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Preface 

                  

The level of development of modern society is largely 
determined by energy production and consumption. 

Of all the industries of human economic activity – 
energetics has the greatest impact on our lives. Mistakes 
in this area have serious consequences. Heat and light in 
homes, traffic and work in industry – all this requires 
energy consumption. In recent years high priority 
acquire it is these negative trends. First of all, there was 
a strong tendency to increase in the cost of energy. With 
existing energy systems and technologies use of energy 
and with existing schemes of consumption, most 
industrially developed countries have come to the level when a further increase in 
energy production costs begin to exceed the profit. Secondly, the problem of 
environmental pollution and the risk of exploitation of equipment of energy 
producing that is still local, take regional or global. Thus at the present time 
humanity faces a dilemma: on the one hand, cannot be achieved without the energy 
of material well-being of people, on the other – preserve the current rate of 
consumption can lead to the destruction of the environment and as a consequence – 
to reduce the standard of living and the threat to our existence. In order to smooth 
contradictions between energetics, economy and ecology, it is necessary to achieve 
a proper understanding of the current situation, possible and desirable directions of 
its development. Need a broad public discussion, which should be supported by 
intensive research to determine the schemes energetics of the future. 

These are the challenges facing researchers and students of our faculty. In their 
scientific research and in the educational process energetics problems considered 
together various directions of research: energy consumption, renewable energy 
sources, ecology and of course the development of energy- and the material-saving 
technologies. Some of the results of research carried out by scientists of the faculty, 
we propose for discussion.  

 

                                                                Anatoliy Pavlenko, Dr. Sci., professor   

Department of Building Physics and Renewable Energy  

                                                       Kielce University of Technology 
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Chapter 1  
 
 
 

ANALYSIS OF ASPECTS AND SIMULATION MODELING 
OF THE THERMAL ENERGY MARKET IN UKRAINE 

Valerii I. Deshko, Dmitro S. Karpenko 

National Technical University of Ukraine  
"Igor Sikorsky Kyiv Polytechnic Institute" 

 
 
 
 
1.1. INTRODUCTION 

The organization of the heat energy market within the state is an integral part of the 
functioning of the state economy in the energy sector. Unfortunately, at present 
stage of the development of Ukraine’s energy sector there are many technical, 
economic and legal issues that need to be addressed to build an effective model of 
the Thermal Energy Market. At the same time, it is necessary to consider the 
questions of constructing models of the heat energy market taking into account 
such features of our state as: significant territories, heterogeneity of the climate, 
technical state of heat supply networks, general economic and social situation, etc. 

At the moment, fluctuations in prices on world markets for fossil fuels have led to 
the rapid development of technologies in the Renewable Energy Sector (RES). The 
diversity of these technologies every year shows the rapid growth of the level of 
competitiveness in the field of energy in the general sense. For example, in the 
states of Europe, taking into account the tough environmental policy, the direction 
of RES has been rapidly developing. In this regard, the question arises of the 
effective use of surplus resources, which are formed as a result of natural processes 
or the work of enterprises of various spheres of the state’s economy. Among the 
priority directions of utilization of surplus local resources, the tool of the Thermal 
Energy Market (TEM) can be distinguished. The transformation of local resources 
into heat energy is a technologically simple process, while the final price of 
products can be much lower than traditional heat energy production methods. 
Consequently, the creation of competitive conditions in the area of heat supply can 
lead to an increase in the quality of heat energy as a commodity for the consumer, 
reduction of tariffs for heat energy, and increase of the level of reliability of heat 
supply. Moreover, due to the effective use of local resources, the creation of the 
TEM can partly lead to Ukraine’s energy independence. 
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A prerequisite for studying the issue of creating TEM is the ineffectiveness of the 
existing heat supply system at all its stages of operation from the production of 
thermal energy to its use by consumers. The sphere of energy, from an economic 
point of view, has the type of a natural monopoly, that is, such a model of 
functioning of the system should lead to maximum economic welfare within this 
system [1]. But, based on current realities, it should be noted that the theoretical 
calculations, which indicate the effectiveness of the monopoly in this sector of the 
economy, do not coincide with the practical results of such enterprises. The 
absence of a motivating factor in the functioning of such a model results from a 
lack of competition, therefore, the level of performance of such a system can be 
estimated in advance as low. The system can not work without a person’s 
participation, therefore it should be understood that the problem of lack of a 
motivational factor is primarily social. The monopolization of energy sector in 
Ukraine leads to inefficient use of resources at the stage of heat energy production, 
and as a result, to the overestimated tariffs for this type of products both for 
domestic consumers and for industrial-budget enterprises. 

It is important to solve a number of problems before creating the TEM in Ukraine. In 
addition, it is important to determine the model of the market on the basis of which 
its functioning will take place. The most significant contribution to the reform of the 
heat supply model is the arrival of private energy companies in the sphere of 
generation of thermal energy. The main mission of the creation of the TEM is the 
creation of real tariffs for heat energy, namely for heating and hot water, which can 
lead to an increase in the level of efficiency of energy consumption and an increase 
in the state of well-being of the population in the state. 

The term “heat energy” in accordance with the Law of Ukraine “About heat 
supply” is defined as the goods produced on the objects of the heat supply sector 
for heating, hot water, other economic and technological needs of consumers, 
intended for sale [2]. 

Thermal energy, as a commodity, has a certain number of essential features that are 
prerequisites for the operation of the heat energy market itself: 

1. Thermal energy is limited in the distance of transport with centralized heat 
supply, as well as the use of decentralized heat supply plants – small CHP 
plants and boiler houses, as there are processes of irreversibility (the second 
law of thermodynamics). This means that it is economically inexpedient to 
accumulate thermal energy during a considerable time interval under the 
existing conditions in Ukraine, and consequently, the level of production and 
consumption, in general, should be equal to each other at any given time. 

2. Thermal energy is a heterogeneous commodity, since it can be consumed in 
different aggregate states of the coolant with different heat engineering 
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parameters. The use of heat energy should be subject to both quantitative and 
qualitative assessment, depending on the type of heat load (process steam, 
heating, ventilation, hot water), for example, by analyzing exergy indicators. 

3. Thermal energy supplied to a common system with several suppliers may be 
defined as the product of a particular supplier only on source leads. 

4. The level of thermal energy consumption has a pronounced seasonal 
character. This is mainly due to the uneven schedule of heating loads. 

The existing structure of the subjects of relations in the field of heat supply in 
general terms is determined by: 

1. Suppliers of fuel and energy resources. 
2. Equipment suppliers and energy service organizations. 
3. Heat generating or heat supplying organizations. 
4. Organization of the heating network. 
5. Consumers of thermal energy. 
6. Governmental regulation and control in the field of heat supply. 

Consequently, the term “heat energy market”, in the simplest sense, can be defined 
as a set of economic relations between suppliers of fuel and energy resources, 
suppliers of equipment and energy service organizations, heat generating 
organizations, heat supply network organizations, public regulators and regulators 
in the field of heat supply, and consumers thermal energy [3]. 

According to the current legislation, the term “heat energy market” is defined as the 
sphere of heat energy turnover as a commodity for which there is demand and supply. 

1.2. THE SPHERE OF HEAT SUPPLY IN UKRAINE 

The level of energy efficiency of municipal heat supply systems has been rapidly 
decreasing over the past years. The method of conducting economic activity by 
these enterprises calls into question the correctness of the principle of the 
organization of the system of heat supply in Ukraine. 

In most cases, in Ukraine, on a certain heat supply system, there is one enterprise 
that simultaneously performs the functions of production, transportation and supply 
of heat energy. That is, the company has a monopoly position within this system. 
The field of energy, from an economic point of view, has the nature of a natural 
monopoly, that is, such a model of functioning of the system should lead to 
maximum economic prosperity within this system. But, based on current realities, 
it should be noted that the theoretical calculations, which indicate the effectiveness 
of the monopoly in this sector of the economy, do not coincide with the practical 
results of such enterprises. The absence of a motivating factor in the functioning of 
such a model results from a lack of competition, therefore, the level of performance 
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of such a system can be estimated in advance as low. The system can not work 
without a person’s participation, therefore it should be understood that the problem 
of lack of a motivational factor is primarily social. 

The necessity to create a Thermal Energy Market can be justified by three 
unresolved problems: 

1. In Ukraine, there are surplus resources that have potential energy in one 
form or another arising from the production process of any production or 
agricultural activity, but which are not utilized. This problem has a direct 
impact on the ecological and economic indicators of enterprises separately, 
and in Ukraine as a whole. 

2. Lack of full use of the territorial potential of Ukraine for the production of 
thermal and electric energy from renewable energy sources. 

3. Lack of civilized and competitive relations in the heat supply sector of 
Ukraine, which leads to high tariffs for heat energy for consumers. 

To date, there is a significant number of thermal energy technologies that can solve 
the first two problems mentioned above. Depending on the price conjuncture of the 
energy market and how it is used, one or another technology may prevail. In Table 1.1 
shows the main types of resources for the production of thermal and electric energy. 
 
Table 1.1. The main types of resources for the production of thermal and electric energy 

Type of resource Technology 

Solar energy 
Solar systems 

Photovoltaics 

Wind energy Wind turbines 

Biomass 

Burning 

Gasification 

Reeteering 

Energy of geothermal waters and earth’s 
interior 

Heat exchange with the environment 

Hydroenergy Electric generators 

Fossil fuels 
Burning 

Gasification 

Atomic energy Nuclear reactions of fission and synthesis 

 



 

11 

Some of the types of resources have their own varieties, which in turn are used by 
the appropriate technology, with the observance of technical and technological 
parameters to obtain the maximum level of energy efficiency of transformation into 
heat or electric energy. 

Ukraine has a significant potential to use all of the above types of resources, which 
needs to take into account the local nature of this potential. The heat energy 
market, taking into account its localization, allows for the possibility of utilization 
of surplus resources and the use of renewable energy sources. 

The heat supply sector has a number of peculiarities in terms of the process of 
production, transportation and use of heat energy. Speaking about the heat energy 
market, the ownership and management of trunk heating networks, distribution 
heat networks, central heating units and individual heat points (ITPs) should be 
distinguished as such activities falling within the concept of a natural monopoly 
[4]. This type of activity should be strictly controlled by the state bodies of 
management and control in the field of heat supply, with the provision of a certain 
level of profitability of these organizations. 

In turn, competitive activities in the field of heat supply should include: 
 design, construction and operation of heat energy sources, 
 supply and use of fuel and energy resources, 
 production and supply of equipment and energy service activities, 
 energy sales and marketing activities. 

In the markets for thermal energy, quite a variety of forms of competition are 
possible. 

Competition of suppliers of Fuel and Energy Resources (FER). In the production of 
thermal energy, in almost all cases, the main cost item is the price of FERs that 
take part in the conversion process to the final product (thermal energy). The 
cheapest kind of fuel or energy (UAH/Gcal) will be in high demand among heat 
generating organizations. 

Competition of projects. This is the most advanced type of competition in the heat 
energy market at the moment. First of all, it is about competition of projects of new 
heat sources, intended to cover growing loads in separate regions, replacement of 
more cost sources with less cost, projects to increase the reliability of heat supply, 
as well as projects to increase energy efficiency for different groups of consumers. 
The criterion for choosing another project could be whether the amount of annual 
reduction in the cost of producing heat energy, or the payback period of the project 
relative to the existing costs. 

Competition of equipment suppliers. There are a large number of manufacturers 
and suppliers of equipment that is used directly in the technological processes of 
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the heat energy sector. The competitiveness of this equipment is manifested in its 
level of energy and ecological efficiency, the level of technological perfection, the 
number of functions, the resource of work and the price of it. 

Competition of energy service companies. This type of competition takes place 
directly during the operation of equipment, and provides for competition among 
organizations that are able to solve the problems of reducing the cost of production 
of thermal energy, increasing the energy efficiency of the generation, transportation 
and consumption of heat energy, and the introduction of advanced technologies. 

Competition of heat-generating (heat supply) organizations. Implementation of this 
form of direct competition requires the solution of a significant number of technical, 
organizational and legal issues. The solution to these issues involves the organization 
of a particular model of the Thermal Energy Market. Thus, competition of heat 
sources is possible in principle only in large looped junctions and centralized heat 
supply systems. Since the organization of the thermal network is a natural monopoly, 
it is necessary that the process of production and transportation be divided into two 
independent organizations, in addition, the organization of the heat network should 
provide work in the system without discrimination and be subject to the state 
regulation and control authority in the field of heat supply, and not have their own 
large heat sources [5]. The free access of producers to the unified heating system 
should be legislated. Then, in the presence of excess heat generating capacity, the 
market operator (the organization of the heat network) can perform economically 
appropriate switching of loads, for example, according to the criterion of the 
minimum cost of generation (selling price) during this period. Actually, this kind of 
competition is the result of competition of projects, as there always are processes of 
fluctuations in prices for energy resources and technology. 

All considered types of competition in the market of thermal energy are integral parts 
of it. The emphasis on thermal energy as a commodity needs to be shifted, since the 
above forms of competition determine the entire list of goods and services in the 
market, without which the functioning of this market is impossible. Taken together, 
all these form and determine the level of competitiveness of a different entity. 

In Ukraine, the level of localization of the heat supply system is determined as 
follows: 

 autonomous heat supply system (power of heat sources up to 1 Gcal/h), 
 decentralized heat supply system (from 1 Gcal/year to 3 Gcal/year), 
 a system of moderately centralized heat supply (from 3 Gcal/h to 20 Gcal/h), 
 district heating system (from 20 Gcal/h) [3]. 

Depending on the localization of the heat supply system, one or another structure 
of interconnections between the entities prevails. 
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In the autonomous system of heat supply, the scheme of relations has a fairly 
simple view, where the consumer of heat energy himself serves as a heat supply 
and organization of the heating network. At the same time, the processes of 
construction and operation of equipment are almost, or not at all, controlled by the 
state. At this level, competition arises between suppliers of fuel and energy 
resources, suppliers of equipment and energy service organizations. The block 
diagram is shown in Figure 1.1. 
 

 

Figure 1.1. Structural scheme of subjects of relations in autonomous systems of heat 
supply 
 

The decentralized heat supply system implies the presence of not very large 
thermal networks, but in the majority of cases, the activity of thermal network 
companies is excluded because the heat network is usually owned either by the 
consumer of thermal energy or by the heat supply organization. Compared to 
autonomous heat supply systems, decentralized is subject to state control and 
supervision. The structural scheme of the relationship in a decentralized heating 
system is shown in Figure 1.2. 
 

 

Figure 1.2. Structural scheme of subjects of relations in decentralized systems of heat supply 
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The system of moderately centralized heat supply is a transition from decentralized 
to centralized and includes the features of both systems. As the subject of the 
system appears the organization of the heating network, but in some cases, 
interconnections between heat supplying organizations and consumers of heat 
energy can be traced directly without the participation of the heat network 
organizations. Structural schemes of relationships between subjects of moderately 
centralized and centralized heat supply systems are presented in Figure 1.3. 

 

Figure 1.3. Structural scheme of subjects of relations in moderately centralized 
(centralized) heat supply systems 

1.3. MODELS OF THE THERMAL ENERGY MARKET 

There are several basic models of the Thermal Energy Market, which in one form 
or another already operate in developed countries of the world, and therefore one of 
these models can be imposed on the above differentiation of heat supply systems in 
Ukraine: 

 heat energy sales model through a single wholesale reseller or sole 
purchaser; this model involves obtaining rights to the grid or heat supply 
companies to purchase heat energy at free market prices in any heat 
generating organization connected to this heating network and sell it to a 
customer connected to the heating network at prices that are formed on the 
basis of competitive bidding from the side of the heat generating 
organizations, and the norms of profit of the organizations of the thermal 
network regulated by the state authorities in the field of heat supply [6]. This 
model is the most promising in terms of the creation of the Thermal Energy 
Market, because it provides free conditions for entry into the market and 
participation in the process of its functioning; 
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 model of direct provision of heat supply services using own/leased 
networks; this model involves direct interaction between the heat-generating 
organization and the consumer on the basis of direct heat supply contracts. 
Unfortunately, this model, as such, does not anticipate competition, is a 
prerequisite for the creation of monopolies, and can not be considered 
effective; 

 the model of direct provision of heat and hot water supply services to 
consumers with transit through networks of a third party organization; 
this model is somewhat similar to a single buyer model, where the owner of 
this heat network acts as a buyer. This model in the realities of Ukraine may 
be a transition to a single buyer model. 

