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Introduction 
The European Commission has proposed the European Green Deal [1] as a means to 
establish a modern, climate-neutral, resource-efficient, and competitive economy.  
The core principles of this initiative encompass the adoption of clean energy, combating 
climate change, and mitigating environmental pollution, among others. To achieve the 
EU’s 2050 climate neutrality target, the majority of EU nations must phase out fossil fuels, 
the primary contributors to global emissions, by 2030. Human activities, particularly the 
burning of fossil fuels, release greenhouse gases that drive climate change and currently 
dominate global energy consumption [1], despite their finite nature [2]. Transitioning to 
pure renewable energy [3-5], and enhancing primary energy conservation through 
improved production, distribution, and consumption efficiency are essential strategies 
for addressing these challenges [6-8]. 

In this context, district heating (DH) represents a critical area where innovative 
technologies can make a substantial contribution to the pursuit of these objectives by 
reducing heat loss in DH networks and optimising the operation of heat generation units. 
However, it is crucial to acknowledge that, compared to the power generation sector, 
the research and implementation of new technologies in DH networks have been 
relatively limited. Therefore, exploring and investigating this domain is of paramount 
importance, and its significance should not be underestimated. 

Research Topicality  
Today, combined heat and power (CHP) is one of the most widely used technologies at 
power plants, aimed at conserving fuel and consequently reducing CO2 emissions.  

Furthermore, the following steps can be taken to decarbonise DH systems: 
• reconstruction of DH systems; 

• demand-side management; 

• replacement of fossil fuels with biomass; 

• utilisation of waste heat from power plants and industrial processes; 

• integration of non-fuel sources such as heat pumps (HP). 

All of the alternatives listed should be considered when determining the true potential 
for decarbonisation and efficiency improvements in a specific DH system. 

Hypothesis 
It is postulated that implementing diverse technical solutions within existing fossil-fuel-
based DH systems can lead to a significant reduction in CO2 emissions. These solutions 
are centred around distinct components of the DH infrastructure. 

The initial phase of analysing the feasibility of integrating a HP into CHP systems 
involves evaluating potential low-grade heat sources while considering the operational 
characteristics of the installations. The exploration and assessment of the potential and 
temperature profiles of these sources rely on statistical data and nominal characteristics. 
This approach identifies the advantages and disadvantages associated with each low-grade 
heat source. 
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A combination of mathematical modelling, thermodynamic analysis of HP cycles,  
and techno-economic assessment was proposed to determine the effectiveness of HP 
integration into CHPs. A comparative analysis of key technical and economic indicators 
with and without HPs is necessary to assess the impact of HP integration on CHP 
operating modes. Changes in these indicators are also evaluated to establish nominal 
CHP operating modes as well as modes involving partial heat and power outputs. 

Selecting a HP with optimal potential for incorporation into a CHP system is a critical 
step in enabling the efficient utilisation of low-grade waste heat for heating purposes. 
The investigation delves into how the thermal loads of the CHP system impact the 
efficiency of the HP integration within the thermal scheme. 

Further analysis entails scrutinising the correlations between enhanced technical and 
economic indicators of a CHP system when integrating a HP across a range of heat loads. 

Aims and Objectives 
The overarching aim of this thesis is to assess various technical options that can 
effectively reduce CO2 emissions within operational, fossil fuel-based CHP-centred DH 
systems: 

 

• the object of the study is a CHP with a HP included in the equipment; 

• the subject of the study is the thermal processes occurring during the operation 

of the main and auxiliary equipment of the CHP. 

Research Tasks 
• Identifying Factors Influencing District Heating Improvement: 

- investigate factors impacting DH at both national and system levels. 
• Optimisation of CHP Operation through Demand-Side Management:  

- optimise CHP operational strategies using demand-side management 
techniques to minimise CO2 emissions. 

• Solving the Economic Dispatch Problem:  
- address the economic dispatch problem to determine the optimal load 
distribution for CHP units while considering CO2 reduction. 

• Energy and Exergy Balances for District Heating Systems:  
- maintain energy and exergy balances for DH systems to understand energy 
flows and efficiencies. 

• Analysis and Comparison of Different CHP Turbine Configurations: 
- analyse various CHP turbine configurations to evaluate their impact on 
reducing CO2 emissions. 

• Evaluation of Biomass Substitution for Fossil Fuels:  
- assess the feasibility of substituting fossil fuels with biomass and its potential 
contribution to CO2 reduction. 

• Analysis of Non-Fuel Heat Integration into District Heating:  
- examine the integration of non-fuel heat sources into DH systems and their 
influence on CO2 reduction. 

By accomplishing these research tasks, this study aims to shed light on effective 
strategies for mitigating CO2 emissions within existing fossil fuel-based CHP DH systems. 
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into CHP structures. Experimental studies were conducted, coupled with mathematical 
modelling and result analysis through numerical and analytical approaches to solving 
differential equations. Furthermore, assessments were conducted to justify the 
implementation of these developments, considering the prevailing technical and 
economic contexts. The thesis thoroughly examines existing information on technical 
methods for improving DH efficiency. This includes optimising heat supply systems, using 
consumption data to assist CHP dispatching, comparing various CHP configuration 
schemes, and utilising CHP waste heat using HPs. The development of an optimisation 
methodology validates the theoretical possibility of using these options as technological 
solutions. 

The solution of the problem of improving the efficiency of the CHP is accompanied by 
the consideration of technical and economic factors. These include the features of the 
technological scheme of the CHP, the condition of the equipment in operation,  
the operating modes of the CHP, the climatological characteristics of the facility.  
The actual modes of operation of the equipment affect the efficiency of the use of HP, 
which necessitates their accounting.  

The purpose of the study is to evaluate the effectiveness of the use of HPs in the 
technological schemes of CHP, taking into account the operating modes of the 
equipment. To achieve this goal, it is necessary to solve the following tasks:  

• perform an analysis of the potential capabilities of the CHP, taking into account 
its technological scheme, equipment operating modes;  

• to develop a methodology for analyzing the possibility of introducing HP into 
the technological scheme, taking into account the operating modes of the CHP;  

• to propose solutions that increase the efficiency of the cogeneration process at 
CHPs, to determine options for using the heat received from the CHP to improve 
the operating modes of the CHP;  

• to assess the economic efficiency of energy-saving measures implemented with 
the help of HP. 

Theoretical Novelty 
The theoretical significance of this study resides in the exploration of the incorporation 
of HP installations as a means to capitalise on waste heat from the cooling system of CHP. 
The analysis and optimisation of this combined approach involve the cogeneration of a 
heat and power system coupled with a HP. This arrangement employs the low-grade heat 
from the cooling circulating water to elevate the temperature of the return network 
water within the cogeneration unit. The ultimate aim is to satisfy consumer heat load 
requirements and enhance the overall efficiency of CHP generation. This paper assesses 
the comprehensive impact of this solution on the entire system. 

The study identifies the most promising avenue for integrating HPs into existing 
district heating systems, particularly for effective synergy with CHP. The objective is to 
bolster the energy efficiency of district heating systems by devising a cost-effective strategy 
for HP implementation. This approach also paves the way for the further advancement of 
CHP and HP combination technologies. To achieve this goal, the following tasks were 
established: determine the viability and optimal integration points for HP utilisation 
within CHP; develop an efficient heat supply methodology with HPs; thereby mitigating 
any negative effects on CHP efficiency; and develop a methodology for assessing the 
technical and economic parameters of a CHP, accounting for changes in heat supply 
modes resulting from integration with HP: 
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• a methodology has been developed for analyzing the possibility of introducing 
HP into the technological scheme, taking into account the operating modes of 
the CHP; 

• an analysis of the impact of the inclusion of HP on the technical and economic 
indicators of the CHP for the characteristic operating modes of the stations was 
carried out;  

• a comparative assessment of the effectiveness of the use of heat from the HP 
for additional heat supply to the consumer from the CHP was carried out. 

Scientific Novelty 
The scientific novelty of the dissertation encompasses the following contributions: 

• Methodological Approaches: Novel methodological approaches have been 
devised for the examination of heat supply systems. These approaches involve 
establishing interrelationships among the intricate components of the system, 
leading to the derivation of novel outcomes. 

• Thermal Efficiency Assessment Methodology: A distinctive methodology has 
been developed for evaluating the thermal efficiency of heat supply systems 
featuring HPs. This methodology is based on the criterion of relative fuel savings 
and associated fuel expenditures. 

• Mathematical Models: Mathematical models have been formulated to facilitate 
the selection of economically optimal configurations, source parameters, and 
network setups while accounting for pertinent system factors. 

• Rational Application Recommendations: The research offers recommendations 
concerning the rational application domains of HPs and the assessment of the 
fuel and economic efficiency of heat supply systems.                                         

In addition, innovative thermal schemes have been proposed to enhance the thermal 
efficiency of CHP’s, specifically a scheme for harnessing the heat from cooling water. 
Analytical relationships have been introduced to ascertain the boundary conditions for 
the implementation of HPs. Further analytical dependencies have been devised to 
explore alterations in the fuel heat utilisation factor and the specific electricity 
generation pertaining to the CHP's heat consumption. These analyses are conducted with 
the incorporation of HPs into the technological scheme. Moreover, the proposed 
analytical dependencies assist in selecting the optimal approach for the utilisation of low-
grade heat. 

Practical Novelty 
A noteworthy practical contribution of this study is the integration and development of 
a methodological framework for calculating the energy efficiency of an integrated 
solution. This methodology takes into account the intricate aspects of seasonal heat 
consumption, contingent on the temperature schedule of the heat supply system, the 
temperature of the low-grade heat source, and the pertinent climate parameters of the 
given season (with a focus on weather conditions in Estonia). Furthermore, the research 
endeavours to optimise efficiency by redistributing the annual heating load among the 
heat sources within the CHP unit, maximising the utilisation of the most economical 
among them. As a result, a substantial portion of inter-heating heat consumption is met 
through efficient solution. 
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The proposed and substantiated technical solutions hold the potential to significantly 
enhance the thermal efficiency of CHPs while simultaneously curbing their environmental 
impact. The outcomes of this study offer practical utility in devising low-grade heat 
utilisation schemes incorporating HPs, not only in the design of new facilities but also in 
the modernisation of existing CHPs. 

The research findings have practical value since they may be used to select perfect 
schemes, determine suitable parameters, and identify logical utilisation avenues for HPs 
in heat supply systems. The overall efficiency of heat supply systems can be increased by 
including these methodological breakthroughs, recommendations, and circuit solutions 
into design procedures. 

The practical significance of this project manifests through the resolution of several 
critical and pressing issues: 

• identification of a promising refrigerant (circulated cooling water) for HP 
installations, facilitating efficient utilisation of low-potential waste heat and 
concurrently minimising environmental pollution; 

• determination of key conditions and directions for heat supply system 
enhancements via alternative solutions; 

• assessment of the resource pool of heat supply system to facilitate HP operation 
utilising residual heat from the CHP unit's circulating water; 

• development of an alternative solution schematic and a methodology for 
gauging efficiency enhancements in this alternative scheme; 

• comprehensive study and analysis of technical and economic efficiency 
indicators associated with the developed scheme, including optimisation and 
financial assessments; 

• enhancement of the energy efficiency of the existing CHP system by 
incorporating a combined heat source; 

• development of combined circuit solutions for the CHP unit; 
• devising a methodology for quantifying efficiency improvements within the 

combined scheme; 
• extensive research and analysis of the technical and economic efficiency 

indicators related to the combined scheme; 
• conducting optimisation studies for the combined circuit solutions; 
• performing a thorough investigation and analysis of the financial and economic 

indicators pertinent to the combined scheme. 
The practical significance of the work lies in the fact that the developed methodology 

for analyzing the possibility of introducing HP into the technological scheme, taking into 
account the operating modes of CHP, can be used by operating and project organizations 
when implementing HP schemes in the design processes of new and modernization of 
existing CHPs. It is also of interest to all existing heat supply facilities and industrial 
enterprises that have secondary sources of low-grade heat. 

