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The Nordic power system is undergoing a rapid transition toward high shares of variable renewable energy and
widespread electrification of heating, transport, and industry. While extensive hydropower resources provide a
strong foundation for system flexibility, declining synchronous inertia and pronounced winter demand peaks
introduce new challenges for both operational stability and long-term adequacy. Consequently, ensuring reliable
operation increasingly depends on the coordinated deployment of complementary flexibility resources across
multiple temporal horizons rather than expansion of any single technology.

This paper presents a systematic review of literature published between 2019 and 2026 and develops a review-
based multi-timescale classification that links grid service requirements with the operational capabilities of
battery energy storage systems (BESS), district heating with thermal energy storage (TES), and hydropower
reservoirs. The synthesis shows that BESS primarily supports fast frequency response and short-term congestion
management, TES provides demand shifting and peak reduction over hourly-to-daily timescales, and hydropower
delivers long-duration balancing and seasonal adequacy.

The review further identifies that current electricity market structures tend to prioritize short-duration sta-
bility services while undervaluing longer-duration flexibility, potentially creating a mismatch between invest-
ment incentives and evolving system requirements. By integrating evidence across multiple operational
timescales, the proposed classification provides a unified framework for evaluating complementary flexibility
resources and offers practical insights for system planning, market design, and the reliable operation of
renewable-dominated low-carbon power systems..

1. Introduction Ahmed et al. [6] showed that coupling electricity, heating, and transport

sectors can enable highly renewable energy systems. In the Nordic

1.1. Energy transition context

The International Energy Agency (IEA) [1,2] reported that achieving
climate targets requires rapid expansion of renewable generation,
electrification, and improved energy system flexibility. The European
Commission [3] highlighted the role of climate-neutral strategies in
accelerating the transition toward low-carbon energy systems. From a
power system perspective, ENTSO-E [4] identified increasing flexibility
and grid reinforcement requirements caused by large-scale renewable
integration. Akhtar et al. [5] further demonstrated that high renewable
penetration introduces new reliability challenges requiring advanced
operational and control strategies. The IEA [2] identified sector coupling
and electrification as important pathways for deep decarbonization.

* Corresponding author.

context, Statnett [7], Fingrid [8], and Svenska kraftnat [9] reported that
increasing renewable generation and electrified demand are changing
operational requirements and future grid development needs. In this
study, electrification of heating refers to the growing integration of
electricity-based heating technologies, including high-efficiency heat
pumps, electric boilers, and power-to-heat solutions within buildings
and district heating networks. Although heat pumps can substantially
reduce total energy consumption due to their high coefficient of per-
formance (COP), large-scale adoption increases the interaction between
heat demand and electricity system operation. Consequently, heating
demand becomes more visible in electricity load profiles, particularly
during cold periods when temperature-dependent peak demand may
increase. These developments extend beyond electricity supply,
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reflecting a broader transition toward integrated and low-carbon energy
systems. (See Table 1)

The Nordic electricity system—comprising Denmark, Finland, Nor-
way, Sweden, and Iceland—represents one of the most advanced real-
world implementations of this transition. It is characterized by high
renewable penetration, strong cross-border market integration, and
significant sector coupling between electricity and heating systems
[3,10,11]. While these features enhance overall system efficiency and
decarbonization potential, they also introduce new operational
complexities.

Although the Nordic countries participate in a highly interconnected
regional electricity market, their electricity generation portfolios,
dominant flexibility resources, and operational challenges differ
considerably. Norway relies primarily on reservoir hydropower for long-
duration balancing, Denmark emphasizes wind integration through
sector coupling and thermal flexibility, Finland combines nuclear gen-
eration, district heating, and growing battery deployment to address
winter adequacy, Sweden benefits from extensive hydropower and dis-
trict heating infrastructure, while Iceland has a renewable electricity
system dominated by hydropower and geothermal resources [11].
Consequently, the proposed multi-timescale framework should be
interpreted as a regional analytical framework whose implementation
depends on country-specific resource availability, market structures,
and operational characteristics.

As renewable penetration increases, the primary system challenge
shifts from ensuring sufficient energy production to maintaining reliable
operation under highly variable and uncertain supply-demand condi-
tions [4,7,12]. Consequently, system performance is increasingly con-
strained by the availability, coordination, and effectiveness of flexibility
resources rather than installed generation capacity alone.

1.2. Multi-timescale reliability challenge

In conventional power systems, reliability assessment has histori-
cally focused on generation adequacy and reserve margins. Heylen et al.
[13] highlighted inertia estimation and frequency control challenges in
low-inertia systems, while Plant et al. [14] investigated real-time inertia
monitoring approaches for inverter-dominated networks. Chu et al. [15]
reviewed international grid-code adaptations addressing frequency
stability under high renewable penetration. In parallel, Marcos et al.
[16] demonstrated the importance of cross-sector solutions for long-
term decarbonization. This shift fundamentally alters the nature of
system operation.

The progressive displacement of synchronous generation reduces
rotational inertia, increasing the rate of change of frequency (RoCoF)
following disturbances and amplifying short-term stability risks
[17-20]. At the same time, increased electricity-based heating creates
stronger coupling between weather conditions and electricity demand.
While efficient heat pump technologies generally reduce overall energy

Table 1
Comparison of flexibility characteristics across Nordic countries.
Country Dominant Principal Key operational Source
generation flexibility challenges year/period
resources
Denmark Wind, CHP, District Wind variability 2015
[10] solar heating, TES
Finland Nuclear, wind, District Winter 2024
[8] CHP heating, BESS adequacy
Norway Reservoir Reservoir Hydrological 2023
[7] hydropower hydropower variability
Sweden Hydropower, Hydropower, Transmission 2024-2033
[9] nuclear district heating  congestion
Iceland Hydropower, Hydropower, Hydro- 2025
[11] geothermal geothermal geothermal
generation
dependence
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consumption compared with conventional heating solutions, wide-
spread electrification through heat pumps, electric boilers, and power-
to-heat systems can increase electricity-sector dependency and
contribute to higher peak loads during extreme cold periods [6,21,22].
In parallel, prolonged low-wind events may introduce extended periods
of renewable supply scarcity, increasing the need for coordinated flex-
ibility resources. In addition, the geographical concentration of renew-
able generation in northern regions and demand centers in southern
regions creates persistent congestion and ramping requirements across
intra-day timescales [23,24].

These interacting factors transform reliability into a multi-timescale
coordination problem, where distinct physical processes dominate at
different operational horizons—from milliseconds to months [15,25].
Fig. 1 demonstrates how renewable generation variability, electricity
demand patterns, and required flexibility responses interact across
different operational timescales.

1.3. Flexibility resources in the Nordic system

The Nordic energy system contains a diverse portfolio of flexibility
resources capable of operating across these temporal layers. Hydro-
power reservoirs provide fast ramping capability combined with large-
scale seasonal energy storage, making them essential for both opera-
tional balancing and long-term adequacy [11,26,27]. Battery energy
storage systems (BESS) offer rapid and highly controllable power in-
jection, enabling frequency containment and short-term congestion
mitigation [28-32]. Nordic district heating systems have progressively
evolved from conventional fuel-based heat production toward diversi-
fied low-carbon heat sources, including biomass, municipal waste uti-
lization, industrial excess heat recovery, and renewable heat
integration. In this context, electrification does not represent a simple
replacement of existing heating infrastructure but rather an additional
sector-coupling pathway that increases operational flexibility. In par-
allel, district heating networks equipped with thermal energy storage
(TES) enable demand-side flexibility by shifting electricity consumption
over hourly to daily horizons, thereby reducing peak load and enhancing
renewable utilization [33-37].

These resources contribute to system reliability through fundamen-
tally different physical mechanisms, response speeds, and energy ca-
pacities. As a result, their value lies not in individual performance, but in
their complementary and coordinated operation across timescales.
Effective system operation therefore depends on integrating supply-side
and demand-side flexibility within a unified operational framework.

1.4. Literature gap

Existing literature has extensively investigated individual flexibility
technologies, including battery participation in ancillary service mar-
kets, hydropower-based balancing strategies, district heating with
thermal energy storage, and broader sector-coupling approaches
[30,34,38-40]. Other review studies have examined flexibility taxon-
omies, long-duration energy storage technologies, renewable integra-
tion, or low-inertia power system operation. However, these studies
generally focus on individual technologies, specific flexibility services,
or isolated operational timescales.

