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IMPROVING THE COMPETITIVE STRUCTURE OF THE DISTRICT
HEATING MARKET THROUGH ENERGY STORAGE DEVICES

This research article explores the modernization of structural frameworks in district heating systems
(DHSs) operating under competitive market conditions by integrating energy storage devices (ESD). Recognizing
the necessity to enhance operational flexibility and reliability, particularly with the increasing share of intermittent
renewable energy sources like wind and solar, the study investigates the role of ESD in optimizing DHS
functionalities. The primary objectives include conducting a literature review to identify effective technologies for
DHS integration and proposing an upgraded structural interaction scheme tailored to competitive environments.
The literature review highlights the potential of various thermal energy storage (TES) solutions, each contributing
to enhanced energy management despite inherent economic and technical challenges. The proposed
modernization of structural schemes redefines the roles of multiple actors in the DHS, including energy producers,
transportation networks, and consumers, alongside operations management. By facilitating demand response and
adapting pricing structures, the competitive DHS environment aims to reduce reliance on fossil fuels and enhance
the viability and resilience of energy networks. In conclusion, this research underscores the transformative impact
of integrating ESD into DHSs, promoting sustainable urban energy infrastructures that align with global
sustainability objectives. Continued innovation, coupled with strategic policy support, is essential to overcome
existing barriers and fully exploit the potential of ESD in modernizing district heating frameworks for resilient
and economically viable energy solutions.
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Introduction

The ongoing evolution of energy systems worldwide is driven by the imperative to enhance efficiency,
minimize environmental impacts, and integrate a greater proportion of renewable energy sources into existing
infrastructures. This transformation is particularly relevant to district heating systems (DHSs), which are crucial
components of urban energy distribution networks. DHSs stand poised for significant modernization reforms,
especially under competitive market conditions where the integration of energy storage devices (ESD) emerges as
a critical enabler [1]. The drive for such modernization stems from an urgent need to address the challenges posed
by the growing share of intermittent renewable energy sources (RES) like wind and solar power [2, 3]. Fig. 1
illustrates the trend in the increasing share of renewable energy sources in the European Union [4].
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Figure 1 - Share of energy from renewable sources (European Union - 27 countries)

The integration of ESD into DHSs facilitates greater operational flexibility and reliability by enabling these
systems to store surplus energy generated during peak periods of renewable energy production for use during
demand peaks or low production phases. This capability addresses the inherent variability and intermittency
associated with renewable energy, thus ensuring a stable and reliable energy supply [5, 6]. As urban centers
transition towards a more sustainable energy landscape, exemplified by initiatives striving for 100% renewable
energy, the strategic role of DHSs equipped with advanced energy storage cannot be overstated [7]. Structured
approach of understanding the use of energy storage within a DHSs presented in Fig. 2.

Furthermore, the modernization of DHSs through energy storage solutions aligns with the global emphasis
on sustainability as outlined in international accords like the Paris Climate Agreement. By reducing reliance on
fossil fuels and enhancing energy efficiency, DHSs contribute not only to reduced greenhouse gas emissions but
also to more resilient and economically viable energy networks [8]. This broader transition is supported by
comprehensive research efforts focusing on the development of innovative techno-economic models designed to
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integrate energy storage technologies effectively into DHS frameworks, thus optimizing their interaction with
various entities within the microgrid system under competitive settings [9].

The drive towards integrating ESD within DHSs is further motivated by the need to enhance energy security
and economic efficiency across European electricity markets, particularly in balancing services sectors where
DHSs can serve as pivotal contributors [10, 11]. Technologies such as combined heat and power (CHP) systems
and power-to-heat (P2H) systems can extend the role of DHSs beyond traditional heat delivery, enabling them to
provide valuable balancing services that maintain grid stability amid increased RES penetration. However,
achieving these objectives requires strategic advancements in energy storage technologies and structural
modernizations that address the unique needs of competitive DHS environments [12, 13].

Energy storage in DHSs
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Figure 2 - Structured approach of understanding the use of energy storage within a DHSs

Research [10] highlights that regions with advanced district heating infrastructure hold significant untapped
potential for integrating ESD to facilitate energy balancing services, although this prospect is often underestimated
due to data limitations and country-specific implementations. Overcoming such challenges requires not just
technological innovation but also comprehensive reviews and adaptations of energy service frameworks, ensuring
these systems cater to the diverse and evolving requirements of modern energy markets [9, 13].

