broader conceptual contributions, stronger empirical evidence, or greater
thematic distinctiveness were retained to maximise analytical diversity while avoiding
unnecessary redundancy.

Three complementary criteria guided the analytical screening. Conceptual relevance
referred to the extent to which a publication contributed directly to understanding one
or more energy trilemma dimensions or the relationships among them under low-carbon
transition conditions. Analytical value referred to the extent to which a study provided
explanatory insight into the mechanisms generating trade-offs or synergies, the contextual
conditions shaping these interactions, their temporal or distributional characteristics, or
associated policy responses. Redundancy referred to substantial duplication of an analytical
argument or empirical insight already represented by other retained studies. Redundancy
was not treated as an indication of lower study quality; rather, it was used to avoid
overrepresenting repeatedly documented arguments when multiple publications offered
substantively equivalent contributions.

The overall screening strategy, therefore, prioritised analytical relevance over publi-
cation quantity. Inclusion was determined not only by topical relevance but also by each
study’s contribution to explaining recurring mechanisms, contextual variation, and policy
implications across the energy trilemma literature. This progressive screening process
formed the basis for the subsequent evidence extraction and thematic synthesis presented
in the following section.

3.4. Evidence Extraction and Thematic Synthesis

Following targeted full-text assessment of the 112 retained publications, 59 publica-
tions were initially retained for thematic synthesis based on conceptual relevance, analytical
contribution, and complementarity within the emerging thematic structure (Figure 1). The
remaining 53 publications were not retained because their contribution to the emerging
synthesis was comparatively limited in terms of analytical contribution or complementarity
with the evidence already represented. These reasons were not recorded as mutually exclu-
sive exclusion categories and are, therefore, reported qualitatively rather than as separate
numerical counts. During subsequent synthesis and manuscript preparation, a number of
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these publications were consolidated: several studies presenting highly similar evidence
were merged into a single analytical account, a small number were superseded by more
recent publications addressing the same mechanism, and others became redundant once the
thematic structure of the review was finalised. As a result, the structured review evidence
base comprised 42 peer-reviewed journal articles and review papers. During manuscript
revision, a targeted supplementary search was conducted in response to the need for
stronger representation of historical energy transition perspectives identified during peer
review. This search resulted in the inclusion of three additional peer-reviewed studies
addressing historical transition dynamics, temporal inertia, and path dependence, which
were incorporated selectively into the synthesis in Sections 4.4 and 5. These supplementary
studies were treated as complementary evidence and were not retrospectively incorporated
into the original predefined Scopus and Web of Science screening workflow; accordingly,
the original screening counts reported in Figure 1 remain unchanged. The final evidence
base, therefore, comprised 45 peer-reviewed studies, complemented by six authoritative
institutional reports providing internationally recognised conceptual definitions, policy
frameworks, and statistical evidence, and three methodological references informing the
review design and evaluation approach.

The extracted evidence subsequently underwent thematic synthesis. Thematic devel-
opment proceeded iteratively from the structured evidence extraction. Relevant findings
and arguments were first coded according to the trilemma interaction addressed and
the mechanism through which that interaction was explained. Related codes were then
compared across studies and consolidated into broader analytical themes where recur-
ring mechanisms or contextual patterns were identified. The three bilateral trilemma
relationships provided the higher-order structure for organising the synthesis, while cross-
cutting subthemes emerged from recurring evidence concerning technological, institutional,
temporal, distributional, and geopolitical conditions. The resulting themes were subse-
quently reviewed against the underlying studies to ensure that they reflected convergent
or substantively distinctive evidence rather than isolated observations. The synthesis was
initially structured around the three principal bilateral interactions comprising the energy
trilemma—energy security—environmental sustainability, affordability—environmental sus-
tainability, and energy security—affordability. These thematic syntheses were subsequently
integrated to examine how interactions among all three dimensions evolve simultane-
ously under the low-carbon transition, providing the basis for the integrated analytical
framework developed in Section 5.

Throughout the synthesis process, particular emphasis was placed on identifying cross-
study convergence rather than reporting isolated findings. Where multiple publications
advanced similar analytical arguments, evidence was synthesised to capture the underlying
mechanism instead of describing each study individually. Conversely, studies offering
distinctive conceptual perspectives, novel empirical evidence, or context-specific insights
were retained to enrich the thematic interpretation and broaden the explanatory scope of
the review. Where studies reported divergent or apparently conflicting findings regarding
the same interaction, these differences were retained rather than resolved by selectively
emphasising one study over another. Instead, they were interpreted in relation to the
contextual conditions under which the respective findings were obtained, such as system
flexibility, market design, institutional capacity, or transition stage. Divergent evidence was,
therefore, treated as informative about the context-dependence of trilemma interactions
rather than as an inconsistency to be eliminated from the synthesis. This approach allowed
the review to move beyond descriptive literature summarisation towards an integrated
explanation of the dynamic relationships underpinning the contemporary energy trilemma.
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Generative artificial intelligence (ChatGPT, OpenAl model GPT-5.5) was used as a
supporting tool during selected organisational and preliminary analytical stages of the
review. Its use was limited to reference organisation, assistance with duplicate identifi-
cation, preliminary screening support, and the organisation of candidate thematic codes.
During preliminary screening, the tool was instructed to assess the apparent relevance of
bibliographic records to the predefined review scope and to provide a provisional categori-
sation with a brief rationale; these outputs served only as decision support information
and did not determine eligibility. During thematic organisation, the tool was used to
compare author-extracted findings, identify potentially recurring mechanisms, and suggest
candidate groupings of related codes. Representative prompt templates used for these
tasks are reported in Appendix B to improve transparency and reproducibility.

Human verification was maintained throughout the review process. As described in
Section 3.3, title/abstract and full-text eligibility decisions were independently assessed by
both co-authors, and Al-generated screening suggestions were not treated as inclusion or
exclusion decisions. Similarly, candidate thematic groupings suggested with Al assistance
were checked against the underlying publications and retained, modified, or rejected on
the basis of the authors’ interpretation of the source evidence. To minimise the risk of
Al-induced bias or unsupported content, the tool was not used as an evidence source,
was not permitted to substitute for assessment of the underlying publications, and did
not independently determine study eligibility, interpret study findings, establish the final
thematic structure, or formulate the conclusions of the review. All final screening decisions,
evidence interpretations, thematic synthesis, and manuscript content were evaluated and
approved by the authors.

4. Interactions, Trade-Offs, and Synergies Within the Energy Trilemma
4.1. Energy Security—Sustainability Interactions

The relationship between energy security and environmental sustainability changes
as decarbonisation objectives are pursued through the low-carbon transition. Traditionally,
these objectives were often portrayed as competing policy priorities, with energy security
primarily associated with secure and affordable fossil fuel supplies, while environmental
sustainability focused on reducing greenhouse gas emissions. The more recent literature,
however, increasingly challenges this conventional dichotomy by suggesting that decar-
bonisation can simultaneously strengthen and reshape energy security [25,26]. Rather than
representing an inherent conflict, security—sustainability interactions appear to depend on
the evolution of energy systems, the pace of technological change, and the institutional and
geopolitical contexts within which transition pathways are implemented [5].

A growing body of evidence indicates that low-carbon transitions can generate impor-
tant structural synergies by reducing dependence on imported fossil fuels, limiting exposure
to fuel price volatility, and lowering vulnerability to geopolitical supply disruptions [25,26].
Improvements in energy efficiency, renewable energy deployment, electrification, and
demand-side restructuring collectively reduce fossil fuel demand while strengthening the
long-term resilience of energy systems. These benefits are particularly evident when electri-
fication is accompanied by sustained expansion of low-carbon electricity generation and
continued efficiency improvements, enabling countries to reduce external fuel dependence
without compromising climate objectives [5].

Nevertheless, these benefits should not be interpreted as either immediate or uni-
versally guaranteed. The literature highlights a pronounced temporal asymmetry within
the transition process: although long-term pathways substantially reduce dependence
on fossil fuels, legacy infrastructures, existing technologies, and continuing fossil fuel
demand create an extended period during which conventional energy security vulner-
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abilities remain significant [25]. At the same time, many of the investments required
to support decarbonisation—including electricity networks, storage technologies, and
flexibility resources—only deliver their full security benefits over longer time horizons.
Consequently, energy security is increasingly understood not as a static end-state but
as a dynamic process that requires different policy priorities at different stages of the
transition [26].

A recurring finding across the reviewed literature is that the low-carbon transition
transforms rather than eliminates energy security risks [26,27]. As dependence on fossil
fuels gradually declines, new vulnerabilities emerge around electricity networks, system
flexibility, digital infrastructure, critical material supply chains, and increasingly inter-
connected technologies. Consequently, the principal challenge shifts from ensuring un-
interrupted access to fossil fuels towards maintaining the resilience of highly electrified,
digitally enabled, and technologically complex socio-technical systems. This evolution
fundamentally broadens the concept of energy security, extending it beyond traditional
concerns over fuel availability towards the governance of interconnected infrastructures
and emerging technological dependencies [5,28].

Rather than signalling a deterioration of energy security, these emerging vulnerabilities
reflect a broader process of risk transformation. Measures designed to reduce one category
of risk frequently generate new technological, institutional, geopolitical, or environmental
challenges elsewhere in the energy system. Sovacool [6] conceptualises this process through
four complementary mechanisms—risk offset, risk substitution, risk transfer, and risk
transformation—demonstrating that energy transitions rarely eliminate risks altogether
but instead redistribute them across infrastructures, technologies, and society. Viewed
from this perspective, renewable deployment, electrification, and digitalisation should
not be evaluated simply according to whether they increase or decrease energy security
but according to how they reshape the balance of risks throughout the transition process.
This conceptualisation provides the analytical foundation for understanding why security—
sustainability interactions cannot be adequately described as either purely synergistic or
inherently conflictual.

The practical implications of this evolving understanding of energy security become
particularly evident in the deployment of renewable energy technologies, where the re-
viewed evidence points to contrasting outcomes. Whereas the evidence discussed above
associates decarbonisation with reduced import dependence and greater long-term re-
silience [25,26], other studies indicate that increasing renewable capacity alone does not
automatically generate security-sustainability synergies [29]. These apparently divergent
findings can be understood in relation to differences in the underlying system conditions:
while higher shares of renewable energy generally reduce dependence on imported fossil
fuels and improve environmental performance, security outcomes depend critically on the
ability of electricity systems to accommodate increasingly variable generation. Empirical
studies consistently identify insufficient storage capacity, transmission bottlenecks, limited
system flexibility, and overly deterministic planning assumptions as important constraints
that may weaken the anticipated security benefits of renewable integration [30]. Conse-
quently, the relationship between renewable deployment and energy security is neither
linear nor automatic but mediated by the broader capacity of electricity systems to maintain
reliability, resilience, and operational flexibility under changing generation profiles.

