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1 Introduction 

1.1 Motivation 
The European Union (EU) has set a very ambitious goal: to become climate neutral by 
2050, which means developing an economy with net-zero greenhouse gas emissions. 
To achieve this, the EU has made it a priority to become the leader in the transition to 
clean energy by reducing CO2 emissions by at least 40%, increasing the share of 
renewable energy by at least 32%, and improving energy efficiency by at least 32.5% by 
2030, compared to the 1990 data [1]. 

The transition from fossil fuel to the integration of an increasing number of 
renewable energy sources (RES) requires the revision and redesign of the energy 
system in terms of both generation and consumption. To this end, the future 
sustainable energy system will have multiple infrastructures for various sectors, such as 
electrical grids, district heating (DH) networks, and district cooling (DC) networks. 
Although, throughout the last decades RES gone through remarkable development, 
they can also become problematic for balancing generation and consumption because 
of their unpredictable nature.  

The number of combined heat and power (CHP) plants in the EU, including Estonia, 
has been growing over the past two decades. In the light of RES development in the 
energy sector, the necessity and role of CHP plants becomes questionable. One of the 
key challenges in the energy sector is the creation of flexible energy supply with an 
increased number of fluctuating RES. When the proportion of RES is high, CHPs are 
crucial for power grid stabilisation, that is, ensuring and maintaining the frequency and 
voltage in the power supply. 

Cogeneration is a process in which both electricity and heat are produced 
simultaneously. Turbine is one of the most important components for most larger 
thermal power and CHP plants, because it converts the thermal energy of the steam 
into useful work that is then turned into electricity by the generator. It is crucial for 
turbines to be able to dissipate excess heat. In conventional thermal power plants, 
chillers and cooling towers are utilized for this purpose. In the case of a cogeneration 
plant, the main difference from a power plant is that, instead of leading the excess heat 
to cooling towers or chillers, the heat is used for DH. Typically, the efficiency of a 
thermal power plant is around 33%, but while working in condensation mode, all the 
remaining excess heat is lost. In the case of cogeneration, the electrical efficiency may 
be slightly lower, ranging between 30 and 33%. This is determined by the DH supply 
temperature. Greater DH supply temperatures result in lower CHP electrical efficiency. 
Cogeneration plants usually have a thermal efficiency between 55 and 60% [2]. 

Since it is crucial for the turbines to be able to dissipate excess heat, a constant heat 
load is crucial for CHP plants to work. Without a sufficient heat load, the CHP plant 
must either install coolers, which significantly reduces the efficiency of primary energy 
use, or stop operating until the heat load is sufficient again. CHP plants are not 
particularly flexible when it comes to working at partial load either. Depending on the 
type of turbine, some cogeneration plants can reduce the load and operate at partial 
load even when the heat load is lower. As a result, the operation of the cogeneration 
plant directly depends on the heat load, or the lack of it, when no cooling towers, 
thermal energy storages (TES) or other heat utilization technologies are used.  
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The existing heat load is the most important parameter when planning the capacity 
of a cogeneration plant; it must be considered that the cogeneration plant can operate 
at maximum capacity for an even longer period of time during the year. Winter heat 
load is usually 5–7 times higher than summer heat load; spring-autumn heat load is 3–4 
times higher [3]. This is because the heat load in summer only involves domestic hot 
water, while in the heating season the heat used for space heating depends on the 
thermal insulation of the buildings and the outdoor temperature.  

The DH sector and CHP plants have a strong connection, as excess heat generated in 
the cogeneration process is normally used to cover DH demand. On the one hand, it is 
important for efficient energy use, on the other hand, heat production is part of the 
CHP plant economic model. DH is important for CHP plants’ feasibility and resource 
efficiency. CHP excess heat cannot be utilised without a centralised DH network. DH 
systems serve multiple buildings or homes within a localised area, allowing for the 
centralisation of heat production. This centralised approach benefits from economies of 
scale, as larger, more efficient heating facilities can be used to generate heat rather 
than individual heating systems for each building. In addition to CHP plants’ excess 
heat, centralised DH plants can utilise various energy sources, including renewable and 
low-carbon options like biomass, geothermal, or waste heat from industrial processes. 
These sources can be harnessed much more efficiently on a larger scale compared to 
individual heating systems, which may not have access to such diverse or efficient 
sources. Compared to local heating systems, DH systems can be optimised for load 
balancing and demand management, ensuring that the right amount of heat is 
delivered to each building based on its specific needs. This optimisation helps to 
minimise waste and ensures a more efficient utilisation of energy resources. Overall, 
DH systems capitalise on centralised production, efficient technologies, and diverse 
energy sources to achieve higher energy efficiency compared to local heating systems. 

In essence, the integration of CHP production into DH systems presents a more 
efficient, cost-effective, and environmentally friendly approach to providing heat and 
electricity to communities compared to conventional methods. 

Besides heat and electricity, there is also the cooling sector, which is a small but 
rapidly growing and important part of today’s energy system. Final energy consumption 
for cooling purposes has been increasing in recent years. In the EU, it was 2.7% for 
commercial buildings in 2019. The cooling demand is expected to increase to 45% by 
2050 compared to 2016 [4]. 

DC has several advantages over local cooling. First, DC is more environmentally 
friendly than local cooling because DC can often use a variety of RES to produce cooling 
energy. There are several technologies that can be used to generate cooling energy in 
DC systems. The most common technologies include absorption chillers, free cooling, 
heat pumps (HP), and cooling towers. Industrial waste heat and excess heat from CHP 
plants can also be used with absorption chillers for cooling generation [5]–[7].  

Smart energy system, that is in the center of this thesis can be defined as an energy 
system that integrates all our energy solutions into one united system. This means that 
neither electricity, DH nor cooling are considered as isolated systems, but as connected 
and integrated unity. The integration of different energy technologies, such as 
cogeneration of heat and power, boiler houses, heat pumps, renewable electricity 
production units and cooling technologies must be integrated wisely to ensure the 
expected RES integration, energy efficiency increase and primary energy savings. 
The motivation of this thesis is to investigate how to integrate different energy 
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technologies into united energy system, also considering the nature of existing, CHP 
production-based energy system. This means that for wise integration of different 
technologies to today’s energy system, CHP production characteristic features must 
also be considered. As was explained above, lack flexibility of CHP production is one of 
the main problems that prevents effective use primary energy. This problem can be 
mitigated through increasing the flexibility by integrating different technologies and 
energy sectors and thus creating a smart energy system.      

The European Commission’s Strategy for Energy System Integration states that 
sector coupling will significantly increase electricity consumption, which, in turn, will 
increase renewable energy production and spread the use of RES technologies [8]. HPs, 
as power-to-heat solutions, play a major role in the sectoral coupling of RES and the 
heating sector, and the amount of heat extracted from RES strongly depends on the 
type of strategy; the most RES can be integrated into a system using a strategy based 
on wind power generation. When the electricity and heat sectors are combined, 
residential heat load has the potential to enhance the usage of wind power while 
reducing carbon emissions significantly. The operation of existing thermal power plants 
in cogeneration mode, together with DH networks and thermal storage units, can still 
contribute to the decarbonisation of the European heating sector. 

Overall, the motivation for writing this thesis is to find and investigate the most 
suitable solutions for district energy production in heating and cooling sectors and how 
to integrate them into one, united and energy efficient smart energy system to move 
towards climate neutrality. 

1.2 Background 
This thesis mostly relies on studies that investigate the possibilities of increasing 
flexibility, energy efficiency and use of RES in local level, therefore in the following 
paragraph an overview of energy sectors in Estonia and in the Baltics is given.  

Oil shale serves as the primary energy source in Estonia and is a crucial component 
of its energy mix. While relying on oil shale ensures a significant degree of energy 
security, it is an inherently carbon-intensive fuel. Consequently, energy production 
from oil shale contributes substantially to greenhouse gas emissions, exacerbating 
climate concerns. As a result, the Estonian economy exhibits double the amount of 
carbon dioxide (CO2) emissions compared to the EU average. However, Estonia is 
swiftly addressing this issue by phasing out old energy plants and implementing 
innovations aimed at reducing CO2 emissions and mitigating their adverse effects. 
Despite efforts, Estonia’s power generation falls short of meeting domestic demand, 
leading to daily electricity imports. In 2023, Estonia generated 4.91 TWh of power, 
whereas demand stood at 8.07 TWh. These figures contrast with 2022, where 
generation and demand were 7.34 TWh and 8.18 TWh, respectively [9]. Notably, over 
half of Estonia’s electricity was generated using oil shale (56%), biomass (17%), wind 
(9%), and sustainable waste (1%) power plants. A substantial portion of this electricity 
(2.704 TWh; 76% to Latvia and 24% to Finland) was exported [9]. All three Baltic states 
are attempting to separate from the Russian power grid and join the Western European 
grid, which is expected to be completed by 2025 [10].  

Another critical objective for Estonia is achieving climate neutrality by 2050, 
necessitating an increase in renewable energy capacity [11]. Wind energy constitutes 
the largest renewable energy source (RES) in Estonia, with the Aulepa 48 MW wind 
power plant being the largest in the Baltics. Wind farms, totalling 373 MW, are 
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predominantly located inland in Estonia's northeast, northwest, and west regions [12]. 
Despite this, offshore wind parks have yet to be developed. Tallinn hosts the largest 
CHP plants, with four operational facilities boasting a total capacity of 240 MWth and 
73.4 MWel. Additionally, there are sizable biomass CHP plants in Tartu and Pärnu, each 
with a capacity of 25 MW. Estonia also has biomass (102 MW), waste (17 MW), and 
biogas-powered (11 MW) plants integrated into its power network [10]. In Estonia, it is 
common to reject excess cogeneration heat when there is no demand. This type of 
approach is only feasible if subsidies for electricity production are available. In the case 
of Estonia, this refers to biomass CHP plants under 12 years old [13]. These types of 
CHP plants receive 53.7 EUR/MWhel, making heat rejection feasible. Tallinn has three 
CHP plants with rooftop coolers [14]. 

There are 210 DH networks in Estonia, with about 160 of them using wood chips or 
other wood-based fuels. However, natural gas or shale oil-fired boilers still cover peak 
loads, serving as reserve boilers in many instances. Eleven networks rely on peat due to 
its local availability and price stability. Most biomass boilers were installed after 2014 
with support from the European Cohesion Fund [15]. As the EU aims for climate 
neutrality by 2050 [16], all fossil fuel-fired boilers must be replaced with RES, 
necessitating the development of a sustainable alternative to cover peak loads. 
Replacing old biomass boilers with HPs is one alternative that should be considered. 
Centralised HPs, which are used in three DH networks, can also be regarded as a 
sustainable and environmentally friendly heating solution [17]. 

Tallinn has a single large-scale heating network created by combining smaller DH 
networks. A connecting pipeline established in 2010 allows heat transmission between 
Tallinn’s western and eastern regions, facilitating heating distribution to the city centre, 
Maardu, and Lasnamäe [18]. 

Cogeneration plants, including Tallinn CHP1 (Väo I), the Iru waste incineration plant, 
Tallinn CHP 2 (Väo II), and Mustamäe CHP cover Tallinn's base heat load. Except for Iru, 
all of the cogeneration plants mentioned above run on wood chips. The Kristiine and 
Ülemiste boiler houses are two of the major boiler houses connected to the network 
[18]. 

In Tallinn’s DH network, used as a case study in papers I-IV, summer heat loads can 
be covered by excess heat from a single CHP plant. The remaining cogeneration plants 
are left with a choice: either to cool down the excess heat via chillers to continue 
producing electricity to receive subsidies for RES electricity production, or to stop 
working. In the winter, the situation is reversed: even if all Tallinn cogeneration plants 
operate at full capacity at the same time, there is insufficient to cover the heat load of 
the entire Tallinn DH network, therefore the remaining heat load is covered by boiler 
houses. Peak loads are currently covered by natural gas boiler buildings in Tallinn and 
elsewhere in Estonia, which have been temporarily replaced with shale oil due to gas 
supply issues in 2022. While shale oil is a local alternative, it remains a fossil fuel and 
does not align with national climate targets. Thus, sustainable alternatives to natural 
gas or shale oil boilers are imperative. 

Improvements in DH infrastructure promise enhanced energy efficiency, aligning 
with the EU’s energy policy promoting DH and CHP generation. According to Directive 
2012/27/EU, energy-efficient DH systems utilise at least 50% renewable energy, 
50% waste heat, 75% cogenerated heat, or a combination thereof [19]. 

Tallinn started developing the DC distribution network and production in 2019. 
By the end of 2023, the installed cooling capacity was approximately 6 MW. In the long 
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term, the goal is to build a large DC network that has a base-load DC plant and two 
peak-load DC plants. As a coastal city, has potential for seawater-based free cooling, 
supplemented by electrical chillers, or HPs, during periods when seawater temperatures 
are inadequate to meet DC demand [20]. 

1.3 Research problem 
Conventional power plants and CHP plants continue to play an important role in the 
modern energy system. They are crucial for covering the base load of electricity and 
heat demand and maintaining stability and frequency in the power grid. However, with 
the rapid development of renewable energy sources (RES) and their increasing 
controllability in both the heating and electricity sectors, the future role of conventional 
power plants and CHP plants is being questioned, given the availability of more 
environmentally friendly methods of heat and power production.  

It is evident that CHP plants will play an important role in the energy system in the 
near future. However, there is a pressing need for them to enhance operational 
flexibility to maintain competitiveness and resource efficiency, thereby securing their 
position in the energy sector.  

Due to the technical processes involved in both heat-only and CHP production, 
flexible energy production is essential for both the heat and power sectors. RES in these 
sectors are challenging to control and heavily reliant on weather conditions such as 
wind and sunshine. The volatility of RES generation can be reduced by introducing 
storage options into the system. Various types of energy storage exist, each with 
unique strategies for utilisation. To optimise investments in storage technology, 
thorough calculations and analyses are necessary. While electric energy storage units 
are more expensive and have capacity limitations, thermal energy storage (TES) is 
technically simpler, resulting in lower installation and operation costs. TES offers a wide 
range of capacities suitable for both seasonal and short-term energy storage, thereby 
enhancing flexibility in heating production and reducing CO2 emissions by decreasing 
the need for peak boilers. 

Flexibility in power production is also a challenge for CHP plants, particularly when 
there is a surplus of RES in the electricity grid. This poses a problem for CHP plants since 
they cannot pause operations. Demand-side management solutions, such as power-to-
heat technologies, can alleviate this issue. 

In the district cooling (DC) sector, flexibility is less of a concern compared to the 
heating and power sectors due to differences in technologies. However, sustainability 
in the cooling sector remains crucial, with potential for improvement in energy 
efficiency through the use of heat pumps (HP) and absorption chillers. 

Sector coupling is vital for flexibility and energy efficiency. Coupling heat, power, and 
cooling sectors through different technologies is explored in this thesis to enhance 
overall system performance. 

The current research focuses on three main fields: CHP flexibility, district heating 
(DH) systems, and district cooling (DC) systems. Figure 1 illustrates the key fields and 
technologies investigated in this thesis. 
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Figure 1. Fields and technologies investigated in this thesis 

The goal for each sector is underlined in the circles. Text outside the circles indicates 
technologies that can be used to achieve the established goals. In cursive, articles 
included in the thesis that contribute to the goals and solutions within the sectors are 
marked.  

By exploring and investigating these topics, the following research questions are 
being addressed: 

Research Question 1 (RQ1): How can the operational flexibility of combined heat and 
power production be increased? 

Research Question 2 (RQ2): How can primary energy usage efficiency in the energy 
system be increased through coupling different energy sectors? 

The first research question seeks to identify solutions and technologies to enhance 
the operational flexibility of CHP plants and increase their feasibility. This study 
examines thermal energy storage, coupling with district cooling, power-to-heat 
solutions, and load shifting. The justification of the selected technologies is given in the 
literature review chapter.   

The second research question investigates technologies for coupling heat, power, 
and cooling sectors to maximise primary energy usage efficiency. This study explores 
heating and cooling production, HPs, TES, and low-grade heat sources. Building upon 
RQ1, RQ2 analyses how flexibility in energy production can improve primary energy 
usage efficiency. 
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Through comprehensive discussion and analysis, the author aims to address the 
overarching question: What is the future position of CHP plants in the smart energy 
system, considering all the research findings and insights gained from addressing the 
research questions stated above? 

1.4 Structure 
This dissertation comprises seven research articles published in international peer-
reviewed academic journals, along with a compilation section. The articles and their 
corresponding research questions are outlined in Table 1. 

Table 1. Articles and their corresponding research questions 

Article no. Focus of the paper Primary unit of 
analysis 

Corresponds to 
research question no. 

Article I RES integration CHP, DH RQ1, RQ2 
Article II Coupling CHP with 

cooling production 
CHP, DC RQ1, RQ2 

Article III CHP efficiency CHP, DH RQ2 
Article IV Cooling generation CHP, DC RQ1, RQ2 
Article V Low-grade heat sources 

mapping 
DH and DC sector RQ1, RQ2 

Article VI 5GDHC implementation DH sector RQ1, RQ2 
Article VII DH in rural areas DH network and 

heat production 
RQ2 

The research conducted in this thesis addresses efficient energy use problems in 
energy systems on various levels, including the technology level, DH network level 
(based on Tallinn case studies), national level, and regional level (pertaining to the 
Baltic states). The articles and their corresponding research scales are provided in 
Table 2. 

Table 2. Articles and their research scale 

Research scale Articles no. Description of contribution 

Technology level II, III Efficient use of energy 

DH network I, IV, VII RES integration into the DH system, 
efficient use of energy 

National VII Efficient use of energy 

Regional 
V, VI RES integration into the energy system, 

efficient use of energy 
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At the technology level, the articles offer suggestions on implementing technologies 
such as flue gas condensers (FGC) and absorption chillers to achieve more efficient 
energy use. At the DH network level, different strategies and technical solutions within 
DH networks are investigated in order to integrate more RES into the system and utilise 
energy more efficiently. For regional contributions, the implementation of various 
technologies and strategies is studied on a larger scale, considering their influence on 
regional development. 

1.5 Research methodology 
The methodology used in this thesis facilitates the assessment of efficient energy use 
and primary energy reduction in district energy systems (DH, DC) and CHP plants 
through the integration of various technologies and technical solutions into the energy 
system. Multiple methods were utilised to achieve this objective, with the rationale 
behind method selection and a comprehensive description of each approach elucidated 
in the papers. Initially, a review of published articles was conducted to explore energy 
efficiency opportunities. 

Four main research methods were employed in this thesis: mathematical simulations 
for energy system modelling and process modelling, geospatial analysis and multi-criteria 
analysis. Table 3 presents the research methodologies, designs, and descriptions. 

Table 3. Research methods, designs and description of the articles 

Article no. Research method 
and design 

Research description Source of data 

Article I Comparison of 
simulation results 
from different 
scenarios, 
optimisation  

DH system simulations with 
EnergyPRO simulation tool 
aimed to reduce of heat 
rejection and natural gas use 
in DH networks by adding TES 
and power-to-heat to CHP 

Annual heat 
demand, data 
from CHP plants 

Article II Calculations 
based on 
simulation 
model’s results, 
optimisation  

Creation of mathematical 
calculation model for 
absorption chiller and turbine 
efficiency, DC system 
simulations with EnergyPRO 
tool to find most energy 
efficient DC solution 

Data from CHP 
plant, Estonian 
Buildings 
Register 

Article III Calculations 
based on 
simulation 
model’s results, 
regression 
analysis 

Creation of mathematical 
calculation model for FGC 
efficiency 

Data from CHP 
plant 

Article IV Comparison of 
simulation results 
from different 
scenarios 

DH and DC systems 
simulations and heat loss 
calculations with different DH 
supply temperatures 

Hourly cooling 
profile, data 
from CHP plant 
and DH 
company 
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Article no. Research method 
and design 

Research description Source of data 

Article V Geospatial 
analysis 

Creation of interactive GIS 
map for industrial and low-
grade heat sources and DH 
and DC networks in the Baltic 
States 

Annual heating 
and cooling 
demand in local 
DH and DC 
networks, 
Environmental 
Register, Estonian 
Weather Service 

Article VI Multi-criteria 
analysis 

Qualitative comparison by 
discussing the barriers and 
drivers, quantitative 
comparison by assigning 
numerical values to each 
criterion 

Electricity price, 
National Energy 
and Climate 
Plans, Building 
Register, national 
databases 

Article VII Comparison of 
simulation results 
from different 
scenarios 

DH system simulations with 
EnergyPRO simulation tool 

Annual heating 
demand of DH 
networks, 
ambient 
temperature, 
electricity price 

1.5.1 Energy system modelling 
Energy systems are complex systems influenced by various factors from both the supply 
and demand sides. Different scenarios must be modelled to see how the system 
behaves under the influence of various circumstances. For this, the examination of case 
studies is crucial.  

In Articles I, II, IV and VII, heat demand profiles are analysed, and scenarios involving 
different heating or cooling production options are investigated to assess their impact 
on system performance.  

In Article I, the Tallinn DH network serves as a case study, with the present situation 
acting as the reference scenario. Scenarios involving thermal energy storage (TES) and 
power-to-heat options are analysed to reduce heat rejection and natural gas 
consumption in the DH system. Heat demand profiles were modelled with EnergyPRO 
software, and data for annual heat demand were sourced from the Tallinn Heat 
Management Development Plan. Electricity prices were obtained from Nord Pool, and 
technical data regarding CHP parameters were acquired from CHP companies.  