The modernization of structural schemes in DHSs through the incorporation of ESD is a pivotal aspect of
current research focused on transforming urban energy systems to meet the demands of a sustainable future. This
integration promises not only to enhance operational efficiency and reduce emissions but also to redefine service
delivery frameworks in competitive environments, aligning local urban systems with broader global efforts
towards renewable and resilient energy infrastructures. This research aims to significantly contribute to the
development of modern DHS structures, leveraging storage technologies to foster innovative solutions for
sustainable urban energy management [8, 13].

The purpose of this research is to improve the competitive structure of the district heating market through
energy storage devices. To achieve this goal, the following tasks must be completed:

1. Conduct a literature review on the application of ESDs to identify the most effective technologies for
integration into DHSs.

2. Propose upgraded structural scheme of interaction among entities in the competitive DHS using energy
storage.

1.0Overview of promising energy storage technologies in DHSs. Modern DHSs face the dual challenges
of increasing efficiency and reducing environmental impact. As the energy landscape shifts towards sustainability,
integration of ESDs has emerged as a pivotal strategy in enhancing the flexibility, reliability, and efficiency of
DHSs. This literature review encapsulates various studies focusing on the application and integration of advanced
energy storage solutions in DHSs to address these challenges.

One of the primary focuses in the field is on improving energy storage methodologies, particularly through
various forms of thermal energy storage (TES) systems. Borehole thermal energy storage (BTES) is recognized
for its potential to integrate with fifth-generation district heating and cooling systems, offering cost-effective and
environmentally friendly solutions that help in balancing the time gap between energy supply and demand [14].
Underground Thermal Energy Storage (UTES), which includes aquifer, borehole, reservoir, and ground heat
exchangers, is emphasized for its capacity to optimize load sharing and enhance system flexibility, contributing
significantly to the decarbonization of heating and cooling processes [15]. Similarly, large-scale thermal ESDs,
such as pit and tank TES, are crucial in capitalizing on renewable energy potential while reducing curtailment [16].
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The coupling of biomass-fueled Combined Heat and Power (BCHP) systems with DHSs, augmented by
thermal energy storage, represents an optimization pathway for energy systems, promising enhanced reliability
and reduced environmental footprint, specifically under competitive market conditions [17]. The integration of
power-to-heat technologies, including electric boilers combined with TES, facilitates enhanced flexibility in CHP
plants, reducing reliance on fossil fuels while supporting smoother load balancing within 4th generation district
heating frameworks [18, 19]. Furthermore, the implementation of photovoltaic thermal (PVT) systems along with
TES infrastructures presents a promising advancement in urban heating solutions, underscoring both current
applicability and future prospect potentials as discussed by recent reviews [16, 20].

Decentralized storage solutions, particularly innovative control strategies for domestic hot water (DHW)
needs demonstrate energy savings and reduced thermal losses, marking significant advancements in distributed
storage technologies [21, 22]. In parallel, short-term TES solutions help district heating networks provide
flexibility and ancillary services to the electricity grids, thereby harnessing potential benefits in fluctuating energy
markets in regions like Europe and China [23]. The integration of building-induced demand response strategies
alongside centralized TES further indicates avenues for optimization, economizing on peak loads and heating
generation costs [24].

A techno-economic evaluation of hybrid TES geometries has shown promising results in optimizing cost
and performance, offering guidelines on the economic viability of large-scale TES applications in DHSs [25]. The
integration of thermal storage with building-scale photovoltaics and ground source heat pumps further affirms the
importance of storage in optimizing energy management and cost-efficiency under market-based conditions [26].
Moreover, the combination of TES with strategic demand-side management approaches helps address
uncertainties, reducing operational costs and emissions, thus enhancing system performance under market
constraints [27].

Recent reviews and analyses underline the importance of strategic TES integration with HVAC systems,
comparing various configurations and emphasizing the management of thermal distribution networks to maximize
system efficiency and renewable integration [28, 29]. The deployment of water tank TES, specifically for prosumer
economic performance, further illustrates significant cost savings and operational optimization potential, thereby
underlining the competitive edge TES can provide within DHSs [30].

Based on the reviewed literature, the most promising energy storage technologies for DHSs were classified
and their features, pros and cons were defined and presented in Table 1.

