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Abstract

Renewable Energy Communities (RECs) are recognized as effective collective models to
accelerate decarbonization through shared renewable generation, consumption, and local
flexibility provision. However, their large-scale deployment remains constrained by the
temporal mismatch between variable renewable generation and strongly time-dependent
demand, particularly in buildings where heating and cooling dominate final energy use.
This state-of-the-art review provides an integrated and comparative assessment of Thermal
Energy Storage (TES) and Battery Energy Storage Systems (BESS) within RECs, with explicit
focus on power-to-heat (PtH) pathways and phase change material (PCM)-based cooling
storage. Based on a structured analysis of the peer-reviewed literature published between
2015 and 2025, the review shows that TES represents a cost-effective and durable comple-
ment to electrochemical storage in heating- and cooling-dominated communities. Reported
results indicate that TES integration can reduce peak electrical demand by 20–35%, increase
local renewable self-consumption by 15–40%, and significantly lower required battery ca-
pacity in hybrid configurations. While BESS remains indispensable for short-term electrical
balancing and fast-response grid services, TES offers lower costs per kWh stored, longer
operational lifetimes (often exceeding 25–40 years), and lower lifecycle greenhouse gas
emissions, typically 70–85% lower than those of BESS when thermal energy is used directly.
Among TES technologies, PCM-based systems demonstrate particular effectiveness in
cooling-dominated RECs, enabling peak cooling power reductions of up to 30% through
diurnal load shifting. Across climatic contexts, the literature converges on hybrid TES–BESS
architectures as the most robust storage solution, with reported reductions in grid imports
and renewable curtailment of up to 35–40%. In addition, TES uniquely enables seasonal
energy shifting, for which no cost-competitive electrochemical alternative currently exists.
Despite these advantages, the review identifies persistent gaps related to the limited avail-
ability of long-term operational data and the need for empirical validation of hybrid control
strategies. Future research should prioritize multi-year field demonstrations, advanced
data-driven energy management, and policy frameworks that explicitly recognize thermal
flexibility and sector coupling within Renewable Energy Communities.

Keywords: renewable energy communities; thermal energy storage; battery energy storage
systems; phase change materials; energy flexibility
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1. Introduction
RECs and Local Energy Communities (LECs) are increasingly recognized as practical

instruments to accelerate decarbonization through collective renewable deployment, shared
consumption, and local flexibility provision [1,2]. In parallel, the rapid electrification of
end-uses and the growing share of variable renewables have intensified the temporal
mismatch between generation and demand, increasing the need for flexible resources that
can absorb surplus production and reduce curtailment while maintaining reliability [2–4].
Energy storage is therefore a central enabling technology for high-renewable community
systems. To date, much of the REC literature emphasizes electrical storage, mainly BESS, yet
community energy demand is strongly shaped by heating and cooling loads, and thermal
pathways remain comparatively underexplored in integrated REC analyses [5,6].

TES and PtH strategies (e.g., heat pumps and resistive heating coupled to water
tanks or phase change materials) provide cost-effective routes to shift demand, increase
self-consumption, and reduce grid dependency by storing renewable electricity as heat
or cold [2,7]. Recent multi-vector energy community studies further show that jointly
optimizing electricity and thermal vectors under uncertainty can reduce external grid
reliance and fossil thermal supply while improving overall costs [8]. Despite their proven
effectiveness, TES systems have yet to be broadly deployed. This situation highlights the
importance of stronger collaboration across stakeholders, along with improved awareness
and education regarding the advantages and practical applications of TES [9]. At the same
time, recent comprehensive syntheses indicate that, despite abundant TES research, the
absence of harmonized performance data and systematic decision-support frameworks
remains a major challenge for technology selection and practical deployment across di-
verse temperature ranges and applications [9]. Recent studies have demonstrated that
PCM-based thermal storage systems can achieve substantial performance gains when opti-
mized from both thermal and economic perspectives, particularly in applications involving
cooling-dominated loads and compact systems [10]. Accordingly, there is a clear need for
an integrated review that consolidates technical and operational evidence on how TES com-
plements (or competes with) BESS in REC contexts, with explicit attention to PtH pathways
and to underrepresented TES technologies such as PCM-based storage for cooling.

This review addresses that need by providing an integrated and comparative as-
sessment of TES and BESS within RECs, focusing on (i) the roles of TES in community
operation (self-consumption, flexibility, peak shaving, sector coupling), (ii) comparative
technical–economic–environmental dimensions of TES versus BESS, (iii) PtH architectures
and storage sizing/operation evidence, and (iv) PCM-based cooling storage applications
and barriers. The remainder of this introduction is structured as follows: Section 1.1 outlines
the building energy demand, climate commitments, and the role of flexibility; Section 1.2
describes the renewable energy community’s governance, regulation, and market design;
Section 1.3 discusses energy storage and flexibility requirements in RECs; and Section 1.4
details PtH pathways and the relevance of TES, particularly PCM-based storage, for future
sustainable community energy systems.

1.1. Building Energy Demand, Climate Commitments, and the Role of Flexibility

Global energy demand has increased markedly over recent decades due to population
growth, economic expansion, and rising electrification of end-uses [11,12]. Buildings are
a dominant end-use sector, and a substantial share of building energy consumption is
associated with heating, ventilation, and air-conditioning (HVAC) [13]. Beyond electricity,
heat demand constitutes a major decarbonization lever: recent syntheses highlight that
heat accounts for almost half of global final energy consumption and is responsible for a
large fraction of energy-related greenhouse gas emissions [5,9]. This reinforces the need to
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explicitly address heating and cooling flexibility as part of low-carbon local energy system
design. Historically, fossil fuels have supplied most final energy, contributing significantly
to greenhouse gas emissions and environmental impacts [4,14]. Against this backdrop,
climate targets and policy commitments require accelerated renewable deployment and
energy efficiency improvements, but high shares of solar and wind introduce intermit-
tency and uncertainty that can drive curtailment and reliability challenges if flexibility is
insufficient [2,15]. These challenges are particularly acute in local systems aiming for high
self-sufficiency, where renewable output peaks (e.g., midday PV) may not coincide with
demand peaks (e.g., evening loads or winter heating). In this context, storage and sector
coupling become critical, PtH can convert surplus renewable electricity into thermal energy
and store it in TES, improving temporal alignment between renewable generation and
end-use demand [3,16].

1.2. Renewable Energy Communities: Governance, Regulation, and Market Design

Citizen engagement and collective action are increasingly considered essential for a
fair and effective energy transition [5,17]. RECs, formalized in EU policy frameworks such
as RED II, enable groups of citizens, businesses, and public entities to jointly produce, share,
and manage renewable energy with the primary objective of delivering economic, social,
and environmental benefits rather than maximizing financial returns [1,2]. RECs have been
shown to improve local acceptance of renewables, reduce energy bills, create local jobs,
and enhance resilience through decentralized generation and coordinated demand man-
agement [18,19]. Empirical and modelling studies further suggest that community-level
coordination can reduce blackout risk and improve local adequacy by pooling distributed
resources [19,20]. However, REC deployment is highly sensitive to regulatory transposi-
tion, market access, and remuneration schemes for shared self-consumption and flexibility
services. Recent regulatory reviews emphasize that, although EU directives define and
promote community energy models, national rules on governance, metering, grid fees,
and benefit allocation can strongly shape feasibility and scaling [1,17,21]. Likewise, recent
contributions highlight that market design and coordination mechanisms influence whether
community storage resources are deployed and dispatched efficiently [17,22]. While many
community initiatives focus on PV-based electricity sharing, thermal energy pathways
remain less represented in applied community deployments and integrated studies, despite
heating and cooling being dominant building end-uses [5,6].

1.3. Energy Storage and Flexibility Requirements in RECs

Energy storage increases renewable self-consumption by shifting energy from periods
of surplus generation to periods of higher demand, improving autonomy and reducing grid
imports [2,23]. BESS are widely used for short-term electricity balancing due to their fast
response and high round-trip efficiency, making them particularly suitable for frequency
regulation and other ancillary services [24,25]. Nevertheless, batteries face limitations
related to capital costs, degradation, lifetime, and material and resource constraints, which
can significantly affect long-term economic performance and motivate the adoption of
complementary flexibility solutions [2,26]. Thermal storage offers a particularly relevant
alternative in community contexts because much of the final energy demand in buildings is
thermal, and storing energy as heat or cold can be more cost-effective per kWh than storing
it electrochemically [2,3,24]. Evidence from microgrid-based and building-scale studies
indicates that integrating TES with BESS can significantly reduce required battery capacity
while improving energy efficiency and comfort outcomes; for example, coordinated TES–
BESS integration has been reported, in specific demand-response scenarios, to significantly
reduce BESS capacity requirements [27]. At the building and community scales, flexibility-
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aware optimization has been used to determine optimal storage capacity under different
tariff structures and flexibility targets, showing that storage requirements depend strongly
on operational objectives and economic signals [3,28]. Similarly, PV–heat pump systems
integrating both TES and BESS have been optimized under multi-objective frameworks,
demonstrating that hybrid storage configurations can outperform single-storage solutions
on techno-economic grounds [29,30]. Beyond buildings, thermal energy storage can also
enable longer-duration flexibility through technologies such as pumped thermal energy
storage (PTES) and Carnot batteries. Recent studies on industrial-park distributed energy
systems indicate that electro-thermal integration via Carnot battery concepts can support
coordinated electricity and heat scheduling, improving economic and carbon performance
while providing grid support [31,32]. Complementarily, large-scale PTES analyses highlight
scale-dependent economics and climate sensitivity, reporting competitive levelized costs of
storage under optimized configurations and emphasizing long lifetime and independence
from critical raw materials [33,34]. These findings collectively suggest that, within RECs,
optimal storage portfolios may benefit from combining short-duration electrochemical
storage with thermal storage solutions that address heating and cooling loads and, in some
cases, longer-duration flexibility.

1.4. PtH Pathways and the Role of Thermal Energy Storage in REC

Thermal demand (space heating, domestic hot water, and cooling) represents a sub-
stantial fraction of building energy use, making PtH and TES central to community de-
carbonization strategies [5,15]. In PtH architectures, surplus renewable electricity can be
converted into heat using heat pumps or resistive heaters and stored in thermal reservoirs
(e.g., water tanks, building thermal mass, or PCM storage) for later use. This approach can
reduce curtailment, increase renewable self-consumption, and lower grid dependence by
supplying thermal loads when renewable generation is low [2,16]. To illustrate this concept,
Figure 1 schematically illustrates a representative PtH configuration in which surplus PV
electricity, complemented by solar thermal collectors, is converted into heat and stored in
a hot-water tank. This approach is consistent with recent hybrid PtH and solar thermal
applications at the building and community scales [35–37].

Figure 1. Schematic representation of a power-to-heat configuration in which surplus photovoltaic
electricity, complemented by solar thermal collectors, is converted into heat and stored in a hot-water
tank to supply community thermal demand.
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1.5. Paper Organization and Review Scope

Although several reviews have addressed thermal energy storage technologies or
community energy concepts, the literature often examines these topics in isolation or
focuses predominantly on electrical storage solutions. As highlighted in recent syntheses,
this fragmentation limits cross-vector understanding and hinders informed technology
selection in RECs [5,9]. In contrast, this review provides a comparative assessment of TES
and BESS within RECs, with explicit emphasis on PtH pathways and on underrepresented
TES options, particularly PCM-based storage for cooling applications.

Specifically, this review: (i) maps the roles of TES in REC operation and flexibility
provision; (ii) compares TES and BESS across technical, economic, and environmental
dimensions; (iii) synthesizes PtH architectures and operational evidence from building-
and community-scale studies; and (iv) consolidates recent findings on PCM-based cooling
storage, including performance benefits, integration barriers, and implications for system
design, optimization, and policy. By bridging technological, operational, and system-level
perspectives, this review aims to support more informed planning and deployment of
integrated storage solutions in future communities.

The remainder of this paper is structured as follows. Section 2 describes the review
methodology adopted in this study. Section 3 synthesizes and analyzes the literature
on the role of thermal energy storage in RECs, including a comparative assessment of
TES and BESS, with particular attention to PtH pathways and PCM-based solutions.
Section 4 presents the main conclusions, and Section 5 outlines future research directions
and perspectives.

2. Methodology
2.1. Review Scope and Research Questions

This review follows a structured and transparent literature review methodology
inspired by PRISMA guidelines. The objective is to systematically identify, screen, and
analyze the relevant literature addressing energy storage solutions in RECs.

The review addresses the following research questions:

i. How does TES contribute to flexibility, renewable self-consumption, and sector
coupling in RECs?

ii. How do different TES technologies, particularly sensible heat storage (SHS) and
PCM-based latent heat storage, compare with BESS across technical, economic,
environmental, and operational dimensions?

iii. Under which climatic, operational, and regulatory conditions does TES provide
advantages over, or complement, BESS in RECs?