The listed models of the heat energy market can be based on the systems of heat 
supply according to their differentiation by the level of localization, in addition to 
the autonomous system of heat supply, since it does not provide for the possibility 
of functioning of the market as such. 

The model of sales of heat energy through a single wholesale reseller most 
effectively fits into the framework of the relationship of subjects of the centralized 
system of heat supply. In turn, the model of direct provision of heat services to 
consumers with transit through the networks of a third-party organization can be 
the basis of the systems of moderately centralized heat supply and act as a 
transitional model for the organization of the market based on a centralized heat 
supply system. The direct heat supply model with the use of own or leased 
networks can function within the limits of decentralized heat supply. 

1.4. ANALYSIS OF LITERARY DATA 

The Law of Ukraine “On Heat Supply” provides for the possibility of creating and 
functioning of the heat energy market [3]. However, the general definition of the 
concept of the market of thermal energy and the absence of any mechanisms for its 
functioning do not allow to consider the market of thermal energy in Ukraine as a 
systemic phenomenon. An assessment of the possibility of introducing competition 
in heat supply systems in terms of all components from equipment and fuel to the 
final product in the form of thermal energy is analyzed in [4]. Organizational 
structures of the relationship between the entities of the Thermal Energy Market in 
Ukraine and other countries of the world are analyzed in works [8, 9]. Considering 
the conditions of operation of heat supply systems in different countries of the 
world, one can notice that there is no complete unambiguousness in the strategy of 
development of this sphere. Each of the states is guided by its rules in the field of 
heat supply, based on the technical and legal conditions that exist at the moment. 
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The paper [7] analyzes the state of the development of the district heating system in 
Ukraine in terms of the potential of alternative energy sources and their use in 
creating a competitive heat energy market. A large variety of energy sources leads 
Ukraine to their effective use, so the analysis of the amount of resources is an 
important characteristic when planning energy development of the country. An 
analysis of heat energy market models in different countries of the European Union 
is presented in [10]. The “single buyer” model in the first stage is the easiest to 
implement for countries that have a monopoly position in the field of heat and 
power. The structural distribution of energy sources used for thermal energy 
production in the states of the European Union is analyzed. Principles of pricing 
and setting tariffs for heat energy, as well as legal aspects of the operation of 
Thermal Energy Markets in the European Union states are analyzed in [11]. The 
main specific features of the Thermal Energy Market, in contrast to other markets, 
and thermal energy as a commodity are determined [12]. The paper [13] presents 
the experience of Poland in terms of the implementation and operation of the heat 
energy market. The main problems and conditions of the functioning of the heat 
energy market are presented in [14]. The technical aspects that need to be provided 
at the stages of production, transportation and supply of thermal energy are given. 
The peculiarities of the work of the most common model of the Thermal Energy 
Market of the “single buyer” are given. This model is the easiest in terms of 
implementation and operation, but there are problems that are related to the “length 
of money” [15]. The methods of calculating the effective radius of heat supply for 
thermal networks of centralized systems are presented [16, 17]. On the basis of this 
work it becomes possible to determine the level of localization of the heat energy 
market. In the works [18–20] the modern technical state and prospects of the 
reformation of the heat supply systems in Ukraine are analyzed. 

1.5. PROBLEMS OF THE HEAT SUPPLY SECTOR IN UKRAINE 

There are a number of problems and peculiarities that are taking place in the 
present day with the work of various types of heat supply systems in Ukraine and 
which are a barrier to creating an effective market system: 
1. The heat supply system, as an energy sector, is a socially responsible process, in 

particular, for objects of the social sphere and the population. Therefore, an 
important indicator for heat supply systems is the level of reliability of such 
systems. In the absence of the market of thermal energy as such, the level of 
responsibility of monopoly structures may not provide an adequate level of 
reliability of heat supply systems. 

2. Thermal networks have significant physical deterioration, which leads to 
significant losses of heat energy in the process of transportation (sometimes 
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more than 30%). Since the amount of heat energy losses is one of the 
determining indicators of the level of efficiency of the heat supply system in 
terms of functioning of the market, the solution of this problem is a priority. On 
the example of Poland, it becomes clear the priority of solving this problem, 
when in Poland in 1992, the state of the heating networks was disastrous and a 
decision was made to restore them. After the modernization in Warsaw, it was 
possible to reduce the level of heat losses of the fluid by 68%, the loss of 
thermal energy from 20% to 12% of the thermal load, increase the reliability of 
thermal supply and increase the resource of heat networks [13]. 

3. The low level of personnel qualification in the energy sector, which results from 
the monopolization of the market and the lack of motivation for the 
development of professional qualities of workers, causes considerable losses in 
the design, construction, operation and repair of equipment. 

4. Absence of responsible bodies (operators) of control or dispatch control of the 
system of heat supply at the level of local markets of thermal energy. Any 
model of the energy market, where there is competition, involves the technical 
regulation of the system, depending on the loads that take place at the present 
time due to its features of thermal energy as a commodity. 

5. One of the most priority issues when creating a market is the level of 
infrastructure development. This indicator depends directly on the density of 
thermal loads in the area, and the level of heat energy losses in the heating 
networks, which are the determining criteria for the estimation of the level of 
localization and loopiness of the system [16]. An analysis of the need to install 
new thermal networks, or the creation of the so-called “Rings” relies on 
technical and economic calculations, where one of the criteria should be the 
above-mentioned indicator. Actually, the optimization task should be defined as 
follows: the definition of the dependence of the scale of the local heat energy 
market on the density of thermal loads, while ensuring the level of regulatory 
losses in the heating network. 

6. Lack of separation of functions of production and transportation of heat energy 
between different organizations. The need to solve this problem is that activities 
in the process of transportation of thermal energy fall into this type of market 
structure as a natural monopoly, and the process of generation of thermal energy 
can be technically, economically and legally organized in a competitive 
environment. 

7. Significant barriers, in terms of legislative framework, when entering the 
market. An important issue is to ensure the free access of investors to the 
construction and operation of heat generation facilities. According to the current 
legislation on heat supply, the process of connecting to the heating networks 
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  should be unhindered, but in practice these positions are not fulfilled because 
  of the imperfection of the mechanisms for their implementation. 

8. Lack of standards for the quality of heat energy as a commodity. Ambiguity in 
the process of accounting for thermal energy in terms of non-compliance with 
different temperature levels (as a measure of comfort level) in heating rooms 
with the same amounts of consumed thermal energy. Functions of observance 
of parameters can be assigned to power sales companies.  

9. The low level of the provision of commercial accounting of heat energy by 
consumers makes them pay for the use of heat energy due to overestimated 
payment standards, which results in consumer overpayments. At the same 
time, in consequence, the level of disorientation in the processing of statistical 
data that is used to estimate macroeconomic indicators increases. The problem 
of availability of thermal energy counters for apartments is still not solved, and 
entails some difficulties in the work of energy-saving organizations with 
domestic consumers. 

10. High level of non-payment by consumers and freezing of assets of heat-
generating companies. This problem can reduce the intensity of market and 
technology development, while the market efficiency can not be maximized. 

11. Cross-subsidization policy. The process of compensating by the state the 
difference in tariffs for the population in relation to tariffs for budgetary 
institutions and industry entails distortions in economic relations between 
organizations, and as a consequence of a decrease in the level of well-being of 
the heat energy market, which is the main indicator of the level of efficiency of 
the market itself. 

12. Lack of marketing activity in the field of heat supply. The lack of awareness of 
domestic consumers about the possibilities to improve the process of using 
heat energy through energy efficiency measures. 

Creation of the heat energy market in Ukraine involves solving the above-
mentioned problems at a high level of quality, with the increased attention given to 
the issue of the theoretical determination of the level of localization of the Thermal 
Energy Market, depending on the density of thermal loads within the specified 
territories. Actually, when creating the market of thermal energy, the scale of the 
heat supply system should be maximal, ensuring normative losses of thermal 
energy. Then there will be more market entry opportunities where the level of 
competition will be significant, which is likely to result in low tariffs for services 
such as heating and hot water supply in this region. 
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1.6. SIMULATION MODEL OF THE THERMAL ENERGY MARKET 

In order to understand the principle of the functioning of the heat supply system 
based on competition, it is necessary to present a simple model that would 
demonstrate the need for the implementation of such a system. 

In this paper, the efficiency of the system in two alternative variants is analyzed: 
when working in the system of one producer (monopoly), and when the number of 
heat energy producers within the system of heat supply (competition) changes. 

To simulate and optimize the processes of functioning of the Thermal Energy 
Market, there is the author software “Thermal Energy Market” that allows 
designing existing heat supply systems and imposing on them new objects in the 
form of heat energy producers, heat networks and consumers. With the help of a 
topographic editor, all the objects of the heat supply system are located on the city 
map, which allows you to create a geographical relation between all objects. 

For each producer, heat network and consumer, technical and economic indicators 
are determined on the basis of which the calculation is made. It is also necessary to 
define the characteristics of the model, such as: market share for each producer, 
relative thermal energy consumption schedule, capital costs for market creation, 
and loss compensation coefficient for the main producer. On the basis of a definite 
project in the topographic editor, the model settings and tune-ups of the objects of 
the heating system under consideration are carried out market simulation, which 
involves determining the auction results. The auction organized determines  
the manufacturers who can sell the claimed amount of heat energy at the declared 
price. 

The financial results of each producer are analyzed, while indicators of total 
benefits to the consumer and total profits of independent producers are formed [1]. 
The sum of these two indicators determines the absolute efficiency of the heat 
energy market, which is the target function of this model. Optimization of this 
target function is determined by the variation of the market share coefficient, which 
determines the degree of entry of producers into the market. 

1.6.1. Purpose and tasks of the research 

The purpose of the work is to determine the level of heat supply efficiency when 
creating a local heat energy market based on the simulation model at given 
volumes of thermal energy consumption, the number of producers in the system, 
and restrictions on the possibility of entering the market. Determine the optimal 
level of performance that will reflect the best conditions for entry into the market 
of independent producers. 
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To achieve the goal you need to solve the following tasks: 
 formulation of conditions for market functioning when creating a model; 
 execution of the simulation model on the basis of certain conditions in the 

variation of the market share factor, and the definition of the main financial 
indicators; 

 analysis of the dependencies of the indicators of the benefits from the 
implementation of the heat energy market, taking into account the 
compensation of losses of the main producer, the amount of profits of 
independent producers, and the efficiency of the market of thermal energy 
from the factor of market share; 

 to estimate the benefits of functioning of the market in optimal conditions in 
comparison with the state of monopoly, to represent the value of the 
reduction of the price of heat energy. 

1.6.2. Technical means for creation of the market of thermal energy 

The process of creating a Thermal Energy Market in Ukraine can not be considered 
only in terms of benefits that are generated when implementing the competitive 
environment in the heat supply system. TEM is a local market that is limited to the 
territory of the city and has no impact on the markets that are located in other 
Ukrainian cities. This aspect describes the need to transfer responsibility for market 
introduction from state authorities to local self-government bodies, which is part of 
the decentralization policy in Ukraine. 

The effectiveness of an TEM is determined by the following indicators: 
 availability and cost of local resources for use in the production of heat 

energy; 
 ecological and economic incentives for the use of certain resources for the 

production of thermal energy; 
 the level of success of conducting business in the field of heat supply, which 

is a benefit to the manufacturer; 
 assistance of local self-government bodies to the development and operation 

of TEM; 
 technical condition of heat networks; 
 efficiency of the process of operator control of TEM; 
 the level of technical and economic efficiency before the creation of TEM; 
 correctness of technical decisions at the stage of implementation of TEM. 

All the above indicators in the amount and give the benefit that is formed as a 
result of the functioning of the TEM. This benefit is mainly reflected in the 
reduction of the tariff for heat energy for the end user, which is one of the goals of 
the implementation of TEM. 
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But, it is very important to consider TEM in terms of a single whole, as  
a microeconomic unit. This means that the result of the creation of the market is the 
capital costs to bring it to the state of operation, and the result of the market is 
operating costs and profit. In this case, profit is considered exactly as the level of 
efficiency of TEM, which is the sum of the benefits of independent producers and 
consumers. Also, the key indicator should be the payback period of TEM, which is 
crucial in terms of making a decision on the creation of a market in the process of 
its design. 

To determine the components of the creation of TEM in terms of technical means, 
it is necessary to divide into four main areas of responsibility in accordance with 
the structure of the heat supply system: 

1. Zone of producers, which is characterized by the objects of heat generation 
and heating networks on the boundary of the physical separation of heat-
carrier manufacturers and heat supply companies. 

2. District of the district heating organization, which is characterized by trunk 
and distribution heat networks on the boundary of physical separation of heat 
carriers both from the side of producers and from the side of consumers. 
Also, here are the means of operator control and control of the process of 
heat supply. 

3. The consumer zone, which is characterized by objects of thermal energy 
consumption and heating networks on the boundary of the physical 
separation of heat carriers of the consumer and heat supply organization. 

4. The zone of state control over the processes of functioning of the TEM. This 
area is relevant to the organization of TEM in terms of conducting auctions 
for the purchase and sale of thermal energy. It is assumed that on the basis of 
the TEM, a government will be created as an integral part of local self-
government bodies, which will have the functions of legal regulation of the 
functioning of TEM in general. 

Based on this classification, an important issue is raised about the sources of 
financing of technical facilities, which are fixed in one of the four areas of 
responsibility stated above. There may be several options for the solution of this 
issue, therefore, since the result of the calculations does not depend on the sources 
of funding, this aspect is not considered here. 

The technical means for the creation of TEM is a means, without which the 
functioning of the Thermal Energy Market is impossible. 

Accordingly, to the above classification of areas of responsibility, a list of technical 
means for the creation and operation of TEM is given: 
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1. Zone of producers: 
 the heat network to the location of the producer’s heat-carrier separation and 

the heat supply organization, if necessary, CHN
P ; 

 surface heat exchanger, CHE
P ; 

 a thermal energy counter, CTEC
P ; 

 automation means for controlling the power of heat generation, CA
P . 

The amount of capital costs for the creation of TEM in the manufacturer’s zone 
will be, UAH: 

C∑
P  = CHM

P  + CHE
P  + CTEC

P  + CA
P                                 (1.1) 

2. Zone of district heat supply organization: 
 main and distribution heat networks for replacing or renovation those with 

unsatisfactory technical condition and for laying new ones for increasing the 
scale of TEM, CHN

HSO; 
 Central Heat Points (CTP) for separating the circuit of main and distribution 

networks, CCTP
HSO; 

 means of automation and dispatching for control and management of 
regulation of the power of thermal energy flows in the heat network, CAD

HSO. 

The amount of capital expenditures for the creation of RTE in the heat supply 
organization’s zone will be, UAH: 

C∑
HSO = CHN

HSO + CCTP
HSO + CAD

HSO                                 (1.2) 

3. Zone of consumers: 
 a heat network to the location of the separation of heat carriers of consumers 

and the heat supply organization, if necessary, CHN
C ; 

 an Individual Heat Point (ITP), which includes: a surface heat exchanger, a heat 
energy meter, automation means for controlling consumption power, CITP

C . 

The amount of capital costs for the creation of RTE in the consumer area will 
be, UAH: 

C∑
C ൌ  CHN

C ൅  CITP
C                                             (1.3) 

4. The zone of state control over the processes of operation of the TEM involves 
the costs of establishing state authorities for the introduction and control of 
TEM within the city. 