A similar pattern emerges in the literature on electrification. Replacing direct fossil fuel
consumption with electricity is widely regarded as a cornerstone of low-carbon transition
pathways [31]. Yet electrification itself does not necessarily improve either environmental
sustainability or energy security. Rather, its benefits depend on whether growing electricity
demand is accompanied by sufficiently rapid decarbonisation of electricity generation
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together with timely investments in storage technologies, demand-side flexibility, grid
expansion, and digital system management. Where these developments are poorly co-
ordinated, emissions and security risks may simply be displaced from end-use sectors
towards electricity generation and network infrastructure. Electrification should, therefore,
be understood as a system-level transition strategy whose success depends on coordinated
transformation across the entire energy system rather than on changes in final energy
consumption alone [25].

Taken together, these findings indicate that renewable deployment and electrification
should not be viewed as independent technological solutions but as components of broader
socio-technical transitions. Their contribution to both energy security and environmental
sustainability depends on the capacity of energy systems to integrate new technologies
while preserving reliability under increasingly complex operating conditions. This ob-
servation reinforces the broader conclusion that the transition modifies the conditions
under which energy security is achieved rather than simply improving security through
technological substitution.

The recent literature, therefore, increasingly shifts attention from individual tech-
nologies towards the institutional and governance arrangements that shape transition
outcomes. The same technological pathway may generate either synergies or trade-offs
depending on market design, regulatory frameworks, investment incentives, and long-term
policy coordination. For example, capacity mechanisms introduced to safeguard electricity
system adequacy may unintentionally prolong the operation of carbon-intensive backup
generation if they continue to favour conventional fossil fuel technologies [32]. Conversely,
market designs that reward storage, demand response, and low-carbon firm capacity can
simultaneously enhance system reliability while supporting decarbonisation objectives.
Likewise, tensions between energy security and environmental sustainability often arise
not because the two objectives are inherently incompatible but because industrial pol-
icy, infrastructure planning, permitting procedures, and investment frameworks remain
insufficiently coordinated throughout the transition process [5].

Collectively, these studies suggest that security—sustainability interactions are gov-
erned less by individual technologies than by the institutional and infrastructural systems
within which those technologies operate. Renewable energy, electrification, and other
low-carbon innovations undoubtedly create opportunities for simultaneous improvements
in environmental performance and long-term energy security. However, these opportuni-
ties are realised only when technological deployment is accompanied by coherent policy
frameworks, adequate infrastructure, sufficient flexibility resources, and effective institu-
tional coordination. Consequently, successful low-carbon transitions cannot be understood
as purely technological transformations; they also depend critically on governance and
institutional coordination.

Beyond technological deployment and domestic policy coordination, the reviewed
literature increasingly highlights the importance of international governance and strategic
interdependence in shaping security—sustainability interactions. The transition towards
low-carbon energy systems is accompanied by a gradual shift from dependence on interna-
tionally traded fossil fuels towards greater reliance on globally interconnected technology
value chains, manufacturing capacities, and critical raw materials [7]. Consequently, en-
ergy security is increasingly embedded within broader industrial, trade, and innovation
policies, requiring governments to consider resilience across entire supply chains rather
than focusing exclusively on domestic energy production [5].

Importantly, the reviewed evidence does not suggest that these emerging depen-
dencies simply replace one form of geopolitical vulnerability with another. Rather, the
transition redistributes strategic dependencies across a more diversified portfolio of tech-
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nologies, materials, and international partnerships. Critical minerals, therefore, illustrate a
particularly clear security—sustainability interaction: expanding low-carbon technologies
can reduce fossil fuel dependence and emissions while simultaneously increasing exposure
to concentrated mineral supply chains and to the environmental impacts associated with
extraction and processing. At the same time, renewable energy systems create opportuni-
ties to mitigate these vulnerabilities through technological innovation, recycling, material
substitution, and international cooperation. Accordingly, strategic autonomy should not
be interpreted as complete resource self-sufficiency but as the capacity to build resilient,
diversified, and adaptive supply systems capable of responding to evolving geopolitical
and technological uncertainties [7,33].

A related perspective is provided by Thaler and Hofmann [34] through the concept
of the “Impossible Energy Trinity”, which highlights a structural tension between energy
security, environmental sustainability, and national energy sovereignty. In their formula-
tion, increasing reliance on renewable electricity may strengthen sustainability and security
through greater cross-border integration, but this can simultaneously constrain national
energy autonomy. This perspective shares with the conventional energy trilemma an em-
phasis on competing energy policy objectives, but it differs in treating national energy
sovereignty, rather than affordability or equity, as the third objective and in framing the
interaction as an explicit prioritisation problem. The context-sensitive interpretation devel-
oped in this review takes a different but complementary perspective. Rather than assuming
a structurally fixed incompatibility among objectives, it examines how the direction and
intensity of trade-offs and synergies evolve with technological, institutional, temporal,
distributional, and geopolitical conditions.

This tension between national autonomy and interdependence is also reflected in the
literature on regional electricity markets and cross-border integration. Whereas interdepen-
dence has traditionally been viewed as a potential source of energy security vulnerability,
more recent studies increasingly argue that appropriately governed interconnection can
enhance both security and sustainability by improving system flexibility, facilitating renew-
able integration, and enabling more efficient balancing of variable renewable generation
across wider geographical areas. From this perspective, resilience in low-carbon energy
systems may increasingly depend on managed interdependence rather than complete na-
tional self-sufficiency, provided that robust governance arrangements, coordinated market
design, and effective emergency response mechanisms are in place [33,34].

Overall, the reviewed literature suggests that the interaction between energy security
and environmental sustainability is considerably more dynamic than traditionally assumed.
Decarbonisation creates substantial opportunities to strengthen long-term energy secu-
rity, yet these opportunities remain conditional upon the capacity of energy systems to
anticipate, absorb, and adapt to evolving technological, institutional, and geopolitical risks.
Consequently, the transition should not be understood as a process of eliminating energy
security risks but of transforming and governing them through coordinated technologi-
cal deployment, resilient infrastructure, effective institutions, and adaptive governance.
From this perspective, the central challenge is no longer to maximise energy security
and environmental sustainability independently but to develop governance arrangements
capable of preserving long-term synergies while managing the inevitable trade-offs that
arise throughout the transition process. While these findings demonstrate that security
and sustainability can often be mutually reinforcing under appropriate technological and
institutional conditions, the transition simultaneously generates important distributional
consequences that determine how these benefits and costs are shared across societies. These
affordability-related dimensions are examined in the following section.
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4.2. Affordability-Sustainability Interactions

While the previous section demonstrated that security—sustainability interactions
are largely shaped by technological change, system flexibility, and institutional coordi-
nation, the reviewed literature increasingly suggests that the long-term success of the
low-carbon transition also depends on how its economic costs, benefits, and opportuni-
ties are distributed across society [6,13]. Environmental improvements achieved through
decarbonisation do not automatically translate into socially equitable outcomes, as house-
holds, regions, and economic sectors differ substantially in both their exposure to transition
costs and their ability to benefit from emerging low-carbon opportunities. Consequently,
affordability should be understood not simply in terms of average energy prices or ag-
gregate welfare impacts but as a fundamentally distributional dimension of the energy
transition [14,35].

A central conclusion emerging from the reviewed literature is that affordability—
sustainability trade-offs are primarily policy-contingent and distributional rather than
inherent to decarbonisation itself [13,36]. Climate policies delivering comparable emission
reductions may generate markedly different affordability outcomes depending on how
transition costs are financed, how benefits are allocated, and which social groups are able
to participate in low-carbon investments. Climate policy effectiveness and distributional
fairness should, therefore, be regarded as analytically distinct dimensions rather than
automatically complementary outcomes. As a result, policies that substantially reduce
emissions may nevertheless intensify affordability pressures or reinforce existing socio-
economic inequalities if financial burdens are widely shared while access to transition
benefits remains uneven [13,37].

This perspective shifts the analytical focus from asking whether decarbonisation in-
creases or decreases aggregate energy costs towards examining who bears transition costs,
who captures transition benefits, and who possesses the capacity to adapt. The reviewed
evidence indicates that affordability outcomes are shaped not only by income differences
but also by housing tenure, property ownership, access to capital, technological opportu-
nities, institutional arrangements, and broader socio-economic conditions that determine
households’ ability to respond [38,39]. Consequently, identical policy instruments may
generate progressive outcomes in one context while producing regressive consequences in
another. This variation highlights the importance of policy design in shaping affordability—
sustainability interactions rather than treating such trade-offs as unavoidable consequences
of ambitious climate action [13,36,40]. For example, carbon pricing accompanied by tar-
geted revenue recycling may preserve the emissions reduction incentive while limiting
burdens on low-income households, whereas the same price signal without effective com-
pensation may intensify energy poverty [36]. Similarly, retrofit or clean-heating support
may generate substantial long-term affordability gains for owner—occupiers able to co-
finance investments, while tenants and households lacking access to credit may remain
excluded from these benefits [39].

This interpretation also broadens the concept of affordability beyond short-term house-
hold expenditure. Rather than representing a static measure of energy prices, affordability
increasingly reflects the ability of households and communities to maintain essential energy
services while adapting to changing technologies, market conditions, and policy interven-
tions. From this perspective, transition vulnerability depends not only on the magnitude of
financial costs but also on unequal adaptive capacity—the extent to which households can
modify energy consumption, invest in efficiency improvements, access financial support,
or benefit from low-carbon technologies [38,40]. Understanding affordability, therefore, re-
quires analysing both the distribution of economic burdens and the unequal opportunities
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available for responding to them, thereby linking affordability with broader questions of
energy justice and social resilience [35,37].

The affordability dimension of the low-carbon transition becomes particularly visible
through changes in energy prices. Carbon pricing, fossil fuel subsidy reform, and other
market-based climate policies strengthen incentives for energy conservation, improve
energy efficiency, and support emissions reduction by encouraging behavioural change and
technological substitution [38]. However, the reviewed literature consistently shows that
the same economic signals capable of accelerating decarbonisation may simultaneously
impose disproportionate welfare costs on households with limited flexibility to reduce or
modify essential energy consumption. Affordability—sustainability trade-offs, therefore,
arise not because climate policies fail environmentally but because identical economic
incentives affect social groups with markedly different capacities to respond [13,36].

Importantly, household vulnerability cannot be explained solely by differences in
income or energy expenditure. Instead, affordability outcomes largely depend on house-
holds’ ability to adjust to changing economic conditions through behavioural adaptation,
investments in energy-efficient technologies, access to financial resources, and effective use
of public support [38]. Households facing structural constraints experience energy price
increases not only through higher utility bills but also through reduced disposable income,
forcing difficult trade-offs between energy consumption and other essential needs such as
food, healthcare, and mobility. Consequently, the regressive effects of energy price shocks
reflect unequal opportunities for adaptation rather than differences in expenditure shares
alone [13,40].

These findings suggest that the interaction between affordability and sustainability de-
pends less on the magnitude of price increases than on the accompanying policy framework.
Universal price suppression or broad energy subsidies may provide immediate financial
relief, yet they often weaken incentives for energy conservation and reduce the effectiveness
of demand-side decarbonisation [36]. Conversely, maintaining strong carbon price signals
without adequate social protection risks exacerbating energy poverty while undermining
public acceptance of climate policy. The recent literature, therefore, increasingly frames
affordability not as an argument against carbon pricing itself but as a challenge of designing
complementary measures capable of preserving environmental incentives while protecting
vulnerable households [14,38].