2.2. Search Strategy and Data Sources

The literature search was conducted using major scientific databases, including Scopus,
Web of Science, and Google Scholar, complemented by targeted searches in leading energy
journals and publishers (e.g., MDPI, Elsevier). The search period covered publications
mainly from 2015 to 2025, corresponding to the emergence and consolidation of RECs and
sector-coupling frameworks.

Search queries combined keywords related to TES technologies and community-scale
energy systems, including:

“thermal energy storage”, “phase change material”, “latent heat storage”, “power-to-
heat”, “renewable energy communities”, “local energy communities”, “district heating”,
and “cooling storage”.

To contextualize the scale of the literature, broad searches such as “thermal energy
storage” and “phase change material” and “thermal energy storage” return several hundred
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thousand publications in Google Scholar. However, when the scope is progressively refined
to explicitly include Renewable Energy Communities, the volume of relevant literature
decreases sharply. For instance, combining “thermal energy storage” with “renewable
energy communities” yields on the order of a few hundred results, while the intersection of
“phase change material”, “thermal energy storage”, and “renewable energy communities”
yields fewer than one hundred publications. This marked reduction highlights both the
emerging nature of TES research in REC contexts and the fragmented treatment of PCM-
based TES within community-scale applications.

Because this review includes a comparative assessment between TES and BESS, a
complementary targeted search was conducted to capture the key literature on electro-
chemical storage in RECs and related systems. This search included keywords such as
“battery energy storage system”, “BESS”, “electrochemical storage”, “lithium-ion battery”,
and “hybrid TES–BESS”, combined with terms related to RECs, microgrids, and district
energy systems.

2.3. Final Corpus and Data Extraction

Peer-reviewed journal articles and conference papers written in English were consid-
ered eligible if they:

• explicitly addressed TES technologies in the context of RECs, local energy communities,
district heating/cooling systems, or closely related community-scale applications;

• included quantitative, modeling, experimental, or system-level analyses relevant to
energy storage integration, operation, or assessment.

The grey literature (e.g., technical reports, policy documents, and standards) was
selectively included only for contextual, regulatory, or definitional purposes and was not
used to support quantitative comparisons or core analytical conclusions.

Studies focusing exclusively on component-level TES design without system-level
relevance, or on large-scale national energy systems detached from community or district
contexts, were excluded.

2.4. Screening and Selection Process

The initial keyword-based searches identified several hundred potentially relevant
publications after topic refinement. Titles and abstracts were first screened to remove
duplicates and clearly irrelevant studies. Full-text screening was then conducted to assess
thematic relevance, methodological soundness, and alignment with the review scope.

Rather than aiming for exhaustive coverage of all TES-related publications, this review
adopts a targeted and relevance-driven selection strategy, reflecting the still-limited body
of literature explicitly addressing TES integration in RECs. From the screened pool, a final
subset of approximately 120 peer-reviewed studies was selected for in-depth qualitative
synthesis based on relevance, representativeness, and explicit focus on TES roles within
community-scale energy systems.

Although the primary search period covered publications from 2015 to 2025, a small
number of earlier studies (approximately four articles published prior to 2015) were retained
to provide historical and conceptual background on TES technologies and their evolution
toward community-scale applications. The literature corpus shows a gradual increase in
research activity, with a limited number of studies between 2015 and 2020 (approximately
ten articles), followed by a substantial expansion of publications from 2022 onward, with the
highest concentration in the period 2024–2026. In addition, a very small number of recent
preprints and early-access publications were considered to capture emerging research
trends and technological developments not yet fully represented in the peer-reviewed
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literature. These sources were used for contextual insight into current directions and were
not relied upon for core quantitative comparisons or definitive conclusions.

2.5. Classification and Analysis Framework

The selected studies were classified according to:

• storage technology (sensible heat storage, PCM-based latent heat storage, thermo-
chemical storage);

• application domain (space heating, space cooling, domestic hot water, district heat-
ing/cooling);

• system scale (building, community, district);
• evaluation dimension (technical performance, economic feasibility, environmental

impact, and operational integration).

This classification framework enabled a comparative assessment of TES and BESS
within RECs, highlighting complementarities, trade-offs, and context-dependent perfor-
mance across different climatic and operational conditions.

2.6. Methodological Limitations

This review is subject to several limitations. First, the literature explicitly addressing
TES in RECs remains relatively limited, particularly with respect to long-term operational
data and real-world deployments. Second, heterogeneity in modeling assumptions, tempo-
ral resolution, boundary conditions, and performance indicators limits direct quantitative
comparability across studies. Third, publication bias toward optimized or successful case
studies may lead to overestimation of achievable performance in practice.

3. Literature Review and Analysis
Building on the analytical framework defined in Section 2, this chapter synthesizes

and critically discusses the literature on TES in RECs, following the thematic structure
outlined in the methodology.

3.1. Role of TES in RECs

TES is a crucial, yet often underappreciated, component in Energy Communities, as it
fundamentally enhances system flexibility and local self-reliance by addressing the large
share of energy demand associated with heating and cooling. While the deployment of
photovoltaic systems has historically benefited from cost reductions and strong policy
support, the integration of renewable heating solutions has received comparatively less
attention, despite their relevance for community-scale decarbonization [2,38].

Early studies already highlighted the potential of TES to reduce thermal energy de-
mand and increase renewable utilization in buildings. For example, PCM-based applica-
tions for cooling load reduction have been shown to improve thermal performance under
different climatic conditions [39], while building-scale analyses indicate that the inclusion
of thermal storage can significantly increase the share of renewable electricity used to
meet cooling demand compared with configurations without storage [40]. Building on
this evidence, a wide range of TES solutions, from domestic hot water tanks and building
thermal inertia to more advanced latent heat storage systems, can enhance renewable
self-consumption by absorbing surplus renewable generation and reallocating it to future
thermal needs. In doing so, TES directly targets end-uses that battery-based electrical
storage alone cannot efficiently serve, contributing to reduced grid dependence, improved
self-sufficiency, and shorter investment payback periods at the community level [19].

Recent community-scale optimization studies further confirm the value of TES inte-
gration. In a near-zero energy community case jointly considering electrical and thermal
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storage, integrated configurations achieved substantial reductions in carbon emissions and
grid interaction while lowering the levelized cost of energy compared with similar systems
without TES [41]. More broadly, TES has been shown to effectively mitigate daily demand
fluctuations and, in some applications, seasonal mismatches in a cost-effective manner,
particularly when combined with sector-coupling strategies [5,24,42].

At both building and community scales, TES contributes to peak load reduction and
resilience enhancement by smoothing heating and cooling demand profiles. Thermal
storage systems can be charged during periods of high renewable availability or low
demand and discharged during peak periods, thereby reducing stress on local grids and
lowering the need for backup capacity. In cooling applications, chilled water tanks, ice
storage, and latent heat storage systems have demonstrated their ability to shift cooling
loads and reduce peak electricity demand, while in heating-dominated contexts, shared or
building-integrated thermal storage can effectively shave morning and evening heating
peaks [15,43].

Beyond demand reduction, TES strengthens energy resilience by maintaining thermal
comfort during periods of low renewable generation or grid disruptions. While batteries
typically ensure the operation of electrical appliances, TES supports essential heating and
cooling services, which are critical for occupant safety, particularly in cold climates. Large-
scale water-based TES installations in district heating and industrial-scale RECs already
illustrate this buffering capability against supply variability and outages [2].

3.2. Comparative Analysis: Thermal vs. Battery Energy Storage in RECs

Building on the functional role of TES discussed in Section 3.1, this section focuses on
comparative analysis between TES and BESS within the context of RECs. It is structured
into several subsections to systematically address the main performance, economic, and
operational factors distinguishing these storage technologies. In hybrid REC configurations
that include PtH pathways, BESS primarily provide short-term electrical balancing, while
TES addresses heating and cooling demand, enabling complementary flexibility across
different temporal scales [2,27,37].

Section 3.2.1 examines the fundamental performance characteristics of TES and BESS,
including energy density, efficiency, and losses. Section 3.2.2 explores the discharge dura-
tion and temporal applications of each technology, highlighting their suitability for different
storage timescales. Economic aspects, such as capital and lifecycle costs, are discussed
in Section 3.2.3. The environmental impacts of both storage solutions, with attention to
materials, manufacturing, and end-of-life considerations, are assessed in Section 3.2.4.
Section 3.2.5 considers operational constraints, including control, dispatchability, and
integration with community energy systems. Finally, Section 3.2.6 discusses the comple-
mentarities between TES and BESS when both are deployed in RECs, emphasizing the
benefits of hybrid storage strategies. A comparative summary table is provided at the end
of this section to synthesize key findings across these dimensions.

3.2.1. TES vs. BESS Performance Characteristics

BESS, particularly lithium-ion technologies such as lithium iron phosphate (LFP), are
characterized by high electrical energy density and high round-trip efficiency. Gravimetric
energy densities typically range between 75 and 250 Wh/kg, while stationary systems
commonly achieve round-trip efficiencies between 85% and 95%, depending on technology
and operating conditions [44–46]. These characteristics make BESS especially suitable
for short-term electricity storage, fast response applications, frequency regulation, and
grid-support services in renewable-based power systems. Recent techno-economic analysis
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further confirms the competitiveness of BESS in providing short-duration flexibility in
grid-connected and community-scale applications.

In contrast, TES stores energy in the form of heat or cold and is therefore assessed
using different performance metrics. Depending on the storage mechanism, sensible, latent
(e.g., phase change materials), or thermochemical, volumetric energy densities typically
range from approximately 80 to 500 Wh/L [47,48]. When thermal energy is reconverted into
electricity, overall efficiencies are relatively low (typically 20–60%), reflecting conversion
losses. However, when TES is used directly for heating or cooling applications, effective
efficiencies can approach near-lossless operation, with low standing losses and long storage
lifetimes. This makes TES particularly attractive for space heating, domestic hot water,
cooling, and low- to medium-temperature industrial heat demand [5,24,48].

Within RECs, these contrasting characteristics lead to complementary functional roles.
BESS provides fast electrical flexibility, precise power control, and short-term balancing,
while TES enables efficient temporal shifting of thermal demand and facilitates sector
coupling through PtH pathways. Recent optimization studies demonstrate that hybrid
TES–BESS configurations significantly enhance overall system performance by allocating
short-term electrical balancing to batteries and longer-duration energy shifting to TES. Such
configurations reduce system costs, increase renewable self-consumption, and improve
operational flexibility compared to single-storage solutions [49,50].

Figure 2 conceptually contrasts a conventional renewable-based configuration, char-
acterized by intermittent generation and limited flexibility, with an advanced REC con-
figuration integrating both BESS and TES. In conventional systems, mismatches between
renewable generation and demand may lead to excess generation, which can be partially
mitigated through demand response strategies but may ultimately result in curtailment
and continued reliance on grid imports. In contrast, the integrated BESS–TES configuration
enhances system flexibility by enabling demand response and load shifting across both
electrical and thermal domains. BESS primarily increases renewable self-consumption by
storing surplus electricity for later electrical use, while TES enables the conversion and
storage of surplus electricity as heat or cooling through PtH pathways. Together, these
storage technologies can reduce grid dependence, improve local utilization of renewable
energy, and contribute to higher levels of community self-sufficiency.

Figure 2. Conceptual illustration of how integrated BESS–TES configurations enhance self-sufficiency
and reduce curtailment compared with conventional renewable systems.
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3.2.2. Discharge Duration, Performance Characteristics, and Temporal Applications

Lithium-ion batteries remain the dominant technology for short- to medium-duration
stationary storage, with typical discharge durations ranging from minutes to a few hours
and, in some cases, extending to day-scale operation [51]. Their high round-trip efficiency
(90–95%), sub-second response times, and high power density make lithium-ion BESS
particularly suitable for applications such as daily peak shaving, demand response, and
grid regulation in power systems with high penetration of variable renewable energy
sources [52,53]. Nevertheless, their economic and technical suitability decreases for ex-
tended discharge durations due to cost and degradation constraints [46,54]. By contrast,
TES can be designed to operate over a wide range of temporal scales, from intra-day to sea-
sonal. Small-scale systems such as hot-water tanks, ice banks, and latent heat storage units
routinely provide hourly or daily buffering, while large-scale solutions, including tank,
pit, borehole, or aquifer-based systems, enable storage over weeks or entire seasons [55].
Seasonal Thermal Energy Storage (STES) is particularly promising for shifting surplus
renewable heat from summer to winter, a capability that currently has no cost-competitive
electrochemical alternative [56]. The use of inexpensive and abundant materials further
supports the economic viability of large thermal stores in long-duration applications [57].

