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Effective identification and assessment of various energy transition risks are essential for ensuring energy 
security. This study conducts a systematic review of the literature on energy transition risk assessment, 
with three principal objectives: ① establishing a standardized risk taxonomy, ② analyzing the character-
istics of current assessment methodologies, and ③ identifying the priority research directions. First, 
energy transition risks are structured into two categories: implementation risks and consequential risks. 
Subsequently, assessment methodologies are categorized into five methodological groups: the indicator 
approach, probabilistic risk assessment approach, econometric approach, simulation approach, and 
hybrid approach. This analysis reveals a growing scholarly focus on consequential risks, particularly those 
affecting the energy system and economic system. The evolution of research shows a progression from 
macro-level analyses to micro-level investigations, accompanied by methodological advancement from 
simple indicator approach to the more sophisticated computational models. Future research may prior-
itize investigating multi-risk interactions and developing comprehensive assessment frameworks to 
address the complex risk landscape faced by diverse stakeholders in the energy transition.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introduction 

Energy transition has become a critical policy priority globally, 
offering multidimensional benefits, including decarbonization and 
improved energy accessibility for underserved regions [1–4]. This 
transition presents systemic challenges across economic, social 
and environmental dimensions, creating cascading impacts [5–7]. 
The growing academic and policy focus on energy transition aligns 
with heightened concerns about energy security at various levels, 
particularly regarding renewable energy intermittency and critical 
mineral supply chain vulnerabilities [8–10]. Furthermore, capital-
intensive requirements for clean technology deployment may 
induce energy price inflation, disproportionately affecting 
energy-vulnerable populations [11–13]. In this context, effective 
risk assessment of energy transition serves as a critical mechanism 
for informing evidence-based policymaking to simultaneously 
enhance energy security, mitigate climate change, and advance 
sustainable development objectives [10]. 
The academic community has shown growing interest in energy 
transition research in recent years. Several scholars have analyzed 
past studies on energy transition risks from different perspectives. 
For example, Curtin et al. [14] developed an analytical framework 
for quantifying stranding risks of fossil fuel assets. var Benthemet 
et al. [15] examined the interactive impacts of climate risk on 
financial markets and energy companies. Firdaus and Mori [16] 
investigated the impacts of stranded asset risks on incumbents’ 
decision-making and energy transition. Note that earlier review 
studies mainly focused on sector-specific risk manifestations, and 
less attention has been given to methodological aspects of energy 
transition risk assessments. This paper aims to address this gap 
by conducting a systematic and up-to-date literature review on 
energy transition risk assessment, with particular attention to risk 
classifications and assessment methodologies. Specifically, it seeks 
to answer three questions: ① What methodological paradigms 
dominate contemporary energy risk assessment practices? 
② What are the strengths and weaknesses of different methodolo-
gies? ③ What are the emerging trends in energy transition risk
assessment?

In this study, we conduct a systematic search protocol within 
the Web of Science (WOS) Core Collection using domain-specific 
keywords to identify relevant literature on energy transition risk
gineer-
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assessment. Following a rigorous screening process, 214 peer-
reviewed articles are selected for in-depth analysis. We propose 
a dual taxonomy of transition risks: implementation risks, which 
include technological, resource, economic and social risks; and 
consequential risks, comprising energy system, economic system, 
social system, and environmental system risks. The commonly 
used assessment approaches are classified into five categories, 
namely indicator approach (IA), probabilistic risk assessment 
approach (PRA), econometric approach (EA), simulation approach 
(SA), and hybrid approach (HA). The strengths and weaknesses of 
each approach are discussed, and the main characteristics of the 
reviewed studies are summarized. It is expected that this study 
can provide valuable insights into the evolving research trends in 
energy transition risk assessment and to offer guidance for select-
ing appropriate assessment approaches in different application 
contexts. 

The remainder of this paper is structured as follows. Section 2 
outlines data and methodology. Section 3 presents the concepts 
and classifications of energy transition risks. Section 4 reviews 
the primary indicators and models used for energy transition risk 
assessment. Section 5 summarizes the main features of past stud-
ies, which is followed by a comparative analysis of the strengths, 
weaknesses, and emerging trends of the five assessment 
approaches. Section 6 proposes an analytical framework for energy 
transition risk assessment and identifies potential future research 
directions. Section 7 concludes this study. 

2. Data and methodology 

This study adopts the systematic review methodology outlined 
by Zhou et al. [17], comprising the definition of a search protocol, 
formulation of screening criteria, bibliometric analysis, develop-
Fig. 1. Research procedure of the sy
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ment of an analytical framework and discussion future directions. 
Fig. 1 presents the detailed research procedure. 