The practical value of this work is supported by experimental calculations based on 
the CHP unit of the Balti Power Plant (BPP), confirming the real-world applicability of the 
presented approaches. A significant emphasis is placed on DH companies, where the 
proposed methodology assists in the implementation of new pilot projects in heat 
transmission and generation. Improved DH performance indicators allow for more 
accurate detection of energy efficiency initiatives and subsequent optimisation efforts. 
This helps with long-term heat supply development planning. 
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Abbreviations 
CHP Combined Heat and Power 
BPP Balti Power Plant 
Capex Capital Expenditures 
CHP Combined Heat and Power 
COP Coefficient of Perfomance 
CO2 Carbon dioxide 
DH District Heating 
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DHW District Heating Water 
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PP Payback Period  
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Symbols 
Bf  fuel consumption 
𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒  consumption fuel per CHP for the generation of electrical energy 
𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶ℎ  consumption fuel per CHP for the generation of heat energy 
𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜  overall consumption fuel per CHP for the generation of heat and 

power energy 
𝐵𝐵𝑟𝑟𝑟𝑟ℎ  fuel consumption at the thermal unit that replaces the heat load 
𝐵𝐵𝑟𝑟𝑟𝑟𝑒𝑒  fuel consumption for the replacement of electricity for the HP 
𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶ℎ  𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶ℎ - electricity generation in the initial scenario 
ΔBi  primary energy savings from the introduction of the HP for the i-th 

mode of operation of the HP 
Capex capital expenditures (CHP heat part, HP initial investment) 
EHP the energy needed to operate the HP 
𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶−𝐻𝐻𝐻𝐻𝑎𝑎  electricity generation in the proposed scenario with a HP 
E(t) amount of electrical energy produced in year t 
EHP(t) annual power consumption for HP in year t 
Fuel(t) fuel cost (CHP electrical/heat) in year t 
H(t) amount of heat energy produced in year t 
kCO2 specific CO2 emission factor 
LDHw useful work of DH network water 
n total number of hours 
𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒  electric power of CHP 
𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶ℎ  heat power of CHP 
NE electrical power of turbine 
Opex(t) operating cost (CHP electrical/heat, HP heat pump) in year t 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶  price of CHP electricity 
𝑄𝑄𝐷𝐷𝐷𝐷𝑎𝑎  annual heat generation for DH 
QH  thermal energy of district heating 
QHP heat supplied by the HP 
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿  low calorific value of the fuel 
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝑟𝑟𝑟𝑟  Low calorific value of the fuel of the replacement source 
r discount rate 
Rt net cash flow (inflow minus outflow) at period t 
sbio share of biomass 
w specific power generation per heat consumption 
𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶

𝑎𝑎  annual consumption of primary energy by the CHP 
𝑊𝑊𝐻𝐻𝐻𝐻

𝑎𝑎  annual consumption of primary energy for the generation of 
electricity consumed by the HP 

y unit lifetime, years 
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Greek Symbols 
ꞃCHPi  energy efficiency of the 𝑖𝑖 heat load 

ηe efficiencies for the production of electricity 

ηEi efficiency of electricity production of the CHP unit at hour i 

ηh  efficiencies for the production of heat 

ηHi heat production efficiency of the CHP unit at hour i 

ƞHP  average CHP efficiency for the generation of thermal and electrical 

energy with HP 

ηoverall overall efficiency of the CHP unit 

𝜂𝜂𝑟𝑟𝑟𝑟𝑒𝑒  efficiency of the power generation for HP 

𝜏𝜏𝑎𝑎   annual duration work of HP 

𝜏𝜏𝑖𝑖 duration of the i-th mode of operation of the HP 
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use the excess heat from hot water boiler flue gases was analysed in [70]. In this study, 
a heat exchanger was installed in the boiler to cool and condense flue gases. The HP 
utilised condensation heat. Furthermore, this solution is very cost-effective, with a fairly 
quick return on investment. The paper [99] analysed how hourly temperature changes 
from different heat sources affect the seasonal coefficient of performance (SCOP) of HPs 
when supplying DH. It has been demonstrated that using HPs to utilise waste heat 
carriers in power supply sources may require significant fuel savings [71]. The study in 
[72] found that HPs have the maximum energy efficiency and may be used to replace 
heat sources of virtually any capacity. 

 According to [73], the performance of HPs in combined DH is superior to the 
conventional system, resulting in 50% less energy consumption, 11% less carbon 
emissions, and better savings. The article examined the use of HP in the Baltic region, 
noting that, according to the investment support scenario for 2050, up to 68% of heat in 
the Baltic countries will be produced by HPs [74].  

There is a great deal of interest in the potential of utilising low-temperature energy 
resources with HPs and CHPs because there is a lot of unused low-grade heat at the CHPs. 
Efficient use of waste heat from power plants is crucial for energy savings and emission 
reduction [75]. The paper in [76] addressed various modes for utilising HPs at CHPs. It 
was demonstrated that the use of HPs is both thermodynamically, technically, and 
economically beneficial. The article in [77] examined the operating principles, theoretical 
foundations, construction, and application examples of HPs coupled with CHPs. 

Compared to other methods [78, 79], that are widely utilised in many countries to 
utilise low-grade heat and boost the efficiency of heat-generating energy sources [80, 
81] installing HPs together with CHPs requires minimal investment. The major source of 
heat loss for a CHP is the heat rejected by the condenser, which can be up to half of the 
thermal energy at the turbine inlet, as stated in [82], while other papers describe values 
ranging from one-third [83] to half of fuel input depending on the technology used for 
power generation. The energy balance for a unit of 200 MW (as regarded in this work) 
was created in [84]. This unit rejected about 300 MWth through the condenser cooling 
water, accounting for half of the total heat input. This is a lot of heat, so heat recovery 
must be considered. For example, the Clean Water Act requires the regulation of water 
thermal discharge from cooling water systems in order to protect aquatic wildlife [85]. 
Therefore, the cooling of the discharged water must be taken into account. Given the 
importance of the condenser, cooling it is vital, so heat rejection is unavoidable; 
nevertheless, recovering heat from the cooling water can turn the heat loss into 
something useful. Based on the information presented above, it can be concluded that 
any heat recovery solution that uses condenser cooling water must also cool wastewater 
discharge to the environment. 

The study’s findings [86] demonstrate that using an absorption HP to recover waste 
heat from steam turbine exhaust steam in a combined cycle power plant can significantly 
improve system performance [87]. DH summer operating mode, when the efficiency of 
combined CHP generation decreases and favourable conditions for HPs appear, is of 
particular importance in the development of hot water load replacement schemes. 
Today, Estonia aims to become a carbon-neutral country by 2050, and DH will play an 
important role in achieving this goal. The integration of carbon-neutral HPs by 2050 will 
help reduce the total CO2 emissions from energy supply by several percent. In addition 
to utilising low-grade heat, it is critical to consider the use of alternative non-fuel natural 
sources, such as heat generation from solar collectors [88]. 
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conducted analytical and experimental studies of solar heat, with STC acting as an 
evaporator of the HP. The indirect use of solar heat via HPs enables the installation of 
low-temperature solar systems [104]. The study in [105] demonstrated the great 
efficiency of the hybrid solution of STC and HPs. The use of renewable energy sources 
(RES), such as the solar-assisted HP, has been demonstrated to increase efficiency and 
achieve carbon neutrality [106]. However, there have been few studies on the 
methodologies and advantages of integrating STC with DH, which is typically supplied by 
large CHP units with low heat generation costs, as discussed in [107]. Solar heating can 
be used together with fuels to produce heat, but in some cases, for example, if the base 
load for the summer is met by waste incineration, industrial waste heat, or heat 
produced via CHPs - solar heating may not be cost-competitive.  

In order to increase energy efficiency, studies on DH reconstruction have developed 
new methodologies, approaches, and metrics. They have also produced examples of DH 
reconstruction with all the essential calculation formulas, as well as conclusions and 
generalisations on the subject. Most of the articles under consideration are theoretical 
in nature, which provides a basis for the study of the subject. During the review of the 
articles, the problems of DH reconstruction were identified, along with methods that can 
significantly improve the industry's energy efficiency. 

After examining papers and articles on the methods for reconstructing DH in order to 
increase energy efficiency, we can conclude that today’s energy saving policy is a priority 
in the development of energy and heat supply systems. When it comes to energy 
conservation and smart energy use in DH, there are a lot of strategies that can be 
mentioned along with the primary sources of savings. 
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Estonian energy and climate policy goals until 2030:  
• increasing the share of renewable energy in total final energy consumption in 

2030 to 42%, including 50% of the final energy consumption; 
• increasing the share of renewable electricity production from renewable 

sources in 2030 to 40% of the total final consumption of electricity; 
• increasing the share of renewable energy in DH to 63% of the total final 

consumption of heat; 
• increasing the share of renewable sources in the transport sector to 14% of the 

total final consumption of transportation fuels; 
• keeping final energy consumption at the current level (32 TWh/a). 

Annual energy consumption in Estonia is approximately 32 TWh, with approximately 
5.6 TWh consumed as heat, 7.2 TWh consumed as electricity, 9.2 TWh consumed as 
transportation fuels, and the remaining 10 TWh consumed as other fuels. Furthermore, 
the national energy and climate plan in Estonia is valid until 2030, and it states that final 
energy consumption should remain at the current level of about 32-33 TWh per year.  

Making the Estonian energy system carbon neutral is challenging because all aspects of 
the system electricity and heat generation must be modified. The process of creating the 
Energy Economy Development Plan until 2035 [113] began in 2022. The development plan 
focuses on local renewable energy production and increased energy efficiency while 
ensuring Estonia’s energy security. The development plan is expected to be enacted by 
2025 at the latest, and it will cover the period until 2035 with a view to 2050. It is based on 
the goal of achieving energy security in Estonia through climate-neutral energy production. 

According to Elering, Estonian transmission system operator, 2,578 GWh of electricity 
was produced from renewable sources in Estonia in 2021, accounting for 27% of total 
electricity consumption (Figure 2.2). Biomass and biodegradable waste account for  
1,519 GWh, or more than half of the electricity generated by renewable sources. Wind 
generated a total of 731 GWh of electricity in Estonia in 2021. 

 

 

Figure 2.2. Electricity generated using renewable sources in Estonia [112]. 

According to Elering, the country’s power plants generated 2,569 GWh of electricity 
from renewable energy sources (about 1% less than in 2021). Last year, biomass and 
waste accounted for 54% of renewable energy production (1,378 GWh). Estonia is a 
unique country in that it extensively uses oil shale. For many decades, oil shale has been 
Estonia’s primary energy source and mineral resource. The EU is pressuring Estonia to 
reduce its oil shale use. 

The rapid growth of the proportion of solar electricity in recent years has firmly 
defined the development of the renewable energy sector, which continued in 2021 as 
well. According to aggregated network operator data, 399 MW of solar power plants 
were connected to the grid and attained production capacity in Estonia by the end of last 
year, with 179 MW added to the grid in 2021 (Figure 2.3): 
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Figure 2.3. Solar power generating facilities connected to the electricity grid in Estonia [114]. 

According to Elering, 305 GWh of solar power was generated in the electricity grid in 
2021 (Figure 2.4). 

 

Figure 2.4. Production of solar power supplied to the grid in Estonia [112]. 