Although TES typically exhibits lower round-trip efficiency than lithium-ion batteries,
often reported in the range of approximately 75–85%, its performance is highly dependent
on system design, heat transfer fluid selection, and thermal stratification effects [48,58].
Recent advances, including nanoparticle-enhanced phase change materials, have signifi-
cantly reduced charging and discharging times by improving effective thermal conductivity
and heat transfer characteristics [59]. Additional improvements through advanced fin ge-
ometries have been shown to accelerate melting and solidification processes in latent heat
storage systems [60]. Importantly, these technologies exhibit exceptional cycle stability, with
sensible heat systems offering effectively unlimited cycling and PCM-based systems demon-
strating minimal degradation over repeated operation [61]. These characteristics make this
kind of energy storage particularly suitable for long-duration and high-capacity energy
shifting in renewable energy communities, where temporal flexibility often outweighs
the need for fast response. Techno-economic studies confirm also its cost-effectiveness in
applications requiring extended discharge durations and high operating temperatures. For
example, Chen et al. [62] demonstrated that increasing storage temperature in molten-salt
TES integrated into a solar tower power plant (200–650 ◦C) improves annual electricity
output, overall efficiency, and levelized cost of electricity. At the community scale, optimiza-
tion studies show that integrating STES with heat pumps and solar thermal systems can
enable renewable penetration levels of up to 70% in heating-dominated RECs, outperform-
ing battery-only configurations in terms of cost-effectiveness [63], while also significantly
reducing renewable curtailment by storing excess summer heat for winter use [64].

Beyond seasonal shifting, TES plays a key enabling role in district heating and cooling
networks associated with RECs by decoupling heat generation from demand. In such sys-
tems, TES may be deployed as dedicated short-term or seasonal storage units, or implicitly
through “network storage” by exploiting the thermal inertia of distribution pipelines [65,66].
Control strategies typically combine priority-based dispatch rules with high-resolution
scheduling to minimize emissions and losses, while more advanced approaches apply
model predictive control to integrated electricity–heating networks, particularly when
pipeline thermal inertia is used as a distributed storage resource [65,66]. At a broader
system level, the integration of large-scale TES with PtH pathways has been shown to
reduce renewable curtailment and enhance overall system efficiency in high-renewable
scenarios [42].
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3.2.3. Economic Aspects

The economic performance of both energy storage technologies differs markedly when
assessed in terms of capital expenditure, lifetime, efficiency utilization, and scalability.
Recent techno-economic studies show that lithium-ion BESS currently achieve the low-
est levelized cost of storage (LCOS) for short-duration applications (2–4 h), typically in
the range of 120–180 EUR/MWh, driven by high round-trip efficiency and fast response
times [54]. However, installed costs remain capital-intensive and scale almost linearly with
storage duration, limiting the economic viability of BESS for long-duration storage [44,46].
In contrast, TES systems rely on low-cost and widely available materials such as water,
concrete, molten salts, or PCMs, resulting in competitive LCOS values for medium- and
long-duration storage, typically around 120–150 EUR/MWh in optimized applications [67].
Lifecycle analyses further highlight that TES technologies can operate reliably for sev-
eral decades with minimal degradation, leading to lower annualized costs compared to
lithium-ion batteries, whose lifetime is commonly limited to 5–15 years and may require
replacement over the project horizon [48,68].

For solar-powered cold storage systems, cold thermal energy storage has proven more
economically competitive over a 15-year period despite higher initial investment, as battery-
based solutions require frequent replacement [69]. In Renewable Energy Communities, TES
is particularly advantageous when thermal energy is used directly for heating or cooling,
where effective efficiencies are significantly higher than electricity-to-electricity storage,
and operational costs can be reduced by up to 25% through improved renewable utilization
and reduced grid dependency [6,70].

3.2.4. Environmental Impact

Life Cycle Assessment (LCA) is widely used to evaluate the environmental sustainabil-
ity of energy storage systems across manufacturing, operation, and end-of-life stages. BESS,
particularly lithium-ion technologies, present relatively high environmental burdens dur-
ing manufacturing due to energy-intensive processes and the extraction of critical materials
such as lithium, cobalt, and nickel. Cradle-to-gate emissions typically range between 30
and 200 kg CO2-eq per kWh of installed capacity, depending on battery chemistry, supply
chain configuration, and electricity mix [71,72]. In addition to greenhouse gas emissions,
lithium and cobalt mining are associated with significant water use, ecosystem degradation,
and social risks. Recent studies highlight that supply chain optimization can partially
mitigate these impacts. Batuecas et al. [73] shows that solid sodium-ion batteries (SIBs) can
significantly reduce toxicity-related impacts compared to lithium-ion batteries, particularly
in marine ecotoxicity, although lithium-ion batteries still present the lowest global warm-
ing potential under lab-scale conditions. Nevertheless, even under optimized scenarios,
BESS retains a relatively high embodied carbon footprint, making recycling and end-of-life
management essential for sustainability. SIBs are considered a potentially lower-impact
alternative to lithium-ion technologies from a life-cycle perspective, primarily due to the
abundance and geographic distribution of sodium resources, which reduces reliance on
critical materials such as lithium, cobalt, and nickel. Review studies indicate that the use of
widely available elements and the possibility of cobalt-free chemistries can significantly
mitigate resource depletion, toxicity, and supply-chain vulnerabilities associated with con-
ventional lithium-ion batteries [74,75]. In addition, SIB manufacturing may benefit from
the use of aluminum current collectors on both electrodes and reduced dependence on
scarce transition metals, contributing to lower environmental burdens in extraction and
processing stages [76]. Although SIBs currently exhibit lower energy density, potentially
increasing material requirements per unit of stored energy, their improved safety profile
and reduced reliance on critical raw materials position them as a promising option for
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enhancing the environmental sustainability of stationary storage systems, particularly in
community-scale applications where volumetric constraints are less critical [74,76].

TES systems generally exhibit a more favorable environmental profile. By relying
on abundant and low-toxicity materials such as water, concrete, molten salts, or phase
change materials, TES achieves lower embodied emissions per unit of stored energy. LCA
studies report that large-scale TES systems can generate up to 60–70% fewer greenhouse
gas emissions per stored kWh compared to BESS, particularly when thermal energy is
used directly [57,77]. The long operational lifetime of TES, often several decades with
minimal degradation, further reduces its life-cycle environmental impact. End-of-life
considerations also favor TES. Thermal storage media are generally non-toxic, reusable, or
inert at disposal, whereas battery systems require complex recycling processes to recover
valuable metals. While lead-acid batteries achieve recyclability rates above 95%, lithium-
ion batteries typically reach 70–80%, with environmental benefits strongly dependent
on local recycling infrastructure [69]. Beyond emissions, Social LCA studies emphasize
challenges related to battery supply chains, including labor conditions, human rights risks,
and community health impacts in mining regions [78].

While emerging battery chemistries such as sodium-ion may reduce the environmental
burdens associated with lithium-based systems, TES technologies generally maintain a
superior life-cycle environmental performance due to their reliance on abundant materials,
long service life, and lower manufacturing intensity, particularly in applications where
thermal energy can be utilized directly.

3.2.5. Operational Constraints and Temporal Applicability

Both energy technologies exhibit distinct operational constraints that determine their
suitability for different applications within energy communities. BESS are characterized
by rapid electrical response and high controllability, enabling services such as frequency
regulation, peak shaving, and short-term energy arbitrage. However, their operational
lifetime is strongly influenced by depth of discharge (DoD), temperature, and cycling
intensity. Lithium-ion batteries are typically operated within 80–95% DoD ranges to
limit degradation, while inadequate thermal management or excessive cycling accelerates
capacity loss [25,26,79]. Operational constraints related to temperature and self-discharge
further affect battery systems. Lead-acid batteries exhibit self-discharge rates of 1–5% per
month, while lithium-ion technologies perform optimally within moderate temperature
ranges, often requiring active thermal management in extreme climates [80,81]. Lithium-
ion batteries typically show comparatively low self-discharge, generally below ~2–5% per
month under standard storage conditions, although this rate depends on chemistry, state
of charge, and SEI stability, and increases with temperature due to accelerated parasitic
reactions [82,83]. These factors increase system complexity and reduce suitability for
long-duration or low-utilization storage in RECs. For sodium-ion batteries, self-discharge
may be more pronounced than in Li-ion under comparable rest conditions, largely due
to differences in SEI formation/stability and higher solubility of SEI components in some
electrolytes (e.g., propylene carbonate) [82].

TES systems, in contrast, are governed by thermal and hydraulic constraints rather
than electrochemical limits. Their performance depends on pump capacity, heat exchanger
effectiveness, and thermal stratification stability. Convective mixing in stratified tanks can
significantly reduce exergy retention if not properly controlled [81,84]. Nevertheless, these
systems can typically operate at 100% depth of discharge without material degradation
and exhibit low self-discharge rates in well-insulated configurations [24,79].

Temperature operating ranges further differentiate the two technologies. While BESS
performance degrades outside narrow temperature bands, TES systems, such as molten
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salt and high-temperature sensible heat storage, can operate over wide temperature ranges
(200–550 ◦C), facilitating integration with PtH strategies and district energy systems [81].
From a spatial perspective, lithium-ion BESS generally require 30–50 m3 per MWh, whereas
TES can achieve favorable space efficiency through modular designs or integration with
existing infrastructure [85].

Discharge duration defines the temporal applicability of storage technologies. Lithium-
ion BESS are most effective for 2–4 h discharge durations, matching short-term flexibility
needs in RECs [86]. TES and vanadium redox flow batteries (VRFBs) can be scaled to pro-
vide 4–12 h storage with limited efficiency penalties, while hydrogen-based systems extend
applicability to multi-day or seasonal storage, albeit with higher complexity and lower
round-trip efficiency [27]. Notably, Évora hosts a VRFB demonstrator (5 kW/60 kWh),
highlighting the technology’s suitability for high-cycling operation [87]. VRFBs are fre-
quently reported to achieve very long cycle life (often >20,000 cycles) with low-capacity
fade, but their relatively low volumetric energy density (commonly ~25–35 Wh·L−1 for
commercial systems) implies a larger system footprint to reach high energy capacities, often
becoming a practical constraint [88,89].

3.2.6. Complementarity in Energy Communities

Both technologies provide complementary functions in communities, addressing differ-
ent temporal dynamics and end-use demands. Several studies show that their coordinated
operation under unified energy management systems (EMS) significantly increases renew-
able self-consumption, reduces peak loads (up to 35%), and enhances system resilience
while enabling ancillary grid services [5,90]. TES systems, ranging from simple hot water
tanks and building thermal inertia to advanced PCM-based storage units, can substantially
enhance the self-consumption of locally generated renewable energy by absorbing surplus
electricity in the form of heat or cold for later use. In doing so, TES directly addresses
the large share of residential energy demand associated with heating and cooling, which
battery-based electrical storage alone cannot efficiently serve. By capturing excess solar or
wind generation that would otherwise be curtailed and reallocating it to future thermal
needs, shared or individual thermal storage units can increase renewable self-consumption
at the community level, reduce grid dependence, and shorten investment payback periods
by improving overall self-sufficiency [19].

As discussed in Sections 3.2.1 and 3.2.2, BESS primarily deliver short-term electrical
flexibility within RECs, effectively compensating for intra-day PV and wind variability
and supporting grid-oriented services such as frequency regulation and peak manage-
ment [91,92]. However, their cost-effectiveness decreases significantly as storage duration
extends beyond daily cycles, limiting their suitability for seasonal applications.

TES complements BESS by enabling low-cost, long-duration energy shifting and by
directly addressing thermal demand. Surplus renewable electricity can be converted via
PtH pathways and stored in sensible heat systems or seasonal thermal energy storage
(STES), allowing energy generated in periods of high renewable availability to be used
weeks or months later, an application where standalone electrical storage would require
prohibitively large battery capacities [9,24,65]. Across the reviewed building- and microgrid-
scale studies, the coordinated integration of TES with BESS consistently emerges as a sizing
lever for electrochemical storage, indicating that hybrid control strategies can significantly
reduce required BESS capacity while simultaneously improving energy-efficiency and
comfort-related outcomes [27].

This principle has been demonstrated at the household scale in [37] who show that
excess solar PV electricity can be stored in domestic hot water tanks through PtH systems,
effectively shifting solar energy availability from daytime to nighttime. Beyond meeting
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thermal demand, such PtH-based TES solutions also support electrical system balance by
reducing evening electricity consumption, as heat is drawn from the storage tank rather
than supplied by electric heaters. Consequently, by enabling efficient PtH conversion,
particularly when heat pumps with coefficients of performance above unity are employed,
TES provides a low-loss buffering option for excess renewable electricity, supporting
thermal load shifting, peak shaving, and overall system balance within RECs [2,7,93].

Beyond single-energy applications, recent system-level studies show that thermal
energy storage enables multi-energy operation under renewable variability. At this level a
solar-driven trigeneration system, which allows the simultaneous production of electricity,
heat and hydrogen, have shown to preserve system efficiency under fluctuating solar
input and reduce environmental impacts compared to single-output configurations [94].
These findings highlight TES as a key flexibility enabler in integrated electricity–heat–fuel
pathways relevant to advanced RECs and district-scale energy systems.