Compensation mechanisms play a pivotal role in determining whether these tensions
persist or evolve into long-term synergies. As highlighted by Biichs et al. [36], the effective-
ness of compensation depends not only on its magnitude but also on its design. Direct cash
transfers may reduce the regressive effects of higher energy prices, yet they rarely address
the structural causes of energy vulnerability and may even partially offset environmental
gains if additional income supports carbon-intensive consumption. By contrast, invest-
ments in low-carbon public transport, residential energy efficiency, renewable heating
systems, and other essential low-carbon services simultaneously improve affordability,
reduce emissions, and strengthen long-term resilience. Well-designed affordability protec-
tion should, therefore, be viewed not as an exception to climate policy but as an integral
component of successful decarbonisation strategies [13,14].

Taken together, these findings demonstrate that affordability—sustainability trade-offs
are neither fixed nor unavoidable. Rather, they emerge from the interaction between eco-
nomic incentives, households’ capacity to respond and policy design. Climate policies
create the strongest synergies when they move beyond compensating households for rising
energy costs and instead reduce the underlying sources of energy vulnerability. This shift
from short-term financial protection towards structural resilience provides the conceptual
bridge to the next part of the discussion, which examines how energy efficiency improve-
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ments, building retrofits, and broader access to low-carbon technologies can simultaneously
strengthen affordability and environmental sustainability.

While compensation mechanisms can alleviate the immediate distributional impacts
of climate policies, the reviewed literature increasingly argues that long-term affordability
depends on addressing the structural drivers of energy vulnerability rather than contin-
uously offsetting rising energy costs [38,39]. This represents an important shift in recent
research, moving beyond short-term financial protection towards interventions that per-
manently strengthen households’ ability to access affordable, low-carbon energy services.
Consequently, long-term affordability is increasingly viewed as a function of structural
resilience rather than disposable income or temporary financial support [36].

Among the structural interventions identified in the literature, investments in residen-
tial energy efficiency, building retrofits, and low-carbon heating technologies consistently
emerge as some of the most effective measures for simultaneously improving affordability
and environmental sustainability [39]. Unlike direct income transfers, these measures
permanently reduce household energy demand, lower exposure to future energy price
volatility, and contribute to sustained emissions reductions. Their benefits, therefore, extend
beyond immediate financial relief by strengthening household resilience while improv-
ing the long-term environmental performance of the energy system. Energy efficiency
investments thus represent one of the clearest examples of policies capable of transforming
affordability—sustainability trade-offs into enduring synergies [13,14].

However, the reviewed evidence also demonstrates that access to these long-term
benefits remains uneven. Higher-income households, property owners, and those with
better access to credit are generally better positioned to invest in energy-efficient technolo-
gies and, therefore, capture a disproportionate share of the economic gains associated with
the transition [39]. By contrast, low-income households, tenants, and other vulnerable
groups often face financial and institutional barriers that restrict participation in retrofit pro-
grammes and other low-carbon investments. Consequently, policies intended to improve
long-term affordability may inadvertently reinforce existing socio-economic inequalities
unless opportunities to participate in the transition are more equitably distributed [35,41].

These findings suggest that affordability should be evaluated not only through house-
hold energy expenditure but also through access to transition opportunities. The availability
of technologies, finance, and institutional support increasingly determines which house-
holds are able to benefit from decarbonisation and which remain exposed to persistent
energy vulnerability [39]. Recent research, therefore, argues that successful climate policy
requires moving beyond compensation for transition costs towards ensuring equitable
participation in investments that generate lasting affordability gains. From this perspec-
tive, affordability becomes as much a question of opportunity allocation as of income
distribution, further strengthening its links with energy justice and inclusive low-carbon
development [35,37,40].

This broader perspective naturally extends beyond individual households. The re-
viewed literature increasingly demonstrates that affordability—sustainability interactions
are also shaped by spatial and territorial inequalities [35,40]. Regional differences in income,
housing quality, energy infrastructure, and access to public investment create substantial
variation in how communities experience both the costs and the benefits of decarbonisa-
tion. As a result, transition outcomes differ not only across socio-economic groups but
also between urban and rural areas, industrial regions, and economically disadvantaged
territories, highlighting the need for context-sensitive policy responses rather than uniform
national approaches [39].

The distributional dimension becomes even more pronounced at the international
level. While advanced economies generally possess greater financial resources, institutional
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capacity, and technological capabilities to implement low-carbon transitions, many de-
veloping countries face considerably tighter affordability constraints despite contributing
relatively little to historical greenhouse gas emissions [14,37]. Climate mitigation policies,
therefore, cannot be separated from broader questions of international equity, financial as-
sistance, and technological cooperation. Differences in fiscal capacity, access to investment,
and technological capabilities increasingly influence not only the pace of decarbonisa-
tion but also countries’ ability to simultaneously pursue affordability and sustainability
objectives [35].

Beyond the allocation of economic costs and technological opportunities, recent re-
search increasingly highlights the importance of procedural justice. Affordability outcomes
depend not only on policy content but also on the processes through which climate policies
are designed, communicated, and implemented [37]. Public acceptance is consistently
found to be higher when affected communities perceive decision-making processes as
transparent, inclusive, and procedurally fair. Moreover, meaningful participation can
improve policy effectiveness by incorporating local knowledge, strengthening public trust,
and facilitating long-term implementation. Conversely, even environmentally effective
policies may encounter substantial political resistance when transition costs are perceived
as unfairly distributed or when vulnerable groups have limited opportunities to participate
in decision-making [13].

Taken together, the reviewed literature indicates that affordability—sustainability in-
teractions are fundamentally shaped by the allocation of resources, opportunities, and
adaptive capabilities across households, regions, and countries. Rather than representing
an inevitable consequence of ambitious climate policy, affordability challenges primarily
arise from the interaction between existing socio-economic inequalities and the design
of transition policies. Successful decarbonisation, therefore, requires more than reducing
energy prices or compensating vulnerable groups. It depends on governance arrangements
that expand access to low-carbon technologies, strengthen long-term resilience, and ensure
that both the costs and the benefits of the transition are shared more equitably across society.
From this perspective, affordability should be understood not merely as a question of
economic burden but as a broader issue of distributive and procedural justice that ulti-
mately shapes the social legitimacy, political durability, and long-term effectiveness of the
low-carbon transition.

Finally, although many affordability—sustainability tensions can be mitigated through
equitable policy design and stronger adaptive capacity, they remain closely intertwined
with energy security considerations. Measures intended to improve affordability influence
investment incentives, infrastructure development, and the pace of decarbonisation, while
security-oriented policies frequently generate important distributional consequences. These
multidirectional interactions illustrate the limitations of analysing the three dimensions of
the energy trilemma in isolation and provide the foundation for the integrated trilemma
perspective developed in the following section.

4.3. Energy Security—Affordability Interactions

The interaction between energy security and affordability has traditionally been
framed as a trade-off between maintaining low energy costs and ensuring reliable energy
supplies. Under stable market conditions, access to inexpensive imported fuels may simul-
taneously support affordability and economic competitiveness, creating the impression that
greater external dependence represents an economically efficient energy strategy [16,42].
In contrast, other evidence reviewed here indicates that import-dependent systems may
experience disproportionate welfare losses when supply conditions deteriorate [17,43].
These apparently conflicting findings can be understood in relation to differences in the
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prevailing risk environment: the security—affordability relationship is contingent rather
than fixed. Energy systems that appear economically optimal during periods of stable
supply may become particularly vulnerable when geopolitical tensions, supply disruptions,
or prolonged price volatility materialise, rapidly transforming low-cost dependence into a
source of significant welfare losses [17].

A central conclusion emerging from the reviewed studies is, therefore, that the rela-
tionship between energy security and affordability is fundamentally state-dependent rather
than static. Affordability cannot be evaluated solely on the basis of average energy prices
observed under normal market conditions because these prices frequently fail to reflect the
economic costs associated with supply disruptions, geopolitical instability, and fuel price
volatility [16]. Conversely, investments intended to strengthen energy security—including
supply diversification, domestic energy production, renewable deployment, and broader
resilience measures—may increase costs in the short term while substantially reducing ex-
posure to severe price shocks over the longer term. Consequently, security and affordability
should not be interpreted as inherently competing objectives but as dimensions whose
interaction changes across different risk regimes [17,43].

This perspective shifts the analytical focus from comparing the average costs of alter-
native energy systems towards evaluating their performance under uncertainty. Rather
than asking which energy system delivers the lowest prices during normal conditions, the
reviewed literature increasingly examines how different energy configurations respond to
geopolitical shocks, supply interruptions, and persistent fuel-price volatility [16]. From this
perspective, energy security functions less as a source of immediate economic efficiency
than as a form of resilience insurance, whereby additional investments undertaken during
stable periods may reduce the likelihood and severity of future affordability crises. This
interpretation provides the conceptual foundation for understanding the dynamic interac-
tions between security and affordability explored in the remainder of this section [43].

The reviewed literature consistently demonstrates that energy affordability and energy
security frequently reinforce one another under stable market conditions but diverge during
periods of disruption. Energy systems relying heavily on inexpensive imported fossil fuels
may provide low consumer prices and support short-term economic competitiveness
when international markets function efficiently [16]. However, this apparent affordability
often reflects favourable market conditions rather than intrinsic system resilience, leaving
countries highly exposed to external shocks beyond domestic policy control. Consequently,
energy affordability achieved through import dependence may prove considerably more
fragile than conventional price-based indicators suggest [43].

This distinction highlights an important asymmetry between affordability and security.
While the economic benefits of low-cost energy are immediately visible through lower
household expenditure and reduced production costs, the value of energy security often
remains largely invisible until disruptions occur. Investments in supply diversification,
strategic reserves, domestic energy production, or renewable capacity may, therefore,
appear economically inefficient during periods of stable supply because their principal
benefits lie in reducing the probability and severity of future crises rather than lowering
present-day energy prices [16]. From this perspective, energy security functions as a form
of resilience investment whose economic value becomes fully apparent only under adverse
conditions [17].

The reviewed studies further suggest that this apparent trade-off reflects differences
in analytical time horizons rather than an inherent incompatibility between security and
affordability. Policies prioritising the lowest short-term energy costs may inadvertently
increase long-term exposure to geopolitical instability, supply interruptions, and extreme
price volatility [16]. Conversely, strategies involving higher upfront investments in renew-
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able energy, domestic generation capacity, storage, or system flexibility may temporarily
increase system costs while substantially reducing future affordability risks. Accordingly,
the interaction between security and affordability should be understood as an intertem-
poral trade-off in which short-term economic efficiency is balanced against long-term
resilience [17,43,44].

