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A B S T R A C T   

The stochastic nature of renewable energy resources poses a challenge in terms of balancing supply and demand 
in the power grid, necessitating additional sources of flexibility and balancing services. District heating networks 
(DHNs) equipped with power-to-heat (P2H) technologies and thermal storage can provide balancing services to 
the grid. Participation of DHN in a combination of diverse marketplaces to optimize revenue has been under
studied. This study proposes a daily routine for the operation of a DHN in multiple energy markets, covering the 
day-ahead and intraday electricity markets, and various balancing markets. The emphasis is on providing 
balancing services by the P2H units, while considering their technical constraints of operation. The economic 
viability of the proposed routine is examined. Results indicate an increase in the operation profits by 1.3–9.7% 
compared to the total electricity sales, 0.4–3.0% of total heat sales, and 0.3–2.0% net profit in the examined DHN 
between 2019 and 2021. Given the complexity and uncertainty of future market development, it is critical to be 
aware of the most influential aspects. Sensitivity analysis indicates that fluctuations in electricity spot prices, fuel 
prices, and technical constraints of units significantly affect the profit.   

1. Introduction 

To comply with the European Union’s (EU) strict net-zero emission 
targets for 2050 [1], a profound transformation of the existing energy 
systems is imperative to accommodate more renewable energy sources 
(RES) [2]. One of the challenges to achieve this purpose is that the 
intermittent and non-dispatchable nature of RES like wind and solar 
power and their stochastic production characteristics result in fluctua
tions in power balance, the equilibrium between electricity production 
and consumption [3]. Hence, the electrical power system should have 
flexibility to cost-effectively respond to an unanticipated deficiency or 
surplus in power production [4]. Electricity markets are designed to 
ensure adequate flexibility to the power grid so that supply matches 
demand at all times [5]. In the short run, the transmission system 
operator (TSO) preserves the grid frequency through balancing markets, 
which are the final stage of power trading before delivery [6]. The 
balancing markets ensure that sufficient electric capacity (i.e., reserve 
capacity) is always available to supply the required energy flow to 
preserve the grid frequency [7]. This necessitates the identification of 
additional sources of reserve capacity. 

Coupling the power and heating sectors is a promising technique for 
increasing flexibility while also unlocking the significant emission 
reduction potential of the heating sector, as renewable electricity can be 
used to power heating technology [8–15]. Additionally, this integration 
enables higher efficiency and the utilization of less expensive thermal 
energy storage (TES) than electric storage [16]. Power-to-heat (P2H) 
technologies such as heat pumps (HPs) and electric boilers (EBs), as well 
as combined heat and power (CHP) technologies that operate at the 
interface between the two sectors provide several benefits to the elec
trical power system, including increased flexibility and network support, 
for example, reserve provision [17–21], congestion management and 
voltage control [22]. Utilizing small-scale P2H flexibility requires ca
pacity aggregation via virtual power plants to bid on electricity markets 
[23,24]. On the contrary, many district heating networks (DHNs) 
already have a large electrical capacity due to the CHP plants. Most 
notably, DHNs are natural aggregators of heat demand and can set 
operating modes that permit the incorporation of higher shares of 
renewable energy sources without jeopardizing heat consumers’ com
fort, utilizing centralized TES [25]. Considering the large-scale deploy
ment of HPs (the electrification trend) and the shutting down of 
fossil-fuel-based CHP units in the larger Finnish DHNs [9], as well as 
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� Conducting literature and industry reviews to ascertain the techno
logical constraints on HPs and EBs participating in the balancing 
markets  

� Proposing a daily operational routine for the DHN operator to 
maximize revenue by concurrently operating assets in multiple 
markets  

� Conducting a sensitivity analysis to ascertain the most significant 
elements affecting revenue from balancing markets 

2. Background: markets and technologies 

The following section examines the various electricity and balancing 
markets in the EU, emphasizing the Nordic countries. As district heating 
is a natural monopoly in Finland, there is not a competitive market for 
heat, so heat prices are not regulated; however, competition authority 
controls the reasonability of prices and abuse of dominant position [33]. 

2.1. Electricity markets 

In the Nordic countries, the electricity market consists of many 
marketplaces that serve as “time windows” for physical energy trading: 
the day-ahead and the intraday markets [34]. 

2.1.1. Day-ahead market (Elspot) 
This is the part of the primary wholesale market through which 

buyers and sellers trade electricity for the following day (day D). All the 
participants bid the price and quantity they are willing to buy or sell 
energy for each hour. The market closes every day at 12:00 CET and the 
price for each hour is formed by the Merit Order principle [35]. Nord
pool publishes results for the corresponding day around 2:00 p.m [36]. 