The relative contribution of TES and BESS in energy communities is strongly climate-
dependent, as climatic conditions determine the magnitude and seasonality of heating
and cooling demands [16]. In heating-dominated climates, TES, particularly sensible heat
storage and STES, offers clear advantages, improving renewable self-consumption and
reducing winter grid exchanges through coordinated PtH operation [29,95,96]. In cooling-
dominated or mixed climates, short-term TES solutions, especially PCM-based systems,
support diurnal load shifting by storing midday solar surplus for evening cooling demand,
thereby reducing peak electricity consumption and reliance on batteries [97–100].

Recent evidence supports the value of TES in community-scale optimization: in a
near-zero energy community case that jointly considers electrical and thermal storage, an
integrated storage configuration reduced total carbon emissions by 59.9% and reduced grid
interaction by 38.6%, while adding thermal storage contributed to a 17.0% reduction in
levelized cost of energy compared with an otherwise similar configuration without TES [41].
These results align with broader observations that TES can effectively address daily demand
fluctuations and, in some applications, seasonal mismatches in a cost-effective manner,
particularly when combined with sector-coupling strategies [5,24,42]. By smoothing de-
mand profiles, thermal energy storage enhances community self-sufficiency and energy
resilience by reducing reliance on grid imports and backup generation. During periods
of low renewable availability, charged TES systems can continue supplying heating and
cooling services, thereby mitigating the risk of unmet critical loads and improving system
reliability, particularly in cold climates where heating is essential for occupant safety [2].

Across all climatic contexts, hybrid TES–BESS configurations consistently outperform
single-technology solutions. Optimization and case studies show that combining electrical
and thermal storage minimizes system costs, emissions, and grid dependence, while
reducing renewable curtailment by up to 40% and lowering required battery capacity by
more than one-third in fully renewable and industrial RECs [63,101–103]. The literature
consistently identifies hybrid TES–BESS configurations as the most robust storage strategy
for RECs, combining fast electrical flexibility from BESS with thermal load buffering
from TES to enhance renewable self-consumption, system flexibility, and resilience across
climates [16,22,30].

At the review level, recent database-driven syntheses argue that structured and harmo-
nized performance repositories, organized by TES technology, temperature range, efficiency,
and lifetime, are essential to accelerate technology selection and adoption across applica-
tions, underscoring the persistent need for systematic consolidation and comparability in
the TES field [9].

To synthesize the comparative insights presented across Sections 3.2.1–3.2.6, Table 1
provides a structured overview of the key performance characteristics of BESS and TES.
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Table 1. Comparative overview of TES and BESS performance characteristics. The comparison high-
lights key technical, economic, and environmental aspects relevant to community-scale applications,
mentioned in Sections 3.2.1–3.2.6.

BESS TES

Energy Form Electrical Thermal

Efficiency High round-trip efficiency (85–95%)
Moderate for TES-to-electricity (20–60%);
very high for direct thermal use
(≈90–100%)

Discharge Duration
Typically short-duration: minutes to 4 h
(up to ~6–10 h with higher costs and
degradation)

Highly flexible: hours to days; weeks to
months with Seasonal Thermal Energy
Storage (STES)

Temporal Applications Short-term balancing, peak shaving,
frequency regulation, demand response

Medium- to long-term heat/cooling
delivery, daily shifting, seasonal balancing

Capital Cost High and scales almost linearly with
storage duration

Low to moderate; benefits strongly from
economies of scale

Lifespan Moderate: typically 8–15 years
depending on chemistry and cycling

Long: 20–50+ years with minimal
degradation

Economic Aspects
Competitive LCOS for short-duration
(2–4 h); uneconomic for long-duration
storage

Lower LCOS for medium- and
long-duration storage; highly
cost-effective for thermal demand

Environmental Impact
Higher embodied emissions due to
mining and manufacturing of critical
materials; recycling required

Lower life-cycle emissions; relies on
abundant, low-toxicity materials; simpler
end-of-life

Space Requirements Compact, high energy density
(≈30–50 m3/MWh)

Larger spatial footprint, especially for
water tanks or STES; can integrate with
existing infrastructure

Operational Constraints
Sensitive to temperature,
depth-of-discharge, cycling rate; requires
thermal management

Governed by thermal stratification,
insulation, and hydraulics; tolerant to full
depth-of-discharge

Ideal Use Cases Fast electrical flexibility, grid services,
backup power, renewable firming

Space heating, cooling, domestic hot
water, district energy, industrial heat

Complementarity in RECs Provides fast-response electrical
buffering and grid-oriented services

Covers climate-driven thermal loads,
reduces electric peaks, enables seasonal
storage

Integration Complexity High: requires power electronics, grid
synchronization, advanced control

Low–moderate for thermal uses; higher if
coupled with power-to-heat or electricity
reconversion

3.3. Thermal Storage Using PCM

While photovoltaic deployment has benefited from sustained cost reductions and
policy incentives, renewable heating solutions have historically received less attention,
even though they address a substantial share of final energy demand [38]. Within renewable-
based energy systems, and particularly in RECs, TES has been widely recognized as a
key enabler to reduce energy waste and mitigate the temporal mismatch between variable
renewable generation and end-use demand, especially under PtH and sector-coupling
strategies [2,104]. Recent reviews further note that both TES and RECs are relatively
young research fields which, despite rapid growth, remain characterized by a limited
number of dedicated, application-oriented studies [2]. One specialized and relevant area
is the use of PCMs. Among TES technologies, PCM-based storage is particularly relevant
for compact thermal buffering and cooling applications, although it presents recurring
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design and integration challenges. Recent reviews emphasize that system performance
and scalability depend strongly on appropriate containment strategies (e.g., encapsulation
and form stability) and on heat transfer enhancement techniques, since the intrinsically
low thermal conductivity of many of these materials can slow charging and discharging
processes and reduce effective power capacity [105,106]. Quantitative studies further report
meaningful operational benefits at the system level; for instance, PCM-based thermal
buffering has been shown to increase stored thermal energy by approximately 27.7–27.8%
while improving thermal stability and reducing specific energy consumption in coupled
energy–water systems, supporting PCM’s role as a practical solution for diurnal thermal
load shifting, particularly when appropriately engineered and integrated into the overall
system design [107]. Design-oriented studies from adjacent applications also provide
useful quantitative evidence on the performance–cost trade-offs inherent to conductivity-
enhanced PCM systems. For example, Afaynou et al. [10] demonstrates that optimized
conductivity-enhanced PCM configurations can reduce peak operating temperatures by up
to 33.8%, increase effective thermal energy storage by approximately 57.5%, and achieve
around 33% reductions in cost and system weight, highlighting the importance of material
selection and engineering trade-offs in realizing the full potential of PCM-based thermal
energy storage.

PCMs belong to the class of Latent Heat Thermal Energy Storage (LHTES) materials,
as they store and release thermal energy through a first-order phase transition, typically
solid–liquid or, less commonly, solid–solid, occurring at a nearly constant temperature [105].
During this transition, a large amount of latent heat can be absorbed or released within
a narrow temperature range, enabling high energy storage density with relatively small
material volumes. This characteristic makes these materials especially suitable for building-
related applications, where maintaining indoor temperatures within a defined comfort
range is a primary objective [97].

From a thermodynamic perspective, the thermal cycling of a PCM comprises three
contributions: sensible heat storage in the solid phase, latent heat storage during melting
and solidification, and sensible heat storage in the liquid phase, a decomposition that
underpins the high storage density and quasi-isothermal behavior of latent heat thermal
energy storage systems [108]. The effective use of latent heat depends on the alignment
between the PCM phase-change temperature and the operational temperature window of
the application, as only this range contributes meaningfully to load shifting and peak reduc-
tion [104]. In practice, non-ideal effects such as supercooling, where solidification occurs
below the melting temperature, can reduce usable storage capacity and must be considered
during material selection and system design, particularly for inorganic PCMs [105].

Figure 3 schematically illustrates the PCM charging (heating) and discharging (cooling)
processes, explicitly separating sensible heat storage in the solid and liquid phases from
latent heat storage during phase change.

PCM-based TES is particularly attractive for cooling applications in hot climates or
during summer periods. By storing thermal energy at temperatures close to indoor comfort
levels, or slightly below, it is possible to accumulate “cooling energy” during periods of low
ambient temperature or surplus renewable electricity and release it during peak cooling
demand [13,48]. In buildings and community-scale cooling systems, PCMs are typically
implemented through two main approaches [13]:

(i) Passive integration, where PCMs are embedded in building components such as walls,
ceilings, or floor elements, allowing the building envelope itself to absorb heat during
the day and release it during cooler nighttime periods [13];

(ii) Active PCM storage systems, consisting of dedicated storage tanks or heat exchangers
in which the PCM is charged and discharged via a heat transfer fluid. In such
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systems, chillers or heat pumps can operate during off-peak hours or periods of excess
renewable generation to freeze or melt the PCM, thereby reducing cooling power
demand during peak hours [15].

Figure 3. Schematic description of PCM thermal energy storage (a) and thermal energy release
(b) processes during heating and cooling, highlighting sensible heat contributions in the solid/liquid
phases and latent heat during phase transition (adapted from [105]).

Several experimental and simulation studies demonstrate that PCM integration in
buildings can significantly enhance thermal performance. Reported results include reduc-
tions in heat transfer of up to 47.6%, stabilization of indoor temperatures by up to 46%, and
decreases in heating and cooling energy demand of up to 31%, with optimal PCM melting
temperatures for moderate climates typically ranging between 22 ◦C and 28 ◦C [13,97].
Moreover, PCM integration within air-conditioning systems has been shown to reduce
peak electrical power demand by approximately 20%, contributing to load shifting and
peak shaving at both building and community scales [15]. When deployed across multiple
buildings within an REC, these effects can aggregate into substantial reductions in peak
demand and a flatter community load profile [13].

3.3.1. Cooling Demand Growth and Importance

With global warming and urbanization, cooling demand is expected to triple in the
next decades in some regions [15]. In RECs located in warm climates or seasons, meeting
cooling demand with renewable energy is challenging because peak cooling demand often
coincides with early evening hours when solar input declines, although in some climates
peak demand may occur in the late afternoon, partially overlapping with solar availability.
The precise timing of cooling demand peaks depends on weather conditions and is strongly
influenced by the thermal inertia of buildings, which can delay and smooth peak cooling
loads, particularly in warm climates [15,109]. Heating and cooling demands often present
pronounced daily peaks that stress local energy systems. In cooling applications, storage
technologies such as chilled water tanks, ice storage, or PCM-based systems enable off-
peak production of cooling energy for later use, thereby reducing community-level peak
electricity demand [43]. At the building and community scales, thermal energy storage
contributes to demand reduction and resilience by increasing effective thermal mass and
lowering peak HVAC power requirements. TES integration in building envelopes and
cooling systems has been shown to reduce heating and cooling demand and achieve
cooling energy savings on the order of 20–30%, while aggregated deployment in energy
communities can significantly mitigate evening cooling peaks caused by simultaneous
air-conditioning use [15].
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PCM storage offers a way to extend the usefulness of solar energy into the evening,
for example by using midday solar power to produce ice or charge PCM and subsequently
supplying cooling during evening hours. This reduces reliance on grid electricity or
large battery systems for air conditioning. In addition, it can improve cooling system
efficiency, as chillers and heat pumps typically operate more efficiently under lower ambient
temperatures, making nighttime charging particularly advantageous [15]. It also enables
cooling demand to be shifted to off-peak periods by storing “coolth” during hours of
surplus renewable generation, increasing the effective penetration of local solar energy
in RECs [5]. Moreover, hybrid TES systems combining PCMs with chilled-water storage
or active heat pumps have been shown to improve energy efficiency by up to 25% in
cooling-dominated RECs [6].

Early building-scale studies have already highlighted the potential to support cooling
demand in decentralized systems. PCM-based applications were shown to reduce cooling
loads under different climatic conditions [39], while PV-driven cooling systems without
storage typically supplied only a limited share of demand. By contrast, the inclusion of
latent thermal storage significantly increased the share of cooling demand covered by
on-site renewables, underscoring the still underexploited role of TES in cooling-dominated
contexts [40]. Recent studies further extend this concept by introducing “virtual energy
storage” based on building thermal inertia. Within RECs, building thermal mass can
be strategically exploited through model predictive control to shift heating and cooling
demand within predefined comfort limits, effectively storing thermal energy during periods
of high renewable generation and releasing it during low-generation periods. This approach
increases local self-consumption, reduces reliance on electrical storage, and enhances
overall system flexibility and resilience without requiring additional physical storage
capacity [110].

3.3.2. PCMs and Systems

To contextualize PCMs within the broader landscape of TES technologies, Sharma
et al. [111] classifies TES systems into thermal and chemical storage. Thermal storage
comprises sensible heat storage (SHS), where energy is stored through temperature changes
in solids or liquids, and latent heat storage (LHS), which exploits phase change phenomena
(solid–liquid, solid–solid, or liquid–gas) to achieve higher energy densities. Chemical
storage, by contrast, relies on reversible thermochemical reactions, heat pumps, or chemical
pipelines, enabling high storage capacities at the expense of increased system complexity.
This widely adopted classification highlights the diversity of TES technologies and their
suitability for different temperature levels and applications, as illustrated in Figure 4 [111].