Recent research, therefore, increasingly argues that conventional assessments based
solely on average energy prices provide an incomplete picture of affordability. Energy
systems should instead be evaluated according to their capacity to maintain acceptable
energy costs under conditions of uncertainty [16]. This broader perspective shifts attention
from static price comparisons towards system robustness, highlighting that affordability
depends not only on the level of energy prices but also on their stability, predictability, and
resistance to external shocks. As a result, resilient energy systems may ultimately provide
more sustainable affordability outcomes than systems optimised exclusively for minimum
short-term cost [17].

The reviewed literature indicates that major energy crises fundamentally alter the
relationship between energy security and affordability by exposing vulnerabilities that
remain largely hidden under stable market conditions. The 2022 global energy crisis
demonstrated that energy systems optimised primarily for short-term economic efficiency
may experience abrupt and substantial affordability losses when fuel supplies are disrupted
or when international prices become highly volatile [17,42,45]. Under such conditions,
concerns traditionally associated with energy security—including import dependence,
supply diversification, and domestic generation capacity—rapidly become affordability
concerns as escalating wholesale prices are transmitted to households, businesses, and
public finances [16].

This shift has important implications for the economic evaluation of low-carbon
transitions. Prior to major supply disruptions, investments in renewable energy, storage
technologies, and domestic low-carbon generation were frequently criticised for increasing
electricity system costs or requiring substantial public support. However, the reviewed
studies suggest that energy crises fundamentally reshape this assessment by revealing
the economic value of technologies that reduce exposure to imported fossil fuels and
volatile international energy markets [17]. Measures previously regarded primarily as
environmental investments increasingly become recognised as instruments for stabilising
energy prices and strengthening long-term affordability [43].

Importantly, the reviewed evidence does not suggest that renewable energy automat-
ically guarantees affordable or secure energy systems. Rather, crisis experience demon-
strates that affordability gains depend on whether renewable deployment is accompanied
by adequate investments in electricity networks, storage capacity, system flexibility, and
institutional preparedness [17,44]. Without these complementary measures, new forms of
price volatility and reliability risks may emerge even as dependence on imported fossil fuels
declines. Consequently, the economic benefits of decarbonisation arise not from renewable
technologies alone but from the development of resilient energy systems capable of main-
taining reliable and affordable energy services under changing market conditions [16,43].

The reviewed literature, therefore, increasingly frames recent energy crises not simply
as temporary market disturbances but as critical learning events that have reshaped both
academic and policy perspectives on the interaction between security and affordability.
Rather than demonstrating a conflict between decarbonisation and economic performance,
the evidence suggests that crises expose the hidden costs of fossil fuel dependence while
highlighting the long-term economic value of resilience-oriented investments [17,42,45].
In this sense, periods of disruption accelerate a broader transition from evaluating energy
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systems according to short-term price efficiency towards assessing their capacity to provide
stable, affordable, and secure energy under conditions of uncertainty [16].

While the preceding discussion has focused primarily on energy systems and mar-
ket dynamics, the reviewed literature demonstrates that the interaction between energy
security and affordability ultimately materialises at the household level. Supply disrup-
tions, geopolitical instability, and wholesale price volatility influence affordability not only
through macroeconomic indicators but also through rising retail energy prices, increased
living costs, and heightened risks of energy poverty [16,42]. Consequently, large-scale
energy security challenges are translated into everyday economic pressures that directly
affect household welfare and social resilience.

The reviewed studies further suggest that households experience energy insecurity pri-
marily through increased price volatility rather than permanent increases in average energy
prices. Periods of rapid market disruption create substantial uncertainty regarding future
energy expenditure, reducing households’ ability to plan consumption, allocate financial
resources, and maintain essential energy services [42]. This uncertainty disproportionately
affects vulnerable consumers with limited financial reserves or restricted opportunities
to adjust energy use, thereby reinforcing the economic consequences of broader supply
shocks [17].

Importantly, the reviewed evidence indicates that policies strengthening energy se-
curity may simultaneously enhance long-term household affordability when they reduce
exposure to future price instability. Investments in renewable electricity generation, domes-
tic energy resources, storage capacity, and system flexibility not only improve the resilience
of national energy systems but also contribute to more stable and predictable energy costs
for consumers over time [16,43]. Accordingly, affordability should be evaluated not only
according to current price levels but also in relation to the stability and reliability of future
energy expenditure under changing geopolitical and market conditions [17].

These findings also help explain why public perceptions of the low-carbon transi-
tion frequently change following major energy crises. During periods of stable markets,
investments in energy security may be perceived primarily as additional economic costs.
Following supply disruptions, however, the capacity to maintain affordable and reliable
energy increasingly becomes recognised as a direct social and economic benefit [42]. In this
sense, crises not only reshape the objective interaction between security and affordability
but also alter public understanding of the economic value of resilient energy systems [17].

Taken together, the reviewed literature suggests that the relationship between energy
security and affordability cannot be adequately understood through static comparisons
of energy prices or supply indicators alone. Instead, both dimensions evolve dynamically
as energy systems respond to changing geopolitical conditions, market disruptions, and
technological transformation. Strategies that minimise costs under stable conditions may
substantially increase vulnerability during crises, whereas investments that initially appear
more expensive often improve affordability by reducing future exposure to severe price
shocks. Consequently, energy security and affordability should be viewed as mutually
reinforcing dimensions of resilient low-carbon energy systems rather than as permanently
competing policy objectives. This dynamic perspective provides the final conceptual bridge
towards the integrated trilemma framework developed in the following section.

4.4. From Bilateral Trade-Offs to Integrated Trilemma Dynamics

The bilateral interactions reviewed in the preceding sections provide important in-
sights into the relationships between energy security, affordability, and environmental
sustainability. However, the reviewed evidence also demonstrates that these dimensions
cannot be fully understood in isolation. Improvements in one objective frequently alter
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the conditions under which the remaining two operate, creating indirect effects, feedback
mechanisms, and evolving trade-offs that extend beyond simple pairwise relationships.
Consequently, the low-carbon energy transition should be analysed as an integrated system
in which security, affordability, and sustainability continuously interact rather than as three
independent policy objectives linked only through bilateral trade-offs.

Evidence from multi-objective energy system studies reinforces this perspective
by demonstrating that the three dimensions evolve simultaneously rather than sequen-
tially [46,47]. Instead of forming a fixed triangle in which progress in one objective necessar-
ily comes at the expense of another, the energy trilemma is more accurately represented as
a dynamic and nonlinear possibility frontier. Within this frontier, significant simultaneous
improvements in security, affordability, and environmental sustainability are often achiev-
able before increasingly ambitious policy objectives generate steeper marginal trade-offs.
Consequently, the compatibility between trilemma objectives changes as energy systems
evolve rather than remaining constant across all transition pathways [48].

This interpretation helps reconcile many of the apparent contradictions identified in
the previous sections. Security—sustainability interactions demonstrated that technological
innovation and institutional coordination can transform traditional energy security risks
rather than simply reducing them. Affordability—sustainability interactions showed that
distributional outcomes depend on how transition costs, benefits, and opportunities are
allocated across society. Security—affordability interactions further illustrated that the eco-
nomic value of resilience becomes apparent primarily under conditions of uncertainty and
disruption. Considered individually, these findings describe different bilateral relationships.
Considered together, however, they indicate that changes affecting one trilemma dimension
inevitably reshape the others through multiple interconnected mechanisms rather than
through isolated trade-offs.

Across these bilateral relationships, four recurring interaction patterns can be identi-
fied. First, risk substitution occurs when reductions in fossil fuel dependence create new
vulnerabilities associated with grids, flexibility, technologies, or critical material supply
chains. Second, temporal trade-offs arise when transition costs and infrastructure require-
ments materialise before longer-term security, affordability, or environmental benefits are
realised. Third, distributional mediation occurs when similar policies generate different
affordability outcomes because households, regions, and countries differ in their capac-
ity to absorb costs and access transition benefits. Fourth, conditional synergy emerges
when complementary infrastructure, institutional coordination, and policy design allow
improvements in one trilemma dimension to reinforce rather than constrain the others.
These patterns, summarised in Table 3, indicate that dynamic outcomes can be identified
through changes in the direction, intensity, and distribution of interactions as underlying
technological, institutional, and socio-economic conditions evolve.

A historical perspective further reinforces the importance of temporal dynamics in in-
terpreting contemporary trilemma interactions. Evidence from previous energy transitions
indicates that large-scale changes in energy systems have typically unfolded over several
decades, reflecting the scale, infrastructural requirements, and technological interdepen-
dencies of energy systems [49,50]. Transition speed has nevertheless varied substantially
across technologies and national contexts, with later adopters sometimes benefiting from
accumulated technological learning while early adopters remain constrained by sunk
investments and established infrastructures [49]. These historical patterns suggest that
contemporary trade-offs should not be interpreted solely as properties of particular tech-
nologies or policies but also as outcomes conditioned by the stage and inherited structure
of the transition.
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Table 3. Recurring interaction patterns shaping energy trilemma outcomes.

Interaction Pattern

Brief Definition

Typical Triggering Conditions

Risk substitution

Improvement in one trilemma dimension
reduces an existing vulnerability but creates
or increases a different risk elsewhere in the

energy system.

Technological substitution; shifts in import
dependence; growing reliance on electricity
networks, critical materials, or
clean-technology supply chains; insufficient
system adaptation.

Temporal trade-offs

Costs, risks, and benefits across trilemma
dimensions emerge over different time
horizons, producing tensions between

short-term adjustment and longer-term gains.

Rapid transition measures; infrastructure
investment cycles; temporary capacity
constraints; technology deployment ahead of
supporting infrastructure or
institutional adaptation.

Distributional
mediation

The direction and intensity of a trilemma
interaction depend on how transition costs,
benefits, and adaptive opportunities are
distributed across households, regions, or
socio-economic groups.

Unequal household resources; energy price
exposure; differences in access to low-carbon
technologies; regional economic dependence;
uneven incidence of policy costs and benefits.

Conditional synergy

Improvements in two or more trilemma
dimensions become mutually reinforcing
when enabling technological, institutional, or

Adequate grid flexibility and infrastructure;
effective governance and policy coordination;
supportive market design; technological

infrastructural conditions are present. maturity; sufficient adaptive capacity.

Rather than representing a fixed balance between competing objectives, the reviewed
literature increasingly suggests that the energy trilemma should be understood as a dy-
namic possibility frontier whose shape continuously evolves in response to technological
progress, institutional change, and shifting external conditions [46,48]. Consequently, the in-
teraction between security, affordability, and sustainability is not determined by immutable
trade-offs but by the characteristics of the energy system within which these objectives
are pursued. Technological innovation, infrastructure development, policy design, and
geopolitical conditions may all expand or constrain the range of feasible policy outcomes,
allowing some trade-offs to be transformed into synergies while simultaneously creating
new constraints elsewhere [47]. This interpretation of the trilemma as a dynamic possi-
bility frontier is developed further in Section 5, where the concept is explicitly linked to
the contextual conditions identified in the review and translated into an operationally
interpretable framework.