This study adopts the definition of ‘‘energy transition” as a 
structural paradigm shift from a fossil fuel-based energy system 
to a low-carbon and cleaner energy system [17]. The primary 
objective of energy transition is to mitigate anthropogenic climate 
impacts through systematic decarbonization of production and 
consumption patterns [7]. Energy transition risks encompass both 
implementation risks that hinder the transition process (e.g., insuf-
ficient resources and technological bottlenecks) and consequential 
risks arising from the transition itself (e.g., energy price increases, 
supply constraints, and job losses) throughout decarbonization 
pathways. Based on these definitions, all journal articles on energy 
transition risk assessment were considered as potential samples 
for this review. A systematic literature search was conducted in 
the WOS Core Collection up to December 18, 2023, using the fol-
lowing query: (TS: (‘‘risk*” OR ‘‘exposure rating*”) AND (‘‘energy 
transition*” OR ‘‘energy transformation*”), limited to journal arti-
cles in English. This search returned 875 records as the initial data-
set. Following the initial retrieval, a rigorous screening process was 
applied to ensure article relevance. A summary of the screening 
process is provided in Fig. 2.

To ensure the relevance of the sample, publications outside the 
research scope were first excluded based on title and abstract eval-
uations. Subsequently, qualitative studies were removed, as this 
review focuses on quantitative methodologies for assessing energy 
transition risks. The remaining articles on quantitative risk assess-
ment were then rigorously examined. During this process, some 
grey literature not captured in the initial search but deemed highly 
relevant was identified and included in the final dataset. After 
completing the screening process, a total of 214 articles were 
selected for bibliometric analysis. It is worth pointing that the
stematic review in this study. 
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Fig. 2. Screening process of literature samples.
literature selection emphasized methodological relevance over 
comprehensive bibliometric coverage through manual screening. 
Although some relevant studies on energy transition risks may 
have been omitted, this is unlikely to affect our findings, as the 
paper primarily investigates the methodological aspects of risk 
assessment. 

A systematic bibliometric analysis was performed on the final 
sample articles. The bibliometric features of the publications, 
including annual publication trends, countries of origin and 
research subjects, are presented following a summary of the core 
concepts, classifications, and assessment methodologies of energy 
transition risk. The application of different assessment methodolo-
gies across various risk categories was then statistically examined. 
Finally, potential future research directions are proposed, and an 
analytical framework for assessing energy transition risk is devel-
oped based on the systematic review. 

3. Concepts and classifications of energy transition risks 

The review of selected literature indicates that energy transi-
tion risks represent multifaceted constructs shaped by path-
dependent institutional frameworks, technological capacities, and 
sociocultural factors [18]. Definitions of risk vary across disciplines, 
with no consensus among experts. One fundamental perspective 
characterizes risk as the ‘‘uncertainty and severity of conse-
quences” [19]. Hanger et al. [20] defined risk as ‘‘the probability, 
chance, or potential for a negative outcome, impact, or conse-
quence,” whereas Smith and Wandel [21] conceptualized vulnera-
bility as a composite measure encompassing exposure to hazards, 
sensitivity to their effects, and adaptive capacity for mitigation. 
Roelich et al. [22] introduced the concept of criticality, describing 
it as the interaction between supply disruption potential and sys-
tem exposure to such disruptions. Sensitivity has also been used 
in the literature to reflect the magnitude of impact caused by dis-
ruptive events [23]. Synthesizing these perspectives, Hanger et al. 
[20] identified two overarching risk categories: ① implementation 
risks inherent in transition processes, and ② consequential risks 
resulting from transition outcomes. This classification framework, 
illustrated in Fig. 3, was developed through systematic integration 
of findings from 214 peer-reviewed articles.
3

3.1. Implementation risks 

Implementation risks, defined as ‘‘the potential for diverse 
causes to affect the design, implementation, or success of a given 
policy” [20], pose systemic challenges to energy transition pro-
gress. According to their causal mechanisms, these risks fall into 
four primary types: technological, resource, economic, and social 
risks (Fig. 3). 

Technology innovation and deployment are critical for achiev-
ing net-zero emissions targets. However, a notable disparity exists 
between technically optimal and socially acceptable decarboniza-
tion pathways. Current energy transition trajectories face several 
technological bottlenecks, such as the long-term storage of vari-
able wind and solar energy, safe grid integration of new and tradi-
tional energy sources, and flexible peaking of energy storage 
systems [24,25]. Additionally, the adoption of emerging energy 
solutions introduces obsolescence risks for existing infrastructure, 
as shown by Li and Pan [26] in their analysis of technological dis-
placement dynamics. 

Resource risks pose a significant constraint on energy transition 
pathways. Clean energy technologies require substantial mineral 
inputs, with projections indicating a 600 % increase in demand 
for critical minerals by 2040 compared to traditional energy sys-
tems [27]. Domestic resource supply is often inadequate due to 
natural conditions and resource endowment constraints, leading 
to external dependencies. This situation has been conceptualized 
as the ‘‘resource curse” [28] or ‘‘carbon curse” [29], highlighting 
the paradox where resource wealth coincides with economic 
underperformance during the energy transition. 

