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While renewable electricity has gained traction, the transition to a low-carbon energy system is still subject to
large uncertainties about future energy use and supply portfolios. In the light of recent disruptive events such as
geopolitical tensions and trade restrictions, it is evident that energy transition strategies should consider un-
foreseen disturbances. In this paper, we conduct a systematic review of 179 energy system modelling studies
from Scopus and Web of Science based on the PRISMA guidelines. We include articles considering various aspects
of energy security, focusing on large-scale system models with a long-term techno-economic design perspective.
Our analysis reveals significant variation among studies in three key areas: the security aspects evaluated, the

types of disruptions considered, and the methodological approaches employed. While weather variability is
commonly examined, other security threats such as climate change or geopolitical disruptions receive less

attention.

1. Introduction

With global energy-related greenhouse gas emissions at a record
levels [1], alarming rates of ecosystem degradation [2] and increasingly
devastating impacts of climate change for communities worldwide [3],
we are in urgent need of a swift transition to a more sustainable mode of
living. The rapid expansion of renewable electricity sources has begun to
transform the energy sector [1]. At the same time, the shockwaves of
recent geopolitical crises such as the Russian military aggression against
Ukraine [4], US-Israel attacks on Iran [5] and tensions between the US
and Europe [6] are putting the transitioning energy systems to a test.
The notion of “energy security” is invoked both as a challenge to the
renewable energy transition, referring to e.g. the changes required to
cope with variable energy sources and new dependencies on critical
materials, and as a benefit in connection to reduced dependence to fossil
fuels [7].

1.1. Conceptualization of energy security

While the energy security concept has been used for decades, the
practical interpretations vary widely, ranging from the mere availability
of energy at any time to understandings involving e.g. environmental,

social and economic aspects [8]. A variety of indices have been con-
structed and employed in attempts to quantify different perspectives on
energy security [8,9]. Their diversity demonstrates that no coherent
understanding of the meaning of energy security is established in the
literature.

A much referenced definition of energy security is “uninterrupted
availability of energy sources at an affordable price”, as stated by the IEA
[10]. However, Cherp and Jewell [11], drawing upon the work of
Baldwin [12], argue that a definition of energy security should address
at least three fundamental questions:

e “Security for whom?
e Security for which values?
e From what threats?”

Applied to the IEA definition, these inherently normative questions
reveal that energy security often leaves room for different in-
terpretations about whom energy should be affordable for and in which
situations energy should be available without interruption. Other
scholars have also described energy security as a relative rather than an
absolute state [13].

The conception “low vulnerability of vital energy systems” offered by
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Cherp and Jewell [11] allows for a broader understanding of energy
security, encompassing dimensions identified in many recent studies [8,
14] beyond the availability- and affordability-focused definition of the
IEA. Vulnerabilities are understood to emerge from the combination of
risks and the resilience of a system, while vital energy systems are
thought to be energy systems that support critical social functions [11].
Because both the relevant risks and the critical social functions must be
defined for each context under consideration, this accommodates a wide
range of more specific approaches to energy security. We therefore
adopt this conception as the overarching understanding of energy se-
curity in this review, which encompasses studies with very different
contexts and understandings of energy security. We do however
acknowledge that while the adoption of a harmonised definition could
be beneficial, no existing definition has been adopted universally, and
other, more specific definitions may be more fit for other purposes.
Finding a suitable universal definition for energy security is out of the
scope of this review.

Several concepts, such as resource adequacy, reliability, security of
supply and resilience, are often used in connection with energy security.
These terms describe the vulnerability of energy systems with focus on
different timescales and system boundaries. Here, we will briefly discuss
each of them.

Resource adequacy or system adequacy is a prevalent term in energy
systems analysis. This concept is usually much narrower than energy
security and is formally established e.g. through its use in the European
Resource Adequacy Assessment (ERAA) [15], which investigates the
ability of the European electricity system to fulfil all expected demands
under a range of circumstances.

Reliability is a similar concept, also referring to the fulfilment of
demands. Drawing upon previous work by multiple authors, Schmitz
et al. [16] position reliability as the short-term probability of fulfilling
energy demand, in contrast to adequacy, which is seen as a long-term
aspect.

Reliability and resource adequacy can be used to constitute security
of supply, which is seen as one aspect of the broader concept of energy
security [16]. Security of supply often relates more strictly to the
availability of energy than energy security [e.g. in 14,17] but the terms
are also subject to overlapping use [e.g. in 18,19].

Resilience is also a prevalent term in connection with security. The
term has, in the context of energy systems, often been used with a rather
technical understanding that relates to the system springing back to its
original state after a shock, sometimes called engineering resilience
[20]. Socio-ecological approaches expand beyond this robust capacity to
include adaptability and transformability as part of resilience [20,21].
Energy system resilience can be framed as aspect of energy security [11,
16]. On the other hand, following the socio-ecological perspective on
resilience, energy security would be one of many aspects of societal
resilience.

A common denominator of the concepts is that they describe the
reaction of a system to disruptive events, which is at the core of the
concept of vulnerability. Disruptive events can be separated into shock
events and stresses (or slow-burn processes), referring to the different
temporal patterns [11,16]. Wijesinghe et al. [22] instead use the cause
of the disruption to identify four types: Natural, human-caused inten-
tional, socio-political and economic.

1.2. Energy security in the energy system modelling context

The transition to a more sustainable energy system will fundamen-
tally alter both the composition and operation of energy infrastructure.
Since implementing and testing full-scale design proposals is infeasible,
one alternative is to study system models instead. For decades, various
types of energy system models have been used as tools for studying
different development pathways [23]. These models are viable tools to
examine energy security in systems that have not yet been realised.

It should be noted that energy security is closely related to
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uncertainty and risk in the conditions that a future energy system will
operate under. Uncertainty assessments are often part of studies on
energy systems through the use of sensitivity analyses, but also more
formal approaches such as stochastic optimization, Monte Carlo anal-
ysis, robust optimization or modelling to generate alternatives [24]. It is
infeasible to review all publications utilizing these uncertainty in-
vestigations in a non-automated way. This review therefore focuses on
papers with explicit security emphasis, including uncertainty-related
methods only when authors explicitly connect them to energy security
or reliability.

Several comprehensive reviews have been conducted with emphasis
on conceptualization of security [e.g. 14,16] or security indices [e.g. 8,
9] but without a focus on modelling approaches. On the other hand,
reviews with emphasis on energy system modelling approaches but not
security are also established in the literature [e.g. 23-25]. The novelty of
this review is the intersection between the security and energy system
modelling realms. Although security-related aspects in energy systems
analysis have gained attention through recent geopolitical events, to the
best of our knowledge, no systematic assessment of the diversity of
security-related approaches in energy system modelling has yet been
conducted.

1.3. Aim of this review

In this paper, we present a systematic review of 179 energy system
modelling approaches, pursuing the following research questions:

RQ1. Which aspects of energy security and supply security are
investigated in energy system modelling studies for the low-carbon
transition?

RQ2. By which methods are energy security and supply security
during the transition to a low-carbon energy system assessed in the
energy system modelling context?

The scope is further limited to international, national or large
regional models, as opposed to models of cities, industrial parks or
building complexes. This focus is aligned with security policies which
are usually aligned with national energy systems, same as energy re-
serves and import routes which are critical for energy security.
Furthermore, we limit results to studies with a techno-economical sys-
tem design perspective, as opposed to a pure focus on market design,
supply chains or operational aspects.

2. Method

This section details the PRISMA-compliant review methodology,
followed by a brief discussion of methodological limitations.

2.1. Review methodology

This review is based on the PRISMA guidelines [26] to secure
transparent documentation. An illustration of the source selection pro-
cess is shown in Fig. 1. The search was conducted on the academic da-
tabases Scopus and Web of Science, using the 21st of April 2026 as limit
for the new database entries. The databases were used to achieve a wide
coverage of entries while limiting the search to peer-reviewed publica-
tions. The search string is divided into components aimed at different
aspects of the scope and shown in Table 1. Following the conceptual
discussion in section 1.1, energy security aspects are searched via the
different related terms listed there, acknowledging that some of these
terms will generate results focusing on just one aspect of energy security
(e.g. supply security).

The proximity operator W/4 is used to cover terms such as “security
of low-carbon energy supply”, where is sufficient for the words “secu-
rity” and “supply” to be within 4 words of each other. Generally, the
vague and multifaceted nature of the energy security concept made it
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Fig. 1. Overview of the PRISMA-compliant review process applied to this study. Modified from Page et al. [26] under CC BY 4.0 license.

Table 1

Search string components used in Scopus for this review. The search string in
Web of Science did use the equivalent operators NEAR/4 instead of W/4 and
TS = instead of TITLE-ABS-KEY. Both searches were also restricted to the
document type “article” and to entries added before 22nd April 2026.

aspect to be covered string

TITLE-ABS-KEY ((

energy security aspect
investigated

((adequacy OR security OR robustness OR robust OR
resilience OR resilient OR reliability OR reliable) W/4
(energy OR supply OR system OR generation OR resource))
AND (“energy system” OR (energy W/4 (transform* OR
transition OR pathway)))

AND (“net zero” OR “carbon neutral*" OR “climate

system perspective

low-carbon transition

perspective neutral*" OR “low carbon” OR decarboniz* OR sufficien*
OR (future W/4 system) OR “just transition” OR “green
transition”)
model use AND (model* OR optim*)

large system AND NOT (microgrid OR “off grid” OR “small island” OR

urban))

hard to collect relevant papers in a search string with high specificity.
Initial attempts to find search strings excluded too many relevant papers
that we already were aware of. To avoid cutting out too many results
from the start, a very broad search string with many synonyms was used,
resulting in a high number of papers that were manually discarded
during screening.

The results were first screened by their abstracts by one author,
considering the following criteria:

1. Energy security in the meaning of the adopted definition from sec-
tion 1.1 should have been analysed, including focused studies on
supply security, system adequacy, reliability, and energy system
resilience.

2. Studies should have a low carbon design perspective, marked by the
consideration of multiple configurations of a future energy system
with different generation technologies, at least one of which should
lower the greenhouse gas emissions of the system. Pure consider-
ations of market or policy design are excluded, as well as purely
operational optimisations.

3. Studies should include energy system models of large systems. In this
study, large systems were identified by a peak demand above 1 GW.
This threshold was chosen to exclude most municipalities and in-
dustrial parks while including most national and large regional
studies aligning with the focus of this study.

Concerning the first criterion, during abstract screening, it was
considered enough if studies made a connection between study results
and energy security, e.g. “the resulting scenarios are assessed through a
number of indicators on affordability, supply-security and sustainabil-
ity.” [27]. However, in many cases, energy security was only mentioned
as motivator or relevant context for the results, e.g. “the findings un-
derscore the need for continued research [...] to optimize these fuels,
ensuring their contribution to a cleaner, more resilient energy land-
scape” [28]. These studies were excluded. Additionally, a high number
of studies concerned much smaller energy systems than targeted by this
review. In total, of the 1493 records identified by the initial search, 1108
were excluded during abstract screening. Of these, 685 did not contain
an eligible model, 229 had no security focus and 170 were not
design-oriented. 26 documents were excluded because they were other
document types than original research articles, such as reviews or edi-
torials. 4 records were excluded because they had been retracted.

Following the abstract screening, full texts were retrieved and
reviewed by one author. 368 out of 385 studies could be retrieved. One
additional study was identified through citation searching in the
retrieved studies, and one study was identified through the authors’
prior knowledge but did not appear in the search results. Both were
subject to the same eligibility criteria as the other articles. During full-
text screening, 224 studies were excluded following the criteria
described above. 98 did not use an eligible model following the criteria
above. 80 studies lacked a security focus and 43 were not oriented to-
wards low-carbon energy system design. Two studies were excluded
because they were in other languages than English, and one study [29]
was excluded because the relevant elements of the study were presented
in a very low-resolution figure that rendered the contained text un-
readable. Because each study was assigned a single exclusion reason,
these categories are not mutually exclusive.

2.2. Limitations

This study is subject to several methodological limitations. Among
these is that the screening and eligibility assessments have been con-
ducted by a single researcher, introducing reviewer bias. To mitigate
this at least partially, we defined transparent inclusion criteria. How-
ever, it is possible that some eligibility decisions would have been
different if multiple researchers had reviewed each decision. Another
limitation is the focus on articles in English, potentially excluding
interesting results written in other languages.
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3. Results

In the following section, we first outline the temporal and regional
scope of the eligible studies. Next, we analyse the security aspects and
disruptive events considered. Finally, we review the methodological
approaches and modelling choices employed. The underlying classifi-
cations can also be found in the supplementary material (Appendix A).

3.1. Temporal and regional scope of eligible studies

The screened results show a strong uptake in publications since
2020, as can be seen in Fig. 2. This should be seen in relation of the
overall uptake in publications since 2020.

Fig. 3 shows the geographical scope of the eligible results. While
countries from Africa, East Asia, Central Asia and South America have
been subject to very few studies, most focus on Europe, China and the
US. Germany, the UK, Poland, France, Finland, Belgium, Sweden, Spain,
Italy, Switzerland, China and the Netherlands were subject of more than
25 studies each. Most studies (n = 99) model a single country,] fewer
(n = 36) model multiple countries, with most focusing on Europe. As a
special case, 4 studies fully model multiple countries but focus on a
single country in the evaluation. Some studies consider subnational re-
gions (n = 26) and only very few (n = 7) model the global energy sys-
tem.” Furthermore, some studies (n = 7) are conducted on synthetic
systems without the intention to depict a real-world region.

3.2. Aspects of energy security

A variety of security-related aspects is investigated in the eligible
articles. This section reviews aspects that are explicitly linked to energy
security, reliability or adequacy by the respective authors. An overview
can be found in Fig. 4.

The most investigated aspect is energy not served (ENS) [e.g. in
30-33], meaning the energy quantity demanded but not delivered. This
term is sometimes described as loss of load, load shedding or demand not
supplied. It is closely connected to the loss of load expectancy (LOLE) [e.
g. 34] or loss of load duration (LOLD) [e.g. 35] which describe the time
during which some energy demand is not met. The loss of load proba-
bility (LOLP) [e.g. 36] describes the probability of LOLE for a given time
period. Finally, the loss of load frequency (LOLF) [e.g. 37] measures the
number of occurrences of unmet demand per time period. All measures
of lost load have been counted as part of the same aspect here.

A related, less common measure is the ENS cost, meaning the cost
caused by demands that could not be met [e.g. 38,39]. This aspect is
connected to the assumption of a value of lost load (VOLL), which will be
discussed in section 3.3.3. Opposed to this, the cost of ENS abatement
seen in only few studies [e.g. 40-42] measures the extra cost incurred by
forcing the system to fulfil all demands.

The capacity margin or residual load measures the difference between
load and maximum available capacity [e.g. 43-46], where the latter in
some cases is restricted to only firm or only variable technologies. Re-
sidual load can be evaluated at different points, e.g. at the highest need
for dispatchable technologies or flexible demand [47]. In some cases, a
reserve margin is subtracted from this difference as a measure to in-
crease security of supply [e.g. 30]. In the context of system margins,
many studies also evaluate the backup capacity built [e.g. 48-50].
Sometimes, a margin for transmission capacities is also analysed in the
form of congestion metrics, such as line utilization [e.g. 51-53] in elec-
tricity systems or pressure swings and pressure violations in gas systems

! Note that it is not always straightforward to separate national from regional
studies. In this review, we consider studies that cover more than two thirds of
the land area and population of a country to be national studies.

2 Additionally, 2 studies contained both regional and national-scale
investigations.
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[e.g. 33,54].

Some studies apply measures of technology-specific or overall effi-
ciency. In this context, some studies evaluate capacity credits, which
measure the contribution of a technology to demand fulfilment in crit-
ical situation [e.g. 55-57]. Other studies analyse capacity factors,
meaning the utilization of capacities as a share of their maximum
possible output [e.g. 551, or conversion efficiency [58]. Furthermore,
some studies use curtailment [e.g. 59], the discarding of renewable en-
ergy potential, as measure of inefficiency. Other prevalent measures
include energy use or energy intensity, the use of energy per unit of GDP
or per capita [e.g. 55,60,61].

The second most found aspect is imported energy [e.g. 62-65]. It is
often expressed as a share of overall energy demand, forming an import
dependency or, conversely, self-sufficiency metric. Connected to import
risks, a range of studies also analyse supplier diversity [e.g. 66-68], and in
some cases political reliability measures for trading partners. Much
fewer studies analyse imported materials [55,67], although this might be
much more common in non-energy-specific research areas. A few studies
also review exported energy, both as positive for energy security [56,63]
and as negative [69].

A considerable number of studies [e.g. 70-72] investigate energy
diversity as a measure of generalized resilience against shocks. Most
studies consider the even distribution between multiple energy sources
to be diverse, although some recognize that benefits from this kind of
diversity can be easily overrun by trade-offs with negative impacts [73].
Diversity is often measured through the Shannon-Wiener Diversity
Index (SWDI) [e.g. 57] or Herfindahl-Hirschman Index (HHI) [e.g. 61,
74] and sometimes through the share of the largest energy source [e.g.
75]. While most studies consider a diversity of different energy carriers
in the system to be more resilient, one study [76] argues that the reliance
on hydrogen and electricity imports on top of fossil gas imports would
affect energy security negatively because maintaining only infrastruc-
ture for fossil gas would be less complex than transmitting hydrogen and
electricity in addition.