An important implication of this perspective is that the intensity of trade-offs is rarely
constant. Evidence from multi-objective optimisation studies demonstrates that substantial
simultaneous improvements across all three trilemma dimensions are often achievable
when energy systems move away from inefficient baseline configurations [46]. However, as
policy ambitions become progressively more demanding—whether through increasingly
stringent decarbonisation targets, higher levels of energy autonomy, or maximum reliability
requirements—the marginal compatibility between objectives gradually declines. Under
these conditions, additional gains in one dimension are increasingly likely to require
disproportionate sacrifices in another, indicating that trade-offs emerge progressively
rather than existing from the outset of the transition [51,52].

This nonlinear interpretation also helps explain why similar policy instruments fre-
quently produce different outcomes across countries and regions. As demonstrated through-
out the preceding sections, technological deployment alone does not determine trilemma
performance. The effectiveness of renewable energy, energy efficiency, electrification, or
diversification strategies depends on existing infrastructure, resource endowments, market
structures, institutional quality, and geopolitical conditions [9,53]. Consequently, policies
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that successfully generate synergies in one energy system may produce more pronounced
trade-offs in another, not because the technologies themselves differ but because the sur-
rounding system conditions fundamentally alter the feasible balance between security,
affordability, and sustainability [10,47].

This perspective also reconciles the temporal and distributional dynamics identified
in the previous sections. Trade-offs frequently arise because transition costs, security
risks, and environmental benefits materialise over different time horizons, while their
economic and social consequences are distributed unevenly across households, regions,
and countries. As a result, the position of an energy system within the trilemma frontier
is determined not only by technological performance but also by when benefits emerge,
who bears transition costs, and how institutions manage the resulting distributional and
geopolitical tensions. Rather than representing external complications, these temporal and
distributional dimensions constitute integral components of trilemma dynamics that shape
the feasibility of different transition pathways.

Taken together, the reviewed evidence suggests that no universal relationship exists
between energy security, affordability, and environmental sustainability. Rather than being
governed by fixed trade-offs, trilemma outcomes emerge from the interaction of technolog-
ical, institutional, economic, and geopolitical conditions that shape both the opportunities
and constraints of individual transition pathways. Consequently, similar policy interven-
tions may generate markedly different outcomes depending on the characteristics of the
energy system in which they are implemented, the timing of the transition, and the external
conditions under which policy decisions are made [9,46,53].

This interpretation has important implications for both research and policy. Much of
the existing literature continues to evaluate trilemma performance through static indicators
or average national-level outcomes. However, the evidence synthesised in this review
indicates that such approaches risk obscuring the mechanisms through which trade-offs
and synergies evolve over time. Identical aggregate outcomes may arise through funda-
mentally different transition pathways, while similar policy instruments may produce
contrasting results depending on technological maturity, infrastructure availability, gover-
nance arrangements, and exposure to external shocks. Understanding the energy trilemma,
therefore, requires moving beyond static performance assessment towards analysing the dy-
namic conditions under which interactions between the three dimensions are strengthened,
weakened, or fundamentally transformed.

Accordingly, the findings synthesised across Sections 4.1-4.4 support a broader concep-
tual interpretation of the low-carbon energy trilemma. Rather than representing a fixed op-
timisation problem, the trilemma should be understood as a dynamic and context-sensitive
decision space in which trade-offs and synergies continuously evolve as technologies ma-
ture, institutions adapt, transition pathways progress, and geopolitical conditions change.
Within this perspective, temporal dynamics, distributional processes, and institutional
context are not external influences acting upon an otherwise stable trilemma. Instead,
they constitute fundamental mechanisms through which interactions between security,
affordability, and sustainability are produced and reshaped over time.

This conceptual interpretation provides the foundation for the analytical framework
proposed in the following section. Building on the evidence synthesised throughout this
review, the framework seeks to explain not only whether trade-offs or synergies emerge,
but also when, for whom, and under which contextual conditions they are most likely
to arise. By explicitly incorporating temporal, distributional, and contextual dimensions,
the proposed framework aims to provide a more comprehensive basis for analysing low-
carbon transition pathways than approaches relying solely on static representations of the
energy trilemma.
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5. A Context-Sensitive Framework for the Low-Carbon Energy Trilemma
5.1. From Static Trade-Offs to Dynamic Interactions

Traditional interpretations of the energy trilemma have frequently conceptualised
energy security, affordability, and environmental sustainability as three competing policy
objectives requiring continuous balancing. Within this perspective, improvements in one
dimension are often assumed to occur at the expense of another, leading to the widespread
perception that trade-offs constitute an inherent characteristic of energy transitions. While
this representation has provided a useful heuristic for analysing competing policy priorities,
the synthesis presented in this review suggests that such a static interpretation no longer
adequately captures the complexity of contemporary low-carbon transitions.

Rather than identifying universal relationships between the three dimensions of the
trilemma, the reviewed evidence consistently demonstrates that interactions among energy
security, affordability, and environmental sustainability vary according to the broader
context within which transition pathways unfold. Across the three pairwise interactions
examined in Section 4, similar policy measures were shown to generate markedly different
outcomes depending on technological maturity, institutional capacity, distributional char-
acteristics, geopolitical conditions, and the temporal stage of the transition. Consequently,
trade-offs and synergies emerge not as fixed properties of the energy trilemma itself but as
context-dependent outcomes shaped by evolving socio-technical systems.

This observation represents a common thread linking the findings across all three
interaction dimensions. In the case of energy security and environmental sustainability,
renewable energy deployment and electrification were found to strengthen long-term
resilience while simultaneously introducing new dependencies associated with electricity
networks, critical materials, and digital infrastructure. Likewise, affordability—sustainability
interactions were shown to depend less on the environmental ambition of climate policies
than on how transition costs, benefits, and adaptive opportunities are distributed across
households, regions, and countries. Similarly, the relationship between energy security and
affordability proved highly contingent on changing geopolitical conditions, illustrating how
strategies that minimise costs under stable market conditions may substantially increase
vulnerability during periods of disruption. Taken together, these findings indicate that
neither trade-offs nor synergies are predetermined outcomes of decarbonisation; instead,
they emerge through the interaction between transition pathways and the contextual
conditions under which they are implemented.

Across these interactions, the synthesis draws on the four recurring patterns already
identified in Section 4.4—risk substitution, temporal trade-offs, distributional mediation,
and conditional synergy—through which dynamic trilemma outcomes emerge. These
recurring patterns provide the analytical link between the bilateral evidence synthesised in
Section 4 and the contextual dimensions incorporated into the framework.

The framework components were derived from recurring mechanisms identified
across these bilateral and integrated syntheses. Technological conditions emerged primarily
from evidence concerning renewable integration, electrification, grid flexibility, and critical
material dependencies; distributional conditions from differences in household adaptive ca-
pacity, access to low-carbon technologies, and the allocation of transition costs and benefits;
and geopolitical conditions from evidence concerning import dependence, supply chain
exposure, and energy price shocks. Institutional conditions repeatedly appeared across all
three bilateral interactions as determinants of whether technological and economic changes
translated into trade-offs or synergies, while temporal conditions reflected both the recur-
rent distinction between short-term transition costs and longer-term resilience, affordability,
and sustainability gains and the historical evidence that energy system transformation is
shaped by long transition periods, infrastructure inertia, and accumulated technological
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and institutional legacies [49,50]. These recurring cross-cutting mechanisms were, therefore,
consolidated into the five contextual dimensions represented in the framework.

Building upon this synthesis, the present review proposes a context-sensitive analyti-
cal framework that conceptualises the energy trilemma as a dynamic system of interactions
rather than a static balance among competing objectives. Instead of treating energy security,
affordability, and environmental sustainability as independent policy targets linked by
fixed trade-offs, the framework emphasises that their interactions continuously evolve in
response to changing technological, institutional, geopolitical, distributional, and temporal
conditions. In this perspective, contextual conditions do not merely influence the severity
of individual challenges but actively shape how the three dimensions interact, determin-
ing whether particular transition pathways generate reinforcing synergies or conflicting
trade-offs.

Accordingly, the framework positions low-carbon transition pathways as the starting
point of an adaptive process in which technological development, governance arrange-
ments, market structures, social conditions, and external geopolitical factors jointly influ-
ence the configuration of trilemma interactions. These interactions subsequently produce
different combinations of trade-offs and synergies, which inform adaptive policy and gover-
nance responses. Importantly, such responses do not simply mitigate undesirable outcomes
but also reshape the contextual conditions under which future transition pathways evolve,
creating a continuous process of institutional learning and system adaptation rather than a
one-directional transition.

The proposed framework should, therefore, be understood as an analytical synthesis
derived from the reviewed literature rather than as a new theoretical model of the energy
trilemma. Its primary contribution lies in integrating previously fragmented evidence
into a coherent conceptual structure capable of explaining why similar decarbonisation
strategies often produce different outcomes across countries, sectors, and time periods.
By shifting attention from static policy trade-offs towards context-dependent interactions
and adaptive governance, the framework provides a foundation for analysing low-carbon
transitions as dynamic socio-technical processes characterised by continuous feedback
between technological change, institutional development, and policy responses.

5.2. The Context-Sensitive Analytical Framework

The proposed framework is presented in Figure 2. It conceptualises the energy
trilemma as a dynamic system of interactions in which relationships among energy security,
affordability, and environmental sustainability are continuously shaped by evolving contex-
tual conditions rather than determined by fixed relationships between the three dimensions.
Instead of representing the trilemma as a static balance among competing policy objectives,
the framework highlights that transition outcomes emerge through successive interactions
between decarbonisation pathways, contextual factors, trilemma dynamics, and adaptive
policy responses. This perspective reflects the central finding of the present review that
neither trade-offs nor synergies should be regarded as predetermined characteristics of
low-carbon transitions; rather, they arise from the interaction between transition pathways
and the technological, institutional, temporal, distributional, and geopolitical conditions
under which these pathways unfold.

The framework begins with low-carbon transition pathways, representing the broad
processes through which energy systems evolve towards lower carbon intensity. These
pathways encompass different combinations of decarbonisation measures, including re-
newable energy deployment, electrification, energy efficiency improvements, infrastructure
development, and changes in energy supply and demand. Rather than prescribing a single
transition trajectory, the framework recognises that countries may pursue diverse technolog-
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ical and policy pathways depending on their resource endowments, institutional capacities,
and development priorities. Consequently, transition pathways constitute the starting point
of the analytical process rather than its desired endpoint, acknowledging that different
routes towards decarbonisation may generate substantially different trilemma outcomes.

Low-Carbon Transition Pathways
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Figure 2. Context-sensitive analytical framework of the low-carbon energy trilemma derived from
the thematic synthesis. The framework illustrates how low-carbon transition pathways interact with
technological, institutional, temporal, distributional, and geopolitical conditions to shape evolving
trade-offs and synergies among energy security, affordability, and environmental sustainability,
which, in turn, inform adaptive policy and governance responses.

