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land. 
 
Kontu was the main author of the paper. Kontu and Rinne planned the struc-
ture of the paper and gathered the input data for the energy system analyses. 
Kontu conducted the simulations and analysed the results together with 
Rinne. Rinne and Junnila provided advice, comments and suggestions with 
structuring and editing the paper. 

Publication 3: From partial optimization to overall system management – 
Real-life smart heat load control in district heating systems. 
 
Kontu was the main author of the paper. Kontu and Penttinen gathered and 
preanalysed the data for the paper. Kontu conducted the calculations and ana-
lysed the results. Penttinen, Vimpari and Junnila provided advice, comments 
and suggestions with structuring and editing the paper. 

Publication 4: City scale demand side management in three different-sized 
district heating systems. 
 
Kontu was the main author of the paper, built the DSM scenarios, simulated 
two out of three energy systems with different DSM scenarios and analysed the 
results. Vimpari was responsible in building the DSM model and reviewed the 
manuscript. Penttinen gathered the consumption data, processed the data for 
simulations and shared the responsibility of simulating and analyzing the re-
sults for one of the three energy systems. Penttinen, Vimpari and Junnila pro-
vided advice, comments and suggestions with structuring and editing the pa-
per.
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1. Introduction 

1.1 Motivation and background 

According to a recently published Intergovernmental Panel on Climate Change 
(IPCC) report, ‘rapid, far-reaching and unprecedented changes in all aspects of 
society’ are required to limit global warming to 1.5 °C (Intergovernmental Panel 
on Climate Change, 2018). Multiple options for the reduction of emissions are 
available to the energy supply sector, which is the largest contributor to global 
greenhouse gas (GHG) emissions, including improving energy efficiency and 
switching from fossil fuel to the use of low GHG sources. The challenge of cli-
mate change mitigation is already so significant that all possible measures must 
be applied, and cross-sectional co-operation between different sectors is 
needed. 

Heating and cooling accounts for approximately 50% of final energy use in the 
European Union (EU). Thus, future trends in the demand for heating and cool-
ing will significantly affect energy needs and emission levels. The efficient and 
sustainable heating and cooling systems has been proposed as a key priority in 
the EU’s energy strategy (European Commission, 2016). The focus of this strat-
egy is reduced emission levels, increased levels of self-sufficiency in energy pro-
duction, as well as the need to cut energy-related costs for households and busi-
nesses.  

To succeed in establishing sustainable and efficient heating and cooling sys-
tems, considerable work must be performed. Approximately 75% of the fuel 
used for heating and cooling in the EU derives from fossil sources, and almost 
half of the buildings still have individual low-efficiency boilers for heating with 
efficiency lower than 60% (European Commission, 2016). The share of district 
heating (DH) in EU is approximately 13%, but market share between different 
countries deviates largely, reaching over 50% in certain northern and eastern 
European countries (Connolly et al., 2014; Euroheat & Power, 2017).  

The market share of DH is expected to increase in EU level, as it is seen as one 
tool to achieve sustainable heating and cooling sector (European Commission, 
2016). The International Energy Agency highlights the fact that district heating 
and cooling systems are feasible energy technologies (International Energy 
Agency, 2013), and it is thought that they will be even more feasible in future as 
it is estimated that approximately 80% of EU citizens will live in cities by 2030 
(Euroheat & Power, 2012). DH is promoted as an efficient part of an energy sys-
tem as it can utilise heat that would otherwise be wasted. An additional often 
mentioned strength of DH systems is their ability to store energy in short term 
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which would bring flexibility to energy systems. This characteristic is important, 
especially in energy systems where a large amount of electricity is produced with 
fluctuating renewable sources. The significant role that DH play in sustainable 
energy systems has been emphasised in several simulation studies performed 
by different stakeholders (Connolly et al., 2012; Paardekooper et al., 2018; Ram 
et al., 2019). 

DH systems need to evolve. Still almost 80% of DH production in the EU is 
achieved using fossil fuels (20% from direct use and 60% from recycled fossil 
fuel heat from combined heat and power and industry) (Euroheat & Power, 
2012). Temperature levels in DH network are high for letting waste heat from 
customers who both consume and produce heat to the network (called prosum-
ers), making it unprofitable in many cases. Lund et al. (2014) proposed a fourth-
generation DH system and suggested that DH systems should be developed to 
achieve lower temperature levels, higher energy efficiencies and a more versatile 
production mix. The number of heat pumps (HP), both individual on-site HPs 
and large-scale HPs in the DH network, is expected to increase, and they remain 
a key element of a sustainable energy system for heat production (Paardekooper 
et al., 2018; Ram et al., 2019). 

The amount of DH-related research has increased in past years, but most stud-
ies concentrate on DH systems, production and networks, while DH customers 
are a neglected part of the research. Instead, customers are regarded as con-
sumption points in the DH network and not as an active, heterogenous group of 
consumers with divergent demand profiles and targets for energy related issues. 
Customers (citizens and consumers) are considered to be central to the EU’s 
energy strategy (European Commission, 2016). The belief is that citizens should 
take ownership of the energy transition (i.e. long-term structural change in en-
ergy systems), benefit from new technologies to reduce their bills and partici-
pate actively in the market (European Commission, 2016). 

Real estate has an important role to play in climate change mitigation and the 
transition to clean energy. The buildings and construction accounts for approx-
imately 36% of final energy use and 40% of energy-related CO2 emissions glob-
ally (International Energy Agency, 2018). Real estate owners have high motiva-
tion to decrease energy consumption and increase self-sufficiency in energy pro-
duction as energy costs correlate directly with property value. Real estate busi-
ness has considerable potential to facilitate climate change mitigation since 
global real estate assets comprise nearly 60% of the value of all global assets 
(Savills, 2016). Furthermore, it has been estimated that in a 100% renewable 
energy system by 2050 on-site energy solutions could account for approxi-
mately 20% of global electricity production (mainly rooftop and façade solar PV) 
and 30% of global heat production (mainly individual HPs) (Ram et al., 2019). 

1.2 Research problem 

The purpose of this dissertation is to examine how district heating (DH) indus-
try should be developed to be more customer-centred and involve different 
types of customers. The starting point of this study is that real estate owners 
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seek lower heating costs and a smaller risk towards increasing energy prices 
with higher level of self-sufficiency in heat production. If building-related en-
ergy conservation measures (such as better insulation of the building) are ex-
cluded, possibilities for DH customers to lower their heating costs are remote. 
Besides, DH customers’ possibility to increase the level of self-sufficiency in 
heating (as hybrid heating customers or prosumers) is currently limited since 
the lack of proper business models. 

 
This dissertation aims to answer the following research questions:  
 

1. How DH customers can reduce their heating costs?  
 

2. What implications these customer-centred measures have to the DH 
system? 

 
The first research question (RQ1) concentrates on the customer. This research 
question aims to identify the measures with which DH customers can decrease 
heating costs and play the role of an active DH customer. The study is limited to 
energy production and control measures closely related to DH system, i.e. on 
HPs and demand side management (DSM). The traditional building-related en-
ergy conservation measures, such as impoved thermal insulation, are excluded 
from the examination. The second research question (RQ2) builds on RQ1 and 
intends to analyse how these customer-centred measures affect the overall DH 
system.  

This dissertation aims to contribute to DH research and industry by deepening 
the understanding of different types of customers as well as to develop cus-
tomer-centred business models to involve different types of customers.  

1.3 Structure 

This dissertation consists of four articles published in academic journals and 
a compiling part. The links between the papers towards to RQs as well as ap-
proach of each Papers are presented in Table 1. It connects the research ques-
tions and articles of this dissertation. The compiling part summarises the liter-
ature related to the topic and links the findings of the articles, giving the contri-
bution of this dissertation.  

The presentation order of the articles is based on the content. The first two 
papers concentrate on the topic of HPs: Paper I to individual on-site HPs and 
Paper II to large-scale HPs in the DH system. The last two papers (Papers III 
and IV) concentrate on DSM actions in DH systems.  

In addition, the papers have two primary unit of analysis, real estate and DH 
system, meaning from which perspective RQs are approached to. The primary 
unit of analysis is real estate in Papers I and III, and DH system in Papers II and 
IV.  
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Table 1. Content of the papers, primary unit of analysis and research question which each Paper 
connects to. 

 
Content of the paper Primary Unit of analysis Answers to Research 

question: 

Paper I Individual HP Real estate 1 

Paper II Large-scale HP DH system 2 

Paper III DSM Real estate 1, 2 

Paper IV DSM DH system 1, 2 

 
The first paper concentrates on the customer and answers to the RQ1. It eval-

uates the heating alternatives for different types of customers (residential, of-
fice, industrial and retail) by utilising the principles of real estate economics. 
Due to the high profitability of HPs compared to DH, with the current pricing, 
this paper suggests new pricing methods for DH. It also suggests that DH could 
be incorporated into hybrid heating systems where DH would cover customers’ 
heat energy demand partly, and that prosumers be allowed to produce heat in 
the DH system.  

The second paper concentrates on the DH system by examining the viability 
of large-scale HPs in the existing DH systems. DH production should be more 
versatile to lower the emission level of production, introducing flexibility into 
the DH system and meeting the requirements of the customers with greener 
production. HPs enable the use of waste heat from different sources. This paper 
shows the types of DH systems in which prosumers would be most successful in 
decreasing the emission levels and lowering the variable production cost of DH.  

Papers III and IV concentrate on DSM measures in the DH system. DSM ac-
tions are generally assumed to lower the level of energy consumption and con-
sequently customers’ energy costs. At the same time, DSM measures are ex-
pected to stabilise the heat consumption profile and reduce the peak demand 
and thus emissions of heat production.  

Paper III analyses real-life indirect DSM actions implemented by customers 
when they are optimising energy costs. This paper examines whether customers 
genuinely benefit from the generally known benefits of DSM actions and how 
these actions affect the DH system. In Paper IV, the different DSM scenarios are 
built for different types of DH customers, and the economic value of DSM is 
analysed for different DH systems and customers. Both of the papers (III and 
IV) answer both research questions but the approach (primary unit of analysis) 
to the topic differs: Paper III approaches the topic from the real estate’s view-
point studying how DSM actions implemented by DH customers affect their 
own heat consumption and heating costs and then how these actions affect DH 
system. Paper IV approaches the topic from the DH system’s viewpoint and 
seeks to find how different DSM control strategies affect the DH system. 