Economic risks create systemic barriers to energy transition 
implementation. The transition often requires significant capital 
investment for developing and deploying new technologies, mod-
ernizing infrastructure, and establishing new projects [30,31]. 
Scholars have identified establishing uncertain economic risks, 
including high initial investment, elevated operation and mainte-
nance costs, financing challenges, and unstable economic condi-
tions [32,33]. Furthermore, economic shocks can impair societal 
capacity to adapt to the energy transition [34]. 

Socio-political complexity also presents significant implemen-
tation challenges. Research indicates that socio-political risks, such
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Fig. 3. Classification of energy transition risks.
as policy inconsistency and regulatory uncertainty, create volatile 
investment climates [35]. Several studies have examined social 
risks, including issue of social acceptance [36], technology prefer-
ences [37], and group disparities [38]. 

3.2. Consequential risks 

Consequential risks, defined as ‘‘the potential for a certain pol-
icy to cause diverse negative consequences” [20], refer to the detri-
mental impacts of energy transition on interconnected systems. 
These risks are classified into four categories based on their impact 
mechanisms: energy system risks, economic system risks, social 
system risks, and environmental system risks (Fig. 3). 

As the core system is undergoing transition, the energy sector 
faces risks primarily in the forms of energy supply risks and energy 
system operational risks. Although renewable energy is expanding 
rapidly due to policy incentives such as renewable portfolio stan-
dards and carbon neutrality targets, its large-scale deployment 
intensifies demand for critical minerals (e.g., lithium, cobalt), cre-
ating challenges for sustainable supply [39,40]. Moreover, the tran-
sition has slowed down the expansion of thermal power capacity 
while accelerating the installation of renewable energy systems. 
The variable and intermittent nature of renewables, however, 
introduces instability into energy system operations, increasing 
the risks of operational failures [41]. 

Economic system risks comprise two main types: energy mar-
ket risks and other market risks. The global shift away from coal-
fired power generation is creating stranded-asset risks affecting 
fossil fuel reserves [42], corporate assets [43], and tangible and 
financial assets [14]. Price risk, defined by Zhao et al. [44] as finan-
cial exposure from energy price volatility, also includes the uncer-
tainty in pricing mechanisms. Rising energy demand magnifies the 
effect of price fluctuations on other markets, leading to spillovers 
effects in conventional markets [45], investment vulnerabilities 
in emerging economies [46], and widening trade imbalances [47]. 

Although energy transition brings significant social benefits, it 
also exacerbates systemic social challenges. Social system risks 
can be divided into social and livelihood risks, and political risks. 
The push for decarbonization requires phase out carbon-
intensive fuels and requiring coal extraction, a structural shift that 
produces concentrated socioeconomic effects—particularly in 
regions dependent on fossil fuels. These effects include rising 
unemployment [48], energy inequality [49], and deepened energy 
4

poverty [50]. Overly rapid decarbonization policies may also 
heighten transnational political tensions [51] and provoke civil 
unrest [52]. 

Energy transition may intensify environmental system risks 
through resource overexploitation and ecological degradation. 
Renewable energy expansion amid limited land availability has 
led to excessive land use, causing habitat fragmentation and biodi-
versity loss [53]. Concurrently, growing demand for minerals has 
spurred overexploitation, while the construction and operation of 
energy facilities—including factories, sewage plants, and trans-
portation networks—have contributed to environmental pollution 
[54]. Large-scale renewable energy projects can also encroach on 
wildlife habitats and nature reserves, threatening biodiversity con-
servation [55]. 

4. Assessment methodologies of energy transition risk 

Given the multifaceted nature of energy transition risks, con-
temporary research employs diverse methodological frameworks 
for risk assessment. This review groups existing assessment tech-
niques into five methodological paradigms: IA, PRA, EA, SA, and 
HA, as summarized in Fig. 4.

4.1. Indicator approach 

The IA, a prevalent methodology in risk assessment, evaluates 
energy transition risks by constructing of quantitative indicator 
systems, offering straightforward implementation and inter-
pretable results. Based on analytical complexity, IA is categorized 
into the single indicator (SI) approach, multiple indicator (MI) 
approach, and composite indicator (CI) approach. This methodol-
ogy has gained popularity in energy transition risk assessment 
because of its ability to consolidate multidimensional risks into 
actionable metrics. Table S1 in Appendix A lists studies representa-
tive studies for each approach. The SI use a single indicator to 
quantify specific risk manifestations. For example, Sun et al. [56] 
created a supply risk indicator of the lithium-ion battery industry 
by measuring the probability of material supply disruption and 
its impact. Castano-Rosa and Okushima [57] developed an energy 
poverty rate indicator to assess how an inequitable energy transi-
tion could worsen social risks, based on variability in energy 
affordability. Similarly, Crognier et al. [58] calculated a financial 
risk value to measure economic system risk by comparing costs
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Fig. 4. Classifications of energy transition risk assessment methodologies.

