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Abstract— Sector coupling has a remarkable role in the optimal
fulfilment of the energy transition. In order to reduce emissions
of the energy sector, but also to increase the flexibility of the
electricity system, clean energy production solutions offering
multi-sector flexibility are needed, such as power-to-heat
technologies and various thermal energy storages. In this paper,
the participation of power-to-heat technologies and thermal
energy storages in the electricity market are examined. In
particular, the paper aims to review the key enablers, barriers,
and drivers for power-to-heat and thermal energy storages in the
context of electricity markets. Additionally, the technical
potential of power-to-heat technologies combined with thermal
energy storages are examined. The study is based on a literature
review and examines especially the context of Finnish energy
system and market.

Index Terms— Electricity market, Energy system, Power-to-heat,
Sector coupling, Thermal energy storage

L INTRODUCTION

More than 70% of global, and more than 75% of the EU’s
greenhouse gas emissions derive from the energy sector
(electricity, heat, and transport) [1], [2]. To reduce emissions in
the energy sector, EU has set the target to improve energy
efficiency in a way that by 2030, both final and primary energy
consumption would decrease by 36-39%. To achieve carbon
neutrality in 2050, EU has committed to reducing total
greenhouse gas emissions by at least 55 percent by 2030 (from
the 1990 level) [3]. Electrification is seen as an effective option
for reducing emissions in the energy sector together with other
low-carbon forms of energy production [4].

A key factor in the electrification of the heating sector is the
flexible demand for electricity [4]. Energy storages are seen as
a potential source of flexibility when the share of renewables in
energy production increases and the balancing of the production
and consumption becomes more challenging. System efficiency
can be improved with the integration of heat and power sectors.
The sector integration further enables to utilize thermal energy
storages (TESs) instead of electrical energy storages, as TESs
are more affordable than electrical energy storages [5]. Sector
integration solutions, such as Power-to-Heat (PtH) and TESs,
can offer flexibility to the market by utilizing energy price
fluctuations, for example by converting electricity to heat at a
time of low electricity prices, which can further be used for heat
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demand or fed into the TES. Correspondingly, during peak
demand, it is possible for these facilities to participate in peak
shaving, and the total electricity consumption of the system can
be reduced. However, when society becomes more electric, for
example due to the electrification of transport sector, or fossil
fuel-based heat production being replaced with facilities using
electricity for heat production, such as HPs, electricity
consumption is expected to increase significantly. Forecasts
indicate that global electricity demand will increase by 25-30%
by 2030 [6]. Respectively, renewables are expected to account
for 43—49% of global electricity supply by 2030, while they
accounted almost 29% in 2021 [7]. On the other hand, when
TESs and their controlled charging and discharging are utilized,
the increased electricity demand can be kept, to some extent,
flexible.

A brief literature review shows that recent studies about
sector integration and TESs in the context of electricity markets
mainly focus on district heating systems (DHSs) and their
ability to act as a flexibility provider in the electricity market.
For example, the participation of DHSs in the energy market
has been studied in [8]-{12]. While the revenue optimization of
DHS by participating in heat energy markets and electricity
markets is examined in [8], the technical potential of district
heating (DH) networks to participate the balancing market in
Europe is studied in [9]. Additionally, participation of the DHSs
in the electricity and ancillary service markets is studied in [10]
and [11]. Respectively, the operation of DHS technologies in
different market conditions and their effects on optimal
capacities of TESs and PtH have been studied in [13]. TESs and
PtH methods are mainly examined at the case study level. For
example, Aberg et al. [12], have studied in their case study of
Sweden the ability of electricity prices to provide incentives for
PtH production in DHSs to smooth out renewable energy
production peaks, and the utilization of additional heat reserves
to increase the flexibility of PtH production. Replacing the use
of biomass with heat pump-based DHSs and TESs has been
studied in a case study of Samse island in Denmark in [14].
Similarly, Tremborg et al. [15], have investigated the
possibilities of utilizing electricity and TESs in heat-only DH
plants. The utilization of PtH methods in wind power-
dominated markets has been studied [16]. Research on PtH and
TES methods in the industrial sector exists as well (e.g., [17],

[18], [19]).