The solar energy capacity is expected to be even greater by the end of 2023, and 
hopefully this trend will continue in the years ahead. 

According to Elering, 1,519 GWh of electricity was generated from biomass, including 
organic waste, for the Estonian electricity grid last year (Figure 2.5): 

 

Figure 2.5. Amount of biomass-based power supplied to the grid [112]. 

Micro-production is gaining traction in Estonia, and according to network operators, 
their number expanded by leaps and bounds at the start of this decade, reaching nearly 
4,500 facilities by the end of 2021 (Figure 2.6): 

 

Figure 2.6. Total number of micro-producers in Estonia who have joined the network [114]. 
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Figure 2.12. Share of cogeneration electricity in Estonia’s gross electricity consumption [111, 115]. 

Estonia is located in a climate zone where heat is required to heat buildings for 
approximately two-thirds of the year, and heat is consumed more than electricity in 
Estonia. All in all, heat represented around 39% of Estonia’s total final energy 
consumption in 2020. Transport fuel and electricity accounted for 29% and 22% of total 
energy final consumption, respectively (Figure 2.13): 

 

Figure 2.13. Distribution of final energy consumption in Estonia [111, 115]. 

More and more boiler houses and cogeneration plants are switching to renewable 
fuels. According to Statistics Estonia, renewable energy accounted for 71% of DH in 2020, 
a percentage that has increased dramatically over the years (Figure 2.14). 

 

 

Figure 2.14. Heat produced by CHPs and boiler houses and share of renewable fuels in Estonian 
district heating [111, 115]. 

Winters in Estonia are usually very cold and Estonian households need a heating 
system, and DH is one of the most efficient and effective ways to meet those needs. One 
of the main EU directives for Estonia is to have near-zero energy buildings by 2050. 
Government and state-owned buildings are already undergoing transformation. There 
are currently 17 CHPs operating in different parts of Estonia. CHP units generate around 
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1,000 GWh of power per year, accounting for 11% of total generation in Estonia. About 
56% of heat is produced using local fuels. The overall efficiency of heat production is 82%, 
which is quite good. 

Estonia has a moderate share of renewable electricity, almost 60% of which is 
produced from biomass. Another RES is geothermal energy, but there are very few 
potential locations in Estonia for using geothermal energy for DH. Solar energy in Estonia 
is mainly used for electricity generation [116]. 

As of 2020, waste heat and renewable energy sources provided 74% of the heat in 
Estonian DH systems. Fossil fuels accounted for 26%. Wood chips made up 58% of total 
DH heat production, while natural gas accounted for 20% (Figure 2.15). 

Figure 2.15. DH heat by fuel and energy type [117] 

Estonia has a large DH sector, which provides heat to 60% of the residential sector. 
Biomass is the key source of energy for DH production, accounting for nearly half of total 
DH generation (Figure 2.15). Natural gas accounts for 25% of overall DH production, 
while oil shale-related fuels account for 19%. Around half of DH is produced by CHP units, 
which frequently use biofuels and waste or oil shale. The proportion of CHP-generated 
heat has increased in recent years. 

Estonia is frequently cited as an excellent example of a centrally regulated DH market 
with a harmonised regulatory framework in which the various stakeholders’ roles and 
responsibilities are clear and functional. The national regulatory authority determines 
the price of heat for end users in order to cover the costs of the DH company while 
obtaining a reasonable return (regulatory Wacc), which is calculated according to the 
methodology publicly available on the Estonian Competition Authority (ECA) website 
[118]. The District Heating Act (DHA) governs the operations linked to the production, 
distribution, and sale of heat via DH networks, as well as the connection to such networks 
in Estonia. Based on DHA, heating companies can apply to the ECA for approval of a price 
formula for up to three years. This price formula is used when factors beyond its control 
that affect the price of heat become apparent [119]. 

The vision for the development of the Estonian heating sector up to 2050 must be 
based on the goal of ensuring that the heating sector is long-term sustainable and does 
not require additional investments or operational subsidies for normal economic activity. 
The vast majority of heat is produced from local and renewable fuels and non-fuel energy 
sources. 
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Earth’s crust at depths over 500 metres has not been explored. Geothermal energy well 
fields (< 500 m) in Narva and groundwater geothermal energy in the Narva region also 
promise potential domestic energy sources for geothermal HPs, although technical 
feasibility is yet to be determined [122]. 

The EU and the Estonian government's goal is to achieve climate neutrality by 2050, 
which necessitates new measures in all areas of energy production technologies that 
promote renewable energy and environmental goals, including geothermal energy. 
Geothermal energy is a rapidly emerging and understudied field in Estonia. 

The main conclusion is that it is not possible to use a higher-temperature resource 
from groundwater in bedrock layers because water temperatures do not exceed 15 
degrees [123]. Water, on the other hand, is perfectly suited for the use of HPs, and recent 
research suggests that they could be used in far deeper projects where there is no water 
at all. Geothermal energy from ultra-hot rocks, as well as other techniques of generating 
electricity and heat utilising deep wells, would allow for significantly greater energy 
extraction than lower (up to 2 km) wells. These technologies are already being tested in 
neighbouring and faraway countries, but no clear success stories have emerged so far. 
Thus, it seems more reasonable for Estonia to focus on medium-depth thermal wells, 
which, like deep projects, are still in their early stages but have substantially lower risks 
and capital requirements. At the moment, geothermal heat in Estonia is separated by 
rustic ground-source HPs. The next step will feature wells of medium depth with a 
temperature ranging from 20 to 40°C. This method produces more energy, which is 
perfect for larger communities and can already be used in industry. Based on the 
available data, it is likely that Northern Estonia has the same or even better geothermal 
conditions deep in the Earth's crust than its northern neighbours. In other words, heat 
modelling and calculations carried out in southern Finland should be a great fit for 
importing geothermal projects to northern Estonia. In Estonia, the issue is inaccuracy in 
heat flow and thermal conductivity studies, which do not provide a complete picture for 
the selection of test wells. The identification of areas with increased heat flow is a 
prerequisite for the initial search for geothermal resources worthy of use through specific 
technical approaches. In addition, an unexplored dependence of the temperature field of 
bedrocks in Estonia is the mass of granitic rocks and higher temperatures caused by their 
radioactivity. The geology of Estonian bedrock, particularly in the north, is comparable 
to that of southern Finland. The basic structure of Estonia is only known from a few 
scattered boreholes and regional geophysical surveys. As a result, geothermal and 
structural properties are not well understood. Given Estonia’s geological conditions, 
where sedimentary rock thickness is 100–200 m in the north and 700–800 m in the south, 
initiating research and projects in Northern Estonia utilising existing geothermal 
technology would be the most cost-effective option. Groundwater is the primary source 
of drinking water in Estonia, and maintaining its quality is critical. Therefore, factors 
affecting groundwater must be considered in any initiatives related to the Earth’s crust 
that also involve the extraction of geothermal heat. Based on the technologies described, 
we can say that Estonia has excellent conditions for preventing groundwater pollution. 
The boundary of the lower aquifers ends at an appropriate depth so that heat can be 
extracted both with and without fissures without compromising the pressure or water 
quality of the aquifers. Of course, in the case of wells, a sturdy and high-quality casing 
pipe that prevents water flow is required. When it comes to groundwater, keep in mind 
that the currents surrounding the upper part of the thermal well have no effect on its 
thermal performance. Medium-depth thermal wells are now the most promising 
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alternative for geothermal heat recovery in Estonia, according to the technologies 
studied. Geothermal power generation, like heat generation, should be considered in the 
future; however, in order to assess the usage of this technology, deep wells must first be 
drilled. 

2.3 Waste Heat Potential 
Waste heat and cold are defined as unavoidable heat or cold generated as a product in 
industrial or power generation installations or in the tertiary sector, which would be 
dissipated unused in air or water without access to a district heating or cooling system, 
where a cogeneration process has been used or will be used, or where cogeneration is 
not feasible by the European Parliament Directive 2018/2001. 

The Renewable Energy Directive definition emphasises usability as district heating or 
district cooling. The utilisation of heat generated as a byproduct of industrial installations 
within the facility is deemed energy efficient and does not fall under the category of 
waste heat recovery. This overview does not analyse energy efficiency, although it can 
be difficult to draw a line between energy efficiency potential and waste heat utilisation 
potential. All fuels used to generate electricity via industrial installations are eventually 
converted into heat, which is subsequently transported or discharged into the environment 
along with cooling water, flue gases, exhaust ventilation, wastewater, or mechanical 
cooling. Even though the same method is used to obtain the heat generated as a 
byproduct of a process, the energy that can be characterised as waste heat may differ in 
various settings and depending on the installation. There may be differences between 
the more energy-efficient design and construction of new installations and the heat 
recovery systems retrofitted in older installations. Classification practices may also differ 
across EU member states. Unclear and inconsistent waste heat definitions make 
collecting waste heat statistics difficult. 

The comprehensive assessment in accordance with Article 14 of the EED 2012/27/EU 
includes an overview of the potential for utilising waste heat. There are no easy and quick 
solutions for the integration of waste heat sources in DH, yet today’s fundamental 
decisions and long-term meaningful work yield results. The solutions must be 
comprehensive, particularly in terms of support measures, such as encouraging the 
development of infrastructure suited for receiving low-temperature heat in addition to 
acceptable transmission infrastructure. Waste heat integration in the DH system can be 
classified as direct or indirect. It depends on the waste heat temperature and the 
operating temperature of the DH network. Direct waste heat can be used without 
increasing the temperature via a heat exchanger, but when the heat source temperature 
is too low to use in DH systems, the temperature must be raised and the heat source 
integrated indirectly. 

Waste heat from businesses has already been introduced or can be used in Estonia, 
where its parameters are suitable for transfer to the electricity supply network (directly 
via a heat exchanger or HP), uniform and year-round availability is guaranteed, and the 
business is located close to the district heating network. The collection and beneficial use 
of waste heat requires time, labour, and money, but it still has potential. Unfortunately, 
in order to use waste heat in district heating, it is frequently insufficient or technically 
impossible to transmit it to the district heating network, and this may not be 
economically viable due to the high cost of investment and the network’s distance.  
This strengthens the case for utilising waste heat internally.  
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Wastewater treatment plants, data centres, flue gas condensation, and the construction 
of low-temperature DH areas will have the best low-temperature waste heat potential if 
they can be fed from existing DH networks backflow lines. The development of  
low-temperature heat sources and networks in residential structures appears to be more 
promising. There are both final and transitional solutions for this. 

The increased use of waste heat in district heating systems requires the availability of 
suitable infrastructure, i.e. a low-temperature district heating network. Redevelopment 
of existing district heating systems is a time-consuming but potentially beneficial process 
for society, which is why a separate, more detailed analysis of how to lower the 
temperature of the network in existing infrastructure, connect consumers to the return 
pipeline, and build a low-temperature network in new development areas on the basis 
of existing pipelines is necessary. 

Unused or small amounts of low-temperature (below 100°C) waste heat were 
utilised mostly in industrial enterprises, service sector enterprises, and residential 
construction. They prevail in heat recovery to heat the ventilation air that is sucked into 
the building, wastewater heat reuse, and domestic water heating. The use of particular 
low-temperature waste heat with high potential was modelled in this paper, and the 
ensuing energy savings, cost-effectiveness, and influence on CO2 emissions and RES were 
assessed. A competent authority with limited powers to adopt additional measures could 
be considered as a minimum set of initiatives to increase the share of renewable 
energy/waste heat by at least one percentage point per year. That competent authority 
could also define and publish non-discriminatory and transparent standards for 
connecting waste heat sources to the DH network, as described in the preceding 
paragraph. 