The second component of the framework comprises contextual conditions, which
function as the principal moderators of trilemma interactions. The synthesis presented in
this review identifies five interrelated contextual dimensions that consistently influence
transition outcomes: temporal, technological, institutional, distributional, and geopolitical
conditions. Temporal conditions recognise that trade-offs and synergies frequently evolve
over different time horizons, with short-term adjustment costs often preceding longer-term
resilience and sustainability gains. Technological conditions reflect differences in renew-
able maturity, electricity system flexibility, and infrastructure readiness that determine
the capacity of energy systems to integrate low-carbon technologies. Institutional condi-
tions encompass governance quality, market design, and policy coherence, shaping the
effectiveness with which transition strategies are implemented. Distributional conditions
capture variations in adaptive capacity, equity, and access to transition opportunities across
households, regions and countries, while geopolitical conditions reflect external depen-
dencies associated with fuel imports, critical materials, and international supply chains.
Collectively, these contextual dimensions determine how similar transition pathways may
produce markedly different outcomes across different socio-economic and political settings.
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For empirical application, these five contextual dimensions can be translated into
observable system characteristics rather than treated solely as abstract analytical categories.
Technological conditions may be represented by measures of renewable energy penetration,
electrification, storage, and system flexibility, grid adequacy, and technological maturity. In-
stitutional conditions may be captured by indicators of governance effectiveness, regulatory
quality, policy stability, and coordination capacity. Temporal conditions may be represented
by transition stage, deployment trajectories, and investment cycles. Distributional con-
ditions may be examined through household energy burdens, energy poverty, access to
low-carbon technologies, and the incidence of transition costs and benefits, while geopoliti-
cal conditions may be represented by energy import dependence, supplier concentration,
and exposure to critical-material and clean technology supply chains. These measures are
illustrative rather than prescriptive, as their appropriate operationalisation will depend
on the geographical scale, transition context, and specific research question. Nevertheless,
they provide observable counterparts through which the contextual relationships proposed
by the framework can be examined empirically in subsequent research.

Rather than acting independently, these contextual conditions jointly shape the dy-
namic interactions among the three dimensions of the energy trilemma. At the centre
of the framework, energy security, affordability, and environmental sustainability are,
therefore, represented not as isolated policy objectives but as mutually interacting system
characteristics. Their relationships continuously evolve as contextual conditions change,
creating dynamic patterns of reinforcement and tension throughout the transition process.
This representation shifts analytical attention away from identifying universal trade-offs
towards understanding the mechanisms through which interactions develop under dif-
ferent contextual circumstances. In doing so, the framework emphasises that successful
low-carbon transitions depend less on optimising individual objectives than on managing
the evolving relationships between them. In empirical applications, changes in the three
outcome dimensions could correspondingly be assessed using established measures of
supply and system security, household and system-level affordability, and environmental
performance, with indicator selection adapted to the specific analytical context.

Within this operational interpretation, the “dynamic possibility frontier” discussed in
Section 4.4 represents the boundary of feasible combinations of energy security, affordabil-
ity, and environmental sustainability attainable under a given set of contextual conditions.
The three trilemma dimensions define the outcome space, while the technological, insti-
tutional, temporal, distributional, and geopolitical conditions described above influence
the position and shape of this frontier. The position and evolution of this frontier may
also be path-dependent, as inherited energy infrastructures, technologies, and institutional
arrangements can constrain the feasible direction and pace of subsequent energy system
transformation [54]. Movement along the frontier represents a change in the balance among
the three objectives under broadly unchanged contextual conditions, whereby improve-
ment in one dimension may require a deterioration in another. By contrast, an outward
shift of the frontier occurs when technological innovation, infrastructure development,
institutional improvement, or other favourable contextual changes expand the set of si-
multaneously attainable outcomes, allowing one or more trilemma dimensions to improve
without an equivalent deterioration elsewhere. Conversely, adverse contextual changes
may constrain the feasible set and shift the frontier inward. The frontier is, therefore,
used here as an analytical representation of changing feasible trade-offs rather than as an
empirically estimated efficiency frontier.

The interaction of these three dimensions subsequently generates emerging trilemma
outcomes, represented by different configurations of trade-offs and synergies. Importantly,
these outcomes should not be interpreted as fixed or binary states. Instead, they represent
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evolving system responses that may coexist, overlap, or change over time as technologies
mature, institutions adapt, and external conditions evolve. Policies that initially generate
affordability challenges may ultimately strengthen long-term resilience and sustainability,
while measures enhancing energy security under one set of geopolitical conditions may
create new vulnerabilities under another. Accordingly, the framework conceptualises
trade-offs and synergies as dynamic outcomes that emerge from the interaction between
transition pathways and contextual conditions rather than as inherent properties of specific
technologies or policy instruments.

The final component of the framework consists of adaptive policy and governance
responses, which translate emerging transition outcomes into institutional learning and
strategic action. Operationally, this adaptive cycle involves monitoring emerging trilemma
outcomes, identifying the contextual constraints responsible for significant trade-offs,
adjusting the relevant policy or investment response, and reassessing how the resulting
changes in contextual conditions affect subsequent trilemma interactions. Rather than
viewing policy intervention as a one-off response to isolated trade-offs, the framework
conceptualises governance as a continuous adaptive process encompassing policy design,
institutional coordination, and strategic investments. These responses seek not only to
mitigate undesirable outcomes but also to strengthen the conditions under which future
synergies become more likely. Through this adaptive process, governance progressively
modifies technological capabilities, institutional arrangements, distributional conditions,
and broader system resilience, thereby reshaping the contextual environment within which
subsequent transition pathways evolve.

The feedback loop incorporated within the framework represents this process of
continuous adaptation. Instead of depicting the low-carbon transition as a linear progres-
sion from policy implementation to predefined outcomes, the framework recognises that
each round of policy intervention alters the contextual conditions influencing future deci-
sions. Consequently, the energy trilemma is conceptualised as an evolving socio-technical
system characterised by iterative learning, institutional adaptation and continuous ad-
justment to changing technological, economic, and geopolitical conditions. This dynamic
perspective provides a more comprehensive basis for analysing low-carbon transitions than
conventional static representations of the trilemma, while remaining sufficiently flexible to
accommodate diverse national contexts and future technological developments. The frame-
work, therefore, generates empirically examinable expectations rather than fixed causal
predictions: similar transition measures should produce different trilemma outcomes where
the relevant technological, institutional, temporal, distributional, or geopolitical conditions
differ. Comparative and longitudinal research can subsequently examine whether changes
in these contextual conditions systematically correspond to changes in the direction or
intensity of observed trade-offs and synergies.

6. Policy Implications

The findings synthesised in this review suggest that effective management of the
low-carbon energy trilemma requires a shift away from policy approaches that seek to
optimise energy security, affordability, and environmental sustainability as separate objec-
tives. Instead, the proposed analytical framework highlights that policy outcomes emerge
from the dynamic interactions among these dimensions under evolving technological,
institutional, distributional, and geopolitical conditions [9,46]. Consequently, successful
low-carbon transitions depend less on identifying universally optimal policy instruments
than on designing governance arrangements capable of responding to changing contextual
conditions. From this perspective, the principal challenge for policymakers is not to elimi-

https:/ /doi.org/10.3390/en19184474


https://doi.org/10.3390/en19184474

Energies 2026, 19, 4474

33 of 44

nate trade-offs altogether but to manage their evolution while creating conditions under
which long-term synergies become increasingly attainable [5,6].

A first implication concerns the importance of context-sensitive policy design. The
synthesis presented in this review demonstrates that similar decarbonisation measures
may produce substantially different outcomes depending on transition stage, institutional
capacity, technological maturity, distributional characteristics, and geopolitical conditions.
Policy priorities should, therefore, reflect the structural position of individual energy sys-
tems rather than follow a uniform transition template. In relatively advanced transition
systems with mature renewable deployment and stronger institutional capacity, priorities
increasingly shift towards grid expansion, storage, system flexibility, and the management
of emerging material dependencies [26]. By contrast, fossil fuel- and import-dependent sys-
tems facing more rapid structural change may need to place greater emphasis on sequencing
diversification and low-carbon investment with measures that limit short-term affordability
and security risks. Where institutional or investment capacity is more constrained, imple-
mentation feasibility, access to finance, and protection against energy exclusion become
particularly important. Context-sensitive policy design, therefore, requires not simply
transferring successful instruments between countries but assessing whether the techno-
logical, institutional and socio-economic conditions necessary for their effectiveness are
present [5,7].

A second implication relates to integrated and adaptive governance. Throughout
the review, technological innovation, infrastructure development, industrial policy, social
protection, and market regulation were repeatedly shown to influence multiple dimensions
of the energy trilemma simultaneously. Energy policy should, therefore, be coordinated
with industrial, social, and environmental policy, particularly where decarbonisation cre-
ates new infrastructure requirements, employment effects, or exposure to strategic supply
chains [7,13]. The appropriate policy mix should also change as transitions progress.
Early transition stages may require investment support, infrastructure development, and
protection against concentrated adjustment costs, whereas more mature systems may in-
creasingly require flexibility markets, network reinforcement, demand-side participation,
and measures addressing new dependencies created by electrification. Effective gover-
nance, therefore, requires continuous monitoring, institutional learning, and periodic policy
adjustment rather than assuming that a single policy configuration will remain appropriate
throughout the transition [5,32].

A third implication concerns the management of trade-offs themselves. The evidence
reviewed in this study indicates that many trade-offs emerge not because policy objec-
tives are fundamentally incompatible but because they materialise over different temporal
horizons or affect different social groups [38,40]. Consequently, policy evaluation should
extend beyond short-term economic efficiency towards a broader assessment of long-term
system resilience, distributional fairness, and adaptive capacity. Investments that appear
economically costly during early transition stages may substantially reduce future ex-
posure to supply disruptions, price volatility, or social vulnerability, thereby generating
benefits that are not captured by conventional short-term evaluation frameworks. Manag-
ing the energy trilemma, therefore, requires recognising trade-offs as dynamic transition
phenomena that can often be moderated, redistributed, or transformed through appro-
priate policy sequencing and complementary interventions rather than accepted as fixed
constraints [6,36].

A fourth implication concerns the geopolitical asymmetries created and transformed
by the low-carbon transition. Reducing dependence on imported fossil fuels can strengthen
energy security, but greater reliance on critical minerals, clean technology supply chains,
and increasingly interconnected electricity systems may generate different forms of exter-
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nal dependence [7,33]. These risks are distributed unevenly. Import-dependent energy
systems, countries controlling strategic resources or processing capacity, and economies
strongly exposed to fossil fuel revenues occupy different positions within emerging low-
carbon supply chains and, therefore, face different combinations of security and adjustment
risks [34]. Diversification should consequently extend beyond fuel suppliers to critical
materials, technologies, processing capacity, and infrastructure, while avoiding the replace-
ment of one concentrated dependency with another. For resource-dependent economies,
diversification also has a domestic dimension, as declining fossil fuel demand may create
fiscal, employment, and regional adjustment pressures that require economic and industrial
transition strategies alongside energy policy. Geopolitical resilience should, therefore, be
assessed in terms of both external supply exposure and the capacity of domestic economies
to adapt to changing patterns of energy production and trade.