To conclude, there seems to be a need for a comprehensive
review of the relationship between TES, PtH, and the electricity
market, because to the best of our knowledge, this has not yet
been done. Since the intermittent production of renewable
energy is constantly increasing, especially sector integration
and PtH solutions have remarkable role in providing flexibility.
For this reason, this paper will review especially the following
issues: How does the electricity market affect the investment
decisions of TES? Which electricity market drivers encourage
the increase of TESs? What are the key enablers, barriers, and
drivers for TESs in electricity markets? What kind of technical
potential exists in PtH solutions combined with TESs?

The research is conducted as a literature review, and thus
provides a qualitative analysis of the current situation of the
subject. In addition, the paper will give policy
recommendations for measures that promote market access of
TES and PtH solutions, thereby aiming to strengthen the
flexibility of the energy system.

IL TECHNICAL POTENTIAL OF THERMAL STORAGES AND
SECTOR COUPLING

This section provides a brief overview of the most common
TES types. Described are also how the PtH coupled with TES
can be utilized in the DHS and industry sectors, while
simultaneously providing benefits for the power system and
participating to the electricity market.

A. Thermal energy storage technologies

Usually, TESs are divided into three categories, sensible,
latent, and thermochemical thermal storages. Also, some
mechanical storages, e.g., compressed air energy storage
(CAES) and liquid air energy (LAES) storages, can act as a
TES, mainly for cooling purposes. In these cases, these storages
can be called mechanical-thermal storages [20]. Fig. 1 shows
different TES technologies according to their operation times.
In addition, the utilization scale of storage technologies is
considered. It is also illustrated in which form energy has been
stored, and in which form it can be released for further use. As
can be seen, many storage technologies are able to store energy
for longer periods, from weeks to months.

The main focus of the paper is on the use of sensible heat
storages, with storage materials such as water, molten salt, or
sand. Clear benefits of the sensible heat storages are their
maturity, simplicity, and extremely low cost. In industry and
DH uses, their CAPEX costs are estimated to be in the range of
0.1-35 USD/kWh [20]. Some of the disadvantages are
potentially lower efficiency and energy density [20]. Further,
the paper focuses mainly on large, utility scale storages that are
heated with electricity, i.e., by a HP or direct electric heating.
Combining PtH to TES allows for a very cost-effective storage
option for both electricity and heat, and enables sector coupling
between these sectors [21].
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Figure 1. Different thermal energy storage technologies according to their

operating durations, applicable scale and potential vectors included. Adapted
from [20].

B. Sector coupling in district heating and industry

In 2021, total heat demand in Finland was 135 TWh/a (44%
of total final energy use), making heating one of the most
significant energy users in the country [22]. Majority of the total
heat demand comes from the DH and industry. In 2021, heat
demand in DH was 40.8 TWh/a, of which 39% was produced
from fossil fuels, 47% from renewable energy sources, and 14%
from other energy sources, including electricity [22]. For the
industry, the total heat demand in 2021 was 52.2 TWh/a, of
which 17% was from fossil fuels, 79% from renewable sources,
and 4% from other sources [22]. Similarly, in the rest of Europe,
even though the heat demand of DH is much lower than in
Finland, industry and especially its heat use, is one of the largest
final energy consumers. Heat demand in industry covers
approximately 25% of all energy consumption, while
producing 12% of the total emissions in Europe [23].

Both DH and industry sectors have strong potential to
deploy PtH and TES technologies to help them in
decarbonization [20], but similarly reduce energy use of
biomass, further supporting the EU’s Fit for 55 goals [3]. As the
temperature in a DHS is relatively low, HPs would allow for
highly efficient heat generation. In medium and high
temperature industry processes, higher temperature industrial
HPs and direct electric heating could be used. One of the key
requirements in both sectors is the security of supply, as DH is
the main source of heat for many buildings, and many industry
processes require a steady supply of heat and steam. Storing
energy during excess variable renewable energy production
would allow TESs to provide added flexibility and thermal
buffering to the heating systems [23].