Concerning the energy transition, some studies [e.g. 55,61] measure
renewability, the share of renewables in the energy mix, or electrification
[58] as aspects of energy security. The former is sometimes expressed
conversely as fossil dependence.

Though many studies are concerned with system cost through the
optimization methods used, only a few directly analyse energy price, price
volatility or other costs as energy security aspects [e.g. 44,71,77]. A small
number of studies also review environmental [e.g. 61,78] or social [71]
criteria, although many more consider these outside of the energy se-
curity realm.

A few more uncommon metrics were also used in different contexts,
such as the age of infrastructure [79], or energy reserve to production
ratio [79].

Finally, a few studies reviewed here [e.g. 80-82] use probability
metrics as their main consideration for energy security. These are spe-
cific for the different approaches, such as constraint violation proba-
bilities for chance-constrained approaches. The loss of load probability
seen in many studies was excluded from this aspect.

Overall, some of the most prevalent aspects are linked to the avail-
ability of energy as a measure of vulnerability, including energy not
served, capacity margins and backup capacities, which reflect the ability
to provide additional energy. This raises the critical question “security
for whom?”, as the groups affected by energy unavailability may vary
significantly. For example, the governments of the UK and Germany
have implemented policies prioritising emergency supply of energy for
vital needs [83,84]. Vital needs are not explicitly defined in this context
and may change depending on the characteristics of the disruption.
However, the concept of decent living standards [85] and their con-
nected energy needs [86], such as healthcare, heating/cooling, lighting,
education and access to clean water, could serve as a foundational
reference. Consequently, it is likely that certain industrial and com-
mercial loads will be interrupted before essential services are affected.
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contiguous US.

Furthermore, unserved demands may be unevenly distributed across
geographical regions, income groups and industrial sectors.

When considering vital energy needs, the overall impact of unserved
demands also depends on the duration of the disruptions as well as many
factors that are not explicitly modelled. These include the institutional,
economic, and social capacity to prioritise demands, distribute limited
resources, deploy recovery measures in the event of infrastructure
damage and establish interim solutions, such as public heated spaces in
winter. The impacts also depend on how ‘vital energy systems’ are
defined and raise the broader question ‘security for which values?’. The
implications for vital energy needs and decent living standards may
differ substantially from the economic impacts on industrial customers.
For example, discussing infrequently occurring small amounts of un-
served demands without considering their expected impacts may
obscure how different groups could be affected, as such disruptions may
affect industrial and commercial consumers more directly than
households.

This limitation is partly attributable to the limitations of energy
system models, which are the focus of this study. They are not designed
to adequately represent all the aforementioned factors. While it is
possible to model different demands explicitly and explore the effects of
alternative priorities, it is considerably more difficult to model the
multitude of possible reactions to a crisis. The effectiveness of energy-

saving practices and interim solutions in reducing demand under a
specific future scenario is hard to predict. Moreover, because in-
stitutions, social norms and legal frameworks play central roles in
disaster preparedness and resilience, many relevant factors cannot be
modelled endogenously using cost-optimizing models. Thus, the focus
on availability and security of supply in the results is consistent with this
study's focus on techno-economic energy system modelling.

Nevertheless, to better connect the unavailability of energy to its
consequences for different groups, it would be valuable to examine the
duration and magnitude of unserved energy, as well as the composition
of demands at the time when unserved energy occurs. Connecting en-
ergy system modelling results to other domains of energy and social
research could provide further insights into the consequences of crises
and potential mitigation options.

3.3. Disruptive events

With respect to the question “security from what threats?”, different
disruptive events can be identified. We count occurrences of disruptive
events if the effects of the disruption in question were investigated either
through scenario design, uncertainty-related methods or through ex-
post investigation related to the specific event. Accordingly, all studies
that analyse the amount of imported energy in connection with energy
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security were counted as studies considering import disruptions, and all
studies that consider a set of different emission trajectories were counted
as studies considering emission reduction ambition. We also counted all
studies that evaluate external restrictions or mandates to the available
technologies under the theme of “technology preference” as they
implicitly consider the effects of societal preference, e.g. due to envi-
ronmental impacts or security concerns.

Analogous to other literature [11,16], we classify disruptive events
into shock events, meaning short-term developments with potentially
severe impacts, and stresses, meaning long-term shifts. As can be seen in
Fig. 5, for stresses, technology preference and emission reduction
ambition are two heavily investigated themes, followed by demand
change, technology costs, interconnection levels and fuel costs. Fewer
studies consider different carbon prices, effects of climate change and
potentials for different renewable energy sources.

For shock events, weather variability and import disruptions are
much-studied subjects, with some attention given to component failure
[e.g. 39] but much less studies on natural disasters, material availability,
fuel prices and social acceptance. Weather variability contains both
variation in intermittent photovoltaic (PV) and wind power production
and hydrological scenarios for hydropower and cooling water avail-
ability, such as droughts. In contrast, natural disasters are here defined
as scenarios where part of the infrastructure is no longer functional as
consequence to e.g. a storm [87].

Looking deeper into the “technology preferences”, wind and PV are
the most investigated technologies, followed by nuclear, different stor-
age technologies, carbon capture and storage (CCS) and coal, as can be
seen in Fig. 6. The prevalence of wind and PV could be explained by the
common use of renewable shares as design targets, which sometimes are
considered instead of an explicit emission reduction target. Different
distributions between PV and wind in future low carbon systems are
frequently investigated. Storage is an important area of investigation as
it is essential to systems based on wind and PV and several new tech-
nologies such as compressed-air storage, batteries, thermal storage and

hydrogen storage are investigated. For CCS and nuclear, the often-
controversial discourse around these technologies, relating e.g. to
costs, risks, lock-ins and technological maturity, likely makes them
especially interesting for scenarios.

Considering technology costs including fuel prices, gas is the most
investigated technology, reflecting the widespread import dependency
of and volatile prices for fossil gas. PV and wind are also subject to
different technology cost scenarios. This could be attributed to their
dominance in most low-carbon energy system designs as well as the
historically fast decreasing cost trajectory for these technologies.

3.4. Methods applied to energy security

In the following, we will review the methods used to analyse energy
security. Firstly, we will give an overview of models and general
modelling aspects, followed by a discussion of security-specific meth-
odological approaches grouped into four themes: Ex-post analysis, sce-
narios, stress tests and uncertainty-driven approaches.

3.4.1. Model frameworks and modelling resolution

Energy systems are modelled with a variety of different models and
tools. In the results of our search, TIMES/MARKAL, PyPSA and OSe-
MOSYS are seeing somewhat more frequent use, as can be seen in
Table 2. Still, most studies either make use of an unnamed model or
mark the only use of their respective models in this review.

The models differ much in spatial resolution. As shown in Fig. 7,
most studies consider only a single node, with no transmission between
regions or spatially differentiated results. Fewer studies include multiple
regions. Capacity-optimizing approaches show a similar distribution to
approaches without capacity optimization, except that the latter have an
even stronger emphasis on models with only one spatial node. However,
non-optimizing approaches cover a more diverse range of model types,
some of which are inherently single node. Including more than 40 nodes
is rare. Still, even amongst studies with similar numbers of nodes, the
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Fig. 5. Disruptions in the eligible studies.
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Fig. 6. Technologies considered for disruptions in preference and cost. Observe that technology cost includes fuel prices in this figure. Only technologies considered
in 3 or more cases are shown here. CCS: Carbon Capture and Storage, CSP: Concentrating Solar Power, H2: Hydrogen, PV: Photovoltaics.

area and population represented by the nodes varies substantially.

Temporal resolution is also very different between studies, reaching
from full hourly resolution of entire years [e.g. 88] to representations
with only 8 time periods per year [e.g. 89] or even one time step per year
[90]. The temporal scope of the models does also differs, with many
models aiming for carbon neutrality either associated with years be-
tween 2045 and 2060 [e.g. 66,91,92] or without a timeline. Other
models look at the mid-term future up until 2035 [e.g. 59,93], and a few
studies model up to the year 2100 [e.g. 94,95].

Many models lack the option to include major technological options

such as battery storage, heat storage, hydrogen storage or sector
coupling. When it comes to sector coverage, a considerable majority of
studies model electricity systems only, while far fewer include infra-
structure for hydrogen, methane, or heat, as shown in Table 3. Only 13
studies consider all these sectors while 16 studies model all except one.

Different objectives are seen, e.g. minimizing emissions [65], but
cost clearly dominates the optimization-driven studies. The valuation of
costs related to carbon emissions through emission penalties in the
objective differs between the models. Many models instead enforce one
or several different fixed emission constraints.
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Table 2
Models and model frameworks used in eligible studies.

model/framework uses

TIMES
PyPSA
0SeMOSYS
MARKAL
EnergyPLAN
LEAP/NEMO
PLEXOS
ETHOS.FINE
REMix
Backbone
GCAM
LUT-ESTM
MESSAGE
Nexus-e
AMIRIS (FAME)
Antares
Calliope
ESO

Power Plan
TEMOA
named, single use in eligible studies
unnamed

-
© A

NDNDNNDNDNWWWWWSRSDST NN ®©

[
N a

In total, we observe quite diverse model usage with different focus
areas across the topic of energy security. However, models are often
subject to significant computationally induced or data-driven trade-offs
that omit either technical, temporal, or spatial detail. In the case of
technical detail, energy storage options and conversion between carriers
are essential to security of supply because these technological options
can substitute for other energy sources. Transmission bottlenecks can be
overlooked when decreasing spatial resolution, and critical supply or
demand spikes can be smoothed when decreasing temporal resolution.
As these dimensions have the potential to significantly alter the results,
it is critical to assess the potential influence the chosen levels of tech-
nical, spatial and temporal detail and rethink study design if necessary.

3.4.2. Approaches to energy security

In this section, we present different methodological approaches seen

in the investigated studies that deal with security-related issues. We

group different approaches under four different themes: (1) Ex-post

analysis, (2) scenarios with security-driven constraints, (3) stress tests,
80 —
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and (4) uncertainty-driven approaches. Note that some studies apply
multiple approaches at once. An illustration of the approaches can be
found in Fig. 8.

3.4.2.1. Ex-post investigation, indicators and indices. Several studies
measure indicators of supply security after the design and operation of a
system have been determined. This section reviews studies that apply
such ex-post metrics. Many studies with specifically security-driven
methods also apply some kind of metric to the results. However, in
this section we focus on studies that use ex-post evaluation as their only
security-adapted method.

Two kinds of ex-post analysis can be differentiated: (1) Analysis by a
set of metrics, and (2) analysis with composite indices created from
several metrics. Note that many studies review qualitative aspects in
addition to the metrics discussed here. Additionally, many studies
consider environmental aspects, costs and sometimes social aspects but
often separate them from energy security. Only metrics that are
explicitly linked to energy security in the results are discussed here.

As can be seen from Fig. 9, import dependencies, energy not served
(ENS), measures of diversity and capacity margins are the most common
metrics used for indicator-based approaches. Somewhat less common
are backup capacity built and price metrics.

The diversity of indicators for energy security shows that ex-post
assessments are used to retrieve information about many different di-
mensions of energy security. However, imported energy, energy not
served, energy diversity, and capacity margins are clearly dominant over
all other aspects, including environmental and social measures. This
highlights the tendency of techno-economic models to focus primarily
on supply-side vulnerabilities, while giving less attention to the social

Table 3

Coverage of energy infrastructure combinations in the eligible results. A study
was considered to model a sector if it included storage or transmission compo-
nents for the respective energy vector. This implies that e.g. the methane sector
was not considered to be modelled if only demands or conversion points were
modelled, e.g. if the electricity system included gas turbines.

electricity hydrogen methane heat
electricity 153 48 26 34
hydrogen 50 16 24
fossil gas 27 15
heat 34

O no capacity optimization

W capacity optimization

10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 90-99 100+

no. of nodes

Fig. 7. Number of nodes in the eligible papers. The number refers to the number of nodes that are in the focus area of the study and modelled with demand,
excluding pure import or export nodes as well as nodes in other regions that are modelled but not part of the analysis.
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Fig. 8. Visualization of different security-focused energy system modelling approaches.

and environmental impacts of disruptive events. Extending the assess-
ment of disruptive events to include potential environmental or social
impacts through additional indicators could therefore provide a more
comprehensive characterisation of energy security risks.

Energy system optimization problems are most often constrained to
fulfil all demands. To still get insight into stress periods, different
methods have been employed. Capacity or reserve margins can serve as
indicator for system robustness, either measured at peak supply-demand
mismatch [41,48] or aggregated over the entire time period [30,63].
Several studies assign a cost for unmet demand, assuming a value of lost
load (VOLL), which is further discussed in section 3.3.3. In a different
approach, Grochowicz et al. [88] employ a shadow-price based analysis
to gain insight into system stress periods.

A few studies rely on composite indices derived from a larger number
of indicators. As shown in Table 4, indices use very different combina-
tions of metrics but imported energy and capacity factors are common.
Sometimes, the index is itself used to construct broader indices [67].
While other methods allow for an individual, normative evaluation of
different aspects, indices incorporate pre-made trade-offs between
different aspects. The selection and weighting of indicators determine
the outcome, also when using formal weighting methods. Often, neither
of them is explicitly discussed, hiding the normative decision whether
something is an adequate measure of security and how important it is in
relation to other measures. For instance, a maximally diverse system
would often be seen as desirable. However, such a system will incor-
porate fossil fuels, which force environmental-social damage and, for
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Fig. 9. Indicators used in ex-post assessments [27,30,38,40,41,47,51,52,
5460-6570-7589-91,94,9596-99100-109110-119120-133]. Note that only
studies with ex-post assessment as their only security-focused method are
counted here, and that indicators are only counted if they are explicitly linked
to energy security by the authors of the respective study.

Table 4
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The scenarios follow different approaches. One type of studies
specifies security metrics to be met, e.g. minimum import diversity [66,
68,135,136], maximum import share [57,66,76,89,108,135,137-140]
of a set of energy carriers, minimum generation capacity diversity [57],
different reserve requirements [58,141-143] ,3 or maximum demand not
served [105]. Pfenninger and Keirstead [40] use a constraint on allowed
energy not served (ENS) and measure how much additional costs are
incurred by fulfilling the last 5 % of demand. These studies aim to design
a system with a generalized resilience against one or several types of
threats. An overview is presented in Table 5.

Another type of scenarios incorporates the effects of a disruptive
event, e.g. fuel or material supply chain disruptions [55,68,92,96,143,
145,146], or storms or droughts that cause generation shortfalls or plant
outages [99,147-150]. These studies aim to secure the system against a
specific threat. They are presented in Table 6.

It should be noted that also amongst results that apply other security-
specific methods, many eligible studies consider variations in fuel cost
[e.g. 99,143], technology cost [e.g. 54,91], carbon emission reduction
constraints [e.g. 91,92], interconnection level [e.g. 31,87] and energy
demand [e.g. 68,96] in scenarios. These scenarios can be of relevance to
energy security but are most often not explicitly linked to security as a
subject of investigation. Fig. 10 gives an overview of the scenario themes
found in all eligible studies. It is evident that restrictions in the gener-
ation portfolio, i.e., minimum and/or maximum shares of different
technologies, are the most prevalent type of scenario, followed by
different emission reduction ambitions and technology costs. The most
prevalent technologies that were investigated in generation portfolio

Overview of studies using index-based approaches for energy security assessment. x — aspect covered and explicitly linked to energy security. CF: Capacity factor; ENS:

Energy not served.

Ref. Energy Energy Imported Import CEF/ capacity imported Additional indicators
diversity use energy risk curtailment credit materials

[55] X X X X X X renewable share

[56] X X X X energy volatility, exported energy, capacity
margin

[58] X X X X electrification, conversion efficiency,
forest cover

[671 X X X X

[134] X ENS

most countries, considerable import dependency. The relation between
the different security indicators of diversity and import dependency
would have to be quantified to form a composite index. Amongst the
formal methods for weighting are Analytic Hierarchy Process [134],
Principal Component Analysis [58] and Hellwig's Method [56] or
exploring many different weight combinations [67].

In a somewhat different approach, Azzuni et al. [71] employ a range
of indicators and aggregate them into dimensions, but only note the
tendency of each indicator (positive or negative). Gracceva and Zen-
iewski [96] utilize a framework conceptualization to structure a mix of
qualitative and quantitative aspects of energy security.

3.4.2.2. Scenarios with security-driven constraints. Several studies define
scenarios with security-driven constraints while allowing the model to
adapt its configuration to the scenario. As many studies utilize scenarios
in general, we focus specifically on scenarios with explicit security
relevance in this section. The defining feature for “security relevance” in
this case is whether the authors at least indirectly state their intention to
investigate an aspect of energy security with the help of the scenarios.

10

variations were renewables, nuclear power, carbon capture and storage,
energy storage, and different types of flexibility options such as flexible
sector coupling.