2.1.2. Intraday market (Elbas) 
This market is continuous. It remains open 1 h prior to delivery after 

the closing time of the day-ahead market and a pilot of closing at the 
delivery time in the Finnish bidding zone has already been implemented 
[37]. This market balances the differences between supply and demand 
if unexpected changes occur in consumption or production. The price is 
based on the “pay-as-bid” principle [38]. The increasing amount of RES 
has affected both Elspot and Elbas markets. Renewables have almost 
zero marginal cost, which moves the Merit Order curve towards low 
prices. This means that hydro, wind, and nuclear dominate the market 
price by setting it low and decreasing the profits of energy production 
while the most expensive forms of energy, including conventional power 
plants, become unprofitable. The natural balancing properties of the 
electricity grids (inertia) decrease as the conventional power plants 
become less profitable and are shut down. Thus, more applications with 
fast balancing capabilities, like batteries, HPs and EBs, are needed [35]. 

2.2. Reserve markets 

There should always be a balance between electricity supply and 
demand, indicated as the frequency of the system [3]. In the EU, fre
quency is allowed to fluctuate between 49.9 and 50.1 Hz [3]. Fig. 1 
represents the system frequency in Finland on the 1st of January 2022 
[39], indicating that frequency had to be regulated many times. 

TSOs are responsible for procuring required reserve capacity via the 
balancing markets [3]. In Finland, these markets consist of frequency 
containment reserve for normal operation (FCR-N), frequency contain
ment reserve for disturbances (FCR-D), fast frequency reserve (FFR), and 
frequency restoration reserves, activated automatically (aFRR) or 
manually (mFRR). In Table 1, the key characteristics and requirements 
of each of the products, as of year 2021, specified by local Finnish TSO, 
Fingrid [3], are summarized. For each hour, Fingrid places the bids in 
the price order, with the principle of giving priority to the cheapest bid. 
A necessary volume of the bids is used in the price order, separately for 
upward balancing and downward balancing capacity. The opening and 

closing hours of various marketplaces in Finland are depicted in Fig. 2 
[3]. 

2.3. Technical challenges of reserve units in providing balancing services 

To identify the best marketplaces for the studied reserve units (HP 
and EB in this study), this subsection investigates their technical con
straints in different balancing markets via industry and literature re
views. There is limited knowledge of the time scale that large HPs can 
adapt their load and the dynamic effects during fast regulation [40,41]. 
The ramping time can be constrained by factors such as mechanical wear 
of the components, start-up time of several minutes, and low COP during 
start-up [40–42]. investigated the possibility of large-scale ammonia 
HPs to supply ancillary services to the power grid and the limitations of 
fast ramping up and down of the HPs [40]. sought to quantify the dy
namic behavior and limitations of two-stage ammonia HP cycles con
cerning fast ramping. According to the study, the HP should run on 
partial load up to full load rather than being shut down entirely and 
restarted. The reason for doing this procedure is that necessary settling 
and compressor waiting times can be then avoided. Conclusions from 
Ref. [42] state that operating in a partial load-condition or 
forecast-based scheduling is required for HPs to be able to provide 
balancing services. In other words, HP ramping is significantly faster if 
the systems remain pre-heated or in a partial load [41]. analyzed the 
dynamic behavior of two HP configurations, a one-stage and a two-stage 
ammonia HP, during a load change. The results showed that the limiting 
factor is the thermodynamic effect, i.e., the walls of the suction line 
warm up slower than the fluid warms up due to the thermal inertia of the 
material used in the piping. Thus, the temperature of the wall was below 
the saturation temperature of the fluid, which would lead to conden
sation along the pipe walls. In addition, this effect was more substantial 
the faster the ramping down was. This would harm the compressors. To 
point out, there is no problem when ramping up, as the suction line is 
warmer than the saturation temperature. 

In conclusion, research findings emphasized that the dynamic 
behavior of HPs is strongly affected by the controller design, so 
providing secondary regulation power (a response time below 5 min 
required for FCR and FFR markets) should not be considered unless 
improvements are made to the design of HPs. Three major importer 
companies in Finland were also interviewed [43–45]. Findings indicate 
that the required activation time for the FCR-N market (3 min) cannot be 
achieved with MW-size HPs. The reasoning behind this was that other
wise, the compressor would be exposed to significant mechanical stress 
and it could break down. However, according to product manuals and 
discussion with HPs producers, small-scale HPs in the kW range are 
allowed to have a minimum pause/waiting time of 3 min. EBs, on the 

Fig. 1. Frequency variation in Finland, 1st of January 2022 [39].  
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other hand, do not have ramping restrictions. They can ramp up and 
down rapidly, offering greater flexibility than HPs [46]. 