The compiling part of the dissertation presents the literature review of the 
topic, justifying the dissertation and the research contribution. This section also 
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presents the results of Papers I–IV and answers the main question of the dis-
sertation.  

1.4 Research methodology  

This dissertation follows Yin’s (2014) conceptualization of a case study ap-
proach as the main methdological frame. For analysing the cases, the study uti-
lizes mostly quantitative data from multiple data source (Yin, 2014). In Paper 
II, in addition to the quantitative data sources, qualitative approach (Creswell, 
2014) was used to complement the study. Table 2 presents the research meth-
odologies, designs and descriptions of the different papers.  

The focus of this dissertation is on a complex contemporary phenomenon 
within a real-life context, i.e. energy consumption, delivery and production by 
economically oriented actors in a city context. For these types of research, the 
multiple case study approach is suitable research method (Yin, 2014).  

 

Table 2. Research methods, designs and descriptions of the articles. 

 Research method and 
design Research description Main data source 

Paper I 

Embedded multiple case 
design with quantitative 

data, buildings’ heating sys-
tem modelling and optimi-

zation 

Profitability of different 
heating systems for differ-
ent customer types and the 

development of different 
DH pricing methods; ana-
lysing pricing methods of 
50 different DH systems 

Hourly heat and electricity 
demand profiles, energy 

price statistics, investment 
and technical input data 

from suppliers 

Paper II 

Multiple case design with 
quantitative data, with a 

complementing qualitative 
part, 

DH system level modeling 

DH system simulations with 
energyPRO simulation tool; 
semi-structured interviews 
to understand the DH com-
panies’ perspective on the 
increasing amounts of HPs 

in their system 

Hourly heat demand pro-
file, external input data 
(electricity prices, fuel 

prices, taxation and subsi-
dies), technical input data 
for heating plants, data for 
HP investments, interviews 

Paper III Multiple case design with 
quantitative data 

Analysation of real-life con-
sumption data of DH cus-

tomers over a period of four 
years from 109 buildings 

Hourly heat demand data 
from customers 

Paper IV 

Embedded multiple case 
design with quantitative 

data, DH system level mod-
eling 

City-scale heat demand sce-
narios built with different 

DSM strategies and simula-
tions of DH systems (with 
energyPRO and energyOp-

tima) run to find out the 
economic value of DSM for 

three different-sized DH 
systems 

Hourly heat demand data, 
city-scale technical building 
information, external input 

data (electricity and fuel 
prices, taxation and subsi-
dies), technical input data 

for heating plants 

 

Now, the research methods of each paper are explained and justified. This dis-
sertation comprises of four individual, although quite extensive, case studies 
(Papers I-IV). The research design of each paper has been selected based on the 
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nature of the research problems. Multiple case design was chosen over single 
case design to achieve higher level of evidence due to replication. In cases, where 
more than one unit of analysis is needed, an embedded case study design was 
chosen (Yin, 2014).  

In Papers II and III, the multiple-case design was used. Paper II examined 
different-sized HPs in three different-sized DH systems (cases of analysis); thus, 
the multiple-case design was used. Here, the case study approach with quanti-
tative data was complemented by semi-structured interviews with theme topics 
(Myers, 2009). The rationale behind choosing the semi-structured interview 
was because it helps in gaining useful insights into the broad discussions on the 
topic. The main data source for Paper II consisted of the hourly heat demand 
profile for the DH system, hourly electricity spot price series and data for DH 
system-level simulations (e.g. data for fuel prices, taxation and subsidies), tech-
nical input data for simulated heating plants and investment data. 

Paper III analysed real-life DSM actions implemented by customers and how 
they affected the DH system. This study examins an existing solution and offers 
a test setting for evaluating the influence of indirect DSM with several cases 
within each test group (DSM buildings vs. non-DSM buildings). This is why 
multiple-case study was selected most relevant (Yin, 2014). The main data 
source for Paper III was hourly heat demand data for four years from 109 dif-
ferent buildings. The analysed data were unique, real-life consumption data 
from the customers that had been confidentially obtained from the DH compa-
nies.  

Papers I and IV contain more than a single case and several embedded unit of 
analysis; therefore, the embedded multiple-case design was used (Yin, 2014). 
Paper IV analysed different DSM control strategies (unit of analysis) in three 
different-sized DH systems (cases); therefore, the embedded multiple-case de-
sign was used. The main data sources included hourly heat and electricity de-
mand data from different customer types, historical energy price statistics for 
electricity and DH and investment data and technical data from the supplier. In 
Paper I, different hybrid heating systems (units of analysis) were analysed for 
different customer types (cases of analysis). For Paper IV, the main data source 
included hourly heat demand data from different customer types, city-scale 
technical building information and data needed for DH system-level simula-
tions. 

1.4.1 Energy system modelling  

Energy systems are complex systems of total energy supply and demand. The 
purpose of energy planning is to identify a set of sources and conversion devices 
to allow the optimal planning of energy requirements or demands. Energy sys-
tem models are simplified representations of real systems, built as tools to ex-
plain, predict or control the behaviour of these systems. Different energy system 
models have been studied widely, and numerous reviews can be found in the 
literature (e.g. Connolly et al., 2010). 

In Papers II and IV, DH system-level simulations were performed in different-
sized and types of DH systems. The simulated DH systems with input values are 
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described in detail in each paper. Two different energy system modelling and 
optimising tools were used, namely energyPRO and energyOptima.  

EnergyPRO (EMD International A/S, 2014) is an input-output modelling tool 
used for modelling energy systems. EnergyPro is used to optimise the operation 
of power and heating plants using technical, financial and external parameters. 
EnergyPRO calculates the merit order of different production plants, minimis-
ing the cost of producing the heat demand. The annual production rates are cal-
culated at intervals of typically one hour. In this way, the optimisation process 
takes hourly varying electricity prices into account. The EnergyPRO simulation 
tool does not calculate the optimal merit order chronologically; instead, it lo-
cates an optimal operation strategy for the most favourable periods. The reason 
for this is that each time heat is produced, it has to be carefully checked to avoid 
disturbing the pre-planned future production plans and to avoid encountering 
any problems with varying electricity prices (Lund and Andersen, 2005). The 
EnergyPRO simulation tool has been used in various cases (Hast et al., 2017; 
Nielsen and Möller, 2012; Østergaard, 2012; Wahlroos et al., 2017a). 

Energy Optima 3 tool performs a total optimisation, including electricity pro-
duction and DH production using different heating plants. The program mini-
mises the production cost and maximises the system revenue (Energy opticon, 
2018). Energy Optima program is used by two of the largest DH companies in 
Finland for their production planning (“Valmet,” 2018). 

1.4.2 Modelling economic value of heating systems in real estate 

Traditionally, the most used methods to analyse the economic impacts of energy 
efficiency measures or investments into energy systems in buildings are paypack 
period method, net present value method (NPV) and internal rate of return 
method (IRR). Payback period is a simple measure used to calculate the profit-
ability of any investment and it is calculated by dividing initial capital expendi-
ture with estimated annual net cash flow. NPV is one of the most widely used 
metrics and it is calculated by adding the present value of future cash flows and 
deducting the initial capital expenditure. IRR is also very widely used and it is 
the annualized rate of return when the investment’s net present value is set to 
zero.  

In Paper I the economic performance of alternative heating systems was eval-
uated for new buildings with different purpose of use. The method used for eval-
uation was NPV and IRR and the input values and methods are described more 
in detail in Paper I. 
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2. Literature review 

The literature review briefly presents the history, progression and current state 
of DH systems. The challenges of the current DH systems referred in literature 
are addressed, and future development paths are presented. The second section 
of the literature review concentrates on DH customers, which is less studied 
area in DH-related literature. This section demonstrates why different customer 
types need special attention in DH industry and how property owners calculate 
the economic opportunity of energy investments. The subsections discuss the 
literature on prosumers and business models in heat trade. The third section 
continues on customers’ viewpoint and concentrates on the real estate owners’ 
motivation to invest in energy investments. The final two sections concentrate 
on the literature concerning DSM in DH systems and DH pricing.   

The literature review presents international studies, although more attention 
is given to Finnish DH systems because the case studies in this dissertation fo-
cus on DH systems in Finland.  

2.1 District heating systems in energy transition 

According to Frederiksen and Werner (2013), the fundamental idea of DH is “to 
use local fuel or heat resources that would otherwise be wasted, in order to sat-
isfy local customer demands for heating, by using a heat distribution network of 
pipes as a local market place”. The deployment of DH varies mainly between 
different countries and cities, and where existing, DH systems vary extensively 
in terms of the market share, use of local fuels and environmental impact (Wer-
ner, 2017). Market share of DH is 11% globally (Ram et al., 2019; REN21, 2018, 
p. 21) and respectively 13% in EU (Connolly et al., 2014). There are countries 
with high market shares of DH, with the highest being in Iceland (92%), Latvia 
(65%) and Denmark (63%). Other countries with substantially installed DH ca-
pacity include China (463 GWth), Poland (57 GWth) and Germany (51 GWth) 
(Euroheat & Power, 2017). 

The history of DH dates back to the 1880s and different generations of DH 
systems have been identified (Lund et al., 2014). Over the years, the DH systems 
evolved towards lower temperature levels in DH network and higher energy ef-
ficiency with more versatile production. The first generation of DH systems used 
steam as a heat carrier, and the second generation of DH used pressurised high-
temperature water. In the 1980s, especially in the Northern European countries, 
large-scale combined heat and power (CHP) plants became popular in DH 
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production, increasing the energy efficiency of the production. The third gener-
ation of DH was developed to fossil fuels and high heat demands (Werner, 
2017). 