C. Support services provided by thermal energy storages

Similarly, to for example, battery energy storages, TESs
could offer ancillary services as an added value, on top of just
storing thermal energy. Fig. 2 provides an overview of the
potential services that TES coupled to PtH could provide.



Seasonal storage
Application: Storing energy from days to months

Value: Help to address seasonal variability in demand and supply

Variable supply integration

Application: Power balancing services in a timescale from minutes to hours,
thermal demand shifting across hours, capacity firming, reduce VRE
curtailment

Value: Reduce balancing costs, increase flexibility, reduced need for ramp-
up in fossil fuel-based peaking plants, improved utilization of RES

Sector integration

Application: Power generation linked to other sectors' demand, e.g., excess
power converted to heat, optimal dimensioning of the heating system

Value: Increase flexibility, reduce curtailment, improve renewable energy
utilization, increased system efficiency, reduce need for fossil fuel and
biomass

Network management

Application: Heating and cooling load shifting, frequency management

Value: Avoid grid reinforcement, increase flexibility, grid stability

Demand shifting

Application: Peak shaving, demand response, increase of self-production
and consumption rates, end-consumer arbitrage

Value: Increase flexibility, reduce energy costs, increased self-
sustainability, increased system efficiency

Figure 2. Thermal energy storage services, applications and the received
value, adapted from [20].

Both DH and industry sectors can highly benefit from the
ability of TESs to decouple demand and production of heat,
allowing to shift electricity consumption of the heating to a
moments of lower electricity prices, bringing clear cost savings
[19], [23]. Some TES technologies could allow to decouple the
demand and production of heat by even months, allowing for a
seasonal storage. PtH and TES can also bring sector coupling
between the industry and DH, by allowing to take advantage of
the different waste heat sources in the industry, and in turn
provide added heating to DH [23].

The power system can also benefit from TESs in DH and
industry sectors. By shifting the electricity loads to moments of
lower demand, the local peak demand can be reduced, lowering
the need for additional grid reinforcements, which could follow
from the increased electricity demand [23]. Similarly, on a
larger system level, need for additional peaking power plants is
reduced and need for renewable energy curtailment is
decreased, leading to improved total system efficiency, reduced
emissions and overall improved sustainability [23].

111 THERMAL ENERGY STORAGES AND POWER-TO-HEAT
IN THE CONTEXT OF ELECTRICITY MARKET

The large-scale integration of renewable energy requires
new energy storage solutions [24], [25]. In order to achieve a
low-emission energy system, the EU should speed up the full
integration of (chemical, electrical, electrochemical,
mechanical and thermal) storage solutions in the energy system
on a household, commercial and grid scale [26]. It is estimated
that in 2030, the total demand for installed energy storage in
Europe will be 187 GW, and in 2050, 600 GW, respectively
[27]. The global energy transition in line with the Paris

Agreement would require the global installed capacity of TES
to be increased to over 800 GWh by 2030, while accounting
234 GWh in 2019 [20].

A. Regulation

The development of an optimal energy system requires
equal operating conditions for all parties. In particular, non-
discriminatory financial incentives and a non-discriminatory
regulatory framework should be offered to entities offering
flexibility [29]. The non-discriminatory regulatory framework
refers to the non-discriminatory access of flexibility providers,
such as TESs, to electricity, heating, and cooling networks.
However, for example, the Union renewable energy financing
mechanism [30] is currently supporting energy storages only if
the storage is introduced together with new renewable energy
capacity.