As a result, the complementary interactions among battery energy
storage systems (BESS), district heating with thermal energy storage
(TES), and hydropower reservoirs remain insufficiently examined
within a unified system perspective. In particular, limited attention has
been given to how these heterogeneous flexibility resources collectively
support reliability across multiple temporal horizons, ranging from fast
frequency stability to seasonal energy adequacy, under renewable-
dominated Nordic operating conditions [15,41].

From a power system planning perspective, this limitation is signif-
icant. Reliable operation in decarbonized energy systems depends not
only on the performance of individual flexibility technologies but also
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Fig. 1. Conceptual illustration of the multi-timescale mismatch.

on their coordinated deployment across temporal and sectoral di-
mensions. Existing reviews rarely integrate operational service re-
quirements, resource capabilities, market mechanisms, and planning
implications within a single analytical framework. Consequently, the
absence of such an integrated perspective limits the ability to evaluate
how complementary flexibility resources jointly contribute to system
reliability and may lead to misalignment between investment signals
and long-term system needs.

1.5. Contribution of this paper

To address the identified research gap, this paper investigates the
following research question:

How do complementary flexibility resources operating across multiple
timescales jointly ensure reliability in renewable-dominated Nordic energy
systems?

A systematic review of literature published between 2019 and 2026
is conducted to develop a review-based multi-timescale classification
framework that links operational service requirements with the tech-
nical capabilities of battery energy storage systems (BESS), district
heating with thermal energy storage (TES), and hydropower reservoirs.

Unlike previous reviews that primarily examine individual flexibility
technologies, flexibility taxonomies, sector-coupling strategies, or long-
duration energy storage independently, this review provides an inte-
grated Nordic-context synthesis that explicitly connects system service
requirements, operational timescales, flexibility resource characteris-
tics, market valuation, and planning implications within a unified
analytical framework.

The principal contributions of this paper are summarized as follows:

e A systematic synthesis of recent literature (2019-2026) focusing on
flexibility requirements in renewable-dominated Nordic power
systems.

e A review-based multi-timescale classification framework that links
operational services with the complementary technical capabilities
of BESS, TES, and hydropower reservoirs, enabling consistent com-
parison across multiple operational horizons.

e An integrated assessment of how complementary flexibility re-
sources collectively support frequency stability, operational
balancing, demand shifting, and seasonal adequacy rather than
evaluating each technology independently.

e Identification of structural mismatches between current market in-
centives and long-term flexibility requirements, together with their
implications for future system planning, market design, and decar-
bonization strategies.

Although the analysis is developed for the Nordic power system, the
proposed classification framework is applicable to other renewable-
dominated and low-inertia power systems undergoing rapid electrifi-
cation and increasing sector coupling.

The remainder of this paper is organized as follows. Section 2 de-
scribes the review methodology and classification approach. Section 3
presents the proposed multi-timescale classification framework. Sec-
tions 4-6 examine the operational roles of batteries, district heating with
thermal energy storage, and hydropower across different timescales.
Section 7 discusses integrated system implications, market design, and
future research directions, while Section 8 concludes the paper.

2. Review methodology
2.1. Scope and objective

This review investigates how complementary flexibility resources
contribute to system reliability in the Nordic power system across
multiple operational timescales. The analysis focuses on three repre-
sentative flexibility providers operating at distinct temporal horizons:
battery energy storage systems (BESS), district heating networks with
thermal energy storage (TES), and hydropower reservoirs.

Rather than evaluating these technologies independently, the
objective is to compare their functional roles within a unified system
perspective, including contributions to frequency stability, operational
balancing, peak demand reduction, and seasonal adequacy. This
approach enables assessment of how heterogeneous flexibility resources
interact to support reliable operation in renewable-dominated energy
systems.

To reflect contemporary system conditions and market practices, the
review focuses on literature published between 2019 and 2026. Earlier
foundational studies are included selectively to clarify key concepts and
physical mechanisms where necessary.

2.2. Literature search strategy

A structured literature search was conducted following a PRISMA-
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inspired approach to ensure transparency and reproducibility. The
search was performed using four scientific databases: IEEE Xplore,
Scopus, ScienceDirect, and SpringerLink. The literature search covered
publications from 2019 to 2026, while earlier foundational references
were included only when necessary for established concepts.

The following keyword combinations were used:

Power system flexibility and reliability

“power system flexibility” AND “renewable integration”
“low inertia power system” AND “frequency stability”
“renewable energy” AND “system adequacy”

Battery energy storage

“battery energy storage system” AND “frequency containment
reserve”

“BESS” AND “ancillary services”

“energy storage” AND “grid flexibility”

District heating and thermal storage

“district heating” AND “thermal energy storage”
“power-to-heat” AND “sector coupling”
“thermal flexibility” AND “renewable integration”

Hydropower and seasonal flexibility

“hydropower flexibility” AND “renewable balancing”
“hydropower reservoir” AND “seasonal storage”

Nordic energy system

“Nordic power system”
“Nordic electricity market”
“winter adequacy”

In addition to peer-reviewed publications, technical reports from
TSOs, international organizations, and regulatory bodies were included
when they provided validated operational information.

International Journal of Electrical Power and Energy Systems 182 (2026) 112212
2.3. Screening and selection procedure

The literature selection followed a structured filtering process
inspired by PRISMA-type systematic review methodologies [42,43]. As
illustrated in Fig. 2, the workflow consisted of four main stages: iden-
tification, screening, eligibility assessment, and final inclusion.

During the identification stage, records obtained from IEEE Xplore,
Scopus, ScienceDirect, and SpringerLink were combined, resulting in
412 initial publications. Duplicate records appearing across multiple
databases were removed before further assessment.

The remaining publications underwent title and abstract screening.
At this stage, studies were evaluated based on their relevance to:

e renewable-rich power system operation,

o flexibility services and resources,

e Nordic or comparable high-renewable energy systems, and
e reliability challenges across different operational timescales.

Publications outside the scope of power system flexibility or without
relevance to system-level operation were excluded.

The full-text assessment stage evaluated the remaining studies ac-
cording to predefined technical criteria. Specifically, each publication
was assessed based on whether it provided:

1. quantitative modeling, simulation, or operational analysis;
2. validated experimental, market, or system-level data;
3. clear contribution to at least one flexibility timescale:
o fast stability (milliseconds-minutes),
o operational balancing (minutes-hours),
o mid-duration flexibility (hours-days),
o seasonal adequacy (weeks-months);
4. relevance to battery storage, district heating with thermal storage,
hydropower, or integrated flexibility planning.

Studies containing only general discussions without technical eval-
uation or system-level relevance were excluded.

The final set of 94 studies was selected based on technical relevance,
methodological transparency, and contribution to multi-timescale flex-
ibility analysis rather than publication year or journal ranking alone.
Peer-reviewed journal articles and conference papers were prioritized,
while validated reports from transmission system operators,

7z
IEEEXplore” &) Springer ﬁw\ppl R«
Ay — 4 / N\ r !
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Comprehensive Database . .
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Fig. 2. Review methodology flowchart.
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international energy organizations, and regulatory bodies were included
when they provided operational data or system-level insights.

Fig. 2 highlights the progressive filtering procedure used during the
literature screening process, including identification, screening, eligi-
bility assessment, and final study selection.

The figure highlights the progressive filtering of studies, ensuring
that only technically relevant and high-quality publications are included
in the final synthesis. Table 2 shows the progressive reduction of studies
through each filtering step, ensuring that only technically relevant and
quantitatively supported publications were retained for the final
synthesis.