Article II focuses on the Mustamäe district and the Mustamäe CHP as a case study. 
For the study, a DC network in the Mustamäe district was proposed, with annual 
cooling demand estimated based on building capacity data from the Estonian Building 
Register. Using EnergyPRO software, a cooling demand profile was modelled, and various 
energy-efficient cooling production technologies were proposed.  
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In Article IV, the Tallinn DH network is once again used as a case study. For the study 
scenarios with different DH supply temperatures are examined. The study examines 
scenarios with different DH supply temperatures, with a particular focus on cooling 
production via absorption chillers. Since the DC plant is located seven kilometres from 
the CHP plant, the DH network is employed for heat transportation. The evaluation 
parameters used to compare and determine the optimal solution take into account the 
technical characteristics of both the cooling plant and the DH system. Heat loss, flow 
rate, pump electricity consumption, annual CHP energy efficiency, and overall system 
efficiency were calculated for the DH system. 

In Article VII, data on annual consumption, network temperatures, heat production 
units, heat price, and consumers of Estonian rural DH networks were gathered from 
local municipalities’ heat management development plans. Over 140 heat management 
development plans were examined. Rural DH networks were divided into seven groups 
based on annual heat consumption, and a reference scenario was created for each 
group. Reference scenarios illustrate each group’s average heat demand profile and the 
current DH consumer price. Various scenarios with different HP solutions were 
examined for the analysis, and the DH consumer price for each scenario was calculated. 

1.5.2 Process modelling 
Various technical processes have an impact on heat, power, and cooling production. 
In-depth analysis of these technical processes often requires mathematical calculation 
models. To achieve this, these processes must be described through their parameters 
and formulas. By manipulating various parameters within these processes, the outcome 
and performance indicators also change, providing essential insights into how the 
system should be designed for optimal performance.  

In Articles II and III, mathematical process models were created using data from CHP 
plants. Both models utilise Mustamäe CHP as a reference case, with the necessary data 
for model validation obtained directly from the CHP plant.  

In Article II, a comprehensive model for absorption chiller and turbine efficiency was 
developed to investigate the effect of turbine outlet temperature on cooling and power 
generation. This model depicts the simultaneous heat and mass transfer processes 
within the absorption chiller, which are affected by the turbine outlet water 
temperature. The results obtained from this model were subsequently used in the 
energy system modelling discussed in the article.  

In Article III, a detailed model for FGC performance was created. The performance of 
the FGC is influenced by the DH return temperature and has a significant effect on the 
thermal efficiency of the CHP plant. This model provides a detailed mathematical 
description of the simultaneous heat and mass transfer processes occurring within the 
FGC. 

1.5.3 Geospatial analysis 
Geospatial analysis is a powerful tool for visualising possibilities and identifying usable 
resources. It is instrumental in locating the most suitable sites for applying waste heat 
in DH systems. Such analysis yields valuable insights for a given geographic area, 
facilitating the formulation of future strategies and development plans.  

In Article V, an extensive analysis of available industrial and low-grade heat sources 
was conducted, focusing particularly on their suitability for large-scale HPs or chillers. 
Through this analysis, the potential for implementing large-scale HPs and chillers within 



22 

DH and DC networks can be discerned, with barriers potentially lowered. This is 
achieved through the utilisation of geospatial analysis, leveraging advanced GIS 
(Geographic Information System) software to provide detailed information and an 
overview of suitable locations for heat sources and sinks near DH or DC regions. Such 
an approach adds value to GIS maps by concentrating on and incorporating heat 
sources that are particularly relevant for large-scale HPs, thus enabling the quantification 
of their potential usage. 

1.5.4 Multi-criteria analysis 
The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) method 
of multi-criteria analysis is widely used to compare different environmental strategies 
for sustainable development, taking into account various perspectives. Its primary 
objective is to allow users to compare and choose from multiple alternatives. 

In Article VI, the potential introduction of 5th Generation District Heating and 
Cooling (5GDHC) in the Baltic States was assessed using multi-criteria analysis. 
A qualitative comparison was conducted by examining the barriers and drivers unique 
to each country, while a quantitative comparison involved assigning numerical values to 
each criterion. The quantitative analysis utilised a multi-criteria decision-making 
method to compare various aspects of potential 5GDHC implementation, resulting in a 
ranking of countries for each aspect. The criterion values obtained were evaluated 
using both the TOPSIS and the Analytic Hierarchy Process (AHP) methods to determine 
the weight of each criterion. 
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2 Literature review 
The literature review briefly outlines the role of CHP production within the current 
energy system. It addresses the challenges faced by CHP plants, as discussed in the 
literature, and presents potential future development paths. The second part of the 
literature review focuses on sector coupling and flexibility in energy production to 
enhance the efficient utilisation of primary energy. This section explores different 
approaches to sector coupling and highlights the advantages and disadvantages 
associated with them. Each subsection discusses a separate useable technology. 

Furthermore, the literature review encompasses international studies that hold 
relevance not only globally but also within the context of Estonian conditions. Given the 
thesis's emphasis on Estonian District Heating (DH) systems and CHP production, these 
international perspectives provide valuable insights for contextualising the research 
within a broader framework. 

2.1 Combined heat and power production in district heating and 
cooling systems 
Over the past decades, the number of CHP plants in Europe and Estonia has increased, 
and there are currently over 20 CHP plants in Estonia, four of which are located in 
Tallinn [21]. Biomass-based CHPs are widely used in DH systems in Europe. As for 
Estonia, this type of RES is actively supported by the government, which has introduced 
a feed-in-premium policy instrument[22]. 

The utilization of biomass resources presents a practical solution to address energy 
supply shortages and reduce greenhouse gas emissions. Harnessing excess biomass 
for CHP production offers a promising avenue for clean energy generation. In [23], 
a comprehensive techno-economic analysis and life-cycle environmental assessment 
model were developed to investigate the feasibility of a CHP plant utilising biomass 
waste, with the findings highlighting the positive environmental impact of this 
approach. Sensitivity analysis conducted in the study underscored that reducing capital 
costs and increasing annual power generation could substantially improve project 
viability. 

Effective energy management is essential for the design and implementation of CHP 
systems, particularly those incorporating Renewable Energy Sources (RES). Such 
management is critical for optimising energy utilisation and achieving cost-effectiveness, 
energy conservation, emission reduction, and component longevity. In [24], various 
energy management approaches employed in CHP systems that utilise RES were 
discussed. 

One option for improving heat production efficiency is to install FGCs to recover 
waste heat from flue gases. In recent years, FGC has often been used to increase the 
efficiency of CHP or boiler plants, improving tboth heating and CHP plant efficiency by 
recovering latent and sensible heat from flue gases and water vapours. The proportion 
of heat recovery in the total supplied heat can reach up to 30%, increasing overall plant 
efficiency by up to 15% [25]. Major factors influencing the proportion of FGC heat 
recovery include fuel moisture content, condensing temperature, fuel composition, and 
flue gas temperature [25]. Additionally, other factors predominantly affecting heat and 
mass transfer in FGCs encompass flue gas flow velocity and regime (laminar or 
turbulent), as well as FGC construction. FGC efficiency has also been studied in [26] and 
[27]. The method proposed in [26] was specifically tailored for heat and mass transfer 
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in tubular FGCs, while [27] examined different configurations for combined-cycle power 
plants to recover heat from flue gases. Furthermore, [28] ] illustrates the retrofitting of 
an existing FGC with a heat exchanger system to increase heat recovery from flue 
gases. This study also highlights the significant influence of return water temperature 
on potential heat recovery. For the most optimal FGC design, comprehensive numerical 
analysis was conducted in [29] to maximise latent heat recovery. Moreover, FGC design 
was investigated in [30] to improve the capture of acid gases like SOx and NOx using 
vortex generators. 

CHP plants also play a crucial role in power grid stabilisation, ensuring the 
maintenance of frequency and voltage in the power grid [31]. Amidst climate change 
concerns, when non-combustion heat sources are gaining prominence, the relevance of 
CHP plants in the energy system may be questioned. While there are various ways to 
generate electricity and/or heat from non-combustion sources such as solar, wind, and 
geothermal energy, among others, CHP plants offer distinct advantages over these 
technologies. They generate electricity and heat in a single operation, minimising 
energy loss and producing consistent energy. In addition, CHPs help to balance the 
energy system, especially when run on biomass, making the energy produced 
renewable [32]. 

The main operational challenges faced by CHP plants are related to fluctuating or 
low heat loads. During periods of low heat demand, the plant may either cease 
operation entirely or use coolers to dissipate excess heat. While heat rejection allows 
the CHP system to continue electricity production, it constitutes an inefficient use of 
energy since all heat energy is wasted. 

Although subsidies and national support for CHP production may create the illusion 
of an economically profitable industry, there remain technical and non-technical issues 
that require attention. The primary obstacles to efficient CHP operation under current 
conditions include: 

• Inefficiency during periods of reduced heat demand, particularly in warmer
months;

• Infeasibility of electricity generation and sale through CHPs when market
prices for electricity are low.

The first obstacle is well-known and extensively researched, with various technical 
solutions available. Typically, a CHP plant operates to supply heat during the cold 
months when heat demand is high. However, during periods of low heat demand, when 
there is limited capacity to utilise the generated heat, the CHP system must either 
operate at partial load or cease operation altogether. One potential solution, in cases 
where electricity generation can proceed without heat utilisation, involves installing 
additional auxiliary coolers to dissipate excess heat during periods of minimal heat 
demand, for example, in summer. This approach has been implemented at various 
facilities such as the Järvenpää Biomass CHP (Finland) [33], Klaipeda Waste Incineration 
CHP (Lithuania) [34], Tallinn CHP2, Mustamäe CHP [14], and Pärnu Biomass CHP 
(Estonia) [35]. However, it is crucial to note that this solution cannot be considered 
sustainable. 

Addressing the other problem entails considering various approaches, as solutions 
hinge on external factors within the energy system. These factors encompass subsidies, 
investment support for storage options, fuel prices, availability in the heating sector, 
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and other variables prone to rapid fluctuations. The unpredictable nature of these 
factors complicates decision-making, making it challenging for companies to determine 
the most feasible solution. The next chapter will explore various approaches to tackle 
the issue of unfeasible power production in CHP plants in more detail. 

2.2 Sector coupling for increased flexibility and energy efficiency 
Power systems reliant on various RES such as wind and solar power, require substantial 
flexibility in both power generation and demand. In [36] the concept of a residential 
area acting as a locally operated entity, akin to a virtual power plant, was proposed to 
provide power-balancing services to the national power grid. To explore this concept, 
a case study was conducted in Sweden, where a local entity comprising a CHP unit, HPs, 
a local heat distribution system, and a thermal storage unit was modelled. Energy 
balance simulations, coupled with storage size optimisation, demonstrated that all 
power surpluses in the system were efficiently absorbed by the HPs. Moreover, 
the CHP unit met 43% of the annual electricity load and 21% of the peak electricity 
load. In [36], the importance of inter-seasonal thermal storage systems in achieving the 
desired flexibility was emphasised. 

The enhancement of flexible operation in thermal power plants has emerged as a 
significant research focus, given its pivotal role in maintaining a stable power grid 
amidst the integration of renewable energy on a large scale. In [37], an adaptive 
modelling approach combining mechanism analysis and data-driven fuzzy modelling 
was proposed to design controllers for rapid and precise load regulation during flexible 
operation. The study demonstrated that even with enhanced controllers, the efficiency 
and flexibility of a CHP plant could be improved further. 

Esmaeili and Pourmoghadam [38] conducted a dynamic simulation of a combined 
cooling, heating, and power (CCHP) system using concentrated photo voltaic thermal 
(CPVT) collector. The proposed configuration included CPVT collectors, a phase change 
material storage tank, an organic Rankine cycle (ORC), an absorption chiller, and heat 
exchangers. To ensure continuous operation, even during low or no solar irradiation, 
an auxiliary heater was incorporated to provide thermal energy. The performance of 
the CCHP system was analysed from energy, exergy, and economic perspectives, 
particularly during the warmer months (May to September). The results indicated that 
increasing the CPVT area from 100 m2 to 400 m2 led to a remarkable 161% improvement 
in the solar fraction. However, it was observed that CPVT was a major contributor to 
exergy destruction, accounting for 49% of the total. These findings provide valuable 
insights into the optimisation of the CCHP system and highlight the significance of CPVT 
collectors in enhancing its performance both energetically and economically. 

2.2.1 Combined heat and power production role in heating sector electrification 
The European Commission's EU Strategy for Energy System Integration asserts that 
sector coupling will significantly boost electricity consumption, thereby increasing 
renewable energy production and promoting the use of RES technologies [39]. In [40] 
the pivotal role of HPs as power-to-heat solutions in sectoral coupling between RES and 
the heating sector was discussed, highlighting that the amount of heat extracted from 
RES is greatly dependent on the chosen strategy. The integration of wind power 
generation offers the highest potential for incorporating RES into a system. Moreover, 
[41] suggests that residential heat load presents significant potential for maximising
wind power utilisation and minimising carbon emissions through the coupling of the
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electricity and heating sectors. Additionally,  [42] notes that operating existing thermal 
power plants in cogeneration mode, alongside DH networks and thermal storage units, 
can still contribute to the decarbonisation of the European heating sector.  

Coupling the CHP with TES helps mitigate the impact of fluctuations in consumer 
heat load on heat and electricity production. Typically, short-term TES utilises 
accumulator tanks. The feasibility of this technical solution was investigated in [22], 
[43], [44], with the main conclusion being that implementing accumulator tanks can 
prolong the period during which CHPs operate at full load and enhance their overall 
efficiency. Furthermore, as demonstrated in [45], seasonal TES emerges as a superior 
choice when solar energy is also utilised.  

A fairly new problem faced by CHPs is associated with brief periods when electricity 
prices are very low, rendering electricity production and sale unviable. Various storage 
options can be used to deal with peak demands and integrate renewable energy into 
the system. Electrical storage is the best way to integrate solar, PV, and wind energy 
into the grid, although these solutions can often be expensive [46]. At the moment, 
large-scale electricity storage facilities are also limited and very expensive [47]–[49]. 
Other energy storage options, such as pumped hydro storage, are restricted by location 
and not widely available. Power-to-heat is a feasible option when heat is consumed via 
DH or stored in short-term heat storage facilities. If periods of low electricity prices 
coincide with the heating season (e.g., in Nord Pool, when electricity prices dropped to 
0 EUR/MWh for a few hours on 9.02.19, with the average price for the day of 10.07 
EUR/MWh), the heat produced from the CHP electricity can replace the heat produced 
from fossil fuels, reducing CO2 emissions. 

Andersen et al. have explored various ways to make energy systems more flexible 
and introduce more RES into the system, with a particular focus on tax incentives [50], 
government support schemes [51], and developing power plant operating strategies 
[52]. Using HPs for power-to-heat can be very beneficial, but because the investment in 
the installation is very high, an electricity tax system was proposed in [50] to help 
increase the capacity of HPs and TES units in order to create a basis for flexible 
operation and match the operation of HPs with the dynamic needs of the electric 
power system. The results showed that 100% of the spot electricity prices could 
stimulate investment in additional TES capacity but won't do as much for the capacity 
of DH HPs. In [51], it is argued that the support scheme must ensure the correct ratio 
between the production capacity and TES capacity. Before a country achieves 
intermittent renewable energy production at full volume, it is recommended that 
production-dependent support schemes be used to increase the displacement of 
production at condensing power plants running on fossil fuels. When a high level of 
intermittent renewable energy is achieved, this production covers the electricity 
demand for most hours, leaving only a few hours for CHP production. Investment 
support schemes can be considered at this stage as they require less assistance. 

2.2.2 Heat sector electrification 
There has been a growing interest in the utilisation of electrical solutions in the heating 
sector in recent years. The availability of diverse low-grade heat sources, along with 
advanced and highly efficient heat pump (HP) technology, has spurred widespread 
exploration of large-scale HPs in district heating (DH) systems. DH has emerged as an 
efficient means of supplying space heating and domestic hot water in densely populated 
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areas [53], while also facilitating the seamless integration of various renewable energy 
sources (RES) into the energy system [54]–[56].  

Power-to-heat technologies have been the subject of extensive research recently. 
One study [57] examined the impact of wind penetration in electricity markets on 
optimal power-to-heat capacities within local DH systems. Another study investigated 
the influence of power-to-heat on Germany's power system, concluding that the 
interaction between the heating and electricity sectors can enhance flexibility in both 
sectors to address short-term fluctuations in wind and solar power generation. In [59], 
it was noted that in systems where biomass resources are limited, employing power-to-
heat solutions can aid in the integration of additional RES into the heating sector as the 
share of renewable energy increases. In [60], various methods for the optimal design of 
distributed energy systems were compared, with HPs considered as power-to-heat 
solutions. Risk assessment for integrated heat and electricity systems revealed that 
utilising power-to-heat solutions, such as HPs and electric boilers, can mitigate risks 
associated with integrating a higher proportion of RES into the system [61]. 

The impact of power-to-heat technologies on Germany’s energy system was further 
explored in [59], highlighting the potential for enhancing flexibility in both the heating 
and electricity sectors to manage short-term fluctuations in wind and solar energy 
production. The study emphasised that when biomass resources are limited, integrating 
power-to-heat solutions into systems with a growing share of renewable energy can 
further augment RES incorporation into the heating sector. A comparison of various 
methods for the best design of distributed power systems was performed in [60], with 
HPs considered a viable power-to-heat solution.  

Assessing the implications of adding a large number of electricity consumers, such as 
HPs, on the balance and functioning of the electricity grid is imperative for maintaining 
grid stability. One study [62] outlined electricity market options for HPs in rural DH 
networks in Austria, illustrating how HPs can serve as grid regulators to bolster grid 
stability and balance. 

The use of HPs in DH also yields a positive effect on air quality, since HPs do not 
require combustion to generate heat and therefore no fine particles or acidic oxides 
(NOx and SOx) are emitted. While biomass boilers are extensively used due to their 
perceived CO2-neutrality and the wide availability of biomass in Estonia, their usage can 
contribute to air pollution. The impact of biomass boilers on the atmosphere has been 
scrutinised in previous studies [63]–[65]. Emissions from biomass boilers vary 
depending on combustion methods. As indicated in [65], NOx and SOx emissions remain 
below environmentally harmful levels, with CO2 emissions not surpassing the amount 
consumed by plant growth, rendering biomass a more environmentally friendly fuel 
option. Conversely, [63] suggests that emissions of fine particles from biomass 
combustion can pose health risks if flue gas cleaning equipment is not used. When 
considering HPs for space heating, it’s important to note that their use, as opposed to 
combustion boilers, has an overall positive impact on the atmosphere only if the 
electricity powering HPs is generated in accordance with clean production principles 
and sourced from RES. Emissions of fine particles and acidic oxides during combustion 
can be mitigated by utilising air treatment equipment like FGCs, electric precipitators, 
and various kinds of filters. However, such equipment can be expensive and not all 
boiler houses have it installed. According to Directive 2015/2193 of the European 
Parliament and of the Council of 25 November 2015 on the limitation of emissions of 
certain pollutants into the air from medium combustion plants, the maximum amount 
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of fine particles (dust, fly ash) for medium-sized biomass boilers is 20 mg/Nm3 [66]. 
Emissions of fine particles are also regulated by Directive 2016/2284 of the European 
Parliament and of the Council of 14 December 2016 on the reduction of national 
emissions of certain air pollutants, which established an emission reduction strategy 
[67].  

Large-scale HPs and chillers are viewed as highly efficient technologies for utilising 
RES, integrating the power and thermal energy sectors, and thereby aiding in balancing 
power generation in case of fluctuating RES. HPs allow the use of heat at ambient 
temperature from sources such as seawater, rivers, lakes, or sewage water for DH, 
which would reduce the proportion of fossil fuel-based heat [68], [69]. Similarly, these 
sources can be used by chillers as a heat sink to supply DC. Connolly et al. [70] 
demonstrated the significance of large-scale HPs for European DH systems, which are 
expected to produce 520TWh/a in the EU by 2050, accounting for 25% to 30% of the 
total DH production. 

2.2.3 Coupling combined heat and power production with district cooling 
DC technologies have evolved over the years, with numerous studies conducted to 
determine the most sustainable approaches. The most environmentally friendly 
solution is free cooling, where chilled water is sourced from nearby reservoirs, such as 
rivers, as is the case in Paris [71]. In the absence of natural bodies of water nearby, 
large-scale HPs, chillers, absorption chillers, or other innovative technologies like hybrid 
solar power can be utilised. An optimisation model developed in [72], ], for large-scale 
HPs and cooling plants aimed to ascertain the most economical and/or sustainable 
production and storage capacities, heat sources, and demand profiles for both DH and 
DC supply. Modelling outcomes revealed that HPs, when combined with DC networks, 
can establish a sustainable symbiosis, with HPs utilising the DC network as a heat 
source, presenting significant potential for reducing CO2 emissions. Additionally, 
as indicated in [73], the introduction of DC systems, cold TES, and cooling towers into 
the system can yield even greater energy savings when operated properly. Exergy 
assessment suggests that chillers perform best when integrated with cooling towers.  

Absorption chillers play a crucial role in coupling DC with CHP plants, as they can 
utilise excess heat produced by CHP plants during periods when it is not required in the 
DH sector, particularly in summer. Various absorption designs are available, mainly 
single-stage and two-stage absorption chillers. Single-stage machines can be powered 
by hot water (90–115 °C) or low-pressure steam (1 bar) and are often paired with 
reciprocating engine CHP plants. In contrast, two-stage machines require higher-
temperature hot water (e.g., 175 °C) or higher-pressure steam (e.g., 8 bar) and are 
often matched with combustion turbine CHP plants. Typically, the COP for a single-stage 
absorption chiller is about 0.75, whereas for a two-stage absorption chiller, the COP is 
1.35 or higher [74]. 