3.4.2.3. Stress tests and model coupling. Many studies evaluate the sup-
ply security of a fixed system configuration through subjecting it to
different operating conditions. This is sometimes called a stress test [e.g.
in 93,172] or cross-validation [e.g. 50,88]." The defining difference to
scenario-based studies is the limited design freedom which resembles
the way a real system is not optimally designed for unforeseen condi-
tions. Still, there are edge cases which could be framed either as scenario
with design constraints or as stress test with much freedom of design
response [e.g. 173]. An overview of different studies is shown in Table 7,
Table 8 andTable 9.

A major difference between the studies is the way the system
configuration is obtained, most often through a fictional scenario or
forecast but also as a result from earlier optimization. In the case of
optimized designs, many studies utilize model coupling. Typically, a

3 Reserve requirements are present in a lot of studies. These studies stick out
because they implement a set of scenarios where the reserve requirement is
varied.

4 Cross-year modelling in Oberg et al. [50].
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Overview of studies utilizing scenarios with security-driven constraints. Observe that there are more results utilizing reserve constraints, these results were chosen
because they implement scenarios where reserve requirements are varied. x — metric used to define scenario. ENS: Energy not served; SWDI: Shannon-Wiener Diversity

Index.
Ref. import diversity (SWDI) max. shares for suppliers import limit max. capacity share for technologies different reserve constraints max. allowed ENS
[66] 0-1 0-50 %
[135] 33% 50 - 67 %
[68] 20 %
[136] 30-40 %
[89] phase-out
[76] 0%
[571 0-20% 20-40 % X
[137] 46.5 %
[138] X
[108] X
[139] 0-100 %
[140] 0-100 %
[144] X
[141] X
[142] X
[105] 1-20 %
[40] 0-5%
year [e.g. 156] to 62 years [31]. Other stressors include climate change
Table 6 o
R i L X X . realizations [e.g. 43], extreme weather events such as droughts [e.g.
Overview of studies utilizing disruptive scenarios. . .
93], heatwaves or Dunkelflaute [e.g. 32], import disturbances [e.g.
Ref. Scenario 181], demand change [e.g. 173] and component failure [e.g. 187].
[68]  transit of fossil gas via Ukraine is blocked Another difference is how much the design can still be altered as a
[145]  cost of fossil gas varies by factor of 20 o ) response to stress. Many studies make a pure operational run and
[55] a:/alle;blht)y of materials for renewable technology is limited (different determine where demand cannot be fulfilled [e.g- 32,88,176] while
storylines

[146]  availability of materials for renewable technologies and availability of
biomass are limited

[143]  availability of fossil gas from Russia reduced by 75-100 %

[92] availability of fossil gas from Russia reduced by 100 %

[96] oil/shale gas/nuclear power availability reduced by 75-100 %

[99] winter storm causing 5-46 % lower plant availability for fossil gas, coal,
nuclear & wind

[147]  drought causing lower hydropower availability

[148]  drought and flood scenarios causing different hydropower availability

[149]  drought causing lower cooling water availability

[150]  Dunkelflaute event causing lower renewable availability

long-term capacity expansion model is linked to one or several short-
term operational models that have higher technical detail [e.g. 13,33,
34,43,48,154,162-164,183,184,188,189].

Furthermore, studies differ in the kinds of stress the system is sub-
jected to. Most prevalent is historical weather, ranging from a single

generation portfolio
emission reduction ambition
demand

technology cost
interconnection capacity
weather

carbon price

fuel price

import constraint

biomass availability

land availability

others allow the construction of certain additional capacities in order to
fulfil all demands [e.g. 49,51,158]. Some studies fall in between these
categories as they review residual loads or unfulfilled demand and use
them to construct the “backup capacity need” without rerunning the
model or explicitly modelling a source of energy [e.g. 44].

Where additional capacities are added, it is sometimes done itera-
tively, performing a full re-optimization of the system [e.g. 34], and
sometimes with simple but rather limiting assumptions, such as allowing
only fossil gas plants [e.g. 48,160] as additional capacities. For the
iterative studies, some information must be updated for each design run
to obtain a more stress-resistant system. One way is to use a constraint
which ensures that aggregated capacity is above a threshold. Some
studies [e.g. 34,111,164] use capacity credits which credit every tech-
nology with a certain contribution factor for this constraint. These ca-
pacity credits are typically high for dispatchable sources that are likely
to deliver close to their nominal capacity a peak demand situation and

no. of studies
30 40 50 60 70 80 90

Fig. 10. Most prevalent scenarios in the eligible studies.
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Table 7

Overview of studies subjecting energy systems to historical weather with limited
design adjustment allowed (“stress tests™). Bio-CHP: Bioenergy Combined Heat
and Power; CC: Capacity Credit; dyn.: dynamic; GT: Gas Turbine; H2: Hydrogen;
iter.: iteration; LOLE: Loss of Load Expectancy; opt.: optimization; PP: Power
Plant; scen.: scenario; rand.: random; TS: Time Series; WY: Weather Year.

Energy Strategy Reviews 68 (2026) 102370

Table 8

Overview of studies subjecting energy systems to historical or synthetic extreme
weather events as well as climate change while giving limited design freedom
(“stress tests™). Clim.: climate; CM: Capacity Margin; GT: Gas Turbine; LOLE:
Loss of Load Expectancy; opt.: optimization; scen.: scenario; TS: Time Series;
WY: Weather Year.

Ref. Stressor Design Design Iterations Ref. Stressor Design Design Iterations
origin flexibility origin flexibility
Operational validation ( < 1 weather year) Historical or synthetic extreme weather events
[36,46,69,77,151-153] scen. - single [174] 3 hydro availability scen. - single
[49] scen. H2 GT single scenarios (El Nino/La
[13,53,154,155] opt. - single Nina)
[156] opt. GT storage single [172] 3 WY with lowest opt. - single
grid irradiation
expansion [93] 1 hydro availability scen. - single
sector scenario (1942
coupling drought)
[157] opt. battery criterion [1671/[175] 1 hydro availability scen. - single
storage (convergence) scenario (8 %/31 %
[158] opt. all (dyn. criterion lower inflow)
TS) (LOLE = 0Oh) [48] 1 hydro availability opt. fossil GT criterion
[159] opt. backup criterion scenario (extremely (LOLE<7.2h)
capacity (LOLE = 0Oh) dry El Nino event)
[160] opt. fossil GT criterion [87] catastrophic event opt. - single
(LOLE<7h) causing regional grid
[161] rand. - single outage
Historical or stochastic weather [32] Dunkelflaute event scen. - single
[311/[881/[162] 62 WY/40 opt. - single [33,176] Dunkelflaute event opt. - single
WY/3 WY [173] extreme event opt. - single
[35] stochastic opt. - single causing lower
based on 35 renewable generation
WY [39] Dunkelflaute events opt. - single
[163] stochastic opt. PV/wind criterion Heatwaves
based on 22 (LOLE = 0) Climate change impacts
WY [45] 11 WY from 1 climate scen. - single
[164] multiple WY opt. all (static criterion scenario
CQC) (LOLE<3h) [177]1 473 WY from 43 clim. scen. - single
[50] 10 WY opt. GT el. single scenarios
boilers [42] 36 WY from 12 clim. opt. - single
batteries scenarios
H2 storage [48] 3 hydro availability opt. fossil GT criterion
[34] 31 WYy opt. all (dyn. criterion scenarios from 3 (LOLE<7.2h)
CC, (LOLE<3h) climate scenarios
dyn. [44] 150 WY from 3 clim. opt. backup criterion
demand, scenarios capacity (CM > 0)
dyn. [43] 100 WY from 100 opt. all (dyn. 2
objective) clim. scen. TS)
[165] 38 WY opt. all (iter. 1- 5 [871] 1 climate scenario opt. - single
3) [178] 9 WY from 1 climate opt. - single
bio-CHP scenarios
(iter. 4) [179] 2 of 480 WY from 16 opt. - single
- (iter. 5) clim. scen.
[166]1/[167] 11 WY/14 WY scen. - single [180] 12 WY from 4 climate opt. - single
[168] 5WY scen. batteries single scenarios
[169] 30 WY scen. backup single
capacity
[170] 10 WY scen. GT multiple manual the objective function based on the profitability of different generators
o . H2 storage ol in the operational simulation.
{3;]] :tso :}Yasﬁc :2:; Is_';(z)rSIgJe ilr?i :ion Lastly, further differences between studies are seen in the opera-
based on 7 WY (LOLE<5h) tional restrictions. Some studies ease constraints such as biomass

low for intermittent renewable energy sources. A subset of studies does
not specify capacity credits but allows only certain capacities to
contribute to the peak capacity constraint, equivalent to assigning a
capacity credit of 0 to all excluded and a credit of 1 to all included
technologies [e.g. 159]. In some studies, capacity credits are fixed pa-
rameters, and only the threshold in the constraint is updated [e.g. in
159,164]. In other cases, the capacity credits are determined by the
actual contributions of different technologies in the designed systems
and therefore updated [e.g. in 34,111]. Rosendal et al. [34] compare
capacity credits to two other methods to update the optimization: To
introduce a fictive demand added to yearly balance constraints based on
demand not served in previous iterations, and to add a profit signal to

12

availability [50] or emission limits [31,39,88] from the optimization
stage, assuming that a system is designed for an environmental goal but
is allowed to deviate from it under harsh operating conditions.

3.4.2.4. Uncertainty-driven approaches. A range of studies employ spe-
cial approaches such as chance-constrained programming, stochastic
programming, robust programming, Monte Carlo methods or modelling
to generate alternatives (MGA). These approaches have in common that
they systemically deal with uncertainty. As summarized in Table 10,
energy demand and renewable power availability are the most prevalent
uncertainties investigated, followed by fewer occurrences of plant
availability in general and technology cost.

Stochastic methods utilize probability distributions to capture un-
certainties [187,190,195,196,201,203]. These studies usually also have
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Table 9

Overview of studies subjecting energy systems to trade disruptions, geopolitical
events, sociotechnical developments and component outages with limited
design adjustment allowed ("stress tests™). Biom.: biomass; dyn.: dynamic; LOLE:
Loss of load expectancy; LOLP: Loss of load probability; opt.: optimization; PV:
Photovoltaics; scen.: scenario.

Energy Strategy Reviews 68 (2026) 102370

probabilities, e.g. of unserved demand, as result. Chance-constrained
approaches expand upon this by using constraints with a specified
probability, thereby allowing modelers to derive a desired level of
supply security by incorporating such a constraint for demand satis-
faction [80,81]. In a similar-looking but mathematically different
approach, other scholars have applied fuzzy programming to specify

Ref. Stressor Design Design Iterations desired reliabﬂjty levels [82].
Origin Flexibility Multistage stochastic approaches make design decisions before the
Trade disruptions and geopolitical events outcome of uncertain factors is known, and secondary decisions after
(871 self-sufficiency opt. - single uncertainties are revealed [68,118,193,197-200,202]. Some studies
if;i:isnz:: combine a stochastic approach with interval parameter programming,
interruption which defines an upper and lower bound for each variable [118,200].
[441 gas price shock opt. - single Suo et al. [114] use interval parameter programming without other
(+240 %) stochastic methods.
(59 I(c‘fll (f’;l;%;h;“)ks opt. - single As an alternative to stochastic approaches, robust optimization aims
—. 0 . . . oy .1
import disruption to deS.lng a system tha.lt is feas.lble under ‘wors.t-case conditions, avou:.h.ng
(gas, biom.) the difficulties associated with the estimation and use of probability
[181]  import disruption opt. - single distributions. The optimization can be divided into a top-level invest-
_ (hydrogen, solar) - ment problem and sub-level dispatch problems, which are iteratively
[18%] import disruption seen ) single solved and updated [42,198,194,204-207]. A drawback is that solutions
Sociotechnical development ) X
[173]  demand change opt. B single can be overly conservative [42]. Other studies apply several stages [208,
(+10-20 %) 209]. An important distinction between two-stage and multistage
[163]  demand change opt. PV/Wind criterion models is that the former usually assume perfect foresight while the
(LOLE = 0) latter adhere to non-anticipativity, meaning that more decisions are
[181]  demand change, opt. - single de bef taint t k 209
acceptance of wind made before uncertainty outcomes are known [209]. .
turbines Monte Carlo methods have been used to explore a wider range of
Component outage uncertain scenario parameters [30,34,36,66,192]. Frey et al. [30]
[183]  transmission opt. all @yn. grid 3 combine this with a pseudo-correlation matrix to avoid implausible
(probabilistic) expansion) parameter combinations
[184] transmission opt. grid expansion criterion . ) . . .
(probabilistic) (convergence) Modelling to generate alternatives (MGA) is a method that widens
[185]  transmission opt. - single the solution space by allowing deviations from the cost-optimal system,
(probabilistic) up to a given additional cost. This enables investigation of different
(591 transmission (n-1) opt. - single system designs with similar cost but potentially vastly different perfor-
[33] generators, opt. - single . .
. L mance in other areas, acknowledging that a real system reasonably de-
ransmission (n-1) . R X
[186]  generators opt. . single viates from mathematical planning. Van Greevenbroek et al. [191]
(aggregated) obtain a more robust solution space by intersecting multiple
[169]  generators scen. backup single near-optimal solution spaces with varying weather, costs and land
(probabilistic) capacity availabilit
[187] generators scen. - single ¥ . . . . . L.
(probabilistic) Another solution space-widening method is multi-objective pro-
[32] generators scen. - single gramming. Prina et al. [65] obtain a pareto front between reduced
(aggregated) emissions and cost, measuring security of supply for each pareto-optimal
[182]  all system nodes scen. - single solutions through the import share of fossil fuels.
(aggregated)
Table 10
Stochastic elements in the eligible studies.
Ref. Demand Renewable availability Plant availability Technology cost Other
[34,37,187] x x X
[190] X X X imports
[191] X X X land availability
[192] X X X carbon price,
grid availability, technology preference
[30] X X X
[193,194] X X fuel prices
[163,195,196] x X
[197] X X carbon credits,
social acceptance
[198] X carbon price
[68] X gas availability
[80,118,199,200] X
[201] X X
[202] X X emission reduction ambition
[81,203] X
[36] X
[66] X
[183] contingencies
[142] X X X
occurrences 15 12 6 4

13
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3.4.3. Security-related modelling aspects

This section briefly reviews four security-relevant aspects of
modelling seen through all methodological approaches, namely the (1)
coverage of forced outages, (2) modelling of reserves, (3) treatment of
self-sufficiency constraints and (4) value of lost load.

The forced outage of plants is covered to different extents in the
eligible studies. While many studies simply assume that all capacities
built will be available, others either model individual plant outages
stochastically [36,169] or implement an aggregated availability for an
entire technology [32,43]. The former might not be feasible for models
that reach computational limits even without explicitly modelling in-
dividual plants.

The modelling of reserves and reserve constraints is also a security-
relevant matter. While some studies focus on operational modelling
differentiate primary, secondary, tertiary, up, and down reserves, long-
term models often make simplifying assumptions or leave out reserves
entirely. Amongst the simplification approaches, many studies use ca-
pacity credits as discussed in the “stress test” section above. Other
studies employ static margins, assuring that the system overbuilds ca-
pacity either just at peak demand or in each time period. An overview of
reserve modelling approaches is given in Table 11.

Another interesting difference, especially between multinational
studies, is whether the design is forced to distribute capacities so that
each country can satisfy at least a substantial part of its own demand
domestically. Without such a constraint, results can be perceived as
politically unrealistic, as many countries would rely on cheaper poten-
tials abroad without constructing even a minimal level of domestic
supply in case of transmission disruptions or geopolitical tensions. In a
European study, such constraints have been implemented with e.g. 75 %
[191] or 80 % [156] domestically sourced energy. Cao et al. found that
this constraint had a small impact on system cost [191].

Finally, a common modelling challenge is the value of lost load
(VOLL). In cost-minimizing models, leaving the model the option to
discard demands is usually connected to a cost of doing so. While many
studies utilize a VOLL, not all of them document the parameter value. A
number of studies just specifies that a high cost was used to force the
model to use load shedding only as measure of last resort [e.g. 30,88,
173]. An overview of values identified from the eligible studies is given
in Fig. 11, showing a median of 3509 EUR/MWh. Most often, VOLL is
static, assuming that all demands lost have equal value across different
regions, sectors, points in time, and total amount of lost load. Two
studies included differentiated levels of VOLL between regions and
sectors [130] or different shares of demand [207]. Some studies utilize
different weights or values for VOLL to analyse the system design
depending on different priorities in different scenarios [130,147,211].
In three cases, load shedding was additionally restricted to a share be-
tween 5 and 25 % of total demand [40,53,91].

3.5. Energy security aspects across different approaches

The aspects discussed earlier are used differently across the ap-
proaches discussed in section 3.3.2. A summary is shown in Fig. 12. It is

Table 11
Overview of reserve modelling approaches.