2.3.1 Waste Heat Potential of Wastewater Treatment Plants 
Wastewater treatment plants are another source of low-grade heat. The temperature 
and flow rate are the most crucial factors for using waste heat from treated wastewater. 
The waste heat potential of wastewater treatment plants is mostly comprised of the 
amount of cold and hot water consumed. During the winter, cold water enters buildings 
at 5–10°C, heats up in pipelines, combines with hot water, and exits at 20–30°C. As a 
result, sewer drains take away a considerable amount of heat that can be used. In the 
winter, when it is the coldest, the design temperature of wastewater entering the 
treatment facility is 10°C. There are several heat recovery schemes. The most basic 
approach is to use a low-grade coolant directly in the heat exchangers of the first stage 
of hot water heating. This type of scheme does not necessitate significant expenses,  
but a low temperature difference of no more than 20°C does not allow for complete 
resolution of heat supply problems in the DH system and necessitates additional funds to 
heat the flow to the required temperature. To improve the useful temperature difference 
in the heat recovery system utilising HP, an HP operating on a low-boiling refrigerant is 
used. This technique requires additional capital investments, but it allows for coolant 
temperatures of up to 75°C in heating systems. The low-grade heat treatment facilities at 
Narva wastewater treatment plant according (Figure 2.18): 



39 

Figure 2.18. Average monthly flow and temperature of low-grade heat treatment facilities at Narva 
wastewater treatment plant. 

It is possible to produce only about 5% of the required heat for the considered DH 
system using waste heat from wastewater. 

2.3.2 CHP Waste Heat Potential 
Waste heat is generated at any CHP, with the steam turbine condenser being the main 
source of low-grade waste heat, with up to 2/3 of the heat obtained in the steam boiler 
lost during exhaust steam condensation. As is well known, one technique to improve the 
efficiency of the CHP cycle is to minimise the final steam parameters; hence, in modern 
CHPs, the temperature of the steam in the condenser is kept between 20 and 35°C. Such 
a temperature cannot be effectively used for any purpose. As a result, it is proposed to 
increase its potential via HP to the point where this heat can be used productively, 
thereby boosting the thermal efficiency of the CHP cycle. HP’s ability to significantly 
contribute to energy savings by boosting the potential of a vast amount of underused 
low-grade heat (air, water, and soil) is an essential attribute. HP enables the utilisation 
of novel energy sources, such as waste heat from wastewater, that were previously 
inaccessible due to their low potential. The fuel exergy is turned into the exergy of 
combustion products at the CHP unit and in boiler houses, which is utilised to create 
electricity and transported to other energy carriers (water and steam). Traditional heat 
supply systems consume new amounts of primary energy (fuel) to generate new 
amounts of exergy. In HP, a large part (3/4) of exergy is obtained from low-potential heat 
while only a small fraction (1/4) of the main exergy is expended. As developed countries 
experience shows, an effective way to use HP is in energy savings associated with the 
utilisation of low-temperature waste heat (5–30°C), particularly the cooling water from 
CHP technological cycles, in order to reduce harmful emissions into the atmosphere 
while obtaining heat with higher parameters. The following are the advantages of using 
HP in DH: the availability of a large number of low-grade heat sources, which saves 
nonrenewable energy resources (solid and liquid fuels), and the protection of the 
environment by reducing harmful emissions into the atmosphere, such as CO, CO2, SOx, 
NOx, and oil shale ash. 

At the moment, Balti Power Plant (BPP) alone discharges into the environment 
approximately 180 million m3 of industrial water per year, with an average temperature 
of about 18°C (with an initial temperature of about 9°C), resulting in approximately  
1,600 GWh of heat per year, which is equivalent to approximately 2,000 GWh of primary 
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energy from the initial fuel consumption per year. There is a technical possibility of 
recycling about 10% of low-grade heat (about 1/4 of the total amount of heat released). 
Example of fluctuations of waste heat production at Narva CHP unit (Figure 2.19): 

 

Figure 2.19. Waste heat potential of cooling water at Narva CHP unit.  

2.4 Overview of the DH system in Narva 
The DH system in Narva (North-East Estonia) is based on a CHP unit at the BPP, which has 
a maximum heat capacity of 160 MW and an electrical capacity upto 215 MW (depending 
on the heat capacity). The DH company supplies heat to about 60,000 residents.  
The annual heat production is approximately 450 GWh. Narva’s DH network (Figure 2.20) 
is 80 km long, connects over 730 buildings, and is located 4 km from the heat source 
(CHP). 

Figure 2.20. Diagram of Narva DH network. 
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Narva’s DH follows a 120/70°C temperature schedule. The actual temperatures at the 
DH network’s inlet and outlet are based on the outdoor temperature and the yearly 
demand profile in 2021 (Figure 2.21): 

Figure 2.21. Actual heat demand for the Narva DH in 2021. 

The heat consumption of the DH network of the city of Narva in 2021 was 404 GWh. 
In the same year, the thermal output of the BPP was 462 GWh, and the heat loss of the 
DH network was 58 GWh (12.5%). During the same period, peak loads have averaged  
155 MW. 

In case of severe cold (above -15°C), the inflow temperature of the DH is 120°C and 
the flow rate is about 1,900 m3/h and the return temperature is about 50°C. In the 
summer period, the inflow temperature of the DH is 70°C and the flow rate is about  
400 m3/h and the return temperature is 40°C (Figure 2.22): 

Figure 2.22. Actual supply and return water temperatures for Narva DH in 2021. 
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The temperature curve of the supply and return network water affects the 
consumption of network water (Figure 2.23): 

Figure 2.23. Actual supply water flow rate of Narva’s DH network in 2021. 

This work is based on the situation where building renovation takes place at a slower 
pace and additional industrial heat consumers may be added. As a result, the work has 
analyzed the base situation where the heat consumption is at the average level of the 
last years, the situation where the heat consumption has decreased by 10% and the 
situation where a 15 MW HP is added to the DH network at the base heat consumption. 

In the winter, the network heater receives the most steam after the intermediate 
pressure turbine cylinder (120 MWth), and the peak load is taken from the hot reheat 
steam line before the intermediate pressure turbine cylinder (40 MWth) to cover the 
entire heat load of up to 160 MW, as illustrated in Figure 2.24. 

 

Figure 2.24. Narva DH cumulative demand curve. 
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Figure 2.25 shows Narva DH heat load based on outdoor temperature: 
 

Figure 2.25. Narva DH capacity based on outdoor temperature. 

The BPP CHP unit generates heat via two circulating fluidised bed boilers and a steam 
turbine. The fuel used at the Balti Power Plant is a combination of local fossil fuel oil shale 
and wood waste biomass (Figure 2.26) [124]. 

 

Figure 2.26. Share of biomass at the CHP unit. 

The DH circulating water is heated in a base DH heater using steam (120 MWth) 
between the medium and low-pressure parts of the turbine (Figure 2.28). Extra steam 
(40 MWth) from the hot reheat steam line is used to cover the peak load. Narva’s average 
annual DH production is approximately 450 GWh, with winter peak demand of about  
160 MWth and summer supply around 15 MWth. The CHP unit will cover Narva’s full load. 
The CHP unit consists of a fuel boiler (a 60% oil shale and up to 40% biomass mix) that 
produces high-pressure steam, a steam turbine, and a set of heat exchangers that 
recover heat from turbine exhaust steam [125].  

The efficiency of a CHP unit is determined not only by the electrical load, but also by 
the amount of heat supplied. Figure 2.27 depicts the relationship between the electrical 
efficiency of the CHP unit and the electrical load for various heat loads.  
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Figure 2.27. Overall efficiency of the CHP unit based on heat load. 

Simplified models demonstrated the relationship between fuel input and heating 
plant output.  

Figure 2.28 depicts the analysed CHP steam turbine balance. 
 

Figure 2.28. Diagram of energy flows of the Narva CHP unit. 

In addition to the CHP unit, heat can also be supplied via the boiler house in the event 
of the unit’s failure or during maintenance. 
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Total MW Needed Capacity MWth max MWth max MWth Boiler %
Turbine %

Reserve 0 Unit %
MW

MW
Startup Aux Power

MW
MW

Plant DH

Narva DH
MW

MWel gr / MWth LPextr.
MWel gr / MWth HRsteamx1 x10

0

9 952

160 541

160
0

0

189

00

160 4 186 9
0 40 120 172

47 140 355

49

Unit HRel 7 411 kJ/kWh

%

36.2

0 40 120
0 0

86.0
111 9 42.1

Condensing 0

9

215
MW th MWel gr

0

189
0,19 HR steam,var 40

DHmax(LP) 120 197
HRsteam,max 40

37

3

148

3

Mode

148
3

0

27.03.2023

0

0

9

0

0,15 LP extr.,var 120
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max 𝜂𝜂 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = (𝜂𝜂𝜂𝜂𝑖𝑖(𝑎𝑎𝑖𝑖𝑃𝑃𝑖𝑖2 + 𝑏𝑏𝑖𝑖𝑃𝑃𝑖𝑖 + 𝑐𝑐𝑖𝑖) + 𝜂𝜂𝜂𝜂𝑖𝑖(𝑑𝑑𝑖𝑖𝑃𝑃𝑖𝑖2 + 𝑒𝑒𝑖𝑖𝑃𝑃𝑖𝑖 + 𝑓𝑓𝑖𝑖))         (3.2) 

The electricity production efficiency per hour at maximum power output is 
determined as follows: 

𝜂𝜂𝜂𝜂𝑖𝑖�𝑃𝑃𝐸𝐸𝐸𝐸(𝑚𝑚𝑚𝑚𝑚𝑚)� = 𝑎𝑎𝑖𝑖𝑃𝑃𝐸𝐸𝐸𝐸(𝑚𝑚𝑚𝑚𝑚𝑚)
2 + 𝑏𝑏𝑖𝑖𝑃𝑃𝐸𝐸𝐸𝐸(𝑚𝑚𝑚𝑚𝑚𝑚) + 𝑐𝑐𝑖𝑖                    (3.3) 

The heat production efficiency per hour at the required supply is determined as 
follows: 

𝜂𝜂𝜂𝜂𝑖𝑖�𝑃𝑃𝐻𝐻𝐻𝐻(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)� = 𝑑𝑑𝑖𝑖𝑃𝑃𝐻𝐻𝐻𝐻(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)
2 + 𝑒𝑒𝑖𝑖𝑃𝑃𝐻𝐻𝐻𝐻(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) + 𝑓𝑓𝑖𝑖               (3.4) 

The operating efficiency, determined using the quadratic equation mentioned above, 
is obtained by approximating the power in MW. The incremental efficiency is then 
calculated as follows: 

𝑑𝑑𝜂𝜂𝜂𝜂𝑖𝑖
𝑑𝑑𝑃𝑃𝐸𝐸𝐸𝐸

= 𝑎𝑎𝑖𝑖𝑃𝑃𝐸𝐸𝐸𝐸 + 𝑏𝑏𝑖𝑖     and     𝑑𝑑𝜂𝜂𝜂𝜂𝑖𝑖
𝑑𝑑𝑃𝑃𝐻𝐻𝐻𝐻

= 𝑑𝑑𝑖𝑖𝑃𝑃𝐻𝐻𝐻𝐻 + 𝑒𝑒𝑖𝑖                      (3.5) 

By differentiating the function (3.3) or (3.4), a characteristic indicating the relative 
increase in reference fuel consumption for various comparison alternatives can be 
derived. This process involves determining electrical loads based on consumption data 
and inputting data on the current distribution of heat and electrical loads. Using this 
information, the algorithm calculates the efficiency of heat and electricity generation. 

