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A B S T R A C T   

European electricity markets ensure the matching between supply and demand at all times. Due to their time- 
scale operations, the balancing markets are the last resources to achieve so and ensure the grid frequency. 
The increasing shares of non-dispatchable power capacities intensify the demand for flexibility. District heating 
systems (DHs) are potential sources of flexibility if interface technologies are in place like CHP or power-to-heat, 
together with thermal storage. This study assesses the technical potential of DHs to contribute to frequency 
containment reserves (FCR), automatic and manual frequency restoration reserves (aFRR and mFRR) markets. 
Through a review of case-studies, we gain insight and derive appropriate assumptions to estimate the potential at 
country and EU levels. Based on the POTEnCIA Central scenario up to 2050 — a description of the evolution of 
the EU energy system with the assumption of no further policies introduced beyond 2017 —, we find that the 
potential is highest for the provision of aFRR, followed by mFRR and FCR. Specifically, the aFRR technical 
potential is currently 32 GW — 4 times the aFRR contracted in 2019 in the EU — and it only slightly decreases by 
2050. Overall, this study highlights the lack of data on current (and future) DHs and their variety in size and 
composition. A sensitivity analysis is performed by examining different scenarios for DHs deployment. This 
research emphasizes the large untapped potential to exploit flexibility from DHs, however, the evaluation of the 
actual potential shall be done on a case-by-case basis.   

1. Introduction 

The energy transition is the transformation of the energy sector from 
a fossil-based to a net-zero CO2 system [1]. The power sector is the most 
advanced among the energy sub-sectors in terms of reducing greenhouse 
gases (GHG) emissions [2]. Thus, significant attention is given to 
research on the integration of high shares of variable renewable energy 
sources (vRES) in the power grid [3]. The large deployment of 
non-dispatchable power generators (i.e., wind and solar power) in
tensifies the demand for flexibility [4], defined as the ability of the 
power grid to cost-effectively respond to expected and unexpected 
fluctuations in load or generation [5]. 

Fluctuations in load or generation occur on various timescales [4]. 
Electricity markets are designed to ensure adequate flexibility to the 
power grid so that supply matches demand at all times [6]. In the 
short-term, the transmission system operator (TSO) preserves the grid 
frequency via balancing markets, which, from a time-scale perspective, 

are the last stage for electricity trading before its delivery [7,8]. The 
balancing markets ensure that some electric capacity (i.e., reserve ca
pacity) is available to supply the required energy flow to preserve the 
grid frequency at all times [9,10]. The type of reserves contracted across 
the European Union (EU) are frequency containment reserves (FCR) and 
frequency restoration reserves — activated automatically or manually 
(aFRR, mFRR). In case of imbalance, FCR are the first to be activated 
and, thus, they have the strictest time requirements for activation and 
for energy delivery. FRR are used to replace FCR so that the latter ca
pacities are available for the following imbalance settlement period 
(ISP). Balancing reserves can be contracted as upward reserves to offset 
negative imbalances — supply lower than demand —, as downward 
reserves to offset positive imbalances — supply higher than demand — 
or as symmetric reserves — equal upward and downward volumes. 

Despite the increasing penetration of vRES in the power generation 
mix, the future evolution of the balancing markets is uncertain. Some 
studies expect that vRES will lead to higher balancing requirements due 
to more frequent and larger grid imbalances caused by these fluctuating 
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energy sources [11–13]. However, despite the growth of vRES in the 
past decade in various EU countries, some empirical studies report a 
decrease in contracted balancing reserves thanks to temporal and spatial 
adjustments of these markets, e.g., by increasing the time granularity or 
by expanding the imbalance netting region [14–17]. While the literature 
consulted offers contradictory views on this matter; it is clear that, under 
the decarbonisation trend of the power system, some of the existing 
fossil-fuelled dispatchable power plants are (or will be) decom
missioned, jeopardising their role of balancing providers [18–20]. This 
entails that additional sources of reserve capacities must be found. 
Overall, it is widely accepted that the balancing markets will remain 
relevant in the short- and mid-term. 

The coupling of the power and heat sectors is a promising strategy to 
exploit new flexibility options and, at the same time, unlock the large 
GHG reduction potential of the heat sector. This integration enables high 
efficiencies and the use of cheaper thermal storage compared to the 
electric one [21–23]. Regarding storage options, one may argue that 
power-to-heat conversions are not reversible in the domain of 
low-temperature heat. This is, electricity can be stored as thermal energy 
via heat pumps (HPs) or electric boilers (EBs) but such thermal energy 
cannot be converted back into electricity. However, within the context 
of the power and heat sector coupling, the power-to-heat conversion 
serves the purpose of meeting the heat demand while the presence of 
thermal storage increases the flexibility and the performances of heating 
systems thus enhancing the advantages of the power and heat sector 
coupling [24]. 

In this context, technologies operating at the interface between the 
two sectors must be deployed. These are power-to-heat (P2Hs) — HPs 
and EBs — and combined heat and power (CHPs) technologies. P2Hs are 
expected to play a key role in reducing GHG emissions in the heating 
sector since renewable electricity can replace fossil-fuel based heating 
technologies [23,25]. If this additional electricity demand is inflexible, 
P2H deployment can increase balancing requirements due to the sys
tematic patterns of these loads. Instead, if demand response strategies, 

including thermal storage, solutions are implemented, P2Hs may 
contribute to alleviating this issue [26]. Still, the contribution of P2H to 
balancing markets is not clear yet as it will depend on the growing rates 
of these technologies in the coming years. Regarding CHPs, they 
currently generate most of the centralized heat [27,28]. CHPs provide 
the advantages of high efficiencies and dispatchability, however their 
role in a decarbonized energy system is not clear yet for two reasons; 
first, CHP plants are often operated following heat demand, which limits 
their dispatchability to the power system; second, they largely rely on 
fossil fuels. In regard of dispatchability, thermal storage becomes a key 
technology to enable a switch of CHP operations from heat-to elec
tricity-following. In regard of CO2 emissions, natural gas-based CHPs 
may still play a role during the transition towards a net-zero CO2 system, 
especially when replacing fossil-based boilers. However, in a net-zero 
CO2 system the deployment of carbon capture, utilization and/or stor
age (CCUS) or the switch to clean fuels, i.e., biomass or hydrogen, 
become crucial. 

Regarding their application, P2H are either employed in decentral
ized or centralized installations [23] while CHPs are mainly found in 
centralized ones [29]. The exploitation of flexibility from small-scale 
P2H requires capacity aggregation via virtual power plants to bid on 
electricity markets [26]. On the contrary, district heating systems (DHs) 
have already larger electric capacities in place. Most importantly, DHs 
are natural aggregators of heat demand and can set modes of operation 
that facilitate the incorporation of larger shares of vRES without 
compromising the comfort of heat consumers through the imple
mentation of centralized thermal storage [30]. For the above reasons, 
this paper focuses on the provision of short-term balancing services (i.e., 
FCR, aFRR and mFRR markets) via P2H and CHP technologies feeding 
DHs. 