Fig. 5. PRA implementation process. 
between scenarios with both contingency and planned outage ver-
sus contingency alone. 

The MI assesses different energy transition risks using multiple 
indicators while intentionally avoiding their aggregation into a 
composite index. Wu et al. [32] developed a multi-parametric risk 
evaluation system for wind–photovoltaic–hydrogen storage pro-
jects, covering economic, technical, environment, and safety 
dimensions. Lebre et al. [59] illustrated this approach with an envi-
ronmental, social, and governance (ESG)-aligned assessment 
matrix for critical mineral extraction, creating separate metrics 
for environmental footprint, community welfare, and governance 
compliance. Chapman et al. [60] further refined the methodology 
by proposing a five-dimensional risk framework to assess the 
social equity impact of renewable energy transition, analyzing 
environmental, health, employment, public participation, and 
energy costs factors. 

The CI integrates multiple indicators from diverse sources into a 
single composite measure, enabling the aggregation of risks from 
different systems, perspectives, and guidelines for comparative 
analysis [61]. In assessing implementation risk, Gnansounou [62] 
created an energy vulnerability composite index, calculated as 
the root mean square of five normalized indicators: gross domestic 
product (GDP), energy import dependency, CO2 emissions inten-
sity, electricity supply vulnerability, and lack of diversity in trans-
portation fuels. For consequential risk assessment, studies have 
introduced metrics such as the criticality indicator and the supply 
risk index to evaluate energy and economic system risks [63,64]. 

The evolution from single to composite indicators demonstrates 
a growing ability to address the complex, interconnected nature of 
energy transition risks, though it requires increasingly sophisti-
cated data processing and analytical rigor. Method selection 
depends on specific assessment objectives and available resources. 
Importantly, determining the weights of the different indicators is 
crucial in constructing composite indices, as it directly affects the 
validity and reliability of the results. 

4.2. Probabilistic risk assessment approach 

The PRA is a quantitative methodology that uses probabilistic 
modeling to integrate diverse quantitative information and 
stochastic factors within a system. It constructs a risk event chain 
model and predicts the system’s risk level through uncertainty 
analysis techniques [65]. PRA is primarily used to assess conse-
quential risks in energy transition, such as renewable integration 
5

failures and grid resilience deterioration, where complex risk cas-
cades require systematic uncertainty quantification. The PRA pro-
cess involves three main steps, as illustrated in Fig. 5. The first 
step involves understanding the study target and defining the 
objective and scope of the risk analysis. The second step uses an 
event tree as a reference to identify initiating events, develops fail-
ure model of intermediate events, and establishes a comprehensive 
risk assessment model. The final step includes collecting relevant 
data, conducting uncertainty analysis, and assigning importance 
scores to influencing factors. 

Table S2 in Appendix A summarizes eight studies that utilize 
PRA for energy transition risk assessment. At country level, Zhao 
et al. [44] applied Copula-VaR functions to model the joint distri-
bution of energy prices and used Monte Carlo (MC) simulation to 
measure energy market price risk. Miranda et al. [66] improved 
geothermal risk assessment by coupling numerical simulations of 
subsurface thermal dynamics with MC-based sensitivity analysis. 
Flament [67] adopted an autoregressive moving average method 
to estimate the density distribution of total factor productivity 
and applied a Bayesian model to evaluate the risk of renewable 
energy development on productivity. 

At regional level, Yu et al. [68] introduced a MC-based frame-
work to rapidly calculate the loss of load expectation as a risk mea-
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sure. Mutani et al. [69] performed a PRA for Italy’s first ‘‘oil-free 
zone,” considering the risk of national grid blackout, their probabil-
ity, potential damage, and exposure risk. Le et al. [70] employed 
the unified dispersion model to simulate leakage scenarios in 
hydrogen storage systems. At the firm level, PRA has been applied 
in studies such as Refs. [71–73]. 

Compared to other methodologies, PRA enables the modeling 
and quantification of risk occurrence probabilities based on acci-
dent scenarios, uncertainty analysis of consequences, and factors 
contributing to risk occurrence. 
4.3. Econometric approach 