Consequently, the total amount of capital expenditures will be TEM, UAH: 

C∑
TEM ൌ  C∑

P ൅  C∑
HSO ൅  C∑

C ൅  C∑
SC                              (1.4) 
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where C∑
SC is amount of expenses for creation of the state control unit of the 

functioning of the TEM, UAH. 

Determining capital costs in a specific city where it is planned to create an TEM 
can be carried out according to the above scheme, but it should be understood that 
due to different initial conditions, the size of capital costs may differ. 

1.6.3. General principles of the formation of the heat energy market 

In Figure 1.4 presents a schematic diagram of the components of the target function 
of the model of the Thermal Energy Market. 

 

Figure 1.4. Principal scheme of the components of the target function of the model of the 
Thermal Energy Market 
 
This model is static and does not describe the conjunctural changes in the market 
during its work. Articles of expenditure for each of the manufacturers are defined 
throughout the time and are unchanged. The static model shows the fundamental 
trends in the heat energy market, and does not take into account dynamic or 
unpredictable processes that may arise. Such processes can be: 

1. The impossibility of supply of heat energy by the manufacturer who won the 
auction due to technical problems. 

2. Changing the prices of resources in time, which are laid in the costs of 
producers. 

3. Loss of thermal energy in the heating network depending on the location of 
the producers. 

4. Change the rules of the auction or legislative restrictions on the market. 
5. Instability of weather conditions. 
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For the functioning of the heat energy market there are conditions that must be 
fulfilled to ensure the fulfillment of the priority tasks that are facing it. 
1. The density of heat capacity in the zone of one heat supply system must meet 

the requirements [16, 17]. For the density of heat capacities it is possible to 
accept the amount of thermal energy that was produced per year within the 
limits of this local heat supply system. These limits can be defined as the total 
length of the heating system, or as the total area of the heating networks and 
consumers, which is engaged in the zone of this system of heat supply. 

This indicator can be expressed in various variations, because, in fact, it defines 
the same essentially characteristic. Unfortunately, it is problematic to determine 
the exact level of this indicator, since it depends heavily on the economic 
situation in the region in which the heat energy market operates. 

Necessary task is to determine the lower boundary level of the density of 
thermal power in the zone of one heating system. Solving this problem will 
allow determining the fate of district heating systems in the whole of Ukraine, 
where the market for thermal energy can not function. 

The system of heat supply, as an energy sector, is a socially responsible 
structure, in particular, for objects of the social sphere and the population. 
Therefore, the necessary level of reliability is important. 

2. After determining the heat supply systems that are suitable for creating the 
Thermal Energy Market, it is necessary to provide technical conditions for the 
proper operation of the heat supply system: 
 generation, transportation and consumption contours must be physically 

separated; 
 installation of the automation system, which performs operations on 

management and control of the main indicators of the system; 
 creation of the position of the technical operator of the system, which 

performs the switching according to the results of the auction conducted 
within the heat supply system. The organization of control over the flow of 
heat energy between manufacturers is an important issue, which is connected 
with the provision of automated systems on each of the objects, because it is 
necessary to ensure that the distribution of heat energy, which is determined 
by the results of auctions; 

 ensuring the minimum percentage of wear of heat networks within the 
system; 

 legislative provision of free access to the connection to the heat supply 
system, subject to fulfillment of all technical conditions, both from the 
generation side and from the side of the consumer. 
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In terms of consumers, the quality of thermal energy for the consumer plays an 
important role. The quality of the supply of heat energy is determined by the 
comfortable conditions of staying indoors. For this, consumers need to be 
provided with monitoring, regulating and recording of heat energy. Speaking of 
the population as a consumer of thermal energy, the process of interaction with 
them is simplified, if the population acts as an association of co-owners of an 
apartment building. 

3. Determination of rules for the process of conducting tenders at the auction on 
the purchase and sale of heat energy. 

The heat transfer function relies on the main manufacturer in the system, since, 
as a rule, heat networks are in their ownership. Therefore, it is important to 
monitor the demolition of heat networks and timely repair of individual areas. 
To do this, it is necessary to provide certain incentives for the overall 
percentage of losses in the heat network to be feasible in the functioning of the 
market. 

1.6.4. Calculation of the full cost of thermal energy producers 

For each of the producers, the calculation of full-cost functions and the forecast 
tariff taking into account the profitability of each of the heat energy suppliers was 
performed. 

The full cost function for each technology is presented in the following way [21]: 

TC = (A1 + A2 + A3) х Q + (B1 + B2 + B3 + B4)                        (1.5) 

where: TC – total cost of the production of thermal energy per year, UAH; А1 – 
specific cost of the energy resource for the production of thermal energy, 
UAH/Gcal; А2 – specific cost of delivery of energy resources for the 
production of thermal energy, UAH/Gcal; А3 – specific cost of the 
electricity for the production of thermal energy, UAH/Gcal; B1 – fixed cost 
for salaries of working personnel for heat energy production per year, 
UAH; B2 – fixed cost for other costs on heat energy production per year, 
UAH; B3 – fixed depreciation costs for heat energy production per year, 
UAH; B4 – fixed cost for the administration salaries for the production of 
thermal energy per year, UAH; Q – amount of thermal energy produced per 
year, Gcal. 

Characteristics of full costs, which are compiled on the basis of cost items, are 
given in Table 1.2. 
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Table 1.2. Articles of expenditure of heat energy producers 

Cost Type of cost 

Fuel consumption Variable (UAH/Gcal) 

Logistics Variable (UAH/Gcal) 

Electricity consumption Variable (UAH/Gcal) 

Salary of workers Fixed (UAH/year) 

Administrative costs Fixed (UAH/year) 

Amortisation Fixed (UAH/year) 

Oher costs Fixed (UAH/year) 

 
In this model of the local heat energy market, as a constraint, the notion of market 
share is introduced, that is, the maximum limit of the amount of thermal energy 
that can be released by each producer for each month. Market share for i-th 
manufacturer (except for the main) is determined by the coefficient of market 
share: 

Qm
s

i,j
= Qdj ∙ q                                                (1.6) 

where: Qm
s

i,j
 – market share for i-th producer by j-th month, Gcal; Qdj – demand for 

thermal energy in j-th month, Gcal; q – coefficient of market share. 

For the formation of the matrix of the potential for the production of thermal 
energy in the market, the following conditions are used: 

 if Qm
p

i
 <  Qm

s
i,j

    then    Qm
b

i,j
ൌ  Qm

p
i
, 

 if Qm
p

i
  ≥  Qm

s
i,j

   then    Qm
b

i,j
ൌ  Qm

s
i,j

 

where: Qm
p

i
– energy production potential for i-th producer by j-th month, Gcal; Qm

b
i,j

 – 

bid amount of thermal energy for the i-th producer of the j-th month, Gcal. 

1.6.5. Estimated thermal energy tariff 

Consequently, each producer, having the full cost function and the level of planned 
profit, based on market conditions and the possible amount of heat sold, calculates 
the forecasted heat energy tariff, and submits as a bid for the auction. The 
estimated heat energy tariff for each producer will be: 
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where: Ti – estimated heat energy tariff for each producer, UAH/Gcal; Ai – total 
variable cost of i-th producer, UAH/Gcal; Bi – total fixed cost of i-th 
producer, UAH; Pi – total profit of i-th producer, UAH. 

1.6.6. Organization of an auction on the sale and purchase  
of thermal energy 

On the basis of submitted bids of producers, which specify such parameters as Ti 
and Qm

b
i,j

 an auction is conducted, which determines the winners who will be 

submitted to sold thermal energy in the i-th month.  

Bids are sorted by price suggestions in the direction of increase. The sum of the 
winners’ applications for the j-th month is determined by the condition: 

                          
,

1

i j j

i
b
m d

n

Q Q


                                                    (1.8) 

where n is the number of the last winning producer. 

If the bid of the last winning producer does not completely cover the demand for 
the j-th month, then only the part of the bid volume of thermal energy is taken into 
account: 

     
, ,

1

-1
n j j i j

i
b b
m d m

n

Q Q Q


                                            (1.9) 

where 
,n j

b
mQ  is part of the bid volume of thermal energy of the last winning 

producer covering the demand for the j-th month. 

As a result of the auction conducted, a matrix of producers-winners of the auction 
is formed. 

Based on the matrix of producers-winners of the auction, the total cost of the 
consumed heat energy in the j-th month is: 

 ,

1

   
j i j

i
b

d m i
n

C Q T


                                                                       (1.10) 

where 
jdС  is total cost of consumed thermal energy in the j-th month, UAH. 
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Weighted average tariff for thermal energy release in the j-th month: 

 j

j

dwa
j

d

С
T

Q
                                                      (1.11) 

1.6.7. Optimizing producer costs 

Within the city, where the TEM model is considered, one producer can own several 
objects of heat generation. Each of the objects of heat generation is characterized 
by its function of expenses and the level of planned profit in accordance with 
capital costs for the construction of the facility, the technology of thermal energy 
production, and features of the operation process. In the case of the last 
manufacturer-winner there is a situation where the planned amount of thermal 
energy output is higher than the actual according to the results of the auction, 
therefore there is the problem of optimal distribution of the amount of heat energy 
produced between the heat-generating units within the limits of one producer for 
the reduction of specific production costs 1 Gcal of thermal energy [22]. 

Consequently, there is the task of optimizing the costs of the enterprise, where the 
target function is the amount of total costs for the production of thermal energy. 
For this task, the target function has the form [23]: 

 1 2
1

( , ,.., )     min
n

n i i i
i

TC x x x AVC x TFC


                         (1.12) 

where: TC(x1, x2, ..., xn) – function of total expenses for heat energy production per 
year, UAH; AVCi – average variable costs per unit of output of the i-th 
object of the company’s heat production, UAH/Gcal; TFCi – total fixed 
costs for the year i-th object of the company’s heat production, UAH;  
n – number of objects of heat generation of the given enterprise; х – quantity 
of heat energy i-th object of heat generation.  

For this optimization problem, there are the following limitations: 
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where: Qprod
f. gen – the actual amount of thermal energy that a producer can sell in 

accordance with the results of the auction, Gcal; Qi
b. gen. – bid amount of 

thermal energy that the object of heat generation can produce in accordance 
with the share of the producer’s market and the internal distribution of heat 
energy within the enterprise, Gcal. 

Since the problem considered is the form of the general problem of linear 
programming, for it the use of the simplex method [23]. 

Let’s write the problem which is considered in the form of the main problem, for 
finding the maximum of the function:  

                   1
1

   
n

i i i
i

TC AVC x TFC


                                        (1.13) 

Under conditions: 

. .

1

. .
1 1 1

. .
2 2 2

. .
 2  

 

     

     

     

n
f gen

i prod
i

b gen
n

b gen
n

b gen
n n n

x Q

x x Q

x x Q

x x Q

















 









 



 

 xi ≥ 0 , i = 1, 2, …, n 

The transformed system of equations is written in the vector form:  

1 1 2 2 2  2  0       n nx P x P x P P                                 (1.14) 

where 

1 2 1

1 1 1

1 0 0

0 1 0
;   ... ;

0 0 0

0 0 0

nP P P 

     
     
     
     

              
     
     
          
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2 2 1 2 2

0 0 0

0 0 0

0 0 0
; ... ;  ;

0 1 0

0 0 1

n n nP P P  

     
     
     
     

              
     
     
          

 

. .
0

. .
1

. .
2

0

. .
-1

. .

 

 
 

 

 

f gen

b gen

b gen

b gen
n

b gen
n

Q

Q

Q
P

Q

Q

 
 
 
 
 
 
 
 
 
 

 

Among the defined vectors P1, P2, …, P2n are n unit vectors Pn+1, Pn+2, …, P2n, so 
for this task you can directly write down the reference plan and, accordingly, find 
its solution by a simplex method. In this way, we can compile the first table of the 
first iteration (Table 1.3). 

Table 1.3. Simplex table of the first iteration 

i Basis Cb P0 

–AVC1 –AVC2 … –AVCn 0 … 0 0 

P1 P2 … Pn+1 Pn+2 … P2n+1 P2n+2 

1 Pn+2 0 Qprod
f. gen 1 1 … 1 0 … 0 0 

2 Pn+3 0  Q1
b. gen. 1 0 … 0 0 … 0 0 

… … … … … … … … … … … … 

n P2n+2 0  Qn
f. gen. 0 0 … 0 0 … 1 0 

n + 1 P2n+2 0  Qn
f. gen. 0 0 … 0 0 … 0 1 

n + 2            
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On the basis of the formulated simplex table is calculated according to the rules of 
calculation in the simplex method of the problem of linear programming [23], 
defining the values of the target function and the unknown variables. 

Thus, the determined optimal values of the amount of thermal energy for each of 
the objects of heat generation allow to objectively predict the financial results of 
the manufacturer, which is considered in the model within the TEM. 

The identified methodology is part of the copyright software “Thermal Energy 
Market” [24], which is designed to simulate the technical and economic processes 
in the heat energy market based on real objects or objects that are being designed. 

1.6.8. Financial results of producers in the Thermal Energy Market 

After conducting auctions for each month of the heating season, each of the 
producers will have a financial result that will reflect the success of the work of 
this manufacturer in the heat energy market. The main indicators that characterize 
the success of the company in the market of thermal energy are: 

 total revenue of the i-th producer, 
 total cost of i-th producer, 
 total profit of the i-th producer, 
 the difference between the planned profit and the actual profit of the i-th 

producer, 
 the profitability of the i-th producer. 

Considering the situation in Ukraine with regard to the systems of heat supply, it is 
necessary to take into account that in almost all large cities of Ukraine there are 
municipal companies that perform the function of the heat supplier and are in fact 
monopolists. By creating market relations in the heat supply systems of such cities, 
it is natural that the demand that covered the utility will decrease, and therefore the 
financial success of these enterprises will also be reduced. It is also possible that 
the utility will suffer losses. 

Since municipal companies are the main suppliers of heat energy in cities, it is 
necessary to introduce a mechanism to stimulate these enterprises in the event of 
losses due to constant costs. 

There are several ways to ensure this condition: 
1. Full compensation of damages. 
2. Partial compensation of damages with a constant percentage of 

compensation. 
3. Partial compensation of damages with a stimulating percentage of 

compensation. 
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For simplicity, the first version of damages is selected in this model, distributing 
this value relative to the annual volume of released thermal energy in the market. 

The annual average weighted tariff for heat energy, taking into account the 
compensation of losses to the main producer, is: 
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where U1 is the value of losses of the main producer per year, UAH. 

The benefits from the implementation of the heat energy market need to be 
considered in terms of the difference in the value of the consumed thermal energy 
and the average weighted tariffs for thermal energy in its operation and absence. On 
the other hand, the total amount of profits of producers is considered. The sum of 
these two indicators is a target function of the model of the Thermal Energy Market. 

1.6.9. Losses in heat networks 

When creating the Thermal Energy Market, there are questions related to the use of 
existing heat networks in the city’s heat supply system and the construction of new 
ones that would form a unified system for increasing the market size and, 
consequently, its absolute efficiency. Determination of heat losses in networks is 
necessary for the analysis of the technical and economic feasibility of the 
implementation of the heat energy market within the city. The following 
parameters have an impact on this indicator: 

 the density of thermal capacity, which is characterized by the total amount of 
heat energy consumption in the heat supply system referenced to the total 
length of the heating networks; 

 type of laying of parts of heating networks; 
 the state of wear of thermal networks; 
 the diameter of the pipelines; 
 material and insulation thickness; 
 temperature schedule in the heat supply system; 
 weather conditions. 

When transporting thermal energy from producers to consumers, heat energy losses 
are determined by the difference between the total amount of produced and 
consumed heat energy. This difference is one of the items of the cost price of heat 
energy as a commodity for the consumer, hence the costs of surplus energy 
production by producers are included in the fare according to the model. 
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Heat losses during the season can be determined by two methods: empirical and 
theoretical. The empirical method involves calculating the energy balance of the 
heat supply system on the basis of heat meters. The sum of the displays of heat 
meters of all producers for the selected period shows the total amount of energy 
produced, and the sum of meter readings in all consumers determines the total 
amount of heat energy consumed. When designing the market for thermal energy, 
the use of the empirical method is impossible, so only the theoretical calculation of 
losses is able to give an adequate assessment in accordance with the characteristics 
of the sections of heat networks. 