The final systematic-review evidence base comprised 94 included
studies. These studies were selected based not solely on publication year
or journal ranking, but on scientific relevance, methodological trans-
parency, technical contribution, and applicability to multi-timescale
flexibility analysis. The complete manuscript contains 96 references,
as two additional references were used exclusively to support the review
methodology and background context and were therefore not included
in the screened and coded evidence base. Peer-reviewed journal articles
and conference papers were prioritized in the systematic review, while
validated reports from organizations such as the IEA, ENTSO-E, and
Nordic transmission system operators (TSOs) were included when they
provided relevant operational data or system-level information.
Following the screening process, the 94 included studies were further
coded according to their primary research focus to support the
comparative synthesis presented in this review. The coding considered
six major thematic areas: (i) battery energy storage systems (BESS), (ii)
district heating and thermal energy storage (TES), (iii) hydropower
flexibility, (iv) market design and ancillary services, (v) power system
reliability and adequacy, and (vi) system modelling and planning.
Because several studies addressed more than one aspect of flexibility,
these thematic categories were used to structure and guide the synthesis
rather than as mutually exclusive classifications. This coding approach
enabled a systematic comparison of complementary flexibility resources
across multiple operational timescales while maintaining a consistent
analytical perspective throughout the review.

2.4. Inclusion and Exclusion criteria

Studies were selected based on predefined relevance and quality
criteria. A publication was included if it:

e addressed power system operation, stability, adequacy, or flexibility
services,

e focused on the Nordic power system or comparable high-renewable,
cold-climate systems, and

e provided quantitative modeling, empirical data, or validated system-
level analysis.

Studies were excluded if they:

e focused solely on component-level hardware design without system-
level implications,

Table 2

Literature screening summary.
Stage Description Number of

records
Initial search Database search results 412
After duplicate removal Unique publications retained 327
Title & abstract Scope and relevance assessment 186
screening
Full-text assessment Quantitative/system-level 112
evaluation

Final included studies Multi-timescale flexibility 94

synthesis

International Journal of Electrical Power and Energy Systems 182 (2026) 112212

e presented purely conceptual or policy-oriented discussions without
technical validation, or

e duplicated findings already comprehensively covered in recent
literature.

To ensure reliability and scientific rigor, only peer-reviewed journal
articles and validated system reports were included in the final syn-
thesis. The selection was not restricted exclusively to journal ranking
metrics because important operational knowledge in power systems is
often published through TSO reports, international energy agency as-
sessments, and market documentation. Therefore, quality was evaluated
based on technical reliability and relevance rather than publication
category alone.

2.5. Classification framework

Following the literature screening and selection process, the
included studies were categorized according to the operational time-
scale of the flexibility service rather than by technology type. Recent
review studies have proposed classification frameworks based on energy
storage technologies, planning methodologies, or application domains.
Building upon these approaches, the present review adopts a functional,
service-oriented classification that organizes flexibility resources ac-
cording to the temporal requirements of power system operation. This
perspective enables heterogeneous flexibility resources to be evaluated
within a common reliability assessment framework and facilitates direct
comparison of their complementary contributions across multiple
operational timescales [44].

Table 3 categorizes flexibility services according to the required
response speed and duration of system support. Fast stability corre-
sponds to immediate frequency containment and synthetic inertia pro-
vision following disturbances. Operational balancing represents short-
term corrective actions, including congestion relief and ramp manage-
ment during intra-day operation. Mid-duration flexibility enables load
shifting across daily cycles to manage demand peaks, while seasonal
adequacy addresses long-term energy sufficiency, particularly winter
security of supply in cold-climate power systems.

Unlike technology-oriented classifications, the proposed framework
enables direct comparison of battery energy storage systems (BESS),
district heating with thermal energy storage (TES), and hydropower
according to the operational services they provide rather than their
underlying technologies. This functional perspective forms the basis for
the comparative synthesis presented in the following sections and sup-
ports the evaluation of complementary flexibility resources within a
unified multi-timescale reliability framework.

2.6. Comparative synthesis approach

Rather than presenting studies sequentially, this review adopts a
comparative synthesis approach to evaluate the complementary roles of
flexibility resources. Evidence from the selected studies was synthesized
using a thematic comparative approach rather than a sequential narra-
tive description. Publications were organized according to their primary
technical focus, including battery energy storage systems (BESS), district
heating with thermal energy storage (TES), hydropower flexibility,

Table 3
Timescale classification used in this review.

Timescale Typical duration Primary system needs

Fast stability milliseconds-minutes  frequency containment and inertia

support

Operational minutes-hours congestion management and
balancing ramping support
Mid-duration hours-days peak load shifting
flexibility

Seasonal adequacy weeks-months winter supply security
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market design, power system reliability and adequacy, and system
planning. These thematic groups provided a consistent basis for
comparing heterogeneous flexibility resources across multiple opera-
tional timescales.

The comparative synthesis was conducted using common evaluation
criteria:

response speed and controllability,
duration capability,

type of operational service provided, and
contribution to system reliability.

This structured comparison enables identification of complemen-
tarities and limitations across technologies by examining how different
flexibility resources contribute to specific operational timescales. The
comparative synthesis provides the basis for the timescale-based clas-
sification presented in Section 3 and supports evaluation of the distinct
roles of batteries, district heating with thermal energy storage, and hy-
dropower in renewable-dominated Nordic energy systems.

3. Multi-timescale classification of flexibility resources
3.1. Reliability as a temporal coordination problem

In low-carbon power systems, reliability must be maintained under
disturbances that evolve across multiple temporal horizons. Shair et al.
[45] classified stability challenges associated with renewable-rich
power systems and emphasized frequency-related issues. Huclin et al.
[46] proposed methods for evaluating flexibility and capacity value in
renewable-dominated systems. Ringkjgb et al. [47] showed the

International Journal of Electrical Power and Energy Systems 182 (2026) 112212

importance of representing short-term renewable variability, while
Caglayan et al. [48] investigated long-duration storage requirements for
highly renewable energy systems. In renewable-dominated systems,
these functions are no longer provided by a single technology but
instead emerge from the coordinated operation of heterogeneous flexi-
bility resources.

In the Nordic power system, declining synchronous inertia increases
the rate of change of frequency (RoCoF), requiring rapid active power
response to maintain system stability [49]. At longer timescales, vari-
ability in wind generation and the geographical concentration of
renewable resources introduce congestion and ramping challenges [50].
In addition, electrification of heating and hydrological uncertainty
amplify seasonal adequacy risks, particularly during winter periods
characterized by high demand and limited renewable availability
[51,52].

These interacting dynamics fundamentally redefine reliability as a
temporal coordination problem, where system security depends on the
alignment of flexibility resources with time-dependent operational re-
quirements. Consequently, reliability cannot be adequately assessed
using static capacity metrics alone but must be evaluated in terms of
coordinated multi-timescale system response.

3.2. The classification consists of four operational layers

Power system operational requirements can be categorized into four
characteristic timescales based on the underlying physical processes and
corresponding operator actions. Fig. 3 presents the multi-timescale
classification developed from the reviewed literature, where flexibility
requirements are organized according to response duration, dominant
system challenge, and suitable flexibility resource.

4 N
TIME SCALE SYSTEM SERVICES (PRIMARY NEEDS) FLEXIBILITY RESOURCES COORDINATED
( FLEXIBILITY PORTFOLIO
Regi FAST STABILITY
Fesnofie (milliseconds-minutes) .
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Fig. 3. Multi-Timescale Flexibility Framework.
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The framework consists of four operational layers:

e Fast stability (milliseconds—-minutes): containment of frequency de-
viations immediately following disturbances

e Operational balancing (minutes-hours): management of ramping
requirements and congestion under variable generation

e Mid-duration flexibility (hours-days): demand shifting and
improved utilization of renewable energy

e Seasonal adequacy (weeks-months): long-term energy sufficiency
and security of supply

Each layer corresponds to a distinct operational objective and is
governed by different physical drivers, necessitating flexibility resources
with varying response speeds and energy capacities.

Fig. 3 demonstrates how system reliability requirements are
distributed across temporal layers and how different flexibility resources
are mapped according to their response speed and energy duration
capability. Table 3 complements Fig. 3 by linking each operational
timescale to its dominant physical cause and the corresponding operator
action. Fast stability is driven by inertial response and sudden distur-
bances, requiring immediate frequency control. Operational balancing
mainly arises from renewable variability such as wind ramps and re-
quires generation-load matching. Mid-duration flexibility addresses
daily demand variations to limit peak loading, while seasonal adequacy
relates to long-term energy availability, ensuring sufficient supply dur-
ing prolonged high-demand periods, particularly in winter conditions.
Table 4 links each operational timescale to its dominant physical driver
and corresponding system objective.

The table highlights that system requirements are fundamentally
time-dependent, with distinct physical drivers governing each opera-
tional horizon.