Figure 4. Classification of Thermal Energy Storage technologies according to storage mechanism
(adapted from [111]).

Podara et al. [112] further emphasized that PCMs, which form the core of LHS systems,
can be initially classified by phase transition mechanism, with solid–liquid PCMs being

https://doi.org/10.3390/en19051363

https://doi.org/10.3390/en19051363


Energies 2026, 19, 1363 19 of 42

particularly relevant for building-related TES due to their high latent heat storage capacity
within narrow temperature ranges. Within this category, PCMs are commonly grouped
according to chemical composition into organic, inorganic, and eutectic materials, each
associated with specific trade-offs in thermal conductivity, cycling stability, corrosion
behavior, and supercooling tendencies. Complementing this classical taxonomy [113]
highlighted that recent PCM developments increasingly rely on engineered formulations,
such as composite, encapsulated, and conductivity-enhanced PCMs, as well as tailored
mixtures designed to achieve specific melting temperatures and improved operational
reliability. The integrated PCM classification presented in Figure 5 synthesizes these
perspectives by organizing PCMs according to phase transition mechanism and material
family/sub-family, thereby providing a clearer framework for selecting PCM technologies.

Figure 5. Integrated classification of Phase Change Materials (PCMs) for latent heat storage, structured
by phase transition mechanism and chemical composition (adapted form [112,113]).

PCMs offer tremendous potential to store thermal energy during reversible phase
transitions for state-of-the-art applications [114]. Sharma et al. [111] categorized the classifi-
cation of PCMs into organic, inorganic, and eutectic groups, as illustrated in Figure 4. This
classification remains widely accepted and valuable framework in the literature. Organic
PCMs (e.g., paraffins, fatty acids) offer chemical stability and non-corrosive behavior but
have low thermal conductivity. Inorganic PCMs (e.g., salt hydrates, metallic alloys) provide
high latent heat and greater energy density but face challenges like supercooling and
phase segregation. Eutectic PCMs, combining two or more components, are engineered
to optimize melting points and maximize energy storage density [111]. However, recent
reviews highlight that, while the traditional classification of PCMs into organic, inorganic,
and eutectic groups remains widely adopted, it lacks sufficient granularity for modern
applications. In a shift from material-based to application-orientated classification, Mehling,
H. [115] emphasizes that the term eutectic is often misapplied, as it refers specifically to
certain mixtures with fixed melting points rather than representing an independent class of
materials. The author also notes that hybrid formulations increasingly blur the boundaries
between organic and inorganic PCMs, suggesting that alternative or complementary classi-
fication schemes are needed. Such schemes may focus on factors such as the type of phase
transition (e.g., solid–solid vs. solid–liquid), crystallographic behavior, or application-
specific performance metrics [115] illustrated in Figure 5. Despite these developments,
other recent reviews confirm that the organic/inorganic/eutectic taxonomy continues to be
the dominant framework in the literature due to its simplicity and widespread acceptance.
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For example, Mika et al. [116] proposes a broader classification approach incorporating
transition type, material composition, and application domains, yet acknowledges that
most studies still rely on the traditional model. Similarly, Anand et al. [117] highlights that
emerging PCM formulations, including bio-based and nanocomposite-enhanced PCMs,
are typically grouped within this conventional structure for comparability across studies.

Figure 6 illustrates the evolution of PCM classification frameworks, highlighting the
transition from traditional material-based taxonomies [111] toward extended classifications
that incorporate phase transition mechanisms and application-oriented criteria [115].

Figure 6. Evolution of Phase Change Material classification frameworks, from classical material-based
taxonomy (A) to extended classifications incorporating phase transition mechanisms and chemical
composition for application-oriented PCM selection (B).

Common PCMs for cooling include water/ice (melting at 0 ◦C, used in ice storage
systems), salt hydrates or proprietary compounds with melting points in the 8–20 ◦C
range for cool storage, and certain paraffin waxes or fatty acids that melt around comfort
temperature (~22–25 ◦C) for passive building applications. Each has its advantages and
disadvantages: ice has high latent heat but at 0 ◦C may be too cold to directly use without
mixing (it is often used in large HVAC systems); salt hydrates have high energy density but
can suffer from subcooling and degradation over many cycles; organic PCMs (paraffin, fatty
acids) are more stable but have lower thermal conductivity [24]. Current research involves
improving the PCM thermal conductivity (through metal fins, graphite additives, etc.)
to enhance charging/discharging rates [24]. Containment and encapsulation techniques
(encapsulating PCMs in pellets, pouches, etc.) have been developed to integrate them
into water tanks or air ducts without leakage. These technical details are beyond the
scope of this review, but it can be concluded that PCM technology has matured to a point
where commercial products (like PCM-enhanced wall panels, or ice storage systems) are
available and have been deployed in buildings and microgrids. Bio-based PCMs derived
from renewable resources, such as plant oils and animal fats, are gaining prominence due
to their reduced environmental impact while maintaining comparable thermal storage
capacities to conventional paraffins [118]. Additionally, advancements in micro and macro-
encapsulation techniques have improved PCM charging and discharging rates by up to 40%
in controlled and application-specific configurations, enabling more compact and efficient
TES integration in urban community settings [77].
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3.3.3. REC Applications of PCM

In RECs, PCM-based thermal energy storage offers a flexible means to address the
temporal mismatch between cooling demand and renewable energy generation, as dis-
cussed in Sections 3.3.1 and 3.3.2. PCM systems can be implemented at both the building
level and the community level, enabling cooling load shifting, peak demand reduction,
and increased utilization of locally generated renewable electricity. At the building scale,
PCMs are commonly integrated into building envelopes, HVAC systems, or dedicated
thermal storage units to store coolth during periods of surplus renewable generation and
release it during peak cooling hours. This approach reduces electricity imports from the
community network or external grid, particularly during early evening peak periods. As
highlighted in recent reviews, the majority of PCM-related studies focus on single-building
applications, reflecting their higher technological maturity compared to community-scale
implementations [13]. At the community scale, PCM-based thermal energy storage can be
incorporated into centralized cooling infrastructures, such as shared chilled-water storage
or small-scale district cooling networks serving multiple buildings. Aggregating cooling
demand and storage capacity enables coordinated charging and discharging strategies
that enhance operational flexibility and improve the penetration of renewable energy in
cooling-dominated RECs [5]. An explicit community-level application of PCM storage is
presented in [2], where PCM-based thermal energy storage was integrated into an LEC EMS
using Information-Gap Decision Theory (IGDT). Their results show that PCM integration
improves system robustness under uncertainty, reduces peak electricity imports from the
grid, and mitigates exposure to energy price volatility, underscoring the strategic value of
PCM-based TES in community energy planning.

Beyond space cooling, emerging of these materials applications include community-
scale refrigeration and cold-chain services. Shared cold storage facilities equipped with
PCM modules can be charged during periods of high photovoltaic output and maintain
low temperatures for extended durations without continuous electricity input, contributing
to reduced evening electricity demand and increased community energy autonomy [13].
When deployed across multiple buildings, PCM systems can yield aggregate community-
level benefits. Several studies report peak cooling load reductions in the range of 20–35% at
the building or cluster scale, depending on climate conditions and system configuration [13].
When aggregated across an REC, such reductions can alleviate local grid congestion and
enhance operational stability. Moreover, PCM-enhanced district cooling networks provide
a scalable solution for dense or urban RECs by combining centralized thermal storage with
distributed cooling delivery and coordinated community-level control strategies [5].

3.3.4. Economic and Practical Considerations

PCM-based cooling systems typically require additional upfront investment, including
PCMs, containment solutions, and potential retrofitting of building or community energy
systems. While these materials used for cooling applications can deliver energy savings,
payback periods vary widely depending on climatic conditions, system configuration, and
local electricity prices, in some regions, payback times remain relatively long, partly due to
low electricity prices and the still-elevated cost of the materials [13,15].

For RECs pursuing self-sufficiency, resilience, or reduced peak demand, the value of
PCM-based thermal energy storage extends beyond direct energy cost savings. Several
studies highlight that thermal energy storage solutions, including PCM-based systems, can
be more cost-effective than battery energy storage when addressing cooling-related load
shifting in RECs. From an environmental perspective, conventional PCM systems often
rely on salt hydrates and paraffins, which are generally safe but may be petroleum derived.
Recent developments increasingly focus on bio-based PCMs derived from sustainable plant
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oils and animal fats, offering thermal performance comparable to conventional paraffins
while reducing environmental impacts and potential greenhouse gas emissions [118].

Economic assessments further indicate that PCM-based TES systems can achieve pay-
back periods below seven years when combined with smart energy management strategies
in RECs characterized by high cooling demand and favorable operating conditions [6].
Financial viability improves further when PCM deployment is aligned with dynamic elec-
tricity pricing, enabling communities to exploit periods of low-cost or surplus renewable
electricity for off-peak cooling [5].

3.3.5. Role of PCM Properties in Cooling Applications

The suitability of these materials for cooling applications in communities is strongly de-
termined by key material properties, particularly melting temperature, latent heat capacity,
and cycling stability [119,120]. The melting temperature must be selected to match cooling
demand profiles and system setpoints so that the PCM can reliably charge during periods
of renewable surplus and discharge during peak cooling hours; for building-oriented
applications, recent evidence indicates that optimal melting temperatures often fall within
the comfort-relevant range, with reported optimum values for moderate climates typically
around 22–28 ◦C depending on configuration and placement [97]. The latent heat capacity
directly affects achievable storage density and is therefore critical in space-constrained
community and building-level deployments where compact storage is required. Higher
latent heat enables meaningful peak-load reduction and load shifting with smaller vol-
umes, which is particularly advantageous in dense urban RECs where storage space is
limited [117,119].

Cycling stability is equally important because cooling-oriented PCM systems com-
monly operate on frequent (often daily) charge–discharge cycles. Degradation mechanisms
such as supercooling and phase segregation, together with material aging and containment-
related issues, can reduce effective storage capacity and long-term performance, increasing
operational uncertainty and maintenance needs [117,120,121]. Consequently, recent studies
emphasize the role of encapsulation/containment strategies, thermal conductivity en-
hancement, and material stabilization measures to ensure repeatable cycling and adequate
charge/discharge power rates over long service periods [119,120].

3.4. Economic, Environmental, and Operational Considerations

From the above discussions, several cross-cutting considerations emerge regarding
the deployment of TES in RECs. These include lifecycle economics, environmental impacts,
and implementation aspects such as operational integration, scalability/space, and non-
technical barriers. Detailed study comparisons are provided in Tables 2 and 3.

3.4.1. Economic Feasibility

TES is often a cost-effective option for shifting thermal loads in heating- or cooling-
dominated RECs, particularly compared to BESS, due to lower specific investment costs and
the ability to leverage existing infrastructures (e.g., hot-water tanks, building thermal mass,
district heating/cooling networks) [2,122,123]. Applied studies report reduced operating
costs from TES-enabled load shifting (e.g., peak demand charge mitigation and market
participation) and improved PV self-consumption when surplus electricity is stored as heat
under favorable tariffs [37,124].

From a lifecycle cost assessment (LCCA) perspective, the key differences relate to
installation drivers, operation and maintenance (O&M), degradation/replacement, and
end-of-life (EoL) and salvage value. BESS LCCA typically requires explicit accounting of
fixed O&M, electrochemical aging (calendar plus cycling), and replacement within project
lifetimes; lithium-ion lifetimes are often assumed around 8–15 years depending on duty
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and conditions [44,45]. In contrast, TES costs are commonly dominated by civil works
and balance-of-plant (tanks, insulation, heat exchangers), O&M is generally lower, and
performance degradation is often modest for sensible storage and treated via conservative
efficiency/loss assumptions rather than detailed aging models [24,65]. EoL also differs:
TES components are largely inert and recyclable and may retain residual value, whereas
BESS requires specialized recycling and material recovery pathways, adding cost and
uncertainty [5,57]. These structural differences help explain why hybrid TES-BESS solutions
are frequently identified as cost-effective at community scale: BESS provides fast electrical
flexibility, while TES provides low-cost bulk energy shifting for thermal demand [30,90].

3.4.2. Environmental Implications of TES Integration in RECs

Environmental impact assessments of TES and BESS are most frequently conducted
using LCA approaches in accordance with ISO 14040/14044 [125,126], typically under
cradle-to-gate or cradle-to-grave system boundaries. At REC system level, TES, particularly
water-based sensible heat storage, can contribute to greenhouse-gas mitigation by enabling
PtH storage of surplus renewable electricity and later displacement of fossil-based heating
or fossil-dominated grid electricity for thermal demand [65,127]. In LCA studies, TES
impacts are primarily associated with construction materials and auxiliaries (e.g., steel,
concrete, insulation, pumps, and heat exchangers) and are commonly amortized over long
lifetimes and low replacement rates, resulting in comparatively low embodied impacts
per unit of useful thermal storage, especially for long-duration applications [9,24]. In
contrast, LCAs of BESS emphasize upstream burdens from raw material extraction and cell
manufacturing and the relevance of end-of-life handling and recycling pathways for critical
materials such as lithium, cobalt, and nickel (as previously discussed in Section 3.2.4).
While BESS can enable emissions reductions through improved renewable integration and
short-term flexibility, several studies report that manufacturing can dominate life-cycle
indicators (e.g., global warming potential and resource depletion), and end-of-life logistics
add additional uncertainty and environmental risk if recycling chains are not adequately
implemented [44,45,128].