In the model for calculation of heat energy losses in the city’s heat supply system, 
within the framework of the heat energy market, three main types of laying of heat 
network areas are used in Ukraine: 

 above ground, 
 underground channel, 
 underground non-channel. 

For each of the above types of gasket sections of heat networks, an extensive 
method of calculating specific energy losses is determined. 

Above ground. Specific heat losses from 1 m of the length of the feeder and return 
pipelines are: 
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where: te – average environmental temperature during the heating season, ℃; ql1 – 
specific losses of thermal energy in the supply pipeline, W/m; ql2 – specific 
losses of heat energy in the return pipeline, W/m; t1 – average coolant 
temperature in the feeding pipe during the heating season, ℃; t2 – average 
coolant temperature in the return line during the heating season, ℃; R1 – 
linear coefficient of thermal resistance of the supply pipeline, m ∙ K/W;  
R2 – linear coefficient of thermal resistance of the return pipeline, m ∙ K/W. 

The linear coefficient of thermal resistance is determined by the coefficient of 
thermal conductivity of the insulation material, the thickness of the insulation and 
the coefficient of heat transfer of the outer surface: 
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where: Rins – linear coefficient of thermal resistance of insulation, m ∙ K/W;  
Rα – linear coefficient of thermal resistance of the outer surface, m ∙ K/W; 
λins – coefficient of thermal conductivity of insulation material, W/m ∙ K; 
dins – external diameter of the pipe with insulation, m; dp – external 
diameter of the pipe without insulation, m; α – heat transfer coefficient of 
the outer surface of the wall of the pipeline, W/m2 ∙ K. 

The coefficient of heat transfer of the outer surface of the wall of the pipeline is 
determined by the following formula: 

     = 11.6 + 7 w                                               (1.19) 

where w is average air speed during the heating season, m/s. 

Underground non-channel. The linear coefficient of thermal resistance is 
determined by the sum of coefficients of thermal resistance of insulation and soil: 
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where: Rs – linear coefficient of thermal resistance of soil, m ∙ K/W; λs – 
coefficient of thermal conductivity of the soil, W/m ∙ K; h – depth of laying 
pipes in the ground, m. 

In the case of an underground non-channel gasket there is a mutual influence of 
feed and return pipelines. Such influence is taken into account by an additional 
conditional coefficient of thermal resistance: 
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where b is distance between the axes of the feeder and the return pipelines, m. 

Thus, the specific thermal losses of 1 m of the length of the feeder and return 
pipelines are by Shubin’s methodology [25]: 
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where ts is average temperature of the soil during the heating season, ℃. 
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Underground channel. To calculate the heat loss in the channel it is necessary to 
determine the temperature value in the channel. The air temperature in the channel 
is determined from the equation of thermal balance: 
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where: Rch – linear coefficient of thermal resistance of the walls of the channel,  
m ∙ K/W; tch – average air temperature in the channel during the heating 
season, ℃. 

When channel laying of two-pipe thermal networks, the thermal resistance between 
the air of the channel and the ground is determined through the equivalent diameter 
of the channel. 

Thus, the linear coefficient of thermal resistance of the walls of the channel is: 
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where: Rch.w. – linear coefficient of thermal resistance of the channel walls,  
m ∙ K/W; dе – equivalent channel diameter, m; δch – thickness of the wall 
of the overlap of the channel, m; λch – coefficient of thermal conductivity 
of the overlap of the channel, W/m ∙ K; h – depth of laying of the channel 
in the ground, m. 

Average air temperature in the channel: 

1 2

1

1 2

1 1 1

s

K ch
ch

ch

tt t

R R R
t

R R R

 


 
                                                (1.26) 

Having determined the linear coefficients of the thermal resistance of the feeder 
and return pipelines, the specific thermal losses from 1 m of the length of the 
thermal network make up, W/m: 

1
1

1

 ch
l

t t
q

R


                                                    (1.27) 

2
2

2

 ch
l

t t
q

R


                                                    (1.28) 

 



 

36 

Total losses of heat energy in the supply and return pipelines are: 

Qs= Q1 + Q2= (ql1 · l · (1 + β) + ql2 · l · (1 + β)) · 24 · n · 0.86 ∙ 10-6      (1.29) 

where: Qs – heat loss on the supply and return pipelines during the heating season, 
Gcal; Q1 – losses of heat energy in the heat supply network of the supply 
pipeline during the heating season, Gcal; Q2 – loss of heat energy in the 

section of the heating network of the return pipeline during the heating 
season, Gcal; l – length of the heat network section in a two-pipe dimension, 
m; β – a coefficient that takes into account local energy losses (β ≈ 0.2 ... 0.3); 
n – number of days in the heating season. 

After determining the heat energy losses on all sections of the heat supply system 
of the city’s heat supply system, the full losses for the heating season are: 
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where k is number of sections of heat networks in the system of heat supply. 

1.6.10. Model results 

The main purpose of the simulation is to determine the optimal coefficient of 
market share for a certain number of heat energy producers and the consumed 
amount of heat energy per year by customers on the market. 

The benefits from the implementation of the heat energy market need to be 
considered in terms of the difference in the value of the consumed heat energy and 
the average weighted tariffs for thermal energy in its operation and absence. It is 
this difference that serves as the target function for optimizing the operation of the 
heat energy market, where the market share factor is limited. 

In the absence of the Thermal Energy Market, the forecast tariff for the main 
producer is: 
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Difference in tariffs for thermal energy in the functioning and absence of the 
market of thermal energy, UAH/Gcal: 

∆Т = T1 – Тwac                                                 (1.32) 
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Benefit from introduction of the Thermal Energy Market for consumers, taking into 
account the compensation of losses of the main producer, UAH: 
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Benefit from introduction of the Thermal Energy Market for producers, taking into 
account the compensation of losses of the main producer U1, UAH: 
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The efficiency of the Thermal Energy Market is the benefits of the introduction of 
the heat energy market, taking into account the compensation of losses of the main 
producer and the amount of profits of independent producers, UAH: 

E = V + P                                                     (1.35) 

Based on this, the discounted value of cash flows for TEM will be, UAH: 
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where: i – the discount rate, which is a function of the cost of alternative 
investment, the level of inflation for the selected period, etc., %; t – current 
period (year); n – estimated billing period (years). 

Discounted payback period T is determined by the formula: 
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where r is the year, when NPV > 0. 

Simple payback period will be: 
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1.7. ESTIMATION OF THE PAYBACK PERIOD OF TEM AT ITS CREATION  
IN THE CITY OF IRPIN 

To calculate the payback period of the TEM of the city of Irpin, the copyright 
software “Thermal Energy Market” [24] was used. In the first place, it is necessary 
to determine the overall benefit from the creation of TEM in its operation in one 
calendar year. Since the essence of the model is to determine the difference in the 
economic performance of the city’s district heating system in case of monopoly 
and competition, it is necessary to build an existing city heat supply system. 

The existing Irpin heating system is presented in Figure 1.5. 
 

 

Figure 1.5. Existing heat supply system of the city of Irpin in the software “Thermal 
Energy Market” 
 

Analyzing the constructed scheme it can be determined that at present there are 4 
large non-interconnected systems of heating networks. The total length of the 
thermal networks of the existing system, according to the calculation results, is 
approximately 19 km. The main technical characteristics of the existing system are 
presented in Table 1.4. 
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Table 1.4. Main technical characteristics of the existing heat supply system in the city of 
Irpin 

Characteristics of the heat supply system Value 

Total length of heating networks 18.896 km 

Annual thermal energy consumption in the heat supply system 42137 Gcal 

Annual thermal energy production by sources of heat generation 48065 Gcal 

Losses of thermal energy in networks for a year 5928 Gcal 

Relative losses in heat networks 12.33% 

 
There is no centralized hot water supply in the Irpin heating system. The graph of 
consumption and heat energy production for heating by months in the city of Irpin 
is presented in Figure 1.6. 

 

 

Figure 1.6. The schedule of consumption and heat energy production for heating by 
months in the city of Irpin (green – production value, orange – the value of consumption) 

 

Based on the determined state of the Irpin heating system, a connected system of 
heat networks and producers (independent and main) was designed. The newly 
designed system forms the basis for functioning of the heat energy market in the 
city. The design of the new system is presented in Figure 1.7. 
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Figure 1.7. Designed heat supply system of the city of Irpin on the basis of the existing 
“Thermal Energy Market” software to ensure the functioning of the TEM 

The main technical characteristics of the system for the Thermal Energy Market are 
presented in Table 1.5. 

Table 1.5. Basic technical characteristics of the heating system in the city of Irpin during 
the operation of the TEM 

Characteristics of the heat supply system Value 

Total length of thermal networks 33.661 km 

Length of newly built thermal networks 14.765 km 

Annual thermal energy consumption in the heat supply system 42137 Gcal 

Annual thermal energy production by sources of heat generation 53107 Gcal 

Losses of thermal energy in networks for a year 10970 Gcal 

Relative losses in heat networks 20.66% 
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When creating a system for the Thermal Energy Market, due to the construction of 
new thermal networks, we see an increase in absolute and relative losses almost 
doubled in relation to the monopoly situation in the city. The graph of consumption 
and heat energy production for heating by months in the city of Irpin during the 
operation of the TEM is presented in Figure 1.8. 
 

Figure 1.8. The schedule of consumption and heat energy production for heating by 
months in the city of Irpin in the functioning of the TEM (green – the value of production, 
orange – the value of consumption) 

 
The model defines 1.7 independent manufacturers, which connect their heat 
generating facilities to the integrated heat network of the city. Each of the 
producers has its own resources, on the basis of which it introduces its 
entrepreneurial activity in the production of thermal energy. Each of the 
manufacturers determines their capital costs for the construction of facilities and 
operating costs for the production of heat energy. Based on these indicators, the 
manufacturer forecasts his profit for the season, taking into account his allowable 
rate of return. Thus, the estimated tariff is calculated based on the amount of heat 
energy that a producer can sell for a year, which in turn is determined depending on 
the market share coefficient existing on the heat energy market at present. The 
optimal market share is determined by the model. Dependence of the absolute 
efficiency of the market of thermal energy on the coefficient of market share is 
presented in Figure 1.9. 
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Figure 1.9. Graph of the dependence of the absolute efficiency of the Thermal Energy 
Market on the market share factor 

Consequently, the optimal factor of market share on the basis of performed 
calculations is 0.15. Characteristics of heat energy producers in the functioning of 
TEM with a coefficient of market share of 0.15 is presented in Table 1.6. 

Table 1.6. Characteristics of heat energy producers at TEM in the city of Irpin 

Producer’s  
name 

Number 
of objects 

of heat 
generation 

Type of energy 
source 

Forecasted 
tariff, 

UAH/Gcal 

Forecaste
d rate of 

return, %

Annual limit 
of thermal 

energy 
production, 

Gcal 

Main producer 23 Natural gas 1608.77 3 53107 

Independent producer 
No. 1 

3 
Biomass  

(wood chips) 
1124.94 35 7927 

Independent producer 
No. 2 

2 
Biomass  

(seed pellets) 
1356.54 32 7927 

Independent producer 
No. 3 

2 
Biomass  
(wood) 

1281.12 40 7927 

Independent producer 
No. 4 

3 
Biomass  

(straw pellets) 
1366.58 36 7927 

Independent producer 
No. 5 

1 
Biomass  

(wood pellets) 
1006.5 33 7927 

Independent producer 
No. 6 

2 
Peat  

(pellets) 
1257.41 34 7927 

Independent producer 
No. 7 

2 
Energy of 

environment 
886.73 30 7927 
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On the basis of the submitted applications of producers, which contain the amount 
of heat energy and the price for it, for which producers are ready to sell it, an 
auction is conducted, where manufacturers are identified who will produce and sell 
heat energy at the price indicated in the application. The results of the auction are 
presented in Tables 1.7 and 1.8. 
 
Table 1.7. Results of the auction on the market of thermal energy, Gcal (for the heating 
season) 

No. 
Producer’s 

name 
October November December January February March April Total 

1. 
Producer 

No. 7 
398.3 1035.6 1593.2 2111.5 1752.5 796.6 239.0 7927 

2. 
Producer 

No. 5 
398.3 1035.6 1593.2 2015.5 1752.5 796.6 239.0 7927 

3. 
Producer 

No. 1 
398.3 1035.6 1593.2 2063.5 1752.5 796.6 239.0 7927 

4. 
Producer 

No. 6 
398.3 1035.6 1593.2 2111.5 1752.5 796.6 239.0 7927 

5. 
Producer 

No. 3 
398.3 1035.6 1593.2 2111.5 1752.5 796.6 239.0 7927 

6. 
Producer 

No. 2 
398.3 1035.6 1593.2 2111.5 1752.5 796.6 239.0 7927 

7. 
Producer 

No. 4 
265.5 690.4 1062.1 1814.1 1168.4 531.1 159.3 5691 

8. 
Main 

producer 
0 0 0 0 0 0 0 0 

 
Table 1.8. Financial results of auctioning in the heat energy market (during the heating 
season) 

No. 
Producer’s  

name 
Revenue, 

UAH 
Costs, 
UAH 

Profit,  
UAH 

Deviation, 
UAH 

Profitability, 
% 

1. Producer No. 7 7 028 836 3 141 885 3 886 950 0 55.3 

2. Producer No. 5 7 881 634 6 828 732 1 052 902 0 13.36 

3. Producer No. 1 8 863 099 6 708 699 2 154 400 0 24.31 

4. Producer No. 6 9 967 122 8 718 730 1 248 392 0 12.53 

5. Producer No. 3 10 155 112 9 201 221 954 891 0 9.39 

6. Producer No. 2 10 752 899 8 655 560 2 097 339 0 19.5 

7. Producer No. 4 7 777 272 6 936 985 840 287 –1 370 651 10.8 

8. Main producer 0 6 222 469 –6 222 469 –6 344 735 0 
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As a result of the auction conducted, we have results in terms of the financial 
performance of each of the producers, as well as the aggregate values that 
characterize the efficiency of the heat energy market. In Table 1.9 shows the results 
of the imitation modeling of the heat energy market in the city of Irpin. 
 
Table 1.9. Expected results of the work of RTU in the city of Irpin (during the heating 
season) 

 
When functioning 

TEM without 
compensation 

When functioning 
TEM with 

compensation 

In the 
absence of 

TEM 

Cost of consumed heat energy, UAH 62 425 801 68 648 270 77 325 682 

Average tariff for the consumer, 
UAH/Gcal 

1175.47 1292.63 1608.77 

Absolute benefit for consumers, 
UAH 

14 899 880 8 677 411 – 

Absolute benefit for producers, UAH 6 011 645 12 234 161 – 

Absolute efficiency of TEM 20 911 573 20 911 573 – 

Relative benefit for consumers, % 19.27 11.22 – 

Relative benefit for producers, % 7.77 15.82 – 

Relative efficiency of TEM, % 27.04 27.04 – 

 
According to formula (1.4), the sum of capital costs for the creation of the heat 
energy market in Irpin city according to the existing technical means is calculated: 

C∑
TEM= C∑

P ൅  C∑
HSO ൅  C∑

C ൅  C∑
SC = 20 + 90 + 20 + 10 = 140 UAH million  (1.39) 

According to the determined results of the functioning of TEM in Irpin, a simple 
pay-back period is determined by the formula (1.38): 

TEM 140 000 000
= 6.7 years

20 911 573
s C

T
E
                                (1.40) 

The discounted payback period of TEM in the city of Irpin is calculated according 
to the formulas (1.36) and (1.37) under the condition i = 14%. The calculation 
results for each year are presented in Table 1.10. The graph of dependence NPV 
from the year presented in Figure 1.10. 
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Table 1.10. Calculation of the discounted payback 
period of RTE in the city of Irpin 

Year NPV (i), UAH million 

0 –140.00 

1 –119.09 

2 –100.74 

3 –84.65 

4 –70.54 

5 –58.16 

6 –47.30 

7 –37.77 

8 –29.41 

9 –22.08 

10 –15.65 

11 –10.01 

12 –5.06 

13 –0.72 

14 3.08 

 

 
Figure 1.10. The graph of NPV dependence on the year 
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Thus, the discounted payback period of RTE in the city of Irpin is: 

   
0.72

14 1 13.2 years
3.08 0.72

T    
 

                            (1.41) 

1.8. CONCLUSIONS 

Consequently, the Thermal Energy Market is a set of economic relations between 
market participants that may or may not be present, depending on the level of 
localization of the district heating system, where the heat energy and related 
products are in the form of goods (for which there is demand and supply) and 
services without which the functioning of the market is impossible. 