3.3. Mapping flexibility resources to timescales

Nzimande and Noro [53] demonstrated the capability of BESS to
support frequency regulation under high renewable penetration. Gart-
tan et al. [54] reviewed battery participation in frequency-control
ancillary services. Muzammal Islam et al. [55] showed that energy
storage technologies improve flexibility and stability in modern power
systems. Hydropower combines relatively fast ramping capability with
large stored energy, enabling both operational balancing and long-
duration supply support [46,51]. Sorknees et al. [56] demonstrated the
system benefits of fourth-generation district heating integration. Sornek
et al. [57] analyzed power-to-heat and seasonal TES pathways, while
Sifnaios et al. [58] quantified the impact of large-scale TES on energy
system operation.

No single resource can simultaneously satisfy all system re-
quirements across timescales. Instead, system reliability emerges from
the complementary interaction of resources, each contributing within its
effective temporal domain. Table 5 compares the capability of key
flexibility resources across operational timescales.

The response times and effective flexibility durations reported in
Table 5 represent typical or representative operating ranges synthesized
from the reviewed literature rather than universal technical limits.
Actual response characteristics and usable flexibility durations depend
on technology configuration, installed power and energy capacity,
control strategy, operating conditions, and system-specific constraints.

Table 4
Mapping operational needs to system dynamics.

Timescale Physical driver Operator objective

inertia and disturbances
wind ramps

demand variation
energy availability

Fast stability
Operational balancing
Mid-duration
Seasonal adequacy

maintain frequency
balance generation
reduce peaks
ensure adequacy

International Journal of Electrical Power and Energy Systems 182 (2026) 112212

For hydropower, the available flexibility is additionally influenced by
turbine and governor characteristics, reservoir conditions, hydrological
availability, and environmental operating constraints. For district
heating and thermal energy storage, the achievable flexibility duration
depends strongly on the storage technology and thermal infrastructure;
conventional hot-water storage primarily supports hourly-to-daily
shifting, whereas larger-scale PTES and BTES can extend flexibility to
weekly or seasonal horizons. The listed grid services represent typical
applications identified in the literature. Where specific reserve products
such as FCR-N, FCR-D, aFRR, and mFRR are mentioned, their actual
technical requirements and activation characteristics are defined by the
relevant system operator and should not be interpreted as universal
technology limits.

3.4. Implications for system planning

The timescale-based classification shows that reliability in high-
renewable power systems depends on flexibility provision across mul-
tiple operational horizons rather than generation expansion alone. Fast-
response resources support frequency stability, mid-duration flexibility
reshapes demand patterns, and long-duration storage contributes to
seasonal adequacy.

This perspective has important implications for system planning and
market design. Traditional planning approaches based on installed ca-
pacity or energy volume are insufficient to capture the temporal
dimension of system needs. Instead, resources must be evaluated based
on their time-dependent contribution to system operation, including
response speed, duration, and service type [48,55].

Consequently, effective planning requires ensuring adequate
coverage across all operational timescales, rather than overinvesting in a
single category of flexibility. This classification supports comparative
evaluation of flexibility resources and forms the basis for the analysis in
the following sections.

4. Fast stability and short-term operation
4.1. Frequency dynamics in low-inertia systems

In low-carbon power systems, frequency stability is increasingly
governed by inverter-based resources and fast-acting control mecha-
nisms rather than synchronous machine inertia. Moore et al. [72]
reviewed inertia and system-strength challenges in renewable-
dominated grids. Cao et al. [73] proposed virtual inertia control ap-
proaches for inverter-based systems, while Song et al. [74] analyzed
low-inertia challenges caused by high renewable penetration. This
transition significantly alters system dynamics and increases sensitivity
to disturbances. Recent studies have extended conventional unit
commitment and scheduling formulations by explicitly incorporating
frequency-security constraints, including RoCoF, frequency nadir,
inertia requirements, and fast frequency response. These approaches
enable operational decisions to account for the reduced synchronous
inertia associated with renewable integration while coordinating con-
ventional generators, renewable resources, and energy storage. Such
developments demonstrate that frequency security is increasingly
becoming an integral component of operational scheduling rather than a
separate post-operational stability assessment. These modelling ad-
vances further support the importance of fast-response flexibility re-
sources identified in the proposed multi-timescale framework [75].

In the Nordic power system, declining synchronous inertia is iden-
tified as a critical operational challenge, particularly under conditions of
high wind generation and cross-border power imports [49,76]. Reduced
inertia limits the system’s ability to naturally damp frequency de-
viations, thereby increasing reliance on active control.

Hydropower units contribute to frequency containment through
governor response and primary reserves; however, their activation
speed is inherently constrained by mechanical and hydraulic dynamics
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Table 5

Resource capability across timescales.
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Resource

Typical response
time

Effective flexibility
duration

Primary
operational role

Representative grid
services

Interpretation

Representative
sources

Battery Energy Storage
Systems (BESS)

Hydropower reservoirs

Milliseconds-seconds

Seconds-minutes

Minutes to 4 h

Hours to months

Fast frequency
support and
short-term
balancing
Operational
balancing and

FCR-N, FCR-D, aFRR,
congestion management

Primary/FCR support,
secondary reserve,

Typical operating range;
application and system
dependent

Representative range; plant,
reservoir, and hydrological-

[28,53-55,59-62]

[46,51,63-66]

seasonal

adequacy
District Minutes-hours
heating + Thermal

Energy Storage (TES)

Hours to days;
weeks-months for

PTES/BTES reduction

Demand shifting
and peak-load

mFRR, seasonal energy
balancing

Demand response,
power-to-heat, peak
shaving, renewable
energy integration

condition dependent

Technology-dependent
representative range;
depends on TES
configuration and heating-
network operation

[56-58,67-71]

[46,63]. As a result, maintaining frequency stability in high-renewable
operation requires additional fast-response resources capable of deliv-
ering immediate and precise active power support [73,75].

4.2. Battery energy storage for fast frequency control

Nzimande and Noro [53] demonstrated BESS frequency regulation
capability. Zhang et al. [59] investigated optimal battery sizing for
stacked grid services, while Li et al. [60] studied real-time BESS fre-
quency regulation considering revenue and degradation effects. Oper-
ational experience in Nordic reserve markets shows that short-duration
batteries are predominantly deployed for frequency containment
reserve (FCR) services rather than energy arbitrage [54,61].

The high ramp rate of BESS significantly improves frequency nadir
and limits RoCoF following disturbances [60,72]. Because response ac-
curacy is more critical than energy volume in fast stability services,
economically optimal battery configurations prioritize power capacity
over stored energy [54,62]. Table 6 summarizes representative fast-
stability characteristics of BESS and hydropower identified in the
reviewed literature. The reported response times and support durations
should be interpreted as typical operating ranges rather than universal
technical limits. BESS can provide converter-controlled active-power
response on millisecond-to-second timescales, making it particularly
suitable for fast frequency response and frequency containment appli-
cations. Hydropower can also provide rapid frequency support, although
its initial response is comparatively slower and depends on governor
settings, turbine characteristics, waterway dynamics, and operating
conditions. Similarly, the effective duration of support depends on
available stored energy, state of charge, reservoir conditions, and the
required service. The listed reserve products represent typical applica-
tions; specific activation times, minimum durations, and qualification
requirements are determined by the applicable TSO and market rules.

Table 6
Comparison of BESS and hydropower for fast stability services.

4.3. Complementary role of hydropower

Hydropower remains essential beyond the initial seconds following a
disturbance by sustaining active power injection after fast-response re-
sources stabilize the system [46,63]. Its ability to provide continuous
output makes it a key contributor to primary reserve support and fre-
quency recovery. Recent developments in pumped-storage technologies
further improve flexibility by enabling more responsive regulation and
wider operating ranges compared with conventional fixed-speed
configurations.

Coordinated operation of BESS and hydropower enhances overall
system performance. Batteries rapidly arrest the initial frequency drop,
improving frequency nadir, while hydropower maintains longer-
duration support to stabilize and restore system balance [72,76]. In
this context, BESS does not replace hydropower but rather extends its
operational effectiveness by addressing the critical early-stage response.
Fig. 4 presents conceptual frequency responses with layered flexibility.