Looking into the EU DHs landscape, high penetration of DHs is found 
in northern, central and eastern European countries as a result of cold 
climate. Of these, Scandinavia has the most state-of-the-art DHs and 
produces a large stream of literature on DHs [31]. In Denmark, DHs 

Abbreviations 

aFRR automatic Frequency Restoration Reserve 
AT Austria 
BE Belgium 
BG Bulgaria 
BL Baseline 
CCUS Carbon capture utilization and/or storage 
CD Conventionally decarbonized 
CHP Combined heat and power 
CZ Czech Republic 
DE Germany 
DH District heating 
DK Denmark 
EB Electric boiler 
EE Estonia 
EL Greece 
ES Spain 
EU Europe 
FCR Frequency Containment Reserve 
FI Finland 
FL Full load 
FR France 
GHG Greenhouse gas 
HP Heat pumps 

HR Croatia 
HRE Heat roadmap Europe 
HU Hungary 
IE Ireland 
InT Interface technology 
ISP Imbalance settlement period 
IT Italy 
LT Lithuania 
LU Luxembourg 
LV Latvia 
mFRR manual Frequency Restoration Reserve 
MS Member State 
NL Netherlands 
P2H Power-to-heat 
PL Poland 
PT Portugal 
RO Romania 
RR Ramp rate 
SE Sweden 
SI Slovenia 
SK Slovakia 
SoF Source of flexibility 
TSO Transmission System Operator 
UK United Kingdom 
vRES variable Renewable energy sources  
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provided heat to about 65% of the population in 2017 and national 
authorities recognise DHs as key element to accommodate large shares 
of vRES and achieve energy targets by 2050 [32]. In Sweden, the largest 
deployment of large-scale HPs is found. There, the vast experience on 
integrating the heat and power sectors has been built up over the last 
decades [33,34]. Still, these HPs only supply less than 10% of the current 
DH demand [35]. Scandinavia also leads the use of CHPs because of 
their long experience in centralized heat production [29]. An example is 
given by the Greater Copenhagen DH that generates around 95% of heat 
via CHP to supply 220,000 households and where large coal based CHPs 
are converted to biomass in view of full decarbonisation of the area by 
2025 [36]. Lower but growing penetration of DHs is found in southern 
European countries. An example is the supporting mechanism for effi
cient DHs put in place in Lombardy, a densely populated region in the 
north of Italy [37]. A few examples of DHs with high degree of inte
gration with the power sector are reported by Galindo et al. [38]. 

Overall, the advantages of centralized heat production in urban areas 
are increasingly recognized with new DHs built all over the EU [39]. 
New or retrofitted DHs are expected to exploit the synergies between the 
heat and power sectors, which are particularly relevant where high 
shares of vRES are in place. In this context, some literature provides 
reviews on these synergies. Ma et al. [40] provide a review of stake
holder’s perception on smart DHs to exploit flexibility within buildings. 
Vandermeulen et al. [41] focus on the exploitation of flexibility within 
DHs by reviewing types of network control; they identify the provision 
of balancing services as one of the possible advantages enhanced by 
advanced network control. 

Although there is consensus on the potential to exploit flexibility 
from DHs, the quantification of this potential is challenging due to the 
diversity of DHs and energy markets across countries. When considering 
short-term flexibility, several studies propose simulations, optimisation 
strategies, field experiments, etc. [42–50]. However, a research gap 
emerges from the link between the geographical scope of DHs and the 
balancing markets. On the one hand, DHs are diverse and provide heat at 
local level; on the other hand, the geographical scope of the balancing 
markets is at a regional, national and continental levels. Therefore, the 
potential of DHs for the provision of balancing services requires the 
combination of such levels, from local to national. 

This paper aims to answer the question to what extent can DHs 
potentially supply balancing reserve capacities to electricity markets in the 
EU? Due to the above-mentioned gap, we first conduct a comprehensive 
review to draw the necessary assumptions to link the geographical scope 
of DHs and of the balancing markets and to assess the potential at 
member state (MS) level. 

The paper is structured as follow: Section 2 reports the methods 
applied throughout the research, Section 3 reports the review carried 
out and Section 4 the results of EU potential assessment. Furthermore, 
discussion and conclusions are reported in Sections 5 and 6, 
respectively. 

2. Method 

The objective of this study is to estimate the technical potential of 
DHs to provide balancing services in the EU. Due to the difficulties in 
drawing comprehensive assumptions at the EU level, we first conduct a 
review of case-studies on DHs that participate in balancing markets. 

2.1. District heating as a source of flexibility 

In this section, we discuss the characteristics of the European 
balancing markets and the strategies for DHs to provide these services. 

The characteristics of the balancing markets relevant for this study 
are ramping and delivery periods. The ramping period refers to the time 
between the activation of the bid and the operation at the required ca
pacity, the delivery period indicates the time during which a certain 
amount of power output is required. Start-up and shut-down capabilities 

also affect the potential capacity that a technology can offer. However, 
these are not taken into account due to the large variety of operations of 
DHs, thus enlarging the calculated potential. 

Ramping and delivery periods currently differ per EU country [51]. 
However, TSOs foresee a progressive harmonisation of the balancing 
products in view of the pan-European platforms.1 Table 1 provides the 
characteristics of these products [52,53] that are procured by TSOs for 
each ISP. Currently, ISPs varies between 15 and 60 minutes but they will 
be harmonized to 15 minutes before 2025 [10]. 

Based on these indicators, we classify the components of DHs. 
Technologies providing adjustable electric capacity — interface tech
nologies (InTs) — should comply with ramping periods, while technolo
gies providing flexibility — source of flexibility (SoFs) — should comply 
with delivery periods. Table 2 summarizes the relevant technologies and 
strategies accordingly. 

InTs are the heat generation technologies that interact with the 
power system: CHPs and P2Hs. They offer part or all of their electric 
capacity to the balancing markets; CHPs offer electricity generation ca
pacity while P2Hs electricity consuming capacity — i.e., demand 
response. If positive imbalances occur — demand lower than supply — 
CHPs provide downward reserves by decreasing the electricity produc
tion if not operating at minimum load; this entails a decrease of heat 
production in case of a backpressure turbine and a possible change in the 
power-to-heat ratio in case of an extraction turbine. P2Hs offer down
ward reserves by increasing electricity consumption if not operating at 
full capacity. If negative imbalances occur — demand higher that supply 
— CHPs offer upward reserves by increasing electricity production if not 
operating at maximum load; this entails an increase of heat production 
in case of a backpressure turbine and a possible change in power-to-heat 
ratio in case of an extraction turbine. P2Hs offer upward reserves by 
decreasing electricity consumption if not operating at minimum load. 
For CHP, the ramp rates (RRs) determine the amount of electric capacity 
that can be offered to each balancing market. RRs vary based on the type 
of technology: gas turbines and internal combustion engines reach RRs 
of 20% full load (FL)/min while coal-based steam turbines have RRs of 
about 4%FL/min [54]. For P2Hs, different assumptions apply to HPs and 
EBs; EBs offer full capacity to all markets [19], while HPs only to aFRR 
and mFRR due to constraints related to the technology internal pro
cesses [55]. 

In contrast, SoFs do not actively participate in the balancing markets 
but they enable the decoupling of heat demand and supply by shifting 
the demand in time, so that the InTs can freely follow balancing re
quirements without compromising the heat supply. SoFs include (i) InTs, 
(ii) storage technologies or (iii) other heat generation technologies. (i) 
includes extraction CHPs that can vary their power-to-heat ratio. (ii) 
includes passive storage solutions that exploit the inertia of heat stored 
either in the DHs water or in the buildings’ envelope, and active storage 
that can provide larger capacities. (iii) refers to technology switch that is 
the possibility of switching the heat supply from one technology to 

Table 1 
Characteristics of balancing reserves harmonized for various EU countries [48, 
49].  

Reserve type Ramping period Delivery period 

FCR 30 s 15 min 
aFRR 5 min 15 min 
mFRR 12.5 min 15 min  

1 International Grid Control Cooperation (IGCC) for imbalance netting pro
cess; Platform for the International Coordination of Automated Frequency 
Restoration and Stable System Operation (PICASSO) for aFRR process; Manu
ally Activated Reserve Initiative (MARI) for mFRR process. 
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another, if the operations of one InT varies in response to balancing 
requirements. This solution is relevant in DHs with multiple heat 
generators. 

2.2. Review of district heating systems providing balancing services 

This section reports the method applied to carry out the review. The 
study includes case-studies of existing and potential configurations of 
DHs offering balancing services found in peer-reviewed articles, con
ference contributions and grey literature by screening the keywords: 
balancing services/market, frequency regulation, grid services, district heat
ing, thermal networks, heat storage, combined heat and power, large heat- 
pump. From these studies, we analyzed general information — i.e., 
studies’ objectives, energy markets or geographical scope — and tech
nical features — i.e., electric and heat capacities and RRs of the InTs, 
balancing capacity, storage size, heat demand —, to identify the char
acteristics of DHs that enable their participation in the balancing mar
kets by following the categorization of DH components reported in 
Table 2. 