A fifth implication concerns the distributional management of transition trade-offs.
The evidence reviewed in this study indicates that many apparent conflicts between afford-
ability and sustainability arise because transition costs, benefits, and adaptive opportunities
are unevenly distributed across households, regions, and social groups [37,39]. Energy
justice should, therefore, be treated as an integral condition of transition feasibility rather
than solely as a compensatory concern. Policy assessment should consider not only ag-
gregate costs and benefits but also who bears upfront investment costs, who can access
efficiency improvements and low-carbon technologies, and which households, workers, or
regions remain particularly exposed to energy price or structural adjustment risks. Targeted
social protection, equitable access to transition technologies, and place-sensitive support for
adversely affected regions can reduce these asymmetries without abandoning longer-term
decarbonisation objectives. These distributional choices also affect social acceptance: transi-
tion measures that are efficient at the system level may encounter persistent resistance when
their costs are concentrated among groups with limited capacity to adapt or when affected
communities have little influence over implementation [14,40]. Managing affordability
and public acceptance, therefore, requires incorporating distributional considerations into
policy design from the outset rather than addressing them only after adverse effects emerge.

Finally, the proposed framework provides a practical analytical structure for sup-
porting strategic decision-making under conditions of uncertainty. Its principal policy
value lies not in prescribing a universal set of instruments but in identifying the conditions
that should be considered when selecting and sequencing transition measures. Policy-
makers can use the framework to assess how transition stage, technological readiness,
institutional capacity, distributional vulnerability, and geopolitical exposure are likely to
shape interactions among security, affordability, and environmental sustainability. This
requires assessing not only whether a policy contributes to decarbonisation but also when
its costs and benefits will materialise and which groups will bear them. Policy assessment
should also consider the new dependencies a measure may create and whether existing
institutions have the capacity to manage the resulting adjustment. Such assessment should
be repeated as transition conditions evolve, allowing policy mixes to adapt when previ-
ously beneficial synergies weaken or new trade-offs emerge. In this way, the framework
supports a shift from static trilemma optimisation towards context-sensitive and adaptive
transition governance.

7. Research Gaps and Future Research Directions

The synthesis presented in this review demonstrates that research on the energy
trilemma has expanded considerably during the low-carbon transition, reflecting growing
recognition of the complex interactions between energy security, affordability, and environ-
mental sustainability. At the same time, the reviewed literature reveals several recurring
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limitations that extend beyond individual studies and characterise the field more broadly.
These limitations do not necessarily reflect weaknesses in existing research; rather, they
illustrate the rapid evolution of the energy transition itself, where technological innova-
tion, geopolitical change, and emerging policy challenges continuously reshape research
priorities. Building upon the evidence synthesised throughout this review, three research
priorities appear particularly important for advancing understanding of the low-carbon
energy trilemma.

A first priority concerns the need to move beyond static assessments towards dynamic
and longitudinal analyses of trilemma interactions. Much of the existing literature contin-
ues to evaluate relationships between energy security, affordability, and environmental
sustainability using cross-sectional indicators or fixed policy scenarios. While these ap-
proaches provide valuable snapshots of transition performance, they often overlook the
temporal evolution of trade-offs and synergies throughout the transition process. This
limitation becomes increasingly important as electrification expands, renewable penetration
increases, and energy systems progressively shift from fossil fuel dependence towards more
infrastructure- and electricity-intensive configurations. Longitudinal and scenario-based
research is, therefore, needed to distinguish temporary adjustment costs from persistent
structural trade-offs and to identify how relationships among the three dimensions change
as technologies mature, institutions adapt, and geopolitical conditions evolve. Two re-
search questions are particularly relevant: How do trade-offs and synergies among energy
security, affordability, and environmental sustainability evolve across different stages of the
low-carbon transition? How does the feasible balance among the three dimensions change
as electrification and renewable energy penetration increase?

A second priority is to advance integrated analysis of all three trilemma dimen-
sions while explicitly accounting for contextual heterogeneity. Although recent studies
increasingly examine pairwise interactions—particularly between energy security and sus-
tainability or affordability and sustainability—comparatively few investigations explicitly
analyse reciprocal relationships among all three dimensions within a unified analytical
framework. At the same time, the findings synthesised in this review consistently indicate
that similar transition measures may generate substantially different outcomes depending
on institutional capacity, technological maturity, infrastructure readiness, distributional
characteristics, and geopolitical conditions. These factors should, therefore, be treated
not merely as background variables but as potential moderators of trilemma interactions.
Comparative cross-country analyses, longitudinal case studies, and other context-sensitive
empirical designs could help explain why similar transition pathways generate synergies in
some settings while intensifying trade-offs in others. Future research should consequently
move beyond demonstrating that context matters towards identifying the conditions under
which the direction or intensity of particular interactions changes. Two questions follow
directly from this gap: Under what institutional, technological, and infrastructural con-
ditions do particular trilemma trade-offs weaken or develop into mutually reinforcing
interactions? Are there identifiable thresholds in institutional capacity, system flexibility,
import dependence, or other contextual conditions beyond which the direction or intensity
of trilemma interactions changes?

A third priority concerns the distributional and implementation dimensions of
trilemma interactions. National-level indicators and aggregate system assessments may
conceal substantial differences in how transition costs, benefits, and risks are experienced
across households, regions, and socio-economic groups. These differences become particu-
larly important as decarbonisation increasingly affects household technologies, mobility,
heating, infrastructure, employment, and regional economic structures. Future research
should, therefore, examine whether particular transition pathways improve aggregate
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energy security, affordability, or environmental sustainability. It should also assess how
the resulting benefits and adjustment costs are distributed and how differences in adaptive
capacity influence transition outcomes. Greater attention is also required to the relationship
between these distributional effects and policy implementation, including social acceptance,
policy sequencing, and institutional responses to concentrated transition costs. This gives
rise to two further questions: How are the costs, benefits, and risks generated by changing
trilemma interactions distributed across households, regions, and socio-economic groups?
How do these distributional effects influence social acceptance and the effectiveness of
different policy sequences across transition contexts?

Addressing these three priorities will also require broader methodological approaches.
Existing research remains dominated by indicator-based assessments, optimisation models,
and scenario analyses, each providing important but partial perspectives on transition
processes. Future work would benefit from combining quantitative assessments with
longitudinal analysis, qualitative governance research, comparative policy evaluation,
and systems-oriented approaches capable of capturing institutional learning, behavioural
adaptation and socio-technical change. Such methodological pluralism would strengthen
the ability of researchers to examine not only whether trade-offs and synergies occur,
but also when they emerge, the conditions under which they change, and how their
consequences are distributed. It would also provide a stronger empirical basis for testing
the contextual relationships and potential thresholds proposed by the analytical framework
developed in this review.

Taken together, these three research priorities suggest that future energy trilemma
scholarship should move beyond refining individual indicators or evaluating isolated
policy instruments. Greater attention is needed to the dynamic, contextual, and distri-
butional processes through which interactions among energy security, affordability, and
environmental sustainability evolve. The analytical framework proposed in this review
provides one possible foundation for such work by emphasising contextual conditions,
adaptive governance, and continuously evolving interactions among the three dimensions.
Rather than representing a final conceptual model, it is intended to guide further theoret-
ical development and empirical validation across countries, energy systems, and stages
of the low-carbon transition, including investigation of when trade-offs and synergies
emerge, under which conditions they change, and how their consequences differ across
transition contexts.

8. Limitations

This review has several limitations that should be considered when interpreting its
findings and the proposed analytical framework. First, the literature search was restricted
to English-language journal articles and review papers indexed in Scopus and Web of
Science and published between 2015 and 2026. Although these databases provide broad
multidisciplinary coverage, this strategy may have excluded relevant research published
in other languages, indexed elsewhere, or disseminated through other academic formats.
The geographical distribution of the available evidence may also be uneven. Energy
transition research is more extensively documented for some countries and energy systems
than for others, particularly where institutional capacity, data availability, and research
infrastructure are stronger. Consequently, the synthesis may not capture the full diversity
of transition experiences in lower-income and less extensively studied economies. The
contextual relationships identified in this review should, therefore, not be assumed to apply
uniformly across countries with substantially different institutional, technological, and
socio-economic conditions.
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The review is also organised around interactions among the three energy trilemma
dimensions rather than around individual economic or end-use sectors. Although evidence
concerning buildings, transport, industry, and other sectors is incorporated where it con-
tributes to the identified interaction mechanisms, the review does not provide a systematic
sector-by-sector comparison. This distinction is important because technological options,
infrastructure requirements, investment structures, and distributional consequences of
decarbonisation may differ substantially across sectors. Future applications of the pro-
posed framework could, therefore, examine how the identified trilemma interactions and
contextual conditions vary across specific sectoral transition pathways.

Second, the evidence base is characterised by considerable methodological hetero-
geneity. The studies synthesised in this review employ diverse approaches, including
indicator-based assessments, econometric analyses, optimisation and scenario models, com-
parative policy analyses, and qualitative or governance-oriented research. Such diversity is
consistent with the integrative purpose of the review and enables the energy trilemma to
be examined from complementary analytical perspectives. However, it also limits direct
comparability across studies. Similar concepts may be operationalised using different
indicators, spatial and temporal scales, or assumptions, while the strength of evidence
supporting particular relationships varies across research designs. Accordingly, conver-
gence across heterogeneous studies can indicate that particular mechanisms or contextual
influences recur across different analytical traditions, but it should not be interpreted as
demonstrating a common effect magnitude or establishing causal relationships.

Third, the thematic synthesis and the resulting context-sensitive framework are neces-
sarily interpretive. The framework consolidates recurring mechanisms identified across the
reviewed literature into five contextual dimensions—technological, institutional, temporal,
distributional, and geopolitical—and illustrates how these conditions may shape evolv-
ing interactions among energy security, affordability, and environmental sustainability. It
should, therefore, be understood as a literature-derived analytical framework rather than an
empirically estimated or validated causal model. The review does not quantify the relative
importance of individual contextual conditions, establish causal coefficients, or identify
empirical thresholds at which particular trade-offs become synergies. These relationships
require further testing through longitudinal, comparative, and other appropriate empirical
designs. The framework consequently provides hypotheses and analytical propositions for
future investigation rather than predetermined relationships expected to hold across all
transition contexts.

Finally, the energy transition is evolving rapidly, particularly in areas such as electricity
system integration, energy storage, critical material supply chains, industrial decarbonisa-
tion, and geopolitical energy relations. Relationships identified from the current literature
may, therefore, change as technologies mature, infrastructure expands, institutions adapt,
and new geopolitical or market conditions emerge. This temporal limitation is particu-
larly relevant to the central argument of the review itself: if trilemma interactions are
dynamic and context-sensitive, the evidence used to interpret them must also be periodi-
cally reassessed. The framework and associated policy implications should consequently be
regarded as reflecting the present state of knowledge rather than as a fixed representation
of future low-carbon energy systems. These limitations define the scope within which the
findings should be interpreted and reinforce the need for continued empirical testing and
refinement across diverse transition contexts.
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9. Conclusions

The low-carbon transition is fundamentally reshaping the way the energy trilemma
should be understood and analysed. Rather than representing a static balance between
energy security, affordability, and environmental sustainability, the evidence synthesised
in this review demonstrates that the relationships among these three dimensions evolve
continuously in response to technological innovation, electricity system transformation,
changing geopolitical conditions, institutional development, and socio-economic change.
Consequently, the principal challenge facing contemporary energy policy is no longer
simply to optimise individual trilemma dimensions but to understand how their interac-
tions change over time and under different contextual conditions. This review, therefore,
argues that the energy trilemma should be interpreted as a dynamic and context-sensitive
analytical framework through which trade-offs and synergies emerge, evolve and, under
appropriate conditions, can be transformed through adaptive policy and governance.