Fig. 4 highlights the sequential contribution of fast-response battery
systems and hydropower governors in maintaining frequency stability
following disturbances.

4.4. Operational implications

The analysis demonstrates that fast stability is primarily determined
by response speed and controllability rather than energy capacity. BESS
provides immediate stabilization through rapid power injection, while
hydropower ensures sustained balancing and system recovery.

This division of roles reinforces the timescale-based classification
presented in Section 3, where fast-response and energy-based resources
operate in a coordinated manner across temporal layers. Reliable
operation in low-inertia systems therefore depends on the sequential
and complementary activation of flexibility resources, rather than reli-
ance on any single technology [73,76].

Characteristic BESS Hydropower governor

Interpretation / basis Representative sources

Typical response Milliseconds to < 1's Seconds; typically 2-30 s

time

Ramp/response Very high; near-instantaneous High, but constrained by hydraulic
capability active-power adjustment and mechanical dynamics

Effective support Minutes to approximately 4 h Hours to days, reservoir dependent
duration

Primary grid FCR-N, FCR-D, FFR, aFRR Primary/FCR support, secondary

services reserve, mFRR

Representative response range; depends on
converter/control settings for BESS and governor,
turbine, and hydraulic dynamics for hydropower
Qualitative technical characteristic rather than a fixed
ramp-rate limit

Typical application range rather than a universal
technical limit

Representative services; eligibility and activation
requirements depend on the applicable market and
TSO rules

[53,54,60,63,72,73,76]

[46,60,63,72,731
[54,55,62,63]

[40,54,61,63,76]

Main operational
limitation

Limited stored energy, state-of-
charge constraints, and battery
degradation

Slower initial response; hydraulic,
environmental, and reservoir
operating constraints

Principal limitations identified across the reviewed
literature

[54,60,62,63,66]
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Fig. 4. Conceptual frequency response with layered flexibility.

These findings highlight the importance of integrating fast stability
mechanisms with broader flexibility strategies, motivating the analysis
of slower operational and mid-duration flexibility in the following
section.

5. Operational and mid-duration flexibility
5.1. Ramping and congestion in renewable-dominated operation

Increasing wind penetration introduces significant short-term vari-
ability and spatial imbalance between generation and demand, creating
challenges for intra-day balancing and congestion management. In the
Nordic system, large-scale wind generation is predominantly located in
northern regions, whereas major demand centers are concentrated in
southern areas. Attar et al. [77] investigated congestion-management
market design for Nordic and European systems. Naeem et al. [78]
analyzed Nordic electricity market volatility, while Dobos et al. [79]
discussed challenges related to electricity price-zone formation. Koivu-
nen and Syri [80] evaluated scarcity situations in Finland's future low-
carbon electricity system.

These dynamics shift the focus of operational flexibility from sub-
second response toward energy shifting over hourly timescales, where
the objective is to manage variability and maintain supply-demand
balance. While conventional balancing resources address part of this
variability, electrification of heating introduces additional complexity
by creating temperature-dependent demand peaks, particularly during
winter periods [21,81].

As a result, operational reliability increasingly depends not only on
supply-side flexibility but also on controllable demand-side resources
capable of shifting consumption in time. This transition reflects the
growing importance of sector coupling in renewable-dominated energy
systems.

5.2. District heating and thermal energy storage

District heating systems equipped with thermal energy storage (TES)
provide a scalable form of demand-side flexibility by enabling temporal
decoupling between electricity consumption and heat demand
[56,67-69]. In this review, TES primarily refers to sensible heat storage
using water-based systems, particularly hot water storage tanks, which
represent one of the most mature and widely implemented storage so-
lutions in district heating applications.

Through large-scale heat pumps and electric boilers, electricity can
be converted into thermal energy during periods of high renewable
generation or low electricity prices and stored for later use during pe-
riods of high heat demand or electricity system stress [70]. However,
thermal flexibility in district heating is not limited only to dedicated
water storage tanks. Short-duration flexibility can also be obtained by
utilizing the inherent thermal inertia of district heating networks,
including temporary heat storage within pipelines and connected
building mass. These approaches enable short-term load shifting
without necessarily requiring additional large-scale storage
infrastructure.

Due to the significantly lower cost per unit of stored energy
compared with electrochemical storage, water-based TES solutions are
particularly suitable for multi-hour to multi-day balancing applications
[67]. In addition, longer-duration thermal storage technologies, such as
pit thermal energy storage (PTES) and borehole thermal energy storage
(BTES), can provide weekly to seasonal storage capability and support
stronger integration between renewable electricity generation and
heating systems. However, these seasonal storage approaches remain
more location-dependent and less widely deployed compared with
conventional hot water tank storage.

Operational studies demonstrate that coordinated use of district
heating and different TES technologies can reduce peak electricity de-
mand, mitigate renewable curtailment, and improve overall energy
system efficiency [68,71].
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Unlike battery storage, the primary value of TES lies in temporal
demand reshaping rather than direct electrical power injection. By
shifting electricity consumption and heat production across time, TES
effectively flattens demand profiles and reduces system stress during
peak periods. Fig. 5 demonstrates how thermal energy storage reshapes
electricity demand by shifting consumption from peak periods toward
periods with higher renewable availability.

The figure demonstrates how thermal storage reshapes demand by
shifting electricity consumption from peak to off-peak periods, thereby
reducing system stress. Table 7 compares representative characteristics
of BESS and district heating with thermal energy storage (TES) for
operational and mid-duration flexibility. The reported flexibility dura-
tions and storage-capacity ranges represent typical application ranges
synthesized from the reviewed literature rather than fixed technical
limits. BESS generally provides directly controllable electrical flexibility
over short-duration timescales, although its usable duration depends on
the installed power-to-energy ratio, state of charge, operating strategy,
and application. District heating with TES provides flexibility by
decoupling heat production from heat demand and shifting electricity
consumption through power-to-heat technologies. The achievable
duration and storage capacity vary substantially with TES configuration:
hot-water tanks predominantly support hourly-to-daily flexibility,
whereas large-scale pit thermal energy storage (PTES) and borehole
thermal energy storage (BTES) can extend energy shifting to weekly or
seasonal timescales. The reported MWh,-to-GWhy, range therefore
represents an indicative order of magnitude for thermal storage appli-
cations rather than a universal capacity range. The listed services
represent typical system applications identified in the reviewed litera-
ture and depend on local electricity-market arrangements, district-
heating infrastructure, and operating conditions.
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The results emphasize the distinct roles of supply-side and demand-
side flexibility in operational balancing.

5.3. Interaction with electricity markets

Thermal flexibility interacts with electricity markets primarily
through indirect mechanisms. By shifting demand toward periods of
high renewable generation and lower prices, district heating systems
reduce balancing requirements, alleviate congestion, and contribute to
price stabilization [70,82].

In contrast, battery storage participates directly in ancillary service
markets, receiving explicit compensation for providing frequency
containment and fast-response services. This difference creates a struc-
tural asymmetry in market incentives: fast-response flexibility is clearly
monetized, while demand-side flexibility is often undervalued despite
its system-wide benefits.

Such misalignment may lead to suboptimal investment decisions,
with a tendency to favor short-duration resources over longer-duration
flexibility that is critical for system efficiency and peak reduction.
Addressing this imbalance requires market designs that explicitly value
both response speed and energy-shifting capability across timescales.

5.4. Operational implications

The analysis highlights a clear division of operational roles across
timescales. Batteries stabilize fast system dynamics through rapid and
precise control, while thermal storage reshapes demand profiles over
longer horizons to mitigate peaks and improve renewable integration.