Then, we introduce the indicators Heat load shift and Technology 
switch to assess whether different SoFs can be used (and partly to what 
extent). Heat load shift estimates the shifting time allowed by active 
thermal storage. We calculate this indicator for summer and winter peak 
loads, and for the total heat generation capacity (Winter, Summer and 
Total in Table 4) by dividing the thermal storage capacity by these three 
quantities respectively (Eq. (1)). The aim is to provide different insight 
on systems’ configuration and their seasonal operations. Technology 
switch refers to the indicator in Table 2 and is represented as a binomial 
variable that indicates the capability of a DHs to compensate for a 
disruption of the heat supply by modulating other heat generation 
technology. 

Heat load shift [h] =
Thermal storage [MWh]

Heat peak load or Heat generation capacity [MW]

Eq. 1 

More accurate load shift indicators would require a detailed 
modelling and simulation of DHs’ operations. This, however, falls out 
the scope of this research. Here, our approach underestimates the real 
flexibility potential of DHs because a dynamic operation analysis will 
reveal larger flexibility potentials. 

2.3. District heating technical potential for balancing services in the EU 

In this section, we report the methods applied to estimate the shares 
of the European contracted balancing capacities that DHs can supply. 
The volumes of contracted FCR, aFRR and mFRR capacities were 
retrieved from the ENTSO-E Transparency Platform for the available 
years (2015–2019) [56] and complemented with 2016 data provided by 
Ref. [57]. Estimations of future balancing needs were not carried out due 
to the uncertainties of the development of these markets reported in 

Section 1. Therefore, historical balancing requirements are compared to 
future capacities of DHs. The geographical scope is the EU, excluding 
Cyprus and Malta because they are disconnected from the EU conti
nental grid [58]. The resolution is at MS level, with Germany and Lux
emburg representing a single node. 

We calculate the contribution of DHs by applying the definition of 
technical potential by Kondziella et al. [59] — including physical 
boundaries of a system, conversion efficiencies and other technological 
constraints —, together with the assumptions built with the review: it is 
assumed that DHs are equipped with sufficient SoFs to support a 
disturbance of the heat supply within the delivery period — i.e., 15 
minutes (Table 1). The actual operations of InTs are not taken into ac
count due to the large variety of operations of DHs across the EU thus 
enlarging the calculated potential. 

Based on these assumption, first, we retrieve data on current and 
future deployment of DHs and InTs in the EU. Only few scenarios are 
available that provide the capacity of technologies feeding DHs; these 
are POTEnCIA [60] and Heat Roadmap Europe (HRE) scenarios [61]. 
The former includes all EU’s MS with yearly values from 2000 to 2050; 
the latter includes the 14 major heat consumers of the EU for a baseline 
scenario — 2015 — and three future scenarios — 2050. Due to its 
completeness, the POTEnCIA Central scenario was chosen for the anal
ysis while the HRE scenarios contribute to the sensitivity analysis. 

Second, we calculate the electric capacity of CHPs and P2Hs feeding 
DHs that can provide FCR, aFRR and mFRR. Regarding CHPs, we 
calculate the maximum technical potential of balancing capacity that a 
single unit can deliver to the three reserve markets following Eqs. (2) 
and (3). We retrieve typical RRs for each category of CHPs (c), charac
terized by the type of plant and input fuel [54]. We assumed these equal 
for upward and downward regulation. Furthermore, we applied the 
constraint of 40% minimum load — i.e., multiplication by a factor 0.6 in 
Eq. (3) [62]. 

BCU
c,i,t,r =

{
xc,i,t,r if xc,i,t,r ≤ Unit sizec,i,t
Unit sizec,i,t if xc,i,t,r > Unit sizec,i,t

Eq. 2  

xc,i,t,r =Unit sizec,i,t⋅Ramp ratec⋅Ramping periodr⋅0.6 Eq. 3    

• BC Electric capacity available as balancing capacity [MW]  
• U Per unit 
• c Category of CHP by fuel and type of technology (shown in Ap

pendix, Fig. 10)  
• i EU country  
• t Year (2000–2050)  
• r Type of reserve — FCR, aFRR and mFRR (see Table 1)  
• x Electric capacity available for balancing purposes (different from 

the plant size) [MW]  
• Ramp rate RR characteristics of CHPs [%FL/min] (see Table 2)  
• Ramping period Time to deliver full balancing energy [min] (see 

Table 1) 

Table 2 
Summary of relevant indicators and strategies for DH components to provide balancing services (FL — full load).  

Relevant features of 
standard products 

Classification of DH 
components 

DH 
technologies 

Indicators for compliance to standard 
product 

Potential strategies for balancing provision 

Ramping period Interface technologies 
(InTs) 

CHP Ramp-up/down electricity generation 
[4–20%FL/minute] 

Negative imbalance - Increase electricity production 
Positive imbalance - Decrease electricity production 

P2H: 
- HP 
- EB 

Zero or maximum electricity consumption Negative imbalance - Decrease electricity 
consumption 
Positive imbalance - Increase electricity 
consumption 

Delivery period Sources of flexibility 
(SoFs) 

Extraction CHP Shifting time (minute) Vary power-to-heat ratio 
Building inertia Shifting time (minute) Increase/decrease supply temperature 
Network inertia Shifting time (minute) Increase/decrease supply temperature 
Thermal storage Shifting time (minute) Store or use stored energy 
Technology 
switch 

Shifting time (minute) Increase/decrease heat supplied by a technology not 
used for balancing  
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Next, we calculate the total balancing capacity available per MS, 
year and type of reserve, as shown in Eq. (4). We introduce the factor s to 
exclude industrial CHPs because POTEnCIA does not distinguish be
tween sectorial applications. Then, s represents the share of CHPs 
feeding DHs that we assume equal to the share of centralized heat 
consumed by residential and commercial users2 to the total centralized 
heat produced [28]. It should be noted that commercial users include 
facilities such as hospitals, equipped with CHPs that are not connected to 
DHs. Nevertheless, this assumption can be offset by some industrial 
CHPs connected to DHs. 

BCT
i,t,r = s⋅

∑

c

(
BCU

c,i,t,r ⋅Number of unitsc,i,t
)

Eq. 4    

• T Total  
• s Share of centralized produced heat consumed by residential and 

commercial users 

Regarding P2Hs, POTEnCIA provides electricity inputs in DHs 
without distinction between technologies used. To disaggregate the 
electricity inputs between HPs and EBs, we start from the residential 
heat load distribution over the available year — 2010 — per MS [63], we 
normalize the distributions and then we multiply each hour by the 
annual electricity consumption of DHs per year and per MS. An example 
is shown in Fig. 1. From the distribution, we allocated to HPs the elec
tricity consumption up to the 95th percentile of the distribution, and we 
allocated the remaining to EBs because these are normally used as peak 
generators [36]. Finally, full HPs capacity was assumed potentially 
available for aFRR and mFRR markets [55], while full EBs capacity for 
FCR, aFRR and mFRR markets [19]. 

Lastly, we complete the analysis by summing all the electric capac
ities of DHs available for balancing and then compared them with the 
historical balancing reserves contracted by European TSOs, for FCR, 
aFRR and mFRR. 

3. Review of district heating systems providing balancing 
services 

This section covers the review on DHs providing balancing services 

to make appropriate assumptions to estimate the potential contribution 
of DHs to balancing services, in Section 4. 

The review of these studies highlight the diversity of DHs regarding 
their composition, size, operating temperature and technology portfolio. 
Table 3 and Table 4 summarize the objectives, the composition and the 
operations of the case-studies. About half of these are based on existing 
DHs, one of which is found to already participate in the local balancing 
market [38]. Overall, it results difficult to reach unanimous conclusions 
on the best strategies for DHs to participate in balancing markets 
because the studies reviewed do not consistently assess all possible op
erations and conclusions are subject to specific assumptions. Neverthe
less, a common characteristic to all these systems arises: the presence of 
at least one InT and one SoF. 

Within the InTs, the presence of CHPs or P2Hs is common to all cases. 
CHPs size varies from 1 to 250 MW, with balancing capacities ranging 
from 0.2 to 40 MW and offered either as upward and/or downward 
reserves [46,47]. If only one type of reserve is offered, normal opera
tions of the plant determine the type — e.g., if the CHP mainly runs at 
full load, then it is only possible to offer downward reserves, and vice 
versa). For P2Hs, sizes vary from 0.02 to 12 MW, with all studies offering 
full P2H capacity to the balancing markets, either as full upward reserve, 
full downward reserve or half and half, if P2H is running at partial load 
[47,48,50]. Concerning RRs, they are hardly reported. Still, given their 
scope, all studies assume that the InTs comply with the requirements of 
the markets considered. 