In the future, the market share of DH is expected to grow globally (Paardek-
ooper et al., 2018; Ram et al., 2019). At the EU level, DH and district cooling 
(DC), along with CHP production, are considered as ‘important tools’ for reach-
ing the energy targets set by the EU (Connolly et al., 2014; European Commis-
sion, 2016). Heat roadmap studies predict that DH could cover 50% of the heat 
demand in Europe in 2050 (Connolly et al., 2012; David et al., 2017; Paardek-
ooper et al., 2018). 

Finland has a long history of DH systems, and the first DH systems were in-
stalled in the 1940s (Energiateollisuus ry, 2006). In Finland, there are 167 DH 
systems across the country with an installed capacity of 23 GWth. Most of the 
systems are small, with an annual production of less than 150GWh (see Table 
3). The market share of DH is high, encompassing 46% of the total space heat-
ing, even though the country is sparsely populated (Finnish Energy, 2019). 
Finnish DH systems represent the third generation of the DH systems with a 
high share of CHP plants in production. 

  

Table 3. DH systems in Finland divided into three categories by size. DH sales data (excluding 
network losses) from 2015 (Finnish Energy, 2019) 

System  System size Total heat sales Number of systems 
  GWh % total % 

Large > 800GWh 16 670 55  9 5 

Medium > 150GWh and < 800GWh 7 546 25 24 14 

Small < 150GWh 5 823 19 134 80 

SUM  30 039  167  

 
Several studies have argued that the third generation of DH technology is fac-

ing challenges in the energy transition towards a sustainable energy system. The 
identified challenges are related to decarbonisation of energy production and 
striker energy policy, lower heat demand of buildings and increased level of en-
ergy efficiency and the technological development of other heating options 
which arouse intense competition with other heating systems (Lund et al., 2014; 
Magnusson, 2012; Persson and Werner, 2011; Werner, 2017). However, many 
studies announce that DH systems have promising prospects. For example, DH 
systems are considered important part of sustainable energy systems, which en-
able low-temperature waste heat to be transferred to the network and energy to 
be stored. Strong development efforts are needed in the current DH systems in 
order to realize the changes needed (Connolly et al., 2014; Hansen et al., 2016; 
Lund et al., 2014; Lund and Mathiesen, 2009; Werner, 2017). 

Lund et al. (2014) have defined the fourth generation of DH which would pro-
vide “the heat supply of low-energy buildings with low grid losses in a way in 
which the use of low-temperature heat sources is integrated with the operation 
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of smart energy systems”. This means that the development of DH systems con-
tinues to evolve towards lower temperature levels, higher energy efficiencies 
and a more versatile production mix (Paiho and Reda, 2016). Sernhed et al. 
(2018) suggest that DH industry should find strategies to communicate the 
value of the DH concept and establish a new vision for DH beyond a fossil fuel-
free mix. 

Several studies have analysed how the production of DH system should 
change to be sustainable and more versatile. The studies have concentrated on 
biofueled HOBs or CHP plants, HPs with different waste heat sources and solar 
thermal production together with heat storages. DH systems based on decen-
tralised production and various energy technologies need sound management 
systems and ICT to work efficiently. Digitalisation has been one of the main de-
velopment efforts that DH is facing (Paiho and Saastamoinen, 2018). 

Large-scale HPs enable the utilisation of various heat sources, also from low-
temperature levels. Besides, HPs, together with CHP and heat storage, enable 
the efficient integration of renewable energy sources (RES) to balance the fluc-
tuating electricity production and varying electricity prices (Levihn, 2017; Ro-
manchenko et al., 2017; Sayegh et al., 2018). The increasing role of large HPs in 
DH systems has been predicted in several studies (e.g. David et al., 2017; H. 
Lund et al., 2016; Lund and Mathiesen, 2009; R. Lund et al., 2016; Persson et 
al., 2014; Ram et al., 2019), and technological maturity has been proved since 
large HPs are already built in multiple locations (Averfalk et al., 2017; David et 
al., 2017; Petersen, 2017; Wahlroos et al., 2017b, 2017a). Studies have also listed 
the current heat sources of HPs and identified possible waste heat potential (Da-
vid et al., 2017; Lund and Persson, 2016). 

Lower temperature levels in the DH network are considered an essential de-
velopment of DH towards the fourth generation of DH (e.g. (Rämä and Sipilä, 
2017; Schmidt et al., 2017; Vivian et al., 2018). Lower temperature levels would 
improve distribution efficiency through smaller heat losses and increase the po-
tential for integrating versatile waste heat source into the DH system and thus 
bring about savings in the DH system (Lund et al., 2018; Rämä and Sipilä, 2017). 
For the existing DH systems, the transition to lower temperature levels may 
pose challenges to pipe capacities, heat exchanger, secondary side design and 
heat distribution systems in buildings (Rämä and Sipilä, 2017). Other additional 
costs will be at the building level in the existing buildings while the heat ex-
changers and internal heat distribution-related investments may be relevant 
(Rämä and Sipilä, 2017). 

2.2 District heating customers  

DH-related studies are strongly concentrated on DH production and DH net-
work. DH customers are the neglected part of the research, and they are instead 
treated as ‘a system component’ and ‘not as an actor with its own needs, prefer-
ences and world view’, as characterised in Sernhed et al. (Sernhed et al., 2017). 
This can also be seen while searching for DH-related studies using customer-
related keywords (e.g. customer, consumer, end-user). Also, a study by Lund et 
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al. (2018), in which they review the status of research on the fourth generation 
of DH, shows that the number of studies has increased since 2014, although 
most of the studies are related to the topics of distribution, heat sources and the 
fourth generation of DH in smart energy systems. Paiho and Saastomoinen’s 
(2018) interviews with the DH experts (interviewees) revealed the challenge of 
customers’ passive role; they claimed that customers cannot influence ecology, 
pricing or technical solutions in DH. Customers’ passive role is seen as a chal-
lenge in the DH system, and in future, customers are strongly advised to be in-
volved in the development of the DH system (Paiho and Saastamoinen, 2018). 

Concerning DH systems in Finland, 81% of all customers are residential cus-
tomers, 4% are industrial customers and 15% are offices and retail buildings. 
When considering district heating consumption, residential customers con-
sume 55%, industrial customers 9% and offices and retail buildings 36% of heat 
energy (Finnish Energy, 2019). Different customer types (e.g. residential apart-
ment owners or professional commercial property investors) have varying heat 
load profiles; they also have divergent possibilities and differing targets con-
cerning energy-related matters. Figure 1 shows the load demand curves (% of 
maximum) for different customer types. 

 
 

 

Figure 1. Weekly average heat consumption profiles (see inset) and load demand curves for dif-
ferent customer types. Curves represent new buildings (one building each curve) built after 
2012. 

2.2.1 Prosumers in district heating systems 

Prosumers are customers that both consume and produce heat in the DH sys-
tem. DH companies have experience of cooperation with large-scale prosumers, 
such as industrial partners with waste heat producing heat in the DH network. 
They have also been examined in many studies (e.g. Broberg et al., 2012; Bühler 
et al., 2017).  

According to Brand et al. (2014), DH customers are willing to act as prosumers 
in a DH system and deliver excess heat from private heat production. According 
to Brange et al. (2016), in DH systems with mixed building stocks, it is possible 
to have high amounts of annual heat demand from small-scale prosumers. 
Small-scale prosumers with heat sources of solar heat, refrigeration or cooling 
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processes or HPs producing heat in the DH systems have been studied (Brand 
et al., 2014; Kauko et al., 2018; Lennermo et al., 2019; Wang et al., 2018). 

According to Paiho and Reda (2016), prosumers are one of the key elements 
in the future DH systems in Finland, encouraging the introduction of renewa-
bles into the DH network. Challenges of waste heat timing compared to heat 
demand timing are acknowledged (Kauko et al., 2018) when most of the excess 
heat is produced during the summer months while the heat demand is limited. 
More prosumers in the DH network require the transformation of current net-
works into smart DH networks (Brand et al., 2014). Besides, the need for heat 
storage capacity has also been raised (Brand et al., 2014; Brange et al., 2016; 
Kauko et al., 2018; Paiho and Reda, 2016). Other possible challenges that 
prosumers might cause to the DH network are the supply temperature levels or 
pressure levels in the DH network (Brand et al., 2014; Brange et al., 2016). 

2.2.2 Business models for heat trade  

DH systems have a long history with large industrial customers producing waste 
heat in the DH system, although the amounts of waste heat in DH systems are 
still low (e.g. 0,4% in the EU). Connolly et al. (2014) mapped the yearly potential 
of industrial excess heat in DH networks in the EU whereby the amount of in-
dustrial excess heat used in DH networks accounted for only 0,9% of the 
mapped potential in 2010 (Connolly et al., 2014). 

Traditionally in Finland, DH systems have been community-owned systems 
whereby an energy company sells heat to its customers. Besides DH companies’ 
own production, heat trade occurs between energy companies. In this case, heat 
production with the lowest marginal price produces heat and receives compen-
sation for it. DH companies can cooperate with industrial utilities and imple-
ment a bilateral agreement with the DH company buying waste heat from the 
industry and feeding it back into a DH system (Kontu, 2015). 

One of the reasons for the low level of waste heat utilisation in DH systems is 
the lack of a proper business model as well as human factors, which make it 
difficult to use industrial excess heat in DH networks (Thollander et al., 2010). 
According to Päivärinne and Lindahl (2016), since all waste heat cooperations 
are unique, they require customised solutions. Paiho and Saastamoinen’s 
(2018) interviews with DH experts revealed that heat trade business models are 
perceived to be hard to develop, which would be profitable for DH companies. 
Similar results were reported in a Swedish interview study which concluded that 
the usage of industrial excess heat in DH systems was becoming more difficult 
due to waste heat pricing (Kovala et al., 2016). 

The third level of the heat trade involves opening the DH network to all 
prosumers and allowing them to sell waste heat. The waste heat at different tem-
perature levels and amounts will be recovered in the DH system. The DH com-
pany develops an open-pricing model for waste heat, and prosumers can sell the 
waste heat to the DH system whenever it is profitable for them. Also, the tem-
perature level of suitable waste heat must be given. This type of heat trade is 
already happening in several DH systems in Sweden and Finland, known as 
‘Open DH’ (Fortum, 2017). 
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2.3 Valuation and energy costs in real estate business 

This section presents real estate owners’ motivation to invest in energy solutions 
as well as explains why it is important to understand the logics of economic driv-
ers behind the real estate owner.  