The algorithm identifies the optimal operating mode for the power unit and enables 
effective load redistribution. If necessary, additional data on the optimised operating 
mode of the heating network is collected, which is then used to calculate and select the 
optimal mode for future loads. The implementation of procedures for optimising energy 
output at CHP units will ensure that CHP employees make educated and appropriate 
decisions about technical, economic, and organisational elements related to the efficient 
management of heat and electrical equipment. The algorithm is depicted in the diagram 
(Figure 3.1): 



47 

Figure 3.1. Algorithm for Calculating and Choosing the Optimal Operating Mode CHP Equipment. 

Information concerning the operational status of the CHP system is inputted into the 
calculation model. An initial data form is created for the current time, considering the 
electrical and thermal load graphs, and the fuel consumption at the CHP is computed.  
If there is sufficient time before transitioning to a new mode of electricity and heat 
supply, aligned with the thermal and hydraulic parameters of the heating network,  
we determine the optimal operating mode and efficiently redistribute the load at the 
CHP. Subsequently, data is gathered pertaining to the optimised operating mode.  
The calculation and selection of the optimal future loading mode for the CHP are 
contingent upon modifications in performance by participants in the wholesale 
electricity market and changes in the temperature regime of heat supply to consumers, 
as directed by the heating network dispatcher. Simultaneously, a report is generated for 
the transition to a new mode of electricity and thermal energy generation at the CHP. 
These considerations are particularly relevant when dealing with systematically evolving 
schedules for dispatching electricity and heat supply in accordance with the heating 
network schedule and for planning equipment loading modes for the coming day and 
longer-term periods. 
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The theoretical COP is calculated as the Carnot COP, which relates mechanical work 
to temperature differences in power generation, refrigeration, and HP technology. 
Carnot considers a single refrigeration cycle with one condenser and one evaporator, 
relating mechanical work to the temperature difference between the condenser and 
evaporator. In an ideal cycle (without loss of heat and work) in the Carnot cycle, COP 
efficiency of the HP cycle can be expressed as follows: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑄𝑄𝐻𝐻𝐻𝐻
𝐸𝐸𝐻𝐻𝐻𝐻

                                                            (5.1) 

where: 
QHP – is the heat supplied by the HP, MW; 
EHP – is the energy needed to operate the HP, MW; 

The Carnot efficiency Ch (fraction of exergy in the useful heat) describes the maximum 
theoretical efficiency (ideal process). It depends on the temperature difference between 
source and sink. Heat is isothermally supplied at a temperature Tsource and isothermally 
removed at a temperature Tsink or mean temperature of the source and sink heat 
exchangers. Temperatures should be inserted as an absolute temperature, e.g. Kelvin 
(K). Compression and expansion occur at constant entropy, work is supplied from an 
external engine. Using the definition of entropy and the laws of thermodynamics, it can 
be shown that the Carnot efficiency, Ch, for useful heat at different temperatures is 
defined as: 

The Carnot efficiency Ch representing the fraction of exergy in the useful heat, 
describes the maximum theoretical efficiency achievable in an ideal process. It depends 
on the temperature difference between the source and sink. Heat is supplied 
isothermally at a temperature Tsource and removed isothermally at a temperature Tsink,  
or the mean temperature of the source and sink heat exchangers. Temperatures should 
be provided in absolute units, such as Kelvin (K). Compression and expansion occur at 
constant entropy, with work provided by an external engine. Using the definition of 
entropy and the laws of thermodynamics, it can be shown that the Carnot efficiency, 
Ch,%, for useful heat at different temperatures is defined as: 

𝐶𝐶ℎ = 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

                                    (5.2) 

This implies that no HP can have an efficiency better than the limiting Carnot cycle.  
To determine the COP of a real-life machine, while accounting for the degree of 
thermodynamic perfection in an actual process and taking into account all irreversible 
losses in the actual thermodynamic cycle (including compressor compression, hydraulic 
losses, and throttling of the working fluid), a scale-down factor (the quality grade ꞃ) is 
applied to the Carnot efficiency, %: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝜇𝜇 = 𝜂𝜂 ∙ 𝐶𝐶ℎ                                   (5.3) 

Typical values (0 ≤ ꞃ ≤ 1) of quality grades are 0.4–0.5 for air-source HPs, 0.55 for 
ground-source HPs using a ground heat exchanger, and 0.5 for HPs using groundwater  
as a source. For high-temperature HPs, quality grades are between 0.4 and 0.6. In our 
calculations, conservatively assuming the minimum value ꞃ = 0.4 is accepted due to the 
absence of more precise data. 

The maximum transformation ratio is achieved when there is a minimal difference 
between the temperature of the mains water and the temperature of the waste heat. 
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Therefore, it is most advisable to use HPs to heat the return network water and cool the 
return cooling circulating water. The temperature Tl of the low-potential heat source 
used by the HP can vary widely, ranging from 2 to 40°C. 

Additionally, the heat source’s temperature may remain relatively constant during the 
heating period or change during the operation of the HPs. In our case, we will consider 
the cooling water from the CHP condenser as a source of low-grade heat. 

When selecting the maximum water temperature after the HP condenser Th, it is 
necessary to monitor the value of the HP conversion coefficient (COP) corresponding to 
this temperature for a specific temperature level of the low-potential heat source.  
In the model, the temperature of the DH supply line for most of the annual period  
(from April to November) is assumed to be 70 + 5 = 75°C (corresponding to an outdoor 
temperature of 0°C based on the DH temperature profile). 

The HP COP value in this case should not be less than the value that ensures equal 
primary energy consumption for heat production via the HP and the base source CHP.  
In the case of CHP, the specific consumption of primary energy for the production of heat 
energy for CHP, %: 

𝑞𝑞𝐶𝐶𝐶𝐶𝐶𝐶 = 1
𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶
ℎ                                       (5.4) 

Specific consumption of primary energy for thermal energy production for HP is 
calculated as follows, %: 

𝑞𝑞𝐻𝐻𝐻𝐻 = 1
𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶
ℎ ∙𝜇𝜇

                                      (5.5) 

Equating the right-hand sides of expressions (5.4) and (5.5) determines the minimum 
effective conversion coefficient COP of the HP, %: 

𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚 = 𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶
ℎ

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶
𝑒𝑒                                       (5.6) 

In the model, electricity from a CHP unit is considered, so the minimum allowable HP 
conversion factor μmin is about 2. Thus, measures aimed specifically at reducing the cost 
of electricity production determine the conditions for the economic implementation of 
HP installations. As a result of the verification calculation, the actual values of heat 
output, the final temperatures of the heated coolant (DH network water) and the cooled 
coolant (circulating water of the HP condenser) are determined. A block diagram 
illustrating the algorithm for calculating a HP integration for a given set of initial data is 
shown in the Figure 5.3 below: 
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Figure 5.3. Block diagram of the algorithm for calculating a HP. 

The calculation involves determining the thermal efficiency indicators of the CHP 
system according to the proposed methodology. The primary determinants of CHP’s 
thermal efficiency are as follows: 

Efficiency of electricity production, defined as the ratio of the power generated by the 
CHP to the calorific value of the portion of fuel allocated for electricity generation 
efficiency of power generation 𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒 : 

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒 = 𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶
𝑒𝑒

𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶
𝑒𝑒 ∙𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿

                                         (5.7) 

where: 
𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒 − electric power of CHP, MW; 
𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒  – consumption fuel per CHP for the generation of electrical energy, t; 

Efficiency of heat generation, characterised by the efficiency of heat production, 
defined as the ratio of heat delivered to an external consumer to the heat of combustion 
of the portion of fuel allocated for thermal energy production efficiency of heat 
generation 𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶ℎ : 

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶ℎ = 𝑄𝑄ℎ
𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶
ℎ ∙𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿

                                      (5.8) 

where: 
𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶ℎ − heat power of CHP, MW; 
𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶ℎ  – consumption fuel per CHP for the generation of heat energy, t; 
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Overall Efficiency of the CHP, defined as the ra�o of the sum of electric power and heat 
produced to the heat content of the fuel used in the CHP system overall efficiency of CHP 
𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 : 

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 = 𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶
𝑒𝑒 +𝑄𝑄ℎ

𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶
𝑜𝑜𝑜𝑜 ∙𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿

                                    (5.9) 

where: 
𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 − overall consumption fuel per CHP for the generation of heat and power energy, %. 

In this study, one of the key criteria for assessing efficiency is proposed, which involves 
considering overall fuel consumption for the combined provision of heat and electricity 
by the CHP system – overall fuel consumption 𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎 : 

𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎 = 𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 + 𝐵𝐵𝑟𝑟𝑟𝑟ℎ + 𝐵𝐵𝑟𝑟𝑟𝑟𝑒𝑒                            (5.10) 

where: 
𝐵𝐵𝑟𝑟𝑟𝑟ℎ  – fuel consumption at the thermal unit that replaces the heat load, MWh; 
𝐵𝐵𝑟𝑟𝑟𝑟 
𝑒𝑒 – fuel consumption for the replacement of electricity for the HP, MWh. 

When comparing HP options, the power generation coefficient will be less than one 
and can be calculated as follows: 

𝑘𝑘𝑒𝑒 = 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶−𝐻𝐻𝐻𝐻
𝑎𝑎

𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶
𝑎𝑎                                       (5.11) 

where: 
𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶−𝐻𝐻𝐻𝐻 
𝑎𝑎 – electricity generation in the propose scenario with a HP, MWh; 

𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶 
ℎ – electricity generation in the initial scenario, MWh. 

Consequently, the heat consumption of fuel for the ’replacement source’ of thermal 
energy is also equal to the heat consumption for the CHP unit used for heat generation, 
MWh: 

∆𝐸𝐸𝑎𝑎 = 𝐸𝐸𝑎𝑎(1 − 𝑘𝑘𝑒𝑒)                                 (5.12) 

The heat consumption of fuel for the ’replacement source’ of electricity: 

∆𝑄𝑄𝑟𝑟𝑟𝑟𝑒𝑒 = ∆𝐸𝐸𝑎𝑎
𝜂𝜂𝑟𝑟𝑟𝑟𝑒𝑒

= 𝐸𝐸𝑎𝑎
𝜂𝜂𝑟𝑟𝑟𝑟𝑒𝑒

(1 − 𝑘𝑘𝑒𝑒)                            (5.13) 

𝐵𝐵𝑟𝑟𝑟𝑟𝑒𝑒 = ∆𝐸𝐸𝑎𝑎
𝜂𝜂𝑟𝑟𝑟𝑟𝑒𝑒

= 𝐸𝐸𝑎𝑎
𝜂𝜂𝑟𝑟𝑟𝑟𝑒𝑒 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿

𝑟𝑟𝑟𝑟 (1 − 𝑘𝑘𝑒𝑒)                          (5.14) 

where: 
𝜂𝜂𝑟𝑟𝑟𝑟𝑒𝑒  – efficiency of the power generation for HP, % 
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿 
𝑟𝑟𝑟𝑟 – calorific value of the fuel of the replacement source, MJ/kg. 
We use a CHP unit as a ’replacement power’. The value of the heat generation 

coefficient in the compared version will be determined by: 

𝑘𝑘𝑄𝑄 = 𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶−𝐻𝐻𝐻𝐻
𝑎𝑎

𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶
𝑎𝑎                                     (5.15) 

The replace of heat ΔQa will be determined by: 

∆𝑄𝑄𝑎𝑎 = 𝑄𝑄𝑎𝑎�1 − 𝑘𝑘𝑄𝑄�                               (5.16) 
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Therefore, the heat consumption of fuel for the ’replacement source’ of thermal energy, 
MWh is equal to: 

∆𝑄𝑄𝑟𝑟𝑟𝑟ℎ = ∆𝐸𝐸𝑎𝑎
𝜂𝜂𝑟𝑟𝑟𝑟ℎ

= 𝐸𝐸𝑎𝑎
𝜂𝜂𝑟𝑟𝑟𝑟ℎ

�1 − 𝑘𝑘𝑄𝑄�                         (5.17) 

Fuel for ’replacement source’ 𝐵𝐵𝑟𝑟𝑟𝑟ℎ , MWh is equal to: 

𝐵𝐵𝑟𝑟𝑟𝑟ℎ = ∆𝑄𝑄𝑎𝑎
𝜂𝜂𝑟𝑟𝑟𝑟ℎ

= 𝑄𝑄𝑎𝑎
𝜂𝜂𝑟𝑟𝑟𝑟ℎ 𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿

𝑟𝑟𝑟𝑟 �1 − 𝑘𝑘𝑄𝑄�                       (5.18) 

This approach allows us to reveal the real fuel savings (or overconsumption) of one 
option relative to another. Utilising this criterion enables an objective assessment of the 
advantages of different thermal schemes involving CHP with HPs without needing to 
categorise fuel by type of energy generated. 