Ref. Reserve modelling

[40,70,82,106,162,172,
186,209,210]

static margin (2 — 25 % or unspecified, either of peak
demand or at every time period, sometimes only for
firm capacity)

dynamic margin

static capacity credits (either of peak demand or at
every time period)

dynamic capacity credits (either of peak demand or at
every time period)

differentiated reserves (e.g. primary, secondary,
tertiary, up, down)

[63]
[57,91,99,164]

[34,111,141,205]

[53,59,108,141,142,155,
183,184,202,204]

14

Energy Strategy Reviews 68 (2026) 102370

14000

12000

10000

8000

6000

4000

Value of lost load [EUR/MWh]

2000

|—O—GO 000|0 o O

n=24

Fig. 11. Values of lost load in the results [31,32,34,37-40,52,53,59,91,99,115,
128,130,154,158,186,193,207,211]. One extremely high outlier (102
USD/MWh) was excluded [174]. For one study with many different levels of
VOLL, the average value was used [130]. Values from studies prior to 2024
have been inflation adjusted to 2024.

especially notable that stress tests emphasize ENS-related aspects, ca-
pacity margins, backup capacity and congestion. These aspects fit very
well into the operational focus of these studies and align with the focus
on energy availability. On the other hand, scenario-based studies and ex-
post approaches have a much greater emphasis on long-term metrics
such as imported energy, and, in the case of ex-post approaches, energy
diversity and energy intensity.

4. Conclusions
4.1. Design for a secure energy transition

Security is a core challenge of energy systems design. Future systems
are expected to cope with a variety of stresses and uncertainties. Still,
the coverage of some security threats is sparse in energy systems
modelling. While the impacts of many long-term stresses such as tech-
nological developments and preferences or changing demands on the
energy system have been investigated, research on short-to mid-term
events is mostly focused on weather variability. Imported energy is also
a prevalent theme but research often stops at the annual share of im-
ported energy or a fixed higher commodity price. Recent trade disrup-
tions however exemplify the need to investigate the resilience to
geopolitical shocks in depth. Import disruptions can also result in situ-
ations where the transmission of energy carriers is temporarily limited
regardless of price, and may affect only a subset of regions. Particularly
in spatially explicit models, more detailed research on transmission and
import disruptions could bring valuable insights.

It should also be noted that many methods focus on aspects of se-
curity closely related to the uninterrupted availability of energy. While



J. Zimmert et al.

o
(é)]

10

ENS

15

Energy Strategy Reviews 68 (2026) 102370

no. of studies

20 25 30 35 40 45

ENS cost
ENS abatement cost

O scenario

capacity margin

W ex-post

backup capacity built

curtailment
congestion
energy volatility

@ stress test

imported energy

imported materials
supplier diversity

energy diversity
capacity factor
capacity credit
electrification
renewability
conversion efficiency
exported energy
energy intensity
energy price
price variability
other cost
environmental
social
probability

|J“IJ[|J”I[IJ LI“LI“L|JJ lIJ- 'r- | il

Fig. 12. Energy security aspects found in the eligible studies differentiated for different approaches. Observe that aspects were only counted if they were directly

connected with energy security assessment in the study.

this aspect is important and comparably easy to describe with a techno-
economical model, a complete description of energy security should
differentiate how different groups and values are affected by the sce-
narios explored, answering who is vulnerable and which vital systems
are affected.

We notice that three aspects of energy security are especially prev-
alent and associated with different approaches: (a) Energy not served,
often measured in stress tests, (b) import dependency, often measured in
scenario-based and ex-post approaches and (c) energy diversity, mostly
seen in ex-post assessments. A range of other metrics is also employed
but used less frequently. The multitude of other aspects demonstrates
that energy security is a fuzzy term with no consensus in the literature on
a common definition.

Regarding the models found in the results, the number of sector-
coupled, spatially resolved studies is quite small. Especially the
absence of long-term storage technologies for heat, hydrogen and
hydrogen derivatives, which take on important roles for security of
supply, seems to be a blind spot of many security-focused studies. In
addition, new transmission infrastructures such as hydrogen pipelines
have the potential to create bottlenecks and critical points of failure. At
the same time, they can provide flexibility. Both aspects make them
interesting to include in future studies about supply security.

Energy systems design must strike a delicate balance between
generalized security against a large set of possible disruptions and the
adequate use of limited natural and economic resources. At the same
time, environmental and social impacts such as emissions, land use, and
health must be considered. It is essential to consider for whom security
should be created and from which threats to determine which level of
security is desirable. To enable well-informed decisions, research should
be more transparent in these questions. Reducing many aspects of en-
ergy security to a set of indicators or a single number without proper
discussion of inherent trade-offs or assumptions is of little use if not
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counterproductive. Future research should therefore strive to be clear in
the aspects of energy security that are assessed and under which con-
ditions the findings are valid.

4.2. Limitations and prospects

This review includes studies with diverse modelling paradigms, such
as optimization models, simulation tools, and equilibrium models, pro-
vided that they meet the inclusion criteria, including a design perspec-
tive. The review also covers both narrowly focused studies on specific
aspects of energy security as well as works with a broader focus. The
study focused on the intersection of energy security, energy system
design and the energy transition, resulting in a high-level analysis. In
contrast, studies centred on one specific aspect of security, a specific
modelling paradigm or a particular threat could gain much deeper in-
sights into the associated modelling challenges. Such focused studies
may be particularly valuable for examining the under-researched threats
and aspects of security identified in this review.

Author contributions: CRediT

Jens Zimmert: Conceptualization, Methodology, Investigation,
Writing — Original draft, Visualization. Theresa Kliitz: Writing — Review
& Editing, Supervision. Jochen Linfen: Writing — Review & Editing,
Supervision. Heidi Heinrichs: Writing — Review & Editing, Supervision.

Declaration of generative AI and Al-assisted technologies in the
manuscript preparation process

During the preparation of this work, the authors used DeepL Write,
Mistral Vibe and ChatGPT to suggest rephrasing of single sentences and
paragraphs for improved readability. At no point have Al tools been used



J. Zimmert et al.

to create new paragraphs or sections. Upon receiving rephrasing sug-
gestions, the authors reviewed and edited the content as needed and
take full responsibility for the content of the published article.

Funding sources

The authors acknowledge funding provided by the Federal Ministry
for Economic Affairs and Energy within “RESUR-II” (FKZ: 03EI1123)
and the support by the Helmholtz Association under the program “En-
ergy System Design”. Part of this work was also supported by the Eu-
ropean Union (ERC, MATERIALIZE, 101076649). Views and opinions
expressed are however those of the authors only and do not necessarily
reflect those of European Union or the European Research Council Ex-
ecutive Agency. Neither the European Union nor the granting authority
can be held responsible for them. Open Access Publication was funded
by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) — 491111487.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.esr.2026.102370.

Data availability
All relevant data is attached in Appendix A.

References

[1

—

IEA, Global Energy Review 2025, IEA, Paris, 2025. https://www.iea.org/repo

rts/global-energy-review-2025. (Accessed 27 March 2026).

IPBES, Global Assessment Report on Biodiversity and Ecosystem Services of the

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem

Services, IPBES Secretariat, Bonn, 2019, https://doi.org/10.5281/

zenodo.6417333.

IPCC, Core Writing Team, Climate Change 2023: Synthesis Report. Contribution

of Working Groups I, II and III to the Sixth Assessment Report of the

Intergovernmental Panel on Climate Change, IPCC, Geneva, n.d. https://doi.org/

10.59327/IPCC/AR6-9789291691647.

European Commission, REPowerEU, European commission. https://commission.

europa.eu/topics/energy/repowereu_en, 2026. (Accessed 30 March 2026).

[5] A. Al-Sarihi, How the war in Iran is reshaping the energy landscape, Nature 651

(2026), https://doi.org/10.1038/d41586-026-00932-y, 856-856.

K. Adler, How Europe Sleepwalked into yet Another Energy Crisis, BBC InDepth,

2026. https://www.bbc.com/news/articles/c24de9e97vno. (Accessed 30 March

2026).

Agora Energiewende, Agora Industry, Ecologic Institute, Europe's energy security

on the path to climate neutrality: devising a resilience strategy for the mid-

transition. https://www.agora-energiewende.org/publications/europes-energy-

security-on-the-path-to-climate-neutrality, 2025. (Accessed 27 March 2026).

[8] B.W. Ang, W.L. Choong, T.S. Ng, Energy security: definitions, dimensions and

indexes, Renew. Sustain. Energy Rev. 42 (2015) 1077-1093, https://doi.org/

10.1016/j.rser.2014.10.064.

P. Gasser, A review on energy security indices to compare country performances,

Energy Policy 139 (2020) 111339, https://doi.org/10.1016/j.

enpol.2020.111339.

[10] IEA, World Energy Outlook 2016, IEA, Paris, 2016. https://www.iea.org/report
s/world-energy-outlook-2016. (Accessed 5 March 2026).

[11] A. Cherp, J. Jewell, The concept of energy security: beyond the four as, Energy
Policy 75 (2014) 415-421, https://doi.org/10.1016/j.enpol.2014.09.005.

[12] D.A. Baldwin, The concept of security, Rev. Int. Stud. 23 (1997) 5-26, https://
doi.org/10.1017/50260210597000053.

[13] J.P. Deane, F. Gracceva, A. Chiodi, M. Gargiulo, B.P.O. Gallachéir, Assessing
power system security. A framework and a multi model approach, Int. J. Electr.
Power Energy Syst. 73 (2015) 283-297, https://doi.org/10.1016/j.
ijepes.2015.04.020.

[14] A. Azzuni, C. Breyer, Definitions and dimensions of energy security: a literature

review, WIREs Energy Environ. 7 (2018) €268, https://doi.org/10.1002/

wene.268.

[2

—

[3

=

[4

=

[6

—

[7

—

[9

—

16

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Energy Strategy Reviews 68 (2026) 102370

ENTSO-E, European resource adequacy assessment - 2024 Edition - ACER's
approved and amended version (August 2025) - annex 2: methodology. http
s://eepublicdownloads.blob.core.windows.net/public-cdn-container/clean-do
cuments/sdc-documents/ERAA/ERAA_2024_Annex_2_Methodology_v2.pdf, 2025.
R. Schmitz, F. Flachsbarth, L.S. Plaga, M. Braun, P. Hartel, Energy security and
resilience: revisiting concepts and advancing planning perspectives for
transforming integrated energy systems, Energy Policy 207 (2025) 114796,
https://doi.org/10.1016/j.enpol.2025.114796.

B.K. Sovacool, I. Mukherjee, Conceptualizing and measuring energy security: a
synthesized approach, Energy 36 (2011) 5343-5355, https://doi.org/10.1016/j.
energy.2011.06.043.

B. Kruyt, D.P. van Vuuren, H.J.M. de Vries, H. Groenenberg, Indicators for energy
security, Energy Policy 37 (2009) 2166-2181, https://doi.org/10.1016/j.
enpol.2009.02.006.

D. Wu, Y. Zhang, B. Liu, K. Wang, Z. Wang, J. Kang, Optimization of coal power
phaseout pathways ensuring energy security: evidence from Shandong, China's
largest coal power province, Energy Policy 192 (2024) 114180, https://doi.org/
10.1016/j.enpol.2024.114180.

B.-J. Jesse, H.U. Heinrichs, W. Kuckshinrichs, Adapting the theory of resilience to
energy systems: a review and outlook, Energy Sustain. Soc. 9 (2019) 27, https://
doi.org/10.1186/s13705-019-0210-7.

C. Folke, S. Carpenter, B. Walker, M. Scheffer, T. Chapin, J. Rockstrom, Ecology
and society: resilience thinking: integrating resilience, adaptability and
transformability, Ecol. Soc. 15 (2010), https://doi.org/10.5751/ES-03610-
150420.

L. Wijesinghe, J.M. Weinand, M. Hoffmann, D. Stolten, Modeling disruptive
events in renewable energy supply: a review, Sustain. Energy Technol.
Assessments 83 (2025) 104561, https://doi.org/10.1016/j.seta.2025.104561.
M. Hoffmann, B.U. Schyska, J. Bartels, T. Pelser, J. Behrens, M. Wetzel, H.C. Gils,
C.-F. Tang, M. Tillmanns, J. Stock, A. Xhonneux, L. Kotzur, A. Praktiknjo, T. Vogt,
P. Jochem, J. LinBen, J.M. Weinand, D. Stolten, A review of mixed-integer linear
formulations for framework-based energy system models, Adv. Appl. Energy 16
(2024) 100190, https://doi.org/10.1016/j.adapen.2024.100190.

X. Yue, S. Pye, J. DeCarolis, F.G.N. Li, F. Rogan, B.O. Gallachéir, A review of
approaches to uncertainty assessment in energy system optimization models,
Energy Strategy Rev. 21 (2018) 204-217, https://doi.org/10.1016/j.
esr.2018.06.003.

J. DeCarolis, H. Daly, P. Dodds, 1. Keppo, F. Li, W. McDowall, S. Pye, N. Strachan,
E. Trutnevyte, W. Usher, M. Winning, S. Yeh, M. Zeyringer, Formalizing best
practice for energy system optimization modelling, Appl. Energy 194 (2017)
184-198, https://doi.org/10.1016/j.apenergy.2017.03.001.

M.J. Page, J.E. McKenzie, P.M. Bossuyt, I. Boutron, T.C. Hoffmann, C.D. Mulrow,
L. Shamseer, J.M. Tetzlaff, E.A. AKkl, S.E. Brennan, R. Chou, J. Glanville, J.

M. Grimshaw, A. Hrébjartsson, M.M. Lalu, T. Li, E.W. Loder, E. Mayo-Wilson,
S. McDonald, L.A. McGuinness, L.A. Stewart, J. Thomas, A.C. Tricco, V.A. Welch,
P. Whiting, D. Moher, The PRISMA 2020 statement: an updated guideline for
reporting systematic reviews, Br. Med. J. 372 (2021) n71, https://doi.org/
10.1136/bmj.n71.

U.J. Frey, K.-K. Cao, S. Sasanpour, J. Buschmann, T. Breuer, The benefits of
exploring a large scenario space for future energy systems, Nat. Commun. 17
(2025) 873, https://doi.org/10.1038/s41467-025-67593-9.

B. Bouhentala, A. Navid, S. Eckart, The role and potential of alternative fuels in
driving the energy transition, J. Therm. Anal. Calorim. 150 (2025) 18007-18042,
https://doi.org/10.1007/510973-025-14790-9.

Y. Xiang, L. Li, G. Peng, J. Liu, Multi-objective investment evaluation for low-
carbon power system evolution based on system dynamics, Elec. Power Syst. Res.
224 (2023) 109781, https://doi.org/10.1016/j.epsr.2023.109781.

U.J. Frey, S. Sasanpour, T. Breuer, J. Buschmann, K.-K. Cao, Tackling the
multitude of uncertainties in energy systems analysis by model coupling and
high-performance computing, Front. Environ. Econ. 3 (2024), https://doi.org/
10.3389/frevc.2024.1398358.

E.K. Ggtske, G.B. Andresen, F. Neumann, M. Victoria, Designing a sector-coupled
European energy system robust to 60 years of historical weather data, Nat.
Commun. 15 (2024) 10680, https://doi.org/10.1038/s41467-024-54853-3.

A.C. Beck-Bang, S.B. Overgaard, D. Keles, Electricity supply and demand in the
European market: the effect on generation adequacy in a dunkelflaute period,
Energy Policy 208 (2026) 114910, https://doi.org/10.1016/j.
enpol.2025.114910.

A. Antenucci, P. Crespo del Granado, B. Gjorgiev, G. Sansavini, Can models for
long-term decarbonization policies guarantee security of power supply? A
perspective from gas and power sector coupling, Energy Strategy Rev. 26 (2019)
100410, https://doi.org/10.1016/j.esr.2019.100410.

M. Rosendal, J. Janin, T. Heggarty, D. Pisinger, R. Bramstoft, M. Miinster, The
benefits and challenges of soft-linking investment and operational energy system
models, Appl. Energy 385 (2025) 125512, https://doi.org/10.1016/j.
apenergy.2025.125512.

V. Satgé, S. Gabriel, C. Clastres, Sensitivity analysis of load profiles: implications
for resource adequacy in future power system, Energy 335 (2025) 138272,
https://doi.org/10.1016/j.energy.2025.138272.

J. Ssengonzi, J.X. Johnson, J.F. DeCarolis, An efficient method to estimate
renewable energy capacity credit at increasing regional grid penetration levels,
Renew. Sustain. Energy Transit. 2 (2022) 100033, https://doi.org/10.1016/j.
rset.2022.100033.