In larger scale, buildings have significant role in energy transition and climate 
mitigation since globally buildings consume approximately 36% of final energy 
use and are responsible for 40% of energy-related CO2 emissions (in 2017) (In-
ternational Energy Agency, 2018). Real estate business has a huge potential to 
act towards climate change mitigation since real estate assets comprise nearly 
60% of the value of all global assets (Savills, 2016). The real estate market has 
also a lot of private capital available seeking for new profitable investments in 
the sector. 

As stated earlier, technological development of decentralized heating systems, 
such as HPs, increases the level of competition between DH systems and other 
heating systems. The competition tightens further due to the fact that real estate 
owners are growingly interested in their energy costs since approximately 30% 
of properties’ operating costs originate from energy related costs (Wiley et al., 
2010). The significance of this can be explained by examining property valua-
tion methodology: 

 

𝑉 =
𝑁𝑂𝐼

𝑌
=

𝑔𝑟𝑜𝑠𝑠 𝑟𝑒𝑛𝑡𝑎𝑙 𝑖𝑛𝑐𝑜𝑚𝑒 − 𝑂𝑃𝐸𝑋

𝑌
 

 
where V refers to property value, NOI refers to net operating income (gross 

rental income substracted with operating expenses (OPEX)) and Y is property 
yield. Property yield is the location specific discount rate reflecting the required 
rate of return for the property investment. In the case of on-site energy produc-
tion, the property value increases due to higher level of self-sufficiency which 
decreases the operating expenses of the property. In real estate economics, 
property yield is strongly related to the location of the property. Property yields 
are defined for different locations and different property types by property mar-
ket professionals and researchers based on market observations. For example, 
in capital area in Finland officies located in Helsinki downtown has the lowest 
property yields (4%) compared to officies in distant locations in Espoo (7,8%) 
(Vimpari and Junnila, 2017). In short, the differences in the property yields be-
tween the locations comes from the fact that for office spaces the demand is 
stronger and risks lower in more central locations and the property investors 
accordingly reflects this in their required return for investments.  

Another reason why real estate owners are motivated to increase energy self-
sufficiency originates from historical consumer energy price developments that 
have been greater than consumer price index (CPI) for which rents are typically 
tied to. This is illustrated in Figure 2. The higher the consumer prices of elec-
tricity and DH are, the more profitable the on-site energy investments for the 
property owner (Leskinen et al., 2019). The increase of electricity and DH prices 
is often explained by the increase of the fossil fuel prices and taxes.  
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Figure 2. Growth of Consumer Price Index (from 2000-2018), district heating price for consumer 
and electricity price for consumer (from 2000-2019) compared to level of year 2000 (Statistics 
Finland, 2019a, 2019b). 

It is important to recognize that traditionally in energy sector the Levelised cost 
of energy (LCOE) is a widely used to compare and benchmark different energy 
production technologies. In LCOE, the average cost of energy production is cal-
culated in €/MWh. Most studies concentrate on LCOE in electricity production 
technologies (Benes and Augustin, 2016; Hansen, 2019; Reichenberg et al., 
2018; Ueckerdt et al., 2013). For heat production, a similar method is used, and 
it is known as the levelised cost of heat (LCOH) (Arnaudo et al., 2018; Møller 
Sneum et al., 2018; Sandvall et al., 2017). LCOE and LCOH methods are valid 
measures in energy sector if the spatial location does not determine the required 
return. These include centralized energy production facilities where energy is 
fed in to national or community-based grids (power grids or DH networks). 
However, Vimpari and Junnila (2019, 2017) as well as Leskinen et al. (2019) 
criticize that LCOE and LCOH methods do not acknowledge how on-site decen-
tralized energy production creates value for the customer, i.e. the property. Vim-
pari and Junnila (2019, 2017) propose that on-site energy investments could be 
evaluated utilising real estate economics to identify how they create value for 
property owners. This means that if an energy investment is an integral part of 
the property, it can be discounted with the same discount rate as the underlying 
property because this is how property owners evaluate their investments. En-
ergy companies’ investment return targets are in many cases higher than prop-
erty owners, which means that energy companies may not see on-site energy 
investments as profitable as property owners (Leskinen et al., 2019). Addition-
ally, higher return targets may reflect that energy companies consider their ac-
tivities to have higher risks than the activities performed by their customers. 

The profitability of energy efficiency measures in buildings and on-site energy 
systems are widely studied field in real estate literature. Energy efficiency 
measures in buildings have been found to be profitable for the building owner 
and different studies have used mainly traditional investment indicators such 
as NPV, IRR and payback period (e.g. He et al., 2019; Jackson, 2010; Martinaitis 
et al., 2007; Valdiserri and Biserni, 2016). Only few studies have used dis-
counted cash flow (DCF) method when studying the economic impact which 
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focus on the impacts of the energy investments to the overall property value 
trough decreased operating expenses (Christersson et al., 2015; Popescu et al., 
2012). The profitability of on-site HP systems has been found to deliver signifi-
cant cost savings for DH customers in different types of buildings (e.g. 
Häkämies et al., 2015; Niemelä et al., 2017a, 2017b, 2017c, 2016) and these stud-
ies have used NPV method to calculate the profitability of the investment.  

2.4 Demand side management in district heating systems 

In general, DSM refers to various approaches that influence the load profile 
(heat or electricity) with objective to optimise the load shape for the system or 
decrease energy costs. DSM actions can be divided into different short-term and 
long-term actions with temporal or permanent effects. Long-term DSM 
measures concentrate on energy conservation measures or the strategic growth 
of heat consumption. Short-term DSM actions include shifting heat load from 
peak clipping to valley filling or load shifting (see Figure 3) and these are often 
called as demand response (DR) actions. DSM can also be implemented in dif-
ferent ways, depending on who controls the DSM actions. In direct DR, the DR 
actions are controlled by the energy company, and in indirect DR actions, the 
control of DR is by the customer. Indirect DR can be even further subcategorized 
based on the control and the level of communication between the customer and 
the operator for autonomous, price-based and transactional control. In au-
tonous control, the decision of the DR is independently made by building con-
troller without communication with the system operator. In price-based control 
a monetary incentive is given to a customer and in transactional control a bid-
based market is generated where buildings can offer flexibility or demand side 
resources to market. (Gelazanskas and Gamage, 2014; Gellings, 1985; Hede-
gaard et al., 2017; Knudsen, 2016; Kosek et al., 2013; Siano, 2014)  

 

 

Figure 3. Examples of short-term DR actions. The black curve represents the heat load profile of 
one consumer within 72 hours. 

DSM-related studies have mostly concentrated on electricity systems or elec-
tric heating systems where benefits have been gained due to high price of elec-
tric storage. However, in recent years, DSM in DH systems has gained increas-
ing interest in academia and practice. Research approaches on DSM in DH can 
be divided into three categories, namely pilot tests, building-level simulations 
with the development of control strategies and effects of DSM in DH systems. 
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Pilot tests of DSM actions in district heated buildings have been reported in 
the literature (Dominković et al., 2018; Johansson et al., 2010; Johansson and 
Wernstedt, 2010; Kärkkäinen et al., 2003; Kensby et al., 2015, 2014; Wahlroos 
et al., 2016). Pilot tests included studies whereby DSM actions were imple-
mented in a few buildings, and the results were extrapolated to concern larger 
part of the DH system. For example, Kärkkäinen et al. (2003) tested DSM in an 
office building and an apartment building for two to three hours, suggesting that 
if 160 similar buildings applied DSM, a 20% heat cut would be achieved along 
with a potential 10%–20% energy savings at the DH system level. Kensby et al. 
(2015, 2014) took a similar approach in their studies, which included the opti-
misation of the inside temperatures of five apartment buildings. They concluded 
that if 500 of the largest customers employed the DSM measures, the result 
would be a 50% reduction in the daily load variation at the DH system level. 
Wahlroos et al. (2016) studied the DSM actions in one office/education building 
by measuring the indoor temperature and user satisfaction during the DSM im-
plementations, with the results showing a 4,6% energy savings during the tests. 
Johansson et al. (2010) carried out the most extensive DSM pilot tests, which 
included 58 substations (residential buildings). The results of the tests showed 
that a 15%–20% peak load cut was achieved with 7,5% energy savings. 

Studies with building-level simulations and development of control strategies 
provide theoretical insights into the limits of DSM from a technical viewpoint, 
with the results depending on the starting parameters. These types of simula-
tion studies have concentrated on residential buildings (Dominković et al., 
2018; Jokinen et al., 2014; Le Dréau and Heiselberg, 2016) or office buildings 
(Salo et al., 2018). Besides these studies, many studies have concentrated on 
DSM control strategies of heating, although most of these strategies are studied 
in buildings with electric heating (Hedegaard et al., 2017; Knudsen and Pe-
tersen, 2016; Pedersen et al., 2017). 

DSM targets in DH systems usually refer to smoother heat load profiles by 
minimising heat load peaks and lower heat consumption levels. Customers ben-
efit from these efforts through lower energy bills. DH companies, on the other 
hand, benefit from optimised energy production, lower production costs and 
emissions by higher utilisation rate of base production plants, reduced usage 
hours of peak production units and lower pumping costs (Valor, 2015). For DH 
companies, DSM measures may allow them to delay new production invest-
ments or even shut down part of the peak production units due to limited heat 
demand (Knudsen and Petersen, 2017). 