Table 1. Promising ESD technologies for competitive DHSs.
Features Pros Cons

Utilizes the ground's Environmentally friendly, High initial setup costs and

ESD type
Borehole thermal

energy storage
(BTES)

subsurface for storing thermal
energy via deep boreholes

long-term storage capabilities,
and reduces greenhouse gas
emissions.

site-specific dependency on
geological conditions

Pit thermal energy
storage (PTES)

Utilizes insulated, large-scale
pits to store heat, often as
water or gravel-water
mixtures

Economically viable on a
large scale and efficient for
seasonal storage

Large land use footprint and
high initial construction costs

Aquifer thermal
energy storage
(ATES)

Stores and retrieves heat from
groundwater in aquifers

Large capacity potential and
minimal surface disruption

Site-specific limiting factors
due to geological
requirements and potential
environmental impacts

Sensible heat storage
(SHS)

Stores thermal energy by
changing the temperature of a
liquid or solid media,
commonly water or rocks

Cost-effective and reliable
with ease of use

Requires significant space for
large storage volumes

Phase change
materials (PCM)
storage

Uses materials that absorb or
release heat during phase
transitions, such as melting or
solidification

High energy density and
reduced storage volume

Higher costs and technical
complexity during installation

Battery energy
(BES)

Stores electrical energy by
creating a potential difference
between lithium ions

High energy density, fast
response times, long cycle
life, and scalability

Costly and power limited
compared to thermal
solutions

Chemical energy
storage (CES)

Involves storing energy
through reversible chemical
reactions

High energy density and long-
term storage without energy
losses

Low technology maturity and
high operational costs

Overall, the integration of ESDs in district heating frameworks not only addresses immediate operational
efficiencies but also lays a foundation for future advancements in sustainable urban energy networks. The
consistent theme across the literature echoes the critical role that TES technologies play in enhancing the
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adaptability and eco-friendliness of modern DHSs while navigating complex market and competitive
environments. This body of work serves as a reference point for ongoing research and development aimed at fine-
tuning these storage integrations to meet future energy demands efficiently and sustainably.

2.Modernization of structural scheme of interaction among entities in a competitive DH market
based on ESDs. The need for modernization of the structural scheme of competitive DHS presented in [31, 32]
arises from several factors. The integration of renewable energy is increasingly essential in today’s DHS, as
sustainability goals call for cleaner energy sources. Advanced demand response capabilities and energy storage
are increasingly necessary to efficiently handle fluctuating demand, especially with the rise of intermittent RES.
Enhancing these features in the previous scheme would improve energy efficiency and system stability, supporting
a more dynamic balance between supply and demand. Decentralized management aligns well with the growing
complexity of modern energy networks. Such a structure allows the system to distribute responsibilities across
multiple operators, making it easier to respond to changes in demand and balance loads efficiently. This approach
also supports a consumer-centric model by giving end-users more influence over their energy consumption and
costs. Modernizing the DHS to focus on consumer engagement and adaptable pricing could encourage energy-
saving behavior and boost satisfaction.

The proposed basic scheme in Fig. 3 illustrates a competitive DHS in which multiple actors are involved
in producing, transporting, consuming, and managing energy. The system is divided into four main groups: the
energy production group, the energy transportation group, the energy consumption group, and the DHS operations
group.

The energy production group consists of several entities that generate thermal and electric energy. The CHP
producer plays a dual role by supplying both electric and thermal energy. Electricity produced by the CHP is
directed to the electricity market, facilitating the balancing of electric supply and demand. Independent energy
producers, including RES and other independent thermal energy producers, contribute thermal energy to the
system, which is essential in a competitive environment. A major player in this group is the main thermal energy
producer, who supplies significant amounts of thermal energy to the network.

The energy transportation group is primarily managed by the thermal energy network organization, which
serves as the central entity for distributing thermal energy across the network. This organization receives thermal
energy from various producers, including both independent and main thermal energy producers. It ensures efficient
distribution to meet consumer demand and works in close collaboration with energy storage to balance supply and
demand fluctuations. Energy storage plays a critical role by absorbing excess energy during low-demand periods
and releasing it when demand peaks, thereby stabilizing the network and optimizing resource utilization.

Consumers are represented in the energy consumption group, where buildings or other end-users receive
thermal energy through the thermal network. Consumers rely on this energy for heating and other applications,
making them the final link in the energy flow chain. Cash flows from consumers to the DHS operations group,
highlighting the financial transactions necessary to sustain the energy supply chain.