Moving on to SoFs and delivery periods, the results of heat load shift 
show that even the lowest time shift value is sufficient for balancing 
provision — i.e., 0.4 h. Due to the lack of data, this indicator is calcu
lated without considering the additional flexibility provided by passive 
thermal storage, by internal flexibilities of InTs or by technology switch. 
Still, the calculated time shifts are well above the required thresholds 
indicating that DHs have sufficient flexibility for balancing purposes. 

The possibility of applying technology switch is a relevant solution to 
increase flexibility, especially for new generation DHs where multiple 
heat sources are integrated — e.g., renewable sources or waste heat. An 
example is given by the Danish DHs of Hvide Sande analyzed by Blanco 
et al. [49]. This system consists of a variety of heat generation tech
nologies including two small CHPs, a solar thermal collector, two 
back-up gas boilers and an EB that, using locally produced wind power, 
provides balancing services. The system also includes 180 MWh thermal 
storage that allows a heat load shift of about 21 and 14 h, in summer and 
winter respectively. The hour shift calculated over the capacity of all 
heat generation units is considerably low compared to the hour shift 
calculated over the winter or summer heat load, as reported in Table 4. 
This indicates the presence of overcapacity for heat generation. This 
configuration primarily supports the exploitation of renewable sources 
but it also facilitates the participation of the CHPs and the EB in the 
balancing markets because potential rises or drops in the heat generated 
by these units can easily be compensated by modulating another heat 
generation technology in the system. 

A factor that may influence the ability of a system to provide 
balancing is the seasonal variation of space heating demand. Based on 
the heat load shift indicator shown in Table 4, in summer these systems 
provide higher flexibility than in winter — i.e., higher heat load shift 
hours. In some case-studies, such as in Blanco et al. [49], more balancing 
energy is provided in summer thanks to larger available capacity thanks 
to a less constraining heat demand. This feature is not observed in other 
DHs, sometime, because the plants are switched off in summer. This is 
the case of Haakana et al. [43], where CHPs are turned off during the 
summer for maintenance. From the point of view of balancing services, 
this could affect their contribution since no CHP capacity is available 
during the summer season. Similarly, when heat demand is at its winter 
peak all heat generation technologies are expected to operate at full 
load, limiting their flexibility to address balancing requirements unless 
some overcapacity is installed. Therefore, intermediate seasons are, in 
principle, the most favourable period. Still, this is strictly dependent on 

Fig. 1. Sizing of HP and EB capacities. Electric load distribution of the year — 
Sweden, 2020. 

2 “Commercial & public services” (FC_OTH_CP_E) and “Household” (FC_OTH_ 
HH_E) in the final consumption of centralised produced heat (FC_E|H8000) in 
Eurostat balances based on the year 2015. 
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specific DHs. For instance, Taarnby DH is equipped with reversible HP 
that provide heat in winter and cooling in summer, thus they operate 
throughout the whole year [38]. 

The case-studies presented focused specifically on the provision of 
balancing services, hence the required flexibility for each case was 
known beforehand. However, without this information, it is challenging 
to define whether adequate sources of flexibility are available in existing 
DHs at MS level. Table 5 reports values found in literature of active and 
passive storage ability of all Danish DHs and partial values for Sweden 
and the DHs in Helsinki. The heat load shift calculated over the annual 
average daily heat demand is at least 1 h for all data available, including 
passive storage of all Danish DH networks, thus sufficient for balancing 
services. However, due to their exposure to seasonality and the lack of 
data for other countries, these values may increase or decrease along the 
year or vary between each specific DHs based on their sizes. 

From the review, the following assumptions are applied to estimate 
the technical potential contribution of DHs to balancing services at EU 
level. These are:  

1. The flexibility available within DHs is assumed to be sufficient to 
provide balancing in all DHs for the duration of the delivery period.  

2. The ramping periods of FCR, aFRR and mFRR markets constraint the 
balancing provider, thus the RRs of CHP and P2H are the only 
limiting factor for the provision of balancing services since actual 
operations of DHs are not taken into account. 

4. DH potential for the provision of balancing services in the EU 

This section reports the results of the technical potential of DHs to 
provide FCR, aFRR and mFRR balancing reserves in the EU. 

The POTEnCIA Central scenario is calibrated with the Eurostat 
database up to 2015. From 2000 to 2015, the heat supplied by DHs in the 
EU sees a constant trend and accounts for about 6% of the total heat, 
with large disproportions between MS — e.g., the share reaches 32% in 
Denmark while in Spain is 0% [28]. From 2015 to 2050, POTEnCIA 
foresees an overall growth of the heat delivered by DHs of about 40%, as 
shown in Fig. 2 — red line. Nonetheless, this corresponds to a share 
below the 10% of total heat [60]. 

In 2020, heat generation from CHPs accounts for almost 70%, while 
P2Hs only produce about 1% of the heat supplied by DHs [28]. 
Accordingly, almost all of the DHs potential for balancing derives from 
CHPs — blue areas in Fig. 2. However, the expected electrification of 
DHs in the coming years may change the picture leading to a larger 
utilization of P2Hs. In 2050, P2H capacity is expected to be over 6 times 
larger than in 2020; meanwhile, while CHP capacity is expected to 
decrease by about 27% [60]. Nonetheless, due to the very low share of 
P2Hs in DHs in 2020, the growing P2H capacity does not fully 
compensate the decreasing CHP capacity, which remains in 2050 the 
largest potential provider of balancing services within DHs. The addi
tional heat generation of the growing DHs in the EU is expected to derive 
from other sources not connected to the power grid. 

The bars in Fig. 2 represent the historical upward balancing reserves 
contracted by the European TSOs under consideration. The size of 
contracted reserves is lower than the potential of DHs, which reaches, in 
2019, 141% of the symmetric FCR contracted by the TSOs that year, 
381% of the upward aFRR and 166% of the upward mFRR. The analysis 
on the downward reserves shows similar results because the same values 
have been assumed for up and down RRs; these are shown in the Ap
pendix, Fig. 11. The electric capacity of DHs — blue line — decreases 
towards 2050 because of the expected decommissioning of large coal- 
based CHPs — Fig. 10 in the Appendix. This affects the mFRR poten
tial that includes 60% of the total CHP capacity available for balancing 
— i.e., light blue stacked area follows the same trend as the blue line. 
The aFRR and FCR potentials remain almost unchanged in 2050. Having 
a more limited ramping period compared to mFRR, the potential of these 
is built upon the numerous but smaller gas-based CHPs which face a Ta

bl
e 

3 
Co

nt
ex

ts
, d

es
cr

ip
tio

ns
 a

nd
 o

bj
ec

tiv
es

 o
f t

he
 m

od
el

-b
as

ed
 s

tu
di

es
 o

f D
H

 p
ro

vi
di

ng
 b

al
an

ci
ng

 s
er

vi
ce

s.
 N

ot
es

: ‘
Ba

la
nc

in
g 

(N
A

)’
 in

di
ca

te
s 

ty
pe

 o
f r

es
er

ve
 n

ot
 a

va
ila

bl
e.