The EA employs statistical methods, economic theory, and 
mathematics to study causal relationships and behavioral patterns 
in empirical data. It serves as a powerful tool for structural analy-
sis, causal inference, and policy evaluation. Unlike probabilistic 
methods, EA specializes in quantifying risk exposure gradients 
through multivariate regression frameworks, emphasizing the 
measurement of effect severity rather than forecasting probabili-
ties. This approach focuses on assessing the influence of risk fac-
tors, using regression coefficients to evaluate the severity of both 
implementation and consequential risks arising from energy tran-
sition. Table S3 in Appendix A summarizes eight publications that 
applied EA to assess energy transition risks; several of these stud-
ies also examined bidirectional relationship between risk factors 
and the transition process. Regression analysis is among the most 
widely used econometric methods, allowing systematic investiga-
tion of causal relationships between variables through mathemat-
ical formalization. Chung and Kim [74] applied multinomial 
logistic regression to quantify social acceptance thresholds for 
renewable technologies, identifying significant public perception 
barriers to wind and solar adoption. Poruschi and Ambrey [75] 
employed dynamic panel data modeling to analyze how densely 
built environments negatively affect the installation of solar photo-
voltaic panels. Chico et al. [76] expanded this line of inquiry using 
Pearson correlation matrices to examine tensions between ecolog-
ical conservation priorities and renewable energy siting. Several 
studies have also used regression analysis to assess bidirectional 
causality between risk factors and energy transition. Su et al. 
[77] conducted a rolling window causality test, revealing two-
way causality between global geopolitical risk and renewable 
energy development. Similarly, Ren et al. [78] applied a time-
varying Granger test to analyze dynamic bidirectional causality 
between climate policy uncertainty and conventional energy and 
green markets. 

Time series analysis is a foundational analytical paradigm for 
examining time-dependent risk evolution patterns in energy tran-
sition. This methodology allows for the systematic study of 
dynamic correlations through spectral decomposition techniques, 
proving particularly valuable for identifying cyclical risk propaga-
tion mechanisms. Xu [79] used wavelet coherence analytics to 
demonstrate that energy transition can lead to overly rapid 
investment in nuclear energy, threatening the banking sector and 
consequently jeopardizing the financial system. Su et al. [80] 
analyzed fossil-renewables-carbon market interdependencies 
using a vector autoregression model. Sohag et al. [81] investigated 
spillover effect between critical mineral prices and green invest-
ment returns by constructing time-series datasets of mineral 
prices, green bonds, and green stock returns, applying cross-
quantile spectral analysis. 

Unlike other approaches, the EA can directly quantify multiple 
implementation and consequential risks of energy transition 
through regression coefficients. However, its accuracy remains 
limited by substantial data requirements. 
6

4.4. Simulation approach 

The SA uses computational models to replicate real-world sys-
tems, enabling controlled experimentation to evaluate dynamic 
risk evolution across diverse scenarios. Particularly effective for 
modeling the cascading risk interactions inherent in energy transi-
tion, SA is widely employed to simulate complex phenomena such 
as policy–technology–market feedback loops and cross-sectoral 
risk spillovers. Table S4 in Appendix A presents eleven studies that 
applied SA to assess energy transition risks. 

In assessing implementation risks, van der Wiel et al. [82] 
developed an energy system (ES) model to simulate how fluctua-
tions in meteorological variables—including temperature, solar 
irradiance, and wind speed—affect sectoral energy dynamics. Other 
researchers have used various simulation models, such as system 
dynamics (SD) model and integrated assessment model, to evalu-
ate policy risks in renewable energy investment [83,84]. Ameli 
et al. [85] built an integrated assessment model to quantify eco-
nomic barriers hindering decarbonization technology adoption, 
highlighting capital allocation inefficiencies and cost uncertainties. 

For consequential risks, De la Pena et al. [86] modeled four 
energy transition pathways for Mexico to assess carbon lock-in, 
asset stranding, and economic losses. Köberle et al. [87] con-
structed an ES to analyze financial risks faced by Indian coal com-
panies during the transition. Liu et al. [88] and Kosai [41] assessed 
energy system operational risks using the optimal risk operating 
model (OROM) and SD, respectively. Additional studies have 
applied system simulation frameworks—including SD and dynamic 
material flow analysis—to assess long-term energy supply risks in 
transition scenarios extending to 2050 [89,90]. 

Although SA is methodologically more complex and less trans-
parent than other approaches, it supports systematic cross-sectoral 
risk analysis through integrated system models. This capability is 
especially useful for identifying interdependent risks across 
energy, economic, and social domains. 

4.5. Hybrid approach 

The HA integrates multiple analytical techniques, combining 
methods from the four previously defined categories. Table S5 pre-
sents seven studies that have applied HA to assess energy transi-
tion risks. For example, Shimbar and Ebrahimi [91] integrated 
decision tree analysis into a net present value cash flow model to 
assess policy risks in renewable energy investment, moving 
beyond conventional discount rate adjustments. Chishti et al. 
[51] used a quantile vector autoregression model and wavelet 
quantile correlation to examine the asymmetric impacts of geopo-
litical risk on energy transition, revealing dynamic causal relation-
ships. Wang et al. [92] combined complex network theory with 
material flow analysis to assess nickel industry supply risks by con-
structing a multi-layer trade network. Jiang and Jiang [93] applied 
neural networks and cubic support vector machines to model 
implementation risks, using mineral prices, energy security 
indices, and economic policy uncertainty as input. Jackson and 
Jackson [94] developed TranSim, a hybrid model that integrates 
stock-flow consistent analysis with input–output modeling to sim-
ulate socioeconomic risks from declining energy return on invest-
ment. Sharma et al. [95] developed stakeholder-driven scenarios 
and applied multi-criteria assessment to parameterize uncertainty 
in energy system, quantifying risk-reward tradeoffs for emerging 
technologies. In et al. [96] incorporated MC into cash flow model-
ing to quantify climate-related financial risks in energy infrastruc-
ture investments, emphasizing probabilistic risk characterization. 