To demonstrate the benefits of DSM for the DH system, several studies have 
examined how DSM actions can affect the DH system (Cai et al., 2018; Difs et 
al., 2010; Dominković et al., 2018; Guelpa et al., 2019, 2017; Hedegaard et al., 
2019; Romanchenko et al., 2018; Salo et al., 2019). These studies present differ-
ent types of simulated DSM actions applied to one type of DH customer. The 
effects of these direct DSM actions were simulated for different DH system lev-
els. Savings in operating costs were somewhat low, with approximately a 1%–
5% decrease in operating costs in DH systems according to Romanchenko et al. 
(2018) and Dominković et al. (2018). These results naturally depend on the 
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DSM control method and the DH systems. Salo et al. (2019) studied the optimal 
DR control strategies from the DH operator perspective, with results showing 
only a small decrease in heat production costs (HPC). Difs et al. (2010) analysed 
the DH system more thoroughly and found that DSM actions mainly affected 
the medium loads. Cai et al. (2018) included the DH network (pumping costs) 
in their analysis and observed up to an 11% reduction in energy costs. 

Intelligent control, as well as overall system management and optimisation, 
are needed to realise the benefits of short-term DSM for all parties. DH-related 
studies have also observed challenges in the DH system if long-term DSM ac-
tions (energy conservation measures) are not performed in close cooperation 
between customers and DH companies. Night setback controls (Gadd and Wer-
ner, 2013a) are one example of actions where DH customers lower their energy 
demand. However, when the whole DH system is considered, night setback con-
trols implementations have been found to increase the variations in heat de-
mand in the short term (Basciotti and Schmidt, 2013; Noussan et al., 2017) and 
thus decreasing the total effectiveness of the DH system (Gadd and Werner, 
2013b). 

2.5 District heating pricing 

Traditionally, among the different heating alternatives, DH has been the price 
setter with the lowest price levels. This condition has enabled DH to grow in 
many areas (Björkqvist et al., 2010; Difs and Trygg, 2009). Typically, in the 
Finnish context, a DH price consists of three components, namely connection 
fee, energy cost and load demand cost. 

The connection fee is a one-off payment, and it is typically determined by the 
design heat load. The energy cost (€/MWh) covers the variable costs of heat 
production. Most of the DH companies in Finland use a constant energy price 
over a year; however, especially large- and medium-sized DH systems have 
moved towards energy cost models with seasonally or monthly changing prices. 
With seasonally changing prices, DH companies wish to increase the transpar-
ency (Song et al., 2017) of the marginal cost of DH production, with similar de-
velopments also happening in Swedish DH companies (Sernhed et al., 2017). 

In addition to energy cost, customers pay a monthly fixed load demand cost. 
Load demand cost covers non-production costs and heat production plants 
needed for customers’ maximum heat load. Some DH companies use design 
heat load or water flow as the basis for the load demand cost, with some using 
actual measured loads of customers. If customers intend to optimise their con-
sumption profile (i.e. with DSM actions), the load demand component has to be 
based on the measured load demands and as short a timeframe as possible 
(Song et al., 2017, 2016). 

One significant feature of the most pricing models in Finland is that all cus-
tomer types are priced using similar methods. Different consumption profiles 
are not considered in pricing. In reality, customer types are very heterogeneous, 
and DH companies should consider offering a wide variety of pricing models 
(Björkqvist et al., 2010; Li et al., 2015). This recommendation is also supported 
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by Sernhed et al. (2017), who found that different DH customer groups (real 
estate companies and housing associations/homeowners) value different fac-
tors in pricing. For example, while large customers (e.g. real estate companies) 
value predictability and freedom of choice, homeowners and housing associa-
tions value simple and understandable pricing methods. Homeowners also 
value a high share of variable costs to make sure that they pay for what they 
consume. 
  

 

 

Figure 4. The annual price of DH for the four customer types in different DH systems (each blue 
column represents one DH system in €/MWh) and the average share of the load demand 
cost component in DH price (light blue dots in %). 

As shown in Figure 4 and Figure 5, the average DH price level varies exten-
sively based on different customer types. For the residential customers, which 
is the largest customer group in Finland (81% of the customers (Finnish Energy, 
2019)), the average DH price is 66 €/MWh but 92 €/MWh for retail buildings. 
The high price corresponds with the high share of load demand cost (see Figure 
4). Residential buildings, which typically have a smoother consumption profile, 
have lower total prices. Customers with limited heat consumption but a high 
heat load in a single day (e.g. newly built retail and office buildings) are im-
pacted more by the load demand cost component (see Figure 5). One reason for 
this is the full load hours per year for different customer types. For residential 
and industrial customers, full load hours (per year) are approximately 1500 
hours and only 730 and 814 for retail and office buildings, respectively. 
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Figure 5. Examples of annual DH cost divided into monthly periods (€ per building square metres 
in area) for different customers; example of pricing according to one Finnish DH company. 
The cost of DH is divided into load demand cost (blue section of the bar) and energy cost 
(orange section of the bar) on a monthly basis. 

However, the diminished costs of other heating systems (e.g. HPs) together 
with higher costs of DH production mean that DH companies must respond to 
price levels defined by their competitors (Björkqvist et al., 2010). DH companies 
have somewhat developed pricing to be more dynamic and transparent, as rec-
ommended in several studies (D. F. Dominković et al., 2018; Reino et al., 2017; 
Song et al., 2017, 2016; Syri et al., 2015). According to Björkqvist et al. (2010), 
it is possible to influence customers’ consumption profiles by developing the DH 
pricing. For example, customers can be incentivised to limit their peak load de-
mand with a pricing model that has different price levels representing the DH 
production costs according to different seasons or by the base and peak load 
levels (Björkqvist et al., 2010). 

2.6 Literature summary 

As this literature review shows, multiple studies have concluded that the present 
third generation of DH systems is facing challenges in energy transition; how-
ever, they also suggest a promising prospect that the DH system will be part of 
the future sustainable energy system. Several studies have suggested means by 
which DH systems can develop, and most of the researched topics concern more 
versatile production and heat storages, DH distribution and lower temperature 
levels (as per keyword in Scopus when searching for DH-related studies).  

DH customers are an underresearched topic in the DH-related literature. The 
customers are often lump up to “energy demand” and the deeper understanding 
of customer perspective is mostly missing. This section indicates that DH cus-
tomers encompass heterogeneous groups with different consumption profiles, 
different strategies for consuming and saving energy, and divergent decision 
paths in energy investments. Studies on prosumers in DH systems are still rare, 
even though prosumers are seen as one of the key elements in future DH sys-
tems with the ability to increase the share of renewables in DH systems. Studies 
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on heat trade business models tend to concentrate on business models between 
DH companies and large industrial partners with which DH systems share a 
long history. Heat trade model suitable to smaller prosumers, Open DH (pre-
sented in few DH systems in Nordic countries), was presented in this section.  

Real estate owners have an important role for climate change mitigation. Low-
ering energy related costs of a property and increasing the level of self-suffi-
ciency of energy production potentially increases the property value. Recent 
studies criticise the traditional investment evaluation logics of decentralized en-
ergy production and highlight the understanding of customer value logics. As 
heating systems for property owner are integral part of the properties, they 
should be evaluated by property logics taken into account the location based 
property yield as the return required.   

Previously mentioned studies regarding DSM in DH systems have analysed 
DSM from different viewpoints. Still, there are three main deficiencies in the 
current research. First, most of the abovementioned DSM studies concerning 
DH systems have concentrated on a single type of customer without having an-
alysed the implementation of DSM in a large set of different DH customer types. 
Different DH customers have varying heat load profiles as well as different pos-
sibilities and targets concerning DSM and energy saving. Second, previous stud-
ies have ignored the impact of different DSM control strategies on the operation 
of different-sized DH systems and production plants in the existing DH systems. 
Finally, the analysation of the real-life data on actual DSM actions implemented 
by customers has not been studied. 

DH pricing methods have evolved towards more dynamic and transparent di-
rection, as recommended in several studies. In Finnish context, this has meant 
utilising remote meter readings in pricing as well as developing seasonally 
changing price levels. Still, further development is needed: DH pricing should 
be diversified by taking different customer types into account, as well as offer 
different hybrid heating alternatives to be competitive with other heating sys-
tems.  
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3. Summaries of the papers 

This section presents the summaries of the papers, highlighting the purpose, 
research methodology, findings and contribution of each article.  

3.1 Paper I: Individual ground source heat pumps: Can district 
heating compete with real estate owners’ return expecta-
tions? 

The first paper evaluates the economic performance of different heating systems 
for newly built buildings, namely residential, office, retail and industry. The 
heating systems evaluated in the study are DH, individual ground source HP 
with electricity and hybrid heating of these two. The evaluation utilises the prin-
ciples of real estate economics to understand the financial motivations of prop-
erty owners when choosing a heating system. Since the results of profitability 
were high for individual HPs as a heating alternative for all studied customer 
types compared to DH, this study proceeded to examine whether DH pricing 
can be developed to retain competitiveness and should DH companies involve 
customers with willingness of hybrid heating systems. 

The economic opportunity of individual HPs for property owners was ana-
lysed by calculating the NPV of investments for which a spreadsheet tool was 
constructed. This tool optimises the size of the HP so that NPV can be maxim-
ised. Besides this, the internal rate of return (IRR) was calculated. The key input 
parameter was the discount rate chosen for the calculation of NPV and IRR. 
Since this study focuses on on-site energy investments, which are an integral 
part of the property, these investments can be discounted with the same dis-
count rate as the underlying property because this is how property owners eval-
uate their investments (Vimpari and Junnila, 2017). 

Beside these economic metrics presented above, different heating alternatives 
were compared using the LCOH method, which is used to determine the average 
cost of energy production of different heating technologies for the first year of 
operation (Arnaudo et al., 2018; Møller Sneum et al., 2018; Sandvall et al., 
2017). 

As mentioned earlier, the results of this study show that HPs are highly prof-
itable for all the studied customer types. Table 4 shows that NPVs are highly 
positive and IRRs are nearly two to four times higher than the required returns 
of the property owners (i.e. underlying property yields). Because the HPs are 
sized to maximise the NPV, HPs are small compared to peak heat loads. The 
sizes of the HPs constitute 30% to 44% of the maximum peak demand while still 
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producing approximately 93% to 97% of the requisite annual heat energy de-
pending on the customer type (peak load produced with electricity). Table 4 also 
shows the results if HPs were sized to cover the total heat demand (HP 100%, 
similar to how DH is traditionally sized for customers) or 50% of the peak de-
mand. The results indicate the costliness of producing the peak load and the 
steep duration curve of customers’ heat consumption profile: full load hours are 
minimal, varying between 730 and 1550 depending on customers. 
 