   

[4
2]

 
[4

3]
 

[4
4]

 
[4

5]
 

[4
6]

 
[4

7]
 

[4
8]

 
[4

9]
 

[5
0]

 
[3

8]
 –

 1
 

(T
aa

rn
by

) 
[3

8]
 –

 2
 

(J
aa

ge
rs

pr
is

) 

O
bj

ec
tiv

e 
of

 
th

e 
stu

dy
 

O
pt

im
al

 C
H

P 
op

er
at

io
n 

st
ra

te
gy

 fo
r 

po
w

er
 a

nd
 h

ea
t 

di
sp

at
ch

 –
 c

os
ts

 
m

in
im

is
at

io
n 

O
pt

im
al

 C
H

P 
op

er
at

io
n 

st
ra

te
gy

 fo
r 

po
w

er
 a

nd
 h

ea
t 

di
sp

at
ch

 –
 p

ro
fit

 
m

ax
im

is
at

io
n 

Re
se

rv
e 

ca
pa

ci
ty

 
as

se
ss

m
en

t; 
op

er
at

io
n 

st
ra

te
gy

 fo
r C

H
P 

– 
w

in
d 

cu
rt

ai
lm

en
t 

m
in

im
is

at
io

n 

O
pt

im
al

 C
H

P 
op

er
at

io
n 

st
ra

te
gy

 fo
r 

po
w

er
 d

is
pa

tc
h 

– 
co

st
s 

m
in

im
is

at
io

n 

O
pt

im
al

 C
H

P 
op

er
at

io
n 

fo
r 

po
w

er
 

di
sp

at
ch

 –
 

pr
ofi

t 
m

ax
im

is
at

io
n 

O
pt

im
al

 C
H

P 
op

er
at

io
n 

st
ra

te
gy

 fo
r 

po
w

er
 a

nd
 h

ea
t 

di
sp

at
ch

 –
 c

os
ts

 
m

in
im

is
at

io
n 

O
pt

im
al

 
op

er
at

io
n 

st
ra

te
gy

 fo
r 

he
at

 
pu

m
ps

 –
 p

ro
fit

 
m

ax
im

is
at

io
n 

O
pt

im
al

 
op

er
at

io
n 

st
ra

te
gy

 fo
r 

D
H

 
op

er
at

or
s –

 c
os

t 
m

in
im

is
at

io
ns

 

A
na

ly
si

s 
of

 
ex

er
gy

 
de

st
ru

ct
io

n 

Id
en

tifi
ca

tio
n 

of
 

ke
y 

su
cc

es
s 

fa
ct

or
s 

to
 th

e 
in

te
gr

at
io

n 
of

 
RE

S 
an

d 
w

as
te

 
he

at
 in

 D
H

 

Id
en

tifi
ca

tio
n 

of
 

ke
y 

su
cc

es
s 

fa
ct

or
s 

to
 th

e 
in

te
gr

at
io

n 
of

 
RE

S 
an

d 
w

as
te

 
he

at
 in

 D
H

 
M

ar
ke

ts 
an

al
yz

ed
 

D
ay

-a
he

ad
, 

Ba
la

nc
in

g 
(N

A
) 

D
ay

 a
he

ad
, 

In
tr

a-
da

y,
 

Ba
la

nc
in

g 
(F

CR
) 

Ba
la

nc
in

g 
(N

A
) 

D
ay

-a
he

ad
, 

Ba
la

nc
in

g 
(N

A
) 

D
ay

-a
he

ad
, 

Ba
la

nc
in

g 
(m

FR
R)

 

D
ay

-a
he

ad
, 

Ba
la

nc
in

g 
(N

A
) 

D
ay

-a
he

ad
, 

Ba
la

nc
in

g 
(a

FR
R)

 

D
ay

-a
he

ad
, 

Ba
la

nc
in

g 
(N

A
) 

Ba
la

nc
in

g 
(N

A
) 

N
on

e 
N

on
e 

G
eo

gr
ap

hi
ca

l 
sc

op
e 

D
en

m
ar

k 
Fi

nl
an

d 
Ch

in
a 

N
A

 
G

er
m

an
y 

N
A

 
A

us
tr

ia
 

D
en

m
ar

k 
D

en
m

ar
k 

D
en

m
ar

k 
D

en
m

ar
k 

Ex
ist

in
g 

DH
 

sy
ste

m
 

Ye
s 

N
o 

N
o 

N
o 

Ye
s 

N
o 

Ye
s 

Ye
s 

Ye
s 

Ye
s 

Ye
s 

Sy
ste

m
 

de
sc

rip
tio

n 
La

rg
e 

D
H

s 
su

pp
lie

d 
by

 
m

ul
tip

le
 C

H
Ps

. 
Th

e 
op

er
at

io
ns

 o
f 

a 
ba

ck
pr

es
su

re
 

an
d 

an
 e

xt
ra

ct
io

n 
CH

P 
pl

an
t w

ith
 

th
er

m
al

 s
to

ra
ge

 
ar

e 
an

al
yz

ed
 fo

r 
ba

la
nc

in
g 

pu
rp

os
es

. 

D
H

s s
up

pl
ie

d 
by

 
a 

sm
al

l C
H

Ps
 

th
at

 e
xp

lo
its

 
st

or
ag

e 
ca

pa
bi

lit
ie

s 
of

 
th

e 
th

er
m

al
 

ne
tw

or
k 

(p
as

si
ve

 
st

or
ag

e)
. 

La
rg

e 
D

H
s 

su
pp

lie
d 

by
 

m
ul

tip
le

 C
H

Ps
. 

Th
e 

op
er

at
io

ns
 o

f 
a 

ba
ck

pr
es

su
re

 
an

d 
an

 e
xt

ra
ct

io
n 

CH
P 

pl
an

t w
ith

 
th

er
m

al
 s

to
ra

ge
 

ar
e 

an
al

yz
ed

 fo
r 

ba
la

nc
in

g 
pu

rp
os

es
. 

D
H

s 
su

pp
lie

d 
by

 a
 s

m
al

l C
H

P 
an

d 
he

at
 

st
or

ag
e.

 S
ec

to
r 

in
te

gr
at

io
n 

w
ith

 th
e 

ga
s 

se
ct

or
 is

 
in

cl
ud

ed
. 

D
H

s 
su

pp
lie

d 
by

 g
as

-fi
re

d 
CH

P 
w

ith
 

th
er

m
al

 
st

or
ag

e.
 

D
H

s 
m

ai
nl

y 
fe

d 
by

 C
H

P,
 

re
tr

ofi
tt

ed
 w

ith
 

an
 e

le
ct

ri
c 

bo
ile

r. 
Th

e 
sy

st
em

 e
xp

lo
it 

th
e 

th
er

m
al

 
in

er
tia

 o
f 

bu
ild

in
gs

 
(p

as
si

ve
 

st
or

ag
e)

. 

D
H

s 
su

pp
lie

d 
by

 
bi

om
as

s 
bo

ile
rs

 
pa

rt
ly

 a
t t

he
 e

nd
 

of
 th

ei
r 

lif
et

im
e.

 
Th

ei
r 

su
bs

tit
ut

io
n 

w
ith

 h
ea

t p
um

ps
 

is
 a

na
ly

ze
d.

 

D
H

s 
w

ith
 C

H
P,

 
EB

, s
ol

ar
 

th
er

m
al

 a
nd

 
tw

o 
ba

ck
-u

p 
ga

s 
bo

ile
rs

. 

Sm
al

l D
H

s 
su

pp
lie

d 
by

 a
 

he
at

 p
um

p.
 A

n 
el

ec
tr

ic
 b

oi
le

rs
 is

 
us

ed
 to

 b
oo

st
 th

e 
w

at
er

 
te

m
pe

ra
tu

re
 

af
te

r 
st

or
ag

e.
 

Ba
la

nc
in

g 
is

 o
nl

y 
pr

ov
id

ed
 b

y 
th

e 
he

at
 p

um
p.

 

D
H

 a
nd

 c
oo

lin
g 

sy
st

em
 s

up
pl

ie
d 

by
 4

 r
ev

er
si

bl
e 

H
P 

us
in

g 
w

as
te

w
at

er
. T

he
 

sy
st

em
 is

 
co

nn
ec

te
d 

to
 th

e 
G

re
at

er
 

Co
pe

nh
ag

en
 D

H
. 

Sm
al

l, 
m

ul
ti-

 
so

ur
ce

d 
an

d 
lo

w
 

ca
rb

on
 

co
ns

um
er

- 
ow

ne
d 

D
H

.  