In this paper the main structural schemes of relations between the entities of the 
Thermal Energy Market were defined and appropriate models of the Thermal 
Energy Market were proposed, depending on the level of localization of the heat 
supply system. 

Efficient use of local resources as heat production is an important aspect in the 
operation of the Thermal Energy Market from the point of view of the state policy 
in the field of energy. When creating the Thermal Energy Market, the analysis of 
the energy potential of resources is fundamental, since this particular information 
provides the use of an objective indicator of market share as a constraint in 
combination with the characteristics of the local heat energy market, such as the 
amount of heat energy consumption and the number of producers. 

In this work a list of necessary technical means for the creation of the market of 
thermal energy was determined. Without the provision of the market for thermal 
energy by these means, its functioning is impossible, therefore the classification is 
given regarding the areas of responsibility for the creation of TEM: the zone of 
producers, the district heat supply organization, the zone of consumers, the zone of 
state authorities. The calculation of capital expenditures according to the 
classification of areas of responsibility for the creation of TEM is given. 

In this paper an analysis of the conditions for functioning of the heat energy market 
for the city of Irpin was conducted. According to the results of the simulation of the 
interaction of 8 producers with different technologies of heat energy production on 
the market with consumption volume of 42 thousand Gcal, the coefficient of 
market share according to certain conditions in the heat energy market is 
optimized, which equals 0.15. 

In the software “Thermal Energy Market” it is determined that with an optimal 
coefficient of market share, which is 0.15, at the tariff of the main producer at 
1608.77 UAH/Gcal, the average consumer tariff will be about 20% lower in the 
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functioning of the thermal market of energy is 1292.63 UAH/Gcal. According to 
the results of the model, the relative efficiency of the heat energy market in Irpin 
city at the given conditions amounted to 27.04%. 

On the basis of the calculated amount of capital expenditures for the creation of 
TEM in the city of Irpin, the simple payback period of TEM is 6.7 years, and the 
discounted payback period is 13.2 years at a discount rate of 14%. The sources of 
funding for the creation of TEM were not identified in the work. 

The following parameters may influence the payback period of the Thermal Energy 
Market: the number of independent producers, the volume of heat energy 
consumption, losses in heat networks, capital expenditures on the creation of the 
TEM, the discount rate, the market share coefficient, the rules for determining the 
market share factor and the efficiency of the TEM. From this, it is important to 
determine the parameters that most affect the results of the model. 

The Thermal Energy Market, besides economic indicators, can have an impact on 
such parameters as the ecological situation in the region, from the point of view of 
the use of local resources for their disposal, harmful emissions (for example, if 
there was a source of energy in the form of stone or brown coal) and reliability of 
heat supply in the system. All these indicators can be expressed in a monetary 
equivalent in one way or another and have an impact on the overall payback period 
of a local project to create TEM. 

This model can be used as a tool for strategic planning of district heating systems 
of existing cities as well as projected cities to ensure the maximum efficiency of 
such systems, where the final price and quality of heat energy are the key factors 
for consumers. 
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In Ukraine, the district heating system serving greater part heat consumers. 
Compared with decentralized heat supply they have several advantages. First is the 
possibility of burning low-grade local types of fuel with high efficiency, the use of 
secondary energy sources, reduction of CO2 emissions they have infrastructure for 
maintenance service of heat generating equipment and a number of other 
advantages. 

However, currently the district heating system is in crisis situation. High heat tariffs 
lead to disconnection part of consumers and their transition to individual heating 
systems and hot water supply. The reason is the crisis situation a number of factors: 
political, financial, economic and technical. In this work we will focus more on 
technical issues is improving the operating characteristics of district heating systems. 

The existing district heating system designed and built in the time of “cheap” 
energy carriers. Therefore, a number of strategic design decisions that were laid in 
them now were energy intensive and require of modernization measures. These 
energy-intensive solutions include low thermal resistance building envelopes 
heated buildings, thermal insulation of pipelines, lack of means metering of heat 
energy, lack of means regulation of supply of heat for heating and hot water supply 
in individual thermal points of buildings, lack of tanks-accumulators at central 
heating points, the use of hydraulic elevator for connecting heating systems to 
heating systems, lack of means recycling exhaust air heat and many others. 

Overall strategy adopted decisions was aimed at stabilizing the temperature control 
of heated buildings. Much of this was justified by the lack of reliable engineering 
tools (eg pumps and regulators) to control the thermal and hydraulic regime 
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consumer of heat. In fact, management carried out only at the source of heat by 
using the heating temperature schedule. 

It is known that the application of local and individual management tools supply of 
heat economy of energy resources can be up to 25% of annual costs. Why, now, 
when there is equipment for program supply of heat, regulators with weather 
correction and other technical means, there are only isolated cases of automation of 
supply of heat to consumers? In most cases, the main reason is the lack counters of 
heat of consumers. However, lack of counters of heat only pushes the problem into 
an impasse for making not interested in saving energy as heat producers and its 
consumers, who pay for the “square meter”. Therefore, if we are really committed 
to saving energy carriers alternative account of heat in the future there is not. 

The next question that arises immediately after installation of meters heat – how to 
get the maximum savings of heat with minimum capital loss? First – insulation of 
external building envelopes, replacement windows. Second – upgrading heating 
systems and thermal unit. Third – modernization of the district heating system. 

The main difficulty modernization of centralized heat supply is that this is a system 
in which many different interrelated elements, each of which has its own heat 
engineering characteristics. For example disconnection from one building heating 
network will not lead to a proportional reduction in costs coolant source of heat, as 
a result of hydraulic dis-regulation of this coolant immediately re-distributed 
between the neighboring houses. If they do not have the automation means the 
increase in loss heat carrier will increase the heating and saved the heat be released 
into the environment through ventilation overheated rooms. 

There are many schemes of automation individual and central heat stations, heating 
devices and heating risers. At various times by various authors examined the 
individual elements of the system. Separately, especially the formation of 
microclimate of premises [1–3], thermal and hydraulic of the heating system modes 
[4, 5] and heating devices with temperature regulators [6, 7], individual and central 
heat points [8, 9], thermal network [10, 11] and characteristics work heat 
generating equipment [12, 13]. However, ignoring features of the system generally 
leads to a lack of a strategic plan for the modernization of the district heating 
system to reduce energy savings in the future. 

Therefore this work is an attempt to find strategic approaches to modernize the 
district heating system by considering it as a system rather than a set of individual 
elements. To do this we will need a mathematical model which should be 
combined thermal regimes of buildings, hydraulic and thermal modes of of the 
heating system, the work of means of automatic regulation, heating networks and 
heat source. 
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2.1. FEATURES OF MODELING OF INDIVIDUAL ELEMENTS  
OF THE HEATING SYSTEM 

As we consider the system whose main purpose is to create a microclimate of premises 
– a necessary condition for this mathematical model is calculation of thermal sensation 
human in the room. To assess the level of comfort microclimate international standard 
ISO [14] recommends the use of index PMV (Probable Value of Thermal Comfort). 

Index PMV is a parameter that predicts the thermal sensation large group of people 
under the 6-point scale: +3 – hot; +2 – warmth; +1 – barely warmth; 0 – comfortable; 
–1 – barely cool; –2 – cool; –3 – coldly. The index value PMV within ±2 
corresponds of acceptable parameters microclimate in the premises. The 
methodology for its calculation takes into account the impact of a number of 
microclimate premises for thermal feelings of a person. Chief among these is the 
internal air temperature and medium-radiation temperature surfaces in the premises. 

When considering transient thermal processes in the premises of buildings 
necessary to determine the temperature on the surface and inside the various 
building designs at any given time. Generally, most building envelopes is 
multilayered. Moreover, the thermophysical characteristics of various layers differ 
significantly. Load-bearing structures typically have significant mass and high 
thermal conductivity. Thermal insulation layers, light and contrast are small value 
of coefficient of thermal conductivity. Solution of these problems requires 
consideration of different thermal and physical characteristics materials and their 
relative position to calculate the unsteady temperature. Problems of this type are 
referred to problems of nonlinear thermal conductivity. 

The methods of problem solving nonlinear thermal conductivity can be divided into 
analytical and digital. To include analytical method Laplace integral transformations 
and variational methods linearization. Analytical study of these problems 
encountering significant difficulties. For the simplest cases known to only a few 
analytical solutions [15] because in practice used mainly close (digital) decision [16]. 

To find the temperature distribution within a multilayer enclosure used Fourier heat 
conduction equation. For i-layer: 

     
2

, , ,

2

ii x x v xi

i i i ii

t t q

c p c px

  


 
 

 
                          (2.1) 

where: ti(x,) – temperature of thickness i-th layer walls, which depends on the spatial 
coordinates x and time τ; λi, ci, ρi – under thermal conductivity, heat capacity 
and density i-th layer this design; qv(x,) – specific volumetric sources or sinks 
heat, W/m3. Conditions of contact between the layers can be considered 
ideal. Boundary conditions usually apply 3rd kind. 
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To solve the problems of non-stationary nonlinear heat conductivity needed  
a method that would have minimal restrictions and the optimal balance between the 
possibility of expansion complexity formulation of the problem and its solution. An 
important condition is independent of time and coordinate steps between them and 
on the of thermophysical characteristics of the material within the specified 
accuracy range calculation. 

The features determining the medium-radiation temperature (tR) on the premises 
are unknown coefficients mutually radiation of various designs together. So apply 
the exact formula [17] can not: 

1 1R j jt t                                                   (2.2) 

where: 1–j – the coefficient radiation from the surface 1 to all other surfaces (j) at 
the premises; tj – temperature j-th surfaces at the premises, °С. 

Using the approximate formula: 

1
j j

R
j

F t
t

F
 


                                                   (2.3) 

where Fj is the surface area of j-th design at the premises, leads to the fact that the 
amount of radiation heat flow is significantly different from zero. It is therefore 
necessary to improve the methodology for calculating the average-radiation 
temperature premises. 

The calculation of the heating system must take into account the transport delay, 
joining various heating devices and pipes, correctly calculate the temperature 
regime in the return pipeline heating system. In addition, the heating system must 
work correctly in terms of quantity and quality of regulation. 

Regulation of supply heat for heating Individual Heat Points (IHP) can obtain 
savings of thermal energy as a result of consideration of the thermal domestic, 
insolation (with the façade in regulation) and reduce the quantity of infiltrated air. 
According to literary data such savings can range from 10% to 15% of annual cost 
of heat for heating [18, 19]. In addition, much of central heat points has no means 
to control the temperature of the coolant in the of quarterly heat networks. In this 
case, you can also get additional savings of heat during the “fracture” heating 
schedule (1–11% in Ukraine) by controlling the thermal mode of buildings in IHP. 

Analysis of the work known technological schemes of regulation of supply of heat 
to the subscriber inputs [20–23] shows that management process to supply of heat 
in all schemes usually associated with a change (decrease) loss of heat carrier in 
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heat network. That is, the heat savings achieved through the use of quantitative 
methods of regulation that has significant shortcomings. 

The work of heating network affect all its subscribers. In quantitative regulation 
mode, ie by changing the heat consumption may be dis-regulating heat network 
and subscribers. By individual consumers will come more amount of coolant than 
necessary, and others less. This is the hydraulic dis-regulation in heating network. 
To assess the hydraulic dis-regulation of individual subscribers if you disable one 
or more of them used the method of hydraulic characteristics [24]. Changing the 
flow rate leads to a change in thermal conditions and heating systems as a result of 
hydraulic dis-regulation occurs thermal dis-regulation. 

The calculation results show that the total cost of coolant in the heat supplying 
system little changed when disconnecting the 30% of consumers [25]. With 
increasing pressure losses in pipelines of thermal network compared with heating 
system, value hydraulic dis-regulation increases and the efficiency of known 
schemes ITP reduced. To eliminate hydraulic dis-regulation of Europe’s leading 
producers of automation recommend installing a pressure regulator in each ITP. 
The disadvantage of this solution is the high cost of automation. For example, the 
cost of a pressure regulator with a nominal diameter of 50 mm is an average of  
2600 euros. A system heat supply from HEC can be connected to more than one 
hundred homes. 

Getting substantial savings heat by reducing heat consumption in heat network is 
possible only in the automation of most of the customers in need of significant 
investment. This is one of the main reasons that the known as regulatory scheme 
tempering heat ITP are not widely spread. 

On the other hand, if automate the supply of heat to most ITP without the use of 
pressure regulators – creating favorable conditions for the “avalanche” closing 
regulators due to redistribution of coolant between subscribers heating network. 
This phenomenon may cause a sharp change in heat consumption to the heat source 
and emergency situations. 

An analysis of the shortcomings of existing schemes regulation in ITP points to 
necessity of application of automated thermal point scheme, which would give the 
opportunity to receive economic effect without affecting the hydraulic regime of 
thermal networks. That is required for this scheme “quality” of regulation. In them 
heat savings achieved through coolant return with a high temperature to a source of 
heat. This allows you to get real economic effect even with automation just one 
unit in thermal heat network. 

In the presence of heat network CHP with exchangers enabled by two-step mixed 
or sequential scheme part of heat saved can be used to heat water for hot water 
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supply. Generally, lower heat load to the second degree of heat exchangers CHP 
helps stabilize the thermal and hydraulic regimes magistral heating network. It 
creates favorable conditions for saving thermal energy and to save energy for 
pumping coolant. 

Availability in boiler house of boilers with developed heating surfaces require 
maintenance coolant temperature in the return pipeline heating network not lower 
60–70°C, which is provided recirculation pumps [26]. Increasing the temperature 
of the coolant in the return pipe heating network at work regulators in ITP can 
reduce the amount of coolant passing through the circulation pumps. This allows 
you to get additional economic effect due to decrease electricity consumption. 

For HEC increase temperature of coolant has a negative effect, since it leads to  
a decrease in the efficiency electric power output. Therefore, the coolant 
temperature in the return pipe should not exceed the calculated values (according to 
the heating schedule) [27]. 

2.2. MATHEMATICAL MODEL 
2.2.1. Assessment of comfort microclimate 

Index PMV can be determined knowing the level of physical activity, type of 
clothing, air temperature, medium radiation temperature, air mobility and the 
partial pressure of water vapor. The value of this index is calculated based on the 
conditions of the heat balance on the surface of the human body. At this a person is 
in a state of thermal equilibrium with the surrounding environment. 

The value of the index PMV finds the formula: 

  0.036PMV 0.303 0.028onq B T r k
met duf n dux dux o oq q q q q q q             (2.4) 

where: qon – specific energy of metabolism, W/m2; qmet – specific metabolic heat 
release, W/m2; qduf – heat loss due to water vapor diffusion through human 

skin, W/m2; qn – heat loss through sweating, W/m2; ,  B T
dux duxq q  – specific 

heat loss during respiration, under “hidden” and “obvious” component, 

W/m2; ,  r k
o oq q – specific heat loss through clothing, respectively due to the 

thermal radiation and due to convection, W/m2. 