Reliable operation in renewable-dominated systems therefore de-
pends on the coordinated interaction between supply-side and demand-
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Table 7

Comparison of BESS and district heating with thermal energy storage for mid-duration flexibility.
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Characteristic BESS District Heating + TES Interpretation / basis Representative sources
Typical flexibility =~ Minutes to approximately 4 h Hours-days for hot-water tanks; Representative application ranges rather [28,54-58,67-71]
duration weeks—-months for large-scale PTES/BTES than universal technical limits; duration
depends on storage sizing and technology
Operating Electrochemical charging and Thermal energy storage and temporal Fundamental operating principle [28,56,67,70]
principle discharging shifting of heat production/electricity

Storage medium Primarily lithium-ion and other
electrochemical storage
technologies

Typical storage Application-dependent; typically

capacity MWh-scale for grid-connected short-
duration applications
Primary grid/ Intraday balancing, congestion

system services ~ management, and reserve support

Main operational
limitation

Limited discharge duration, state-of-
charge constraints, and battery

consumption
Hot-water tanks, district-heating network/
building thermal mass, PTES and BTES

MWhy, to GWhy, scale, depending on TES
technology and system size

Peak shaving, load shifting, power-to-heat
operation, and renewable energy
integration

Dependence on district-heating
infrastructure, thermal demand, storage

Technology-dependent storage media
Representative order-of-magnitude range;
not a fixed technical limit

Representative applications identified in the
reviewed literature

Principal technology and system-level
constraints

[28,56-58,67-69]

[28,56-58,67-71]

[28,54,56,67,70,71,82]

[28,56,67-71]

degradation
response

configuration, and comparatively slower

side flexibility, rather than technological substitution. This layered
behavior is consistent with the timescale-based classification presented
in Section 3 and emphasizes the importance of integrating different
forms of flexibility within a unified system perspective.

These dynamics naturally extend to the longest operational horizon,
seasonal adequacy, which is examined in the following section.

6. Seasonal adequacy and long-term balancing
6.1. Winter adequacy in high-renewable systems

In high-latitude power systems, reliability challenges extend beyond
short-term balancing toward seasonal energy sufficiency, particularly
under extreme winter conditions. The European Commission [83] and
Fingrid [84] emphasized the importance of winter adequacy and reliable
electricity supply under changing energy conditions. Streimikiene et al.
[85] analyzed the relationship between diversification and energy se-
curity, while Javed et al. [86] demonstrated the impact of multi-year
renewable variability on system design. Under these conditions, sys-
tem reliability is primarily determined by the availability of stored en-
ergy rather than response speed.

Unlike fast stability disturbances, which evolve within seconds, ad-
equacy challenges develop over days to weeks and require sustained
energy delivery [48]. This distinction highlights a fundamental differ-
ence between operational stability and adequacy: stability concerns
instantaneous power balance, whereas adequacy relates to the cumu-
lative balance of energy over extended periods [45,83].

As renewable penetration increases, this temporal shift in system
requirements makes seasonal adequacy a critical constraint in low-
carbon energy systems, particularly in regions with strong climatic
variability.

6.2. Hydropower as seasonal storage

Hydropower reservoirs constitute the primary source of long-
duration energy storage in the Nordic region. Kim et al. [64] investi-
gated climate impacts on hydropower availability, while Wang et al.
[65] quantified the value of hydropower flexibility for electricity-system
decarbonization. Falth et al. [22] further showed hydropower's capa-
bility to maintain output during energy drought conditions. In addition,
hydropower provides operational flexibility through ramping and
reserve services, making it a multi-functional resource across timescales.

Although conventional reservoir hydropower dominates flexibility
provision in the Nordic region, recent developments in pumped-storage
hydropower (PSH) technologies further expand the operational
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flexibility available to renewable-dominated power systems. Unlike
conventional reservoir hydropower, advanced PSH
configurations—including variable-speed and ternary pumped-storage
systems—provide improved operational flexibility through faster
power regulation, wider operating ranges, and enhanced fre-
quency-response capability. Recent studies have shown that these
technologies can simultaneously improve frequency regulation perfor-
mance and operational stability while facilitating greater integration of
variable renewable energy sources. Although large-scale pumped-stor-
age deployment remains relatively limited within the Nordic electricity
system compared with conventional reservoir hydropower, these de-
velopments illustrate the broader potential of hydropower technologies
to support future low-inertia power systems.

The magnitude of energy stored in hydropower reservoirs exceeds
the feasible capacity of short-duration electrochemical storage by
several orders of magnitude, making hydropower indispensable for
ensuring seasonal adequacy [48]. In practice, the operational flexibility
of hydropower reservoirs is influenced by several technical and regu-
latory constraints. Reservoir operation depends on seasonal inflow
variability and water availability, which may be significantly affected by
climate conditions and prolonged drought periods. Environmental flow
requirements and reservoir operating rules further restrict the timing
and magnitude of water releases to maintain downstream ecosystems
and water-resource management objectives. In addition, hydropower
dispatch in the Nordic electricity market is increasingly influenced by
cross-border electricity trading and market coupling, which may alter
reservoir utilization strategies beyond purely technical considerations.
During winter periods, high electricity demand and limited hydrological
replenishment may further reduce operational flexibility. Moreover,
frequent regulation associated with increasing renewable variability
may introduce additional mechanical stress and operational constraints
for hydropower units. Consequently, although hydropower remains the
principal source of long-duration flexibility in the Nordic region, its
contribution to seasonal adequacy should be interpreted within these
practical operational limitations rather than as an unconstrained source
of flexibility [66].

As a result, hydropower alone cannot guarantee reliability under all
scenarios. Instead, it must be complemented by additional flexibility
resources capable of reducing demand peaks and supporting system
operation under uncertainty. Fig. 6 illustrates the role of long-duration
flexibility resources in addressing seasonal supply-demand mismatch
in renewable-rich energy systems. During spring and summer periods,
increased renewable generation availability and hydrological inflows
may exceed immediate electricity demand, allowing energy to be stored
through resources such as hydropower reservoirs and seasonal thermal
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Fig. 6. Seasonal energy balancing through long-duration flexibility resources.

energy storage. During autumn and winter periods, when electricity
demand increases and renewable availability may decrease, stored en-
ergy is released to support system adequacy and reduce prolonged
supply shortages.

Unlike short-duration flexibility resources that primarily address
frequency control and intra-day balancing, long-duration storage en-
ables temporal energy shifting across weeks to months. Therefore, hy-
dropower reservoirs and seasonal thermal storage complement fast-
response technologies by contributing to energy adequacy under
extended renewable variability conditions.

This highlights the importance of long-duration storage in main-
taining system adequacy under extreme conditions. Table 8 compares
the longer-duration flexibility characteristics of BESS, district heating
with thermal energy storage (TES), and reservoir hydropower. The re-
ported durations represent typical or representative operating ranges
identified in the reviewed literature rather than fixed technical limits.
Conventional grid-scale BESS is included as a benchmark because its
primary contribution generally lies in short-term stability, reserve pro-
vision, and intraday balancing, while its sustained energy-shifting
capability is constrained by the installed energy capacity and state of
charge. District heating with TES can extend flexibility from hourly and
daily demand shifting to weekly or seasonal energy management when
large-scale technologies such as pit thermal energy storage (PTES) or
borehole thermal energy storage (BTES) are employed. Reservoir hy-
dropower can provide flexibility across daily to seasonal timescales,
although its long-duration contribution depends strongly on reservoir
capacity, hydrological inflows, water availability, environmental re-
quirements, and operational constraints. The durations and applications
shown in Table 8 should therefore be interpreted as representative
system-level characteristics rather than universal technology limits.
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The hierarchy demonstrates that seasonal adequacy relies on
fundamentally different resource characteristics than short-term
stability.

6.3. Complementary long-duration options

Emerging long-duration storage technologies, particularly hydrogen-
based systems, are increasingly proposed as solutions for prolonged
energy scarcity. These technologies offer the potential for large-scale
energy storage and cross-sector integration through power-to-gas
pathways.

However, current analyses indicate that their role is more suited to
strategic backup and sector coupling rather than routine balancing,
primarily due to efficiency losses, high costs, and infrastructure re-
quirements [87,88]. As a result, hydrogen and related technologies are
better interpreted as supplementary adequacy resources that enhance
system resilience under extreme conditions, rather than direct sub-
stitutes for hydropower.

Their integration into the energy system is therefore likely to com-
plement existing flexibility layers, particularly in scenarios involving
prolonged renewable deficits or increased electrification of hard-to-
abate sectors.

6.4. System implications

The analysis demonstrates that seasonal adequacy cannot be ensured
by scaling fast-response technologies alone. Instead, system reliability
emerges from a hierarchical and multi-timescale structure of flexibility
provision, where different resources contribute according to their tem-
poral capabilities.
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Table 8

Comparison of long-duration flexibility resources.