A. Boldrini et al.                                                                                                                                                                                                                                



Renewable and Sustainable Energy Reviews 154 (2022) 111853

7

lower decline in 2050 than coal-based technologies. 
Fig. 3 shows the results on a country basis. It is evident how the 

deployment and the evolution of DHs largely vary between countries. 
Denmark, Sweden and Finland already have in place large amounts of 
DHs, thus, they present relatively low grow in future years. Central 
European countries such as Germany, Austria and France see a large 
deployment of DHs while in southern countries they remain limited. 
Instead, eastern European countries expect a decrease in the heat sup
plied by DHs. This is probably caused by the renovation of old DHs that 
currently present high thermal losses. Thus, their update is expected to 
lower the overall centralized heat generation. Many countries show 
large variation in the balancing potential over time. There are caused by 
non-synchronized CHP fuel shifts (i.e., there are periods when a fossil- 
fuelled CHP is decommissioned but the replacement will start oper
ating some years later). For instance, a peak is notable around 2040 in 
some countries (e.g., DE, DK, LV, HR). Then, POTEnCIA foresees an 
uptake of CHP fed by biomass and/or synthetic gases. 

Lastly, P2Hs in DHs are expected to gain importance only in some 

countries, such as in Sweden and France. There, the cheap electricity 
produced from nuclear power plays a role. Overall, these results 
emphasize how market conditions impact the deployment of the InTs, 
thus the capacity available for balancing markets. It can be said that the 
technical potential of EU DHs to provide balancing capacity is high, with 

Table 4 
Configurations of DHs providing balancing. Notes: ‘–’ indicates not applicable; ‘NA’ indicates not available; a 2 MW from electric boiler and 8 MW from CHP; b includes 
the total heat generation capacity of the DH system (CHP, P2H, heat-only boilers, solar thermal); c the analysis is performed on a typical summer or winter day; d 

calculated by the authors as reported in Section 2; e calculated as Thermal storage/(Annual heat demand/8760); f the system uses thermal storage of the attached Greater 
Copenhagen DH.     

Unit [42] [43] [44] [45] [46] [47] [48] [49] [50] [38] – 1 [38] – 2 

Power sector side Generation technologies 
– Electric capacity 

EB MWel – – – – – 12 – 6 0.2 – – 
HP MWel – – – – – – 0.04 – 0.2 2 0.2 
CHP MWel 250 6 220 1 106 135 – 7.3 – – 5.8 

RRs  %FL/ 
min 

25 NA NA 10 NA NA NA NA NA NA NA 

Balancing capacity Up MWel 30 4 40 0.2 0 20a 0.02 NA 0.1 NA NA  
Down MWel 30 2 40 0.2 65 0 0.02 NA 0.1 NA NA 

District heating side Generation technologies 
– Thermal capacity 

Totalb MWth – 15 230 1 115 102 3.4 44.3 1.0 6.7 20.1 
EB MWth – – – – – 12 – 6 0.2 – – 
HP MWth – – – – – – 0.2 – 0.8 6.7 1 
CHP MWth 330 15 230 1 115 90 – 9.3 – – 7 

Thermal storage Active MWh 500 – 90 0.9 480 – 3.7 180 4.2 NAf 140 
Passive MWh – NA – – – NA – – – – – 

Heat peak demand Winter MWth 450 15 NA -c NAc 85 NA 12.3 0.8 NA NA 
Summer MWth 200 -c NA 0.3 – -c NA 8.5 0.3 NA NA 

Annual heat demand  GWh 1500 NA NA NA NA NA 6.5 NA 2.1 50 39 
Heat load shiftd Total hours – – 0.4 0.9 4.2 – 1.1 4.1 1.4 – – 

Winter hours 1.1 – – – – – 5.0e 14.6 17.3e – – 
Summer hours 2.5 – – 2.7 – – 5.0e 21.2 17.3e – – 

Possibility for technology switch   No No No No No Yes Yes Yes Yes No Yes  

Table 5 
Heat load shift capacity of DHs. Notes: a thermal networks heat accumulation 
capacity; b it indicates the assumed increased temperature in the DH network 
that provides passive thermal storage; c calculated by the authors as reported in 
Section 2.  

Geographical scope Country Denmark Sweden Finland 

DHs DK all 
systems 

SE all 
systems 

90% heat 
Helsinki 

Sources  [64,65] [66,67] [68,69] 
Annual average daily heat 

demand 
GWh 115 156 17–20 

Passive storagea GWh 5  1.2 
ΔTb K 10  15 
Annual average heat load 

shiftc – passive s. 
Hours 1  1.4–1.7 

Active storage GWh 50 42  
Annual average heat load 

shiftc – active s. 
Hours 10 6   

Fig. 2. Technical potential of DH electric capacity available in the EU25 + UK 
for FCR, aFRR and mFRR balancing, and 95th percentile of the UPWARD 
balancing reserves contracted by EU TSOs, based on POTEnCIA scenario up to 
2050. The potential for aFRR includes the one for FCR and the mFRR potential 
the previous two (mFFR ⸦ aFFR ⸦ FFR) based on the ramping period 
constraints. 
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variations between countries. However, practical issues such as sea
sonality and flexibility of the heat supply should be accounted for by 
each individual DH operator. 

5. Discussion 

This research highlights the limited progress in the coupling of DHs 
with the power sector for balancing services. Even though some suc
cessful cases have been identified, their current contribution as sources 
of flexibility, and as balancing providers in particular, remains limited. 
The expected integration of the power sector with energy consuming 
sectors may enable additional opportunities for DHs, but also brings 
forward other solutions for balancing provision; electric vehicles and 
decentralized HPs are, for instance, gaining interest on this matter [70, 
71] because they are suitable to provide short-term flexibility when their 
capacities are aggregated under virtual power plants. However, based 
on their small-scale sizes and patterns of use, the provision of long-term 
flexibility becomes difficult. In contrast DHs, taking advantage of their 
larger sizes and of thermal storage technologies, can offer flexibility on a 

longer time-frame — e.g., intraday. Some studies report that, with 
long-term thermal storage solutions in place, DHs may become optimal 
candidates to provide seasonal flexibility to a highly renewable power 
system [24]. Nevertheless, our study shows that DHs offer high potential 
for short-term flexibility, in most cases without the need for any tech
nological upgrade, e.g., by exploiting existing thermal storage or system 
inertia. Still, full flexibility exploitation often requires the deployment of 
smart technologies [24]. 

It is important to note that our results are highly dependent on the 
chosen scenario, namely the POTEnCIA Central scenario. Therefore, we 
performed a comparative analysis with the HRE scenarios, which cover 
14 EU countries for the years 2015 and 2050 [61] — POTEnCIA’s re
sults, which cover all EU countries, have been scaled accordingly to 
make both sources comparable. Fig. 4 compares POTEnCIA’s 2015 and 
2050 results with HRE baseline in 2015 — BL2015 — and with three 
2050 scenarios — BL2050, CD2050, HRE2050. BL2050 represents the 
evolution of the energy system under current policies, CD2050 assumes 
renewable goals without infrastructural changes in the heat sector and 
HRE2050 envisions a redesigned heat sector, hence the drastic increase 

Fig. 3. Technical potential of DHs electric capacity available for FCR, aFRR and mFRR markets per country based on POTEnCIA scenario. ES and IE are not rep
resented because the scenario foresees no DH deployment in these countries. The potential for aFRR includes the one for FCR and the mFRR potential the previous 
two (mFFR ⸦ aFFR ⸦ FFR) based on the ramping period constraints. 

Fig. 4. Sensitivity analysis on the scenario applied by including POTEnCIA and HRE scenarios.  
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of heat supplied by DHs — red dots, secondary axis — and of P2Hs. The 
heat delivered by DHs foreseen by the POTEnCIA Central scenario in 
2050 is in line with the ‘conservative’ scenarios of HRE — BL2050, 
CD2050. However, CHP capacity does not decrease in 2050 in the latter 
scenarios but the increase of potential from 2015 to 2050 is attributable 
to the increase of fast capacities in the CHP’s fleet. Instead, the 
POTEnCIA scenario foresees a decrease of CHPs in 2050 and a slight 
uptake of P2Hs. Overall, POTEnCIA results show the lowest technical 
potential for provision of balancing service; still, these are more than 
sufficient to cover the EU requirements. 

All the scenarios described foresee a relevant role for CHPs in 2050. 
However, the most recent developments on CO2 emission reduction 
targets entail a net-zero system by 2050 [72]. Thus, the role of CHPs in 
such energy system is strictly dependent on the advancement of sus
tainable fuels and/or CCUS. Furthermore, the future role of P2Hs in DHs 
depends on policies and markets development. 