Table 4. Results and sensitivity analysis of HP size with DH (current pricing). 

 HP1 (Optimised HP) HP 100% HP 50% 

 
NPV, € 
(IRR, %) 

HP size, 
MW 
(%) 

HP prod, 
MWh 

(%) 

NPV, € 
(IRR, %) 

HP size 
MW, 
(%) 

HP prod, 
MWh 

(%) 

NPV, € 
(IRR, %) 

HP size 
MW, 
(%) 

HP prod, 
MWh 

(%) 
Residential 
(property yield 
4,2%) 

321 400 0,109 453,8 130 600 0,308 476 315 700 0,154 470,5 

(15,9 %) (35,4%) (95,32%) (6,5 %) (100%) (100%) (13,1%) (50%) (98,83%) 

Office (property 
yield 6%) 

168 500 0,170 437,3 -88 900 0,576 469 140 900 0,288 462,2 

(13,1 %) (29,5%) (93,24%) (4,5%) (100%) (100%) (10,0%) (50%) (98,55%) 

Industry (prop-
erty yield 6.6%) 

322 400 0,303 1 023,1 93 300 0,693 1072 318 200 0,347 1043,6 

(14,8 %) (43,8%) (95,46%) (7,9%) (100%) (100%) (13,9%) (50%) (97,37%) 

Retail (property 
yield 4.6%) 

161 000 0,108 178,4 51 100 0,253 185 155 200 0,127 181,1 

(14,2 %) (42,6%) (96,52%) (6,3%) (100%) (100%) (12,8%) (50%) (98,01%) 

 
 
Besides the comparison of HPs and DH (with the current pricing), the follow-

ing heating alternatives were included in the study (see more specific descrip-
tions in Paper I and in Figure 6): 

i. HP1: HP (for base load) and electricity (for peak load) 
ii. HP2: HP (for base load) and electricity (for peak load) with Open DH 

systems where DH customers can sell their excess heat to DH network 
with predetermined price levels and temperature requirements 

iii. HP3: HP (for base load) and DH (for peak load) with Open DH sys-
tems 

iv. DH1: DH with current pricing 
v. DH2: DH with new pricing method taking into account different price 

levels for base and peak loads as well as different customer types in 
load demand cost component 

vi. DH3: DH (for base load with a base price, sized the same as peak load 
level as HP in HP1 alternative) and electricity (for peak load), two pric-
ing alternatives DH3_A with current pricing and DH3_B with a new 
pricing method 

 
 
 
 
 
 
 
 



Summaries of the papers 

23 

 
 

HP1: HP and electricity HP2: HP and electricity with 
Open DH system 

HP3: Hybrid, HP and DH peak 
and Open DH 

   
DH1: DH with existing pricing DH2: DH with peak and base 

pricing 
DH3: DH base heat and electric-
ity 

   

Figure 6. Heating alternatives compared in Paper I 

As described in the literature review, different types of customers are priced 
using the same pricing methods even though the customer types are very heter-
ogeneous and resulting with substantial differences in the cost of DH for cus-
tomers. The results in Figure 7 indicate that renewing pricing methods that 
would take different consumption profiles into account is desirable. Pricing 
methods should also have an option for hybrid heating systems, which is also an 
attractive option for DH companies. The competitiveness of DH improves sub-
stantially if the base load is only covered with DH, and peak load is covered with 
electricity (alternative DH3). Another interesting result was a hybrid heating 
system where DH would cover the peak load in the HP heating alternative 
(HP3). The results show that price level DH for peak loads can be high, about 
300€/MWh, for customers to have profitability values similar to those of the 
HP system with electricity. The reason for this is that in this case, customers 
avoid additional investments in a larger electric connection and electric boiler. 

 
 

 

Figure 7. Comparison of energy (blue column, including load demand cost in DH) and investment 
costs (striped column) of HP and DH systems.  
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In the second and the third heating alternatives (HP2 and HP3), the possibility 
for customers to sell excess heat to the DH system as a prosumer was included. 
The Open DH possibility was studied in DH system in Vantaa, which is a city 
capital area in Finland (presented more in detail in Table 5, Large DH system). 
The idea behind the Open DH is that if a customer can deliver heat at a lower 
price, then the producer will buy it (Kontu, 2015; Syri et al., 2015). The profita-
bility of the prosumer depends on the temperature level of the waste heat com-
pared to the required temperature levels of the DH system as well as the pro-
duction mix of the DH system, which sets the price levels that DH companies 
are willing to pay to prosumers. The results of this study show that the price 
levels of waste heat were too low to increase the profitability of the heating al-
ternative where Open DH was included. Two reasons are highlighted in this pa-
per. The first reason is the low-temperature level of the waste heat from the HP 
compared to the high-temperature level of the DH network (priming of the heat 
was not included) and the second reason is the low variable heat production cost 
of the DH system in Vantaa, which was the case study in this research. 

3.2 Paper II: Introducing modern heat pumps to existing district 
heating systems – Global lessons from viable decarbonizing 
of district heating in Finland 

The second paper examines the viability of large-scale HPs in the existing DH 
systems. In this dissertation, Paper II contributes specially to understanding of 
prosumers in the DH system: In which type of DH systems should prosumers 
be involved to achieve the largest decrease in fossil fuels and deliver the highest 
compensation of waste heat to prosumers. The approach for this problem was 
twofold: First, the existing DH systems were examined with simulations to an-
alyse what would happen to variable HPC and total HPC (including HP invest-
ments) when the higher share of heat was produced with HPs. More in-depth 
insights into this topic were gained from the interviews with the DH specialists 
from the industry. 

The simulations were run for three different-sized DH systems which repre-
sent typical DH systems in Finland. Figure 8 presents illustration of different 
sized DH systems. 
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Figure 8. Illustration of a small, medium and large DH system with HP included in the system. 
(1)HOB biofuel is not included in the medium-sized system in the simulations. 

In the simulations, the presumption was that no HP was included in the DH 
system. Afterwards, an HP with a different design load was added to the DH 
system. The results showed how large a share of heat would be profitable to pro-
duce with HPs in different-sized DH systems. The simulations were run with 
energyPRO simulation tool, and the optimisation process took hourly varying 
electricity prices into account, with the calculation step being one hour. In ad-
dition to the simulations, the semi-structured interviews with the DH specialists 
helped in understanding the DH companies’ perspectives on the increasing 
amounts of HPs in their systems. The interviews concentrated on the following 
themes: the role, advantages, restrictions and possible risks of HPs in the DH 
system. 

The findings of this study suggest that the potential of HPs in DH systems is 
much higher than the current level, approximately 10%–25% of DH sales in Fin-
land compared to the current 3% (Euroheat & Power, 2017). The optimal share 
of heat produced with HPs in DH systems depends on the system, its character-
istics and the external factors, such as prices of electricity and fuels. It is im-
portant to emphasise that HP potential for DH systems needs to be analysed at 
the system level, and no general guideline can be given because systems vary 
according to several factors. The highest share of HPs in DH systems can be 
reached in small DH systems where HPs would replace heat produced with fos-
sil fuels. Also, the HPC is the highest in small DH systems when HPs are not 
included, suggesting that prosumers would receive the highest compensation 
for this type of DH systems for their waste heat (see Figure 9 when design load 
of HP is 0%). Figure 9 shows that the more versatile the production mix is, the 
lower the HPC is due to low-priced heat from a CHP plant. The HPs’ role in 
medium- and large-sized DH systems were found to be supporting CHP produc-
tion (by maximising CHP full load hours), according to varying electricity prices. 
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Figure 9. Effect on average total HPC when investment cost for HP is included for different-sized 
DH systems. The figure shows the results of two electricity price series (high and low). 

The analysis of the interview highlights the insights how DH experts see HPs 
in DH systems. According to the interviewees, HPs have multiple advantages for 
DH systems; for example, they increase the level of flexibility in production and 
diversify heat production. These advantages were regarded as one way to man-
age market risks according to fluctuating electricity prices or changing fuel 
prices. The DH experts noted the risks associated with HPs’ profitability con-
cerning heat source and prosumers, such as the stability of the heat source and 
its price development. Big waste heat producers, such as industrial partners 
with a waste heat source, were perceived to pose higher risks since an industrial 
partner might go out of business. Versatile production and long-term contracts 
with prosumers were highlighted when developing business models. 

3.3 Paper III: From partial optimization to overall system manage-
ment – Real-life smart heat load control in district heating 
systems  

The third paper examines how real-life DSM actions, implemented by custom-
ers when they are optimising their own energy costs, affect their heat load pro-
file and that of the DH system. DSM research concentrates on the optimal cases 
of DSM implementations in collaborations between DH companies and custom-
ers, yielding greater energy efficiency on energy system level. In real life, there 
are cases where customers implement DSM actions, which are put into practice 
by separate DSM service providers, and DH companies are not involved or even 
informed of the details of customers’ DSM actions. 

This study analysed real-life data of 109 DH customers of whom 31 imple-
mented the DSM measures including permanent energy conservation and DR 
actions with temporal effects with autonomous control. The term “smart con-
trol” (SC) is used to describe these specific DSM actions. The remaining 78 cus-
tomers did not implement the SC measures, but they were used as a reference 
group instead. The data analysed was for four years (2014–2017), and the SC 
actions started in 2016. The impact of the SC implementations on both custom-
ers and DH companies was analysed using four parameters: (a) the normative 
annual heat consumption, (b) the annual heat peak load for each customer, (c) 
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the annual relative short-term variations of heat load and (d) the annual relative 
seasonal variation of heat loads. These parameters were examined to find out 
whether the generally known benefits of DSM were realised for customers and 
DH companies. The benefits of DSM for customers include lower heat consump-
tion and lower peak heat load, which, collectively, result in lower energy bills for 
customers. For DH companies, the benefits are smoother heat load profiles (less 
short-term variation) with lower peak heat loads and lower maximum heat 
loads in the DH system. 