When absorption chillers are used, special attention should be paid to their heat 
rejection systems. Generally, the heat rejection system capacity of an absorption chiller 
is about 2.35 times the cooling capacity of the chiller [75]. When TES units are 
integrated into the system and there is a demand for DH, the rejected heat from the 
cooling process can be repurposed for heating. 

Comparative analysis of DC configurations, encompassing electric chillers coupled 
with CHPs, absorption chillers, TES, solar thermal plants, and HPs, revealed that the 
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most viable option is to integrate CHP with TES and absorption chillers alongside 
electric chillers [76]. 

With cold TES, chilled water can be stored and matched to the cooling load during 
the hottest hours of the day to prevent excess loads on chillers. By adjusting the charge 
and discharge times of the cold TES, it is possible to maintain a more constant discharge 
temperature and avoid discharging water that is too warm for the cooling system [73]. 
As described in [77], solar energy can also be utilised in DC systems by harnessing the 
heat generated by solar collectors for absorption chillers. Furthermore, solar energy 
can power electric chillers in DC systems. 

Another advantage of DC is cooling load diversification [78]. In [78], a techno-economic 
analysis of a DC system was conducted, integrating a cold storage unit into the system 
to smooth the load profile. This effect was similar to using TES in DH systems. 
It provided more flexibility for load switching, enhanced system reliability, and 
facilitated the integration of more RES into the system. 

In [79], the use of surplus heat from waste incineration CHPs in DC was analysed. 
A 73 MW real-life CHP plant from Denmark was simulated, showing that 20 MW of DC 
could be supplied by absorption chillers and cold TES with a payback period of less than 
5 years. Such a solution would be mutually beneficial for CHPs and cooling supply, 
as the CHP operator could earn revenue by providing heat for cooling instead of 
releasing it into the ambient air or allowing others to expend it at their cost. A DC 
power supply via absorption is more economical and sustainable than using individual 
electric chillers. 

Similarly, the author of [76] conducted extensive research into establishing a DC 
network in Italy. In [76], various installations were evaluated alongside the absorption 
chiller, aiming to find an economically viable solution contributing to primary energy 
savings. The Italian study [76] compared four different scenarios, each with a different 
technical configuration involving electric chillers, boilers, CHP plants, absorption 
chillers, TES units, and HPs. It demonstrated that combining multiple technologies 
produces the best results in terms of energy and economic compromise. 

More renewable energy can be introduced into the system using solar energy [80]. 
Solar DC systems also utilise absorption chillers for cooling generation, but unlike CHP 
plants, they use solar energy instead of excess heat to generate hot water to power the 
process. The main components of a typical solar absorption cooling system include a 
solar thermal collector, an absorption chiller, storage tanks, and an auxiliary boiler [80]. 
Additionally, hot flue gases can serve as a heat source for absorption chillers, as 
explored via a similar system in [81]. Like DH systems, solar-powered DC systems also 
require TES to operate optimally. It is argued that by using both cold and hot storage, 
the overall coefficient of performance (COP) of the system can be increased, and the 
cooling plant’s capacity can be lower than peak demand, thus reducing costs. 

In [82], a comprehensive review and comparison of solar-enhanced heating and 
cooling systems were provided. The study revealed that although solar radiation 
intensity graphs and cooling consumption graphs exhibit similar profiles, absorption 
chillers require additional heat flow, which can be supplied by a natural gas boiler, as 
demonstrated in [82]. However, in terms of primary energy consumption and cost, they 
also recommend the use of HPs. To achieve even greater savings on primary energy, 
excess heat from CHP systems can be utilised. In [83], a novel concept involving a solar 
pond and an absorption chiller for cooling energy production was introduced. While 
using solar ponds can enhance the flexibility of utilising solar energy, it was also 
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highlighted that sufficient solar radiation is essential as the hot water temperature 
significantly impacts the absorption chiller’s Coefficient of Performance (COP), requiring 
careful pond design. 

Similar to DH, DC systems can also be more beneficial if more consumers are 
connected to the network [84]. However, DC systems are typically smaller in scale than 
DH systems because DH consumers primarily consist of multi-family buildings and office 
buildings, whereas DC systems mainly serve office buildings and large consumers such 
as hospitals and supermarkets. Due to the smaller temperature difference between 
supply and return in DC systems compared to DH systems, the pipe diameter in a DC 
system is larger, necessitating greater investments in establishing the network [85]. 

DC network temperatures typically range from 6–16 °C on the supply side and 8–25 °C 
on the return side. In [8], the concept of high-temperature DC was discussed in the 
context of the Gothenburg DC system in Sweden. Proposed supply temperatures of 
12–14 °C and return temperatures of 20–22 °C aim to enhance the use of free cooling 
and facilitate temperature reduction in DH systems. Consequently, introducing higher 
temperatures into the system can support its evolution towards a future smart energy 
system with increased efficiency and energy savings [86]. 

2.3 Summary of the literature review 
The literature review described the key actors for CHP production efficiency and 
flexibility and sector coupling. The topics that were addressed include technologies 
aimed at improving energy efficiency and primary energy use in the power plant, e.g. 
FGC.   

The first chapter of the literature review justified CHP plants as environmentally 
friendly energy producers, emphasising their importance in ensuring stability and 
frequency in the power grid. Additionally, it outlined the main obstacles hindering the 
efficient and flexible operation of CHP plants.  

The subsequent chapter examined solutions to the obstacles identified earlier, 
suggesting that sector coupling could alleviate issues associated with fluctuating RES 
production and feasibility. Various sector coupling approaches were discussed, with a 
focus on the electrification of the heating sector to channel more RES into heating. 

In conclusion, the reviewed literature indicated that the flexibility and efficiency of 
CHP plants could be significantly enhanced through the implementation of different 
sector coupling technologies, such as TES, power-to-heat technologies, and absorption 
chillers, as evidenced by numerous research articles. Moreover, optimal operation 
strategies and equipment capacities were deemed crucial, alongside discussions on 
financial models and tariff systems, which could substantially impact feasibility. 

As heat sector electrification plays a pivotal role in the future evolution of the energy 
system and significantly influences CHP production, it was thoroughly examined in the 
literature review. The scope of the study extended beyond CHP plants, acknowledging 
the impact of heat production in small DH networks on power consumption. The review 
also provided insights into the Estonian electricity mix for comparison purposes. 
Electrifying the heat sector could either increase or decrease the share of RES, 
depending on the efficiency of the technologies utilised. Efficient waste heat recovery 
using RES electricity could bolster RES integration and energy efficiency, thereby 
mitigating issues associated with fluctuating RES production. Conversely, reliance on 
fossil-fuel-based electricity for heating could exacerbate environmental concerns. 
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Several articles suggested coupling CHP production excess heat with DC as an 
efficient solution. Various methods to maximise primary energy efficiency in cooling 
production, including the integration of solar energy facilities, HPs, and both cold and 
thermal energy storage systems, were explored in the literature review.  

Overall, the literature review provided a rationale for integrating specific 
technologies into the existing energy system to establish an efficient, smart energy 
system. However, despite extensive studies, there remains a gap in understanding how 
to increase CHP production flexibility to enhance energy efficiency in a smart energy 
system, particularly in cold climate conditions. The studies conducted in this thesis aim 
to address this research gap and contribute to enhancing smart energy system energy 
efficiency by integrating different technologies to increase CHP production flexibility. 
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3 Summaries of the articles 
In this section, the individual research articles are summarised. The purpose, 
methodology, findings and contribution to the thesis are described for each article, and 
the findings in relation to the research questions of the dissertation are described. 

3.1 Article I: Improving CHP flexibility by integrating thermal energy 
storage and power-to-heat technologies into the energy system 
This article studies the possibilities to increase CHP production primary energy use 
efficiency. The goal of the study is to find ways to decrease heat rejection and natural 
gas consumption and also increase energy system flexibility by integrating power-to-
heat technologies and TES to the system.  

The proposed technical composition therefore consists of electric boiler as power-to-
heat option and TES and Tallinn DH network, where are four CHP plants for covering 
heat demand base load and natural gas boilers for covering the remaining peak load. 
The technical composition described in the paper is also depicted in Figure 2. 

Figure 2. The proposed technical solution within Tallinn DH network [87] 
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As is seen on the Figure 2 not all CHP plants have the possibility to reduce their load 
or use heat rejection. There is one CHP plant that has neither of these possibilities, 
Tallinn CHP 1. For this CHP plant, the only possibility in case of too low heat load is to 
stop working. Iru waste incineration plant is capable of working part load, but there is 
no heat rejection possibility. This means that in case of low heat load, the power 
production is also reduced. There are also two CHP plants in Tallinn, Mustamäe CHP 
and Tallinn CHP 2, that are capable of rejecting excess heat because of installed chillers, 
but these plants cannot work part load. This means that these CHP plant have to reject 
excess heat when there is not enough heat load. 

This leads to the problem where in times of low heat demand heat is rejected which 
is inefficient use of primary energy and power generation is reduced because of 
reduced CHP production load. When the heat produced by CHP plants is not enough to 
cover heat demand, natural gas boilers are used. All heat production units and their 
relevant parameters are given in Table 4. Annual heat consumption in Tallinn DH network 
is approximately 1 700 GWh. It is also considered that there is a two-week restriction 
period during summer for each CHP plant when they stop working for maintenance.  

Table 4. Heating units in Tallinn DH system [87] 

Heating unit Thermal 
power, MW 

Fuel Place on 
priority list 
(since 2021) 

Heat 
rejection 

Iru waste 
incineration 

50 Municipal 
waste 

1 No 

Tallinn CHP 2 76 Biomass 2 Yes 
Mustamäe 
CHP 

48 Biomass 3 Yes 

Tallinn CHP 1 67 Biomass 4 No 
Natural gas 
boilers 

827 Natural gas 5 No 

In the study it is proposed to add the system TES and electric boiler and the research 
is determined to investigate their influence to the system. The influence of the TES and 
electric boiler also depends on their capacity which is also studied in the paper. 

In the paper there are studied different sized TES’s and also the capacity of electric 
boiler is investigated. As electric boiler is used for converting electric energy to thermal 
energy, then threshold electricity price which decides whether electricity is used for 
heat generation, or it is given to the grid. 

In the study is focused on the following scenarios: 

• Tallinn DH system without TES and power-to-heat – reference scenario
• Tallinn DH system with TES

o 3000 m3

o 7000 m3

o 100 000 m3

o 150 000 m3

• Tallinn DH system with enhanced electric boiler
o 20–80 MW

• Tallinn DH system with TES (3000–150 000 m3) and electric boiler (40 MW)
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All these scenarios were also considered in case of LTDH, where annual heat 
production is reduced 14% due to smaller heat consumption and reduced heat losses.  

For power-to-heat calculations the threshold electricity price is considered to be 
30 EUR/MWh, but there are also included sensitivity analysis with threshold price range 
20–40 EUR/MWh.  

The results show that natural gas consumption is slightly lower when an electric 
boiler is also integrated into the system. The effect is less noticeable with a lower heat 
demand, as in the case of LTDH. An electric boiler is more effective without TES or with 
smaller TES, although natural gas consumption is lower when both an electric boiler 
and TES are used (Figure 3). 

Figure 3. Natural gas consumption with and without el. boiler for various TES sizes [87] 

When only TES is used, then natural gas consumption can be reduced up to 19% (for 
LTDH up to 34%). When also electric boiler is integrated to the system, natural gas 
consumption can be reduced up to 36% (for LTDH up to 52%). The results are shown in 
Table 5. 

Table 5. Average decrease in natural gas consumption in the existing DH system and LTDH [87] 

Scenario Without 
TES 

With 3000 
m3 TES 

With 7000 
m3 TES 

With 100 
000 m3 TES 

With 150 
000 m3 TES 

Without el. 
Boiler 

0% 13% 14% 18% 19% 

With 40 MW 
el. Boiler 

9% 30% 31% 35% 36% 

Without el. 
Boiler LTDH 

0% 25% 27% 33% 34% 

With 40 MW 
el. Boiler 
LTDH 

12% 45% 46% 51% 52% 

Using electric boiler and TES can also help to reduce heat rejection and therefore 
increase primary energy use efficiency. In Table 6 is given average heat rejection decrease 
for the examined scenarios. 
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Table 6. Average decrease in heat rejection [87] 

Scenario Without 
TES 

With 3000 
m3 TES 

With 7000 
m3 TES 

With 100 
000 m3 TES 

With 150 
000 m3 TES 

Without el. 
Boiler 

0% 13% 14% 23% 26% 

With 40 MW 
el. Boiler 

5% 30% 31% 37% 40% 

Without el. 
Boiler LTDH 

0% 11% 12% 19% 30% 

With 40 MW 
el. Boiler 
LTDH 

4% 27% 27% 34% 44% 

Heat rejection reduction effect becomes more pronounced when using a combination 
of TES and an electric boiler. As is seen on Table 6, heat rejection can be reduced up to 
26% (for LTDH 30%) without electric boiler and with electric boiler up to 40% (for LTDH 
44%). 

The relation between the electricity price threshold and the share of the total heat 
demand produced by electric and natural gas boilers is shown in Figure 4 as an average 
value for 2017–2019. The analysis presented in Figure 4 was conducted for a 40 MW 
electric boiler and a 7000 m3 TES for the existing DH system and LTDH. 

Figure 4. Share of heat demand covered by electric and natural gas boilers at different threshold 
prices in the case of a 40 MW electric boiler and 7000 m3 TES [87] 

As can be seen in Figure 4, the threshold price should be more than 25 EUR/MWh, 
otherwise the integration of power-to-heat technologies into the system would have 
practically no effect since the electric boiler will only be used for a few hours. 
The threshold also cannot be too high, because otherwise it would not be economically 
feasible, since heat generation from natural gas costs about 35 EUR/MWh, and when 
the electricity price threshold is higher than this, it is more economically feasible to 
produce heat from natural gas. 
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Electric boiler capacity also affects the system, as a bigger electric boiler allows more 
heat to be produced. Still, the limiting factor here is heat demand. If the demand is not 
enough, there is no point in installing a larger boiler, and the amount of energy 
supplied to the system will not be greater when there is just not enough demand. 

The greater the share of the electric boiler, the lower the consumption of natural 
gas. The share of heat supplied to the system by an electric boiler and natural gas for 
various electric boiler capacities is shown in Figure 5 as an average value for the 
existing DH system and for low-temperature district heating (LTDH).  

Figure 5. Share of heat supplied to the system by an electric boiler and natural gas for various 
electric boiler capacities (2017–2019 average) at 30 EUR/MWh electricity threshold price and 
7000 m3 TES [87] 

According to this study, using power-to-heat together with TES will help improve 
CHP flexibility, since then the system will not depend as much on the heat demand. 
Even using a small electric boiler will increase the flexibility because it will provide 
additional heat to the system that can be stored and used later. In the case of Tallinn, 
the best power-to-heat solution is about 40 MWth. 

CHPs with no base load that have no heat rejection can operate more efficiently and 
produce more heat when they have the ability to produce heat for storage, but the use 
of an electric boiler will have a negative effect on the heat production of CHPs of the 
lowest priority. 

As a result, using these technologies together will have a greater impact than using 
these technologies separately. Using power-to-heat together with TES is a good technical 
solution for heat demand peak shaving and scientifically reducing natural gas 
consumption. It can also help stabilise the system when power consumption is too low. 
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3.2 Article II: Effects of Coupling Combined Heat and Power Production 
with District Cooling 
This article studies how to use CHP excess heat sufficiently for cooling production using 
Mustamäe CHP and Mustamäe district as a case study. The examined system and its 
boundaries are depicted in Figure 6. 

Figure 6. System boundaries [88] 

As can be seen on Figure 6, the study concentrates on the generation of cooling by 
the absorption chiller and auxiliary cooling generation, which could be achieved, for 
example, by a HP, and the devices that either have effect on cooling generation or are 
affected by it. Within these boundaries are also the turbine that effects the absorption 
chiller and drives the generator. Within the boundaries there is also DC heat exchanger, 
which is connected to cooling sink, that is the DC network. 

In this study, the effects of coupling DC with CHP plants on electricity production are 
examined via the technical processes that take place in absorption chillers. Absorption 
chillers require a heat flow to initiate processes that ultimately create a cooling effect. 
When DC and a CHP system are connected, this heat flow comes from the CHP turbine 
condenser. The heat flow is necessary for the desorption process to separate the strong 
lithium–bromide (LiBr) solution from the water prior to the absorption process that 
creates the cooling effect.  

For the study a calculation model for cooling generation capacity and driving hot 
water (turbine outlet) relation was constructed. According to the results, the higher the 
specific enthalpy and temperature of the flow is, the more intense the cooling 
production process is (Figure 7). 
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Figure 7. Absorption chiller COP at driving hot water temperatures ranging between 65 and 90 °C 
[88] 

On the other hand, turbine outlet flow is also relevant for power generation. When 
turbine outlet temperature is higher, then less electricity can be generated. This means 
that if absorption chiller is used for cooling generation, then power production will be 
used. If turbine outlet will be low, then cooling generation will not be efficient.  

To investigate the influence of DC on power generation Mustamäe DC demand and 
Mustamäe CHP were used as a case study. Potential consumers in the area were 
selected and the approximate cooling demand was estimated to be 5700 MWh with the 
highest load for 12.4 MW.  

According to Mustamäe CHP parameters, the capacity of the absorption chiller can 
be about 0.8 MW. This means that when absorption chiller is used, then it should work 
full-load throughout the cooling season. On Figure 8 is shown Mustamäe DC demand 
and the load that can be covered by absorption chiller.  

Figure 8. Tallinn University of Technology and Tehnopol Science Park cooling needs, and the 
cooling produced by the absorption chiller [88] 

Figure 8 show that the system definitely needs auxiliary cooling generation units. In 
the article the following technology combinations for cooling production are proposed: 

1. 12.4 MW HPs
2. 11.6 MW HPs and 0.8 MW absorption chiller

There are also discussed combinations with cooling towers but because of higher 
annual costs these solutions were neglected.  
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According to the Mustamäe DC demand, the absorption chiller would operate for 
1530 hours per year and for about 1260 hours it would operate at full load. 
The calculations show that the absorption chiller could provide 1104 MWh of cooling 
which is 19.3% of total cooling demand.  

According to the absorption chiller processes and the proposed absorption chiller 
capacity, the power produced and the cooling capacity for the driving hot water 
temperatures between 63 and 98 °C are shown in Figure 9. 

Figure 9. Mustamäe CHP plant power generation and absorption chiller cooling generation at 
driving hot water temperatures ranging between 63 and 98°C [88] 

As shown in Figure 9, when the absorption chiller is operating at full load, i.e., 
0.8 MW, then the turbine’s electrical power will be 9.14 MW, which means that using 
the absorption chiller at full load will reduce the turbine’s power generation by 6.3%. 
If the turbine is operated at maximum load and the chiller is using 70 °C driving hot 
water, then the absorption chiller will only be able to operate at a capacity of 0.45 MW, 
with a 45% reduction in capacity. 

To select the most efficient cooling production for the district primary energy factors 
(PEF) were used for calculations. For absorption chiller the PEF would be 0.7, for local 
coolers and HPs, their PEF can be derived from PEF of electricity and their COP. 

For local coolers COP is assumed to be 3 and for HPs it is estimated to be 4. For 
electricity PEF is 2. Accordingly the primary energy consumption (PEC) was calculated 
and results for annual PEC are given in Table 7 for each technical combination.  

Table 7. Primary energy consumption (PEC) for technical solutions proposed [88] 

Technical solution Primary energy consumption, MWh 
12.4 MW local cooling (air conditioners) 3808 
12.4 MW HPs 2857 
0.8 MW absorption chiller and 11.6 MW 
HPs 

3077 
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If all cooling demands were covered by HPs, the annual PEC would then be 
2857 MWh, which would be even lower than using an absorption chiller with HPs; 
this would be a PEC of 25% less than local cooling and a PEC of 7% less than using an 
absorption chiller with HP. 

As a conclusion it can be said that for cooling generation for a DC network, HPs 
would result with the best PEC, as is shown in Table 7. Nevertheless, HPs can be used 
only in a district where are also low-grade energy sources or industrial heat sources 
available, which, in case of this study, is a CHP plant. The aim of this study was to find a 
good solution for cooling generation for a DC network that is located near a CHP plant. 
Another aim of the study was to find a good way to utilise the CHP plant’s excess heat 
that is normally rejected by chillers, which is not an efficient use of energy. As an option 
that could do both – produce cooling and utilise excess heat – an absorption chiller is 
examined. In this study, the operation of an absorption chiller is thoroughly analysed, 
and the results show that when absorption chillers are used, power generation would 
decrease by 6.3%. As absorption chillers cannot cover the whole cooling load of the 
district, HPs should also be used. HPs could be used for cooling generation without 
absorption chiller; however, in this case, the excess heat of the CHP plant would not be 
completely utilised. Both proposed solutions would result in a smaller PEC than local 
cooling and would have approximately the same installation and operation and 
maintenance costs.  

3.3 Article III: The effect of the District Heating Return Temperature 
Reduction on Flue Gas Condenser Efficiency 
This article studies the effect of DH return temperature to FGC efficiency. FGC is a 
widely used device in most boiler houses and CHP plants that use woodchips for fuel, 
in some cases it is also used in natural gas boiler houses.  

Transition to 4th generation district heating (4GDH) and LTDH is a long process and it 
requires that both building stock and DH network would meet the high energy 
efficiency standards, which means extensional refurbishment of the buildings, installing 
new pre-insulated DH pipes and optimising the heating substations. As a result, 
the temperature level in DH network can be lowered which would lead to lower heat 
losses and possibility to use large variety of low temperature renewable heat sources. 
Lowering the DH temperature level has also good effect on heat production efficiency 
through FGC that uses DH return water to recover heat from flue gases.  