In the case B T r k
met duf n dux dux o oq q q q q q q       index PMV = 0 – man is in  

a state of thermal comfort. If  B T r k
met duf n dux dux o oq q q q q q q       – index  

PMV > 0 – the human body is overheating and she feels uncomfortable. If 
B T r k

met duf n dux dux o oq q q q q q q       – index PMV < 0 – felt of cold discomfort. 
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According to European standard norms for comfortable conditions area index 
values must be within PMV = ±0.5, and for acceptable conditions – PMV = ±2. 

Expand the value of specific heat flow: 

 1met onq q                                                    (2.5) 

  33.05 10 5733 6.99 1duf on Bq q P                           (2.6) 

  0.42 1 58.15P onq q                                       (2.7) 

 51.72 10 5867B
dux W OPq P q                                      (2.8) 

 0.0014 34T
dux OP Inq q t                                            (2.9) 
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 C
O K clo O Inq f t t                                               (2.11) 

where: ƞ – efficiency work done by man; PW – the partial pressure of water vapor 
in the air, P; tIn – the internal temperature of the air in the room, °С;  
fclo – the relative area of clothing; tO – the surface temperature of clothing, °С; 
tR – medium radiation room temperature, °С; αC – convective heat transfer 
coefficient at the surface of clothes, W/(m2°С). 

Given the values ,  R C
O Oq q  temperature on the outer surface clothing found from the 

heat balance equation: 
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         (2.12) 

where fclo is heat transfer resistance clothes, clo. 

This transcendental equation in which the desired temperature clothing used as one 
of the variables. These equations can be solved by method successive 
approximations. Convective heat transfer coefficient are finding by known 
dependencies: 
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where VΠ is the mobility of air in the room, m/s. 

The value of the ratio o
clo

m

F
f

F
  find the formula: 

 for Iclo ≤ 0.5clo  

fclo = 1 + 0.2Iclo                                                 (2.14a) 

 

 for Iclo > 0.5clo  

fclo = 1.05 + 0.1Iclo                                              (2.14b) 

Index PMV corresponds to stationary conditions, but it can be used for small 
changes of one or more variables. 

Limitations. Recommended domain of definition each of the six independent 
parameters that are included in calculation PMV: qon = 46÷232 W/m2; Iclo = 0÷2 clo;  
tIn = 10÷30°C; tR = 10÷40°C; VΠ = 0÷1 m/s; PW = 0÷2700 P. 

2.2.2. Transient thermal processes in multilayer building envelope 

Consider stratified squamous wall Figure 2.1. Each layer has thermophysical 
properties (density, thermal conductivity, heat capacity, etc.). To find the 
temperature distribution inside the walls divide it parallel planes into several 
calculated layers, using step xі. Moreover coordinate step xі may be different for 
different of structural layers of wall. Numeration of calculation of layers can be 
carried on the inner surface design (і = 1) to the outside (і = n). We assume that 
within a single layer of thermophysical characteristics wall of material at a given 
time constant. 

Assume that the mass array, limited step ±x concentrated in the plane of this 
layer. Then, for the i-th the inner layer (i = 2÷(n – 1)) in the middle of material can 
add the following heat balance equation: 
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where: ci – specific heat i-th layer of material enclosure, J/(kgꞏ°C); mi – weight 
material i-th heat accumulating layer, kg; t1, t2, …, ti – temperature 
corresponding layer enclosure, °C; λi – thermal conductivity i-th layer of 
material, W/(m°C); F – the surface area of design, m2; qV(i) – specific 
volume source of heat energy, W/m3. 

 

Figure 2.1. The scheme of distribution of the external enclosure of a number of calculated 
layers with step xі 
 
Near the inner surface of asking the boundary conditions of the third kind with  
the distribution of heat flow in convection and radiation components. Then the heat 
balance equation for the outer layer (і = 1) will have the following form: 
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where: C
In  – convective heat transfer coefficient at the inner surface, W/m2°С; R

In  – 

coefficient of radiant heat transfer at the inner surface, W/m2°С; tIn – internal 
air temperature, °С; tR – medium radiation temperature in the room, °С. 

For the latter (outer) layer of material: 
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where: αOUT – heat transfer coefficient near the outer surface of the enclosure, 
W/m2 °С; tAMB – ambient temperature, °С. 

Whereas, for the boundary layers of material weight mi = ∆xi ∙ ρi ∙ F, and for the 
inner layers mi = 2 ∙ ∆xi ∙ ρi ∙ F, obtain a system of n equations: 
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the corresponding number of unknown temperatures. 

The resulting system of differential equations is easily solved by digital methods, 
for example by a method Runge-Kutta 4th order [28]. An important feature of the 
proposed mathematical model is that all of its thermophysical characteristics  
(αIn, αOUT, λi, ci, ρi, qV(i), ∆xi) can also be defined as a function of time and 
coordinates Х. In addition, its feature is the ability partitioning design a desired 
number of layers of different thickness. This allows you to use the proposed 
mathematical model to determine the temperature regimes multilayer enclosing 
structures (under ideal thermal contact between layers). 

Inside the building envelope also play an important role in the formation dynamic 
microclimate premises. For the mathematical description their thermal modes use 
the mathematical model presented above with some modifications. Consider the 
symmetric problem with boundary conditions of the 3rd kind near the outer surface 
and the absence of heat flow in the center of this design. Applying a similar 
breakdown construction on a number calculated of layers may have different 
thermophysical characteristics, the system of equations would look like this: 
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To calculate the temperature on the inner surface of the small heat capacity 
enclosing structures (windows, exterior doors, etc.) write the equation their heat 
balance excluding accumulation of heat: 

       
C R MC
In MC In MC In MC R MC MC AMB

MC

F
F t t F t t t t

R
                      (2.20) 

where: FMC – area of small heat capacity of designs, m2; RMC – heat transfer 
resistance design without considering heat transfer at its inner surface, 
m2°С/W; tMC – the temperature on the inner surface, °С.  

After the reduction in the area from the equation (2.20) can determine the 
temperature on the inner surface small heat capacity of designs: 
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                                   (2.21) 

2.2.3. The internal environment of the building and heating system 

To find the air temperature of the internal environment of the building use heat 
balance equation: 
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where: cA – the heat capacity of air, J/(kg°С); mA – mass air or equivalent for the 

environment, kg; 2
C – convective heat transfer coefficient near the heating 

elements, W/(m2°С); F2 – area of heat exchange surface of the heating 
system, m2; tHS – temperature heat exchange surface of the heating system, 
°С; Ginf – loss infiltration air, kg/s; QBT – domestic and technological 
thermal flow, W.  

Sign amount of equation (2.22) points to the addition of heat flow from enclosing 
structures with different thermophysical characteristics. 

Heat exchange radiation occurs almost instantaneously, so the equation of thermal 
balance of radiation components of heat flow to the internal environment of the 
heated building is stationary character: 
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       (2.23) 

From the equation (2.23) can be defined medium-radiation temperature of heating 
buildings: 
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     (2.24) 

With the use of standard “water tube” systems heating formula (2.24) allows to 
determine heat flows to within 1÷2%. 

For description transient thermal processes in the heating system will replace it 
equivalent for heat dissipation to the heating unit. Then design scheme 2-pipe 
heating system takes the form – Figure 2.2. 
 

 

Figure 2.2. Estimated scheme “water tube” heating system 
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Accordance with the [29, 30] can apply the mathematical model of the “water 
tube” of the heating system: 

  

   

     

2( )
1 1 1 1 1 2( ) 2( )

( )
1 1 1 1 2( ) 1 1 ( ) ( )

( )
1 1 ( ) ( ) 2 2 ( ) ( ) 2 2 ( )

AV
AV HS

HS R
SH SH AV HS HS In HS R

dt
c m c G F t t

d
dt

c m c G t t F t t
d

dt
c m F t t F t t F t t

d





  


    







  







  




   



     


 

(2.25) 

where: c1 – heat capacity of water, J/(kg°С); m1 – mass of water in the heating 
system, kg; t2 – the coolant temperature in the return pipeline of the heating 
system, °С; G – heat consumption in the heating system, kg/s; α1 – heat 
transfer coefficient between the coolant and wall equivalent to the heat 
transfer heating device, W/(m2°С); F1 – area of internal heat transfer 
surface, m2; tAV – the average temperature of the coolant in the heating 
system, °С; cSH – the average the heat capacity of the heating system 
elements, J/(kg°С); mSH – mass of the heating system elements, kg. 

To determine the temperature in the return pipe heating system in stationary 
conditions can apply the following formula: 

 
1 1

1
2( ) 1

F

c G
HS HSt t t t




                                            (2.26) 

Current GOS [31] provides for installation in heating systems individual means 
tempering heat regulation – of thermostats. We assume that each heating device is 
equipped with an automatic temperature controller direct action. Each thermostat 
consists of a valve and thermostatic head. 

For a description heating system with radiator thermostats must combine their 
thermal and hydraulic regime Figure 2.3. The total loss of pressure in the 
automated heating system will consist of a loss of pressure on the thermostatic 
valve and pressure loss in pipelines and heating devices: 

∆PPL = ∆PTV + ∆PSH                                                                          (2.27) 

where: ∆PTV – loss of pressure in thermostatic valve, bar; ∆PSH – loss of pressure in 
the heating system, bar. 
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Figure 2.3. Estimated scheme of the heating system with individual thermostats 

Considering that a heating system 2-pipe – all valves connected in parallel. Using 
the method of hydraulic characteristics equation (2.27) can be written as: 
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             (2.28) 

where: N – the total number of thermostatic valves, units; kV – coefficient of 
bandwidth valve, (m3/h)/bar0.5; SSH – hydraulic characteristics of the heating 
system, bar/(m3/h)2; GSH – heat consumption in the heating system, m3/h. 

From formula (2.28) can be find heat consumption in the heating system: 
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                                                (2.29) 

The relationship between move of valve stem and it coefficient bandwidth called of 
costly characteristic of the valve. There are three main types of characteristics: 
linear, quadratic and straight-percentage. Each type characteristics corresponding 
to his of profiling plates valve. For radiator thermoregulators used primarily 
logarithmic characteristic. Coefficient of bandwidth valve with logarithmic 
characteristic can be defined by the formula: 

   1h h
V VO VCk k k

                                                (2.30) 

where: kVO – coefficient of bandwidth valve in open position, (m3/h)/bar0.5;  
kVC – also in the closed position, (m3/h)/bar0.5; h – the relative position of 
the valve stem. 
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Coefficient of bandwidth valve in the open state depends on the a standard size of 
the valve is determined by hydraulic calculation of the heating system. Coefficient 
of bandwidth valve in the closed position can be taken as standard leakage  
kVC = 0.0005 kVO.  

Hydraulic resistance the valve is defined as stem position (h). The maximum position 
stem (hmax ≤ 1) is set at previous setting valve (installation). Other provisions stem 
depends on the air temperature in the room. Excluding the friction in the valve stem 
faucet stem its provisions can describe linear dependence the type of: 

( ) maxh h  ,  if   minInt t  

max
( )

max min

Int t
h

t t





,  if   min maxInt t t                        (2.31) 

( ) 0h   ,  if   maxInt t  

where: h(∞) – stem position after transitional processes; tmax, tmin – in accordance 
with the maximum and minimum air temperature at which the valve stem 
reaches extreme positions, °С. 

Maximum and minimum air temperature is set by turning the thermostatic valve 
head. For fully open the valve in ideal conditions tmax – tmin = 2 K. In case preset, 
this temperature difference is decreases. 

Friction stem thermostatic valve in the faucet stem leads to the appearance  
a temperature hysteresis. This negative phenomenon reduces energy-efficient effect 
of the use valves. If the value hysteresis does not exceed 0.4°С (eg thermostats for 
Danfoss company) – in this problem we can ignore it. 

Other important factor is time the transition process in the head thermostatic valve. 
For thermoregulators Danfoss company is this period τK = 12÷15 min. Given the 
transition processes in thermostatic head valve stem position can be described by 
the formula: 

 ( ) ( ) (0) ( )
Kh h h h







                                           (2.32) 

The system of equations (2.25)–(2.32) unites thermal and hydraulic regime of the 
heating system in transition processes and take into account the work of individual 
thermostatic valves. The resulting system of equations of heat hydraulic balance 
can be solved, if you set the corresponding initial conditions. 
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2.2.4. Mathematical modeling automated thermal point 

Mathematical model of regulation heat tempering in individual thermal point 
depends on its circuit. In this paper we consider one of the most common schemes 
regulating with a pump in the circuit of heating system, return valve on the mixing 
pipeline and 2-way valve on the return pipeline of thermal network Figure 2.4. 
There are several modifications of this scheme (with a pump on the return pipeline 
with 2-way valve to the feeding pipeline, etc.) that are individual features of 
operational nature. However, for this study, these differences can not be considered 
fundamental. 
 

 
Figure 2.4. Principle scheme automation of thermal units 

 
Mathematical model of thermal hydraulic modes automated thermal units (Figure 
2.4). Consists of several equations. Let point tapping tees mixing pipeline with 
return valve in the feeding pipeline (A) and reverse pipeline (B). 

Total hydraulic characteristics of all elements of the thermal network to the 
characteristic points AB: 

  
2

1
PL MU

V

S S S
k

                                            (2.33) 

where: SPL – hydraulic characteristics of supplying and reverse pipelines of heat 
network from heat point to tapping tees in thermal chamber; SMU – 
hydraulic characteristic elements of the thermal unit to control valve 
(eliminator, metering unit); kV – coefficient of permeability 2-way valve of 
temperature controller, (m3/h)/bar0.5. 

Coefficient of permeability two-way valve controller determined by one of 
disposables characteristics: 
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   1h h
V VO VCk k k

  – straight-percent 

  2
V VC VO VCk k k k h    – the quadratic 

 V VC VO VCk k k k h    – linear (recommended [22])              (2.34) 

where: kV – coefficient of permeability 2-way valve of controller, (m3/h)/bar0.5;  
kVC – coefficient of permeability 2-way valve of controller in the closed 
position, (m3/h)/bar0.5; kVO – coefficient of permeability 2-way valve of 
controller in the open position, (m3/h)/bar0.5; h – relative position of the rod 
of two-way valve controller.  

For a given differential pressure in thermal chamber (∆PTN) and a known 
differential pressure between the points А and В (∆PAB) heat consumption of 
heating network can be calculated by the formula: 

  TN AB
TN

P P
G

S

  
                     (2.35) 

The loss of coolant through the return valve find the formula: 

 3RV V K ABG k P                    (2.36) 

Small loss of pressure on the tees mixing pipeline can be neglected. Then the 
pressure loss on the jumper will be equal pressure losses on the return valve. For 
return valve opening pressure at point A shall be lower than the pressure at point B, 
so the pressure drop in the return valve: 

RV ABP P                            (2.37) 

Next two ways of calculating the coefficient the permeability return valve: 

 if the differential pressure sufficient for its opening ∆PRV > ∆PV0 then 
determine coefficient of permeability for the approximation formula: 

   020
3 0 1 RV VP P

V K Vk k                             (2.38) 

 in another case (∆PRV ≤ ∆PK0) kV3K = 0 movement of coolant on mixing 
pipeline is missing. 

 

 



 

67 

Given the mixing heat consumption in the heating system: 

  SH TN RVG G G              (2.39) 

The differential pressure generated by the circulating pump find to approximating 
formula: 

 2
P SH SHP A BG CG                      (2.40) 

where the coefficients A, B and C are approximation coefficients, which are 
determined based on the working passport characteristics of the a standard size 
pump. 

The new value differential pressure in points А-В:  

2
AB SH SH PP S G P                    (2.41) 

where SSH is hydraulic characteristics of the heating system. 

For thermal balance determines the temperature in the supplying pipeline heating 
system: 
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  
                   (2.42) 

where t1TN is the temperature in the supplying pipeline of thermal network, °С.  

Since the convergence of the system of equations (2.35)–(2.41) relatively slow, it is 
desirable to perform the calculation method of secant. The initial value of 
differential pressure at characteristic points AB, can be set ∆PAB = 0. The 
calculation is performed until it is provided with the necessary accuracy of 
determination differential pressure ∆PAB. 