Despite methodological variability across functional units, boundary choices, and
local operating conditions, comparative studies tend to reach consistent systems-level
conclusions: TES generally exhibits lower life-cycle environmental impacts for thermal
load shifting and sector coupling, whereas BESS remains essential for short-term elec-
trical flexibility and fast response. Consequently, hybrid TES–BESS configurations are
frequently identified as environmentally robust solutions, combining low-impact long-
duration thermal storage with targeted battery capacity where it delivers the highest
marginal value [5,9,16].

3.4.3. Operational Complexity

Integrating TES into an REC requires smart controls but is conceptually straightfor-
ward because it extends functions that many communities already implement through
an EMS to dispatch PV generation, schedule flexible loads, and manage battery charging.
Adding TES typically introduces additional controllable components, most commonly heat
pumps or electric heaters and, depending on the heating configuration, circulation pumps
and motorized valves, which must be coordinated with electrical storage and demand-
response actions. In practice, this coordination can be implemented across a spectrum
ranging from simple rule-based operation to predictive or learning-based strategies, with
recent work demonstrating advanced control approaches for community- and district-scale
flexibility services [30,66].
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SHS and PCM-based latent heat storage (PCM-LHS) differ in operational and engi-
neering complexity when integrated into RECs. SHS solutions (e.g., domestic hot-water
tanks, pit TES, borehole TES) rely on mature components and established balance-of-plant
practices, generally reducing integration risk and easing implementation at community
scale, especially when coupled with heat pumps and district heating/cooling infrastruc-
tures [65,96]. By contrast, PCM-LHS can increase complexity because it often requires
addressing containment/encapsulation (leakage prevention), thermal conductivity en-
hancement to achieve adequate power rates, and long-term cycling stability. Additionally,
supercooling and phase segregation can reduce effective capacity and may introduce moni-
toring and maintenance requirements, increasing design effort relative to SHS even when
PCM solutions are attractive for compact retrofits and distributed deployment [119–121].

A key operational consideration is heat loss. Thermal stores dissipate heat over time
depending on insulation, temperature gradients, and at larger scales, site-specific boundary
conditions, so losses should be explicitly represented in dispatch and sizing models for
community and district applications [65,95]. For seasonal configurations, losses can be
substantial; for example, a seasonal borehole storage system is reported to exhibit a yearly
heat loss of approximately 50% of the solar energy charged into the store [24]. Consistently,
recent techno-economic analyses of large-scale buried tanks show that insulation strategy
and boundary conditions strongly affect recoverable energy, with reported energy-capacity
efficiency values such as energy capacity efficiency (ηII) ≈ 69–82% depending on configu-
ration, highlighting that seasonal TES performance is strongly loss-dependent and must be
captured by the model [95].

The perceived benefits of thermal energy storage, particularly for long-duration and
seasonal applications, are also strongly influenced by the temporal resolution adopted in
energy system modeling. Studies relying on coarse temporal resolutions (e.g., daily or
monthly averages) tend to underestimate the value of TES by smoothing short-term surplus
events, charging constraints, and inter-temporal mismatches between renewable genera-
tion and thermal demand. In contrast, high-resolution simulations (hourly or sub-hourly)
capture diurnal variability, peak conditions, and storage dynamics more accurately, thereby
revealing the full contribution of TES to renewable self-consumption and load shifting in
communities. This effect is especially relevant for seasonal TES, whose benefits emerge
only when long-term accumulation, losses, and discharge patterns are explicitly repre-
sented, underscoring the importance of appropriate temporal resolution when assessing
performance and sizing at community scale [9,16,65,95].

Beyond storage losses and modeling considerations, operational performance in RECs
is also strongly shaped by the efficiency with which electrical energy is converted into usable
thermal energy through PtH pathways. When PtH is implemented through direct electric
resistance heating, the conversion is approximately one-to-one (≈1 kWh_e to ≈1 kWh_th),
whereas heat pumps can effectively amplify renewable electricity into useful heat by oper-
ating with coefficients of performance (COP) greater than one. This “multiplication effect”
increases the amount of thermal demand that can be met using locally generated PV or wind
electricity, thereby reducing grid imports and enhancing community self-consumption
when the stored heat displaces later electric or fuel-based heating demand [16,37]. At
community and district scale, this effect is reinforced when PtH devices and TES are jointly
scheduled under an EMS to absorb renewable surplus and avoid curtailment. System-level
analyses of smart energy systems report substantial reductions in renewable curtailment
when large-scale TES is integrated with PtH pathways, indicating that PtH efficiency plays
a key role in retaining renewable electricity locally [42]. However, the net benefit for
self-consumption depends on the overall “effective PtH–TES chain efficiency”, which is
shaped not only by PtH conversion performance but also by TES standing losses and the
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storage time horizon. Short-horizon (daily) thermal shifting typically preserves most of the
converted energy and is therefore well suited to maximizing renewable self-consumption
at REC level, whereas seasonal operation is far more sensitive to accumulated losses and
requires explicit modeling and careful sizing to ensure that stored heat remains recoverable
at useful temperatures [65,95].

REC-oriented evidence also indicates that coordinated PtH operation with TES, often
combined with BESS, can deliver measurable operational benefits under realistic tariffs
and comfort constraints. For instance, coordinated REC management combining TES and
BESS reported reductions of about 12.6% in energy demand and 20.8% in costs, while
reducing exports by roughly 18.2% under time-of-use operation [30]. At prosumer level,
PtH-to-domestic hot water solutions are operationally simple (a controllable DHW tank
plus a control policy), and recent assessment across realistic sizing ranges (PV ≈ 2.4–8 kWp;
tank ≈ 50–300 L) reported economic outcomes from €13 to €3055 depending on boundary
conditions, illustrating how distributed TES can be practically managed and scaled through
replication across households [37].

Beyond conversion efficiency and loss-related considerations, flexibility provision in
RECs also depends on how electrical and thermal storage are jointly sized and controlled.
In hybrid TES–BESS configurations, storage systems are typically sized and operated in
a complementary manner to provide flexibility across different temporal scales. Battery
energy storage systems are generally dimensioned for short-term electrical flexibility,
such as intra-day balancing, peak shaving, and fast response to renewable variability,
whereas TES capacity is sized according to predictable thermal demand and the intended
storage horizon (daily to seasonal). Techno-economic optimization studies consistently
show that allocating bulk energy shifting to TES while limiting BESS capacity to fast-
response functions reduces battery cycling, lowers system costs, and improves overall
renewable self-consumption [16,30,45,90]. Coordinated control strategies under an EMS,
ranging from rule-based approaches to model predictive control, are commonly used to
prioritize PtH charging of TES during renewable surplus while reserving BESS for electrical
stability, thereby maximizing system flexibility without over dimensioning electrical storage
assets [9,66].

3.4.4. Scalability and Space

Scalability and space requirements are major differentiators between TES options
and BESS in RECs. Thermal storage typically requires dedicated volumes (e.g., tanks, pits,
boreholes, or building-integrated modules), which can be difficult to allocate in dense urban
environments, whereas batteries are comparatively compact and can often be installed in
technical rooms or basements with lower spatial disruption [66]. Accordingly, suburban
and rural communities are generally more suitable for centralized or district-scale SHS
and seasonal STES, while urban RECs tend to adopt distributed building-scale solutions
and/or hybrid configurations combining limited TES with BESS and flexible electrification
measures [64,95]. For SHS versus PCM-LHS, the scalability–space trade-off is central. SHS
is typically easier to scale to large community capacities using mature, standardized compo-
nents and supply chains (e.g., water tanks, pits, boreholes), supporting district and seasonal
deployment when land and permitting allow [65,95]. In contrast, PCM-LHS is frequently
proposed for space-constrained applications because it can provide compact buffering
and improved temperature stabilization at the application setpoint, which is attractive for
retrofits and building-integrated deployment in dense urban RECs [119,120]. However,
PCM-LHS scalability can be constrained by encapsulation/containment requirements,
long-term cycling stability, and the need for thermal conductivity enhancement to achieve
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adequate charge/discharge power, potentially increasing design effort and maintenance
needs [120,121].

At district and network scale, spatial feasibility and infrastructure compatibility largely
determine whether large SHS/STES is practical. A district heating network study explicitly
comparing short-term water-based storage, PCM-based storage, and STES reported that
TES integration can reduce environmental and economic impacts relative to a no-TES
baseline, illustrating that where space and network integration are feasible, scaling TES can
deliver measurable system-level benefits [65]. At prosumer scale, distributed SHS, espe-
cially domestic hot-water tanks, offers a practical “horizontal scaling” route by replication
across households. A PtH-to-domestic hot-water assessment considering PV capacities
of ~2.4–8 kWp and tank volumes of ~50–300 L reported economic outcomes from €13
to €3055 (2024–2032 simulation horizon) depending on boundary conditions and sizing,
highlighting the scalability of distributed SHS under space constraints when coordinated
by an EMS [37].

For building-integrated TES, PCM solutions are often discussed precisely because of
space limitations and the need to buffer indoor temperature swings; evidence from the built
environment reports heating and cooling demand reductions of up to ~31% depending on
placement and climate [97]. Hybridization is also a robust scalability strategy: allocating
services across storage types can reduce space pressure and increase overall value (e.g.,
BESS for fast electrical balancing and grid interactions; TES for daily thermal shifting
and PtH flexibility). In an REC case study with advanced control strategies, coordinated
management including TES and BESS reported reductions of 12.6% in energy demand and
20.8% in costs, alongside an 18.2% reduction in exports, indicating that “hybrid + smart
control” can unlock benefits even when individual storage capacities are space-limited [30].

3.4.5. Technical and Regulatory Barriers

Despite the recognized techno-economic and environmental benefits, several technical
and regulatory barriers still limit large-scale deployment. Technically, a major challenge is
integration with existing buildings and infrastructures, which are often not designed to host
shared or centralized thermal storage. In the absence of district heating/cooling networks,
scaling TES can require retrofitting, space allocation, and hydraulic modifications, increas-
ing complexity and upfront costs compared with modular battery-based solutions [9,65].
Additional barriers stem from the multi-energy nature of TES-based systems. Effective
deployment requires coordinated operation of PtH devices, thermal storage, and electrical
assets under an EMS that can handle different time constants and loss mechanisms. While
feasible, integrated control is less standardized than for BESS, particularly for large-scale or
seasonal TES where performance is sensitive to boundary conditions, insulation quality,
and long-term thermal losses [16,95]. PCM-based latent heat storage can add further chal-
lenges related to encapsulation durability, cycling stability, and supercooling, increasing
design and monitoring requirements at community scale [119–121].

Regulatory and market frameworks remain another key constraint, as they are often
designed around electrical assets. In many jurisdictions, storage rules, grid tariffs, and
incentives explicitly target BESS, while PtH-coupled thermal storage is not consistently
recognized as a flexibility resource. As a result, electricity converted to heat may still face
network charges or levies, weakening the business case despite potential contributions
to peak reduction and renewable integration [16,30]. Uncertainty also persists regarding
ownership, operation, and remuneration of shared thermal assets, including provisions
for collective thermal infrastructure and the valuation of avoided grid costs and reduced
curtailment enabled by TES [9,96].
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Beyond these barriers, the evidence base is constrained by data availability: recent
studies highlight the scarcity of publicly available real-world operational datasets from
RECs including TES, limiting robust validation of control strategies and long-term bench-
marking [9,30]. Multi-year evidence on maintenance needs and reliability is also limited,
particularly for PCM-based systems where cycling stability and encapsulation durability
can affect effective capacity over time [120,121].

3.4.6. Behavioral, Demand, and Participation Assumptions

REC-based TES studies commonly rely on simplifying assumptions about user be-
havior, thermal demand, and participation to keep optimization and control problems
tractable. First, thermal demand is often represented through deterministic or “typical” pro-
files (historical time series or standardized archetypes) with exogenous weather and price
inputs; district-scale simulations explicitly construct multi-period heat-demand profiles
and account for TES losses at the chosen time step, showing that demand representation
and temporal resolution are core modeling choices [65]. At building/prosumer level,
studies frequently assume representative domestic hot water (DHW) usage patterns and
fixed sizing boundaries; for example, PtH-to-DHW assessments explore predefined ranges
for PV and tank size (PV ≈ 2.4–8 kWp; tank ≈ 50–300 L), treating demand and routines
through predefined profiles rather than endogenous behavioral adaptation [37]. Second,
user comfort is typically enforced via constraints on indoor temperature and/or DHW
service levels, often assuming limited manual override. REC control studies coordinating
BESS and TES commonly maintain comfort constraints while optimizing energy flows un-
der tariffs and operational limits [30,66]. Third, participation is frequently treated as fixed
(full or predefined subsets), rather than dynamically evolving with acceptance, perceived
fairness, or social context. Reviews and sector-coupling syntheses emphasize that these
factors can shape real-world uptake and the effective “available flexibility” assumed in
techno-economic optimization [16,18,64]. Consequently, behavioral adaptation and partici-
pation dynamics are often simplified, which may overestimate achievable flexibility when
social and behavioral constraints are binding [16,64].