The article is focused on the heat and mass transfer processes in the FGC to 
demonstrate and explain the DH return temperature effect on the FCG and overall 
boiler efficiency.  

Heat recovery from in the FGC comes from latent heat, that comes from 
condensation of the moisture in the flue gases, and sensible heat, that comes from 
cooling of non-condensing gases. Major effect of heat recovery is caused by latent heat 
which is more effected by the return temperature.  

The amount of latent heat depends on flue gas moisture content and environment 
temperature, which in case of FGC is DH return temperature. The more moisture there 
is in the flue gases, the more moisture can be condensed, the more moisture is 
condensed in the FGC, the bigger the heat recovery is. The amount of condensed 
moisture is determined by the dew point of the environment. Dew point shows the 
maximum amount of water that can be in gaseous state in gas mix, when temperature 
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is higher, more moisture is in gaseous state and will not be condensed. Lowering DH 
return temperature will also lower temperature in FGC and also the dew point which 
will allow more moisture to be condensed and therefore recover more heat.  

The amount of sensible heat that comes from cooling of non-condensing gases in gas 
mix, such as oxygen, nitrogen, carbon dioxide and noble gases. The lower the 
temperature in FGC is, the more non-condensing gases can be cooled and the more 
heat can be recovered. Normally, the amount of heat recovery from sensible heat is 
about 30% of total heat recovery from flue gases.  

To validate the model, the results were compared with real measurements obtained 
at the Mustamäe CHP Plant. The following indicators were calculated: heat recovery, 
FGC efficiency and primary energy savings. To compare the results obtained using the 
developed methodology and operational data, the following parameters were also 
measured: heat recovery, flue gas supply and return temperature, fuel moisture 
content, overall thermal power of the plant and DH return temperature. The average 
relative difference between the measured and calculated results is 4.3%. 

The FGC recovered heat is used to pre-heat water, therefore it is added to the boiler 
heat output to determine the plant’s overall thermal power. Since the FGC recovered 
heat depends on the return temperature, the overall thermal efficiency of the plant is 
also related to the DH return temperature. The DH return temperature also affects 
efficiency of the FGC. This can be explained by the FGC’s heat exchanger properties: like 
a heat exchanger, FGC also has a certain heat capacity which is determined by heat 
transfer area and other constructional properties (flat or cylinder surfaces, surface 
thickness, materials, etc.). This leads to the conclusion that when the condensation 
heat reaches the FGC’s design capacity, lowering the DH return temperature will not 
increase the amount of recovered heat. The correlation between the FGC efficiency and 
the DH return temperature is illustrated in Figure 10. 

Figure 10. FGC efficiency at different DH return temperatures [89] 

As a result of the study can be said that DH producers will benefit directly from an 
increase in the FGC efficiency, when DH return temperature is lower. Since fuel costs 
can be reduced as a result, this can have a positive effect on the price of DH, since 
lowering the return temperature affects the amount of FGC-recovered heat. 
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3.4 Article IV: Efficient use of heat from CHP distributed by district 
heating system in district cooling networks 
This study investigates an applied approach to DC development in Tallinn’s Ülemiste 
City. The parameters of the cooling medium in all Estonian networks are currently the 
same for the supply/return pipeline: 6/16 °C, pressure 16/10 bar. In the future, it is 
planned to increase the temperature of the cooling medium to improve the efficiency 
of the entire system and reduce harmful emissions. The main source of cooling for the 
DC network is an absorption chiller that uses rejected heat from a CHP 7 kilometres 
away from the DC plant.  

The current DH supply temperature in Tallinn during the non-heating season is 70 °C. 
To determine the optimal technical solution for an effective energy efficiency ratio 
(EER) of the absorption chiller and heat transmission in the DH network, various 
scenarios were evaluated where the DH supply temperature was 70 °C, 80 °C, and 
90 °C. The aim of this study is to evaluate DC supply options that take advantage of the 
excess heat generated by biomass CHPs during the summer and transfer the heat to an 
absorption chiller via the DH network. The main objective of this study is to find the 
optimal technical solution for the EER of the absorption chiller and heat transfer loss in 
the DH network by comparing scenarios with different average DH supply temperatures. 
The DC supply options were also compared with a power-based central cooling solution 
with free cooling and electric chillers. 

Three scenarios were compared, each using an absorption chiller that is supplied 
with rejected heat from a CHP located 7 kilometres away from the DC plant. 
The current DH supply temperature in Tallinn during the non-heating season is 70 °C. 
It was investigated what effect an increase in the DH supply temperature during this 
period had on the EER of the absorption chiller and how such an increase in 
temperature affected the DH network losses and CHP efficiency. Thus, three scenarios 
were evaluated to determine the optimal technical solution for an effective EER of the 
absorption chiller and heat transmission in the DH network for DH supply temperatures 
of 70 °C, 80 °C, and 90 °C. The three scenarios were then compared with a reference 
scenario based only on electric cooling plants supplying DC using free cooling and 
electric chillers. The average annual cooling load is 1.85 MW, and the average cooling 
load in summer is 4.35 MW. Figure 11 depicts Ülemiste City cooling demand 
throughout the year. 

Figure 11. Ülemiste City cooling load profile [90]  
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The full capacity of free cooling is 0.71 MW and it can be used when outside 
temperature is below 5 °C. Also, it is not possible to use free cooler when outside 
temperature is above 15 °C. The capacity of the free cooler decreases linearly based on 
the outside temperature when the outside temperature is between 5–15 °C, while 
100% capacity is at 5 °C and 0% is at 15 °C.  

When free cooling cannot be used, then absorption chillers are used with rejected 
heat from CHPs as input heat. This helps to achieve a higher EER and utilise excess heat 
generated by biomass CHPs. Absorption chillers are used for base and intermediate 
loads in summer, while electric chillers are used for peak loads. An additional option 
would be to install a HP that will utilise excess heat from cooling and supply heat to the 
DH network in spring and autumn when the DH heat demand is sufficient. But this 
option was not considered in this study. 

One of the options for absorption chillers is to use surplus heat from CHPs to supply 
cooling, which will also increase the overall efficiency of the CHP. In our case, the 
excess heat is from the biomass-based Tallinn CHP 2. This CHP plant was introduced to 
cover the semi-base load and provide heat mainly in winter, spring, and autumn. 

Absorption chillers require a hot water inlet temperature of 90 °C, but the DH supply 
temperature in summer is usually only 70 °C. A supply temperature of 90 °C and a 
return temperature of 68 °C ensure maximum chiller capacity. At maximum temperature, 
its cooling capacity is 2863 kW, and at an inlet temperature of 70 °C from the DH 
network, it has a cooling capacity of 1500 kW. This is a 48% loss in cooling capacity.  

The excess heat will be transferred to the cooling plant from the biomass CHP via 
Tallinn’s DH network. Since this CHP is the only one operating in summer and there are 
no heat exchangers between sections of the DH network, an increase in the DH supply 
temperature for DC will lead to an increase in the DH supply temperature in the entire 
DH network. Therefore, additional heat loss must be assessed in the technical analysis. 

It is not possible to increase the DH supply temperature for only one section of the 
DH network. The temperature will increase in the entire system, resulting in a 
significant increase in heat loss. However, this additional heat would anyway be 
rejected into the atmosphere due to the specific structure of tariff support for biomass 
CHPs. In this case, no additional fuel will be consumed regardless of the supply 
temperature. As explained earlier, using heat to generate cooling will increase system 
performance efficiency. Without cooling integration, the energy efficiency will be 
33.29%. When absorption chillers would be used, then heat loss would be 37.5, 42.2 or 
46.8 MWh, regarding the driving hot water temperature, which would be 70, 80 or 90 °C, 
respectively. This means that increasing driving hot water temperature to 90 °C would 
increase heat loss 9269 MWh. That would decrease flow rate in the DH network and 
therefore also decrease electricity use for pumping.  

The seasonal EER increases at higher DH supply temperatures and compared to the 
electricity-only DC supply, it has a better EER for higher hot water inlet temperatures to 
the absorption chiller, and the EER of the absorption chiller in summer is higher than 
the EER of the electric chiller at high outside air temperatures. The proportion of 
cooling provided by the absorption chiller is higher in the case of an increased DH 
supply temperature due to the higher capacity of the absorption chiller. The proportion 
of the cooling supplied by the electrical chiller decreases accordingly (Table 8). 
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Table 8. Technical DC parameters for three temperature scenarios and DC supply via electric 
chiller and free cooling [90] 

Parameter Chiller + free 
cooling 

70 °C scenario 80 °C scenario 90 °C scenario 

Electricity 
consumption, 
MWh 

1869 1831 1653 1365 

CO2 from 
electricity, 
tonnes CO2 

1665 1631 1473 1216 

Seasonal EER 
of cooling 

8.48 8.55 9.48 11.47 

Share of free 
cooling, % 

24.7 24.7 24.7 24.7 

Share of 
cooling via 
absorption 
chiller, % 

- 26.8 32.8 43.0 

Share of 
cooling via 
electric 
chiller, % 

75.3 48.5 42.4 32.3 

Using excess heat to supply DC via absorption chillers is a promising option because 
the demand for cooling is high in summer and the demand for heat is low. Due to the 
current legislation, large amounts of surplus heat are not used in Estonia. If the CHP is 
located within long distance from the DC plant and there is no separate direct line 
between the CHP and the cooling plant, additional heat loss must be considered for the 
entire DH network. On the other hand, this heat is currently rejected to the ambient air, 
so no additional fuel is used to generate it. 

Absorption chillers perform better when the temperature of the heating carrier is 
90 °C compared to lower temperature scenarios. In this case, the EER as well as the 
cooling capacity of the absorption chiller are higher. The use of absorption chillers 
results in lower electricity consumption. The higher the DH supply temperature, the 
larger the share of cooling supplied by the absorption chiller. Reducing electricity 
consumption is particularly important from an environmental point of view in Estonia, 
as the current CO2 emissions from electricity generation are very high. 

3.5 Article V: GIS-based approach to identifying potential heat sources 
for heat pumps and chillers providing district heating and cooling 
This article focuses on mapping possible industrial and natural heat sources and their 
characteristics using geographical information system (GIS). The aim of the study was to 
perform a geospatial analysis and to develop a GIS map with the focus on providing 
detailed information about available sources that can be used particularly for large-scale 
HPs or chillers. Thereby, the potential of implementing large-scale HPs and chillers for 
DH and DC can be identified and barriers be lowered, if geospatial analysis based on 
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advanced GIS software is used to provide detailed information and an overview of 
suitable locations of heat sources and sinks near DH and DC regions. 

The methodology of the study was to locate the possible high- and low-temperature 
heat sources for large-scale HP and chillers in the Baltics states and visualise DH areas. 
Heat source potential was calculated based on the data gathered and the proximity to 
established DH areas. Industrial excess heat and flue gas from heat generation plants 
can be used as high-temperature heat sources to supply DH via HPs. Industrial excess 
heat is heat discharged into the atmosphere as a result of an industrial process. 
The exhaust gas that is discharged into the atmosphere because of the combustion 
process (e.g., at a DH plant) is flue gas. A heat exchanger and extra pipes can be used to 
deliver excess heat beyond the supply temperature of DH (for example, 90 °C) straight 
into the DH network. Excess heat below the DH supply temperature necessitates the 
use of an electric boiler or HP in order to get the excess heat temperature up to the DH 
supply temperature. In the study was considered the following high-temperature heat 
sources: boilers, CHP plants (flue gas), and industrial processes like wood, dairy, 
cement, and food processing (industrial excess heat).  

Low-temperature heat sources were only considered in the case of utilising HPs to 
provide DH when the temperature of the heat source is near the ambient temperature. 
These sources are mostly based on natural sources. Seawater, lake and river water, and 
treated sewage water from cleaning facilities were among the considered low-
temperature heat sources. The low-temperature heat sources mentioned above can 
also be utilised as heat sinks to discharge excess heat from DC consumers. 

Data for the map about DH regions was obtained from national and regional heat 
development management plans and other local and national documents, for heat 
demand density information, also data from Hotmaps project was used. Data about 
heat sources was collected from various sources, both public national and private 
sources.  

As a result, an interactive GIS map including data about Estonia, Latvia and Lithuania 
was created and published (Figure 12). 
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Figure 12. Interactive GIS-map about potential waste heat sources in Estonia, Latvia and Lithuania 
[91] 

Many of the high-temperature heat sources are localised inside or near DH regions. 
Sewage water treatment plants are spread all over the Baltics. Most cities are situated 
near rivers, and a few are by the sea, especially in Estonia.  

As can be seen, the DH regions have many industrial excess heat sources within their 
boundaries. However, a considerable portion, is concentrated in rural areas. The majority 
of boilers and CHPs are found in DH areas, which makes sense given that they supply 
DH. A separate evaluation should be carried out if any heat sources are further 
considered. Practical excess heat potential in the Baltic States is given in Table 9. 
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Table 9. Practical excess heat potential of each country [91] 

Practical 
excess heat 
potential 

Distance 
(km) 

Estonia Latvia Lithuania 
Number 
of 
sources 

GWh Number 
of 
sources 

GWh Number 
of 
sources 

GWh 

Industrial 
excess heat 
(direct supply 
and HPs) 

0 44 2601 21 394 21 436 

<1 18 322 4 110 1 1730 

CHPs and 
boilers (flue 
gas HPs) 

0 46 445 54 901 63 413 

<1 1 66 1 5 1 0 

For low-temperature heat sources, temperature level is an important criterion. 
Sewage water retains higher temperatures throughout the colder months when the 
heat demand is typically higher. Lake, river, and seawater temperatures are close to the 
freezing point in January and February. As a result, extracting extra heat from these 
sources during times of high demand of heat can be particularly difficult. Lakes, rivers, 
and the sea should be accessed from below the surface (≈10m), if possible, to prevent 
freezing. Other relevant criteria include distance to DH, available capacity, special 
equipment and investments, which may differ from heat source to heat source. Table 
10 provides an overview on which DH regions contain low-temperature heat sources or 
are within 1 km of them. As can be seen, most DH regions with access to seawater are 
in Estonia, followed by nine in Latvia, and the city of Klaipėda, Klaipėda county, and the 
town of Palanga in Lithuania. Sewage water treatment plants are typically found in all 
major cities, although they are sometimes located outside of city limits. As a result, 
many DH regions have a sewage water treatment plant in the region or within 1 km. 
Many DH regions with river access are in Estonia and Latvia, along with quite a few in 
Lithuania. Most DH regions with access to large lakes are in Lithuania, while a few are in 
Estonia and Latvia. 
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Table 10. Potential of low-temperature heat sources in the Baltic States [91] 

Heat source potential Distance 
(km) 

Number of 
sources in 
Estonia 

Number of 
sources in 
Latvia 

Number of 
sources in 
Lithuania 

DH areas with access 
to seawater 

0 18 9 3 

<1 4 0 0 

DH areas with access 
to sewage water 
treatment plants 

0 33 41 23 

<1 11 28 10 

DH areas with access 
to large rivers 

0 79 40 18 

<1 25 17 3 

DH areas with access 
to large lakes 

0 11 11 16 

<1 8 10 7 

As shown, existing GIS datasets can be used for a variety of purposes, including DH 
area visualisation. The limitations and uncertainties in describing the desired regions 
should be considered for future analysis. It has been shown that settlement units can 
represent densely populated areas; however, the unit itself is often a very large region 
in a rural area. To limit the biomass use and competition with other sectors for this 
resource, HPs, wind, hydropower and solar (PV, thermal) could be used more in the 
future to balance the sustainable usage of resources. 

Over 350 high-temperature heat sources have been identified and their excess heat 
potential has been quantified. It was found that the industrial excess heat potential is 
3370 GWh in Estonia, 1199 GWh in Latvia and 2490 GWh in Lithuania. From these 
quantities, 2601 GWh, 394 GWh and 436 GWh are located within existing DH areas in 
Estonia, Latvia and Lithuania, respectively. In addition, seawater, rivers, lakes, and 
sewage water treatment plants were considered as potential heat sources and sinks. 
It was found that sewage water treatment plants are located in the most major cities 
and that most cities, in particular in Estonia and Latvia, have access to either seawater 
or rivers, which all can serve as a suitable heat source for large-scale HPs. 
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3.6 Article VI: 5th generation district heating and cooling (5GDHC) 
implementation potential in urban areas with existing district heating 
systems 
In this paper 5GDHC implementation in urban areas with existing DH systems is 
investigated. 5GDHC as a concept is rather new and its implementation needs further 
discussion and analysis before actual projects and realisations.  

The 5GDHC network is the latest DH and cooling concept, which is characterised by 
low temperature supply, bi-directional operation, which means that it can provide 
heating and cooling simultaneously, decentralised energy flows that allow multiple heat 
sources and heat sinks in the network, and heat sharing, which means that it can 
recover waste heat and share it with different users. Unlike the 4GDH technology, 
the 5GDHC technology is geared towards the consumer/prosumer. It only needs one 
thermal grid, but it serves multiple purposes for both heating and cooling distribution, 
including heat and cold storage, and thus provides flexibility in adopting local 
renewable energy and waste heat resources. By integrating the low-grade heat with 
photo voltaic arrays, batteries, and vehicle-to-grid applications, 5GDHC systems also 
support the electrification of both the building and transportation sectors towards the 
broader concept of ’fifth generation smart energy networks’. 

This paper is mainly focused on implementation of 5GDHC in the Baltic States and 
therefore there are identified the main barriers and drivers regarding the situation in 
the Baltic States. The current situation was assessed and the main barriers to 
implementation were identified. Based on the 5GDHC definition, the following factors 
were analysed: stakeholders (DH operators and producers), regulatory mechanisms and 
DH tariffs, existing DH infrastructure, building stock, pilots, energy policy, and strategic 
DH energy goals. The main difference between DH stakeholders is ownership. In 
Estonia, DH operators are mostly private companies, while in Latvia DH operators are 
mostly municipalities, but private companies also own some systems. There are both 
private and public DH operators in Lithuania. Both private and municipal ownership are 
viable options for 5GDHC. Existing case studies show that private companies are more 
interested in developing the 5GDHC technology in parallel with 4GDH. 

All Baltic countries have DH price regulators. The main difference between the three 
countries is the market situation. In Estonia and Latvia, the DH monopoly exists, while 
heat production in Lithuania is based on heat producers competition. For 5GDHC, strict 
regulation of DH may be a major disadvantage due to the inability to make a profit and 
pay banks for the investment necessary for a new low-temperature network. 

The DH infrastructure in the Baltic states is well-developed and widespread in many 
cities and towns. High-temperature DH is currently just in its third generation, but the 
heat generation sources are mostly renewable. The main barrier to 5GDHC is the 
existing well-developed and widespread 3rd generation DH infrastructure in all three 
Baltic countries. As a result, 5GDHC development can be carried out primarily in newly 
built areas, in addition to the existing DH network. 5GDHC ultra-low temperature 
regime requires high energy efficiency in buildings. A large proportion of old buildings 
that consume large amounts of thermal energy are not suitable for 5GDHC 
implementation, which also refers to the fact that at the moment 5GDHC can be 
implemented only in newly built and developed areas.  

The strategic DH goals of the Baltic states are ambitious in terms of the use of RES. 
5GDHC is not mentioned in any of the Baltic countries’ strategic documents. In the DH 
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sector, development is focused on renewable energy, primarily biomass. However, 
5GDHC may have important infrastructure that can integrate different types of 
renewable energy technologies, especially in areas with new high-energy-efficiency 
buildings. The main aspect that distinguishes 5GDHC from 4GDH is the dependence on 
the electricity system. A new pipe system for the ultra-low temperature DH system, as 
well as a dedicated new infrastructure that incorporates both heating and cooling and 
RES, demand substantial initial expenses. The country’s ambitious energy and climate 
change targets can be major drivers. Other drivers include the possibility of recycling 
low-temperature waste heat not only from industry but also from other local sources, 
as well as the development of local economic value and the creation of jobs. 

The possibility for 5GDHC introduction in the Baltic states was assessed using a 
multi-criteria analysis. A qualitative comparison was made by discussing the barriers 
and drivers that each country faces, and a quantitative comparison was made by 
assigning numerical values to each criterion. The quantitative analysis was performed 
using a multi-criteria decision method to compare various aspects of a potential 5GDHC 
implementation. The result of the quantitative analysis is the ranking of the country 
for each aspect. The obtained criteria values were evaluated using the method of 
multi-criteria analysis called the Technique for Order of Preference by Similarity to Ideal 
Solution (TOPSIS) and the Analytic Hierarchy Process (AHP) method to determine the 
weight of each criterion. The overview of the criteria and their weights is given in Table 
11, where are also given the summary of criteria results for the Baltic States. 
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Table 11. Overview of the used criteria and their weights and summary of criteria results for 
Estonia, Latvia and Lithuania [92] 

Criterion Unit Criterion 
weight 

Estonia Latvia Lithuania 

Average final price 
of electricity 

EUR/MWh 0.10 0.12 0.14 0.14 

Share of RES energy % 0.082 22.0 53.42 18.79 
Share of heat 
supplied via HPs 

Unit per 1000 
households 

0.038 29.30 1.0 9.0 

CO2 emission factor 
for electricity 

t CO2/MWh 0.082 0.89 0.12 0.02 

Future CO2 
emission factor for 
electricity 

t CO2/MWh 0.082 0.22 0.08 0.06 

Maximum heat 
tariff 

EUR/MWh 0.023 86.96 69.98 79.63 

Minimum heat 
tariff 

EUR/MWh 0.023 35.33 35.45 32.57 

DH tax rates % 0.018 20 21 9 
Available support 
measures for 
possible 5GDHC 
implementation  

Evaluation scale 0.126 1 2 2 

Possibility to 
implement 
innovative business 
models 

Evaluation scale 0.132 1 1 2 

Specific building 
heat consumption 

kWh/m2 0.032 142.8 159.7 131.3 

Share of new 
buildings 

% 0.056 2 5 6 

Excess heat source 
potential from 
shopping malls 

MWh 0.071 16% 10% 13% 

Excess heat source 
potential 
transformers 

MWh 0.071 1% 3% 1% 

Excess heat source 
potential from data 
centres 

MWh 0.065 2% 1% 0% 

The final comparison between the Baltic countries was performed by multiplying the 
weight of the criterion by the corresponding normalised criterion value. The relative 
proximity of the alternative to the ideal solution is calculated by determining which 
country has the most potential to introduce 5GDHC systems. 