The fuel energy-saving ratio (FESR) criterion can be used to assess the overall 
efficiency of HPs. This includes the following components [127] fuel energy-saving ratio: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 1 − 1
𝜂𝜂𝑒𝑒∗

𝜂𝜂𝑒𝑒𝐻𝐻𝐻𝐻
+

𝜂𝜂ℎ
∗

𝜂𝜂ℎ
𝐻𝐻𝐻𝐻

= 1 − 1

� 𝜂𝜂𝑒𝑒
𝜂𝜂𝑒𝑒𝐻𝐻𝐻𝐻

+ 𝜂𝜂ℎ
𝜂𝜂ℎ
𝐻𝐻𝐻𝐻�+𝛼𝛼𝐶𝐶𝐶𝐶𝐶𝐶∗

𝜂𝜂𝑊𝑊
𝜂𝜂𝑒𝑒𝐻𝐻𝐻𝐻

∗�𝜂𝜂𝑒𝑒
𝐻𝐻𝐻𝐻

𝜂𝜂ℎ
𝐻𝐻𝐻𝐻∗𝜇𝜇−1�

          (5.19) 

where: 
ƞHP is the average efficiency for the generation of thermal and electrical energy when 
installing an HP into a CHP system, %;  
ηe, ηh – efficiencies for the production of electricity and heat, respectively, calculated 
based on the heat of combustion of fuel, %. The sum of these values characterises the 
overall efficiency of combined thermal and electrical energy production, following the 
first law of thermodynamics; αCHP is an energy shifting factor indicating the relative 
proportion of energy consumed by the HP, particularly in its electric component. 

A CHP system is used to substitute heat generation units. The difference in total fuel 
consumption across the options under consideration demonstrates the actual fuel 
savings (overconsumption) of one option over another. The application of this criterion 
allows for the objective identification of the advantages of the contrasted types of 
thermal schemes of CHP with HP without the use of methods for separating fuel by types 
of energy generated. 

The operation of HPs as part of CHP requires, first and foremost, that their installed 
capacity be used to the greatest extent feasible throughout the heating period, allowing 
the benefits of HP technologies to be fully utilised. The annual primary energy 
consumption of Waov for heat generation at a CHP is the sum of its individual heat sources 
annual primary energy consumptions: 

𝑊𝑊𝑜𝑜𝑜𝑜
𝑎𝑎 = 𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶

𝑎𝑎 + 𝑊𝑊𝐻𝐻𝐻𝐻
𝑎𝑎                                  (5.20) 

where: 
𝑊𝑊𝐶𝐶𝐶𝐶𝐶𝐶

𝑎𝑎  – annual consumption of primary energy by the CHP, MWh; 
𝑊𝑊𝐻𝐻𝐻𝐻

𝑎𝑎  – annual consumption of primary energy for the generation of electricity consumed 
by the HP, MWh. 

The final step of the calculation involves determining the indicators of thermal 
efficiency for the CHP based on the proposed methodology. The following expression 
determines the reduction in fuel consumption in the CHP system due to the use of HP: 
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𝛥𝛥𝐵𝐵𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑄𝑄𝐻𝐻𝐻𝐻(1+𝑊𝑊)
𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶·𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿

                                 (5.21) 

where: 
w – specific power generation per heat consumption. 

The difference in fuel consumption to generate power for the HP: 

𝛥𝛥𝐵𝐵𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 =
𝑄𝑄𝐻𝐻𝐻𝐻�

1
𝜇𝜇+𝑊𝑊�

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶·𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿
                                 (5.22) 

The difference between equations (5.21) and (5.22) represents the increase in fuel 
consumption to generate power for the HP: 

𝛥𝛥𝐵𝐵𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 =
𝑄𝑄𝐻𝐻𝐻𝐻�

1
𝜇𝜇+𝑊𝑊�

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶·𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿
− 𝑄𝑄𝐻𝐻𝐻𝐻(1+𝑊𝑊)

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶·𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿
= 𝑄𝑄𝐻𝐻𝐻𝐻

𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿
�

1
𝜇𝜇+𝑊𝑊

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶
− 1+𝑊𝑊

𝜂𝜂𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
�              (5.23) 

This difference in fuel consumption, attributed to the unit of recycled thermal energy, 
is calculated as follows: 

𝛥𝛥𝛥𝛥 = 860/7
1−1

𝜇𝜇
�

1
𝜇𝜇+𝑊𝑊

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶
− 1+𝑊𝑊

𝜂𝜂𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢
�                               (5.24) 

The use of HPs allows for the utilisation of low-grade heat discharged from the  
cooling water of the CHP condenser. Additionally, the adoption of HP instegrations is 
environmentally advantageous as it reduces the level of thermal pollution in the 
environment. 

Taking into account the primary energy required for the CHP and the HP, the expression 
is as follows: 

𝑊𝑊𝑜𝑜𝑜𝑜
𝑎𝑎 = 𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶
+ 𝑁𝑁𝐶𝐶𝐶𝐶𝐶𝐶

𝑒𝑒

𝜂𝜂𝑟𝑟𝑟𝑟𝑒𝑒
= 𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶
+ 𝑄𝑄𝐻𝐻𝐻𝐻

𝜂𝜂𝑟𝑟𝑟𝑟𝑒𝑒 ∙𝜇𝜇
                            (5.25) 

Decrease in primary energy consumption can be expressed as: 

𝛥𝛥𝛥𝛥 = 𝛬𝛬𝛬𝛬
𝑄𝑄𝐷𝐷𝐷𝐷
𝑎𝑎 = 1

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶
−

�𝑄𝑄𝐶𝐶𝐶𝐶𝐶𝐶
𝑄𝑄𝐷𝐷𝐷𝐷
𝑎𝑎 �

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶
+

�𝑄𝑄𝐻𝐻𝐻𝐻
𝑄𝑄𝐷𝐷𝐷𝐷
𝑎𝑎 �

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶∙𝜇𝜇
                         (5.26) 

where: 
𝑄𝑄𝐷𝐷𝐷𝐷 
𝑎𝑎 – annual heat generation for DH, MWh. 
The principal energy savings coming from the integra�on of the HP are largely dictated 

by the HP’s op�mally selected opera�ng modes. For cases involving various HP opera�ng 
modes and heat loads throughout the year, the average annual value of primary energy 
savings can be determined as follows: 

∆𝐵𝐵𝑎𝑎 = ∑ ∆𝐵𝐵𝑖𝑖∙𝜏𝜏𝑖𝑖𝑛𝑛
𝑖𝑖=1
𝜏𝜏𝑎𝑎

                                (5.27) 

where: 
ΔBi  – primary energy savings from the integration of the HP for the i-th mode of operation 
of the HP, MWh; 
𝜏𝜏𝑖𝑖  – duration of the i-th mode of operation of the HP, h; 
𝜏𝜏𝑎𝑎  – HP annual duration of work, h. 
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construction and operating costs. The LCOE provides a long-term cost per MW, ensuring 
a stable energy price for consumers and an acceptable rate of return for investors. Figure 
5.4 shows the most common methodology for assessing the competitiveness of projects 
for generating capacity construction is used for investment analysis and tariff setting: 

 

Figure 5.4. Economic evaluation LCOE flow chart. 

Heat savings are assessed using the LCOE approach by calculating the unit cost of 
saving heat and the unit cost of supplying heat. For the purposes of the study, we 
distinguish the normalized cost of electricity LCOE [129, 130] and the normalized cost of 
thermal energy LCOH [131-133]. This value corresponds to the average long-term costs 
of the unit, since we’ve divided the total yearly costs by the total production. 

The formula for total annual costs in the calculation of LCOE is as follows Electricity, 
Heat, HP and CHP with HP: 

𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 =
∑ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡)𝐸𝐸+𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑡𝑡)𝐸𝐸+𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡)𝐸𝐸+𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡)𝐸𝐸

(1+𝑟𝑟)𝑡𝑡
𝑦𝑦
𝑡𝑡=1

∑ 𝐸𝐸(𝑡𝑡)𝐸𝐸
(1+𝑟𝑟)𝑡𝑡

𝑛𝑛
𝑡𝑡=1

                  (5.28) 

𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 =
∑ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡)𝐻𝐻+𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑡𝑡)𝐻𝐻+𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡)𝐻𝐻+𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡)𝐻𝐻

(1+𝑟𝑟)𝑡𝑡
𝑦𝑦
𝑡𝑡=1

∑ 𝐻𝐻(𝑡𝑡)𝐻𝐻
(1+𝑟𝑟)𝑡𝑡

𝑦𝑦
𝑡𝑡=1

                 (5.29) 

𝑳𝑳𝑳𝑳𝑳𝑳𝑯𝑯𝑯𝑯𝑯𝑯 =
∑

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡)𝐻𝐻𝐻𝐻+𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑡𝑡)𝐻𝐻𝐻𝐻+𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝐶𝐶∙𝐸𝐸𝐻𝐻𝐻𝐻(𝑡𝑡)𝐻𝐻𝐻𝐻

(1+𝑟𝑟)𝑡𝑡
𝑦𝑦
𝑡𝑡=1

∑ 𝐻𝐻(𝑡𝑡)𝐻𝐻𝐻𝐻
(1+𝑟𝑟)𝑡𝑡

𝑦𝑦
𝑡𝑡=1

                 (5.30) 

𝑳𝑳𝑳𝑳𝑳𝑳𝑸𝑸𝑪𝑪𝑪𝑪𝑪𝑪+𝑯𝑯𝑯𝑯 =
∑ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡)𝐶𝐶𝐶𝐶𝐶𝐶+𝐻𝐻𝐻𝐻+𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑡𝑡)𝐶𝐶𝐶𝐶𝐶𝐶+𝐻𝐻𝐻𝐻+𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡)𝐶𝐶𝐶𝐶𝐶𝐶+𝐻𝐻𝐻𝐻+𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑡𝑡)𝐶𝐶𝐶𝐶𝐶𝐶+𝐻𝐻𝐻𝐻

(1+𝑟𝑟)𝑡𝑡
𝑦𝑦
𝑡𝑡=1

∑ 𝑄𝑄(𝑡𝑡)𝐶𝐶𝐶𝐶𝐶𝐶+𝐻𝐻𝐻𝐻
(1+𝑟𝑟)𝑡𝑡

𝑦𝑦
𝑡𝑡=1

  (5.31) 

where: 
Capex(t) – capital expenditures (CHP heat part, HP initial investment) in year t, €; 
Opex(t) – operating expenditures (CHP electrical/heat, HP) in year t, €; 
Fuel(t) – fuel cost (CHP electrical/heat) in year t, €; 
E(t)/H(t) – amount of electrical/heat energy produced in year t, €; 
EHP(t) – annual power comsumption for HP in year t, €; 
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶  – price of CHP electricity, €/MWh; 
r – discount rate, %, in Estonia is regulatory Wacc (weightd average cost of capital) to 
calculate the Wacc, the ECA is using [134], for DH company 5.8%; Wacc is considered as 
a discount factor; 
y – unit lifetime, years. 
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The Capex varies from 0.48 to 0.95 M€/MW for different authors [126]. The average 
Capex is around 0.67 M€/MW. The Opex of HPs are very low compared to CHP or 
boilerhouse, as a rule to consider the Opex as a fixed percentage from the total Capex as 
around 2%. 