3. Methodology 

This section outlines the methodology behind the proposed daily 
operation routine for DHN operators to participate in different elec
tricity (day-ahead and intraday) and balancing markets. First, a typical 
electrified DHN, including power-to-heat units (HP, EB, and CHP), peak 
boilers, and TES, is optimized to meet heat demand with the lowest heat 
production cost. Next, an hourly operational routine for the DHN 
operator is proposed based on the opening and closing times of elec
tricity and balancing markets. It is intended to maximize the revenue for 
the operator by allocating the maximum capacity of reserve-providing 
units (HP and EB in this study) at each time resolution (1 h in this 

study) to different markets. A description of the daily operation routine 
is provided in Section 3.1. Section 3.2 presents the mathematical model 
and equations for energy and economic analyses. A hypothetical DHN, 
including a real Finnish city DHN, integrated with HP and EB in the 
simulations is examined as a case study in section 3.3 to evaluate the 
viability of the proposed operation routine. 

The case study is simulated for the period 2019–2021. In 2019, 
electricity prices were regular, averaging 44 €/MWh [39], whereas, in 
2020, prices declined significantly (average of 28.0 €/MWh [39]). 
During 2021, the average price reached a record level of 72 €/MWh 
[39]. Thus, this period of different electricity prices could provide a 
better insight into the results and operation of the DHN in different 
markets based on the proposed operation routine. Simulations are per
formed using historical inputs, including day-ahead electricity prices, 
fuel prices, EU ETS prices, weather data, balancing capacity prices, and 

Table 1 
Different reserve products and their requirements in Finland [3].  

Product FCR aFRR mFRR FFR 

FCR-N FCR-D 

Purpose Maintaining the 
frequency in the standard 
range 
(49.9–50.1 Hz) 

In big frequency 
deviations 

To return the frequency to its normal 
range 

Activated if necessary In big frequency deviations 
in low inertia situations 

Procurement 
channel 

Yearly/hourly markets 
Other Nordics/Estonia 
Vyborg DC link 

Yearly/hourly 
other Nordics 

Hourly market 
Sweden 

Fingrid’s reserve 
power plants 

hourly market 
Estonia 

Typically needed All the time In larger frequency 
deviations 

Partial hours of day When necessary Spring, summer, and autumn 
(especially weekends and 
nighttime) 

Payment Capacity payment 
Activation payment 

Capacity payment Capacity payment 
Activation payment 

Capacity payment 
Activation payment 

Capacity payment 

Bid submission 18:00 yearly 
18:30 hourly 

18:00 yearly 
18:30 hourly 

17:00 yearly 45 min before delivery 18:00 yearly 
18:30 hourly 

Bid information product (FCR-N or FCR-D) 
capacity (MW) 
price of availability (€/MW,h) 
hour (EET time zone). 

Product (aFRR) 
Capacity (MW) up 
Capacity (MW) down 
Price of capacity, up (€/MW,h) 
Price of capacity, down (€/MW,h) 
Hour (EET time zone) 

– FFR bid or a combination bid 
capacity (MW) 
price of availability (€/MW,h) 
hour (EET time zone) 

Bids Symmetrical asymmetrical asymmetrical asymmetrical asymmetrical 
Max/Min bid 

(MW) 
5/0.1 10/1 N/A/1 N/A/10 10/1 

Bid accuracy 
(MW) 

0.1 0.1 1 1 0.1 

Activation method Linearly based on 
frequency deviation 

Linearly based on 
frequency deviation 

Activates continually according to an 
activation signal sent by Fingrid within 
5 min. 

Activates manually 
upon Fingrid request 

Automatic 

Response 
(Activation 
speed) 

Full activation in max 3 
min 

50% in 5 s, 100% in 
30s 

Full activation in max 5 min Full activation in max 
15 min 

Full activation in max 1.3 s 

Duration At least 30 min per 
direction 

At least 30 min per 
direction 

1 h 1 h Min 5 s–20 s (depend on the 
deactivation speed)  

Fig. 2. Timetable of electricity and reserve markets [3].  
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Fig. 4. Main steps of the operation of the DHN in different markets.  

Fig. 5. The flowchart of the operation of the DHN in different electricity and balancing markets. t refers to the hours of the operation day.  
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