The values of the identified criteria from Table 11 were normalised and weighted to 
determine the proximity to the ideal solution for each country. The results in Figure 13 
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show different values for similar and prioritised criteria values. When the identified 
criteria are prioritised by assigning higher weight values for the possibility of introducing 
an innovative business model and available support for technology implementation, 
followed by criteria describing the existing situation in each country’s energy sector, 
Lithuania has the highest score due to support availability and open heating market 
conditions. However, when equal criteria weights are assigned, the highest evaluation 
rank belongs to Estonia due to the wider use of HPs and higher excess heat potential. 

Figure 13. Results of multi-criteria assessment with prioritised criteria weights and equal criteria 
weights [92] 

As a result of the study can be concluded that the main barrier to the development 
of 5GDHC in the Baltic countries is the well-maintained and widespread 3rd generation 
DH in all three countries. Another major hurdle is the high initial costs of the new 
5GDHC pipeline system for ultra-low heating and cooling temperatures and RES. 
The main drivers for the development of 5GDHC in the Baltic countries are the 
countries’ ambitious energy and climate change goals. Furthermore, the possibility of 
recycling low-temperature waste heat not only from industry but also from other local 
sources, as well as the development of local economic value and jobs are among the 
drivers. Although Latvia, Lithuania, and Estonia have similar conditions, there are some 
differences. For example, different fuel mixes are used for power generation; stricter 
heating market regulations exist in Latvia and Estonia; and Estonia has more experience 
with HPs use, while there are almost no installed HPs in Latvia. The highest score in the 
multi-criteria assessment was achieved by Lithuania due to support availability and 
open heating market conditions. When all applied criteria are weighted equally, Estonia 
has the most favourable conditions for 5GDHC systems due to widespread use of HPs 
and greater excess heat potential. 

It should be emphasised that 5GDHC is a niche solution and, according to experts, 
will not replace 4GDH in the future, but in certain cases it may become the most 
effective technical solution for heat supply. Theoretical excess heat potential from 
5GDHC agents was calculated, and the results indicated that the proportion of excess 
heat obtained would only make up a small portion of the DH supply (15% for Latvia, 
14% for Lithuania, and 19% for Estonia). Even though the actual potential for excess 
heat from 5GDHC agents is even lower, this technical solution may be implemented in 
certain areas in the future. 
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3.7 Article VII: Heat Pump Use in Rural District Heating Networks in 
Estonia 
This article is focused on studying the possibilities and effects of using HPs in Estonian 
rural areas to supply heat to DH network.  

This study was designed to assess the impact of HP use in rural DH networks in 
Estonia on DH consumer prices. HPs can be a good solution for rural areas, as there is 
usually plenty of land available for HP facilities. In addition, HPs require low-grade heat 
sources such as ambient air, groundwater, lakes, rivers, sea, sewage water, and industrial 
waste heat. 

There are some positive examples in Estonia where HPs are used successfully in DH. 
The use of HPs in DH also has a positive effect on air quality since HPs do not require 
combustion to generate heat and therefore no fine particles or acid-oxides (NOx and 
SOx) are emitted. Biomass boilers are widely used because they are considered 
CO2-neutral and because biomass is widely available in Estonia. However, the downside 
to using biomass is that it can be a source of air pollution. 

There are about 230 DH networks in Estonia, and 95% of them use woodchips as 
their primary fuel, while shale oil or natural gas is used to cover peak loads. In other DH 
networks, the main fuel is natural gas or shale oil. Most biomass boilers were installed 
after 2014 with the support of the European Cohesion Fund. As the EU’s goal is to 
become climate neutral by 2050, all fossil fuel-fired boilers must be replaced with RES, 
which means that it is necessary to find a sustainable solution to cover peak loads. 
Replacing old biomass boilers with HPs is a solution that should be discussed. 

As price is the most important factor for the consumers, then in this article 
consumer price is one of the factors that is investigated when considering different HP 
DH scenarios. When DH is produced using HPs, the price of heat is directly related to 
the price of electricity. This study provides a thorough analysis of how the use of HPs in 
rural DH networks will affect the consumer price of DH and, as a result, it will 
determine the areas where the use of HPs for DH can be cost-effective and have a 
positive impact on the DH consumer price. At the same time, suitable HP capacities are 
estimated for DH networks of different sizes, resulting in two types of solutions: those 
that use HPs for covering only peaks and troughs and fully HP-based solutions. 

Since this study is focused on rural areas, only DH networks with an annual 
consumption of less than 16 GWh are considered. There are about 140 DH networks in 
Estonia that meet this criterion. This limit was chosen because all DH regions with an 
annual heat consumption below it can be considered a rural area in Estonia. The average 
population in these areas is anywhere from 165 to 5000 residents, and the number of 
DH consumers ranges from 3 to 70. In this study, all these networks are divided into 
seven groups according to annual consumption. The criterion for division was to 
maintain minimum fluctuations in annual heat consumption within a group. The main 
characteristics of these groups are presented in Table 12. Annual consumption figures 
are given for a ‘normalised’ year. The input data in Table 12 is taken from the heat 
management and development plans of the DH networks considered. 
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Table 12. Main characters of DH groups [93] 

Group 
no. 

Average 
annual heat 
consumption, 
MWh/year 

Average 
number of 
consumers 
in the DH 
network 

Average 
DH price, 
EUR/MWh 

Average DH 
supply 
temperature, 
°C 

Number of 
such DH 
networks in 
Estonia 

1 681 3 70.3 80 23 
2 1914 6 67.4 80 58 
3 3956 15 64.5 80 24 
4 6235 25 61.7 85 8 
5 7812 37 56.7 90 8 
6 10 393 52 64.4 100 9 
7 14 192 70 57.1 110 5 

For all network groups, annual heat demand profiles have been generated using 
EnergyPro software, based on the annual heat demand, DH network temperatures and 
ambient temperatures. Base and peak loads that are important for estimating the 
required HP thermal capacity were determined using the generated heat demand 
profiles. Since the average ambient temperature for continental Estonia has been 
chosen (islands are excluded due to the milder climate), the shape of the heat demand 
profile is thus the same for all groups, and the groups with higher annual consumption 
lead to higher base and peak loads. Heat demand profiles for all groups are shown in 
Figure 14. 

Figure 14. Heat demand profiles for each group [93] 

In this study, the COP for each possible heat source is estimated considering the 
temperature levels of possible local low-temperature heat sources and the temperature 
levels in rural DH networks. Possible heat sources discussed in this study are ground, 
seawater, lakes and rivers, and sewage water. 

To estimate the necessary electric capacity of HPs for each group for both options, 
the minimum COP value is used. This ensures the necessary electric capacity under all 
conditions. The required electric capacities for option 1 (HP and biomass boiler) and 
option 2 (HP only) for each group and for different heat sources are shown in Table 13. 
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Table 13. Required HP capacities for each group [93] 

Group 
no. 

Option 1 – HP electric capacity, 
MWel 

Option 2 – HP electric capacity, 
MWel 

Ground 
source 

Surface 
water 

Sewage 
water 

Ground 
source 

Surface 
water 

Sewage 
water 

1 0.033 0.033 0.031 0.088 0.093 0.084 
2 0.081 0.085 0.077 0.247 0.26 0.234 
3 0.164 0.164 0.155 0.509 0.509 0.482 
4 0.273 0.287 0.259 0.845 0.888 0.803 
5 0.357 0.375 0.319 1.11 1.164 0.992 
6 0.511 0.534 0.490 1.608 1.608 1.541 
7 0.755 0.784 0.726 2.366 2.459 2.277 

The main assumptions used in this study are listed below: 
• The base load boiler was selected based on the maximum number of hours of

use at full load;
• HP COP was estimated using the Carnot equation for HP efficiency;
• To estimate HP COP, the annual heat source temperature graphs and DH

supply temperature were used;
• The minimum COP value was used for the required HP electric capacity;
• For DH consumer prices, the Estonian Competition Authorities Method was

used;
• To estimate fuel costs, 2020 prices (electricity and woodchips) were used;
• Flue gas treatment equipment was not considered;
• Water and sewerage services are the same for both options.

The results also showed that the maximum share of the total heat that can be 
delivered by base load boilers is 78 %, and peak boilers or HPs can cover the rest, i.e., 
22%. In addition, the existing base load boiler capacities are significantly higher than 
those proposed in this study. For smaller DH networks (groups 1, 2 and 3), this may be 
associated with high losses in the network caused by the low heat demand density. 

Since HPs are also electricity consumers, when they are used for heat production in 
DH, they can significantly increase the demand for electricity in the power grid. Within 
the study, the total additional electricity consumption of the HPs is also calculated and 
the results show that applying Option 1 to all rural DH networks will result in an 
additional consumption of around 50 MW in the electric grid. If all considered rural DH 
networks choose to cover the heat demand using HPs, the additional consumption will 
amount to 160 MW. The peak consumption in the Estonian electric grid is usually 
around 1500–1600 MW, therefore, the consumption of HPs in rural areas will amount 
to a maximum of about 10% extra consumption. 

In the study weighted average cost of capital, capital costs, operation and maintenance 
costs, water and sewage costs, environmental fees and fuel costs are estimated for 
each group and for both solutions to estimate the presumable consumer price. 
The results of these calculations are shown on Figure 15.  
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Figure 15. DH consumer price divided by costs for both solutions and existing consumer price [93] 

It must be noted that prices shown on Figure 15 are calculated without considering 
any possible support mechanisms that are considered and used within existing DH 
price. Investment costs can be significantly reduced through investment support. 
According to national plans, new renewable heating solutions are going to be installed, 
including HPs with a capacity of more than 20 MW. When support mechanisms are 
used, this can reduce the capital costs by 50 % and lead to lower DH consumer prices. 
DH consumer prices with 50 % investment support are given in Table 14. 

Table 14. DH consumer prices [93] 

Group 
no. 

Consumer price with 50 % 
investment support for Option 1, 
EUR/MWh 

Consumer price with 50 % 
investment support for Option 2, 
EUR/MWh 

Ground 
source 

Surface 
water 

Sewage 
water 

Ground 
source 

Surface 
water 

Sewage 
water 

1 67.77 72.04 71.87 57.85 62.20 61.20 
2 53.87 55.16 55.05 44.70 46.11 45.11 
3 49.69 50.19 50.01 41.24 41.36 40.81 
4 48.76 48.87 48.75 41.20 41.45 40.47 
5 47.94 47.98 47.68 41.05 41.23 39.42 
6 47.76 47.69 47.58 42.09 41.71 41.19 
7 47.08 46.96 46.85 42.66 42.64 41.72 
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The results show that investment support has a greater impact on consumer prices 
in smaller DH networks (groups 1, 2 and 3). Through investment support, consumer 
prices can be reduced by up to 31 % (group 1, sewage HP); the reduction is the smallest 
in group 7 for Option 1 at only 8 %. With investment support, consumer prices will be 
lower than the existing DH prices in every single case. 

The situation for very small DH networks (groups 1, 2 and 3) is difficult anyway, 
as heat demand density is very low and DH is often not viable. One possible solution for 
these networks is to give up DH and use individual solutions. This will make it possible 
to save on heat distribution losses that tend to be high in these DH network groups. 
If these areas still want to continue using DH, the only possible solution is to increase 
the annual heat demand by adding new consumers to the network. In conclusion, 
it should be noted that using HPs in rural DH networks is a solution that is worth 
considering. This solution can reduce the DH consumer price and is a good alternative 
to carbon-intensive peak boilers. It can also integrate RES into the heating sector and 
help to couple the heating and electricity sectors. 
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4 Discussion and conclusions 
In today’s world, where conserving energy and resources is paramount across all 
sectors, it is imperative to have a profound understanding of the most rational resource 
management approaches. Ensuring the uninterrupted provision of heat and electricity 
is a top priority in all developed countries. Since the industrial revolution, the global 
economy and human well-being have experienced remarkable growth, with societal 
development advancing at an unprecedented pace. However, despite this progress, 
societal mindsets and habits have largely remained unchanged, often equating success 
with economic growth and increasing prosperity. This poses a challenge to the current 
environmental movement, which advocates for prioritising resource conservation. 
Balancing economic expansion and maintaining current levels of welfare while 
simultaneously reducing consumption presents a formidable challenge. This emphasises 
the crucial role of new technologies, which offer the potential to sustain current levels 
of well-being while using fewer resources. 

Since the majority of society now has access to DH and electricity, it appears obvious 
that both energy and heat must be provided on a continuous basis. Consequently, 
companies engaged in electricity or heat production bear significant responsibility 
towards consumers. However, these same companies, owing to their extensive consumer 
base, also possess a unique opportunity to influence societal energy consumption 
patterns. By developing energy-efficient, RES-based energy production methods, these 
companies can contribute to the green revolution and the achievement of climate 
goals. In conclusion, navigating the complex interplay between economic growth, 
resource conservation, and societal well-being requires innovative approaches and 
technologies. By leveraging advancements in energy production and distribution, we 
can strive towards a sustainable future where energy needs are met efficiently without 
compromising the well-being of current and future generations. 

4.1 Main contribution of the thesis 
This thesis delves into the efficient utilisation of primary energy in CHP production and 
sector coupling as a strategy to enhance energy efficiency within the energy system. 
The research initially focused on identifying efficient methods to utilise the waste heat 
from CHP plants and reduce natural gas consumption. This investigation led to the 
exploration of heating sector electrification and DC. Electrification aims to decrease 
natural gas usage and integrate RES into the energy system, while DC contributes to 
reducing the environmental impact of the cooling sector and enhancing the feasibility 
and efficient utilisation of primary energy in CHP production. 

The first research question centred on enhancing the flexibility of CHP operation, 
while the second question concentrated on energy efficiency and sector coupling. By 
addressing these research queries, this thesis makes significant contributions to CHP 
and DHC research and industry, examining how the DH, DC, and CHP sectors should 
evolve to accommodate increased RES integration and energy efficiency. 

The literature review underscores the pivotal role of CHP production in today’s 
energy system and asserts that through sector coupling and flexibility enhancements, 
CHP plants will remain relevant in future energy systems. While CHP plants are crucial 
for grid frequency regulation and providing base load for the heat and power sectors, 
their feasibility and energy efficiency can be enhanced through sector coupling, TES, 
and power-to-heat technologies. Heat sector electrification emerges as a significant 
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advancement within the power-to-heat domain, with HPs identified as key players in 
many DHC networks due to their technical advantages. 

The study reveals that CHP production can be optimised (RQ1) by incorporating TES, 
power-to-heat, FGC, and coupling with DC. Integrating TES into CHP plants reduces 
natural gas consumption and heat rejection. When combined with power-to-heat, this 
effect is amplified. Power-to-heat primarily enhances the feasibility of CHP production 
by prioritising heat generation over electricity production during periods of RES surplus 
and low electricity prices, resulting in reduced natural gas consumption. Adding FGC to 
CHP plants further enhances energy efficiency by recovering heat from flue gases for 
preheating DH supply water. Coupling CHP production with DC using absorption chillers 
or HPs reduces heat rejection, with excess heat from CHP production utilised for 
cooling energy generation. This approach significantly boosts energy efficiency 
compared to local cooling methods. 

As a result of the studies, it can be concluded that coupling different energy sectors 
will increase energy efficiency in the system (RQ2). By electrifying the heating sector, 
the electricity and heating sectors will be interconnected, yielding several benefits. 
Firstly, the consumption of natural gas and other fossil fuels will decrease, while more 
RES will be integrated into the system, mitigating issues arising from the volatility of 
solar and wind electricity. Surplus electricity from these sources can be redirected to 
heat production. Utilising HPs and various natural and industrial low-grade heat sources 
renders heat production highly flexible and efficient. Additionally, coupling with the 
cooling sector is advantageous. Notably, HPs can be effectively employed for cooling 
production as well. 

Table 15 illustrates the connections between the articles, research questions, and 
the main contributions of the thesis. 

Table 15. Links between articles, research questions, and key contributions of the thesis 

Article 
no. 

RQ1 RQ2 Contribution 

Article I CHP flexibility can 
be improved by 
adding power-to-
heat and TES  

Using TES and 
power-to-heat can 
reduce heat 
rejection and the 
use of natural gas 
in the energy 
system 

Electric boilers or HPs, 
along with TES, should be 
installed at CHP plants to 
reduce heat rejection, 
natural gas consumption, 
and improve energy 
efficiency 

Article II CHP excess heat 
can be used 
efficiently by 
absorption chiller 
for DC and thus 
increase feasibility 

As heat rejection 
decreases, primary 
energy efficiency 
increases, and 
electricity need for 
cooling decreases 

Using absorption chillers for 
cooling generation would 
decrease power production 
slightly, but this would still 
be a more efficient use of 
energy 

Article III A decrease in DH 
return 
temperature can 
increase primary 
energy efficiency 
through FGC  

Using FGC can significantly 
increase CHP plant or boiler 
efficiency, the effect is even 
bigger with a lower DH 
return temperature 
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Article 
no. 

RQ1 RQ2 Contribution 

Article IV CHP excess heat 
can be transferred 
to DC by DH 
networks for 
efficient cooling 
production 

Transferring excess 
CHP heat to DC via 
DH networks is an 
efficient use of 
energy for cooling 
production 

Using DH network for 
excess heat transfer will 
increase heat loss, but if 
energy were used for 
cooling production, then it 
would increase energy 
efficiency 

Article V Excess heat from 
CHP plants can be 
used by HPs for 
additional heat 
production 

Using HPs and low-
grade heat sources 
can increase 
energy efficiency 
in the heating 
sector 

Mapping of low-grade heat 
sources in the Baltic states 
and the creation of an 
interactive map for 
sufficient planning for using 
HPs and low-grade heat 
sources 

Article VI Excess heat from 
CHP plants can be 
used in 5GDHC for 
additional heat 
production 

In the 5GDGC 
concept, ultra-low 
DH temperatures 
are used 
decreasing heat 
losses and piping 
costs.  

Investigation of 5GDHC 
concept development in 
the Baltics 

Article VII Using heat pumps 
in rural DH 
networks can 
decrease natural 
gas consumption 
and increase the 
efficiency of 
primary energy 
use  

Using heat pumps in rural 
DH networks for heat 
generation will decrease 
the DH price for consumers 
and be good for the 
atmosphere quality. The 
electrification of rural DH 
networks will increase 
Estonian electricity 
consumption by 
approximately 10%. 

As can be seen from Table 15, all articles included in the thesis contribute to the 
investigation of the aforementioned research questions, providing valuable insights for 
CHP and DHC research and industry. 

4.2 Evaluation of the results 
The validity of the results can be assessed by evaluating the reduction of PEC, which, 
along with energy efficiency and the integration of RES, constitutes an overarching 
theme for all articles included in this thesis. Table 16 illustrates how each article 
contributes to the investigation into PEC reduction and RES integration into the energy 
system. 
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Table 16. Each article’s contribution to PEC reduction and RES integration 

Article no. Contribution to primary energy consumption reduction 
Article I The results of this study show that integrating a 150 000 m3 TES and a 

40 MW electric boiler into the Tallinn DH system, can reduce natural gas 
consumption by 36% and heat rejection by 38%. 

Article II The findings suggest that for effective utilisation of CHP excess heat and 
efficient cooling production, the use of an 0.8 MW absorption cooler 
and 11.6 MW HPs is recommended. This system would consume 1.9 
times less primary energy for cooling generation than local cooling. 

Article III The results indicate that a reducing the DH return temperature from 
45 °C to 41 °C can increase heat recovery through the FGC by 6.7%. 

Article IV The study revealed that if the DH supply flow is used for DC production 
via absorption chiller, electricity consumption for cooling production 
and CO2 emissions would decrease by 27% and seasonal EER for cooling 
would increase by 35%. 

Article V It was found that the industrial excess heat potential is 3370 GWh in 
Estonia, 1199 GWh in Latvia, and 2490 GWh in Lithuania. From these 
quantities, 2601 GWh, 394 GWh, and 436 GWh, respectively, are 
located within existing DH areas in Estonia, Latvia and Lithuania and can 
be used for DH. 

Article VI Theoretical excess heat potential from 5GDHC agents was calculated, 
indicating that the proportion of excess heat obtained would make up 
only a small portion of the DH supply (15% for Latvia, 14% for Lithuania, 
and 19% for Estonia). 

Article VII HPs play an important role in the electrification of the heating sector 
and RES integration. The study revealed that if all rural DH networks use 
HPs for heat production, power consumption in the Estonian electricity 
grid will increase by about 10% (160 MW) in the case of peak 
consumption. The results also highlight the importance of investment 
support, which can significantly reduce consumer prices. For smaller DH 
networks, investment support can reduce consumer prices by up to 31 %, 
while for larger DH networks, the effects of investment support are less 
noticeable. 