The valve controls the electronic unit executed based microcontroller. With it set 
by law of regulation. In controller of this type most common of proportional-
integral law regulation (PI). 

Position of the rod 2-way controller within the limits h = 0÷1 determined by the 
formula: 
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where: XP – zone of proportionality, °С; 1
Ct  – corrected of calculated the 

temperature in the supplying pipeline heating system, °С; Zi – constant of 



68 

integration sec. In controller f. Danfoss zone of proportional can be set 
within the limits 1÷250°С, constant of integration –5÷999 sec.  

Corrected the calculated temperature in the supplying pipeline heating system is 
determined by the formula: 

 1 1 0.1C P PR
t In Int t K t t      (2.44) 

where: Kt – coefficient of influence of temperature of internal air; PR
Int  – program 

set value to temperature of internal air, °С. This coefficient may have the 
value 1÷99. 

Calculated temperature in the heating pipeline the supplying will be set linearized 
dependence parameters which determine the formula:  

    0.8

1 1
C C

InC HD InC O HDt t t t Q t t Q                            (2.45) 

where: tInC – calculated temperature of internal air of heated premises, °С; tHD – 

average temperature of heating devices, °С; 1
C
Ot  – the calculated coolant 

temperature in the supplying pipeline heating system, °С; Q  – the relative 

loss of heat at different outdoor temperatures. 

The relative cost of heat for heating is calculated by the formula: 
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InC OUTC

t t
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t t


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
                                               (2.46) 

where tOUTC is calculated temperature of outdoor air, °С. 

In controller with weather correction type ECL Comfort 200 time constant 
performing mechanism of valve can be set within 5–250 s. Thus, for most 
executive mechanisms of when changing position of the rod from one extreme 
position to another is τK = 30÷300 s. Given the work actuating mechanism the 
position valve stem can be described by the formula: 

 ( ) ( ) (0) ( )
K

h h h h

           (2.47) 

where h(0) is the average starting position of the valve rod.  
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2.2.5. Modelling of heating network 

In general form, the two-pipe heating network can be represented as a scheme 
Figure 2.5. One of the subscribers is equipped with automatic thermal units. It is 
necessary to determine the change in differential pressure at the point of joining  
a subscriber to the heating network in the event of changes in the costs of coolant 
through its ITP. You must also determine what impact the will create regulation  
a thermal units this consumer on network hydraulic regime as a whole. 
 

 

Figure 2.5. Scheme of two-pipe heating network 

Differential pressure in point’s accession automated thermal units to heat network 
(C-D): 
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where: GTS – loss heat carrier on the heat source, m3/h; kVCD – the coefficient of 
permeability networks between points C-D, (m/h)/bar0.5. 

The loss coolant on the sources of heat:  
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where: ∆PP – differential pressure network pumps, bar; STN – hydraulic 
characteristics of the thermal network, bar/(m3/h)2. 

Differential pressure network pumps can be determined using the approximation 
formula:  

 2
P TS TSP A BG CG                         (2.50) 
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where А, В, С are approximation coefficients calculated for the known working 
characteristics of network pumps. 

The hydraulic characteristics of thermal network (STN) determined through the loss 
of pressure on the the relevant sections of heating network at the calculated loss of 
coolant. 

The coefficient of permeability of areas C-D is the sum of the coefficients of 
permeability all subscribers: 

VCD VTP VCk k k                (2.51) 

where: kVTP – coefficient permeability of subscriber with automated thermal point, 
(m3/h)/bar0.5; kVC – coefficient of permeability is not automated thermal 
points other consumers, (m3/h)/bar0.5. 

The coefficient of permeability subscriber with automatic thermal point can 
determine at any time by the formula: 

1
VTPk

S

                                                   (2.52) 

where S  is determined by the formula (2.33). 

The coefficient of permeability not automated thermal point other consumers is 
constant, which is determined for calculation mode of heating network of the 
formula: 

C
VC C

CD

G
k

P



                                                   (2.53) 

where: GC – the calculated loss of coolant not automated part of customer, m3/h; 

Δ C
CDP – pressure differential between points C-D in a calculated mode, bar. 

In the proposed mathematical model compiled computer program AVTCO.  

2.3. INITIAL DATA FOR MATHEMATICAL MODELING OF THERMAL  
AND HYDRAULIC PROCESSES OF THE SYSTEM HEAT SUPPLYING 

The research performed on the example heat supply academic building No. 9 
Poltava National Technical Yuri Kondratyuk University. 

Parameters of microclimate and human: specific energy of metabolism qon = 70 W/m2, 
heat insulating properties of clothing 0.7 clo, the efficiency of the of the work 
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performed ƞ = 0, relative humidity of air φ = 60%, mobility of air in the room  
VΠ = 0.2 m/s. The calculated temperature of internal air 18°С. 

Thermophysical parameters of the building and its enclosing structures, area of the 
building in the plan 1170 m2; volume for external measurement 9711 m3; area of 
windows 150.8 m2; their resistance to heat transfer 0.455 m2°С/W; area of external 
doors 9 m2; their resistance to heat transfer 0.455 m2°С/W; area of outer walls 
1031.2 m2; wall material – bricks density 1800 kg/m3, its thermal conductivity  
0.71 W/(m°С), thickness 1.08 m, the overall resistance to heat transfer 1.68 m2°С/W. 
Area of garret overlapping 1170 m2; the composition of enclosure: board of pine of 
thickness 50 mm, density 500 kg/m3, heat capacity 2300 J/kg°С, thermal conductivity 
0.18 W/m°С; the gravel keramzite of thickness 200 mm, density 400 kg/m3, thermal 
conductivity 0.14 W/m°С, heat capacity 840 J/kg°С. Thermophysical characteristics 
of materials taken from the GOS [32] the parameter B. 

Inner wall of brick of thickness 640 mm, the total area 2056.9 m2. Inner wall of brick 
of thickness 250 mm, with an area of 310 m2. Area of intermediate floor 2340 m2; 
area of a floor 1st floor 1170 m2. 

The mass of air in the building 7144 kg, mass environment inside buildings (desks, 
chairs, cabinets, tables and other furniture) 3883 kg. We consider them evenly 
distributed over the volume of the building. The total mass of air with furniture 
7144 + 3883 = 11027 kg. 

Estimated air exchange during working hours made one fold (1.984 kg/s), and 
outside working hours – 0.38 aliquot (0.754 kg/s). Domestic heat-income during 
working hours 23 W/m2 heated area, and 1 W/m2 outside working hours. 

The heating system of the building has the following thermophysical 
characteristics: mass of water 1589 kg; mass of steel pipelines 1565 kg; weight of 
cast iron radiators 5551 kg; heat capacity of steel 460 J/(kg°С); heat capacity of 
cast iron 540 J/(kg°С); area of of the inner surface of pipelines and radiators  
55.88 + 106.45 = 162.33 m2; area of of the outer surface of pipelines 67.12 m2; 
external surface area of radiators 193.55 m2; total 67.12 + 193.55 = 260.67 m2; the 
average coefficient mutual shading sections of radiators  = 0.65, and for heating 
systems in general  = 0.7; the calculated loss of heat carrier GC = 1.456 kg/s. The 
calculated parameters heat carrier of heating system 95–70°С. The mass of walls 
(of pipelines and heating devices), of heating system 1565 + 5551 = 7116 kg, the 
average heat capacity of wall 522 J/kg°С, heat capacity of water 4187 J/kg°С. The 
coefficient of heat transfer from heat carrier to the inner surface of pipelines and 
heating devices (sectional radiators М-140) approximated dependence: 

0.25 0.30
1 15.88 41.81AV HS AV HSt t t t                           (2.54) 
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Coefficient of convective  2
C and radiation  2

R  heat transfer at the outer 

surface of the water pipe of heating system approximated equations: 

   0.33
2 1.66C

HS Int t                   (2.55) 

  2 4.9 0.81 0.005R
HS Rt t       (2.56) 

For selection radiator thermostats applied the theory of authorities [21]. Based  
on the setting workspace regulator in the optimal mode accept the authority of 
valves at level a*

 = 0.3. The internal authority of valve RTD-N 15
2 2

2 2

0.6
1 1 0.56.

0.9
v

B
vs

k
a

k
      

Its external authority 
*

3

0.3
0.54.

0.56B

a
a

a
    Thus, the loss of pressure thermostatic 

valves should not be less than 54% of the differential pressure at the outlet of the heat 
point. If the differential pressure creates of pump of 20 kP, the pressure loss on the 
valve will amount to 10.8 kP, and the heating system 9.2 kP. The calculated thermal 
power of heating system, 152407 W. The average thermal power of the heating 
device 1800 W, their amount N = 85 units. The average permeability thermostatic 
valves kV = 0.188, which roughly corresponds to the level configuration 4 (kV = 0.2). 
By using preset perform hydraulic linkage heating system. In real conditions, these 
actions are accompanied by changing the position of valve stem. 

The coefficient of permeability valve in the open position is selected when it 
calculation. The coefficient of permeability valve in the closed position can be 
taken as standard leakage kVC = 0.0005 ∙ 0.9. Equation (2.30) can determine the 
position of the rod preset valve in the open state:  

0.188 = (0.6)h(0.0005 ∙ 0.9)1–h                                    (2.57) 

from where the initial position of the rod h = 0.839. Therefore, real zone 
proportional valve will be reduced – Xp = 0.839 ∙ 2 = 1.678°C. The minimum 
temperature at which the valve starts to close specified at level +18°С. Considering 
Хр the valve fully closes at a temperature 18 + 1.678 = 19.678°С. 

Initial data for thermal point. The calculated temperature in the supplying pipeline 
of thermal network 115°С. Temperature mode of heating system 95–70°С. The 
estimated coefficient mixing: 

1 1

1 2

115 95
0.8

95 70
TN SH

SH SH

t t
u

t t

 
  

 
                                    (2.58) 
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Estimated loss of heat carrier in the heating system 2.376 m3/h. Estimated loss heat 
carrier in heat network, m3/h: 

2.376
1.32

1 1 0.8
SH

TN

G
G

u
  

 
                                        (2.59) 

The estimated differential pressure in heat chamber of thermal network 0.49 bar. 
Calculated pressure loss on the pipelines of thermal network 0.05 bar. Calculated 
pressure loss on metering unit 0.15 bar. Calculated pressure loss in the heating 
system 0.092 bar. Calculated pressure loss in the radiator thermostats 0.022 bar. 

The valve temperature controller in ITP elect its permeability 

 2
2

2

1.32
2.45

0.49 0.15 0.05
K

V K
K

G
k

P
  

  
  (2.60) 

Applied the saddle control valve VS2 with a coefficient of permeability 2.5 with  
a nominal diameter of 20 mm. The valve has a linear expenditure characteristic (the 
real characteristic of valve is combined linear-linear). With the constant pressure in 
the heat chamber authority of valve is high enough а = (0.49 – 0.2)/0.49 = 0.59.  

Return valve select on its permeability in mode the full recycling heat carrier in the 
heating system: 

 
2.376

10.6
0.05

RV
VRV

RV

G
k

P
  


      (2.61) 

Applied of return valve with a coefficient of permeability of 12 and nominal 
diameter of 25 mm. 

The pump is select on spending 2.376 m3/h and pressure loss 0.05 + 0.092 + 0.022 = 
0.164 bar or 1.64 mm.w.c. According the catalog [33] choose the pump with wet 
rotor Wilo-Star-RS 30/4 that operates at top speed. The characteristic point of its 
hydraulic characteristics Н1 = 3.5 mm.w.c., G1 = 0.7 m3/h; Н2 = 2.0 mm.w.c.,  
G2 = 2.0 m3/h; Н3 = 0.9 mm.w.c., G3 = 3.0 m3/h. Approximation coefficients:  
А = 0.434, В = –0.1217, С = –0.002341. 

For work automatic regulator program delivery of heat in ITP asked the following 
parameters: zone of proportional 3; constant of integration 120 s; coefficient of 
influence of temperature indoor air 99. 

Initial data for the description of heat network with a source of heat: the calculated 
loss heat carrier in the heat source 132 m3/h, the loss of pressure in areas of heating 
main from network pumps to points C-D 3 bar, calculated differential pressure of 
network pumps 3 + 0.49 = 3.49 bar. Console pumps Wilo-VeroNorm-NP 100/315V 
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with the diameter of of the work wheel 326.7 mm on revs 1450 re/min.  
The characteristic point of its hydraulic characteristics Н1 = 37 mm.w.c., G1 = 1 m3/h,  
Н2 = 36 mm.w.c., G2 = 150 m3/h, Н3 = 28.5 mm.w.c., G3 = 250 m3/h. Approximation 
coefficients: А = 3.7, В = 3.47ꞏ10-3, С = 2.74ꞏ10-5. 

2.4. THE RESULTS OF MATHEMATICAL EXPERIMENTS  
AND THEIR ANALYSIS 

2.4.1. The research cooling mode 

The period of cooling housings is the main source of energy saving in conditions 
program tempering of heat. The longer this period the lower the temperature of the 
internal environment of premises by greater economic effect can be achieved. 

Consider the process of cooling housings academic building No. 9 Poltava National 
Technical Yuri Kondratyuk University at various outdoor temperatures – Figure 2.6. 

 

Figure 2.6. The cooling of internal air of buildings in mode night temperature decrease in 
working days at different outdoor temperatures; line 1: t3 = +8°С; line 3: t3 = 0°С;  
line 5: t3 = –5°С; line 7: t3 = –20°С 

Investigation of the process cooling the heated premises brick building with 
massive building envelope indicates the two modes with different speed transient 
thermal processes. The rapid decrease air temperature characteristic of irregular 
temperature regime [34]. During this mode is observed intensive cooling of heating 
system, air environment in building and the directions heat flows may vary. The 
duration of this regime does not depend on outside air temperature and of the 
building is approximately 3 hours. 
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After completion of the irregular temperature regime cooling process significantly 
slows down heat flow directions remain unchanged, and the building becomes 
regular cooling mode. During regular regime cooling rate room is determined by 
heat exchange processes in internal and external enclosure. Comparison of cooling 
rates between these two modes shows that the rates of cooling indoor air during 
irregular regime about 4.5 times the speed of cooling in the regular mode. 

Another important aspect is the much dependence “depth” of cooling on outside air 
temperature. Low speed transient processes, especially at relatively high outdoor 
temperatures, a factor which significantly limits the energy saving when program 
tempering of heat. So to improve the energy saving effect is necessary to reduce 
heat accumulating capacity of massive building envelope. 

2.4.2. Determining necessary supply of area of a surface of heating 
system for work of program regulation 

The duration of daily internal air of cooling buildings is limited to duration of the 
period heating housings before beginning work. To make heating housings before 
beginning work is needed additional thermal power of heating system. In the 
conditions of district heating is not possible to use higher settings coolant (increase 
loss, raise the temperature in supplying pipeline district heating system). Therefore, 
the main means of increasing the the thermal power of heating system is to increase 
the area of heat exchange surface. 

 

Figure 2.7. The dependence of relative energy saving effect (E) of the software controlling 
the increase in area of a surface of heating system (FHS) at different outdoor temperatures; 
line 1: +8°С; line 2: 0°С; line 3: –10°С; line 4: –20°С 
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The results of modeling of the influence increasing area of a surface of heating 
system (FHS) on the energy-saving effect at program lowering the temperature inside 
air in heated premises shown in Figure 2.7. Energy saving effect (E) defined relative 
to the calculated loss heat building for the relevant temperatures of external air. 

As seen from Figure 2.7, energy-saving effect of night low temperature internal air 
housings increases with area of heat exchange surface of heating system. At increase 
outside air temperature the share saved of heat is increasing, but the thermal power of 
heating system decreases. For eliminate the effect of variable outside air temperature 
calculated average annual energy saving effect (Ер) – Figure 2.8. 