B. Henrique Santos, J. Pecas Lopes, L. Carvalho, M. Matos, I. Alves, Public policies
to foster green hydrogen seasonal storage: portuguese study case model until


https://doi.org/10.1016/j.esr.2026.102370
https://doi.org/10.1016/j.esr.2026.102370
https://www.iea.org/reports/global-energy-review-2025
https://www.iea.org/reports/global-energy-review-2025
https://doi.org/10.5281/zenodo.6417333
https://doi.org/10.5281/zenodo.6417333
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://commission.europa.eu/topics/energy/repowereu_en
https://commission.europa.eu/topics/energy/repowereu_en
https://doi.org/10.1038/d41586-026-00932-y
https://www.bbc.com/news/articles/c24de9e97vno
https://www.agora-energiewende.org/publications/europes-energy-security-on-the-path-to-climate-neutrality
https://www.agora-energiewende.org/publications/europes-energy-security-on-the-path-to-climate-neutrality
https://doi.org/10.1016/j.rser.2014.10.064
https://doi.org/10.1016/j.rser.2014.10.064
https://doi.org/10.1016/j.enpol.2020.111339
https://doi.org/10.1016/j.enpol.2020.111339
https://www.iea.org/reports/world-energy-outlook-2016
https://www.iea.org/reports/world-energy-outlook-2016
https://doi.org/10.1016/j.enpol.2014.09.005
https://doi.org/10.1017/S0260210597000053
https://doi.org/10.1017/S0260210597000053
https://doi.org/10.1016/j.ijepes.2015.04.020
https://doi.org/10.1016/j.ijepes.2015.04.020
https://doi.org/10.1002/wene.268
https://doi.org/10.1002/wene.268
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/clean-documents/sdc-documents/ERAA/ERAA_2024_Annex_2_Methodology_v2.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/clean-documents/sdc-documents/ERAA/ERAA_2024_Annex_2_Methodology_v2.pdf
https://eepublicdownloads.blob.core.windows.net/public-cdn-container/clean-documents/sdc-documents/ERAA/ERAA_2024_Annex_2_Methodology_v2.pdf
https://doi.org/10.1016/j.enpol.2025.114796
https://doi.org/10.1016/j.energy.2011.06.043
https://doi.org/10.1016/j.energy.2011.06.043
https://doi.org/10.1016/j.enpol.2009.02.006
https://doi.org/10.1016/j.enpol.2009.02.006
https://doi.org/10.1016/j.enpol.2024.114180
https://doi.org/10.1016/j.enpol.2024.114180
https://doi.org/10.1186/s13705-019-0210-7
https://doi.org/10.1186/s13705-019-0210-7
https://doi.org/10.5751/ES-03610-150420
https://doi.org/10.5751/ES-03610-150420
https://doi.org/10.1016/j.seta.2025.104561
https://doi.org/10.1016/j.adapen.2024.100190
https://doi.org/10.1016/j.esr.2018.06.003
https://doi.org/10.1016/j.esr.2018.06.003
https://doi.org/10.1016/j.apenergy.2017.03.001
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1038/s41467-025-67593-9
https://doi.org/10.1007/s10973-025-14790-9
https://doi.org/10.1016/j.epsr.2023.109781
https://doi.org/10.3389/frevc.2024.1398358
https://doi.org/10.3389/frevc.2024.1398358
https://doi.org/10.1038/s41467-024-54853-3
https://doi.org/10.1016/j.enpol.2025.114910
https://doi.org/10.1016/j.enpol.2025.114910
https://doi.org/10.1016/j.esr.2019.100410
https://doi.org/10.1016/j.apenergy.2025.125512
https://doi.org/10.1016/j.apenergy.2025.125512
https://doi.org/10.1016/j.energy.2025.138272
https://doi.org/10.1016/j.rset.2022.100033
https://doi.org/10.1016/j.rset.2022.100033

J. Zimmert et al.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

2040, Energy Strategy Rev. 52 (2024) 101354, https://doi.org/10.1016/j.
esr.2024.101354.

J.Z. Cui, C. Xie, W. Wu, S.D. Widijatmoko, Y. Hong, Y. Li, G.A. Leeke, Techno-
economic analysis of deploying a short or mixed energy storage strategy in a 100
% green power grid, J. Energy Storage 99 (2024) 113333, https://doi.org/
10.1016/j.est.2024.113333.

P. Nahmmacher, E. Schmid, M. Pahle, B. Knopf, Strategies against shocks in
power systems — an analysis for the case of Europe, Energy Econ. 59 (2016)
455-465, https://doi.org/10.1016/j.eneco0.2016.09.002.

S. Pfenninger, J. Keirstead, Renewables, nuclear, or fossil fuels? Scenarios for
great Britain's power system considering costs, emissions and energy security,
Appl. Energy 152 (2015) 83-93, https://doi.org/10.1016/j.
apenergy.2015.04.102.

L. Szabd, A. Kelemen, A. Mez&si, Z. Paté, E. Kacsor, G. Resch, L. Liebmann, South
east Europe electricity roadmap — modelling energy transition in the electricity
sectors, Clim. Policy 19 (2019) 495-510, https://doi.org/10.1080/
14693062.2018.1532390.

L.S. Plaga, V. Bertsch, Comparing different methods which improve security of
supply in a decarbonized European electricity system under climate uncertainty,
Energy 340 (2025) 139125, https://doi.org/10.1016/j.energy.2025.139125.

S. Sundar, F. Lehner, N. Voisin, M.T. Craig, Identifying robust decarbonization
pathways for the Western U.S. electric power system under deep climate
uncertainty, Earths Future 12 (2024) e2024EF004769, https://doi.org/10.1029/
2024EF004769.

G. Totschnig, R. Hirner, A. Miiller, L. Kranzl, M. Hummel, H.-P. Nachtnebel,

P. Stanzel, I. Schicker, H. Formayer, Climate change impact and resilience in the
electricity sector: the example of Austria and Germany, Energy Policy 103 (2017)
238-248, https://doi.org/10.1016/j.enpol.2017.01.019.

X. Zheng, L. Xie, K. Lee, D. Fu, J. Wu, Impact of climate simulation resolutions on
future energy system reliability assessment: a Texas case study, iEnergy 2 (2023)
222-230, https://doi.org/10.23919/IEN.2023.0014.

D.D. Lewis, A. Patrick, E.S. Jones, R.E. Alden, A.A. Hadi, M.D. McCulloch, D.
M. Ionel, Decarbonization analysis for thermal generation and regionally
integrated large-scale renewables based on minutely optimal dispatch with a
Kentucky case study, Energies 16 (2023) 1999, https://doi.org/10.3390/
en16041999.

T. Schéb, T. Kliitz, T. Busch, J. Linssen, J.M. Weinand, Strategies to harvest peaks
and bridge lulls in sector integrated energy systems, Energy Strategy Rev. 65
(2026) 102207, https://doi.org/10.1016/j.esr.2026.102207.

A. Younis, R. Benders, J. Ramirez, M. de Wolf, A. Faaij, Scrutinizing the
intermittency of renewable energy in a long-term planning model via combining
direct integration and soft-linking methods for Colombia's power system, Energies
15 (2022) 7604, https://doi.org/10.3390/en15207604.

C. Brunner, S. Misconel, P. Hauser, D. Most, To what extent can flexibility options
reduce the need for hydrogen backup power plants? Energy Policy 201 (2025)
114551 https://doi.org/10.1016/j.enpol.2025.114551.

S. C)berg, F. Johnsson, M. Odenberger, The impact of inter-annual weather
variations on energy storage and flexible generation — a UK case study, Energy
335 (2025) 137780, https://doi.org/10.1016/j.energy.2025.137780.

F. Fristed, S. Tgnning, Z. Xie, L. Langer, G. Bruun Andresen, Early cross-sector
decarbonisation for Europe's hard-to-abate sectors: insights from Denmark's 2030
target, Appl. Energy 401 (2025) 126568, https://doi.org/10.1016/j.
apenergy.2025.126568.

A. Abuzayed, M. Liebensteiner, N. Hartmann, Flexibility matters: impact
assessment of small and medium enterprises flexibility on the German energy
transition, Energy Convers. Manag. X 25 (2025) 100880, https://doi.org/
10.1016/j.ecmx.2025.100880.

M. Pavicevi¢, A. Mangipinto, W. Nijs, F. Lombardi, K. Kavvadias, J.P. Jiménez
Navarro, E. Colombo, S. Quoilin, The potential of sector coupling in future
European energy systems: soft linking between the Dispa-SET and JRC-EU-TIMES
models, Appl. Energy 267 (2020) 115100, https://doi.org/10.1016/j.
apenergy.2020.115100.

H. Ameli, D. Pudjianto, G. Strbac, N.P. Brandon, The impact of hydrogen on
decarbonisation and resilience in integrated energy systems, Adv. Appl. Energy
17 (2025) 100200, https://doi.org/10.1016/j.adapen.2024.100200.

A. Vai, G. Colucci, M. Nicoli, L. Savoldi, May the availability of critical raw
materials affect the security of energy systems? An analysis for risk-aware energy
planning with TEMOA-Italy, Mater. Today Energy 48 (2025) 101805, https://doi.
org/10.1016/j.mtener.2025.101805.

A. Rybak, A. Rybak, J. Joostberens, S.D. Kolev, Assessment of the impact of
renewable energy sources and clean coal technologies on the stability of energy
systems in Poland and Sweden, Energies 18 (2025) 4377, https://doi.org/
10.3390/en18164377.

S. Sasanpour, K.-K. Cao, H.C. Gils, P. Jochem, Strategic policy targets and the
contribution of hydrogen in a 100% renewable European power system, Energy
Rep. 7 (2021) 4595-4608, https://doi.org/10.1016/j.egyr.2021.07.005.

W. Chen, Y. Wang, J. Zhang, W. Dou, Y. Jiao, Planning and
energy-economy-environment-security evaluation methods for municipal
energy systems in China under targets of peak carbon emissions and carbon
neutrality, Energies 15 (2022) 7443, https://doi.org/10.3390/en15197443.

F. Ahmed, A.M. Foley, S. McLoone, R.J. Best, D.A. Kez, Unlocking 80%
renewables by 2030: interconnectors, batteries, and demand response, Energy
Convers. Manag. 344 (2025) 120053, https://doi.org/10.1016/j.
enconman.2025.120053.

M.O. Dioha, A. Kumar, Exploring the energy system impacts of Nigeria's
nationally determined contributions and low-carbon transition to mid-century,

17

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

Energy Strategy Reviews 68 (2026) 102370

Energy Policy 144 (2020) 111703, https://doi.org/10.1016/j.
enpol.2020.111703.

J.R. Loh, S. Bellam, Towards net zero: evaluating energy security in Singapore
using system dynamics modelling, Appl. Energy 358 (2024) 122537, https://doi.
org/10.1016/j.apenergy.2023.122537.

R.M. Shrestha, S.R. Shakya, Benefits of low carbon development in a developing
country: case of Nepal, Energy Econ. 34 (2012) S503-S512, https://doi.org/
10.1016/j.enec0.2012.03.014.

M. Lehtveer, L. Goransson, V. Heinisch, F. Johnsson, 1. Karlsson, E. Nyholm,

M. Odenberger, D. Romanchenko, J. Rootzén, G. Savvidou, M. Taljegard,

A. Toktarova, J. Ullmark, K. Vilén, V. Walter, Actuating the european energy
system transition: indicators for translating energy systems modelling results into
policy-making, Front. Energy Res. 9 (2021), https://doi.org/10.3389/
fenrg.2021.677208.

P. Fragkos, Assessing the energy system impacts of Morocco's nationally
determined contribution and low-emission pathways, Energy Strategy Rev. 47
(2023) 101081, https://doi.org/10.1016/j.esr.2023.101081.

M.G. Prina, G. Barchi, S. Osti, D. Moser, Optimal future energy mix assessment
considering the risk of supply for seven European countries in 2030 and 2050, E-
Prime - advances in electrical engineering, Electronics and Energy 5 (2023)
100179, https://doi.org/10.1016/j.prime.2023.100179.

M. Mersch, P. Caton, C.N. Markides, N. Mac Dowell, Energy import security in
optimal decarbonization pathways for the UK energy system, Cell Reports
Sustainability 1 (2024) 100236, https://doi.org/10.1016/j.crsus.2024.100236.
D. Mosso, G. Colucci, D. Lerede, M. Nicoli, M.S. Piscitelli, L. Savoldi, How much
do carbon emission reduction strategies comply with a sustainable development
of the power sector? Energy Rep. 11 (2024) 3064-3087, https://doi.org/
10.1016/j.egyr.2024.02.056.

P. Hauser, Does ‘more’ equal ‘better’? — analyzing the impact of diversification
strategies on infrastructure in the European gas market, Energy Policy 153 (2021)
112232, https://doi.org/10.1016/j.enpol.2021.112232.

V. Olkkonen, S. Rinne, A. Hast, S. Syri, Benefits of DSM measures in the future
Finnish energy system, Energy 137 (2017) 729-738, https://doi.org/10.1016/j.
energy.2017.05.186.

P. Hoseinpoori, R. Hanna, J. Woods, C.N. Markides, N. Shah, Comparing
alternative pathways for the future role of the gas grid in a low-carbon heating
system, Energy Strategy Rev. 49 (2023) 101142, https://doi.org/10.1016/j.
esr.2023.101142.

A. Azzuni, A. Aghahosseini, M. Ram, D. Bogdanov, U. Caldera, C. Breyer, Energy
security analysis for a 100% renewable energy transition in Jordan by 2050,
Sustainability 12 (2020) 4921, https://doi.org/10.3390/s5u12124921.

F. Lima, J. Portugal-Pereira, A.F.P. Lucena, P. Rochedo, J. Cunha, M. Lopes
Nunes, A.S. Szklo, Analysis of energy security and sustainability in future low
carbon scenarios for Brazil, Nat. Resour. Forum 39 (2015) 175-190, https://doi.
org/10.1111/1477-8947.12081.

A. Aghahosseini, A.A. Solomon, C. Breyer, T. Pregger, S. Simon, P. Strachan,

A. Jager-Waldau, Energy system transition pathways to meet the global electricity
demand for ambitious climate targets and cost competitiveness, Appl. Energy 331
(2023) 120401, https://doi.org/10.1016/j.apenergy.2022.120401.

S. Ukumphan, Y. Xiao, C. Yang, B. Wattana, S. Wattana, Assessing the impacts of
solar power and battery storage system integration in Thailand using the LEAP-
NEMO framework, Eng. Technol. Appl. Sci. Res. 15 (2025) 30331-30339,
https://doi.org/10.48084/etasr.14750.

E. Tekin, D. Achenbach, A. Gillich, K. Hufendiek, Event-independent and
anticipative resilience indicators for future-oriented electricity system model
analysis, Energy Strategy Rev. 64 (2026) 102162, https://doi.org/10.1016/j.
esr.2026.102162.

A. Teso, S. Cloete, C. Arnaiz del Pozo, A. Abanades, A. Zaabout, Integration
assessment of turquoise hydrogen in the European energy sector, Energy Convers.
Manag. 307 (2024) 118334, https://doi.org/10.1016/j.enconman.2024.118334.
M. Metzger, M. Duckheim, M. Franken, H.J. Heger, M. Huber, M. Knittel,

T. Kolster, M. Kueppers, C. Meier, D. Most, S. Paulus, L. Wyrwoll, A. Moser,

S. Niessen, Pathways toward a decarbonized Future—Impact on security of
supply and system stability in a sustainable German energy system, Energies 14
(2021) 560, https://doi.org/10.3390/en14030560.

F. Wiese, N. Taillard, E. Balembois, B. Best, S. Bourgeois, J. Campos, L. Cordroch,
M. Djelali, A. Gabert, A. Jacob, E. Johnson, S. Meyer, B. Munkacsy, L. Pagliano,
S. Quoilin, A. Roscetti, J. Thema, P. Thiran, A. Toledano, B. Vogel, C. Zell-Ziegler,
Y. Marignac, The key role of sufficiency for low demand-based carbon neutrality
and energy security across Europe, Nat. Commun. 15 (2024) 9043, https://doi.
org/10.1038/541467-024-53393-0.

J. Jewell, A. Cherp, K. Riahi, Energy security under de-carbonization scenarios:
an assessment framework and evaluation under different technology and policy
choices, Energy Policy 65 (2014) 743-760, https://doi.org/10.1016/j.
enpol.2013.10.051.

Y. Ma, Y. Liu, Q. Zhang, Y. Li, G. Huang, Full-chain optimization of China's net-
zero emissions energy system toward 2060, Resour. Conserv. Recycl. 222 (2025)
108485, https://doi.org/10.1016/j.resconrec.2025.108485.

J. Zhang, G. Tian, X. Chen, P. Liu, Z. Li, A chance-constrained programming
approach to optimal planning of low-carbon transition of a regional energy
system, Energy 278 (2023) 127813, https://doi.org/10.1016/j.
energy.2023.127813.