The DHS operations group encompasses several crucial roles that ensure the stability and efficiency of the
system. The system operator is responsible for maintaining overall network stability, overseeing the smooth
operation of the energy flows and balancing them as needed. The energy storage operator manages the energy
storage facilities, collaborating closely with the thermal energy network to help balance demand and supply. This
group also includes the market operator, who oversees the trading of thermal energy, creating a competitive
environment that benefits both producers and consumers. Finally, the demand response coordinator is tasked with
managing demand response mechanisms, encouraging consumers to adjust their energy consumption patterns
based on system conditions. This helps alleviate demand peaks and prevents potential strain on the system.

Thermal energy flows from various producers to the thermal network organization, which distributes it to
consumers, representing the core functionality of the DHS. In parallel, the CHP supplies electric energy to the
electricity market, adding value and efficiency to the system. Cash flows indicate the financial interactions between
consumers and the DHS operations, while system control and management flows reflect the communication and
coordination among different operators and the network organization. These management flows are essential for
ensuring that the system operates in a synchronized manner.

In competitive conditions, multiple energy producers vie to supply thermal energy to the network,
incentivizing efficiency and potentially lowering energy costs for consumers. The integration of energy storage
adds flexibility, allowing excess thermal energy to be stored and used during periods of high demand. The market
operator plays a key role in maintaining a fair and efficient trading environment, while the demand response
coordinator’s involvement helps manage peak loads and prevent system overload. The system operator oversees
these interactions, ensuring that the DHS remains stable and reliable despite the complexities of competition and
varying energy demands.

Discussion

The integration of ESD into competitive DHSs presents significant potential to enhance operational
efficiency, increase system flexibility, and reduce environmental impact, aligning with broader sustainability
goals. One of the primary technological advancements outlined is the strategic integration of TES systems, such
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as BTES, PTES, and ATES. These technologies offer substantial promise in addressing the inherent variability of
RES, such as solar and wind, by providing reliable energy storage solutions that bridge supply-demand gaps.
However, challenges such as high initial costs and site-specific geological dependencies present barriers that
necessitate further innovation and refinement. The incorporation of PCM also highlights an innovative avenue for
enhancing energy density and reducing required storage volumes, albeit with associated technical complexities.
Moreover, BESS and CES add a new dimension by enabling electrical energy storage, although they are often
costly and require advancements in technology maturity to be viable on a larger scale. These systems, in
conjunction with TES, broaden the scope of energy storage options available to DHSs, potentially enabling more
nuanced and efficient energy management strategies.
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Figure 3 — Basic modernization of the structural scheme of the competitive DHS with ESD

From an economic standpoint, utilizing ESD in competitive DHSs promises to reduce operational costs and
enhance grid stability. The proposed structural scheme fosters a multi-actor competitive environment where
various energy producers contribute to a dynamic energy marketplace. By facilitating demand response and
allowing for a more decentralized system management approach, DHSs can better optimize pricing structures and
encourage energy-saving behaviors among consumers. Strategically, the integration of ESD supports a shift
towards a consumer-centric model, enhancing end-user engagement and satisfaction. Additionally, by capitalizing
on technologies like CHP, DHSs can extend their roles within energy networks, providing valuable balancing
services that maintain grid reliability amidst increased RES penetration. This, in turn, enhances energy security
and bolsters the economic viability of DHSs in competitive settings, where efficient energy management is crucial.

Despite the clear benefits, several challenges must be addressed. The complex interplay between different
technological components requires careful coordination and management, demanding robust control systems and
strategic planning. The financial implications, particularly concerning initial investment costs and economic
feasibility in diverse geographical contexts, need in-depth analysis.

Looking towards future research directions, the scheme laid out can be explored through various alternative
structural configurations. Given the diverse potential interactions between energy storage, producers, and
consumers, further studies could focus on optimizing these relationships to maximize efficiency, economic, and
environmental outcomes. Additionally, advanced modeling and simulation techniques could be applied to analyze
the impact of various ESD integration strategies under different market and regulatory scenarios, providing critical
insights for policymakers and industry stakeholders.

Additionally, ongoing advancements in smart grid technologies and real-time data analytics will play
pivotal roles in refining these systems. As DHS operations become more data-driven, integrating advanced
analytics and machine learning could lead to more accurate forecasts and better demand-supply matching, thereby
enhancing overall system performance.
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Conclusions

The modernization of competitive DHSs through the integration of ESD represents a critical advancement
towards achieving a sustainable, efficient, and flexible urban energy infrastructure. This research confirms that the
incorporation of promising energy storage technologies, such as TES and other advanced storage solutions,
significantly enhances the operational capacity and adaptability of modern DHSs. By enabling more effective
management of the variability and intermittency associated with RES, ESDs are essential for ensuring a stable and
reliable energy supply.