A 5.8% interest rate r was chosen and an economic life�me n of 10 years have been 
chosen. LCOH serves as a compara�ve indicator represen�ng the cost of hea�ng from 
any system, taking into account capital, opera�ng, and maintenance costs over the 
system’s life�me. If the LCOH of the propose solu�on (HP) is lower than that of the 
exis�ng system (CHP), it indicates a posi�ve return on implemen�ng the new system.  
This is an appropriate performance metric for evalua�ng different heat-genera�on 
technologies. Figure 5.5 shows LCOE methodology ini�al data flow chart: 

 

Figure 5.5. Methodology flow chart of the economic criteria. 

The figure above illustrates the flow chart of the methodology used for analysis and 
workflow in this study. The evaluation is carried out through annual heat and power 
energy simulations conducted with dynamic simulation software, and a systematic 
approach is followed to provide readers with the necessary information to understand 
the results. It underscores the distinction between the cost of production and the selling 
price of thermal energy. 

The economic significance of LCOE lies in its ability to provide a constant price for 
energy over time, ensuring that investments break even (income &ndash; outcome): NPV 
(LCOE) = 0. 
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5.2.2 Net present value NPV and internal rate of return IRR 
The calculation can be conducted using either the net present value method (NPV) or the 
annuity method. When applying the net present value method, the expenses for the 
investment, as well as the payment flows of revenues and expenditures during the unit’s 
lifetime, are calculated by discounting them to a common reference date. For this 
purpose, the present values of all expenses are divided by the present value of energy 
(heat or power) generation. The effectiveness of investments is determined by integral 
indicators, including net present value, internal rate of return, and profitability index, 
with the payback period used as an additional indicator. 

The net present value is defined as sum of discounted cash flows. NPV is the difference 
between discounted receipts and payments for the billing period – takes into account 
the dynamics of changes in profit during the billing period. The efficiency criterion is a 
positive NPV: 

𝑁𝑁𝑁𝑁𝑁𝑁 = ∑ 𝑅𝑅𝑡𝑡
(1+𝑟𝑟)𝑡𝑡−1

𝑛𝑛
𝑡𝑡=1                                      (5.32) 

where: 
Rt – net cash flow (inflow minus outflow) at period t, €; 

NPV is the sum of discounted cash flows. In other words, NPV shows the difference 
between cash inflows and outflows given to the current point in time. When this 
indicator takes a negative value, the project becomes unprofitable and the invested 
funds do not pay off. Simple definition: the present value of future cash flows minus the 
purchase price. Decision making: NPV > 0 – the HP investment would add value;  
NPV < 0 – the HP investment would subtract value; NPV = 0 – the HP investment would 
neither gain nor lose value. The profitability index (PI) is the ratio of the present value of 
future cash flows to the initial investment Capex: 

𝑃𝑃𝑃𝑃 = 𝑁𝑁𝑁𝑁𝑁𝑁+𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

                                       (5.33) 

The internal rate of return (IRR) is the discount rate at which the present value of 
future cash flows (receipts) equals the present Capex, resulting in a net present income 
of zero. IRR can serve as an estimate for efficiency assessment compared to the rate on 
the capital market when the investor allocates free cash. IRR represents the maximum 
cost of capital raised at which the investment project remains profitable. In other words, 
it's the discount rate at which the NPV is zero: 

∑ 𝑅𝑅𝑡𝑡
(1+𝐼𝐼𝐼𝐼𝐼𝐼)𝑡𝑡−1 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 0𝑇𝑇𝑝𝑝

𝑡𝑡=1                            (5.34) 

In simpler terms, IRR is the ’annualised effective compounded return rate’ or discount 
rate that makes the NPV of all cash flows equal to zero. IRR is a relative number, whereas 
NPV is an absolute number. The project should be implemented if the IRR exceeds the 
discount rate. If the IRR is less than the discount rate, the project is unprofitable and 
impractical to implement. 

Maximising the NPV returns the investment with the highest absolute value based on 
the lifetime. Conversely, by maximising the IRR, the investment with the highest rate of 
return is chosen, which means selecting the investment that returns a positive NPV in 
the quickest possible way, potentially leading to a different investment or, in this case,  
a different HP.  
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Three comparative scenarios for meeting the heat load of the heating network have 
been examined. In each scenario, operations are conducted with either only fossil fuel or 
a mix of 40% biomass and 60% fossil fuel, specifically oil shale in our version. 

The assessment of HP’s impact on CHP performance considers characteristic modes 
of CHP equipment operation. In the first scenario, the CHP caters to both the heating 
load (winter mode) throughout the heating season and the load of hot water supply  
year-round (winter and summer modes). The second scenario involves the CHP handling 
the heating load (winter mode) during the heating season and the hot water supply load 
in the heating season only, with a reserve gas boiler house (BH) taking over hot water 
supply during the inter-seasonal period. The third scenario considers using HP to meet 
the hot water supply load all year (winter and summer modes), substituting the CHP’s 
role during the heating season (winter mode) and reducing fuel costs at the backup 
reserve gas BH during the inter-seasonal period (summer mode). 

Simulation results of using HP, scenarios: 
1.a CHP heating and hot water supply 0% biomass. 
1.b CHP heating and hot water supply 40% biomass. 
2.a CHP heating and BH hot water supply 0% biomass. 
2.b CHP heating and BH hot water supply 40% biomass. 
3.a CHP heating and HP hot water supply 0% biomass. 
3.b CHP heating and HP hot water supply 40% biomass. 
Simulation results for the proposed third scenario compare the operation of the HP 

throughout the year for part of the heat load for hot water supply. Figure 5.7. illustrates 
the proportion of the HP in the total heat supply load. 

Figure 5.7. The total annual load of heat supply and the coverage of part of the load with a HP. 

The integration of an HP to meet the hot water supply load proves to be the most 
expedient option for utilising waste heat from circulating water. This load persists 
throughout the year, increasing the number of hours of HP usage. To analyse the impact 
of HP on the technical and economic indicators of CHP operation, primary energy 
consumption for electricity and heat generation in characteristic CHP operating modes 
was calculated. The results were analysed by comparing primary energy consumption 
during CHP operation throughout the year (scenario 1), CHP operation during the heating 
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season with hot water supply load replacement using a reserve gas boiler house during 
the inter-seasonal period (scenario 2), and the comparative version considering HP 
integration (scenario 3). 

The incorporation of an HP into the structure of a CHP plant can significantly enhance 
the efficiency of heat generation and the overall effectiveness of the CHP, considering 
both heat and electricity generation. Optimal redistribution of the annual heating load 
among the heat sources in the scenarios, maximising the load of the most economical 
one, contributes to an increased overall system efficiency for the CHP. Comparative 
results are depicted in Figure 5.8. 

Figure 5.8. Efficiency for electricity supply and overall efficiency (for heat and electricity supply) for 
three scenarios of the heating network, contingent on the electrical load of the CHP. 

Figure 5.9 displays the variation in primary energy consumption throughout the year 
for three scenarios of the DH system: 

Figure 5.9. Consumption of primary energy for heat generation for for three scenarios of the heating 
network. 
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A comparison of alternative scenarios based on the degree of primary energy 
consumption reveals that the most efficient and rational scenario involves the use of an 
HP. In Figure 5.10, the total CO2 emissions for the three scenarios of CHP operation are 
presented: 

Figure 5.10. Total CO2 emissions for the three scenarios of CHP operation. 

The first two scenarios provide insights into CHP operation without utilising an HP for 
waste heat recovery, and subsequent calculations are based on values derived from 
waste heat recovery using an HP. Figure 5.11 outlines the annual consumption of primary 
energy and CO2 emissions for the three scenarios of CHP operation: 

 

Figure 5.11. Annual consumption of primary energy and CO2 emissions for the three scenarios of 
CHP operation. 

The impact assessment of HP integration on heat supply and electricity generation 
was conducted for the third scenario. A comparative evaluation of heat production 
options, factoring in the influence of HP operation on CHP operating modes, was carried 
out. Calculations led to the compilation of a summary table indicating annual savings 
when CHPs operate in conjunction with HP, presented in Table 5.1. 
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carbon taxes. The LCOHs in scenario 3 are the lowest in this study. In addition to the 
system savings of primary energy, the cost savings from introducing a heat pump also 
include a reduction in payment for the purchase of necessary CO2 quotas formed during 
the combustion of primary energy from fossil fuels (oil shale). Table 5.3 presents the key 
data obtained on the financial indicators of integrating a 15 MW heat pump into a CHP 
structure: 

Table 5.3. Financial analysis of HP integration. 

nr  indicator  unit  
Capex  

min  max 

1  Net present value  NPV mln €  17,0 8,9  

2  Profitability index  PI   3,4 1,6 

3  Internal rate of return  IRR %  44% 17% 

4  Net cash flow  Rt  mln € 3,3 3,1 

5  Payback period PP years 2,2 4,6  

6  Discounted payback period  DPP  years 2,4 5,5  

 
With the available initial data, the investor can expect a net present value of  

8.9 million euros for Capexmin and 17.0 million euros for Capexmax. Consequently,  
the expenditure for Capexmin and Capexmax, respectively, will pay off and yield the 
profit set by the discount rate of 5.8%. The profitability index exceeds 3.4 for Capexmin 
and 1.6 for Capexmax, indicating a significant return on investment for the investor.  
The internal rate of return for the project is 44% and 17% for Capexmin and Capexmax, 
respectively, a value significantly higher than the established discount rate, suggesting a 
substantial return to the investor. The discounted payback period for the project is  
2.4 and 5.5 years for Capexmin and Capexmax, respectively, indicating the feasibility of 
investing in this HP. Based on the financial analysis results of introducing a HP into the 
CHP structure, we can confidently state that the investment in this project will break 
even. According to the calculations, it can be estimated that this project will be effective 
and profitable, with a payback time preferably under 10 years, making it a reasonable 
investment opportunity.  

The payback of the HP aligns with existing economic constraints, ensuring investment 
feasibility. An evaluation of the economic efficiency of introducing an HP revealed that 
the average annual NPV at a discount rate of 5.8% for the Estonian DH company over a 
10-year period exceeds 13 million euros. The dynamic payback period (DPP) does not 
exceed 6 years. Considering the HP’s service life of at least 15 years, its installation 
promises substantial savings for the company. 

For an average estimate, we calculate the NPV based on the average value of Capex 
as shown in the Figure 5.12: 
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Figure 5.12. Dependence of NPV on the operating period with an average Capex. 

To determine the sensitivity of the investment attractiveness of HP integration, we 
selected the HP’s life period and NPV as parameters defining the boundaries of investment 
attractiveness. Subsequently, using Excel, we simulated and analysed situations in which 
the HP operates for various periods. The calculations led to the compilation of NPV for 
Capexmax and Capexmin, along with the HP’s operational period. The analysis examines 
changes in the payback period depending on the initial investment is carried out as 
shown in the Figure 5.13: 

 

Figure 5.13. NPV index for Capexmin and Capexmax. 