EU Directive 2019/944 [28] requires that energy storage
services should be based on competition and be market-based,
and that Member States’ own legislation should not become an
obstacle to energy storage solutions. Furthermore, it is stated in
the directive that Distribution System Operators (DSOs) and
Transmission System Operators (TSOs) shall not have the right
to own, develop, manage, or use energy storage facilities, unless
the energy storages are defined as fully integrated network
components that are not used for balancing or transmission
restriction management, but provide network security and
reliability services [28]. Moreover, network tariffs must not
discriminate positively or negatively against energy storage
applications. Price determination according to supply and
demand should provide market-based incentives for investing
in energy storage facilities [25]. Market conformity is essential
also in flexibility services, as it ensures that the flexibility
service is based on voluntariness, and on an assessment of
benefits and costs. Already in the investment phase, the
flexibility offered by the technologies should be considered.

In the Finnish Electricity Market Act (588/2013) [31], it is
stated that the network operator must offer the network services
to the parties in the electricity market in an equal and non-
discriminatory manner. The supply of services must not contain
conditions that are unjustified or that obviously limit
competition in the electricity trade. In Act on Supervision of
Electricity and Natural Gas Markets (590/2013) [32] no stand
on energy storages are taken. In the Act on Excise Duty on
Electricity and Certain Fuels (30.12.1996/1260) [33], the
concept of electrical energy storage, and the taxation policies
related to electrical energy storages are determined.
Corresponding specification for TESs in that law is absent.

B. Drivers for investment in thermal energy storage

For industrial, commercial, and DH sectors, high upfront
costs with no adequate revenue possibilities remain one of the
key barriers to the wider deployment of large-scale TESs [34].
Regulatory frameworks and incentives should focus on
utilizing the whole potential of storages in multiple markets
[35]. As more flexibility is needed due to the increasing
penetration of renewables, market mechanisms should
incentivize economically more especially flexibility providers
[36]. The framework for the revenues of energy storages is
determined by policies, incentives, market fundamentals, and
the structure of utility tariffs [37]. Incentives supporting the



initial capital can be, for example, advance payments or
performance-based incentives [37]. (Wholesale) market should
provide conditions that enable profitable participation of
storages to the market, and enable a higher profit potential (for
example, by exploiting the daily fluctuation of electricity
prices). In addition, with suitable structures of utility tariffs, the
possibility to avoid high peak and/or demand charges should be
provided.

Explicit price signals act crucial role in attracting
investments in flexible resources, and it is seen to be the most
straightforward incentive for flexible resources [38]. Without
such incentive, it may be difficult for flexible service providers
to enter the market, and the integration of renewables into the
system may be more expensive in the long run. Introducing
products that better reflect the changing nature of the market,
such as products that support the increase of renewable
production, could promote trade, increase investments in
solutions that increase flexibility, but also bring better hedging
solutions [38]. For example, the introduction of time-of-use
tariffs (encourages to consume energy at times of cheaper
prices) is seen as one option for achieving more flexible energy
system [29]. Capacity mechanisms and scarcity pricing are also
seen as factors that increase investments in flexibility resources
[38]. As scarcity pricing offers reserves their true value during
times of scarcity, it increases incentives to offer energy to the
market also for flexibility providers, including energy storage
operators.

It has been studied that companies investing only in
renewable generation technology or energy storage solutions
invest less in these than companies that invest in both,
regardless of the market level or the amount of the carbon tax
[39]. Put simply, this is because decentralized players who do
not operate a renewable energy production plant and an energy
storage together seek to optimize the revenue of only the plant
they own. The gained benefits of operating these facilities
together are ignored, and the overall benefits of the energy
storage are underestimated. Since in the joint operation of
renewable energy production and energy storage, increasing the
capacity of one facility can benefit the other, it is possible that
separate investments in these facilities will reduce storage
investments, and thus also their earning potential.