4.3 Further research 
Further research is essential to study the legal aspects surrounding the use of energy 
storage and power-to-heat technologies, as these technologies must operate within the 
framework of the electricity market and adhere to established regulations. While there 
are no legal issues with TES when thermal energy is produced by conventional 
combustion boilers, the transition of the heat sector towards electrification warrants 
the consideration of using HPs or electric boilers for heat generation. 

Manipulation of electricity prices is strictly prohibited, meaning any actions 
intentionally leading to an increase in electricity prices in the market are disallowed. 

The integration of power-to-heat technologies alongside TES may divert electric 
energy away from the grid for heat generation, potentially impacting electricity prices 
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due to reduced market offers. Moreover, the increased consumption of electricity 
resulting from power-to-heat technologies could further inflate market prices. While 
power-to-heat technologies are primarily intended for use during RES surplus periods, 
it is crucial to establish clear rules and strategies for their deployment to prevent 
potential manipulation of the electricity market, particularly as their usage becomes 
more widespread. 

Another area requiring further investigation is the development of profitable 
business models for future energy systems. While the pursuit of a clean and sustainable 
environment is a shared societal goal, profitability remains the driving force behind the 
development of industries and companies. It is imperative to formulate profitable 
business models for energy companies to incentivise improvements in energy 
production and continued investment in RES, especially as energy consumption declines 
due to enhanced energy efficiency. These business models should also encourage 
consumers to reduce energy consumption and improve energy efficiency, creating a 
potential paradox where companies advocate for reduced consumption of their 
products (energy). To address this paradox, it is crucial to develop business models that 
benefit both producers and consumers, aligning with their shared goal of environmental 
sustainability. 
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Abstract 

Smart Energy System Efficiency Improvement Through 
Combined Heat and Power Production Flexibility  
Smart energy systems include smart and efficient thermal and electrical grids. One of 
the links between them is CHP production, which supplies both heat and power to the 
grid. CHPs are designed for stable heat and electric loads and their ability to cope with 
peaks and lows needs to be improved. Furthermore, as power and heat can be 
produced in other ways, the position of the CHP production in the future becomes 
questionable. Still, as they are necessary for providing stability and frequency in the 
power grid and giving base load for heat and power consumption, it would be advisable 
to improve their primary energy use efficiency. The literature underlines that sector 
coupling and using proper technical approaches, such as energy storages, power-to-
heat solutions and absorption chillers will help to achieve the goals of energy efficiency 
and introduction of RES. It is also clear that DH will move towards heating sector 
electrification by heat pumps, which is also coupling heating sector with power sector.  

The aim of this thesis is to examine how CHP production and energy system overall 
should be improved to increase operational flexibility and primary energy efficiency 
through sector coupling. The starting point of the research was looking for efficient 
ways to use rejected heat of CHP plants and reduce natural gas consumption. This 
research led to heating sector electrification topic and DC. Electrification will help to 
reduce natural gas consumption and integrate RES to energy system, DC helps to 
reduce environmental impacts of cooling sector and increase feasibility and efficient 
use of primary energy in CHP production. 

This thesis is constructed from seven articles that support the investigation of the 
thesis topic. The energy system is examined as a whole by using simulation models as 
well calculation models for process modelling. Simulation models will show the 
interaction of different technologies and process modelling will show how each 
technical solution will affect the system. For heating sector electrification geospatial 
analysis and simulation models are used, as development of 5GDHC contributes to 
energy system electrification, for that multi-criteria analysis are used.  

The results of this thesis show that coupling different energy sectors will increase 
energy efficiency in the system. Inefficient heat rejection of CHP production can be 
decreased by using TES and power-to-heat technologies with proper capacity. This will 
also help to reduce natural gas consumption. Excess heat from CHP production can also 
be directed to DC which will also decrease heat rejection. Natural gas consumption can 
be remarkably decreased with heating sector electrification, using heat pumps and 
low-grade natural and industrial energy sources.  

As a result of using these technologies also energy production feasibility increases in 
several ways, positive effects will be noticed for heating and cooling production and 
also for consumer price.  



74 

Lühikokkuvõte 

Targa energiasüsteemi efektiivsuse parendamine läbi 
koostootmise paindlikkuse tõstmise 
Nutikad energiasüsteemid hõlmavad nutikaid ja tõhusaid soojus- ja elektrivõrke. Üheks 
lüliks nende vahel on soojuse ja elektri koostootmine, mis varustab võrke nii soojuse kui 
ka elektrienergiaga. Koostootmisjaamad on mõeldud stabiilseks soojuse ja elektri 
tootmiseks ning nende võimet tulla toime tarbimistippude ja madalseisudega tuleb 
parandada. Lisaks, kuna elektrit ja soojust saab toota ka muul viisil, muutub 
koostootmise positsioon tulevikus küsitavaks. Siiski, kuna need on vajalikud 
elektrivõrgu stabiilsuse ja sageduse tagamiseks ning soojuse ja elektritarbimise 
baaskoormuse andmiseks, oleks soovitatav nende primaarenergia kasutamise 
efektiivsust tõsta. Uuritud kirjanduses rõhutatakse, et energiatõhususe ja taastuvate 
energiaallikate kasutuselevõtu eesmärke aitab saavutada sektorite sidumine ja 
erinevate tehniliste lahenduste, nagu energiasalvestid, “elekter-soojuseks” lahendused 
ja absorptsioonjahutid, kasutamine. Samuti on selge, et kaugkütte valdkond liigub 
küttesektori elektrifitseerimise suunas soojuspumpade abil, mis ühendab soojuse 
tootmise elektriga. 

Käesoleva doktoritöö eesmärk on uurida, kuidas tuleks koostootmist ja 
energiasüsteemi tervikuna täiustada, et suurendada töö paindlikkust ja primaarenergia 
efektiivsust läbi sektorite sidumise. Uurimistöö lähtepunktiks oli tõhusate tehniliste 
lahenduste otsimine, kuidas kasutada koostootmisjaamade heitsoojust ja vähendada 
maagaasi tarbimist. See uurimus viis küttesektori elektrifitseerimise teema ja 
kaugjahutuseni. Elektrifitseerimine aitab vähendada maagaasi tarbimist ja integreerida 
taastuvenergiat energiasüsteemi, kaugjahutus aitab vähendada jahutussektori 
keskkonnamõjusid ning suurendab primaarenergia tõhusat kasutamist koostootmises. 

Käesolev doktoritöö on üles ehitatud seitsmest artiklist, mis toetavad doktoritöö 
teema uurimist. Energiasüsteemi vaadeldakse tervikuna, kasutades nii 
simulatsioonimudeleid kui ka arvutusmudeleid protsesside modelleerimiseks. 
Simulatsioonimudelid näitavad erinevate tehnoloogiate koostoimet ja protsesside 
modelleerimine näitab, kuidas iga tehniline lahendus süsteemi mõjutab. Küttesektori 
elektrifitseerimiseks kasutatakse geograafilist ruuminalüüsi ja simulatsioonimudeleid. 
Viienda põlvkonna kaugkütte- ja jahutuse arendamisel, mis hõlmab ka energiasüsteemi 
elektrifitseerimist, kasutatakse mitme kriteeriumilist analüüsi. 

Doktoritöö tulemused näitavad, et erinevate energiasektorite sidumine suurendab 
süsteemi energiatõhusust. Ebaefektiivset heitsoojuse jahutitesse suunamist, mis on 
hetkel levinud praktika mitmetes Eesti koostootmisjaamades, saab vähendada 
soojusenergia salvestite ja õige võimsusega “elekter-soojuseks” tehnoloogiate 
kasutamisega. See aitab ka maagaasi tarbimist vähendada. Koostootmise heitsoojust 
saab suunata ka kaugjahutuse tootmiseks, mis samuti vähendab heitsoojuse 
jahutitsesse suunamist. Maagaasi tarbimist saab märkimisväärselt vähendada 
küttesektori elektrifitseerimisega, kasutades soojuspumpasid ja erinevaid looduslikke 
või tööstuslikke heitsoojuse allikaid. 

Nende tehnoloogiate kasutamise tulemusena suureneb mitmel viisil ka 
energiatootmise kasumlikkus, märgata on positiivseid mõjusid kütte ja jahutuse 
tootmisele ning ka tarbijahinnale. 
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Publication I 
Lepiksaar, K., Mašatin, V., Latõšov, E., Siirde, A., & Volkova, A. (2021). Improving CHP 
flexibility by integrating thermal energy storage and power-to-heat technologies into the 
energy system. Smart Energy, 2, 100022. https://doi.org/10.1016/j.segy.2021.100022   
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Appendix 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication V 
Pieper, H., Lepiksaar, K., & Volkova, A. (2022). GIS-based approach to identifying 
potential heat sources for heat pumps and chillers providing district heating and 
cooling. International Journal of Sustainable Energy Planning and Management, 34,  
29–44. https://doi.org/10.54337/ijsepm.7021  
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>11?0@AAYYY�<0?�2�<=A031<0A6<b4=�1Ab3�<0A4114H>:<210A �����=:<qFqR�:?48413;<qj4a�<0�?6b,  .��/CẀ V��W�003a�<�/=8�?<42�j<8831�834��]=1=8<0� !FN��>11?0@AAYYY�<0?�2�<=A031<0A6<b4=�1Ab3�<0A4114H>:<210A�̀ 5�/�� �?6b, �.��/CXQ��98HPQC�W8�, �.��7r>�<8�]��/2<8BJ�<bb3H3<2HJ�32�1><�326=018J@�9�01=6J��b�1><�:<1>�60L�?�1<2134�0�426�321<84H13�20�Y31>�1><�<2<8BJ�0J01<:��j<H>23H4��k23;<8031J��b�E<2:48iL�ER9dd�C?<H34��X<?�81�V���C �KL� !FN, K.��/CẀ V��j<8831�83<0�426���YDH48a�2�<H�2�:J�G/CẀ V�5�H41<M� !FN��>11?0@AAYYY�<0?�2�<=A031<0A6<b4=�1Ab3�<0A4114H>:<210A5�H41<qb324�D0H3<213b3HD8<?�81�?6b, ̂.��/=8�><41�426�W�Y<8��E30183H1�><4132B�426�H���32B��R�=218J�aJ�H�=218J� !FK�0=8;<J� !FKstuv��wxyz{|�}~���x�������x�����~��z���������z��z��x������y�����I�=>484�U��U<41�?=:?�?�4H<:<21L�H�22<H13�2�426��?<8413�24��:�6<0�32�/=8�?<42�630183H1�><4132B��/2<8BJ�7=3�6� !FNeF̂ @̂F  f����>11?@AA6�3��8BAF!�F!F̂Ag�<2a=3�6� !FN�! �!!̂, N.��/=8�0141��C1413013H0���/=8�0141� ! !, _.��/2;38�2:<214��Q2;<01:<21�R<21<8��E414�0J01<:�cQc9C��>11?@AAi3i�<<A<2Ab3242H<6D?8�g<H10,�!.�����i�;4�9L�541�n�;�/L�5<?3i0448�cL�C3386<�9��W�42232B��b�630183H1�><4132B�8<B3�20�32�/01�234��Q21�I�C=01432�/2<8BJ�W�42�d424B� ! !e -@KfF̂��>11?@AA6�3��8BAF!�K -NA3g0<?:���_!,�F.��/01�2342�R�:?<1313�2�9=1>�831J��R��863241<6�><41��3:31�?83H<0� ! !,� .��/i�6�:4��E414�H���<H13�2�426�424�J030�8<�=38<6�b�8�><41�0=??�J�?�42232B��E30183H1�><4132B���2BD1<8:�1<26<2H3<0�13��� !�!��G32�541;342M�� !FK,��.��j><�W=a�3H�k13�313<0�R�::3003�2�GWkRM��>11?0@AAYYY�0?8i�B�;��;A,��.��531>=42342�V413�24��/2<8BJ�X<B=�41�8J�R�=2H3�,�K.��531>=42342�E30183H1�U<4132B�900�H3413�2�G5Cj9M��531>=42342�630183H1�><4132B�0<H1�8��;<8;3<Y�32� !FN�G531>=42342ML�53<1=;�0��z���x������������������z������z�����x���t�����z���x�� x�{x�,�̂.�����i�;4�9L�541�n�;�/L�d4n4132��L�C3386<�9��E<;<��?:<21��b�4�=0<8Db83<26�J�:�a3�<�4??�b�8�1><�2413�24���<;<��?8�:�13�2��b�1><���1>�B<2<8413�2�630183H1�><4132B��Q21�I�C=01432�/2<8BJ�W�42�d424B� !F_e !@ Ff�̂��>11?@AA6�3��8BAF!�K -NA3g0<?:� !F_� !��,�-.��/01�2342�R�:?<1313�2�9=1>�831J� ! !��>11?0@AAYYY�H0a�B�;��;A<2A01413013H0A:4?0D426D0?4134�D6414�G4HH<00<6�9=B=01�F!L� ! !M,�N.��R<2184��C1413013H4��7=8<4=��b�541;34��d4?0�426�0?4134��6414� !F_,�_.��C1413013H0�531>=4234��W�?=�413�2�G0<11�<:<210M� !FF� !FK,�!.��]�81=:�j481=��922<�C��g=0�?8�6=H13�2�?�4210� !FN,�F.��c8=?<20i3�Q��E30183H1�H���32B�0J01<:��?<8413�2�32�H��6�H�3:41<0�Y31>�<T30132B�630183H1�><4132B�2<1Y�8i0� ! !,� .��E4230>�/2<8BJ�9B<2HJ��P=36<�b�8��48B<D0H4�<�><41�?=:?�?8�g<H10�32�630183H1�><4132B�0J01<:0�G32�E4230>M� !F-,��.��U=42B�7L�7r>�<8�]L�dr��<8�U��:�]��Q26=01834��/2<8BJ�d4??32B@�jU/XdR¡R�lŴ��j<H>�k23;�E<2:48i� !FK
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Publication VI 
Volkova A, Pakere I, Murauskaite L, Huang P, Lepiksaar K, Zhang X. 5th generation 
district heating and cooling (5GDHC) implementation potential in urban areas with 
existing district heating systems. Energy Reports 2022;8:10037–47. 
https://doi.org/10.1016/j.egyr.2022.07.162  
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������������ !"���̂ _SV àTPQb̀ScÙQ̀TU>$*3()'*%B'/(@+*)1+55*(5.+)335*4(5.A*'*.)(0(..+5B'$+..(..'/(0255()'.*'2+'*$)=92('$'/(0$,30,*@+'(*)'/(<+,'*0.'+'(.A'/(/(+'*)-.(0'$5&,+B.+4(5B*@&$5'+)'5$,(=>/(@+d$5C*'B$%5(.*3()'.*)'/(<+,'*00$2)'5*(./+4('/(*5/(+'.2&&,*(34*+9:DeKf*)F.'$)*+Ae7f*)E+'4*+A+)37gf*)E*'/2+)*+GAI/*0/*.I(,,+1$4('/(Fh+4(5+-($%Kef=9(.&*'('/(%+0''/+''/(./+5($%iFJ*)'/(/(+'*)-+)30$$,*)-.(0'$5*)'/(<+,'*00$2)'5*(.*.5+'/(5/*-/D7Kf*)FFA7gf*)EjA+)3Mkf*)E>DF25$.'+'AKlKl+GGA'/(5(*.+&$'()'*+,'$*)05(+.('/(./+5($%5()(I+1,(()(5-B*)'/*..(0'$5=>/(/(+'.2&&,B*)'/(.(0$2)'5*(.*.@+*),B1+.(3$)'/(0$@12.'*$)&5$0(..A+)3'/(/*-/./+5($%5()(I+1,(()(5-B0+)1((?&,+*)(31B'/(0$@12.'*$)$%,+5-(+@$2)'.$%I$$30/*&.*)1$*,(5/$2.(.+)30$@1*)(3/(+'+)3&$I(5&,+)'.=m'./$2,31(5(0$-)*.(3'/+''/(./+5($%()(5-B%5$@ ,$IC-5+3(/(+'.$250(.*.@*)*@+,+)30+)1(.*-)*%*0+)',B*)05(+.(3=>/(&25&$.($%'/*..(0'*$)*.'$+..(..'/(&$..*1*,*'*(.%$5789:;*@&,(@()'+'*$)*)'/(<+,'*0.'+'(.=>/(0255()'.*'2+'*$)I+.+..(..(3+)3'/(@+*)1+55*(5.'$*@&,(@()'+'*$)I(5(*3()'*C%*(3=<+.(3$)'/(789:;3(%*)*'*$)A'/(%$,,$I*)-%+0'$5.I(5(+)+,B.(3n.'+6(/$,3(5.D9:$&(5+'$5.+)3&5$320(5.GA5(-2,+'$5B@(0/+)*.@.+)39:'+5*%%.A(?*.'*)-9:*)%5+.'520'25(A12*,3*)-.'$06A&*,$'.A()(5-B&$,*0BA+)3.'5+'(-*09:()(5-B-$+,.=����o����p��q�
�>/(@+*)3*%%(5()0(1('I(()9:.'+6(/$,3(5.*.$I)(5./*&=m)F.'$)*+A9:$&(5+'$5.+5(@$.',B&5*4+'(0$@&+)*(.Dj$,6$4+('+,=AKlKlGAI/*,(*)E+'4*+9:$&(5+'$5.+5(@$.',B@2)*0*&+,C*'*(.A12'&5*4+'(0$@&+)*(.+,.$$I).$@(.B.'(@.=>/(5(+5(1$'/&5*4+'(+)3&21,*09:$&(5+'$5.*)E*'/2+)*+=r5*4+'(9:0$@&+)*(.+5(@$5((?&(5*()0(3I*'/.&(0*%*09:$&(5+'*)-*..2(.+)3.$,2'*$).AI/*0/*.$)($%'/(6(B+34+)'+-(.I/()9:)('I$56.+5($&(5+'(3$5$I)(31B&5*4+'(0$@&+)*(.=s$5($4(5A&5*4+'(()'*'*(.+.9:$I)(5.@+B1(@$5(*)'(5(.'(3*)*)4(.'*)-*)*@&5$4(@()'.32('$'/(&5$%*'$5*()'+'*$)=m)+33*'*$)A&5*4+'($I)(5./*&$%'/(9:)('I$56*.,(...21.(54*()'1(0+2.(,$0+,@2)*0*&+,*'*(.3$)$')((3'$12B.(54*0(.%5$@&5*4+'(0$@&+)*(.=>/(@+*)3*.+34+)'+-(.+5('/+'&5*4+'(0$@C&+)*(.+5(@$5(&5$%*'C$5*()'(3+)3+5()$'*)'(5(.'(3*),(..%(+.*1,(9:)('I$56.DF-t(uAKlKvG=