An analysis of the sensitivity of the proposed investments was conducted, considering 
changes in initial investment and an increase in Capex. The study revealed that the most 
significant factors influencing project effectiveness are variations in the growth rate of 
primary energy costs and an increase in Capex. The overall outcome of this work 
encompasses scientifically grounded technical solutions contributing to the enhancement 
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• Identification of the vapour compression HP with a 15 MW capacity as the most 
promising solution for improving the thermal economy of the CHP, particularly 
due to its ability to meet the heat demand during the inter-seasonal period. 

• Development of a circuit solution for CHP process cycles aimed at increasing the 
thermal efficiency of CHP cycles.  

• Formulation of a mathematical model for CHP operating modes, enabling 
assessment of thermal efficiency under variable operating conditions, 
considering the operation of the reserve heat supply source – a gas BH.  

• Introduction of an energy efficiency coefficient in the methodology for 
calculating the thermal schemes of CHP with a HP. This coefficient allows for 
accounting for the influence of the HP's transformation coefficient on CHP 
thermal efficiency, facilitating a comprehensive assessment of energy 
processes. 

Based on calculations of various CHP operating modes with a HP, it was determined 
that the overall efficiency of CHP, compared to a typical layout, increases by 3%.  
The most economical option involves deploying a HP during the inter-seasonal period to 
replace a gas boiler house, where the HP fully covers the city's heat load. Operating 
characteristics of a CHP with a HP were calculated, describing changes in heat generation 
efficiency and considering variations in electricity efficiency to optimise operating 
conditions for various CHP modes. An assessment of the economic feasibility of investing 
in the installation of a HP in existing CHP cycles demonstrated that the discounted 
payback period of projects does not exceed the average value established for energy 
facilities and is 5 years. 

5.4 Summary of the analysis 
A comprehensive study was conducted to assess the energy, environmental, and 
economic efficiency of the proposed scenarios. A comparative model of energy efficiency 
was developed, revealing that the introduction of a HP could reduce annual primary 
energy consumption. 

The economic efficiency of integrating a HP into the structure of the CHP was 
determined under the following conditions: 

• comparison of CHP indicators without a HP and with a HP; 
• Calculation of financial differences to identify savings from integration, 
• assessment of economic efficiency using the discounted cash flow method, 

considering indicators such as LCOH, NPV, PI, IRR, and DPP. 
The theoretical significance of this study lies in considering the integration of HP as a 

beneficial method for utilising waste heat from the cooling system of modern CHP 
equipment. The integration into the technological process and the development of a 
methodology for calculating the energy efficiency of the HP, considering seasonal heat 
consumption patterns, the temperature schedule of the DH system, the temperature of 
the low-grade waste heat source, and climatic parameters (weather conditions in 
Estonia), is another significant aspect. The practical significance of the study involves the 
development of a scenario for the beneficial use of waste heat from CHP equipment. This 
included an assessment of the volume of lost thermal energy, proposing options for its 
beneficial use, and conducting technical and economic calculations to evaluate the 
payback of the proposed scenario. Using the heat power of the CHP as an example,  
the study assessed the influence of key technical and economic factors when introducing 
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a HP into the CHP structure. This HP utilises waste heat from the technical circulating 
water cooling of the CHP condenser as a low-potential heat source. The quantitative 
dependencies of the impact of thermodynamic parameters on the system efficiency of 
CHP operation have been established. 

As part of the work performed, an assessment was conducted on the effectiveness of 
utilising waste heat energy through a HP in the city of Narva. To address this, information 
sources were analysed, and data related to the topic were collected, encompassing 
technological principles and methods for utilising low-grade waste energy using HP, 
types and operation principles of HPs, sources of waste energy, and prospects for 
applying these technologies in Narva. The paper delves into theoretical studies on the 
efficiency of low-grade waste heat utilisation in CHP conditions, employing a 
comprehensive calculation to evaluate its effectiveness for each category of heat 
replacement sources. The results obtained from this assessment indicate the feasibility 
of utilising low-grade waste energy through HP to enhance the efficiency of the CHP unit 
in Narva. The incorporation of HP contributes to an increased efficiency of heat supply 
to the CHP. 

The overall result of the dissertation comprises scientifically based technical solutions 
contributing to the enhancement of the thermal efficiency of the CHP through the 
integration of a HP. Key results obtained include the following: 

• numerical studies of variable operating modes of CHPs with HPs revealed an 
overall efficiency increase of about 3% compared to the original scheme; 

• operating characteristics of the CHP with a HP were obtained, describing 
changes in power unit output, primary energy consumption, and efficiency 
based on CHP unit capacity and cooling water temperature. This allows for the 
selection of optimal operating conditions under variable power plant modes; 

• recommendations for the practical implementation of HPs in CHP technological 
cycles were proposed, minimising interference with the existing CHP cycle; 

• a methodology for determining performance indicators and an algorithm for 
calculating CHP with HPs were developed. The algorithm was tested by creating 
a computational model, and efficiency evaluation criteria were proposed, 
encompassing total consumption of primary fuel energy, NPV, PI, IRR and PP; 

• technical and economic indicators of the efficiency of CHP with HP were 
determined through the conducted studies; 

• the expediency of using HPs as a replacement for the backup load source of hot 
water supply was demonstrated using the criterion of total primary energy 
consumption in the system; 

• a systematic analysis methodology was developed for the fuel efficiency of HPs 
compared to CHPs, considering different types of fuel burned at sources with 
varying prices; 

• an economic and mathematical model was created to study optimal schemes, 
parameters, and economic efficiency of HPs, including CHP costs; 

• computational and theoretical studies established that the use of HPs in the CHP 
scheme, depending on the potential of the cold source, leads to significant fuel 
savings for heat generation; 

• rational areas of HP use in DH systems were determined in comparison with DH 
from CHP and a reserve gas BH during the inter-heating period. The efficiency 
zone of HPs is expanded by purchasing additional CO2 quotas for the combustion 
of fossil fuels. 
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6 Conclusions 
The decarbonisation of the heating sector stands as a crucial component in achieving the 
EU’s ambitious climate and energy targets. Reducing dependence on fossil fuels, 
enhancing energy conversion technologies’ efficiency, and mitigating harmful emissions 
are among the significant economic, scientific, and political challenges today. The research 
conducted as part of this doctoral thesis aims to contribute to this collective vision for a 
sustainable energy future. This work focuses on enhancing the energy efficiency of the 
DH system from technical, operational, and economic perspectives. To fulfil the primary 
objective of this study, key areas of research were identified: 

• factors influencing the enhancement of DH systems; 
• economic dispatch of CHP through demand-side management of the DH; 
• comparison of DH supply options for various CHP configurations; 
• enhancing the energy efficiency of CHP plants by utilising waste low-grade heat 

from cooling water through the integration of a HP. 
The dissertation aims to address the complex scientific problem of developing the DH 

system, using the city of Narva as an example. Improving the efficiency of the DH system 
is attainable only through a comprehensive analysis that considers the interplay between 
the economic efficiency of investments, the thermodynamic aspects of thermal energy 
production, and their relationship with the environment. 

The optimisation criterion is the maximisation of electrical power generation relative 
to heat consumption through economic dispatch. Formulating optimisation tasks when 
distributing the CHP unit load using heat demand-side management involves minimising 
primary energy consumption and maximising the total useful electrical load of the CHP 
unit at consumer electrical and heat loads. In the context of the imperative to decarbonise 
heat and electricity production, advancements dedicated to biofuel utilisation are 
gaining particular significance. 

However, this path for further development cannot be deemed promising because  
it preserves the shortcomings inherent in the existing DH system. Consequently,  
with ongoing heat supply development, alternative sources and technologies for  
low-temperature heat supply must be introduced. The most rational use of secondary 
energy resources, such as waste heat from circulating cooling water at CHP, is through 
the use of HP, especially for hot water DH load replacement. This approach is the most 
rational way to enhance the efficiency of CHP. 

As part of the dissertation research, a set of regime methods and cost-effective 
modernisation strategies aimed at comprehensively enhancing the energy and 
environmental efficiency of the existing DH system was developed, substantiated,  
and implemented. A thorough analysis of the factors influencing the optimisation of 
cogeneration in CHPs was conducted. To optimise electricity generation at the 
cogeneration unit of the CHP, a system for recording heat consumption data was 
developed. The study includes a comparison of various heat supply scenarios in terms of 
their energy and exergy use. Real demand data for the city of Narva were utilised for the 
comparison, ensuring consistency in assumptions and simplifications regarding heat load 
for each scenario. The low-grade waste heat of the circulating water from the CHP serves 
as a low-potential source of heat energy in this work. An examination of the thermal and 
economic efficiency of using a HP was conducted, and a methodology for a system 
analysis of the fuel efficiency of CHP operation was developed. 
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The Main Results of the Thesis 
The main results of the thesis indicate the economic advantages of the proposed 
research, attributed to the flexible operation of the CHP unit, which enhances the overall 
economic efficiency and expands the operational range of the CHP. For a CHP unit 
integrated within a DH network, demand-side management is demonstrated to improve 
the overall economic efficiency and expand the unit’s operating range in the electricity 
spot market. Optimal loading of the CHP unit results in increased electricity efficiency by 
up to 0.5…1.0% and an overall efficiency gain of an additional 1.0…2,0% with a 40…130 MW 
heat supply. The calculations reveal that optimal load planning at the CHP can lead to 
primary energy savings of more than 10,000 MWh per year and fuel savings of around 
18,000 tonnes of CO2 per year during the heating season. 

Furthermore, the dissertation proposes the use of criteria such as total fuel 
consumption by system effect and financial and economic considerations to evaluate the 
effectiveness of HPs in CHPs. Optimisation tasks formulated for CHP load distribution and 
heat consumption data management include the following: 

• increasing the CHP unit’s annual overall efficiency by approximately 3%; 
• minimising primary energy consumption by about 100 GWh per year; 
• achieving savings of approximately 22,000 tonnes of CO2 emissions per year. 

An analysis of the PP for the introduction of a HP reveals a DPP ranging from 3 to 6 years, 
indicating favourable profitability for such an investment. 

Recommendations for Future Research 
The provided recommendations offer insights into predicting rational modes of 
operation for HPs within the structure of CHP units. The proposed waste heat utilisation 
scheme, derived from the cooling system of CHP equipment, is versatile and applicable 
not only to the specific CHP unit examined in this study but can also be adapted to other 
CHP units, considering their unique features. This study has identified several potential 
areas for future research. Subsequent projects should expand on the comparison of 
various heating systems to include more scenarios, incorporating alternative and  
fuel-free sources. Additionally, comparing different alternative sources can provide 
valuable insights into optimal strategies for efficiently utilising RES. Future research 
should integrate optimisation considerations for both environmental impact and  
cost-effectiveness in the scenario development process. Further studies are necessary to 
enhance the method and provide a more detailed description of the efficiency changes 
in CHPs and the capabilities of consumers for the potential transition to the next 
generation of DH systems. In subsequent projects, the same algorithm and methodology 
could be applied to integrate more RES into existing DH systems and CHP units.  

Today, the rising number of RES has a considerable impact on the volatility of 
electricity costs, particularly during the summer and particularly during rapid drops, 
sometimes reaching negative values. The introduction of a HP into a CHP technological 
framework will allow for full coverage of the thermal load during the inter-seasonal 
period, preventing significant losses for the CHP while addressing the thermal load during 
periods of low electricity prices. Conversely, the operation of the HP will yield substantial 
profits and enhance the flexibility of the CHP in the open electricity market. Further 
exploration and research on this issue may continue to be of significant interest, 
particularly in light of future plans for the global development of renewable energy. 
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