C. Market places for thermal energy storages

In the Finnish DHS and heat market is used the so-called
one-buyer model, where the heat producer sells the produced
heat to the district heating company, which further sells the heat
to the customer (customer deals only with one operator) [40].
Heat producers' access to the grid is based on voluntary
commercial agreements, general regulation based on
competition law, and related supervision [41]. In practice, it is
possible for third parties to produce heat in the DH network, if
an agreement on the terms of connection and price of the
produced heat is reached with the district heating company. The
open network utilization model (cf. the operating principle of
the electricity market) has also been studied [42]. However, as
the district heating business is very capital intensive, the
threshold to enter the sector is high, and the number of
customers and the volume are rather small in typical Finnish
DHSs [40]. The competition and the financial benefit brought
to the customer could remain small with the open model,

especially when the position of companies already operating in
the sector would continue to be strong. Freedom of choice could
also be weakened by the fact that new production investments
require sufficiently low risk, which in turn requires long
contract periods [40].

While in the electricity system consumption and production
must be in balance at every moment, this is not the case in the
district heating network, because the network itself can store
energy. On the district heating side, there are practically no
services or products encouraging flexibility, but pricing is often
based on seasonal pricing or a uniform price for the whole year.
By increasing the flexibility of the district heating system, heat
production costs could be reduced, for example, by reducing the
utilization rate of peak load facilities [43].

In the electricity network, the deviations from the nominal
frequency (in Finland 50.0Hz) caused by the consumption and
production imbalances are maintained with the procurement of
different reserves from the reserve markets by the Finnish TSO
Fingrid [44]. Here, the reserves refer to demand or production
facilities, or energy storages, which can adjust their loads or
power supply in accordance with the requirements of the power
system. From different reserve products, especially Fast
Frequency Reserve (FFR), Frequency Containment Reserve for
Disturbances (FCR-D) and Frequency Containment Reserve
for Normal Operation (FCR-N) are naturally suitable markets
for electrical energy storages [45]. As in the case of electrical
energy storages, also the participation potential of TESs in
different electricity markets is affected by their response time.
Therefore, PtH technologies (such as electric boilers and HPs)
in DHSs can also provide balancing services for the electrical
system (due to their short response time) and thus increase the
stability of the network. Electric boilers (hot water as an output)
operating in stand-by mode can be used for example in
Frequency Containment Reserve (FCR) markets, as the warm
ramp-up time is 30 seconds from 0 to 100% (cf. cold start five
minutes) [46]. Respectively, for compression HPs, the warm
start from 0 to 100% takes 6-12 minutes, and cold start 60-120
minutes, depending on the source of heat (air, excess heat,
seawater). Based on these ramp-up times, HPs, in addition to
electric boilers, could operate in the Automatic frequency
restoration reserve (aFRR) and Balancing energy and balancing
capacity markets (mFRR) [47]. Respectively, electric resistors
in thermal energy storages, like in molten salt storages, are
capable of rapid load changes, which contributes their
participation in different reserve markets alongside other
electricity markets.

The use of HPs in the reserve markets has been studied, for
example in [48]. In the study, the most optimal bidding strategy
for HPs was to buy 50% of the energy from the day-ahead
market and offer 50% of the capacity to the aFRR down-
regulation market. In [8], it is stated that HPs should not be used
in the FCR and FFR markets until changes to their controller
design have been made, and the FCR-N market activation time
is not achievable with MW-size HPs. Furthermore, taxation,
grid fees, and current tariffs create obstacles for PtH to act as a
functional network balancing tool [49]. If district heating
operators were offered additional incentives to operate in the
reserve capacity market, for example by offering additional
compensation for the network balancing service provided by



PtH technologies, this could weaken the effect created by the
aforementioned barriers [49].