Representative

sources

Interpretation / basis

Main operational constraint

Representative applications

Primary operational role

Typical flexibility duration

Resource

[28,53-55,59,60,62]

Representative range for conventional short-
duration grid-scale BESS; included as a

Energy-capacity and state-of-charge
constraints; degradation under

Primarily short-term stability Frequency regulation, reserve
and operational balancing
repeated cycling

Minutes to approximately 4 h

BESS

services, intraday balancing,
congestion management

benchmark against longer-duration resources

[56-58,67-71]

Technology-dependent representative range;

Dependence on district-heating
infrastructure, thermal demand,

Power-to-heat, renewable energy

Demand shifting, peak-load
management, and long-

Hours-days for hot-water
tanks; weeks-months for
large-scale PTES/BTES

District

large-scale PTES/BTES can extend flexibility

toward seasonal timescales

integration, load shifting, seasonal

heat storage

heating + TES

storage configuration, and thermal

losses

duration thermal flexibility

Representative range for reservoir [22,32,51,63-66]

Hydrological variability, reservoir

availability, environmental

Reservoir management, prolonged

Long-duration and seasonal
energy balancing and
adequacy support

Days-months; potentially
seasonal depending on
reservoir characteristics

Hydropower

hydropower; strongly dependent on reservoir

energy balancing, reserve provision,
and seasonal supply support

reservoirs

size, inflows, water value, and environmental

constraints

requirements, and operational

constraints
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Batteries stabilize second-scale dynamics, thermal storage manages
daily demand variability, and hydropower secures long-term energy
sufficiency. This layered coordination reflects the timescale-based clas-
sification presented in Section 3 and highlights the importance of inte-
grating resources across temporal and sectoral dimensions.

From a system perspective, ensuring reliability in renewable-
dominated power systems requires not only sufficient installed capac-
ity but also adequate coverage across all operational timescales. This
insight provides the foundation for the integrated system perspective
developed in the following section.

7. Integrated system perspective
7.1. Coordinated roles of flexibility resources

The preceding analysis demonstrates that flexibility resources oper-
ate across fundamentally different temporal horizons and provide
distinct system services. As a result, no single technology can indepen-
dently ensure reliable operation in a high-renewable power system. Fast
disturbances require immediate active power response, short-term
variability demands balancing capability, and seasonal demand re-
quires sustained energy availability [64,83,89]. These requirements
originate from different physical processes and therefore cannot be
addressed by a single class of resources.

System reliability instead emerges from the coordinated interaction
of complementary flexibility assets, forming a layered portfolio of ser-
vices across timescales. Battery energy storage systems provide rapid
stabilization during the initial seconds following disturbances, hydro-
power sustains balancing and recovery over longer horizons, and ther-
mal storage reshapes demand to reduce prolonged system imbalance
[53,65,67].

The reviewed studies show that reliable operation requires flexibility
resources with different response speeds, storage durations, and control
characteristics. Battery energy storage systems provide rapid stabiliza-
tion during the initial seconds following disturbances, hydropower
supports balancing and recovery over longer horizons, and thermal
storage reshapes heat-related electricity demand to reduce peak stress.
Therefore, evaluating these resources in isolation may underestimate
their combined contribution to system adequacy and operational secu-
rity. Fig. 7 demonstrates that system reliability emerges from the coor-
dinated operation of complementary flexibility resources across
different temporal horizons.

Recent quantitative studies further support the proposed multi-
timescale coordination framework. For example, joint planning
models integrating short-duration and seasonal energy storage have
demonstrated that coordinated deployment of complementary flexi-
bility resources improves system adequacy while reducing renewable
curtailment and overall system costs. Rather than maximizing the
deployment of a single storage technology, these studies show that
combining fast-response storage with long-duration flexibility enables
more balanced allocation of system services across multiple operational
timescales. Similar findings have been reported in studies investigating
the co-optimization of storage technologies, transmission expansion,
and sector coupling, where coordinated operation improves renewable
utilization, operational resilience, and long-term system reliability.
These quantitative results reinforce the central conclusion of this review
that complementary flexibility resources provide greater system value
when planned and operated as an integrated portfolio rather than as
independent technologies [90,91].

The figure demonstrates that system reliability emerges from the
coordinated interaction of complementary resources rather than reli-
ance on a single technology.

Table 9 synthesizes the system-level roles of the three flexibility-
resource categories across frequency stability, congestion manage-
ment, demand-side flexibility, and long-term adequacy. The classifica-
tions represent typical capabilities and applications identified in the
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Table 9

System-level contributions of flexibility resources.

Resource

Frequency stability

Congestion management

Demand-side flexibility

Long-term adequacy

Representative sources

Battery Energy Storage
Systems (BESS)

District
Heating + Thermal
Energy Storage (TES)

Hydropower reservoirs

Direct and rapid
frequency support
through FCR, FFR, and
aFRR

Indirect frequency-
support potential
through controllable
power-to-heat demand
and load adjustment
Direct frequency control
and reserve provision

Short-term congestion
relief, ramp
management, and
redispatch support

Load shifting, peak-load
reduction, and
mitigation of local
electricity-network
constraints

Operational balancing,
ramping support,
redispatch, and
transmission-congestion

Limited direct demand-
side contribution;
primarily supply/storage-
side flexibility

Strong demand-side
flexibility through power-
to-heat, controllable
thermal loads, and
thermal storage
Primarily generation-side
flexibility; indirect
contribution through
system balancing

Limited contribution to seasonal
adequacy for conventional short-
duration BESS because of
energy-capacity and discharge-
duration constraints
Long-duration contribution
depends on TES technology;
large-scale PTES/BTES can
provide weekly-to-seasonal
thermal energy shifting

Strong long-duration and
seasonal balancing capability,
subject to reservoir capacity,
hydrological availability, and

[28,53-55,59-62,92]

[17,29,30,56-58,67-71,82]

[22,32,46,51,63-66]

management

environmental constraints

reviewed literature rather than universal technical ratings. BESS pro-
vides direct and rapid electrical flexibility and is therefore particularly
suited to frequency control, reserve provision, and short-term conges-
tion management, although conventional short-duration installations
have a comparatively limited role in seasonal adequacy. District heating
combined with TES primarily provides demand-side flexibility by
shifting electricity consumption through power-to-heat and thermal
storage, with large-scale PTES and BTES extending this capability to-
ward longer-duration and seasonal energy shifting. Reservoir hydro-
power provides generation-side flexibility across multiple timescales,
ranging from frequency and balancing services to long-duration and
seasonal energy management, although its contribution depends on
reservoir characteristics, hydrological conditions, and environmental
constraints. The capabilities summarized in Table 9 should therefore be
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interpreted as representative system-level roles rather than fixed or
universally applicable technology ratings.

7.2. Market design implications

Current Nordic electricity market structures explicitly reward fast-
response flexibility through ancillary service products such as Fre-
quency Containment Reserve for Normal Operation (FCR-N), Frequency
Containment Reserve for Disturbances (FCR-D), automatic Frequency
Restoration Reserve (aFRR), and manual Frequency Restoration Reserve
(mFRR) [40,61]. These markets primarily compensate resources capable
of delivering rapid, accurate, and controllable power adjustments,
making battery energy storage systems (BESS) particularly well suited
for participation because of their millisecond-scale response and high
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operational precision.

In contrast, district heating with thermal energy storage (TES) con-
tributes mainly through demand shifting, peak-load reduction, renew-
able energy utilization, and power-to-heat operation rather than direct
participation in ancillary service markets. The economic value of TES is
therefore often realized indirectly through lower electricity procure-
ment costs, optimized district-heating operation, reduced peak demand,
and improved integration of renewable generation instead of dedicated
market revenues [17,67,69,70]. Similarly, hydropower participates in
balancing and reserve markets while simultaneously providing long-
duration energy balancing and seasonal adequacy, although these
long-term system benefits are not always fully reflected in existing
market remuneration mechanisms.

This asymmetry creates a structural imbalance in investment in-
centives, potentially encouraging greater deployment of short-duration
flexibility resources while undervaluing demand-side flexibility and
long-duration energy storage. As a result, market outcomes may not
correspond to the combination of flexibility resources required for
reliable operation of renewable-dominated power systems.