Through a comprehensive literature review, this study identified key technologies that stand out for their
potential to improve DHS performance. TES solutions like BTES, PTES, and ATES emerge as particularly
effective, though initial costs and geological dependencies pose challenges that need strategic consideration.

The proposed structural scheme illustrates a dynamic interaction model among various entities within a
competitive DHS, encompassing energy producers, transportation networks, and consumption sectors, alongside
robust operations management facilitated by a market operator and a demand response coordinator.

The shift towards a decentralized and consumer-centric model promotes energy-saving behaviors and
enhances user engagement, aligning with global sustainability efforts and reducing greenhouse gas emissions.
Energy storage, particularly in conjunction with CHP technologies, offers the dual benefit of maintaining energy
security and providing valuable balancing services to the electrical grid, thereby reinforcing the critical role DHSs
play in modern energy networks.

In summary, this research underscores the transformative capacity of ESD in DHSs, positioning these
systems at the forefront of sustainable urban energy solutions. Continued innovation and strategic integration of
these technologies will be vital in catering to evolving energy demands and meeting stringent environmental
targets globally.
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Yncraryr 3aranbnoi enepreruxn HAH Ykpainn

YJIOCKOHAJIEHHS KOHKYPEHTHOI CTPYKTYPU PUHKY
HEHTPAJII3OBAHOI'O TEIIVIOIIOCTAYAHHSA YEPE3
EHEPI'OHAKOIIMYYBAUYI

Y it cmammi Oocridscyemovcs molepuizayis CMpYKMYPHUX cXem Y CUCMeMax YeHmpanizo8anozo
mennonocmauanna (CLT), wo npayioioms 6 KOHKYPEHMHUX YMOBAX 3 GUKOPUCIAHHAM HAKONUYY6AUIE eHepail.
Busnaiouu neobxionicmuv niosuwenus pooouoi eHyuxocmi ma Haoiunocmi, 0coOIUBo 3i 30LIbUEHHAM YACTNKU
BIOHOBIOBAHUX Odcepenl eHepeil, MAKux sK eimep i conye, 8 pOOOMI OOCHIONCYEMbCA POIb HAKONUYYBAYIE eHep2il
6 onmumizayii @yukyionysanna CLT. OcHno6ni 3a80aHHSA O00CHIONCEHHS GKIIOUAIOMb NPOBEOCHHS 0210y
aimepamypu 015 BUSHAYEHHS epekmusHUx mexnonoziu ons inmezpayii ¢ CLIT ma eusnauenusi ononeHoi cxemu
cmpyKkmypnoi  63aemo0ii, adanmoganoi 00 KOHKYpeHmHnoz2o cepedosuwa. O2nad nimepamypu niokpecnioe
nomeHyian pizHUX piulend 015 30epieanHHs Menniogol eHepeil, KOJCHe 3 SIKUX CHPUSE NOKPAUWEHHIO VIPAGIIHHS
eHepeielo, He38adCarodu HA GIACMUBI eKOHOMIYHI ma mexHiyHi npobremu. 3anponoHosana MoOepHizayis
CMPYKMYPHUX CcXeM nepeocmucmioe poxi bazamvox yuacuukie y CLT, exnouaiouu 6upodOHuKie enepeii,
MPAHCNOPMHI  Mepedci ma CROJCUBAYi6, a MAKOIC CMOPOHU O0epIHCAGHO20 KOHMPONO Ma YNPAGIIHHSL.
ITiocymogyiouu, ye 0ocnioxcents nioOKpeciioe mpancoopmayitnuii 6niue inmeepayii eHepeoHAKONUYy8ayia y
CUT, cnpusinua cmitikitl MiCbKitl eHepeemuyHin iHGQpPaAcmpykmypi, aKa 6i0nogioae 2100aibHUM YiIAM CManioco
PO36UMKY.

KarouoBi cioBa: yenmpanizoeane mennonocmauanus, puHox mennoeoi ewepeii, 30epicanus enepeii,
BIOHO6I06AHI Ddicepena eHepeii, CMAabIIbHICb Mepedic.
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