3.4.7. Policy and Incentives

The role of policy cannot be ignored. Some regions offer incentives for battery in-
stallation (for peak shaving or emergency backup), which can tilt communities toward
batteries. There are fewer incentives specifically for TES, but policies that encourage sector
coupling or flexibility could indirectly support TES. For example, some European coun-
tries have dynamic pricing that makes electricity cheap when renewables are plentiful.
This naturally incentivizes PtH conversions at those times. Regulations around energy
communities (like in the EU) are still evolving; ensuring that thermal energy sharing is
considered (not just electricity sharing) will be important to fully realize TES potential
in RECs [2]. Dynamic electricity pricing, time-of-use tariffs, and flexibility markets are
creating significant opportunities for TES to provide grid services and optimize renewable
utilization [5]. Furthermore, recent European policy proposals advocate explicit support for
TES integration within community energy schemes, aiming to accelerate decarbonization
targets while reducing system-level curtailment [63]. Multi-node lumped-parameter opti-
mization frameworks for seasonal TES design demonstrate the feasibility of low-complexity,
cost-effective community energy systems under dynamic control [129].

3.5. Schematic and Comparative Overview

Section 3 reviewed the state of the art on the role of TES in RECs, emphasizing its
contribution to flexibility, renewable self-consumption and sector coupling, and contrasting
TES with BESS across technical, economic, environmental and operational dimensions.
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The discussion also highlighted the relevance of PCM-based TES, particularly for cooling-
oriented applications where compact thermal buffering can support peak-shaving and
improve renewable integration. Overall, the literature supports the complementarity of
TES and BESS in community systems, where BESS is typically associated with fast electrical
flexibility and TES with cost-effective bulk thermal shifting [111,130].

To wrap up the analysis, two summary tables are presented: Table 2 compares technical
and economic aspects of Battery vs. Thermal storage in RECs, and Table 3 highlights a few
representative findings from the literature on TES in RECs.

Table 2. Comparison of battery and thermal energy storage characteristics for use in renewable
energy communities. TES is generally cheaper per kWh and well-suited for thermal loads, while
batteries are essential for electrical loads. They work best in complement.

Aspect BESS TES References

Energy form stored Electrical (chemical potential in
batteries).

Thermal (sensible heat in
water/rocks, latent heat in PCM,
etc.).

[131]

Typical uses in RECs
Power supply for appliances,
lighting, electronics; grid
balancing.

Heating (space and water) and
cooling demand management;
PtH.

[2,18]

Round-trip Efficiency ~90% (Li-ion battery
charge/discharge)

~95% for daily sensible heat
storage (water tank); effectively
>100% if using heat pumps (due
to COP)

[2,24]

Energy Density High—~100–200 Wh/kg (Li-ion)
(e.g., ~300–600 kWh/m3).

Low—e.g., water: ~10–50 Wh/kg
(10–50 kWh/ton); PCM:
somewhat higher
(~50–80 kWh/ton).

[24]

Discharge duration Hours to a day (practical sizing
in communities).

Hours to days (water/PCM
tanks); months for seasonal TES
(with losses).

[132,133]

Lifetime (cycles or years)
5000–7000 cycles typical
(~10–15 years lifespan for
Li-ion).

20+ years common (minimal
degradation; tank integrity
is key).

[24,110]

Capital cost (2023) ~$100–200 per kWh (and falling)
for Li-ion

Varies widely: as low as
$5–50 per kWh for large water
TES; PCM systems ~$100+/kWh
(smaller scale).

[24,134]

Operation & Maint.

Requires battery management
system; degradation
management (depth of
discharge limits). Some O&M
for inverter, cooling.

Minimal maintenance (check
insulation, pumps). No chemical
management; easier to operate (if
integrated with existing heating
systems).

[2]

Environmental aspects

Materials: lithium, cobalt,
etc.—mining impacts; recycling
needed at end of life. Some fire
risk if not managed.

Materials: water, salts,
etc.—abundant and non-toxic.
Low environmental risk; mostly
inert materials and steel tanks.

[135]
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Table 2. Cont.

Aspect BESS TES References

Impact on REC
self-sufficiency

High impact for electrical
self-sufficiency (addresses
non-thermal loads). Enables >
80% renewable utilization in
some cases when well-sized.

High impact for thermal
self-sufficiency; crucial for
heating/cooling heavy
communities. When combined
with PtH, allows very high
overall renewable usage.

[7,110]

Notable limitations

High upfront cost; limited
energy duration; performance
drops in cold climates (for
batteries); resource availability
for large deployments.

Requires dedicated thermal use
(cannot directly power
electronics); space requirements
for storage volume; heat losses
over time; must manage
integration with heating/cooling
systems.

[2,24]

Table 3. Summary of selected studies on thermal energy storage in renewable energy communities
and related contexts. The findings consistently show the benefits of TES in improving renewable
energy usage cost-effectively, especially for meeting heating/cooling needs.

References Context & Technology Key Findings

[110]

Simulation of an REC with two
storage scenarios: (1) Li-ion battery;
(2) heat pump + building thermal
inertia (virtual TES).

Both storage types increase renewable self-consumption
significantly. Battery yields slightly higher energy savings,
but the TES solution is more cost-effective, with lower
investment for similar benefit. Economic analysis showed
battery not justified by savings, whereas TES had positive
economic return.

[136]

Case study of 10-household REC
using heat pumps and a centralized
hot water TES tank, optimized via
control.

Coordinated control of heat pumps charging a central TES
reduced peak grid imports and improved collective
self-consumption. The community met a large portion of its
heating demand from locally stored heat. Demonstrated
practical viability of shared TES in a small REC.

[2] Bibliometric review of TES in energy
communities (Sustainability journal).

Identifies a research gap: very few papers explicitly on
TES + REC, indicating untapped potential. Highlights that
TES is an “efficient strategy” for RECs due to lower
investment cost compared to batteriesresearchgate.net.
Encourages more research and pilot projects on TES in RECs.

[37]
Analysis of using household electric
boilers to store excess PV as hot
water (Netherlands context).

Storing solar PV in water heaters (i.e., PtH) could yield net
savings for households under certain tariffs. Over 2024–2032,
annual benefits ranged widely (€−13 to €3055) depending on
conditions, but generally, with proper sizing, households can
profit from self-consumed PV via hot water storage.
Suggests economic viability in some cases.

[15]

Comprehensive review of
PCM-based cooling storage in
buildings (UAE context, high cooling
demand).

PCM thermal storage can lower building cooling energy use
by ~30% and shift peak loads. Emphasizes material
innovation and heat transfer enhancement as keys to wider
adoption. Relevant to RECs as cooling-heavy communities
could greatly benefit from PCM TES to reduce peak grid
dependency.
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Table 3. Cont.

References Context & Technology Key Findings

[137]

Energy management optimization for
a local energy community including
PCM TES (phase-change thermal
storage) and using IGDT for
uncertainty.

Demonstrated that integrating PCM TES in community-level
optimization can reduce costs under uncertainty (e.g.,
variability in energy prices). The robust control approach
managed when to charge/discharge the PCM store to
protect against worst-case scenarios, improving reliability of
meeting community demand with renewables.

[101]
Study on an industrial energy
community with various storage:
batteries, thermal, hydrogen.

Found that an optimal mix of storage technologies
minimized costs and grid impact. Thermal storage was used
to handle heat demand and had a significant effect on
reducing peak grid exchange. While hydrogen storage
provided seasonal backup, it was far less efficient; batteries
covered short-term needs. Thermal storage had the lowest
cost per kWh among the options considered.

[19]

Simulation of an energy community
with PV comparing a shared central
TES versus individual TES units at
each household.

A community with a common (shared) thermal storage
significantly decreased net energy exchange with the grid
(higher self-sufficiency) and shortened the payback time of
investments compared to each house having its own TES.
The shared TES strategy improved overall economic returns
for the community by boosting renewable utilization.

[90]
Urban REC model with distributed
battery storages and TES, optimized
for energy sharing and ancillary

Short-term battery storage (Li-ion BESS/StESS) improved
intra-day balancing and enabled ancillary services, whereas
adding long-term thermal storage (TES/LtESS) provided
complementary value by lowering imports/exports and
increasing overall cost savings.

[138]
System-level analysis of large-scale
TES integration in a national energy
system (high-renewable scenario).

Incorporating substantial TES capacity at scale was shown to
reduce renewable energy curtailment by over 50%,
significantly increasing the effective use of generated
renewable power. This highlights TES’s role in enhancing
sustainability by minimizing wasted energy and supporting
deeper renewable penetration in the energy mix.

[132]
Review of TES potential in
Spain/Europe (policy and climate
perspective).

Reported that widespread adoption of TES (in buildings and
industry) could lead to notable energy savings and help in
climate change mitigation. Cites that sensible heat storage is
cheap and commercially available for integration (since
2011), implying the barrier is not technology availability but
awareness and policy.

[135]

Environmental life-cycle assessment
comparing storage options for
surplus renewable energy
(“Power-to-What?”).

PtH with TES was identified as one of the most
environmentally friendly storage pathways for surplus
renewable electricity, especially when displacing natural gas
for heating. Chemical storage (power-to-gas) had higher
losses and impacts; battery storage had moderate impacts
mainly from production. This underscores TES’s role in
sustainable energy systems.

[27]

Techno-economic modeling of a
solar-tower plant integrating
high-temperature molten-salt TES
(200–650 ◦C) with a supercritical
Rankine cycle, comparing against a
conventional solar-salt baseline

Demonstrates that high-temperature molten-salt TES (up to
650 ◦C) significantly improves dispatchability, annual
electricity output, and system efficiency in solar tower power
plants. The integration of high-temperature TES reduced
LCOE by over 20% compared to conventional molten-salt
systems, confirming the strong cost-effectiveness and
scalability of TES for long-duration and large-capacity
energy storage applications.
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[94]

Solar-tower trigeneration system
with TES enabling dual-mode
operation (direct solar vs. stored
heat) to co-produce electricity, heat
and hydrogen, including
ultrasound/sonic H2 production

Shows that integrating TES within a trigeneration system
enables effective sector coupling between electricity, heat,
and hydrogen production. TES acts as an exergy buffer,
allowing flexible operation under variable solar input while
achieving high energy (≈58%) and exergy (≈77%)
efficiencies. The results highlight TES as a key enabler of
multi-vector energy systems with enhanced flexibility and
reduced emissions.

[30]

Large residential REC simulation
(RECsim) with households equipped
with PV + BESS + TES, comparing
rule-based control vs. Deep
Reinforcement Learning (DRL) under
different pricing schemes and TES
penetration.

Demonstrates that the value of TES in RECs is strongly
dependent on the adopted energy management and control
strategies. Advanced controllers (e.g., deep reinforcement
learning) significantly enhance self-consumption, reduce
energy costs, and improve flexibility, whereas poorly aligned
pricing schemes and control logics can limit the benefits of
TES. Highlights control strategy design as a critical
determinant of TES performance in RECs.

[5]

Critical review on thermal/cooling
energy LECs, covering enabling
technologies (DHC/DH, HPs, solar
thermal, CTES/TES) and
community-level frameworks.

Concludes that TES/CTES is a key enabler for thermal
community schemes (peak reduction and operational
flexibility), but highlights persistent techno-economic and
regulatory gaps, especially for cooling-oriented storage and
community-scale implementation.

[42]

System-level analysis of thermal
energy storage in future smart energy
systems, focusing on the role of
large-scale TES under
high-renewable scenarios.

Shows that TES value shifts from fossil fuel reduction in
early transition stages to electricity-excess/curtailment
mitigation at high VRE shares; reports up to ~3 TWh/year
lower fossil fuel use and up to ~1 TWh/year lower electricity
excess, with variable-cost reductions on the order of
~€17–67 M/year (noting that results depend on investment
timing and CAPEX feasibility).

[16]

Comprehensive review of sector
coupling and flexibility measures in
distributed renewable systems
(including RECs), with emphasis on
PtH + TES, batteries, and hydrogen
options.

Highlights that TES contribution is climate and load
structure dependent (heating- vs. cooling-dominated
contexts) and that PtH + TES is a robust flexibility route to
reduce imports/curtailment and improve renewable
utilization; avoids framing as an REC-only quantitative
proof.

[7]

Study on PtH and PtG synergies in
renewable energy communities,
integrating electricity–heat–gas
vectors and operational strategies.

Demonstrates that coordinated multi-vector operation can
increase self-consumption and reduce costs/emissions, with
PtH + TES providing efficient short–medium shifting and
PtG providing longer-duration flexibility depending on
prices and sizing.