Although HA is generally more complex and less transparent 
than single-method approaches, it offers the advantage of enabling
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Fig. 7. Breakdown of studies by application scale over time. 
simultaneous assessment of multidimensional risks and cross-
disciplinary interactions. 

5. Main features and findings from previous studies 

This review performed a systematic literature search in the 
WOS Core Collection, using a keyword-based strategy focused on 
energy transition risk assessment. The search query included terms 
such as ‘‘risk,” ‘‘exposure rating,” ‘‘energy transition,” and ‘‘energy 
transformation.” After a rigorous screening across mainstream 
journals in energy and climate economics—such as Energy Policy 
and Renewable & Sustainable Energy Reviews—a total of 214 articles 
were selected for in-depth analysis. To analyze temporal trends, 
the publication period was divided into three intervals: before 
2010, 2011–2015, and annually from 2016 to 2023. 

5.1. Application scheme 

As shown in Fig. 6, although research on the renewable energy 
transition began in the late 1990s, substantial scholarly output 
only emerged after 2010. The 2015 Paris Agreement, which aims 
to mitigate long-term climate change effects, acted as a key cata-
lyst, leading to a noticeable rise in studies among signatory 
nations. These regions experienced exponential growth in publica-
tions after 2015, reflecting policy-driven investment in transition 
research. 

Fig. 7 presents the temporal trends in the frequency of studies 
across different application scales. The analysis indicates that 
70% of the studies focus on country-level energy transition risk 
assessments. Before 2016, nearly all research analyzed energy 
transition risks within national boundaries or through country-
level comparisons, reflecting an early research phase where the 
global renewable transition was primarily framed as a macro-
level policy vision. After the 2015 Paris Agreement, as signatory 
countries strengthened their mitigation commitments, scholarly 
attention gradually shifted to micro-level analyses. About 18% of 
the reviewed studies assess risks at regional or provincial levels 
(e.g. Refs. [23,68,75,82]), addressing location-specific challenges 
in particular areas. Another 12% examine firm-level risks, high-
lighting how emission reduction policies are implemented at the 
organizational level (e.g. Refs. [32,71,72]). Notably, recent litera-
ture emphasizes a growing need for deeper analysis at regional 
and firm levels, where varied local conditions and organizational 
factors create distinct transition challenges that are not fully cap-
tured by macro-level studies. 
Fig. 6. Trend in the numbe

7

This review also analyzed the national distribution of first 
authors’ institutional affiliations in energy transition risk assess-
ment studies, with results summarized in Fig. 8 (left). China leads 
in publication output (58 articles), followed by Germany (20), the 
Americas (18), the United Kingdom (18), and Spain (14). Notably, 
21 of the 32 countries identified (66%) contributed three or fewer 
articles during the review period. Early research (before 2020) 
was predominantly conducted in Germany and the United States, 
while China’s substantial increase in publications between 2021 
and 2023—representing 83% of its total output—aligns with the 
Chinese government’s heightened emphasis on carbon mitigation 
and energy transition management.

Fig. 8 shows the share of the studies by their regional focus, 
revealing disparities: 91 studies (42%) focused on Europe, 44 on 
Asia, 39 (18%) on the United States, 38 on global-scale analyses, 
4 (2%) on Oceania, and 3 on Africa. Europe, as a transition pioneer 
with substantial practical experience, has been a primary focus for 
risk assessment research. Meanwhile, growing energy transition 
efforts in Asia suggest that regional studies in this context have 
received increasing attention. 

5.2. Methodological aspects 

The methodological aspects of this study include two main 
components: risk identification and risk assessment. As detailed 
in Section 3, risk identification classifies energy transition risks 
into implementation risks—which are subdivided into technologi-
cal risks, resource risks, economic risks, and social risks—and con-
sequential risks, which comprise economic system risks, social 
system risks, and environmental system risks. Risk assessment
r of studies over time. 
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Fig. 8. Counts on first author’s country affiliation and the share of regional focus by the 214 studies.
encompasses five methodological groups detailed in Section 4: IA, 
PRA, EA, SA, and HA. 

Fig. 9 presents the distribution of studies across risk categories. 
The reviewed literature reveals greater attention to consequential 
risks (59%) than to implementation risks (41%). This imbalance 
may reflect the expanding deployment of disruptive renewable 
technologies, which has shifted scholarly focus toward transition 
outcomes rather than implementation barriers. Among implemen-
tation risks, social risks account for the largest share (62% of 
implementation-focused studies), followed by resource risks 
(16%), economic risks (15%), and technological risks (8%). Policy-
Fig. 9. Breakdown of studies by 
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related challenges—such as policy uncertainty risk and geopolitical 
risks—make up 45 % of social risk studies, underscoring the empha-
sis on institutional and societal barriers to transition. Research on 
consequential risks is more evenly distributed: energy system risks 
represent 36% (reflecting their central role in transition dynamics), 
followed by economic system risks (28%), with social and environ-
mental system risks each comprising 18%. 