S.W. Jin, Y.P. Li, L.P. Xu, Development of an integrated model for energy systems
planning and carbon dioxide mitigation under uncertainty — tradeoffs between
two-level decision makers, Environ. Res. 164 (2018) 367-378, https://doi.org/
10.1016/j.envres.2018.03.010.


https://doi.org/10.1016/j.esr.2024.101354
https://doi.org/10.1016/j.esr.2024.101354
https://doi.org/10.1016/j.est.2024.113333
https://doi.org/10.1016/j.est.2024.113333
https://doi.org/10.1016/j.eneco.2016.09.002
https://doi.org/10.1016/j.apenergy.2015.04.102
https://doi.org/10.1016/j.apenergy.2015.04.102
https://doi.org/10.1080/14693062.2018.1532390
https://doi.org/10.1080/14693062.2018.1532390
https://doi.org/10.1016/j.energy.2025.139125
https://doi.org/10.1029/2024EF004769
https://doi.org/10.1029/2024EF004769
https://doi.org/10.1016/j.enpol.2017.01.019
https://doi.org/10.23919/IEN.2023.0014
https://doi.org/10.3390/en16041999
https://doi.org/10.3390/en16041999
https://doi.org/10.1016/j.esr.2026.102207
https://doi.org/10.3390/en15207604
https://doi.org/10.1016/j.enpol.2025.114551
https://doi.org/10.1016/j.energy.2025.137780
https://doi.org/10.1016/j.apenergy.2025.126568
https://doi.org/10.1016/j.apenergy.2025.126568
https://doi.org/10.1016/j.ecmx.2025.100880
https://doi.org/10.1016/j.ecmx.2025.100880
https://doi.org/10.1016/j.apenergy.2020.115100
https://doi.org/10.1016/j.apenergy.2020.115100
https://doi.org/10.1016/j.adapen.2024.100200
https://doi.org/10.1016/j.mtener.2025.101805
https://doi.org/10.1016/j.mtener.2025.101805
https://doi.org/10.3390/en18164377
https://doi.org/10.3390/en18164377
https://doi.org/10.1016/j.egyr.2021.07.005
https://doi.org/10.3390/en15197443
https://doi.org/10.1016/j.enconman.2025.120053
https://doi.org/10.1016/j.enconman.2025.120053
https://doi.org/10.1016/j.enpol.2020.111703
https://doi.org/10.1016/j.enpol.2020.111703
https://doi.org/10.1016/j.apenergy.2023.122537
https://doi.org/10.1016/j.apenergy.2023.122537
https://doi.org/10.1016/j.eneco.2012.03.014
https://doi.org/10.1016/j.eneco.2012.03.014
https://doi.org/10.3389/fenrg.2021.677208
https://doi.org/10.3389/fenrg.2021.677208
https://doi.org/10.1016/j.esr.2023.101081
https://doi.org/10.1016/j.prime.2023.100179
https://doi.org/10.1016/j.crsus.2024.100236
https://doi.org/10.1016/j.egyr.2024.02.056
https://doi.org/10.1016/j.egyr.2024.02.056
https://doi.org/10.1016/j.enpol.2021.112232
https://doi.org/10.1016/j.energy.2017.05.186
https://doi.org/10.1016/j.energy.2017.05.186
https://doi.org/10.1016/j.esr.2023.101142
https://doi.org/10.1016/j.esr.2023.101142
https://doi.org/10.3390/su12124921
https://doi.org/10.1111/1477-8947.12081
https://doi.org/10.1111/1477-8947.12081
https://doi.org/10.1016/j.apenergy.2022.120401
https://doi.org/10.48084/etasr.14750
https://doi.org/10.1016/j.esr.2026.102162
https://doi.org/10.1016/j.esr.2026.102162
https://doi.org/10.1016/j.enconman.2024.118334
https://doi.org/10.3390/en14030560
https://doi.org/10.1038/s41467-024-53393-0
https://doi.org/10.1038/s41467-024-53393-0
https://doi.org/10.1016/j.enpol.2013.10.051
https://doi.org/10.1016/j.enpol.2013.10.051
https://doi.org/10.1016/j.resconrec.2025.108485
https://doi.org/10.1016/j.energy.2023.127813
https://doi.org/10.1016/j.energy.2023.127813
https://doi.org/10.1016/j.envres.2018.03.010
https://doi.org/10.1016/j.envres.2018.03.010

J. Zimmert et al.

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Gesetz zur Sicherung der Energieversorgung. https://www.gesetze-im-internet.
de/ensig 1975/BJNR036810974.html, 1974. (Accessed 10 August 2026).
Electricity Supply Emergency Code, Gov.Uk, 2026. https://www.gov.uk/govern
ment/publications/electricity-supply-emergency-code/electricity-supply-emerg
ency-code. (Accessed 10 August 2026).

N.D. Rao, J. Min, Decent living standards: material prerequisites for human
wellbeing, Soc. Indic. Res. 138 (2018) 225-244, https://doi.org/10.1007/
511205-017-1650-0.

J. Millward-Hopkins, J.K. Steinberger, N.D. Rao, Y. Oswald, Providing decent
living with minimum energy: a global scenario, Glob. Environ. Change 65 (2020)
102168, https://doi.org/10.1016/j.gloenvcha.2020.102168.

H. Jiang, L. Yao, J. Qin, Y. Bai, M. Brandt, X. Lian, S.J. Davis, N. Lu, W. Zhao,
T. Liu, C. Zhou, Globally interconnected solar-wind system addresses future
electricity demands, Nat. Commun. 16 (2025) 4523, https://doi.org/10.1038/
541467-025-59879-9.

A. Grochowicz, K. van Greevenbroek, H.C. Bloomfield, Using power system
modelling outputs to identify weather-induced extreme events in highly
renewable systems, Environ. Res. Lett. 19 (2024) 054038, https://doi.org/
10.1088/1748-9326/ad374a.

R. Saad, F. Plazas-Nino, C. Cannone, R. Yeganyan, M. Howells, H. Luscombe,
Long-term energy system modelling for a clean energy transition and improved
energy security in Botswana's energy sector using the open-source energy
modelling system, Climate 12 (2024) 88, https://doi.org/10.3390/cli12060088.
X. Zhao, Y. Xie, Z. Tian, Q. Hu, M. Hou, M. Deng, S. Dong, Y. Liu, The
sustainability trilemma of land scarcity: quantifying the societal cost of Taiwan's
energy transition, Energy Policy 213 (2026) 115223, https://doi.org/10.1016/j.
enpol.2026.115223.

J. Wang, X. Lu, H. Wang, Y. Ou, J. Wang, D. Tong, Y. Li, Z. Ruan, Z. Yin, W. Zhou,
B. McLellan, E. Xing, A.M. MacLennan, J. Fan, X. Zhang, M.B. McElroy, K. He,
Reassessing immediate coal phase-out: dual imperatives of capacity control and
renewables expansion in China's net-zero strategy, Nexus 2 (2025) 100081,
https://doi.org/10.1016/j.ynexs.2025.100081.

T.T. Pedersen, E.K. Ggtske, A. Dvorak, G.B. Andresen, M. Victoria, Long-term
implications of reduced gas imports on the decarbonization of the European
energy system, Joule 6 (2022) 1566-1580, https://doi.org/10.1016/j.
joule.2022.06.023.

J. Jaaskelainen, N. Veijalainen, S. Syri, M. Marttunen, B. Zakeri, Energy security
impacts of a severe drought on the future Finnish energy system, J. Environ.
Manag. 217 (2018) 542-554, https://doi.org/10.1016/j.jenvman.2018.03.017.
X. Zhang, C. Ma, X. Song, Y. Zhou, W. Chen, The impacts of wind technology
advancement on future global energy, Appl. Energy 184 (2016) 1033-1037,
https://doi.org/10.1016/j.apenergy.2016.04.029.

J. Hopeward, R. Davis, S. O'Connor, P. Akiki, The global renewable energy and
sectoral electrification (GREaSE) model for rapid energy transition scenarios,
Energies 18 (2025) 2205, https://doi.org/10.3390/en18092205.

F. Gracceva, P. Zeniewski, A systemic approach to assessing energy security in a
low-carbon EU energy system, Appl. Energy 123 (2014) 335-348, https://doi.
org/10.1016/j.apenergy.2013.12.018.

Anindhita, J. Santosa, K. Tokimatsu, Carbon capture in Indonesia's energy sector:
a least-cost optimization approach, Sustainability 17 (2025) 7916, https://doi.
org/10.3390/5ul7177916.

N. Fajriningrum, L. Hofbauer, N. Tan, S. Pye, Modelling transport decarbonisation
pathways in Vietnam: synergies and trade-offs in supporting the energy
transition, Energy Strategy Rev. 61 (2025) 101836, https://doi.org/10.1016/j.
esr.2025.101836.

D.A. Kassel, J.D. Rhodes, M.E. Webber, A method to analyze the costs and
emissions tradeoffs of connecting ERCOT to WECC, Appl. Energy 378 (2025)
124732, https://doi.org/10.1016/j.apenergy.2024.124732.

S.B.-D. Rio, N. Stevanato, R. Mereu, G. Osorio-Gémez, A systematic approach for
modeling and planning a sustainable electricity system in Colombia, Energy
Strategy Rev. 60 (2025), https://doi.org/10.1016/j.esr.2025.101777.

M. Abuhomos, R. Delubac, R. Delage, T. Nakata, The effect of geopolitical factors
on local energy system performance: examining the case of Palestine, Energy
Strategy Rev. 58 (2025) 101681, https://doi.org/10.1016/j.esr.2025.101681.

J. Schnidrig, A. Chuat, C. Terrier, F. Maréchal, M. Margni, Power to the people: on
the role of districts in decentralized energy systems, Energies 17 (2024) 1718,
https://doi.org/10.3390/en17071718.

C. Li, N. Shah, Z. Li, P. Liu, Decoupling framework for large-scale energy systems
simultaneously addressing carbon emissions and energy flow relationships
through sector units: a case study on uncertainty in China's carbon emission
targets, Comput. Chem. Eng. 191 (2024) 108840, https://doi.org/10.1016/j.
compchemeng.2024.108840.

R. Pereira, H. Morais, R. Castro, Optimising Portugal's 2050 energy system:
electric vehicles and hydrogen integration using grey wolf optimiser and
EnergyPLAN, Energy 312 (2024) 133372, https://doi.org/10.1016/j.
energy.2024.133372.

Y. Shao, Y. Lin, C. Yang, Y. Wang, M. Bao, Y. Zhu, W. Guo, X. Yan, C. Zheng,
X. Gao, Enhancing the integration of PV and coal-fired power plant for low-
carbon, low-cost, and reliable power supply through various energy storage
systems, Sustain. Energy Technol. Assessments 69 (2024) 103924, https://doi.
0rg/10.1016/j.seta.2024.103924.

E. Fejzi¢, T. Niet, C. Wade, W. Usher, Aligning the Western Balkans power sectors
with the european green deal, Environ. Res. Commun. 6 (2024) 115008, https://
doi.org/10.1088/2515-7620/ad8ca4.

18

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

Energy Strategy Reviews 68 (2026) 102370

N. Tan, J. Harrison, M. Howells, Comparing long-term power sector pathways in
Viet Nam: a simple cost-optimization approach with OSeMOSYS, Energies 17
(2024), https://doi.org/10.3390/en17236158.

E. Panos, R. Kannan, S. Hirschberg, T. Kober, An assessment of energy system
transformation pathways to achieve net-zero carbon dioxide emissions in
Switzerland, Commun. Earth Environ. 4 (2023) 157, https://doi.org/10.1038/
s43247-023-00813-6.

M. Pluta, A. Wyrwa, J. Zysk, W. Suwata, M. Raczynski, Scenario analysis of the
development of the Polish power system towards achieving climate neutrality in
2050, Energies 16 (2023) 5918, https://doi.org/10.3390/en16165918.

P. Wang, R. Huang, S. Zhang, X. Liu, Pathways of carbon emissions reduction
under the water-energy constraint: a case study of Beijing in China, Energy Policy
173 (2023) 113343, https://doi.org/10.1016/j.enpol.2022.113343.

S. Song, P. Liu, Z. Li, Low carbon transition of China's electric and heating sector
considering reliability: a modelling and optimization approach, Renew. Sustain.
Energy Rev. 169 (2022) 112904, https://doi.org/10.1016/j.rser.2022.112904.
T.J. Lindroos, E. Maki, K. Koponen, I. Hannula, J. Kiviluoma, J. Raitila, Replacing
fossil fuels with bioenergy in district heating — comparison of technology options,
Energy 231 (2021) 120799, https://doi.org/10.1016/j.energy.2021.120799.

0. Lugovoy, S. Gao, J. Gao, K. Jiang, Feasibility study of China's electric power
sector transition to zero emissions by 2050, Energy Econ. 96 (2021), https://doi.
org/10.1016/j.eneco.2021.105176.

C. Suo, Y.P. Li, S. Nie, J. Lv, H. Mei, Y. Ma, Analyzing the effects of economic
development on the transition to cleaner production of China's energy system
under uncertainty, J. Clean. Prod. 279 (2021) 123725, https://doi.org/10.1016/j.
jclepro.2020.123725.

O. Lugovoy, V. Jyothiprakash, S. Chatterjee, S. Sharma, A. Mukherjee, A. Das,
S. Some, D.L. Dinesha, N. Das, P. Bosu, S. Dasgupta, L. Padhi, B. Roy, B. Thakur,
A. Debsarkar, B. Patil, J. Roy, Towards a zero-carbon electricity system for India
in 2050: IDEEA model-based scenarios integrating wind and solar
complementarity and geospatial endowments, Energies 14 (2021) 7063, https://
doi.org/10.3390/en14217063.

MdA.H. Mondal, C. Ringler, P. Al-Riffai, H. Eldidi, C. Breisinger, M. Wiebelt,
Long-term optimization of Egypt's power sector: policy implications, Energy 166
(2019) 1063-1073, https://doi.org/10.1016/j.energy.2018.10.158,

S. Dhar, M. Pathak, P.R. Shukla, Electric vehicles and India's low carbon
passenger transport: a long-term co-benefits assessment, J. Clean. Prod. 146
(2017) 139-148, https://doi.org/10.1016/j.jclepro.2016.05.111.

C.B. Wu, G.H. Huang, Z.P. Liu, J.L. Zhen, J.G. Yin, Scenario analysis of carbon
emissions' anti-driving effect on Qingdao's energy structure adjustment with an
optimization model, Part II: energy system planning and management, J. Environ.
Manag. 188 (2017) 120-136, https://doi.org/10.1016/j.jenvman.2016.12.001.
S. Dhar, P.R. Shukla, Low carbon scenarios for transport in India: Co-benefits
analysis, Energy Policy 81 (2015) 186-198, https://doi.org/10.1016/j.
enpol.2014.11.026.

MdA.H. Mondal, J. Mathur, M. Denich, Impacts of CO2 emission constraints on
technology selection and energy resources for power generation in Bangladesh,
Energy Policy 39 (2011) 2043-2050, https://doi.org/10.1016/j.
enpol.2011.01.044.

MdA.H. Mondal, M. Denich, P.L.G. Vlek, The future choice of technologies and co-
benefits of CO2 emission reduction in Bangladesh power sector, Energy 35 (2010)
4902-4909, https://doi.org/10.1016/j.energy.2010.08.037.

G. Ly, P. Xia, J. Li, H. Chen, Y. Jin, Q. Wang, Risk-adaptive planning for power
system decarbonization: quantifying internal and external trade-offs based on a
dual-triangle framework, J. Ind. Ecol. (2026), https://doi.org/10.1007/s44498-
026-00030-2.

A. Sandhaas, N. Hartmann, Energy system planning under variable solar and wind
conditions: pyrolysis as a key to system robustness through flexibility and
negative emissions, Energy Strategy Rev. 64 (2026) 102121, https://doi.org/
10.1016/j.esr.2026.102121.

1. Simonsson, E. Jonasson, I. Temiz, H. Bernhoff, Floating offshore wind in the
nordic synchronous area: resource potential, geographical smoothing, and storage
integration, Energy Convers. Manag. X 30 (2026) 101657, https://doi.org/
10.1016/j.ecmx.2026.101657.

A. Chauhan, K. Iychettira, R. Banerjee, The role of subsidies in accelerating green
hydrogen adoption in India: a model-based policy evaluation, Energy Policy 212
(2026) 115109, https://doi.org/10.1016/j.enpol.2026.115109.

J. Luo, L. Huo, C. Li, B. Wattana, S. Ukumphan, S. Wattana, An integrated
assessment of carbon-neutral transition pathways for the Chinese power sector:
feasibility and implications in a coal-dominant and renewable-rich context,
Energies 19 (2026) 1457, https://doi.org/10.3390/en19061457.

W.-H. Tsai, S.-C. Chang, Optimizing low-carbon energy transitions: a greedy
algorithm approach to balancing nuclear power, cost efficiency, and grid stability,
Energy Strategy Rev. 64 (2026) 102169, https://doi.org/10.1016/j.
esr.2026.102169.

G. Vittoria, R. Castro, Mitigating load shedding in South Africa through optimized
hybrid solar-battery deployment: a techno-economic assessment, Energies 18
(2025) 6480, https://doi.org/10.3390/en18246480.

Z.Zhu, H. Mao, S. Zhang, X. He, D. Zhang, Spatially resolved modeling of pumped
storage and hydropower for China's carbon neutrality, Energy Environ. Sci. 19
(2026) 906-925, https://doi.org/10.1039/D5EE05948H.

D. Franzmann, N. Ludwig, J. LinBen, D. Stolten, H. Heinrichs, Stable and
renewable: assessing the reliability of a fully renewable European energy system.
https://arxiv.org/abs/2602.23891v1, 2026. (Accessed 19 May 2026).