To address this issue, future market design should better reflect the
multi-timescale nature of system reliability by recognizing not only
response speed but also flexibility duration, energy availability, and
locational value. Potential approaches include differentiated flexibility
products, co-optimized energy and reserve markets, capacity adequacy
mechanisms, and enhanced incentives for sector-coupling technologies
such as district heating and power-to-heat systems. Such developments
would better align investment signals with long-term system re-
quirements and support balanced deployment of complementary flexi-
bility resources across multiple operational timescales [40,93].

7.3. Planning implications

Traditional power system planning approaches rely heavily on
metrics such as installed capacity or total stored energy. However, the
multi-timescale classification used in this review demonstrates that
these metrics are insufficient to capture the temporal complexity of
reliability in renewable-dominated systems.

Effective planning must ensure adequate temporal coverage of sys-
tem services, including:

e second-scale frequency stabilization,
e intra-day balancing and congestion management, and
e long-term energy adequacy.

This requires coordinated deployment of resources with comple-
mentary characteristics rather than maximizing investment in a single
technology. Overreliance on fast-response resources without sufficient
long-duration flexibility may lead to system vulnerability during pro-
longed scarcity events. Beyond the Nordic context, recent planning
studies have shown that coordinated deployment of multiple flexibility
resources can also facilitate broader power system transition strategies,
including the staged transformation of conventional generation assets.
Co-planning approaches combining energy storage with generation
retrofitting, renewable integration, and sector coupling demonstrate
that flexibility resources contribute not only to operational reliability
but also to long-term decarbonization pathways. Therefore, the pro-
posed multi-timescale framework may support planning decisions in
diverse low-carbon power systems by linking flexibility requirements
with evolving generation portfolios and transition strategies [94].

From a system perspective, optimal reliability is achieved through
balanced portfolios of flexibility resources, where each component
contributes according to its temporal strengths. This coordinated plan-
ning approach supports comparative evaluation for evaluating flexi-
bility investments and is directly applicable to other low-inertia, high-
renewable power systems undergoing rapid energy transition.
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8. Research gaps and future directions
8.1. Locational flexibility valuation

Most existing planning studies quantify flexibility using aggregated
system models that neglect spatial network constraints and congestion
patterns. However, in the Nordic power system, the geographical sep-
aration between northern renewable generation and southern demand
centers creates strongly location-dependent flexibility value [77,93]. As
a result, the effectiveness of flexibility resources depends not only on
their capacity and response characteristics but also on their placement
within the network.

Despite this, current research rarely evaluates how the spatial
deployment of batteries or thermal storage simultaneously influences
fast stability, operational balancing, and long-term adequacy. This
limitation reduces the practical applicability of planning results and may
lead to suboptimal investment decisions.

Future research should therefore integrate network-constrained
optimization with multi-timescale flexibility analysis, enabling identi-
fication of optimal spatial allocation strategies that jointly address
congestion, stability, and adequacy requirements.

8.2. Interaction between hydropower and variable generation

Hydropower plays a central role in balancing renewable variability;
however, its operation is strongly influenced by hydrological uncer-
tainty and environmental constraints. Guaman et al. [66] developed an
optimization framework considering water-resource uncertainty in
hydro-dependent systems. Shao et al. [95] demonstrated the potential of
machine-learning methods for assessing climate impacts on hydropower
productivity.

This gap is particularly critical for seasonal adequacy, where coin-
cident scarcity in both wind generation and hydropower availability
may significantly increase system risk. Existing deterministic models are
not well suited to capture such extreme but plausible scenarios.

Future work should focus on stochastic and scenario-based modeling
frameworks that jointly represent meteorological and hydrological
variability. Such approaches are necessary to evaluate system resilience
under extreme events rather than average operating conditions.

8.3. Market representation of flexibility duration

Current electricity market designs tend to explicitly reward fast-
response services, such as frequency containment reserves, while
providing limited valuation for longer-duration flexibility [87]. As
demonstrated in previous sections, mid-duration
flexibility—particularly =~ from district heating with thermal
storage—plays a significant role in reducing peak demand and
improving renewable integration yet remains weakly monetized.

This mismatch creates distorted investment signals, favoring short-
duration assets such as batteries despite the critical system role of
longer-duration flexibility. Over time, this may lead to an imbalance in
the flexibility portfolio and reduced overall system efficiency.

Future research should focus on developing market mechanisms that
jointly value response speed, duration, and energy availability,
including differentiated flexibility products and co-optimized ener-
gy-reserve market designs. Such approaches would better reflect the
multi-timescale nature of system reliability.

8.4. Multi-energy system coordination

Sector coupling introduces strong interactions between electricity
and heating systems, particularly through district heating networks and
thermal storage. While these systems provide significant flexibility by
shifting electricity demand, most existing operational models treat
electricity and heat sectors independently [67,71].
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This separation limits the ability to capture cross-sector dynamics
and may underestimate the system-level value of thermal flexibility. In
practice, coordinated operation of electricity and heating infrastructures
is essential for managing demand peaks and improving renewable
utilization.

Future research should therefore develop integrated multi-energy
system optimization frameworks that explicitly model interactions be-
tween electricity, heating, and storage systems. Such models are critical
for evaluating coordinated control strategies and ensuring reliable
operation across interconnected infrastructures.

8.5. Low-inertia resilience assessment

Current stability studies predominantly analyze single disturbances
under predefined operating conditions. However, increasing penetration
of inverter-based resources introduces more complex system dynamics,
including multiple rapid disturbances, reduced damping, and non-linear
recovery behavior [73,96].

These characteristics challenge traditional reliability assessment
methods, which typically separate frequency stability and energy ade-
quacy into distinct analyses. In practice, system resilience depends on
the interaction between these dimensions across timescales.

Future work should focus on developing integrated resilience metrics
that combine fast stability performance with longer-term adequacy
considerations. Such metrics would enable a more comprehensive
evaluation of system behavior under realistic operating conditions and
support improved planning and operational decision-making.

9. Conclusion

This paper investigated how complementary flexibility resources can
jointly support reliable operation of the Nordic power system under
increasing renewable penetration. The analysis demonstrates that reli-
ability challenges span multiple temporal horizons, ranging from sub-
second frequency stability to long-term seasonal adequacy. Conse-
quently, system security cannot be adequately addressed through indi-
vidual flexibility technologies or static capacity metrics alone.

To address this challenge, a multi-timescale classification of flexi-
bility resources was derived from the reviewed literature to systemati-
cally link system-service requirements with the operational
characteristics of battery energy storage systems (BESS), district heating
with thermal energy storage (TES), and hydropower reservoirs. The
synthesis indicates that these resources provide complementary contri-
butions across different temporal layers. BESS provides rapid response
for frequency containment and short-term balancing, thermal storage
enables demand shifting over hourly and daily horizons and, for selected
technologies, longer periods, while reservoir hydropower provides sus-
tained balancing and contributes to long-term and seasonal energy
adequacy.

The findings further identify a potential mismatch between evolving
system flexibility requirements and current market incentives. While
fast-response services are increasingly recognized and explicitly valued,
longer-duration flexibility, particularly from demand-side and thermal
resources, is less consistently represented in existing market arrange-
ments. Improved valuation of flexibility duration, energy availability,
and locational contribution could therefore support more efficient in-
vestment and operational decisions in future low-inertia, renewable-
dominated power systems.

From a planning perspective, the reviewed literature demonstrates
the importance of maintaining adequate flexibility across multiple
operational timescales. BESS, district heating-based thermal storage,
and hydropower reservoirs address different system requirements
because of their distinct response characteristics, energy capacities, and
flexibility durations. Future planning should therefore move beyond
dependence on individual flexibility technologies and evaluate coordi-
nated resource portfolios according to their contributions to frequency
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stability, operational balancing, congestion management, peak-load
reduction, and long-term adequacy.

Although the analysis is grounded in the Nordic context, the pro-
posed multi-timescale classification framework may also support the
assessment of flexibility requirements in other renewable-dominated
power systems facing comparable challenges associated with vari-
ability, reduced system inertia, sector coupling, and long-duration en-
ergy adequacy. Future research should extend the framework by
incorporating spatial network constraints, stochastic renewable and
hydrological variability, and market co-optimization to provide a more
comprehensive  representation of multi-timescale flexibility
requirements.
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