Beyond the uncertainties on the future of the InTs, the study presents 
limitations in the methods applied. These arise from the scarcity of data 
available related to DHs, both in terms of flexible capacity — i.e., 
available storage capacity — and of the InTs in place. The uncertainties 
on the fuels to feed CHPs may vary the future composition of the CHP 
fleet, thus varying their RRs. Therefore, we performed a sensitivity 
analysis by applying two extreme cases: all CHP fleet is composed by 
technologies with (i) high RR — 20%FL/min — or (ii) low RR — 4%FL/ 
min. The stacked areas in Fig. 5 represent the original calculations while 
the lines show the potential calculated with high and low RR for each 
market. For mFRR, the potential is unchanged because varying the RRs 
still allows the total exploitation of CHP capacity for balancing. For 
aFRR, CHPs provide full capacity with high RRs, but the potential 
strongly decreases with low RRs: this is halved in 2050 when the 
reference case has a larger share of CHPs with fast RRs. Nevertheless, 
also the worst case has sufficient potential to satisfy all aFRR require
ment of 2015–2019. Similar results apply to FCR. 

Regarding the calculations on P2Hs, the main limitations of the study 
are the only utilization of the 2010 heat load distribution and the 
assumption that peak capacity — i.e., EBs — satisfies 5% of the heat 

peak demand. Regarding the former, more recent and comprehensive 
data were not found for all MS. Regarding the latter, we have performed 
a sensitivity analysis over the percentile applied to define HP and EB 
capacities. We have varied this from the 90th to the 99.5th percentile, 
thus assuming that the peak capacity supplies between 10% and 0.5% of 
the total heat generated by electricity. Fig. 6 shows that the largest 
variation of the installed electric capacity occurs in 2050, when these 
technologies see larger deployment. Between the 95th and 99.5th per
centiles, a variation of 1 MW of HP and EB capacities occurs. This cor
responds to about 20% variation for HPs and 50% for EBs. However, this 
only affects the balancing capacity for FCR, since aFRR and mFRR can be 
supplied indistinguishably by HPs or EBs. 

Furthermore, the technical potential we have calculated does not 
take into account the operational constraints of specific DHs, even 
though these can strongly constrain it. The operational constraints are 
dependent on the size and composition of DHs, the seasonal variation of 
heat demand and the specific strategies put in place by DHs operators. 
Some examples of these variations were reported in Section 3, with 
particular emphasis on the different operations that deal with seasonal 
variations of heat demand. These large variations could result prob
lematic for a constant supply of balancing reserves throughout the year, 
as requested by most TSOs (Appendix, Fig. 7, Fig. 8, Fig. 9). However, 
the large potential calculated — well above 100% — can, in principle, 
offset this issue: the various operations of DHs across the EU allow the 
contribution to the balancing reserves at all times to a certain extent. 
Furthermore, the combination of DHs with cooling is becoming more 
widespread [73] and this could become a great asset to provide constant 
balancing throughout the year. 

Last, it should be noted that we draw the first assumption of Section 3 
only based on the active and passive storage data available for Scandi
navian countries since no data were found for other MS. The location of 
a DHs and the seasonality of the heat demand could affect this 
assumption. However, being the time-frame of the balancing market 
extremely short (i.e., 15 min), it is reasonable to assume that the inertia 
of a large enough system is sufficient to allow the disruption of heat 
supply for that time-frame without noticeably affecting the consumer. 
Furthermore, operation strategies that exploit passive storage can, in 
principle, function at any season by regulating the inlet temperature 
relatively to the nominal operating temperature of supply at any time of 
the year. 

Fig. 5. Sensitivity analysis on the RRs of CHP technologies. ‘High RR’ indicates 
a RR of 20%FL/min applied to all types of CHP while ‘Low RR’ a RR of 4% 
FL/min. 

Fig. 6. Sensitivity analysis on the percentile that determines the HP and 
EB capacities. 
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6. Conclusions 

This study aims at estimating the technical potential of DHs to pro
vide reserve capacities for balancing services in the EU. Due to the 
geographical gap between DHs and the balancing markets and the lack 
of data on DHs in the EU, we first performed a review of case-studies to 
define proper assumptions. Even though all the case-studies included at 
least one InT and one SoF, the mode of operations of the DHs greatly 
differed based on the local conditions, size and composition, heat de
mand and seasonal variability. Therefore, we drew broad assumptions 
that shall be verified at the specific DH level. 

Our results show that DHs are a valid alternative to provide 
balancing capacity to the power sector, reaching technical potential well 
above 100% of the contracted FCR, aFRR and mFRR. CHPs contribute to 
the 98% of potential in 2020 and 84% in 2050 and P2Hs to the 
remaining shares. The sensitivity analysis performed on the scenarios 
shows that only a re-designed heating sector can notably increase P2Hs 
deployment and that CHPs maintain a relevant role in the future. 
However, the most recent decarbonisation targets of the EU bring un
certainties to this role. 

This study demonstrates that, in addition to their high efficiency and 
dispatchability, CHPs can significantly contribute to balance the power 
system by taking advantage of the flexibility within the heating sector. 
This aspect shall be taken into consideration when designing future 
energy systems. Regardless of the uncertain growing pace, P2Hs will 
gain market shares in DHs and, together with thermal storage, increase 
the balancing potential in the EU. Nevertheless, the calculated potential 
is subject to the future requirement of balancing capacities that are not 
considered in this study. 

The results of this paper may be relevant for extra-EU countries 

where DHs are or will be deployed and where the increasing share of 
non-dispatchable power generators challenges the operations of the 
power system. Nowadays, Russia and China have the highest shares of 
DHs followed by the EU [67]. The share of non-dispatchable sources is 
negligible in Russia [74], however, China faces the same issues as the EU 
in the search for new sources of flexibility, as shown by the case-study of 
Zhou et al. [44]. Nonetheless, electricity markets differ across world 
regions, thus the conclusions of this work may not be transferred directly 
to extra-EU countries. Further research shall focus on economic aspects 
of this application, such as the profitability for DH operators to partic
ipate in the balancing markets and/or other electricity markets. 
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Appendix

Fig. 7. Historical data (2015–2019) of the ratio of contracted FCR capacities over electricity peak load, per country (Table 6) [56,57].   
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Fig. 8. Historical data (2015–2019) of the ratio of contracted aFRR capacities over electricity peak load, per country (Table 6). Empty graphs indicates lack of data 
[56,57]. 

Fig. 9. Historical data (2015–2019) of the ratio of contracted mFRR capacities over electricity peak load, per country (Table 6). Empty graphs indicates lack of data 
or out of range. The latter are EE – max 100%, LV – max 152% and PT – max 245% [56,57]. 
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Table 6 
Electricity peak demand per year (2015–2019) and country [75].  

[GW] 2015 2016 2017 2018 2019 

EU28 454.0 522.7 525.8 526.9 505.4 
AT 10.6 11.7 11.9 12.1 12.0 
BE 11.9 13.1 13.3 13.5 13.6 
BG 5.4 7.1 7.7 6.4 6.5 
CY 0.8 1.0 1.0 1.0 0.8 
CZ 9.3 10.5 10.9 11.1 10.9 
DE_LU 80.5 82.1 81.3 81.7 79.1 
DK 5.2 6.1 5.9 6.1 5.8 
EE 1.2 1.5 1.5 1.5 1.2 
EL 8.0 9.2 9.7 9.1 8.0 
ES 36.6 40.1 41.0 40.6 40.0 
FI 11.6 15.2 14.4 14.1 15.0 
FR 70.2 88.6 94.2 96.3 88.5 
HR 2.7 2.9 3.1 3.2 3.0 
HU 6.0 6.4 6.5 6.6 6.6 
IE 4.2 4.7 4.9 4.9 4.2 
IT 50.8 56.1 56.6 57.6 57.8 
LT 1.7 2.0 1.9 2.0 2.0 
LV 1.1 1.3 1.2 1.3 1.2 
MT NA NA NA NA NA 
NL 16.6 18.2 18.6 18.5 18.3 
PL 22.6 24.3 24.9 25.0 24.8 
PT 7.5 8.7 8.4 8.7 8.6 
RO 7.9 8.8 8.9 8.9 8.8 
SE 20.2 26.6 26.2 27.4 20.2 
SI 2.1 2.1 2.3 2.4 2.3 
SK 4.0 4.4 4.5 4.5 4.6 
UK 54.7 69.4 63.6 61.4 60.6  