E.G. Mora-Jacobo, J. Tovar-Facio, J.M. Ponce-Ortega, Optimal planning for
power systems considering the interconnections between isolated regions,


https://www.gesetze-im-internet.de/ensig_1975/BJNR036810974.html
https://www.gesetze-im-internet.de/ensig_1975/BJNR036810974.html
https://www.gov.uk/government/publications/electricity-supply-emergency-code/electricity-supply-emergency-code
https://www.gov.uk/government/publications/electricity-supply-emergency-code/electricity-supply-emergency-code
https://www.gov.uk/government/publications/electricity-supply-emergency-code/electricity-supply-emergency-code
https://doi.org/10.1007/s11205-017-1650-0
https://doi.org/10.1007/s11205-017-1650-0
https://doi.org/10.1016/j.gloenvcha.2020.102168
https://doi.org/10.1038/s41467-025-59879-9
https://doi.org/10.1038/s41467-025-59879-9
https://doi.org/10.1088/1748-9326/ad374a
https://doi.org/10.1088/1748-9326/ad374a
https://doi.org/10.3390/cli12060088
https://doi.org/10.1016/j.enpol.2026.115223
https://doi.org/10.1016/j.enpol.2026.115223
https://doi.org/10.1016/j.ynexs.2025.100081
https://doi.org/10.1016/j.joule.2022.06.023
https://doi.org/10.1016/j.joule.2022.06.023
https://doi.org/10.1016/j.jenvman.2018.03.017
https://doi.org/10.1016/j.apenergy.2016.04.029
https://doi.org/10.3390/en18092205
https://doi.org/10.1016/j.apenergy.2013.12.018
https://doi.org/10.1016/j.apenergy.2013.12.018
https://doi.org/10.3390/su17177916
https://doi.org/10.3390/su17177916
https://doi.org/10.1016/j.esr.2025.101836
https://doi.org/10.1016/j.esr.2025.101836
https://doi.org/10.1016/j.apenergy.2024.124732
https://doi.org/10.1016/j.esr.2025.101777
https://doi.org/10.1016/j.esr.2025.101681
https://doi.org/10.3390/en17071718
https://doi.org/10.1016/j.compchemeng.2024.108840
https://doi.org/10.1016/j.compchemeng.2024.108840
https://doi.org/10.1016/j.energy.2024.133372
https://doi.org/10.1016/j.energy.2024.133372
https://doi.org/10.1016/j.seta.2024.103924
https://doi.org/10.1016/j.seta.2024.103924
https://doi.org/10.1088/2515-7620/ad8ca4
https://doi.org/10.1088/2515-7620/ad8ca4
https://doi.org/10.3390/en17236158
https://doi.org/10.1038/s43247-023-00813-6
https://doi.org/10.1038/s43247-023-00813-6
https://doi.org/10.3390/en16165918
https://doi.org/10.1016/j.enpol.2022.113343
https://doi.org/10.1016/j.rser.2022.112904
https://doi.org/10.1016/j.energy.2021.120799
https://doi.org/10.1016/j.eneco.2021.105176
https://doi.org/10.1016/j.eneco.2021.105176
https://doi.org/10.1016/j.jclepro.2020.123725
https://doi.org/10.1016/j.jclepro.2020.123725
https://doi.org/10.3390/en14217063
https://doi.org/10.3390/en14217063
https://doi.org/10.1016/j.energy.2018.10.158
https://doi.org/10.1016/j.jclepro.2016.05.111
https://doi.org/10.1016/j.jenvman.2016.12.001
https://doi.org/10.1016/j.enpol.2014.11.026
https://doi.org/10.1016/j.enpol.2014.11.026
https://doi.org/10.1016/j.enpol.2011.01.044
https://doi.org/10.1016/j.enpol.2011.01.044
https://doi.org/10.1016/j.energy.2010.08.037
https://doi.org/10.1007/s44498-026-00030-2
https://doi.org/10.1007/s44498-026-00030-2
https://doi.org/10.1016/j.esr.2026.102121
https://doi.org/10.1016/j.esr.2026.102121
https://doi.org/10.1016/j.ecmx.2026.101657
https://doi.org/10.1016/j.ecmx.2026.101657
https://doi.org/10.1016/j.enpol.2026.115109
https://doi.org/10.3390/en19061457
https://doi.org/10.1016/j.esr.2026.102169
https://doi.org/10.1016/j.esr.2026.102169
https://doi.org/10.3390/en18246480
https://doi.org/10.1039/D5EE05948H
https://arxiv.org/abs/2602.23891v1

J. Zimmert et al.

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

Environ. Dev. Sustain. 26 (2024) 8859-8891, https://doi.org/10.1007/510668-
023-03074-7.

A. Lal, M. Tavoni, N. Preuss, F. You, Aligning EU energy security and climate
mitigation through targeted transition strategies, Nat. Commun. 17 (2026) 875,
https://doi.org/10.1038/541467-025-67595-7.

P.L. Lucas, P.R. Shukla, W. Chen, B.J. van Ruijven, S. Dhar, M.G.J. den Elzen, D.
P. van Vuuren, Implications of the international reduction pledges on long-term
energy system changes and costs in China and India, Energy Policy 63 (2013)
1032-1041, https://doi.org/10.1016/j.enpol.2013.09.026.

Z. Zhang, X. Lin, Y. Li, C. An, Z. Song, H. Li, Y. Wang, Power system planning
scheme evaluation with high share of renewable energy using a combined
subjective-objective approach, Energy Rep. 14 (2025) 3625-3640, https://doi.
org/10.1016/j.egyr.2025.10.030.

F. Lippkau, D. Franzmann, T. Addanki, P. Buchenberg, H. Heinrichs, P. Kuhn,
T. Hamacher, M. Blesl, Global hydrogen and synfuel exchanges in an emission-
free energy system, Energies 16 (2023) 3277, https://doi.org/10.3390/
enl6073277.

N.C. Duc, N.D. Lai, Energy transition in the context of bilateral trade deficit
reduction: evidence from the GTAP-E-Power model, SN Bus Econ 6 (2026) 41,
https://doi.org/10.1007/543546-026-01054-3.

F.B. Tilahun, R. Bhandari, M. Mamo, Supply optimization based on society's cost
of electricity and a calibrated demand model for future renewable energy
transition in Niger, Energy Sustain. Soc. 9 (2019) 31, https://doi.org/10.1186/
513705-019-0217-0.

S. Jablonski, N. Strachan, C. Brand, A. Bauen, The role of bioenergy in the UK's
energy future formulation and modelling of long-term UK bioenergy scenarios,
Energy Policy 38 (2010) 5799-5816, https://doi.org/10.1016/j.
enpol.2010.05.031.

R. Satymov, D. Bogdanov, T. Galimova, C. Breyer, Energy and industry transition
to carbon-neutrality in Nordic conditions via local renewable sources,
electrification, sector coupling, and power-to-X, Energy 319 (2025) 134888,
https://doi.org/10.1016/j.energy.2025.134888.

A.S. Oyewo, A. Kunkar, D. Bogdanov, C. Breyer, Defossilising Caribbean's energy
system: highlighting on e-fuel imports, grid integration, and accelerated
transition, IET Renew. Power Gener. 18 (2024) 4650-4678, https://doi.org/
10.1049/rpg2.13173.

M. Welsch, M. Howells, M.R. Hesamzadeh, B. O Gallachéir, P. Deane, N. Strachan,
M. Bazilian, D.M. Kammen, L. Jones, G. Strbac, H. Rogner, Supporting security
and adequacy in future energy systems: the need to enhance long-term energy
system models to better treat issues related to variability, Int. J. Energy Res. 39
(2015) 377-396, https://doi.org/10.1002/er.3250.

E. Giglio, D. Fioriti, M.J. Chihota, D. Poli, B. Bekker, G. Mattiazzo, Integrated
stochastic reserve estimation and MILP energy planning for high renewable
penetration: application to 2050 South African energy system, Sustain. Energy
Grids Netw. 42 (2025) 101650, https://doi.org/10.1016/j.segan.2025.101650.
N. Moskalenko, K. Loffler, K. Hainsch, J. Hanto, P. Herpich, Europe's
independence from Russian natural gas — effects of import restrictions on energy
system development, Energy Rep. 11 (2024) 2853-2866, https://doi.org/
10.1016/j.egyr.2024.02.035.

S. Ren, P. Wang, Z. Lin, D. Zhao, The policy choice and economic assessment of
high emissions industries to achieve the carbon peak target under energy
Shortage—A case study of Guangdong Province, Energies 15 (2022) 6750,
https://doi.org/10.3390/en15186750.

M. Mersch, C.N. Markides, N. Mac Dowell, The impact of the energy crisis on the
UK's net-zero transition, iScience 26 (2023) 106491, https://doi.org/10.1016/j.
isci.2023.106491.

P. Fragkos, E. Zisarou, D.-J. Van De Ven, S. Mittal, L. Rinaldi, M. Rocco, C. Rodés-
Bachs, N. Frilingou, C. Heussaff, A. Nikas, A multi-model assessment of
technological constraints on Europe's energy transition, Energy Strategy Rev. 64
(2026) 102164, https://doi.org/10.1016/].es1.2026.102164.

S. Ahmadi, Y. Saboohi, G. Tsatsaronis, A. Vakili, Energy system improvement
planning under drought condition based on a two-stage optimization model: the
desire for sustainability through the promoting of system's resilience, Energy Rep.
7 (2021) 3556-3569, hitps://doi.org/10.1016/j.egyr.2021.06.010.

J. Xie, Z. Liu, S. Yan, A.D. Ziegler, X. Shi, B. Xu, K. Srinuansom, X. Peng,

K. Yoshimura, X. He, Variable renewable energy pathways in the lower Mekong
Basin under projected river flow extremes, Commun. Earth Environ. 6 (2025)
928, https://doi.org/10.1038/543247-025-02861-6.

M. Qadrdan, E. Byers, M. Chaudry, J. Hall, N. Jenkins, X. Xu, Electricity systems
capacity expansion under cooling water availability constraints, IET Energy
Systems Integration 1 (2019) 23-33, https://doi.org/10.1049/iet-esi.2018.0024.
A. Moglianesi, L. Coppens, F. Duchéne, P. Das, Y. Marenne, The impact of a
Dunkelflaute event on the planning of a decarbonized energy system, J. Clean.
Prod. 536 (2025) 147180, https://doi.org/10.1016/j.jclepro.2025.147180.

0. Korkmaz, B. Onoz, Modelling the potential impacts of nuclear energy and
renewables in the Turkish energy system, Energies 15 (2022) 1392, https://doi.
org/10.3390/en15041392.

Y. Zhang, G. Liu, Z. Liu, M. Zhang, J. Li, Z. Zhao, A.N. Ahmed, D. Chen,
Outstanding performance of variable-speed pumped storage: evaluation of
operational characteristics of pumped storage units in high-proportion renewable
energy systems, J. Energy Storage 149 (2026) 120388, https://doi.org/10.1016/j.
est.2026.120388.

S. Ba, J. Hao, J. Zhou, C. Shao, J. Cao, H. Liu, Y. Yang, A spatial aggregation-based
chronological production simulation model for the decarbonization pathway
analysis of provincial power system, Energy 342 (2026) 139768, https://doi.org/
10.1016/j.energy.2025.139768.

19

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

Energy Strategy Reviews 68 (2026) 102370

0. Weiss, G. Pareschi, G. Georges, K. Boulouchos, The Swiss energy transition:
policies to address the energy trilemma, Energy Policy 148 (2021) 111926,
https://doi.org/10.1016/j.enpol.2020.111926.

W. Zappa, M. Junginger, M. van den Broek, Is a 100% renewable European power
system feasible by 2050? Appl. Energy 233-234 (2019) 1027-1050, https://doi.
org/10.1016/j.apenergy.2018.08.109.

K.-K. Cao, T. Pregger, J. Haas, H. Lens, To prevent or promote grid expansion?
Analyzing the future role of power transmission in the European energy system,
Front. Energy Res. 8 (2021), https://doi.org/10.3389/fenrg.2020.541495.

J. Sadhukhan, S. Sen, T.M.S. Randriamahefasoa, Framework for optimal energy
storage duration for maximum-reliability renewable electricity, Front. Energy
Res. 12 (2024), https://doi.org/10.3389/fenrg.2024.1430413.

H. Teichgraeber, L.E. Kiipper, A.R. Brandt, Designing reliable future energy
systems by iteratively including extreme periods in time-series aggregation, Appl.
Energy 304 (2021) 117696, https://doi.org/10.1016/j.apenergy.2021.117696.
Z. Chen, P. Wang, Y. Ding, J. Han, Z. Shan, Bridging the gap between economic
viability and operational security in power system decarbonization: a temporal
optimization approach for multi-period dynamic generation technology
investment considering long short-term uncertainties, Energy 335 (2025) 138251,
https://doi.org/10.1016/j.energy.2025.138251.

T. Lap, R. Benders, F. van der Hilst, A. Faaij, How does the interplay between
resource availability, intersectoral competition and reliability affect a low-carbon
power generation mix in Brazil for 2050? Energy 195 (2020) 116948 https://doi.
org/10.1016/j.energy.2020.116948.

M. Lipka, Future Polish zero-carbon energy mix combining renewable and nuclear
energy sources, Arabian J. Sci. Eng. 50 (2025) 3177-3186, https://doi.org/
10.1007/s13369-023-08497-y.

R. Béres, W. Nijs, A. Boldrini, M. van den Broek, Will hydrogen and synthetic fuels
energize our future? Their role in Europe's climate-neutral energy system and
power system dynamics, Appl. Energy 375 (2024) 124053, https://doi.org/
10.1016/j.apenergy.2024.124053.

L. Alvarez-Pifieiro, Y. Rivera, C. Berna-Escriche, D. Blanco, Formulation of best
estimate plus uncertainty methodologies for economy decarbonization in high-
energy-demand isolated systems: canary Islands forecasts for 2040, Energy
Convers. Manag. 314 (2024) 118691, https://doi.org/10.1016/j.
enconman.2024.118691.

A. Wyrwa, W. Suwata, M. Pluta, M. Raczynski, J. Zysk, S. Tokarski, A new
approach for coupling the short- and long-term planning models to design a
pathway to carbon neutrality in a coal-based power system, Energy 239 (2022)
122438, https://doi.org/10.1016/j.energy.2021.122438.

D.G. Caglayan, H.U. Heinrichs, M. Robinius, D. Stolten, Robust design of a future
100% renewable european energy supply system with hydrogen infrastructure,
Int. J. Hydrogen Energy 46 (2021) 29376-29390, https://doi.org/10.1016/j.
ijhydene.2020.12.197.

D. Quiggin, R. Buswell, The implications of heat electrification on national
electrical supply-demand balance under published 2050 energy scenarios, Energy
98 (2016) 253-270, https://doi.org/10.1016/j.energy.2015.11.060.

M. Victoria, C. Gallego-Castillo, Hourly-resolution analysis of electricity
decarbonization in Spain (2017-2030), Appl. Energy 233-234 (2019) 674-690,
https://doi.org/10.1016/j.apenergy.2018.10.055.

S. Uyanik, O. Dogerlioglu Isiksungur, How realistic are coal phase-out timeline
targets for Turkey? Sustainability 16 (2024) 1649, https://doi.org/10.3390/
sul6041649.

M. Deakin, H. Bloomfield, D. Greenwood, S. Sheehy, S. Walker, P.C. Taylor,
Impacts of heat decarbonization on system adequacy considering increased
meteorological sensitivity, Appl. Energy 298 (2021) 117261, https://doi.org/
10.1016/j.apenergy.2021.117261.

A. Hooker-Stroud, P. James, T. Kellner, P. Allen, Toward understanding the
challenges and opportunities in managing hourly variability in a 100% renewable
energy system for the UK, Carbon Manag. 5 (2014) 373-384, https://doi.org/
10.1080/17583004.2015.1024955.

M. Kittel, W.-P. Schill, Multi-threshold time series analysis enables
characterization of variable renewable energy droughts in Europe, Commun.
Earth Environ. 7 (2026) 242, https://doi.org/10.1038/543247-026-03251-2.
A.A. Shahzad, A. Bamigbade, K. Gandhi, J.D. Barbosa, A. Sleptchenko, H.

N. Apostoleris, S. Sgouridis, Realizing renewable resilience: lessons from the
Middle East for the global energy transition, iScience 27 (2024) 110058, https://
doi.org/10.1016/j.isci.2024.110058.

S.D. Budiman, H.-W. Hsu, Energy portfolio optimization under variability for
achieving Taiwan 2050 net-zero initiative, Renew. Energy 250 (2025) 123318,
https://doi.org/10.1016/j.renene.2025.123318.

S.B. Rio, N. Stevanato, R. Mereu, G. Osorio-Gomez, A systematic approach for
modeling and planning a sustainable electricity system in Colombia, Energy
Strategy Rev. 60 (2025) 101777, https://doi.org/10.1016/j.esr.2025.101777.
F.M. Camilo, P.J. Santos, P.J. Lobato, S.B. Moreira, Optimization of offshore wind
power generation in response to the 2022 extreme drought in Portugal, Energies
16 (2023) 7542, https://doi.org/10.3390/en16227542.

T. Ghanbarzadeh, D. Habibi, A. Aziz, Generation expansion planning in isolated
power systems: a robust approach with dunkelflaute assessment, IEEE Access 12
(2024) 165831-165844, https://doi.org/10.1109/ACCESS.2024.3494014.

R. Figueiredo, P. Nunes, M.C. Brito, The resilience of a decarbonized power
system to climate variability: portuguese case study, Energy 224 (2021) 120125,
https://doi.org/10.1016/j.energy.2021.120125.