Future research should prioritize expanded analysis of energy 
transition implementation risks, particularly technological, eco-
nomic, and resource risks. There is also a need for systematic stud-
ies that simultaneously assess both implementation risks and the
energy transition risk type. 
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Table 1 
The strengths, weaknesses, and trends in energy transition risk assessment 
approaches. 

Approach Strengths Weaknesses Trends 

Intuitive, simple, 
transparent, 
enables 
comparative 
analyses 

Lack of 
harmonization of 
indicator 
weights 

Preference for MI or 
combined with other 
methodologies 

IA 

Scenario-
dependent; 
limited to 
consequential 
risks 

Growing use in energy 
transition accident 
analysis 

Quantifies 
probability and 
impact of accident 
risk 

PRA 

Visualizes risk 
extent; analyzes 
bidirectional 
causality 

Requires large 
datasets; cannot 
assess risk 
probability 

EA Increasing micro-level 
applications; 
combined with 
probability methods 

Complex; lacks 
transparency 

SA Systematic multi-
risk analysis 
through modeling 

Remains dominant; 
expanding regional/ 
enterprise applications 

Comprehensive 
assessment 
through method 
integration 

Growing adoption for 
comprehensive risk 
evaluation 

HA Complex; 
requires multi-
method support 
broader consequences of energy transition. Further investigation 
into the coexistence and interactive effects of multiple risks 
remains valuable. 

As shown in Fig. 10, SA is the most widely used methodology in 
energy transition risk assessment, representing nearly one-third of 
all studies. This prevalence is due to its ability to model complex 
systems, simulate dynamic risks under uncertainty, and analyze 
risk evolution with adjustable parameters. EA follows at 29%, then 
IA at 18%, PRA at 11%, and HA at 10%. Within IA, MI is most com-
mon because of its operational simplicity and transparency; stud-
ies using MI mainly focus on multidimensional assessments of 
consequential risks (e.g. Refs. [59,97]). Methodological trends show 
a shift from simpler frameworks like IA toward more complex sys-
temic models like SA, reflecting a growing need for nuanced risk 
analysis. Future efforts should focus on developing integrated 
modeling systems and analytical tools capable of assessing the 
multifaceted risks faced by diverse stakeholders, addressing both 
micro-level uncertainties and macro-level systemic interactions. 

Fig. 11 reveals distinct methodological preferences in assessing 
implementation versus consequential risks. EA dominates imple-
mentation risk assessments, comprising 52% of reviewed studies, 
which reflects its strength in quantifying causal relationships 
between energy transition and implementation risks. Conversely, 
SA is the primary methodology for consequential risk assessment, 
followed by IA and PRA, which model dynamic system interactions 
and quantify uncertainty, respectively. 

Following a comparative analysis of each methodology’s theo-
retical foundations, operational characteristics, and empirical 
applications, their strengths, limitations, and prospective trajecto-
ries were synthesized. Table 1 provides a structured overview of 
each approach’s utility in energy transition risk assessment, high-
lighting EA’s statistical rigor and data-driven insights alongside 
its sensitivity to model specifications, SA’s dynamic scenario simu-
lation capabilities against its computational complexity, and PRA’s 
probabilistic precision but reliance on high-quality input data. 
Emerging trends such as hybrid model development and artificial 
intelligence integration also receive attention. 
Fig. 10. Breakdown of studies by assessment method. 

Fig. 11. Breakdown of studies by assessment methods for two types of risk. 
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6. Discussion 

This review synthesizes contemporary methodologies for 
assessing energy transition risks. It is important to acknowledge 
that core concerns such as resource scarcity, economic disruptions, 
and environmental implications have been discussed in academic 
literature long before the term ‘‘energy transition risk” emerged. 
Seminal works include Malthus [98] on resource limits, Jevons 
[99] on coal depletion, and Arthur [100] on technological lock-in. 
The relative absence of these seminal studies from the collected 
dataset likely reflects shifts in terminology and the segmentation 
of academic disciplines. The keyword-driven search strategy tar-
geted literature explicitly linking ‘‘risk” assessment with ‘‘energy 
transition” or ‘‘energy transformation,” which may exclude earlier 
studies framed within different conceptual paradigms. This limita-
tion highlights a common challenge in systematic reviews reliant 
on contemporary terminology. Within this historical context, our 
study emphasizes that the risks under consideration represent 
escalations of enduring challenges within the present low-carbon 
transition framework. This review extends previous scholarship 
by integrating recent methodological advance specifically designed 
for energy transition risk assessment. Readers seeking broader his-
torical perspective are referred to the foundational works cited 
above. 