The benefit from participating in the electricity market (day-
ahead and intraday markets) for a TES is largely based on
utilizing times of lower electricity prices for charging the
storage. In practice, HPs or electric resistors raise the
temperature of the storage during times of lower electricity
prices, thus the costs of the produced and stored heat remain
lower. Roughly, all PtH technologies with suitable response
times can participate in the electricity market and take
advantage of energy price fluctuations. Many (sensible) thermal
energy storages either in commercial use or in industry can be
utilized for these purposes as well. Correspondingly, in
households, the same operating principle can be followed with
a hot-water tank, which functions as a TES in many buildings.
In other words, the price fluctuation is utilized so that the
heating of the hot-water tank with electric resistors is scheduled
for the moments of lower electricity price, and the financial
benefit can be maximized. From another point of view, when
the TESs are fully charged at times of lower prices, the thermal
energy can be discharged at times of higher prices, thus saving
on energy costs. At the same time, this provides flexibility to
the electricity grid. The electrical load is reduced as thermal
energy do not need to be produced with electricity. The
different electricity markets in the context of Finnish energy
system are described in Fig. 3.
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Figure 3. Electricity market structure in Finland, adapted from [47], [50],
[51]. Replacement Reserves are not used in Finland or in the Nordics.

Looking briefly at the situation of the wholesale market in
recent years, the average spot price in the Finnish market area
was a good 7 cents/kWh in 2021 [52]. However, in December
2021 the average price reached more than 19 cents/kWh [52].
For example, longer-term seasonal storage could be utilized to
support such situations, so that the production costs of
electricity-produced heat would not rise remarkably during
such exceptional months. Here, it must be noted, that if the price
of electricity remains high for the whole year, then the seasonal
storages are not profitable either. A higher electricity price level
can weaken also, for example, the profitability of using HPs in
heat production (for example, waste heat recovery).
Consequently, a higher electricity price level and uncertainty
about the development of the price level increase the risk for

investing in PtH technologies, especially if the competing
forms of heat production are not dependent on the price level of
electricity. To secure a profitable operation, PtH solutions
coupled with TESs need additional income, for example, from
ancillary service markets.

1v. CONCLUSION

Based on the literature, the key enablers, barriers, and
drivers for power-to-heat (PtH) and thermal energy storages
(TESs) in the context of electricity markets were reviewed in
this paper. The energy transition and uncertainty in the
development of the energy market (cf. price signals from the
electricity market required for investment decisions) create
uncertainty, especially for long-term and large-scale investment
projects. Also, a certain old-fashioned view of separate
electricity and heat sectors, which can lead, for example, to
suboptimal system planning and policy decisions creating
barriers, slows down the development of sector integration. The
number of functional business model examples that could
contribute to the increase of PtH solutions are still limited.

The price signals provided by the electricity market
significantly guide investment decisions in PtH and TES
solutions. The more expensive electricity price level weakens
the competitiveness of PtH technologies among those heat
production methods that are not dependent on the electricity
price level. On the other hand, the increased need for flexibility
in the electricity system due to increased renewable energy
production (which is also reflected in the fluctuation of the price
of electricity) creates opportunities for PtH technologies
coupled with TESs to offer flexibility services. Considering the
technical constraints of PtH technologies (e.g., response time),
and the requirements of different reserve market types, it is
possible for PtH solutions to also participate in ancillary service
markets to balance the state of the power system, but also to
earn additional income. There should also be no obstacles for
third parties to produce heat for the district heating network, as
long as the parties involved reach a mutual agreement on
connection to the network and the price of produced heat.

At the level of EU directives and from the point of view of
Finnish legislation, the regulations do not directly restrain the
penetration of TESs. However, it should be noted that different
storage technologies are treated differently in the national law.
This refers to the fact that even though electrical energy
storages are mentioned sententiously in the national law too,
mentioning of TESs is completely absent. To increase PtH
solutions and promote sector integration in the transition phase,
incentives, such as remuneration for providing flexibility could
be provided. Another point of view is to offer incentives for the
fact that PtH and TES solutions replace fossil fuel-using
production facilities, and thus reduce emissions and support the
mitigation of climate change. As the energy system is still in
transition, more research and development are constantly
required. The research concerning the inclusion of TESs in the
context of the electricity market remains still limited. Based on
this paper, further research can be carried out by modeling the
role of PtH and TES solutions in the electricity market.
Additionally, further research should examine the business
models of PtH solutions and their profitability.
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