The results indicate that the DSM targets for the customers were achieved. 
The normative heat consumption decreased after the SC implementations 
started in 2016 compared to their level in 2014. For example in year 2016 the 
normative heat consumption was 7,1% smaller when compared to the level in 
2014 for SC buildings whereas heat consumption increased with 1,7% for refer-
ence buildings when compared to the level in 2014. The peak loads were at a 
lower level for the SC buildings compared to the reference buildings after the SC 
implementations; however, the heat load cuts were somewhat small. The energy 
bills were smaller for customers implementing SC, averaging 5% in 2017 com-
pared to the level in 2014, while for the reference buildings, the energy bill in-
creased 1% for the same period. This study did not find significant benefits from 
DSM for the DH company. Compared to the reference buildings, the short-term 
variations in heat load, in particular, increased for the DSM buildings, which 
make heat production less efficient (see Figure 10). 

 
 

 

Figure 10. Right: Maximum heat load (W/m3) for the sum of SC and reference buildings, average 
values of maximum heat load and yearly minimum outdoor temperatures.  

Such promising results will most probably encourage DH customers to imple-
ment DSM. Given these data and the current DSM control strategy in use, the 
benefits were not extended to DH companies as they would yield higher short-
term variations in heat load. These findings strongly suggest that customers and 
DH companies should cooperate in developing the DSM’s control strategy to 
increase the overall efficiency of the energy system. In their strategy to better 
serve their customers, DH companies need to give priority to this development. 
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3.4 Paper IV: City scale demand side management in three differ-
ent-sized district heating systems  

The fourth paper builds on the research of the same topic as the third paper—
DSM in DH systems. As the conclusions of the third paper suggest, greater co-
operation between DH customers and DH companies is necessary when devel-
oping DSM. The fourth paper aimed to examine how various DSM control strat-
egies impact DH production. This study takes into account different customer 
types by implementing DSM with varying control strategies. The study also 
analyses how DSM actions influence the operation of different-sized DH sys-
tems and production plants by simulating three different-sized DH systems, 
representing typical DH systems in Finland. The economic value of DSM for 
customers and the DH system was calculated in different DSM scenarios. Fur-
thermore, an analysis was carried out to determine which customer segment 
had the highest economic potential for DSM implementation. 

A city-scale heat demand model was constructed from the real-life hourly heat 
consumption data of five different customer types. The heat demand model was 
used to build four different DSM control scenarios, which represent different 
control strategies of DSM. The control scenarios were as follows: 

i. Load scenario whereby the customer controls DSM based on the daily 
peak heat load.  

ii. Cost scenario whereby the DH company controls DSM based on the 
hourly heat production cost.  

iii. Timing scenario, which is similar to Cost scenario; however, DH com-
panies control DSM for different customer groups at different timings 
to extend DSM’s effect.  

iv. Customer scenario whereby different customers have different DSM 
methods.  

The DSM control strategies did not include energy saving, and DSM concen-
trated on short-term DR actions. These DSM strategies were used as input val-
ues for the DH system-level simulations for three different-sized DH systems to 
understand how DSM actions affect production. The DH systems are presented 
in Table 5.  

 

Table 5. Production plants, heat storage capacity and size of the different-sized DH systems used 
in Paper IV.  

 Small DH system Medium DH sys-
tem 

Large DH system 

Base production HOB, biofuel CHP, biofuel CHP, waste 
CHP wood 
CHP coal 

Intermediate production - - CHP gas 
Peak production HOB, oil HOB, gas HOB gas 

HOB oil 
Heat storage (m3) - 3000 30 000 
Max heat load (MW) 50 95 680 
Yearly production (GWh) 138 262 1870 
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Figure 11 gives examples of different DSM control scenarios and shows how 
they affect heat production with fossil-fuelled HOBs in medium-sized DH sys-
tem during the five selected days. 

 

Load scenario with Base scenario 

 
Cost and Timing scenarios with Base scenario 

 
Customer scenario with Base scenario 

 

Figure 11. The effect on heat production with heat-only boilers (HOBs) in medium-sized DH sys-
tems with different DSM scenarios (Load, Cost, Timing and Customer). The black line repre-
sents the heat load in the Base scenario. The dashed lines represent how the HOB produc-
tion changes in different scenarios. The grey line represents the HPC of the Base scenario 
(secondary axis), which is used as a control strategy for Cost and Timing scenarios. 

The results of the fourth paper indicate that DSM actions impact different-
sized DH systems in different ways, and thus it is not possible to offer a one-
size-fits-all DSM control method, as the DSM strategy has to be built specifically 
for every DH system. The initially planned production mix of the DH system 
affects which type of the DSM control strategy is the most beneficial. The larger 
the share of the base production plants is, the less profitable the DSM actions 
are for DH companies. The value of DSM with studied control strategies remain 
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low for DH systems—only less than 2% in cost savings. The differences in sav-
ings between different DSM control strategies are small. The annual peak heat 
load declined only a little when the energy savings were not included in the con-
trol strategies. 
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4. Discussion and conclusions  

4.1 The main results and contribution of the thesis 

The starting point of this dissertation was that DH customers are seeking ways 
to decrease heating costs. Besides lower costs, environmental awareness and 
decarbonisation make customers increasingly interested in lowering energy 
consumption level while increasing the level of self-sufficiency in sustainable 
energy systems. RQ1 concentrated on DH customers by asking how DH custom-
ers can decrease heating costs. RQ2 focused on the DH system by asking how 
these customer-centred measures affected DH systems. By answering these two 
research questions, this dissertation contributes to DH research and industry, 
examining how DH systems should be developed to involve customers. 

The literature review shows that DH systems are an important part of sustain-
able energy systems. The most important features of DH systems are their abil-
ity to exploit low-temperature waste heat from different sources and act as en-
ergy storage in energy systems with a high share of fluctuating renewable energy 
sources. Thus, the literature points out that the current third generation of DH 
systems—which was developed for fossil fuels, high heat demands and high tem-
perature levels—must evolve towards lower temperature levels with more ver-
satile production utilities with renewable sources. The literature also shows that 
far too little attention has been paid to research on DH customers while the con-
centration is on the DH production and network. DH customers are seen as con-
sumption points in the network rather than actual customers in the buildings 
consuming the heat. 

This dissertation contributed to two target groups: DH customers and DH sys-
tem. RQ1 concentrated on the DH customers and RQ2 to the DH system level. 
This dissertation had two different primary unit of analysis i.e. viewpoints to the 
RQs: Papers I and III observed the topic from the real estate’s viewpoint and the 
Papers II and IV from the DH system’s viewpoint. The main data for the case 
studies included hourly heat consumption data received from energy compa-
nies, available energy statistics, investment and technical input data from sup-
pliers and city-scale technical building information data. 

DH customers can reduce their heating costs (RQ1) with smart heat load con-
trol (DSM) or changing their heating system from DH to either on-site HP sys-
tem or hybrid heating system (if possible for DH customer). Similarly, the study 
found that the customer actions influence on the DH system level (RQ2). In case 
of DSM, DH company should develop DSM strategies in close cooperation with 
the customers since in worst case scenario, the partial optimization (customers 
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implementing DSM autonomously) can decrease the efficiency of the overall DH 
system. In the case of prosumers producing heat to the DH systems, new busi-
ness models are needed to exploit all economically available waste heat since 
versatile heat production helps DH systems with decarbonization targets and 
protects DH companies from market risks. 

Paper I showed that HPs are a highly profitable heating system for all the stud-
ied customer types when HPs were compared to DH using current pricing meth-
ods (RQ1). Similar results of cost saving opportunity for DH customers when 
choosing HPs over DH system was recognized also in earlier studies (Häkämies 
et al., 2015; Niemelä et al., 2017a, 2017b, 2017c, 2016) but findings in this dis-
sertation provide deeper understanding of how property owners evaluate the 
economic performance of heating systems. The results indicated that the size of 
profitable HP is small compared to annual peak heat loads, although they still 
cover most of the annual heat demand. This is due to steep duration curves of 
heat demand and a small number of full load hours of the studied newly built 
buildings. The results of Paper I contributes to existing DH literature by provid-
ing guidelines on how DH pricing and business models should be developed to 
compete with HP systems.  

Paper I also analysed the profitability of the Open DH concept for customers 
where prosumers can sell heat to the DH systems with predetermined prices. 
The results showed that a HP with the possibility of selling waste heat to the DH 
system did not increase the profitability of the HP because the DH system 
needed additional investments. The situation would change if the production 
capacity in DH system was different with higher DH level of heat production 
cost resulting higher DH cost. This was studied in Paper II, where the viability 
of large HPs in different-sized DH systems was analysed. The results showed 
that HPs have a much higher potential in DH production than the current level, 
and versatile production is valued among DH specialists. The most significant 
potential for HPs with waste heat lay in small-sized DH systems where HPs 
would replace heat production with fossil fuels. 

Papers III and IV focused on DSM in DH systems. Paper III analysed how 
customer-centred real-life DSM actions implemented by the customer (called 
smart control, SC) affected their heat consumption and heat costs (RQ1) as well 
as the DH system (RQ2). The results showed that the heat consumption level 
was decreased, resulting in lower heat costs after the implementation of SC. The 
annual maximum heat loads did not show a reduction compared to the refer-
ence buildings without any DSM implementations. The results of this study of 
real-life data match those observed in earlier pilot studies with lower heat con-
sumption (Johansson et al., 2010; Kärkkäinen et al., 2003; Wahlroos et al., 
2016) but the findings do not support previous studies which reported high, 
even 15%-20% peak load cuts (Johansson et al., 2010; Kärkkäinen et al., 2003). 
The results can play a crucial role in motivating DH customers to implement 
DSM due to lower heat costs. Generally assumed benefits of DSM for the DH 
system were not gained in real-life indirect DSM actions (RQ2). The DSM ac-
tions resulted in a higher short-term variation in heat load, and the actions did 
not reduce the annual maximum heat loads. Previous studies concerning DSM 
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in DH present optimal cases of DSM implementations in collaboration between 
DH company and customers resulting greater energy efficiency on energy sys-
tem level (e.g. (Difs et al., 2010; Dominković et al., 2018; Guelpa et al., 2019, 
2017; Hedegaard et al., 2019)). This study contributes to the literature showing 
results of real-life DSM actions implemented by customers. The results high-
light the need for greater cooperation between different parties to develop more 
effective DSM control strategies for the whole system.  