[65]

Quantitative assessment of including
thermal energy stores in district
heating networks (central
tanks/network storage), relevant to
district-scale REC configurations.

Finds that TES integration smooths heat demand peaks,
improves generator/HP operation, and can reduce
operational costs and emissions, supporting higher
renewable integration and flexibility at district/community
scale.

[98]

Technology roadmap/review for TES
to decarbonise medium-temperature
heat processes, covering
sensible/latent/thermochemical
options, maturity, and barriers.

Provides an updated roadmap of TES options and gaps
(deployment, integration, cost), supporting technology
selection for community or industrial-REC contexts with
collective thermal loads.
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[67]

Techno-economic analysis of
Pumped TES (PTES) using reversible
turbomachinery, as a long-duration
storage concept.

Shows PTES competitiveness is strongly design-dependent
(∆T, component performance, integration), indicating
conditions under which PTES can provide cost-effective
long-duration flexibility compared with alternatives.

[50]

Optimization/design study for a
PV–heat pump system integrating
TES and BESS, focusing on joint
sizing and operation strategies.

Demonstrates that coordinated TES–BESS integration with
HPs improves renewable utilization and overall
performance; identifies design/control trade-offs that reduce
costs and enhance operational flexibility compared with
single-storage configurations.

Figure 7 synthesizes the reviewed concepts by depicting a generic REC architecture
coordinated by a central EMS. Renewable generation is dispatched by the REC controller to
supply electrical loads, charge BESS for short-term electrical services, and route electricity
through power-to-heat devices to TES for heating/cooling demand via a thermal distribu-
tion layer. The REC can exchange surplus/deficit electricity with the public grid, enabling
system balancing while maximizing local renewable utilization.

Figure 7. Block diagram showing the main energy flows and system architecture of an REC, with
integration of BESS and TES, under the management of a central REC Controller (EMS).

To provide a concise comparison between the main storage solutions discussed
throughout this review, Tables 2 and 3 summarize key technical, economic, and operational
characteristics of BESS and TES in RECs. Table 2 compares core attributes, highlighting
advantages, limitations, and preferred use cases, while Table 3 compiles selected findings
from recent studies to illustrate implementation outcomes in real or simulated REC scenar-
ios. During charging, PCMs store energy quasi-isothermally as latent heat at the melting
temperature [111]. Heat transfer is typically conduction-dominated at early melting stages,
with natural convection becoming increasingly important as the liquid layer develops.
During discharging, solidification tends to suppress fluid motion and conduction becomes
dominant, while supercooling may delay crystallization and latent heat [139,140].
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More broadly, TES performance and cost depend on the storage approach. Sharma
et al. [130] provides an overview of sensible, latent, and thermochemical TES technologies,
applications, and challenges; ref. [141] presents a comparative review of TES system types;
and [142] reviews the role of nanofluids in enhancing heat transfer for TES applications.
Table 4 summarizes the three main TES approaches: sensible heat storage (commercially
mature but volume-intensive), latent heat storage (higher energy density but requiring
phase-change materials and appropriate design), and thermochemical storage (highest
theoretical density but lower maturity).

Table 4. Comparison of different TES media.

Sensible Heat Storage Latent Heat Storage Thermochemical References

Work principle
Energy stored as
temperature change (∆T)
in solid or liquid media

Energy stored as latent
heat during phase
transition
(predominantly
solid–liquid for practical
TES systems)

Energy stored in
reversible chemical
reactions or sorption
processes (chemical
bonds)

[112,113,130]

Typical energy
density (kJ/kg)

100–300 (e.g., molten
nitrate salts,
water-based SHS)

200–600 (depends on
PCM class, melting
temperature, and
encapsulation)

500–3000
(reaction-dependent;
highest theoretical
density)

[113]

Round-trip
efficiency (%)

~70–98
(system-dependent;
high for well-insulated
tanks)

~75–90 (improves with
encapsulation and
conductivity
enhancement)

~40–70 (laboratory
scale; higher values
projected for
optimized systems)

[113]

Operating
temperature
range (◦C)

Broad;
medium-dependent
(water low-T, molten
salts high-T)

Material-specific;
solid–liquid PCMs
dominate building and
TES applications

Broad;
reaction-specific,
typically medium to
high temperatures

[105,112,113]

Cost (indicative,
$/kWh)

18–32 (molten salt SHS,
large-scale systems)

35–60 (PCM systems,
depending on material
and encapsulation)

80–120 (projected;
currently high due to
system complexity)

[113]

Technology
maturity Commercially mature Pilot to pre-commercial Laboratory/pilot

phase [113]

Common
media/materials

Water; molten salts
(NaNO3/KNO3);
concrete, rocks, packed
beds

Organic PCMs
(paraffins, fatty acids);
Inorganic PCMs (salt
hydrates, metallic
PCMs); Eutectics;
Composite/form-stable
PCMs using porous
minerals or expanded
graphite

Carbonates, oxides,
hydroxides,
hydrides, hydra-
tion/dehydration
salts, redox systems

[105,112,113]

Key limitations

Lower energy density
→ larger volume;
thermal losses depend
on insulation quality

Low thermal
conductivity (especially
organics); supercool-
ing/segregation (salt
hydrates); need for
encapsulation or
enhancers

Reaction kinetics,
material stability,
system integration
complexity

[105,112,113]
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4. Conclusions and Discussion
4.1. Key Findings and Implications for Renewable Energy Communities

RECs are increasingly recognized as pivotal actors in the transition toward decentral-
ized, low-carbon, and resilient energy systems. However, their large-scale deployment
remains constrained by the structural mismatch between variable renewable generation
and strongly time-dependent local demand, particularly in buildings where heating and
cooling dominate final energy use. This state-of-the-art review demonstrates that TES
represents a critical, yet still underutilized, flexibility option capable of addressing this
mismatch and significantly enhancing REC performance when deployed alongside with
BESS. Across the reviewed literature, TES consistently emerges as a cost-effective and
durable complement to electrochemical storage, especially in applications dominated by
thermal loads [2,5,24]. Through PtH pathways, TES enables surplus renewable electricity
to be converted into heat or cold and stored with minimal degradation, thereby increas-
ing renewable self-consumption, reducing grid dependency, and supporting medium to
long-duration energy shifting. While BESS remains indispensable for short-term electrical
balancing, fast response, and grid services, TES provides superior performance in terms
of cost per kWh stored, operational lifetime, and environmental footprint when thermal
energy is used directly.

Quantitative evidence from building-scale and community-scale studies shows that
TES integration can reduce peak electrical demand by 20–35% and increase local renewable
self-consumption by 15–40%, while also significantly lowering the required battery capacity
in hybrid configurations [2,6,41]. In cooling-dominated contexts, PCM-based TES systems
demonstrate particular effectiveness, with several studies reporting reductions in peak
cooling power of up to 30% by shifting cooling loads from evening peak hours to periods
of surplus solar generation [6,13,15]. In heating-dominated or mixed climates, sensible and
seasonal TES solutions enable daily and seasonal load shifting that cannot be economically
achieved through batteries alone [5,9].

From a techno-economic perspective, the reviewed studies consistently indicate
that TES exhibits lower lifecycle costs and longer operational lifetimes, often exceed-
ing 25–40 years, compared to lithium-ion batteries, whose performance is constrained
by degradation, cycling limits, and replacement needs [44,48]. From an environmental
standpoint, TES technologies rely predominantly on abundant and low-toxicity materials
such as water, concrete, salts, and increasingly bio-based phase change materials, resulting
in lifecycle greenhouse gas emissions per kWh stored that are typically 70–85% lower than
those associated with BESS under comparable system boundaries [9,57,77]. These findings
directly address concerns raised in the literature regarding critical material dependency
and long-term sustainability of electrochemical storage.

A central conclusion of this review is that hybrid TES–BESS architectures represent the
most robust storage solution for Renewable Energy Communities. By combining the high-
exergy, fast-response capabilities of batteries with the long-duration and climate-driven
flexibility of thermal storage, hybrid systems consistently outperform single-technology
configurations in terms of cost, emissions, resilience, and renewable energy utilization.
Several studies report reductions in grid imports and renewable curtailment of up to
35–40% under coordinated electrical–thermal storage operation [5,41,101].

A distinctive advantage of TES highlighted in this review is its ability to provide
seasonal energy shifting, particularly through large-scale sensible and seasonal thermal
energy storage solutions. Seasonal TES remains a unique flexibility option for RECs, as
no cost-competitive electrochemical alternative currently exists for multi-month energy
shifting of comparable capacity [9,24]. By directly addressing climate-driven thermal
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loads and reducing exposure to volatile electricity imports, TES contributes not only to
decarbonization but also to the long-term operational resilience of RECs.

4.2. Policy and System-Level Implications

Despite these advantages, the deployment of TES in RECs remains limited by several
non-technical and systemic barriers. These include space requirements for large or sea-
sonal storage systems, the need for advanced control and energy management strategies
to coordinate hybrid TES–BESS operation, and regulatory and market frameworks that
continue to prioritize electrical storage while undervaluing thermal flexibility [5,17]. From
a system perspective, these findings highlight the importance of explicitly recognizing
thermal flexibility and sector coupling within REC market design, grid tariff structures, and
incentive schemes. Policies that account for the multi-vector value of TES, beyond purely
electrical metrics, can significantly enhance the economic viability of integrated storage
solutions and accelerate their adoption at the community scale. In this sense, TES should be
regarded not as a competing technology to batteries, but as a complementary infrastructure
component essential for cost-effective, resilient, and climate-aligned communities.

5. Future Research Directions
Although the literature on TES in RECs has expanded significantly in recent years,

this review identifies several critical gaps that require focused research efforts.
First, there is a persistent lack of long-term, real-world operational data from RECs

integrating TES, particularly PCM-based systems. Most reported performance indicators,
such as self-consumption gains, peak-load reductions, and cost savings, are still derived
from simulations or short-term demonstrations. Multi-year field studies with standardized
monitoring of thermal losses, control actions, comfort constraints, degradation mechanisms,
and maintenance requirements are urgently needed to improve model calibration and
enhance the transferability of reported results.

Second, future research could prioritize the experimental validation of hybrid TES–
BESS control strategies under realistic operating conditions. While optimization-based and
predictive control approaches show strong potential, their robustness under uncertain user
behavior, variable participation levels, and heterogeneous building stocks remains insuf-
ficiently explored. Adaptive and data-driven EMS capable of coordinating electrical and
thermal storage across multiple temporal scales therefore represent a key research priority.

Third, further advances in PCMs and system integration are required to overcome
remaining technical limitations. Research efforts should focus on improving thermal
conductivity, cycling stability, and encapsulation durability, as well as on the development
of bio-based and low-impact PCMs that enhance environmental sustainability without
compromising performance.

Comparative studies addressing material production pathways, costs, earth abun-
dance, and end-of-life options, particularly in contrast with battery materials, would
substantially strengthen sustainability assessments in future REC studies.

Beyond conventional TES technologies, emerging concepts based on functional and
solid-state materials, including electrocaloric, pyroelectric, and dielectric-based thermal–
electrical storage and energy harvesting systems, represent promising complementary
research directions. While not intended to replace community-scale TES, such technologies
may support localized thermal management, fast-response storage layers, and niche energy
recovery applications within future hybrid and multi-energy architectures.

Finally, future work must also address the policy and regulatory dimension of TES
deployment. Supportive frameworks that explicitly recognize thermal flexibility, promote
sector coupling, and incentivize integrated storage solutions will be decisive for large-scale
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adoption. Aligning market mechanisms, grid tariffs, and community remuneration schemes
with the multi-vector value provided by TES can significantly enhance the contribution of
RECs to decarbonization, energy autonomy, and long-term system resilience.
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Abbreviations

BESS Battery Energy Storage System
CTES Cold Thermal Energy Storage
COP Coefficient of Performance
DES Distributed Energy System
DHW Domestic Hot Water
DoD Depth of Discharge
DRL Deep Reinforcement Learning
EMS Energy Management System
EoL End of Life
GHG Greenhouse Gas
HP Heat Pump
HVAC Heating, Ventilation and Air-Conditioning
IEA International Energy Agency
IGDT Information-Gap Decision Theory
ISO International Organization for Standardization
LCA Life Cycle Assessment
LCCA Life Cycle Cost Assessment
LEC Local Energy Community
LFP Lithium Iron Phosphate
LHS Latent Heat Storage
LHTES Latent Heat Thermal Energy Storage
LCOE Levelized Cost of Energy
LCOS Levelized Cost of Storage
MPC Model Predictive Control
O&M Operation and Maintenance
PCM Phase Change Material
PTES Pumped Thermal Energy Storage
PtH Power-to-Heat
PV Photovoltaic
REC Renewable Energy Community
RES Renewable Energy Source
SHS Sensible Heat Storage
STES Seasonal Thermal Energy Storage
TES Thermal Energy Storage
UAE United Arab Emirates
VRFB Vanadium Redox Flow Battery
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