The review further demonstrates that interactions among the three dimensions of the
energy trilemma are considerably more complex than the traditional view of competing
policy objectives suggests. Across the reviewed literature, energy security—sustainability
interactions increasingly revolve around electricity system resilience, grid infrastructure,
flexibility resources, and critical mineral supply chains, reflecting the transformation of en-
ergy systems from fuel-based to electricity-centred paradigms. Affordability—sustainability
interactions are shown to depend not only on energy prices but also on the distribution of
transition costs and benefits, access to low-carbon technologies, and the ability of house-
holds, regions, and industries to adapt to structural change. Meanwhile, energy security—
affordability interactions illustrate that policies designed to strengthen resilience or shield
consumers from short-term price shocks may create unintended long-term consequences
if they weaken investment incentives, delay decarbonisation, or reinforce dependence on
existing energy systems. Collectively, these findings demonstrate that trade-offs are rarely
fixed or universal but emerge from the interaction of technological, institutional, economic,
and geopolitical conditions.

A central contribution of this review lies in moving beyond the traditional interpreta-
tion of the energy trilemma as a framework for balancing three competing policy objectives
towards a more dynamic understanding of how interactions among energy security, afford-
ability, and environmental sustainability are shaped by contextual conditions. Rather than
treating trade-offs and synergies as predetermined outcomes of particular technologies or
policy instruments, the review demonstrates that they emerge through the interaction of
technological development, institutional capacity, governance arrangements, geopolitical
dynamics, and socio-economic conditions. This perspective provides a more flexible analyt-
ical foundation for interpreting energy transition pathways and helps explain why similar
policy measures may produce markedly different outcomes across countries, regions, and
time horizons. By synthesising evidence across previously fragmented research streams,
the review connects conceptual developments in energy security, energy justice, critical
minerals, and electricity system transformation within a single analytical framework. In
doing so, it extends the contemporary interpretation of the energy trilemma.

The proposed context-sensitive analytical framework provides a structured basis for
interpreting the energy trilemma under rapidly changing transition conditions. Rather than
prescribing universal policy solutions, it emphasises that effective energy policy should be
adaptive to evolving technological, institutional, geopolitical, and socio-economic contexts.
The framework highlights that policy outcomes depend not only on the choice of individ-
ual instruments but also on the broader conditions under which they are implemented,
including electricity system maturity, governance capacity, infrastructure availability, mar-
ket design, and societal acceptance. From this perspective, successful energy transitions
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require integrated and adaptive governance capable of balancing short-term resilience with
long-term sustainability objectives while ensuring that the costs and benefits of transition
are distributed in a socially equitable manner. The framework, therefore, offers both a
conceptual foundation for future research and a practical perspective for policymakers
seeking to reduce persistent trade-offs and promote more durable synergies across the three
dimensions of the energy trilemma.

Ultimately, the findings of this review suggest that the central challenge of the low-
carbon transition is not to maximise energy security, affordability, and environmental
sustainability independently but to understand and manage the evolving relationships
among them. As energy systems become increasingly electrified, interconnected, and
shaped by new technological, geopolitical, and societal realities, simplistic interpretations
of the energy trilemma are becoming progressively less adequate. Instead, effective energy
transition strategies require continuous adaptation, integrated governance, and context-
sensitive decision-making capable of responding to changing circumstances rather than
pursuing universally applicable policy solutions. The energy trilemma should, therefore, be
viewed not as a static policy triangle to be balanced but as a dynamic analytical framework
through which policymakers, researchers, and practitioners can better understand how
trade-offs emerge, how synergies can be fostered, and how more resilient, equitable, and
sustainable energy systems can be achieved over time.
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Appendix A
Database Search Strategies and Retrieval Details

The structured literature search was conducted in the Scopus and Web of Science Core
Collection databases on 30 July 2026 using six thematic search blocks. The same eligibility
filters were applied to all search blocks in both databases: publication years, 2015-2026;
document type, Article or Review; and English language. The database-specific Boolean
search expressions are reported below without these common filters to improve readability.
The searches retrieved 437 records from Scopus and 369 records from Web of Science Core
Collection before duplicate removal (1 = 806 in total).
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Table Al. Scopus search strategies and records retrieved by thematic search block.

Thematic Block

Syntax

Records Retrieved

TITLE-ABS-KEY

(“energy trilemma” OR “energy policy trilemma”)

AND
B1. Core energy trilemma  (“energy transition” OR “low-carbon transition” OR decarboni* OR “clean 31
literature energy transition”)
AND
(trade-off OR trade-offs OR tradeoff OR tradeoffs OR synerg* OR tension*
OR conflict*)
TITLE-ABS-KEY
(“energy security” OR “electricity security” OR “security of supply”)
AND
B2. Energy (“environmental sustainability” OR decarboni* OR
security—environmental “low-carbon transition”) 169
sustainability interactions AND
(trade-off OR trade-offs OR synerg* OR tension* OR conflict*)
AND
(policy OR governance OR “policy mix”)
TITLE-ABS-KEY
B3. Affordability (“energy affordability” OR “enAelI‘El}; poverty” OR “energy justice”)
sus taiir;la‘kl)li?tl;l?rftr; ’;aalc tions (“low-carbon transition” OR “clean energy transition” OR decarboni*) 82
AND
(“trade-off” OR “distributional impact*” OR “just transition”)
TITLE-ABS-KEY
(“energy security” OR “electricity security” OR “security of supply”)
B4. Energy AND
security—affordability (“energy affordability” OR affordability OR “energy prices” 79
interactions OR “price volatility” OR “energy crisis”)
AND
(“trade-off” OR tension* OR “policy mix” OR subsidies OR “price cap*”)
TITLE-ABS-KEY
(“critical minerals” OR “critical raw materials”)
AND
B5A. Critical minerals and (“energy security”A?\Ilg‘supply security”) 35
strategic supply chains (“clean energy transition” OR “low-carbon transition”)
AND
(“supply chain risk*” OR concentration OR dependence
OR diversification OR geopolitical)
TITLE-ABS-KEY
(“electricity security” OR “power system security”
OR “energy security”)
AND
BS5B. Electricity security, (“grid flexibility” OR “power system flexibility”
grids, and system OR “demand response” OR “energy storage” 41
flexibility OR “grid congestion”)
AND
(“renewable integration”
OR “variable renewable energy”
OR “low-carbon transition”)
Total 437

Note: * denotes the wildcard (truncation) operator used in the database search syntax to capture
different word endings and variants.
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Table A2. Web of Science Core Collection search strategies and records retrieved by thematic

search block.

Thematic Block

Syntax

Records Retrieved

B1. Core energy
trilemma literature

TS = (“energy trilemma” OR “energy policy trilemma”)

AND

(“energy transition” OR “low-carbon transition” OR decarboni* OR
“clean energy transition”)

AND

(trade-off OR trade-offs OR tradeoff OR tradeoffs OR synerg* OR

tension* OR conflict*)

22

B2. Energy security—
environmental
sustainability
interactions

(“environmental sustainability” OR decarboni* OR
“low-carbon transition”)

(policy OR governance OR “policy mix”)

TS = (“energy security” OR “electricity security” OR “security

of supply”)
AND

AND

(trade-off OR trade-offs OR synerg* OR tension* OR conflict*)

AND

115

B3. Affordability—
environmental
sustainability
interactions

TS = (“energy affordability” OR “energy poverty” OR “energy justice”)

AND

(“low-carbon transition” OR “clean energy transition” OR decarboni*)

AND

(“trade-off” OR “distributional impact*” OR “just transition”)

90

B4. Energy security—
affordability
interactions

(“energy affordability” OR affordability OR “energy prices”
OR “price volatility” OR “energy crisis”)

(“trade-off” OR tension* OR “policy mix” OR subsidies OR

TS = (“energy security” OR “electricity security” OR “security

of supply”)
AND

AND

“price cap*”)

82

B5A. Critical
minerals and
strategic supply
chains

TS = (“critical minerals” OR “critical raw materials”)
(“energy security” OR “supply security”)
A
(“clean energy transition” OR “low-carbon transition”)

(“supply chain risk*” OR concentration OR dependence
OR diversification OR geopolitical)

AND

ND

AND

25

B5B. Electricity
security, grids, and
system flexibility

TS = (“electricity security” OR “power system security”

(“grid flexibility” OR “power system flexibility”
OR “demand response” OR “energy storage”

OR “energy security”)
AND

OR “grid congestion”)
AND

(“renewable integration”
OR “variable renewable energy”
OR “low-carbon transition”)

35

Total

369

Note: * denotes the wildcard (truncation) operator used in the database search syntax to capture
different word endings and variants.
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Appendix B
Appendix B.1. Representative Prompts for GenAl-Assisted Review Tasks
Appendix B.1.1. Preliminary Title/Abstract Screening

Task: Assess the title and abstract of the following publication against the predefined
scope of a review examining interactions among energy security, energy affordability, and
environmental sustainability under low-carbon transition conditions. Identify whether the
publication appears directly relevant, potentially relevant, or outside the review scope. Con-
sider whether it contributes evidence or conceptual insight concerning trade-offs, synergies,
contextual conditions, transition mechanisms, or policy responses. Provide a provisional
classification and a brief rationale. Do not make a final inclusion or exclusion decision.

Appendix B.1.2. Analytical Relevance Assessment

Task: Based only on the information provided from the publication, identify its poten-
tial analytical contribution to the review. Consider whether it helps explain: (1) mechanisms
generating trade-offs or synergies among energy security, affordability and environmental
sustainability; (2) technological, institutional, temporal, distributional, or geopolitical con-
ditions shaping these interactions; or (3) relevant policy responses. Indicate the principal
contribution and flag substantial overlap with analytical mechanisms already represented
in the supplied study set. Do not infer findings that are not explicitly supported by the
provided material.

Appendix B.1.3. Candidate Thematic Code Organisation

Task: Compare the following author-extracted findings from the included publications
and identify recurring analytical mechanisms or contextual patterns. Suggest candidate the-
matic groupings for substantively related findings, distinguishing among the three bilateral
energy trilemma interactions where appropriate. Preserve contradictory or context-specific
findings rather than forcing them into a common category. Base all suggested groupings
exclusively on the supplied extracted evidence and do not introduce external information.

Appendix B.1.4. Duplicate/Reference Organisation

Task: Compare the supplied bibliographic records and identify records that appear to
represent the same publication on the basis of title, authorship, publication year, journal,
and DOI where available. Flag potential duplicates for author verification rather than
deleting or merging records automatically.
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