In Paper IV, the DSM control strategies were built according to different cus-
tomer types to see the value of DSM (demand response) for DH customers and 
different-sized DH systems. The value of the developed DSM strategies for in-
dividual customers was small. Different DSM control strategies were profitable 
for different DH customer types (RQ1). Also, the value of DH systems remained 
small, impacting different DH systems in different ways (RQ2). The results 
showed that different DSM strategies were beneficial for DH companies and DH 
customers.  

Overall, this dissertation strengthens the research topic of customers in DH 
literature. As stated in literature review, the customers are the neglected part of 
the DH research (Lund et al., 2018; Paiho and Saastamoinen, 2018; Sernhed et 
al., 2017). Also in DH industry, the DH customers are traditionally seen as con-
sumption points in the DH network rather than actual customers. This disser-
tation deepens the understaning of different customer types, as well as describes 
how real estate owners evaluate their energy investments. At the same time, the 
profitability of energy investments in buildings are widely studied field in real 
estate literature and energy efficiency measures as well as on-site energy sys-
tems are regarded profitable for real estate (e.g. Christersson et al., 2015; 
Leskinen et al., 2019; Niemelä et al., 2017a; Popescu et al., 2012; Vimpari and 
Junnila, 2017). Still, the link between individual energy investments and their 
implications to the overall energy systems is less studied field in research where 
the findings of this dissertation provide insights for.  

The case studies in this dissertation have concluded that if customers are seek-
ing lower heating costs, they should choose HPs over DH. However, if customers 
wish to maintain the use of DH, the case studies in this dissertation recommend 
three alternative options of how DH customers can decrease heating costs: (a) 
by implementing DSM actions, (b) by acting as a prosumer or (c) by acquiring a 
hybrid heating system. The first option (customers leaving the DH system or 
choosing some other heating system) is not desirable for DH industry. To in-
volve customers in either DSM, as prosumers or hybrid heating models requires 
DH industry to develop business models and pricing methods in close coopera-
tion with customers. 

This dissertation offers solutions to how DH industry can involve their cus-
tomers. The main contribution of this dissertation is the answer to the following 
question: How should DH industry be developed to involve customers? Table 6 
shows the links between Papers I–IV, the research questions and the main con-
tribution of the dissertation. DH industry is advised to deepen their understand-
ing of different targets and decision-making processes of customer types when 
considering energy and cost savings in heating. DH industry should broaden the 
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range of products selection for customers with hybrid heating systems. There is 
the possibility of prosumers producing waste heat to the DH system. Paper II 
identified the type of DH systems in which prosumers (with large-scale HPs) 
would be most profitable. As acknowledged by DH experts, DH industry should 
see prosumers as a production capacity with versatile production capabilities. 

 

Table 6. Links between the Papers, the research questions and the main contribution of the dis-
sertation. 

 
RQ1 RQ2 Contribution 

Paper I 

Customers can decrease 
costs when choosing indi-

vidual HPs when compared 
to the current DH systems. 
Hybrid heating systems can 
be profitable for customers 
if the current DH pricing is 

developed. 

-- 

DH companies should re-
new pricing methods, which 
would take into account dif-

ferent consumption pro-
files, including hybrid heat-
ing systems. The Open DH 
business model should be 

developed to involve 
prosumers. 

Paper II -- 

Allowing waste heat in DH 
systems from prosumers is 

viable for DH companies in-
tending to decrease heat 

production costs, increase 
the versatility of the produc-

tion mix and decrease the 
market risk.  

DH production should be 
more versatile, and large 

HPs are profitable alterna-
tives which would also allow 
prosumers to produce heat. 

Paper III 

Real-life indirect DSM 
measures implemented by 
customers decreased heat 

consumption and heat 
costs. 

Generally assumed benefits 
of DSM were not achieved 

in real-life DSM actions pre-
sented in this study. 

From partial optimisation 
to overall system manage-
ment; the results illustrate 

the need for greater cooper-
ation between DH compa-
nies and their customers to 
develop more effective DSM 
control strategies that can 
provide better solutions to 

the whole system. 

Paper IV 

The absolute value of de-
mand response for custom-

ers is small, even though 
various DSM strategies can 
be profitable for different 

DH customer types. 

The value of DSM (demand 
response) is small for DH 
systems. DSM actions im-
pact different DH systems 
in different ways. Different 
DSM strategies are benefi-
cial for DH companies and 

DH customers. 

DH companies should coop-
erate with customers in de-

veloping DSM strategies 
and acknowledge different 
customer types. DH pricing 
should be reformed in a way 
that the customer’s willing-

ness for energy and cost 
savings is acknowledged 

when taking overall system 
optimisation into account. 

 
Greater collaboration between different parties in the DH industry is needed. 

The importance of collaboration was observed in Papers III and IV. Customers 
implemented DSM even though it was not very profitable for them (Paper III). 
DSM strategies can benefit DH companies and DH customers in different ways 
(Paper IV). This creates problems when customers are implementing indirect 
DSM and optimising their consumption or heat costs while simultaneously pos-
ing risks to the overall system (Papers III and IV). 

DH pricing plays a key role when developing DH industry. With pricing meth-
ods, it is possible to affect customers’ heating behaviour, and thus, it must be 
considered when developing DSM strategies. DH pricing models used in Fin-
land are constructed similarly even though the DH system sizes and production 
units vary (Paper I). In most cases, different customer types are priced alike. 
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This makes DH an expensive heating system for customers with a small full heat 
load number, such as typical retail or office buildings. DH pricing has been 
evolving towards more transparent methods with seasonally or monthly chang-
ing price levels. Transparency is the correct trend in pricing development. In-
stead of vertical price levels (seasonal or monthly prices), one could have hori-
zontal price levels for heat. This would mean different prices for base and peak 
heat consumption, and a similar pricing method would also be possible for hy-
brid heating systems. DH companies should take different customer types into 
account in pricing, including hybrid heating systems where DH can produce ei-
ther a base or peak load. DH industry should consider offering customers the 
opportunity of hybrid heating systems and produce either base load (similar siz-
ing of the DH system compared to the HP option) or peak load. 

4.2 Evaluation of the results 

According to Yin (2014), four tests can be used to validate case studies: con-
struct validity, internal validity, external validity and reliability.  

The construct validity of a case study involves identifying correct operational 
measures for the concepts being studied. Yin (2014) suggest three methods for 
increasing the construct validity and the first one is using multiple sources of 
evidence which links to data collection. The research problem of this disserta-
tion is approached with multiple case studies and the data used in the research 
is collected from multiple sources. The second method for increasing the con-
struct validity is establishing chain of evidence. This dissertation has main-
tained a chain of evidence by transparently showing research questions, data 
collection prosedures, simulation models with key variables, numerical results 
and final conclusions. The third method concerns having key informants review 
draft case study report. The findings in this dissertation have been presented to 
key informants and evaluated against previous research.  

Internal validity concerns the issue of causal connection between the variables 
(Bryman and Bell, 2015). The quantitative method, which is mainly based on 
simulations and in which independent variables are openly manipulated, has by 
nature, high internal validity due to direct causal connection.  

External validity, or generalisability, of a case study relates to how a single 
case is representative enough that it might yield findings that can be applied to 
other cases (Bryman and Bell, 2015). As stated earlier, this dissertation concen-
trated on DH systems, which are all special systems with unique heat demand 
and production utilities. Thus, giving general solution to all DH systems is not 
advisable. However, the dissertation has increased external validity by utilizing 
multiple case approach and simulating several optional scenarios for the stud-
ied systems.  The external validity is also improved by dividing DH systems into 
different categories by size and analysing customer-centred actions in different-
sized DH systems. These selected DH system types represent DH systems well 
in general. 

The reliability of a case study inquires whether the results of a study are re-
peatable. Reliability is linked to data collection in research (Bryman and Bell, 
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2015; Yin, 2014). The case studies in this dissertation were mainly quantitative. 
The input data were clearly presented in each case study, except perhaps the 
confidential hourly heat consumption data series used in all the studies, which 
would not be shared. The simulation tools and methodologies used in the case 
studies of this dissertation have been well documented in previous studies. The 
research approach of each case study was also described separately and thor-
oughly. 

4.3 Further research 

Future research is needed on the topic of DH, since DH industry is expected to 
have the willingness to reply to the changing energy market as well as the ability 
to develop new ideas for the heating market. Actions for climate change mitiga-
tion calls for more cross-sectional research between different sectors. There are 
multiple topics within this research area for further research.  

As stated earlier, and studied in Paper I, one of the challenges for DH industry 
is the technical development of other heating systems which have increased the 
level of competition between different heating systems. There is no statistical 
data available how many DH customers have left DH system for other heating 
systems in Finland but there are multiple examples presented in media where 
DH customers have choosed on-site energy system based on HPs. This is why it 
is necessary for DH research and industry to deeper understand the real estate 
value creation logic. Interviews or questionnaries for real estate operators and 
investors are needed to understand how they make investment decisions on en-
ergy system and are there other motivations towards on-site energy systems 
than financial motivations.  

As Paper I showed, on-site energy systems based on HPs are profitable for 
different types of new customers. Further research should concentrate on de-
centralized neighbourhood-scale energy systems where different types of cus-
tomers with varying consumption profiles together with energy storages would 
form an energy community. Research should cover case study simulations as 
well as development of proper business models.  

One of the often-mentioned development paths of DH systems is more versa-
tile production. One of the benefits of DH systems is their ability to cover heat 
from different sources, such as waste heat from prosumers. The amount of waste 
heat and large-scale HPs in current DH systems is still rather small and this is 
one of the research areas needing more attention. This area of research should 
concentrate understanding the spatial character of DH network. It would be im-
portant to systematically map the heat consumption points as well as available 
waste heat sources within a DH network.  
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