m%'/(@2)*0*&+,*'*(.$I)9:A*'*.&$..*1,('$*@&,(@()'0$@&,(?/(+'.2&&,B5()$4+'*$)&5$d(0'.A*)0,23*)-'/(*@&5$4(C@()'$%/(+'.2&&,B+)3&21,*012*,3*)-.=w$5(?+@&,(A'/(@2)*0*&+,*'B$%82,1()(*@&,(@()'(3'/(%*5.'.@+,,C.0+,(,$IC'(@&(5+'25(9:.B.'(@ *)E+'4*+.*)0(*'$I)(31$'/'/(/(+'.$250(+)3'/(12*,3*)-.'$I/*0/'/(/(+'I+..2&&,*(3=H.+5(C.2,'A02.'$@(5&+5'*0*&+'*$)+)3+-5((@()'.I(5()$')(0(..+5B=:$I(4(5A@2)*0*&+,*'*(..$@('*@(./+4(,*@*'(3+00(..'$+3(Cx2+'(*)4(.'@()'%2)3.A@$3(5)@+)+-(@()'&5+0'*0(.A+)3)(I'(0/)$,$-*(.=m)+33*'*$)A@2)*0*&+,9:.B.'(@.+5(.21d(0''$&21,*0+)3&$,*'*0+,0$)'5$,AI/*0/0+).,$I3$I)'/(+3$&'*$)$%*))$4+'*4('(0/)$,$-*0+,.$,2'*$).=<$'/&5*4+'(+)3@2)*0*&+,$I)(5./*&+5(4*+1,($&'*$).%$5789:;=F?*.'*)-0+.(.'23*(../$I '/+'&5*4+'(0$@&+)*(.+5(@$5(*)'(5(.'(3*)3(4(,$&*)-'/(789:;'(0/)$,$-B*)&+5+,,(,I*'/M89:=������������
�y�zp����y���qq���
�z�p�������
�z��>/(9:)('I$56*)F.'$)*+*.5(-2,+'(31B'/(9*.'5*0':(+'*)-H0'DF(.'*j+1+5**-*j+,*'.2.AKlvkGAI/*,(*)E*'/2+)*+'/(9:.(0'$5*.5(-2,+'(31B'/(E+I $)'/(:(+'J(0'$5={),BE+'4*+/+.)$.&(0*%*0,+I.%$5'/(9:.(0'$5D>/(;+1*)('$%s*)*.C'(5.$%'/(i(&21,*0$%E+'4*+AKllgG=:$I(4(5A'/(9:.(0'$5*)E+'4*+*.5(-2,+'(31B'/(F)(5-BE+IAI/*0/-$4(5).E+'4*+|.()(5-B.(0'$5A*)0,23*)-/(+'*)-+.+.(0'$5$%'/((0$)$@B'/+'0$4(5.'/((?'5+0'*$)+)32.($%()(5-B5(.$250(.=>/(5(*.+,.$+5(-2,+'*$)$)'/(J2&&,B+)3h.($%>/(5@+,F)(5-BAI/*0/(.'+1,*./(.'/(&5$0(325(%$5'/(.2&&,B+)32.($%'/(5@+,()(5-BA+.I(,,+.3(%*)(.'/($1,*-+'*$).$%'/(.2&&,*(5+)30$)C.2@(5$%/(+'=m)+33*'*$)A'/(5(-2,+'*$).$)F)(5-BF%%*0*()0Bi(x2*5(@()'.%$5;()'5+,*.(3:(+'*)-J2&&,BJB.'(@..('$2'()(5-B(%%*0*()0B5(x2*5(@()'.%$50()'5+,*.(3/(+'*)-.B.'(@.A.&(0*%B*)-'/(@+?*@2@ /(+',$..*)'/(9:)('I$56+)3'/(@*)*@2@5(x2*5(@()'.%$5'/((%%*0*()0B$%/(+'&5$320'*$)%$54+5*$2.'(0/)$,$-*(.=H,,<+,'*00$2)'5*(./+4(9:&5*0(5(-2,+'$5.=>/(@+*)3*%C%(5()0(1('I(()'/('/5((0$2)'5*(.*.'/(@+56('.*'2+'*$)=m)F.'$)*++)3E+'4*+A'/(9:@$)$&$,B(?*.'.AI/*,(/(+'&5$320C'*$)*)E*'/2+)*+*.1+.(3$)/(+'&5$320(5.0$@&('*'*$)Dj$,6$4+('+,=AKlKl}i2~(,d26('+,=AKlKlG=m)$53(5'$().25(0$@&('*'*$)1('I(()/(+'&5$320(5.A�Fi;+&&5$4(.+.('$%0$)3*'*$).%$5'/(2.($%/(+''5+).@*..*$))('I$56.AI/*0/+5(@+)3+'$5B%$5+,,&(5.$).*)4$,4(3*)()(5-B+0'*4*'*(.*)E*'/2+)*+|./(+'*)-.(0'$5=E*'/2+)*+/+.+2)*x2(@+56('@(0/+)*.@ %$5'/(9:.(0'$5=F+0/@$)'/A3*%%(5()'9:.2&&,*(5.0$@&('(*)&5*0(,(4(,+20'*$).=>/*.0$@&('*'*4(@+56('@$3(,*.'/($),B$)(*)F25$C&(+)9:=s$5($4(5AE*'/2+)*+)9:0$@&+)*(.&+5'*0*&+'(*)'/(1*$@+..@+56('+)3'/(&250/+.($%1*$@+..*.3(&()3()'$)'/(@+56('&5*0(=m)3(&()3()'/(+'&5$320(5./+4(12*,'+1$2'+'/*53$%1*$@+..C1+.(3&,+)'.=;$@&('*'*$)+@$)-/(+'&5$320(5.*.$5-+)*.(3$)'/(1+.*.$%@$)'/,B/(+'.+,(+20'*$).=m)E*'/2+)*+A'/(5(*.+)+'*$)+,1*$@+..+)3/(+'()(5-B(?0/+)-(<HE>r{{EAI/(5(+,,/(+'&5$320(5.+5($1,*-(3'$12B1*$@+..+)3.(,,/(+'*)*)3*4*32+,@2)*0*&+,*'*(.=>/((?&(5*()0($%'/((?0/+)-(*.$%*)'(5(.''$%$5(*-)&$,*'*0*+).+)3$%%*0*+,.=<HE>r{{E*.*)'/(&5$0(..$%(?&+)3*)-*'.+0'*4*'*(.'$$'/(50$2)'5*(.=9:&5*0(.*)'/(<+,'*0.'+'(.+5(.('*)+00$53+)0(I*'/)+C'*$)+,,(-*.,+'*$)=>/(9:&5*0(,*@*'*)F.'$)*+@2.'1(d2.'*%*(3A0$.'C(%%(0'*4(+)3()+1,('/(0$@&+)B'$%2,%*,*'.,(-+,$1,*C-+'*$).={),Bd2.'*%*(3.+,(.4$,2@(.+)3&5$%*'+1*,*'B(?&().(.@+B1('+6()*)'$+00$2)'I/()+&&5$4*)-'/(/(+'()(5-B&5*0(%$5'/(&(5*$3$%5(-2,+'*$)=>/(4+,*3*'B$%'/(0$.'.*)C0,23(3*)'/(/(+',*@*'&5*0(+)3'/(*50$.'C(%%(0'*4()(..+5(+..(..(3=>/(@+?*@2@ +5(+&5*0(*..('1B'/(;$@&('*'*$)H2'/$5*'B*)+00$53+)0(I*'/'(0/)*0+,*)3*0+'$5.DF(.'*j+1+5**-*vllL�



���������	
�����
�	����
������������� ���
������
������������ !"���#!

�� ��]������̂ _��̀
���
�a��
�G34UQ012*5=/*-./-*401/34b58/0.=/5/4=0=\488N,4O48+94,51,\0,4=9*45,01M517.0/04=c/+\1=@Q0J3N/4M94*5/-*4UQ0=.-**41/87[-=/010/=/30*,J414*5/0+1B6-//34345/J414*5/0+1=+-*.4=5*4M+=/87*414\5684<Y0J@C?@H0/3-510535=5\488N,4O48+94,UQ=7=/4M@G34=35*4+2UQ01/34+O4*588345/01J=4./+*35=*4M5014,-1.351J4,01*4.41/745*=B+15O4*5J4B5*+-1,Vde01/34.+-1/*751,5*+-1,Dfe01.0/04=@UQ.+M95104=+94*5/401588f;M-10.09580/04=+2H0/3-5105@G34=441/0/04=5*4*4J-85/4,67/34I>KL@TM5884*345/=-9987.+M95104=5*4*4J-85/4,67/34M-10.09580/04=@W-10.09580/04=+\156+-/g;e+2UQ .+M95104=51,C;e35O46441845=4,/+2+*40J151,,+M4=/0.01O4=/+*=@)*0O5/4.590/5841/4*4,/34H0/3-51051UQM5*P4/01:;;;@F8M+=/D;e+2/34345/0=9*+N,-.4,-=01JK>T<M5018760+M5==?51,M-10.0958\5=/401/34H0/3-51051UQ=4./+*<>-*+=/5/B:;:;5?@G34=35*4+2345/2*+M15/-*58J5=01/342-48M0h0=84==/351i;e@S9-1/08:;CjB15/-*58J5=\5=/34M5012-4801/34UQ345/J414*5/0+1=/*-./-*4@G34k-0.P=-6=/0/-/0+1+20M9+*/4,15/-*58J5=\0/38+.58*414\568460+M5==\5=641420.058/+/348+.584.+1+M7B.*45/4,14\[+6=01/34*4J0+1=51,4h951,4,14\01,-=/*04=@)414/*5/0+1+260+M5==01/+/34H0/3-51051UQ=4./+*35=64410M984M41/4,67/34-=4+2>S=-99+*/@Q0=/+*0.5887B15/-*58J5=35=6441/34,+M0151/UQ2-4801H5/O05@b4/\441:;Cj51,:;CgB/34=35*4+2345/9*+,-.4,-=01J

15/-*58J5=5/.+J414*5/0+19851/=,4.*45=4,2*+MDVe/+Vi@VeB6-/01345/N+1876+084*3+-=4=B/34=35*4+215/-*58J5=N65=4,345/,4.*45=4,2*+M j:@je/+:g@fe@G30=0=M50187,-4/+/34=-9N9+*/9+80.72+*=\0/.301J/+*414\56842-48=B95*/0.-85*8760+M5==2-48==-.35=\++,.309=@G3-=B60+M5==N65=4,345/9*+,-./0+101.*45=4,2*+MCge01:;Cj/+:ge01:;Cg5/.+J414*5/0+19851/=51,2*+M V;e/+ffe5/345/N+1876+084*3+-=4=<)5P5*44/58@B:;:C?@G34/+/58841J/3+2345/01J14/\+*P=01H5/O050=56+-/:;;;PMB+2\30.3M+=/+2/34345/01J90948014=5*4+-/,5/4,51,5224./4,6785*J4345/8+==@Q+\4O4*B/34*40=5J*5,-58*41+O5/0+151,+9/0M0=5/0+1+2345/01J14/\+*P=B51,5O4*5J4345/8+==35=6441+1/34,4.8014=01.4:;;gB*45.301JCCe01:;:;@G34345/=-9987/4M94*5/-*401345/01J14/\+*P=0=5*+-1,d;lg;mL,-*01J.+8,\01/4*94*0+,=51,5*+-1,D;mL,-*01JM+=/+2/34=45=+1\341/34+-/,++*/4M94*5/-*40=5*+-1,;mL<b8-M64*J54/58@B:;:;?@n08=35840=/34M501=+-*.4+2414*J751,/34M5012-4801>=/+105o=414*J7M0h@n1/34+14351,B/34=-6=/51/058-=4+2+08=35845=5,+M4=/0.2-48J-5*51/44=414*J7=4.-*0/7@n08=3584414*J79*+,-./0+1B+1/34+/34*351,B4M0/=5=-6=/51/0585M+-1/+2J*4413+-=4J5=4=,-4/+0/=30J3.5*6+101/41=0/7B\30.335=514J5/0O40M95./+1/3441O0*+1M41/@F=5*4=-8/B/34>=/+10514.+1+M79*+,-.4=M+*4/351/\0.45=M-.3.5*6+1,0+h0,4<Ln:?5=/34>S5O4*5J4@G34>=/+1051J+O4*1M41/0=J*5,-5887,4.+MM0==0+101J4h0=/01J9+\4*9851/=51,,4O48+901J14\/4.31+8+J04=/+,*5=/0.5887*4,-.4Ln:4M0==0+1=51,35*MN2-841O0*+1M41/580M95./@>=/+1054h9+*/=484./*0.0/764.5-=40/=9*+,-./0+1=80J3/874h.44,=.+1=-M9/0+1@G34/+/58484./*0.0/7+-/9-/01>=/+10501:;Cg\5=D@fCVGX3B51,\3084/34/+/58484./*0.0/7,4M51,\5=d@:VDGX3@n08=3584\5=-=4,/+J414*5/4M+*4/3513582+2588484./*0.0/7<Vfe?B2+88+\4,6760+M5==<CDe?B\01,9+\4*<ge?B51,*414\5684\5=/4<Ce?<F-J-/0=4/58@B:;:;?@G34*45*4+O4*:;;UQ14/\+*P=01>=/+105B\0/3UQ5..+-1/N01J2+*M+*4/351f;e+2/+/58345/9*+,-./0+1@T01.4:;CjB\0/3/34>So=5==0=/51.4B1-M4*+-==M588UQ14/\+*P6+084*=35O46441*42-*60=34,B51,14\60+M5==6+084*=35O46441,498+74,/+*4985.45J401JJ5=51,+08N20*4,6+084*=@n0851,15/-*58J5=.+1=-M9/0+101>=/+10535=6441,4.80101J=01.4:;C;<T/5/0=/0.=>=/+105B:;:;?@p1:;CdB60+M5==5..+-1/4,2+*jf@de+2/34>=N/+1051UQ414*J7M0h51,15/-*58J5=2+*:V@fe@n08=3584<g@:e?BM-10.0958\5=/4<fe?B=3584+08J5=<fe?B2-48+08<ie?51,945/<:@de?M5P4-95=M58895*/+2/34UQ414*J7M0h01>=/+105@G34M50165**04*/+VZUQL0=/344h0=/01J\488N,4O48+94,51,\0,4=9*45,i*,J414*5/0+1UQ012*5=/*-./-*401588/3*44b58/0.C;;j;



���������	
�����
�	����
������������� ���
������
������������ !"���#!$%&'()*+,-.,/)+,&0(1234567+8+0%9:+'($/';+$/))*+7%&(9)*:/)*0<*''+=0<;&*0(/)+/,1*'/77*(*%'(%(>++?*,(*'@45'+(=%)A-��#�B���C������D�̂)%9+)(<]+@*,(+)1(>+)+/)+:%)+(>/'YM1JJJ/9/)(:+'(;&*07*'@,*'_*(>&/'*/-K%,(%L(>+,+/9/)(:+'(;&*07*'@,QNJVS=+)+$%',()&$(+7;+L%)+MNNG=*(>8+)<0%=+'+)@<+LL*$*+'$<-̀aMHNAT>\:G9+)<+/)-X')+$+'(<+/),1>%=O+8+)1,(+9O;<O,(+9:+/,&)+,>/8+;++'(/A+'(%*:9)%8++'+)@<+LL*$*+'$<1)+,&0(*'@*'/)+7&$(*%'*',9+$*L*$>+/($%',&:9(*%'-X'/9/)(:+'(;&*07*'@,1L%)+?/:90+1(>+7+$)+/,+;+(=++'GJMI/'7GJMN*,MH-UAT>\:G-23456&0()/O0%= (+:9+)/(&)+)+@*:+)+b&*)+,>*@>+'+)@<+LL*$*+'$<*';&*07*'@,-.0/)@+9)%9%)(*%'%L%07;&*07*'@,(>/($%',&:+0/)@+/:%&'(,%L(>+):/0+'+)@</)+'%(,&*(/;0+L%)23456*:90+:+'(/(*%'-��c�������45%9+)/(%),:/*'0<9)%8*7+,9/$+>+/(*'@/'77%:+,(*$>%(=/(+)1=>*0+,%:+/0,%@+'+)/(++0+$()*$*(<*'/00(>)++$%&'()*+,-

P>++?*,(*'@45*'L)/,()&$(&)+*,)+9)+,+'(+7%'0<;<(>+H)7@+'+)/(*%'Qd%0A%8/+(/0-1GJMUS-P>+L*),(,(+9,(%)+7&$+(>+(+:9+)/(&)+/)+90/''+7(%;+*:90+:+'(+7*'(>+_*(>&/'*/'$/9*(/0d*0'*&,*'GJGG-.,:/000%=O(+:9+)/(&)+45=/,/0,%*'()%7&$+7*'_/(8*/1*'/9/)*,>%L(>+3&0;+'+K&'*$*9/0*(<1=>*$>*,:%)+L%$&,+7%'(>+%9(*:*,/(*%'%L(>++?*,(*'@>+/(*'@'+(=%)A*'(>+8*00/@+Q̂/A+)++(/0-1GJMUS-X'F,(%'*/1(>+)+/)+'%*:90+:+'(+745'+(=%)A,%L(>+Y(>@+'+)/(*%'-4*,O()*$($%%0*'@*,*:90+:+'(+7%'0<*'F,(%'*/QP/00*''1P/)(&/'7ê)'&SQ̂*+9+)+(/0-1GJGMfd%0A%8/+(/0-1GJGGS-��g����
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���������	
�����
�	����
������������� ���
������
������������ !"���#!
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Publication VII 
Lepiksaar, K., Kalme, K., Siirde, A., & Volkova, A. (2021). Heat Pump Use in Rural District 
Heating Networks in Estonia. Environmental and Climate Technologies, 25(1), 786–802. 
https://doi.org/10.2478/rtuect-2021-0059  
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����������	
��
�
�����
	�������������������������������������������������������������������������������������������������������

����

���� !"�#$�%$�&�'()�*+$�,-.�)/00.�.(1.�2.,3..(�45�,6!."�/"�(�,�7.�6�"/�(/0/1'(,8�9(�'(6�1'".$�0��:�'�1�(" :.��!�/1.�!�/(,��0�7/.3$� "/(��45"�,��1�7.��,�,';�).:'()�/"�,-.�2.",�"�; ,/�(8�4�3.7.�$�,-/"�/"��(;6�'!!;/1'2;.�/0�.</",/(��2�/;.�"�(..)�,��2.��.!;'1.)8�=4�1�(" :.��!�/1."�'�.�;�3.��0���';;�-.',�"� �1."�3-.(�,-.�,�,';�).:'()�/"�1�7.�.)�26�45"8�>-.�'7.�'�.�)/00.�.(1.�2.,3..(�,-.�1�(" :.��!�/1.��0�?!,/�("�@�'()�A�/"�@B�C$�,-.�)/00.�.(1.�/"�:��.�"/�(/0/1'(,�0���":';;.��=4�(.,3��D"����� !"�@E%+�'()�;.""�0���;'��.��=4�(.,3��D"����� !"�&�'()�*+8�>-.�/:!'1,��(�!�3.��1�(" :!,/�(�3'"�';"��'""."".)$�;.')/(��,��,-.�0'1,�,-',�.7.(�3-.(�';;�� �';�=4�(.,3��D"� ".�45"�'"�-.',�"� �1."$�!�3.��1�(" :!,/�(�/(�,-.�F",�(/'(�.;.1,�/1/,6���/)�3/;;�/(1�.'".�26�'2� ,�@��C��@&��GH+�/(�1'".��0�!.'D�1�(" :!,/�(8��>-.��." ;,"�';"��"-�3�,-.�/:!��,'(1.��0�/(7.",:.(,�" !!��,$�3-/1-�1'(�"/�(/0/1'(,;6��.) 1.�,-.�1�(" :.��!�/1.8�I���":';;.��=4�(.,3��D"�,-.�/(7.",:.(,�" !!��,�1'(��.) 1.�,-.�1�(" :.��!�/1.�26� !�,��B@�C$�3-/;.�0���;'��.��=4�(.,3��D"�,-.�.00.1,"��0�/(7.",:.(,�" !!��,�'�.�(�,�"��(�,/1.'2;.8��>-.�"/, ',/�(�0���7.�6�":';;�=4�(.,3��D"����� !"�@$�A�'()�B+�/"�)/00/1 ;,�'(63'6$�'"�-.',�).:'()�).("/,6�/"�7.�6�;�3�'()�=4�/"��0,.(�(�,�7/'2;.8�?(.�!�""/2;.�"�; ,/�(�0���,-.".�(.,3��D"�/"�,���/7.� !�=4�'()� ".�/()/7/) ';�"�; ,/�("8�>-/"�3/;;�:'D.�/,�!�""/2;.�,��"'7.��(�-.',�)/",�/2 ,/�(�;�""."�,-',�,.()�,��2.�-/�-�/(�,-.".�=4�(.,3��D���� !"8�90�,-.".�'�.'"�",/;;�3'(,�,��1�(,/( .� "/(��=4$�,-.��(;6�!�""/2;.�"�; ,/�(�/"�,��/(1�.'".�,-.�'(( ';�-.',�).:'()�26�'))/(��(.3�1�(" :.�"�,��,-.�(.,3��D8�9(�1�(1; "/�($�/,�"-� ;)�2.�(�,.)�,-',� "/(��45"�/(�� �';�=4�(.,3��D"�/"�'�"�; ,/�(�,-',�/"�3��,-�1�("/).�/(�8�>-/"�"�; ,/�(�1'(��.) 1.�,-.�=4�1�(" :.��!�/1.�'()�/"�'����)�';,.�(',/7.�,��1'�2�(J/(,.("/7.�!.'D�2�/;.�"8�9,�1'(�';"��/(,.��',.�KFL�/(,��,-.�-.',/(��".1,���'()�-.;!�,��1� !;.�,-.�-.',/(��'()�.;.1,�/1/,6�".1,��"8��MNONMNPQNR�S@T�L��D(U"�58$��	�
�V�>-.�2.(.0/,"��0�#,-��.(.�',/�(�)/",�/1,�-.',/(��/(�'�@���C��.(.3'2;.�.(.��6�"6",.:8������W�A�A�XA@BX@@Y�B�8�-,,!"XZZ)�/8���Z@�8@�@&Z[8.(.��68A�A�8@@Y�B��SAT�>�'2.�,�\8$��	�
�V�=.1'�2�(/]/(��2 /;)/(��",�1D�3/,-��.(.3'2;.�)/",�/1,�-.',/(��J�̂�1'".�", )6�0���'�� �';�'�.'�/(�_.�:'(68�̀�����
�����a�bc�c�c��
��d���
�������������e8�b�f�cg��b�	���
	���
�����a����������c��
��g�
	����
�
���������a���hi��
����b�
i�	�W����e�A�A�X#*�E#�@8�-,,!"XZZ)�/8���Z@�8@���&Z"318A�@Y8@@8�A�SBT�5�;/D'�!�7'�98$��	�
�V�jklmnopqnmrqns�tuslvwnw�mx�yrlrzm�{rur|s}lr�~urq�v�yxlkmnxu��xq��nwmqnzm��rsmnu��yvwmr�������������	
��
�
�����
	���������������A�@YXAB�B+X@�@E@�Y8�-,,!"XZZ)�/8���Z@�8A#*�Z�, .1,JA�@YJ���A�S#T�_�'7.;"/("�̂ 8$��	�
�V�L�;'��!�3.��/(�)/",�/1,�-.',/(�8�5A4�0;.</2/;/,6�1�(1.!,8������W�A�@YX@�@X@�ABE@�B%8�-,,!"XZZ)�/8���Z@�8@�@&Z[8.(.��68A�@Y8�%8AA#�S%T�L.�7/("D/�G8$��	�
�V�K'-7'",/D �!'/D(.:/(.�['��'-7''�7��5�! ;',/�(�;�1',/�(�'()�!�! ;',/�(+8�L,',/",/D'':.,�A�@AXY8��/(�F",�(/'(+�S&T��-.�7.(D�7�48$��	�
�V�=.��..J)'6�1;/:',�;��6��7.��1.(,�';�'()�"� ,-.'",�F ��!.�0���,-.�!.�/�)�@Y&@JA�@��J�F7'; ',/�(�/(�-/�-��."�; ,/�(8��W�����	����
�
�b�a���
	�����������������A�A�XA�X@&&E@*#8�-,,!"XZZ)�/8���Z@�8A#*�Z1'/,JA�A�J��*��S*T�_�6�/.�.D��8$��	�
�V�F(.��6�'()�.(7/��(:.(,';�'(';6"/"��0�"/(�;.J0':/;6�-� "."�;�1',.)�/(�5�;'()8����������A�A�X@B�@@+XA*#�8�-,,!"XZZ)�/8���Z@�8BBY�Z.(@B@@A*#��S�T���]'�1'(/(�L8$��	�
�V�9:!'1,��0�1;/:',.�1-'(�.��(�,-.�1�",J�!,/:';�:/<��0�).1.(,�';/".)�-.',�! :!�'()��'"�2�/;.��,.1-(�;��/."�/(�F ��!.8������W�̀����W�A�A�X@#�X@@@B�&8�-,,!"XZZ)�/8���Z@�8@�@&Z[8.(!�;8A�A�8@@@B�&�SYT�=���,/�������	�
�V�9:!'1,��0�3/()�!.(.,�',/�(�/(�.;.1,�/1/,6�:'�D.,"��(��!,/:';�!�3.�J,�J-.',�1'!'1/,/."�/(�'�;�1';�)/",�/1,�-.',/(�� "6",.:8� �����
���� 
�
� ci�	
��
���� �����W� �������� A�A�X@BAX@@��Y%8�-,,!"XZZ)�/8���Z@�8@�@&Z[8�".�8A�A�8@@��Y%�S@�T��;�.""�̂8�9:!'1,"��0�-.',�".1,���,�'("0��:',/�(��(�_.�:'(6�"�!�3.��"6",.:�,-�� �-�/(1�.'".)� ".��0�!�3.�J,�J-.',8�f�����
������W�A�@YXABYX%&�E%��8�-,,!"XZZ)�/8���Z@�8@�@&Z[8'!.(.��68A�@Y8�@8@�@�S@@T��'�:.;;�"�G8$�_.���/� �58��8$�G'7��,'"�_8�̂�1�:!'�/"�(��0�:.,-�)"�0���,-.��!,/:';�)."/�(��0�=/",�/2 ,.)�F(.��6�L6",.:"� ().�� (1.�,'/(,68������W�A�@YX@*�XB@�EBBB8�-,,!"XZZ)�/8���Z@�8@�@&Z[8.(.��68A�@Y8�#8@%B�S@AT�H'(���8$��	�
�V�K/"D�'""."":.(,��0�/(,.��',.)�.;.1,�/1/,6�'()�-.',�"6",.:�3/,-�/().!.().(,�.(.��6��!.�',��"�2'".)��(�L,'1D.;2.����':.8������W�A�A�X@Y�X@@*B#Y8�-,,!"XZZ)�/8���Z@�8@�@&Z[8.(.��68A�A�8@@*B#Y�S@BT��.!/D"''���8$��	�
�V�9:!��7/(���45�0;.</2/;/,6�26�/(,.��',/(��,-.�:';�.(.��6�",��'�.�'()�!�3.�J,�J-.',�,.1-(�;��/."�/(,��,-.�.(.��6�"6",.:8�c�
�	������W�A�A@XAX@���AA8�-,,!"XZZ)�/8���Z@�8@�@&Z[8".�68A�A@8@���AA�



����������	
��
�
�����
	�������������������������������������������������������������������������������������������������������

����

����� !"#$%&'�(#))*++*#',�(-../01(231-0�45-.�36 �(-..1771-0�3-�36 � /5-8 20�825912. 03:�36 �(-/0(19:�36 � /5-8 20� (-0-.1(�20;�7-(129�(-..133  �20;�36 �(-..133  �-4�36 �5 <1-07�8#=%"*'>�&�?@*)&A%B'%!A"&@�%?#'#)CD�2'� /�7A"&A%>C�E#"� '%">C�7C+A%)�1'A%>"&A*#',�F"!++%@+D� !"#$%&'�(#))*++*#':�G�G�,���H��2"&IJ&K%L�M,:�8*@$#@&�7,:�9!'K�8,�;,�(#!$@*'>�N&"*&I@%�"%'%=&I@%�%@%?A"*?*AC�$"#K!?A*#'�A#�AL%�L%&A*'>�+%?A#"�AL"#!>L�?!"A&*@)%'A�&'K�$#=%"BA#BL%&A�+A"&A%>*%+�E#"�&??%@%"&A%K�%)*++*#'�"%K!?A*#',�OP	P�����	����
�
�����������	�G��QDHR�SD�T��,�LAA$DUUK#*,#">U��,HVV�UE?%,H����W��F&+L*"�2,�2,:��	�
�X�.*'*)*J*'>�Y*'K�8#=%"�(!"A&*@)%'A�&'K�(&"I#'� )*++*#'+�IC�8#=%"�A#�6%&A�7%?A#"�(#!$@*'>�B�2�7A&?Z%@I%">�<&)%�2$$"#&?L,�[����\������G�G�D�DG���QGTG��Q��,�LAA$+DUUK#*,#">U��,���QU2(( 77,G�G�,V�VQ������]��5!̂%@_!Z�8,:��	�
�X�4&?A#"+�2EE%?A*'>�AL%�1)$"#N%)%'A�#E�;*+A"*?A�6%&A*'>,�(&+%�7A!K*%+�#E� +A#'*&�&'K�7%"I*&,�����������	
��
�
�����
	���������������G�G�DG�DHG�THVV,�LAA$+DUUK#*,#">U��,G�]�U"A!%?ABG�G�B��G�������M#@Z#N&�2,:��	�
�X�8@&''*'>�#E�K*+A"*?A�L%&A*'>�"%>*#'+�*'� +A#'*&,�[�	���
	���
��̀�P��
���a�bP�	
��
c��������d�e�
������
�
�f
�
�����	�G�G�DG]DHT�H,�LAA$+DUUK#*,#">U��,HG]�U*_+%$),V�Q����Q��8*%$%"�6,:��	�
�X�2++%++)%'A�#E�&�?#)I*'&A*#'�#E�AL"%%�L%&A�+#!"?%+�E#"�L%&A�$!)$+�A#�+!$$@C�K*+A"*?A�L%&A*'>,������d�G��QD�]WD�HWT�]�,�LAA$+DUUK#*,#">U��,���WU_,%'%">C,G��Q,�V,�WH��G���8*%$%"�6,:��	�
�X�.#K%@@*'>�E"&)%=#"Z�E#"�*'A%>"&A*#'�#E�@&">%B+?&@%�L%&A�$!)$+�*'�K*+A"*?A�L%&A*'>�!+*'>�@#=BA%)$%"&A!"%�L%&A�+#!"?%+D�2�?&+%�+A!KC�#E�3&@@*'':� +A#'*&,�[�	���
	���
��̀�P��
���a�bP�	
��
c��������d�e�
������
�
�f
�
�����	�G��QDG�DW]T�W,�LAA$+DUUK#*,#">U��,HG]�U*_+%$),G��Q,G�,W��G���M#@Z#N&�2,:��	�
�X�7)&@@�@#=BA%)$%"&A!"%�K*+A"*?A�L%&A*'>�'%A=#"Z�K%N%@#$)%'A�$"#+$%?A+,������d�G��QD�]�D]��T]GG,�LAA$+DUUK#*,#">U��,���WU_,%'%">C,G��Q,��,��V��GG��3%""%"#+�-,:��	�
�X� @%?A"*?*AC�)&"Z%A�#$A*#'+�E#"�L%&A�$!)$+�*'�"!"&@�K*+A"*?A�L%&A*'>�'%A=#"Z+�*'�2!+A"*&,������d�G�G�D�QWD��W�]H,�LAA$+DUUK#*,#">U��,���WU_,%'%">C,G��Q,��W�]H��GV��2!>!A*+�g,:��	�
�X�2'&@C+*+�#E�%'%">C�+%?!"*AC�@%N%@�*'�AL%�F&@A*?�7A&A%+�I&+%K�#'�*'K*?&A#"�&$$"#&?L,������d�G�G�D�QQD��]�G],�LAA$+DUUK#*,#">U��,���WU_,%'%">C,G�G�,��]�G]��G���9*A>"*K:�273:� @%"*'>,�5%N*%=�#E�5 7�$%"+$%?A*N%�*'�F&@A*?�?#!'A"*%+�A*@@�G�V�,�G��H,��GH��5!))%@�9,�h&&"%$%"%�Zi@&�_&�9!!&�Zi@&�+##_!+)&_&'K!+%�&"%'>!Z&N&�&&+A&A%Z+�G��]BG�G]�R2$$"#N&@�#E�AL%�L%&A�)&'&>%)%'A�K%N%@#$)%'A�$@&'�#E�8&@&)!+%�+)&@@�A#=':�h&&"%$%"%�N*@@&>%�&'K�9!!&�N*@@&>%�E#"�G��]TG�G],S,�8&@&)!+%D�8&@&)!+%�M&@@&N#@*Z#>!:�G��],�R*'� +A#'*&'S��GW��5!))%@�9,�.j%A&>!+%�N&@@&�.j%A&>!+%�&@%N*Z!�_&�h**Z@&�Zi@&�+##_!+)&_&'K!+%�&"%'>!Z&N&�&&+A&A%Z+�G��]BG�V��R.j%A&>!+%�"!"&@�)!'*?*$&@*AC�.j%A&>!+%�+)&@@�A#='�&'K�h**Z@&�N*@@&>%�L%&A�)&'&>%)%'A�K%N%@#$)%'A�$@&'�E#"�G��]TG�V�S,�.j%A&>!+%D�.j%A&>!+%�M&@@&N#@*Z#>!:�G��],�R*'� +A#'*&'S��G]��7=%?#:�8#"A�#E�3&@@*'',�("!*+%�3%")*'&@�#E�-@K�(*AC�6&"I#!",�7!+A&*'&I@%�%'%">%A*?�+#@!A*#'+�E#"�?"!*+%�A%")*'&@�I!*@K*'>+�*'�0#"AL%"'�(@*)&A%,�3&@@*'D�7=%?#:�G��],��G���Y##@@%C�h,� ,:��	�
�X� EE%?A*N%'%++�#E�*'A%"N%'A*#'+�A#�"%K!?%�L#!+%L#@K�&*"�$#@@!A*#'�E"#)�+#@*K�I*#)&++�E!%@+�&'K�*)$"#N%�)&A%"'&@�&'K�?L*@K�L%&@AL�#!A?#)%+�*'�@#=B�&'K�)*KK@%B*'?#)%�?#!'A"*%+D�&�+C+A%)&A*?�"%N*%=�$"#A#?#@,�bd�	��
	���k����l��G�G�D��RVVSD�T],�LAA$+DUUK#*,#">U��,���WU+�VW�VB�G�B��HQ�BJ��GQ��(L%'>�Y,:��	�
�X�.*A*>&A*#'�#E�!@A"&E*'%�$&"A*?!@&A%�)&AA%"�%)*++*#'�E"#)�&>"*?!@A!"&@�I*#)&++�$%@@%A�?#)I!+A*#'�IC�AL%�&KK*A*N%�#E�$L#+$L#"*?�&?*K�)#K*E*%K�Z&#@*',�k���l
c��������d�G�G�D�]GD�]]T��],�LAA$+DUUK#*,#">U��,���WU_,"%'%'%,G�G�,�V,�����V���mnopqrstuv�wxy�z{v|}�~x��ptqn����tq���|pt���qp��pt��x�k���
�������\����P�	P�
��������������G��WDWGD7W�T7WH,�LAA$+DUUK#*,#">U��,�]GG�UWQUG��HB52 ��V���;*"%?A*N%�R /S�G��HUG�QV�#E�AL%� !"#$%&'�8&"@*&)%'A�&'K�#E�AL%�(#!'?*@�#E�GH�0#N%)I%"�G��H�#'�AL%�@*)*A&A*#'�#E�%)*++*#'+�#E�?%"A&*'�$#@@!A&'A+�*'A#�AL%�&*"�E"#)�)%K*!)�?#)I!+A*#'�$@&'A+,��aa���
��̀�P��
���a�	����P����
��������G��HD9�V�VU�,��VG�� !"#$%&'�8&"@*&)%'A�&'K�(#!'?*@,�;15 (31M �R /S�G��WUGG���-4�36 � /5-8 20�825912. 03�20;�-4�36 �(-/0(19�#E����;%?%)I%"�G��W�#'�#'�AL%�"%K!?A*#'�#E�'&A*#'&@�%)*++*#'+�#E�?%"A&*'�&A)#+$L%"*?�$#@@!A&'A+:�&)%'K*'>�;*"%?A*N%�G��VUVHU (�&'K�"%$%&@*'>�;*"%?A*N%�G���U��U (,��aa���
��̀�P��
���a�	����P����
��������G��WD9�V��D�,��VV�� !"#$%&'�(#))*++*#',�-$%"&A*#'&@�8"#>"&))%�E#"�(#L%+*#'�8#@*?C�4!'K*'>�G���BG�G�,� +A#'*&�G�����-'@*'%�,��2??%++%K� �H,�V,G�G��,� 2N&*@&I@%D� LAA$+DUU%?,%!"#$&,%!U"%>*#'&@�$#@*?CU%'U&A@&+U$"#>"&))%+UG���BG�G�U%+A#'*&UG���%%�W)V#$�����V��� !"#$%&'� (#))*++*#',� G�H�� @#'>BA%")� +A"&A%>C� �-'@*'%�,� �2??%++%K� �H,�V,G�G��,� 2N&*@&I%D�LAA$+DUU%?,%!"#$&,%!U?@*)&U$#@*?*%+U+A"&A%>*%+UG�H��%'��VH�� %+A*�h#'Z!"%'A+*&)%A,�h##+Z�@&+A&A!K�+##_!+%�$**"L*''&K�R(##"K*'&A%K�)&">*'&@�L%&A�$"*?%+S��-'@*'%�,��2??%++%K��H,�V,G�G��,�2N&*@&I@%D�LAA$+DUU===,Z#'Z!"%'A+*&)%A,%%U%AUN%+*B+##_!+U+##_!+UZ##+Z#@&+A&A!KB+##_!+%B$**"L*''&K�R*'� +A#'*&'S��VW��0&A*#'&@� Y%&AL%"� 7%"N*?%,� -I+%"N&A*#'� K&A&� �-'@*'%�,� �2??%++%K� ��,�V,G�G���� 2N&*@&I@%D�LAA$+DUU===,*@)&A%%'*+A!+,%%U*@)U*@)&N&&A@!+%KUN&&A@!+&'K)%KU�R*'� +A#'*&'S��V]��h#'Z!"%'A+*&)%A,�7##_!+%�$**"L*''&�Z##+Z�@&+A&)*+%�$�L*)�AA%K�R�V,�H,G��V�Zj+ZZ*"*�'"��,�BGU�VB��GS�R8"*'?*$@%+�#E�&$$"#N&@�#E�AL%�)&�*)!)�L%&A�$"*?%�R;*"%?A*N%�0#,��,�BG�U��VB��G�#E��V,�H,G��V,S,�3&@@*'D� +A#'*&'�(#)$%A*A#'�2!AL#"*AC:�G�G�,�R*'� +A#'*&'S�



����������	
��
�
�����
	�������������������������������������������������������������������������������������������������������

����

����� !"##$%%&'(%(")!!*(+',� !"##$%%&)&"+-!�.&&'#&/&�0&")&)!#"���123���4�56%/(*$%'!%)&7�89&*:!"�;*&'!<$*#�=7&%�>$*���12?���4,@,�A&77(%B�C(%(")*D�$>�)9!�6%/(*$%'!%)E���1F,�5(%�6")$%(&%@���G��=HI�6%:(%!!*",�J($'&""�5K$$-3=!77!)@�J$(7!*�LI�8$%/!%)($%&7�M&"�J$(7!*�3�=*$"�N�8$%"��O%7(%!�,��0PP!""!-�14,��,���1�,�0/&(7&Q7!B�9))R"BSSR9"!%:(%!!*"7)-,P$,+#SQ($'&""3<$$-3R!77!)3Q$(7!*S��F���T&%("9�6%!*:D�0:!%PD,�T*!U!Q$:�)(7�")$*!�/&*'!R+'R!R*$U!#)!*�(�>U!*%/&*'!"D")!'!)�5M+(-!�>$*�7&*:!3"P&7!�9!&)�R+'R�R*$U!P)"�(%�-(")*(P)�9!&)(%:�"D")!'",@,� $7-(%:B�T60E���1V,��F1�� %$Q7$P9�;,E��	�
�W�0�)!P9%(P&7�&%&7D"("�$>�;AABH!&)�3�0�"('+7&)($%�'$-!7�>$*�)!P9%$7$:(P&7�P9&%:!�(%�)9!�*!"(-!%)(&7�9!&)(%:�"!P)$*,�A!P9%(P&7�I)+-D�$%�)9!�C&P*$!P$%$'(P"�$>�6%!*:D�&%-�87('&)!�=$7(P(!",�J*+""!7"B�6+*$R!&%�8$''(""($%E���1V,���F���6%/(*$%'!%)&7�X%/!")'!%)�8!%)!*,�;+%-!-�&RR7(P&)($%"��O%7(%!�,��0PP!""!-���,�1,���1�,�0/&(7&Q7!B�9))R"BSS<<<,#(#,!!S!)S*&9&")&)+-3R*$U!#)(-�5(%�6")$%(&%@��F���=(!R!*�H,E��	�
�W�077$P&)($%�$>�(%/!")'!%)�P$")"�>$*�7&*:!3"P&7!�9!&)�R+'R"�"+RR7D(%:�-(")*(P)�9!&)(%:,������Y�Z����
�
���1�B1FVB�4�?�2V,�9))R"BSS-$(,$*:S1�,1�12SU,!:DR*$,��1�,�V,1�F��FF��C&U&%-+"3�U&�#$''+%(#&)"($$%(�C(%(")!!*(+'E�L&#"�.,�OR!%�R+Q7(P�-("P+""($%�&Q$+)�6+*$R!&%�[%($%�"+RR$*)�$%�)$R(P"�\M*!!%!*�6")$%(&]�(%�\6%!*:D�!>>(P(!%)�P$%"+'R)($%],������



   

184 

Curriculum vitae 
Personal data 

Name:   Kertu Lepiksaar 
Date of birth:  18. October 1991 
Place of birth:  Tallinn, Estonia 
Citizenship:   Estonian  

Contact data 

E-mail:   kertu.lepiksaar@taltech.ee 

Education 

2020–2024  Tallinn University of Technology – Mechanotechnics, major 
field: thermal power engineering, PhD 

2018–2020   Tallinn University of Technology – Energy technology and 
thermal power engineering, MSc 

2011–2018   Tallinn University – Physics, minor field: Geoecology, BSc  
1998–2010  Keila School 

Language competence 

Estonian   Native language 
English   Fluent 

Professional employment 

2020–…  Tallinn University of Technology, junior researcher 
2018–2020  Tallinn University of Technology, laboratory assistant  
2018   Elering AS, regime planner 
2017–2018  Metrosert AS, measurements technician 

 



   

185 

Elulookirjeldus 
Isikuandmed 

Nimi:    Kertu Lepiksaar 
Sünniaeg:   18. oktoober 1991 
Sünnikoht:   Tallinn, Eesti 
Kodakondsus:  eesti  

Kontaktandmed 

E-post:   kertu.lepiksaar@taltech.ee  

Hariduskäik 

2020–2024  Tallinna Tehnikaülikool – Mehhanotehnika, peaeriala: 
Soojusenergeetika, PhD 

2018–2020  Tallinna Tehnikaülikool – Energiatehnoloogia ja soojusenergeetika, 
MSc 

2011–2018  Tallinna ülikool – Füüsika, kõrvaleriala: Geoökoloogia, BSC 
1998–2010   Keila Kool 

Keelteoskus 

Eesti keel    emakeel  
Inglise keel    kõrgtase 

Teenistuskäik 

2020–…  Tallinna Tehnikaülikool, doktorant-nooremteadur 
2018–2020  Tallinna Tehnikaülikool, laborant 
2018   Elering AS, püsitalitluse režiimiplaneerija 
2017–2018  Metrosert AS, mõõtetehnik 

 



ISSN 2585-6901 (PDF) 
ISBN 978-9916-80-143-7 (PDF)


	Contents
	List of Publications
	Author’s Contribution to the Publications
	Abbreviations
	1 Introduction
	1.1 Motivation
	1.2 Background
	1.3 Research problem
	1.4 Structure
	1.5 Research methodology
	1.5.1 Energy system modelling
	1.5.2 Process modelling
	1.5.3 Geospatial analysis
	1.5.4 Multi-criteria analysis


	2 Literature review
	2.1 Combined heat and power production in district heating and cooling systems
	2.2 Sector coupling for increased flexibility and energy efficiency
	2.2.1 Combined heat and power production role in heating sector electrification
	2.2.2 Heat sector electrification
	2.2.3 Coupling combined heat and power production with district cooling

	2.3 Summary of the literature review

	3 Summaries of the articles
	3.1 Article I: Improving CHP flexibility by integrating thermal energy storage and power-to-heat technologies into the energy system
	3.2 Article II: Effects of Coupling Combined Heat and Power Production with District Cooling
	3.3 Article III: The effect of the District Heating Return Temperature Reduction on Flue Gas Condenser Efficiency
	3.4 Article IV: Efficient use of heat from CHP distributed by district heating system in district cooling networks
	3.5 Article V: GIS-based approach to identifying potential heat sources for heat pumps and chillers providing district heating and cooling
	3.6 Article VI: 5th generation district heating and cooling (5GDHC) implementation potential in urban areas with existing district heating systems
	3.7 Article VII: Heat Pump Use in Rural District Heating Networks in Estonia

	4 Discussion and conclusions
	4.1 Main contribution of the thesis
	4.2 Evaluation of the results
	4.3 Further research

	List of figures
	List of tables
	References
	Acknowledgements
	Abstract
	Lühikokkuvõte
	Appendix 1
	Appendix 2
	Appendix 3
	Appendix 4
	Appendix 5
	Appendix 6
	Appendix 7
	Curriculum vitae
	Elulookirjeldus
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