6.1. Analytical framework for energy transition risk assessment 

The literature review indicates that different risk assessment 
methodologies offer distinct advantages and are applicable in dif-
ferent contexts. EA is frequently chosen for evaluating implemen-
tation risks, especially when the goal is to analyze transition 
barriers without explicitly quantifying probabilities. This approach 
uses regression models—such as panel data regression (PDR) 
model, difference-in-differences (DID) model, and wavelet analysis 
(WA) model—to simultaneously assess the severity of multiple risk 
factors affecting the transition progress. In contrast, for assessing 
consequential risk, SA and PRA are primarily employed to quantify 
the probability of adverse events and their potential losses. SA 
models, including system SD, ES, and OROM, incorporate 
scenario-specific parameters to simulate event probabilities under 
different conditions. PRA, on the other hand, uses methods such as 
MC and Bayesian network (BN) analysis to generate probability 
distributions for transition risks, enabling a probabilistic character-
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ization of risk. The IA remains widely used for both risk categories 
due to its simplicity and ease of application. Its effectiveness 
depends on the selection of appropriate risk indicators and the 
assigning of suitable weights—both critical for accurately deter-
mining risk levels. For example, combining failure frequency (as 
a probability metric) with repair cost (as a loss metric) can assess 
energy system operation risks. Fig. 12 presents an analytical frame-
work that integrates these methodologies for comprehensive 
energy transition risk assessment. 

6.2. Potential future research directions 

Analysis of energy transition risk assessment literature reveals 
four key evolutionary trends. First, research output has grown sig-
nificantly, shown by exponential growth in relevant publications 
over the past decade, reflecting increased global interest in 
transition-related challenges. Second, the analytical focus has 
shifted from macro-level (global or national scales) perspectives 
to micro-level (regional or firm-specific scales) investigations, 
responding to the need for context-sensitive risk management 
strategies. Third, research attention has expanded from developed 
to developing economies, addressing unique vulnerabilities in 
regions undergoing rapid decarbonization. Finally, methodological 
approaches have advanced in complexity, moving from simpler 
approaches such as IA to more systemic models like SA, enabling 
more nuanced risk characterizations. 

In terms of risk typologies, consequential risks—particularly 
energy system and economic system risks—predominate in the lit-
erature. At the same time, implementation risks have also received 
considerable scholarly attention, with social risks (e.g., policy 
uncertainty, regulatory challenges, and public acceptance) being 
the most studied. Methodologically, SA is widely used to model 
cross-system interactions, while IA and PRA are effective in quan-
tifying risk probabilities and losses. EA, by contrast, focuses on 
assessing the severity of multiple risk factors affecting energy 
transition. 

Three priority research directions emerge. First, deeper investi-
gation of implementation risks is needed, including systematic 
Fig. 12. Analysis framework for ene
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analysis of technological, economic, and resource risks that affect 
transition feasibility. Holistic assessments integrating both imple-
mentation and consequential risks, along with studies examining 
risk interdependencies and cascading effects, are essential. Second, 
methodological advances should prioritize developing integrated 
modeling frameworks and analytical tools to assess the multi-
faceted risks faced by diverse stakeholders. Finally, empirical stud-
ies focusing on specific industry or regional, complemented by 
comparative analyses, would improve understanding of heteroge-
neous transition dynamics. Collectively, these directions highlight 
the need for interdisciplinary approaches to address both founda-
tional barriers and systemic risks in the energy transition. 

7. Conclusions 

This paper presents a systematic review of the literature on 
energy transition risk assessment. Following a standardized review 
protocol, key aspects of 214 selected publications were analyzed, 
including energy transition risk typologies, assessment methodolo-
gies, publication trends, research subjects, and regional focuses. 
Based on in-depth content analysis, the study identifies key char-
acteristics of various risk types, synthesizes the strengths, weak-
nesses, and evolutionary trends of five methodological groups, 
constructs an analytical framework for energy transition risk 
assessment, and outlines research evolution and future directions. 

The review indicates that energy transition risks can be classi-
fied into two main categories: implementation risks (including 
technological, resource, economic, and social risks) and consequen-
tial risks (covering energy system, economic system, social system, 
and environmental system risks). Assessment methodologies are 
grouped into five distinct approaches: IA, PRA, EA, SA, and HA, each 
with unique strengths, weaknesses, and applicable contexts. An 
integrated analytical framework for energy transition risk assess-
ment is also constructed. Finally, promising directions for further 
research in the future are identified. 

Despite its merits, this review has inevitably some limitations. 
For example, the literature search was limited to English-
language articles in the WOS core collection, which may have
rgy transition risk assessment. 
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excluded relevant studies in other database or languages. In addi-
tion, this study only offers a broad overview of energy transition 
risk assessment research; more detailed analysis of assessment 
methodologies for specific transition pathways would be valuable 
and worthy of further investigating. 
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