A. Mati, L.R. Skov, M. Chang, L.K. Poulsen, Addressing climate resilience in energy
system modelling: a multi-model framework for Norway, Smart Energy 22 (2026)
100238, https://doi.org/10.1016/j.segy.2026.100238.


https://doi.org/10.1007/s10668-023-03074-7
https://doi.org/10.1007/s10668-023-03074-7
https://doi.org/10.1038/s41467-025-67595-7
https://doi.org/10.1016/j.enpol.2013.09.026
https://doi.org/10.1016/j.egyr.2025.10.030
https://doi.org/10.1016/j.egyr.2025.10.030
https://doi.org/10.3390/en16073277
https://doi.org/10.3390/en16073277
https://doi.org/10.1007/s43546-026-01054-3
https://doi.org/10.1186/s13705-019-0217-0
https://doi.org/10.1186/s13705-019-0217-0
https://doi.org/10.1016/j.enpol.2010.05.031
https://doi.org/10.1016/j.enpol.2010.05.031
https://doi.org/10.1016/j.energy.2025.134888
https://doi.org/10.1049/rpg2.13173
https://doi.org/10.1049/rpg2.13173
https://doi.org/10.1002/er.3250
https://doi.org/10.1016/j.segan.2025.101650
https://doi.org/10.1016/j.egyr.2024.02.035
https://doi.org/10.1016/j.egyr.2024.02.035
https://doi.org/10.3390/en15186750
https://doi.org/10.1016/j.isci.2023.106491
https://doi.org/10.1016/j.isci.2023.106491
https://doi.org/10.1016/j.esr.2026.102164
https://doi.org/10.1016/j.egyr.2021.06.010
https://doi.org/10.1038/s43247-025-02861-6
https://doi.org/10.1049/iet-esi.2018.0024
https://doi.org/10.1016/j.jclepro.2025.147180
https://doi.org/10.3390/en15041392
https://doi.org/10.3390/en15041392
https://doi.org/10.1016/j.est.2026.120388
https://doi.org/10.1016/j.est.2026.120388
https://doi.org/10.1016/j.energy.2025.139768
https://doi.org/10.1016/j.energy.2025.139768
https://doi.org/10.1016/j.enpol.2020.111926
https://doi.org/10.1016/j.apenergy.2018.08.109
https://doi.org/10.1016/j.apenergy.2018.08.109
https://doi.org/10.3389/fenrg.2020.541495
https://doi.org/10.3389/fenrg.2024.1430413
https://doi.org/10.1016/j.apenergy.2021.117696
https://doi.org/10.1016/j.energy.2025.138251
https://doi.org/10.1016/j.energy.2020.116948
https://doi.org/10.1016/j.energy.2020.116948
https://doi.org/10.1007/s13369-023-08497-y
https://doi.org/10.1007/s13369-023-08497-y
https://doi.org/10.1016/j.apenergy.2024.124053
https://doi.org/10.1016/j.apenergy.2024.124053
https://doi.org/10.1016/j.enconman.2024.118691
https://doi.org/10.1016/j.enconman.2024.118691
https://doi.org/10.1016/j.energy.2021.122438
https://doi.org/10.1016/j.ijhydene.2020.12.197
https://doi.org/10.1016/j.ijhydene.2020.12.197
https://doi.org/10.1016/j.energy.2015.11.060
https://doi.org/10.1016/j.apenergy.2018.10.055
https://doi.org/10.3390/su16041649
https://doi.org/10.3390/su16041649
https://doi.org/10.1016/j.apenergy.2021.117261
https://doi.org/10.1016/j.apenergy.2021.117261
https://doi.org/10.1080/17583004.2015.1024955
https://doi.org/10.1080/17583004.2015.1024955
https://doi.org/10.1038/s43247-026-03251-2
https://doi.org/10.1016/j.isci.2024.110058
https://doi.org/10.1016/j.isci.2024.110058
https://doi.org/10.1016/j.renene.2025.123318
https://doi.org/10.1016/j.esr.2025.101777
https://doi.org/10.3390/en16227542
https://doi.org/10.1109/ACCESS.2024.3494014
https://doi.org/10.1016/j.energy.2021.120125
https://doi.org/10.1016/j.segy.2026.100238

J. Zimmert et al.

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

B. van Zuijlen, W. Zappa, W. Turkenburg, G. van der Schrier, M. van den Broek,
Cost-optimal reliable power generation in a deep decarbonisation future, Appl.
Energy 253 (2019) 113587, https://doi.org/10.1016/j.apenergy.2019.113587.
L.S. Plaga, V. Bertsch, Optimization based priority clustering for time series in
power system models - improving system robustness and storage deployment,
Sustain. Energy Grids Netw. 43 (2025) 101802, https://doi.org/10.1016/j.
segan.2025.101802.

G. Grimm, P. Jiirgens, C. Kost, Uncertainties in the German energy transition:
detecting robust solutions under shock events in long-term transformation
pathways, Energy Policy 210 (2026) 115044, https://doi.org/10.1016/j.
enpol.2025.115044.

R. Su, B. Chen, S. Wang, C. Duan, Energy technical resilience assessment based on
complex network analysis — a case study of China, Appl. Energy 364 (2024)
123231, https://doi.org/10.1016/j.apenergy.2024.123231.

E. Raycheva, B. Gjorgiev, G. Hug, G. Sansavini, C. Schaffner, Risk-informed
coordinated generation and transmission system expansion planning: a net-zero
scenario of Switzerland in the European context, Energy 280 (2023) 128090,
https://doi.org/10.1016/j.energy.2023.128090.

B. Gjorgiev, J.B. Garrison, X. Han, F. Landis, R. van Nieuwkoop, E. Raycheva,
M. Schwarz, X. Yan, T. Demiray, G. Hug, G. Sansavini, C. Schaffner, Nexus-e: a
platform of interfaced high-resolution models for energy-economic assessments of
future electricity systems, Appl. Energy 307 (2022) 118193, https://doi.org/
10.1016/j.apenergy.2021.118193.

A. Van Liedekerke, M. Hefny, B. Gjorgiev, J. Garrison, J. Savelsberg, M.O. Saar,
G. Sansavini, The role of deep closed-loop advanced geothermal systems in the
future net-zero Swiss power system, Appl. Energy 415 (2026) 127761, https://
doi.org/10.1016/j.apenergy.2026.127761.

S. Golobish, R. Yeganyan, N. Tan, C. Cannone, M. Howells, The burden of the
broken grid: modelling power-sector reliability to support low carbon
development in Nigeria, Energy Strategy Rev. 60 (2025) 101784, https://doi.org/
10.1016/j.esr.2025.101784.

M.-L. Kloubert, Assessment of generation adequacy by modeling a joint
probability distribution model, Elec. Power Syst. Res. 189 (2020) 106803,
https://doi.org/10.1016/j.epsr.2020.106803.

L.H. Lam, L.V. Phu, Strategic power expansion and renewable integration in
pathways to the Net-Zero in Vietnam, Energy Rep. 14 (2025) 813-831, https://
doi.org/10.1016/j.egyr.2025.05.058.

1. Yueksel-Erguen, D. Most, L. Wyrwoll, C. Schmitt, J. Zittel, Modeling the
transition of the multimodal Pan-European energy system including an integrated
analysis of electricity and gas transport, Energy Syst. 16 (2025) 1187-1232,
https://doi.org/10.1007/512667-023-00637-5.

L. Chi, M. Qadrdan, M. Chaudry, H. Su, J. Zhang, Reliability of net-zero energy
systems for South Wales, Appl. Energy 369 (2024) 123583, https://doi.org/
10.1016/j.apenergy.2024.123583.

K. van Greevenbroek, A. Grochowicz, M. Zeyringer, F.E. Benth, Trading off
regional and overall energy system design flexibility in the net-zero transition,
Nat. Sustain. 8 (2025) 629-641, https://doi.org/10.1038/541893-025-01556-2.
A.H. Rajpar, A.W. Mahar, M.B.A. Bashir, Policy pathways for hydrogen in Saudi
Arabia: resilience-oriented optimization of transport decarbonization, Geol. J. n/a
(n.d.). https://doi.org/10.1002/gj.70171.

A. Bassiere, D. Benatia, Moving forward blindly: uncertainty, reliability, and the
energy transition, Energy Econ. 151 (2025) 108883, https://doi.org/10.1016/j.
eneco.2025.108883.

J. Nan, J. Feng, X. Deng, L. Guan, K. Sun, H. Zhou, A two-stage robust generation
expansion planning framework for regional integrated energy systems with
carbon growth constraints, Front. Energy Res. 11 (2023), https://doi.org/
10.3389/fenrg.2023.1106628.

L. Kumar, K. Sharma, P. Pathak, U.K. Khedlekar, Optimizing renewable energy
integration using advanced mathematical modeling with storage and emission

20

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

Energy Strategy Reviews 68 (2026) 102370

constraints for resilient and sustainable energy systems, Comput. Ind. Eng. 208
(2025) 111379, https://doi.org/10.1016/j.cie.2025.111379.

P. Hu, C. Zixun, H. Chen, W. Yi, C. Ye, C. Qiao, Q. Yimin, Flexible resources
planning for bulk energy system with high penetration of renewable energy based
on bash game, IEEE Access 8 (2020) 123904-123915, https://doi.org/10.1109/
ACCESS.2020.3004373.

M.A. McDonald, E.D. Larson, C. Greig, C.T. Maravelias, A control-inspired
approach for energy transition planning under uncertainty, Comput. Chem. Eng.
200 (2025) 109176, https://doi.org/10.1016/j.compchemeng.2025.109176.

Y. Li, R. Peng, S. Liu, S. Dong, K. Wang, Economically-aware decision-making
framework for integrated electricity-gas systems under carbon pricing uncertainty
and CCUS investment trade-offs, Expert Syst. Appl. 315 (2026) 131654, https://
doi.org/10.1016/j.eswa.2026.131654.

Z. Wei, L. Yang, S. Chen, Z. Ma, H. Zang, Y. Fei, A multi-stage planning model for
transitioning to low-carbon integrated electric power and natural gas systems,
Energy 254 (2022) 124361, https://doi.org/10.1016/j.energy.2022.124361.

Y. Liu, G. Huang, Y. Cai, C. Dong, An inexact mix-integer two-stage linear
programming model for supporting the management of a low-carbon energy
system in China, Energies 4 (2011) 1657-1686, https://doi.org/10.3390/
en4101657.

S. Riahinia, A. Abbaspour, M. Fotuhi-Firuzabad, M. Moeini-Aghtaie, Developing a
stochastic framework to determine the static reserve requirements of high-wind
penetrated power systems, J. Intell. Fuzzy Syst. 29 (2015) 2039-2046, https://
doi.org/10.3233/1FS-151681.

0.J. Guerra, D.A. Tejada, G.V. Reklaitis, Climate change impacts and adaptation
strategies for a hydro-dominated power system via stochastic optimization, Appl.
Energy 233-234 (2019) 584-598, https://doi.org/10.1016/j.
apenergy.2018.10.045.

J. Liu, L. Wei, M. Zhou, Z. Zhang, B. Yuan, Z. Wu, Evaluating the substitution of
coal-fired power plants with renewable energy and multi-temporal energy storage
for decarbonization, Int. J. Electr. Power Energy Syst. 168 (2025) 110716,
https://doi.org/10.1016/j.ijepes.2025.110716.

Z. Zhang, M. Zhou, B. Yuan, Z. Wu, J. Liu, S. Liu, Z. Guo, G. Li, Decarbonizing the
power system by co-planning coal-fired power plant transformation and energy
storage, J. Energy Storage 66 (2023) 107442, https://doi.org/10.1016/j.
est.2023.107442.

Y. Zhang, X. Zhang, L. Lan, Robust optimization-based dynamic power generation
mix evolution under the carbon-neutral target, Resour. Conserv. Recycl. 178
(2022) 106103, https://doi.org/10.1016/j.resconrec.2021.106103.

S. Kebrich, F. Engelhardt, D. Franzmann, C. Biising, J. LinBen, H. Heinrichs,
Robust capacity expansion modeling for renewable energy systems, iScience 29
(2026) 114929, https://doi.org/10.1016/.is¢i.2026.114929.

M. Bernecker, S. Sgarciu, X. Kan, M. Anvari, I. Riepin, F. Miisgens, Adaptive
robust optimization for European electricity system planning considering regional
Dunkelflaute events, Appl. Energy 412 (2026) 127671, https://doi.org/10.1016/
j-apenergy.2026.127671.

Y. Gao, M. Tahir, P. Siano, Y. Bi, S. Hu, J. Yang, Optimization of renewable
energy-based integrated energy systems: a three-stage stochastic robust model,
Appl. Energy 377 (2025) 124635, https://doi.org/10.1016/j.
apenergy.2024.124635.

AF. Abdin, A. Caunhye, E. Zio, M.-A. Cardin, Optimizing generation expansion
planning with operational uncertainty: a multistage adaptive robust approach,
Appl. Energy 306 (2022) 118032, https://doi.org/10.1016/j.
apenergy.2021.118032.

L.H. Lam, L.V. Phu, Strategic power expansion and renewable integration in
pathways to the net-zero in Vietnam, Energy Rep. 14 (2025) 813-831, https://
doi.org/10.1016/j.egyr.2025.05.058.

0. Lugovoy, S. Gao, J. Gao, K. Jiang, Feasibility study of China's electric power
sector transition to zero emissions by 2050, Energy Econ. 96 (2021) 105176,
https://doi.org/10.1016/j.enec0.2021.105176.


https://doi.org/10.1016/j.apenergy.2019.113587
https://doi.org/10.1016/j.segan.2025.101802
https://doi.org/10.1016/j.segan.2025.101802
https://doi.org/10.1016/j.enpol.2025.115044
https://doi.org/10.1016/j.enpol.2025.115044
https://doi.org/10.1016/j.apenergy.2024.123231
https://doi.org/10.1016/j.energy.2023.128090
https://doi.org/10.1016/j.apenergy.2021.118193
https://doi.org/10.1016/j.apenergy.2021.118193
https://doi.org/10.1016/j.apenergy.2026.127761
https://doi.org/10.1016/j.apenergy.2026.127761
https://doi.org/10.1016/j.esr.2025.101784
https://doi.org/10.1016/j.esr.2025.101784
https://doi.org/10.1016/j.epsr.2020.106803
https://doi.org/10.1016/j.egyr.2025.05.058
https://doi.org/10.1016/j.egyr.2025.05.058
https://doi.org/10.1007/s12667-023-00637-5
https://doi.org/10.1016/j.apenergy.2024.123583
https://doi.org/10.1016/j.apenergy.2024.123583
https://doi.org/10.1038/s41893-025-01556-2
https://doi.org/10.1002/gj.70171
https://doi.org/10.1016/j.eneco.2025.108883
https://doi.org/10.1016/j.eneco.2025.108883
https://doi.org/10.3389/fenrg.2023.1106628
https://doi.org/10.3389/fenrg.2023.1106628
https://doi.org/10.1016/j.cie.2025.111379
https://doi.org/10.1109/ACCESS.2020.3004373
https://doi.org/10.1109/ACCESS.2020.3004373
https://doi.org/10.1016/j.compchemeng.2025.109176
https://doi.org/10.1016/j.eswa.2026.131654
https://doi.org/10.1016/j.eswa.2026.131654
https://doi.org/10.1016/j.energy.2022.124361
https://doi.org/10.3390/en4101657
https://doi.org/10.3390/en4101657
https://doi.org/10.3233/IFS-151681
https://doi.org/10.3233/IFS-151681
https://doi.org/10.1016/j.apenergy.2018.10.045
https://doi.org/10.1016/j.apenergy.2018.10.045
https://doi.org/10.1016/j.ijepes.2025.110716
https://doi.org/10.1016/j.est.2023.107442
https://doi.org/10.1016/j.est.2023.107442
https://doi.org/10.1016/j.resconrec.2021.106103
https://doi.org/10.1016/j.isci.2026.114929
https://doi.org/10.1016/j.apenergy.2026.127671
https://doi.org/10.1016/j.apenergy.2026.127671
https://doi.org/10.1016/j.apenergy.2024.124635
https://doi.org/10.1016/j.apenergy.2024.124635
https://doi.org/10.1016/j.apenergy.2021.118032
https://doi.org/10.1016/j.apenergy.2021.118032
https://doi.org/10.1016/j.egyr.2025.05.058
https://doi.org/10.1016/j.egyr.2025.05.058
https://doi.org/10.1016/j.eneco.2021.105176

	Designed for a secure transition – a systematic review of supply security in energy system models
	1 Introduction
	1.1 Conceptualization of energy security
	1.2 Energy security in the energy system modelling context
	1.3 Aim of this review

	2 Method
	2.1 Review methodology
	2.2 Limitations

	3 Results
	3.1 Temporal and regional scope of eligible studies
	3.2 Aspects of energy security
	3.3 Disruptive events
	3.4 Methods applied to energy security
	3.4.1 Model frameworks and modelling resolution
	3.4.2 Approaches to energy security
	3.4.2.1 Ex-post investigation, indicators and indices
	3.4.2.2 Scenarios with security-driven constraints
	3.4.2.3 Stress tests and model coupling
	3.4.2.4 Uncertainty-driven approaches

	3.4.3 Security-related modelling aspects

	3.5 Energy security aspects across different approaches

	4 Conclusions
	4.1 Design for a secure energy transition
	4.2 Limitations and prospects

	Author contributions: CRediT
	Declaration of generative AI and AI-assisted technologies in the manuscript preparation process
	Funding sources
	Declaration of competing interest
	Appendix A Supplementary data
	Data availability
	References