Fig. 10. CHP plants development per type of technology and type of fuel based on POTEnCIA central scenario. CCGT — Gas turbine combined cycle; FBC — 
Fluidized bed combustion; GT — Gas turbine; ICE — Internal combustion engine; ST — steam turbine [60]. .  
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Fig. 11. Technical potential of DH electric capacity available in the EU25 + UK for FCR, aFRR and mFRR balancing, and 95th percentile of the DOWNWARD balancing 
reserves contracted by EU TSOs, based on POTEnCIA scenario up to 2050. The potential for aFRR includes the one for FCR and the mFRR potential the previous two (mFFR ⸦ 
aFFR ⸦ FFR) based on the ramping period constraints. 
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[62] Jiménez Navarro JP, Kavvadias KC, Quoilin S, Zucker A. The joint effect of 
centralised cogeneration plants and thermal storage on the efficiency and cost of 
the power system. Energy 2018;149. https://doi.org/10.1016/j. 
energy.2018.02.025. 

[63] Pezzutto S, Zambotti S, Croce S, Zambelli P, Garegnani G, Scaramuzzino C, et al. 
Hotmaps project, D2.3 WP2 report – open data set for the EU28. 2018. www. 
hotmaps-project.eu. 

[64] Lund H. Renewable heating strategies and their consequences for storage and grid 
infrastructures comparing a smart grid to a smart energy systems approach. Energy 
2018;151:94–102. https://doi.org/10.1016/j.energy.2018.03.010. 

[65] Hedegaard K, Mathiesen BV, Lund H, Heiselberg P. Wind power integration using 
individual heat pumps - analysis of different heat storage options. Energy 2012;47: 
284–93. https://doi.org/10.1016/j.energy.2012.09.030. 

[66] Hennessy J, Li H, Wallin F, Thorin E. Flexibility in thermal grids: a review of short- 
term storage in district heating distribution networks. Energy Procedia 2019;158: 
2430–4. https://doi.org/10.1016/j.egypro.2019.01.302. 

[67] Werner S. International review of district heating and cooling. Energy 2017;137: 
617–31. https://doi.org/10.1016/j.energy.2017.04.045. 

[68] Salpakari J, Mikkola J, Lund PD. Improved flexibility with large-scale variable 
renewable power in cities through optimal demand side management and power- 
to-heat conversion. Energy Convers Manag 2016;126:649–61. https://doi.org/ 
10.1016/j.enconman.2016.08.041. 

[69] Mikkola J, Lund PD. Modeling flexibility and optimal use of existing power plants 
with large-scale variable renewable power schemes. Energy 2016;112:364–75. 
https://doi.org/10.1016/j.energy.2016.06.082. 

[70] Radu A, Eremia M, Toma L. Participation of the electric vehicles in the balancing 
market. Electr Veh Int Conf 2019:1–6. 

[71] Williams S, Short M, Crosbie T. On the use of thermal inertia in building stock to 
leverage decentralised demand side frequency regulation services. Appl Therm Eng 
2018;133:97–106. https://doi.org/10.1016/j.applthermaleng.2018.01.035. 

[72] European Commission. Directive of the European Parliament and of the Council 
Amending Directive (EU) 2018/2001 of the European Parliament regards the 
promotion of energy from renewable sources, and repealing Council Directive (EU) 
2015/65. 2021. 

[73] Buffa S, Cozzini M, D’Antoni M, Baratieri M, Fedrizzi R. 5th generation district 
heating and cooling systems: a review of existing cases in Europe. Renew Sustain 
Energy Rev 2019;104:504–22. https://doi.org/10.1016/J.RSER.2018.12.059. 

[74] IRENA. Renewable. Energy prospects for the Russian federation (REmap working 
paper). 2017. 

[75] ENTSO-E. Monthly statistics reports n.d. https://www.entsoe.eu/public 
ations/statistics-and-data/#monthly-statistics-reports. [Accessed 15 February 
2021]. 

A. Boldrini et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.apenergy.2017.12.073
https://doi.org/10.1016/j.apenergy.2019.113474
https://doi.org/10.1016/j.apenergy.2019.113474
https://doi.org/10.1016/j.energy.2018.10.077
https://doi.org/10.1016/j.energy.2018.10.077
https://doi.org/10.1016/j.esr.2017.12.009
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref27
https://ec.europa.eu/eurostat/data/database
https://ec.europa.eu/eurostat/data/database
https://doi.org/10.1016/j.apenergy.2020.115134
https://doi.org/10.1016/j.egypro.2018.08.195
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref31
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref31
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref32
https://doi.org/10.1016/j.rser.2017.05.135
https://doi.org/10.1016/j.energy.2017.01.118
https://doi.org/10.1016/j.energy.2017.01.118
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref35
https://doi.org/10.1029/eo077i018p00174-03
https://doi.org/10.1016/j.scs.2014.07.006
https://doi.org/10.1016/j.scs.2014.07.006
https://doi.org/10.2760/111509
https://doi.org/10.2760/111509
https://doi.org/10.2760/111509
https://doi.org/10.1016/j.rser.2020.109750
https://doi.org/10.1016/j.rser.2020.109750
https://doi.org/10.1016/j.energy.2018.03.034
https://doi.org/10.1016/j.energy.2018.03.034
https://doi.org/10.1016/j.apenergy.2019.01.017
https://doi.org/10.1016/j.energy.2017.03.134
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref44
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref44
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref44
https://doi.org/10.1016/j.energy.2020.117130
https://doi.org/10.1016/j.ejor.2017.02.006
https://doi.org/10.1016/j.apenergy.2019.114230
https://doi.org/10.1016/j.apenergy.2019.114230
https://doi.org/10.1016/j.energy.2019.116875
https://doi.org/10.3390/en11123310
https://doi.org/10.1016/j.energy.2018.03.093
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref51
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref51
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref52
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref52
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref52
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref52
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref53
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref53
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref53
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref53
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref54
https://doi.org/10.3390/en13184608
https://doi.org/10.3390/en13184608
https://transparency.entsoe.eu/balancing/r2/balancingVolumesReservation/show
https://transparency.entsoe.eu/balancing/r2/balancingVolumesReservation/show
https://doi.org/10.2760/434010
https://doi.org/10.2760/434010
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref58
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref58
https://doi.org/10.1016/j.rser.2015.07.199
https://doi.org/10.2760/78212
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref61
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref61
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref61
https://doi.org/10.1016/j.energy.2018.02.025
https://doi.org/10.1016/j.energy.2018.02.025
http://www.hotmaps-project.eu
http://www.hotmaps-project.eu
https://doi.org/10.1016/j.energy.2018.03.010
https://doi.org/10.1016/j.energy.2012.09.030
https://doi.org/10.1016/j.egypro.2019.01.302
https://doi.org/10.1016/j.energy.2017.04.045
https://doi.org/10.1016/j.enconman.2016.08.041
https://doi.org/10.1016/j.enconman.2016.08.041
https://doi.org/10.1016/j.energy.2016.06.082
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref70
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref70
https://doi.org/10.1016/j.applthermaleng.2018.01.035
https://doi.org/10.1016/J.RSER.2018.12.059
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref74
http://refhub.elsevier.com/S1364-0321(21)01120-5/sref74
https://www.entsoe.eu/publications/statistics-and-data/#monthly-statistics-reports
https://www.entsoe.eu/publications/statistics-and-data/#monthly-statistics-reports

	The role of district heating systems to provide balancing services in the European Union
	1 Introduction
	2 Method
	2.1 District heating as a source of flexibility
	2.2 Review of district heating systems providing balancing services
	2.3 District heating technical potential for balancing services in the EU

	3 Review of district heating systems providing balancing services
	4 DH potential for the provision of balancing services in the EU
	5 Discussion
	6 Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix Acknowledgments
	References