 

Figure 2.8. The average annual energy saving effect of the program regulating by 
increasing the area of a surface of heating system 

The results show that increasing area of a surface the heating system (in this case 
of radiator) leads to a steady increase in average annual energy saving effect. On 
the other hand it will increase the cost of the heating system. 

The relatively low value of economy of power resources (2÷5%) related primarily 
to the short duration of cooling regime of rooms and a large duration of the period 
heating housings before beginning work. The reason for this is the large heat 
accumulating capacity of massive building envelope. 

Results of the study heating of housings before beginning work, Figure 2.9 
demonstrates the: 

 its relatively large duration 6÷14 hours, 
 inversely-proportional dependence on the area heat exchange surface of 

heating system, 
 depending on the outside temperature. 
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Figure 2.9. The duration of the heating room before starting work at different outdoor 
temperatures; line 1: t3 = +8°С; line 2: t3 = 0°С; line 3: t3 = –10°С; line 4: t3 = –20°С 

The calculations show that the duration of heating the room before starting work 
during the heating period should changed with changes in outside air 
temperature. In particular, for this building period the heating premises before 
starting work is necessary to increase by 1 hour every 10°С of temperature 
decrease the outside air. 

The modern weather-dependent of controls tempering heat such functions are not. 

Knowing the cooling period (Figure 2.10) can determine the theoretical average 
annual energy saving effect, %: 

 3

3

100
1

24 OUT

N D
O In In OUT

TES tD D
O In In OUTC

t t t t
E N

N t t t t

   
  

  
                   (2.62) 

where: NO – duration of heating period, hour; O – duration of cooling, hour; N
Int  – 

“night” internal air temperature, °С; D
Int – “day” internal air temperature, 

°С; 
OUTtN  – duration of period “standing” outside air temperature, hour; 

OUTCt  – calculated temperature of outdoor air, °С; OUTt  – outdoor air 

temperature, °С. 
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Figure 2.10. The duration period of cooling at different outdoor temperatures; line 1:  
t3 = +8°С; line 2: t3 = 0°С; line 3: t3 = –10°С; line 4: t3 = –20°С 

Comparing the experimental values of energy saving effect (Figure 2.8) to the 
theoretical (Figure 2.11) can determine the effectiveness of the program tempering 
heat in this building – Figure 2.12. 

 

Figure 2.11. The theoretical annual energy saving effect from program tempering of heat 

 



 

79 

 
Figure 2.12. The efficiency of program tempering of heat 

For efficiency calculations program tempering of heat in nonisolated buildings with 
massive enclosing at best 34%. However, to obtain it necessary to increase the area 
of heat exchange surface of heating system at least 1.5 times. A further increase in 
the area of heating system leads to the need to combat excessive heating housings 
during working hours and efficiency of this energy-saving measure decreases. 

2.4.3. Thermal and hydraulic mode of heating system at program 
tempering heat 

Increasing the area of a surface of heating system will increase its the thermal power 
and reduce the temperature in the supplying and the return pipeline heating system. 
In addition, the reduced heat consumption in heating network and its temperature in 
the return pipeline. By means of system heat balance equation can calculate the 
thermophysical characteristics of heating system while increasing its surface area. 

The results of calculation the thermal power of heating system on condition fixed costs 
heat carrier shown in Figure 2.13. Obviously, the thermal power of heating system 
increased is not proportional to the increase area of surface heating devices. Especially 
small effect is observed at high calculation parameters heat carrier in heat network. 

When using automated ITP is also possible the increase of power of heating system 
due to reduction in the mixing. In this case, the coolant temperature in the supplying 
the pipeline is maintained equal to the calculated, and the loss heat carrier are 
reduced. The results of calculation the work of heating system at a constant 
temperature heat carrier in the supplying the pipeline shown in Figure 2.14. 
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Figure 2.13. Increasing the the thermal power of heating system with constant heat 
consumption; line 1: 95–70°С; line 2: 105–70°С; line 3: 115–70°С; line 4: 130–70°С;  
line 5: 150–70°С 

 
Figure 2.14. Increasing the the thermal power of heating system while reducing the 
coefficient mixing; line 1: 95–70°С; line 2: 105–70°С; line 3: 115–70°С; line 4: 130–70°С; 
line 5: 150–70°С 
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Comparison of results of calculation Figures 2.13 and 2.14 shows significant 
advantage regulating in mode of heating housings before beginning work on 
maintaining maximum design temperature heat carrier in the supplying the pipeline 
of heating system. Besides increasing the the thermal power of heating system, this 
method can reduce the temperature of heat carrier in the return pipe heating network 
(Figure 2.15) and the loss of heat carrier in the heating system (Figure 2.16). 
 

 
Figure 2.15. The temperature in the return pipeline of heating system with decreasing the 
coefficient mixing; line 1: 95–70°С; line 2: 105–70°С; line 3: 115–70°С; line 4: 130–70°С; 
line 5: 150–70°С 

 
Figure 2.16. The loss heat carrier in the heating system while reducing the coefficient mixing; 
line 1: 95–70°С; line 2: 105–70°С; line 3: 115–70°С; line 4: 130–70°С; line 5: 150–70°С 
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Figures 2.13–2.16 built for regime of heating housings before beginning work. In 
the period operating mode of the heat power of heating system is gradually 
approaching its calculated thermal capacity. This is achieved by the work of the 
regulator in ITP, which reduces the supply of heat carrier heating network and 
increases the coefficient mixing. For the calculation of this mode, the relative 
thermal power of heating system can be taken QSH = 1. Results of calculation of the 
temperature heat carrier in the supplying and return pipelines of heating system for 
the “working” regime of heating system shown in Figure 2.17. 

 

Figure 2.17. The temperature of heat carrier in the supplying (t1) and return (t2) pipeline of 
heating system during working hours; line 1: 95–70°С; line 2: 105–70°С; line 3: 115–70°С; 
line 4: 130–70°С; line 5: 150–70°С 
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In the operating mode of loss heat carrier and its temperature in the return pipeline 
heating network decreases – Figure 2.17. When used dependent scheme in ITP 
temperature decrease in the return pipe of heating system will result in a similar 
temperature decrease in the return pipe heating network. If the source of heat is 
HEC – this has positive impact on the efficiency of producing electrical energy. 
Moreover, reducing the temperature in the return pipe of heating system can reduce 
heat loss in heat networks in the environment. The negative aspect of this 
regulation is hydraulic dis-regulating in heating network. 

Increase area heat exchange surface of heating system is additional capital cost. 
However, it is important not just to increase the number heating devices but also to 
find out which devices are more economical in conditions transient thermal processes. 

2.4.4. The research of work of the various systems of heating  
in a mode of heating the room before starting work 

Ratio radiation and convective component of heat flow from heating appliances 
of heating system significant effect on microclimate of premises and the thermal 
sensation of people. It is known that increasing the infrared component of the 
heat flow increases the comfort level in the room. However, increasing the 
convective component leads to a reduction in heat loss through the exterior 
envelope of the building. For various heating devices convective component of 
heat flow is: flat panel warming – 50÷55%, two-column of cast iron radiators 
55÷60%, aluminum, bi-metal and steel radiators 60÷65%, convectors with casing 
of approximately 95%.  

 

Figure 2.18. The thermal mode and thermal sensation at program tempering of heat;  
line 1 – internal air temperature, °С; line 2 – index of comfort (PMV) 
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Results of calculation of temperature regime room at night lowering the air 
temperature is shown in Figure 2.18. Heating devices – sectional cast iron radiators. 
The calculation performed at the outdoor temperature –23°С (calculated temperature). 
The calculation results for the heater in similar conditions shown in Figure 2.19. 

 
Figure 2.19. The thermal mode and thermal sensation at program tempering of heat;  
line 1 – internal air temperature, °С; line 2 – index of comfort (PMV) 

For evaluation impact of the type of heating devices on the room temperature we 
held digital experiment. Imitation application of various heating devices was 
achieved by changing the ratio between the convective and radiation component of 
heat flow from the heating system. The calculations made for different 
temperatures of external air. The calculation results are shown in Figure 2.20. 

 
Figure 2.20. Effect of different heating devices; line 1 – annual energy saving effect, %; 
line 2 – index of comfort (PMV) 
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Analysis of the results indicates the expediency of application convectors for office 
type housings. Thus there is a maximum energy saving effect at allowable of 
microclimate parameters. In residential buildings where the priority highest level of 
comfort, should be used bimetal radiators. 

2.4.5. The research of work radiator thermostats in conjunction  
with automated ITP 

It is known that the scheme of regulation in ITP with reverse valve on the mixing 
pipeline is sensitive to changes in pressure in heat network [22]. Because from the 
heat network is recommended to install the valve – pressure stabilizer. Also in [21] 
observed necessity of application of pump with adjustable number rotations for 
optimum the work of the scheme. However, issues of interaction of hydraulic 
conditions in ITP with work of radiator thermostats in literary sources highlighted 
enough. In order to determine this issue a number of digital experiments. The 
results of research influence the position of rod radiator thermostat (hr) and 2-way 
valve in ITP (hІТP) on the relative heat dissipation of heating system shown in 
Figure 2.21. 
 

 

Figure 2.21. The relative thermal power of heating system at closing radiator thermostats 
(hr) and the initial position of the rod regulator in the ITP; line 1: hІТP = 1; line 2: hІТP = 0.5; 
line 3: hІТP = 0.2 

The calculation results show that at a certain point to automation in ITP “did not 
notice” closing radiator thermostats. Thermal power of heating system practically 
does not changes. Closing the radiator thermostats lower left border causes 
oscillatory process valve in ITP. 
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So we can conclude the following. Achieving stable operation of the said 
regulation in ITP is possible only with fixed costs heat carrier in the heating 
system. This can be achieved in two ways: 

a) the use of heating systems with constant loss heat carriers;  
b) stabilized differential pressure at the outlet of the heat point by setting the 

relief valve between the supplying and return pipelines heating system.  
In the first case, you can use 3-way thermostats with bypass of heat carrier outside 
of the heating device or use of fan coil units or electric heaters. In the second – 
should be set quite expensive pressure regulator at the outlet of the heat point. 

Recommended to install pump with adjustable the number of rotations ensures  
a constant differential pressure but does not provide fixed costs heat carrier in the 
heating system. Therefore its use in this scheme can not be considered justified. In 
any case, the work of individual means of regulating leads to disruption of the 
temperature regime of thermal point and temperature controller must immediately 
respond by reducing loss heat carrier with heating network. 

2.5. CONCLUSIONS 

1. One of the ways to improve the energy-saving effect of the program regulation 
is to reduce of heat accumulating capacity of the building envelope. 

2. Application program tempering of heat in district heating systems needs to 
increase heat transfer area of heating system by about 50%. Smaller values of 
excess space (when installing radiator thermostats recommended 15%) do not 
give a significant energy saving effect. The increase in area of a surface of 
heating system more than 50% (recommended SBN) does not increase energy 
saving effect through the emergence of overheating the room before starting 
work during working hours. 

3. In calculating the automatic of heating systems should focus on the maximum 
temperature heat carrier in the supplying pipeline. The temperature in the return 
pipeline and the loss of heat carrier should be calculated taking into account the 
additional increase in the area of the heating system and temperature schedule 
of heat source. 

4. To improve the efficiency program tempering of heat in office premises is better 
to use heaters. For residential housings better suited sectional radiators. 

5. Work radiator thermostats is able to break the hydraulic regime node mixing of 
coolant in the ITP. For the avoidance this phenomenon expenses coolant 
through the circulation pump should be permanent. 
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3.1. ENERGY SAVINGS IN HEAT SUPPLY SYSTEMS USING SOLAR ENERGY 

Today, more and more attention has been paid to providing humanity with energy. 
About 90% of currently used energy resources are non-renewable (coal, oil, natural 
gas, uranium, etc.) energy sources due to their high energy potential, relative 
availability and feasibility of production. 

Considering the technical possibilities of organic fuel extraction and the rate of 
their expenditure due to the increased energy consumption, the estimation of 
organic fuel reserves on the planet shows their limited availability. Especially it 
concerns oil, gas, high-quality coal, which are valuable chemical raw material and 
burning them as fuel is irrational and wasteful. The main reasons for the 
deterioration in the use of energy are the decline in industrial production, wear of 
energy-consuming and energy-generating equipment, that has reached 63–75%. 

The share of energy resources in the production cost structure is constantly rising. 
Their share in expenses for the payment of utility bills reaches from 40% to 70% in 
different regions. 

Combustion of large amounts of fuel in traditional power plants negatively affects 
the environment: pollution, changes in gas composition of the atmosphere, 
warming of water bodies, increase of radioactivity in Thermal power plant zones, 
general change in the thermal balance of the planet. 

Due to increased negative impact on the environment, special attention is paid to 
energy that would cause the least harm to the environment. More and more 
scientists agree with the opinion that the future lies in alternative energy sources 
development, elaboration of the latest technologies, implementation of energy-
efficient and energy-saving systems. 
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An effective energy program of the state should be aimed at reducing the use of 
fossil fuels while preserving the quality of existing production processes. 

One of the rational ways to solve the problems of energy saving considering 
environmental requirements in the energy sector is introduction of alternative heat 
supply systems based on the integrated use of traditional and renewable 
environmentally friendly energy sources. 

Application of solar energy for the heat supply of municipal and industrial facilities 
occupies an important place in the development of renewable energy in Ukraine. It 
is provided by the availability of a resource and technological base; climatic 
conditions (Figure 3.1) that allow the use of solar installations in any region of the 
country [1]; the experience in running a sufficient number of operating solar 
installations that have rather favorable payback periods. 

 

Figure 3.1. The income of solar energy on the territory of Ukraine, kW∙h/m2 

The main reasons that restrain the implementation of alternative heat supply 
systems are high level of initial capital expenditures, daily and seasonal unevenness 
in energy production, and strict dependence on climatic conditions. 

In order to intensify the introduction of alternative heat supply systems, it is 
necessary to improve their profitability by increasing the rate of substitution of 
organic fuel with renewable energy sources. However, this task cannot be solved 
only by singe renewable energy source (“mono-source”), because of cyclical 
change in its natural properties throughout the year, season and day. 
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3.1.1. Solar heat supply systems 

The solar energy incoming on the territory of Ukraine enables its application in 
heat supply systems. 

Solar heat supply systems can be classified into: 
 active solar heating systems, in which are used active-type installations 

based on solar collectors with heat transfer agent circulation; 
 passive solar heating systems, in which various structural elements and 

materials are used as heat receivers; 
 combined solar heating systems. 

With the help of modern solar collector devices (solar installations) it becomes 
possible to use an essential part of solar energy for the production of hot water, as 
well as for the use of heat in the heating system. 

The main element of the active solar heating system is the solar collector (SC), in 
which solar energy is captured, transformed into heat and the heat transfer agent 
heats up. The two most common types of solar collectors are flat (Flat-Plate Solar 
Collector – FPSC) and glass tubular evacuated (Evacuated Solar Collector – ESC). 

Increasingly, in solar Hot Water Supply (HWS) systems, vacuum solar collectors are 
used that perceive direct and diffused solar radiation. Due to the cylindrical shape of 
the tubes from which the vacuum collectors are assembled, they absorb more solar 
radiation, and the use of heat pipes in them enhances their efficiency and makes it 
possible to use the collector at low outside air temperatures (down to –35°C). 

Solar HWS systems have an additional source of heat (for example, an electric 
heater) for providing consumers with stable supply of hot water in the absence of 
solar radiation. 

An important indicator in determining the efficiency of solar collector is 
calculation of the rate of hot water supply load, which is provided by solar energy 
(fuel substitution rate). The substitution rate can be determined by three methods: 
N.V. Kharchenko [2], J. Duffy [3] and RETScreen [4]. 

When designing heat supply systems using solar energy it is necessary to proceed 
from the fact that it is economically feasible to cover only a certain share yearf  of 

annual heat load year
loadQ  by solar energy, and the other part, that is to say, 

(1 ) year
year loadf Q  should be provided by an additional source of energy. The value 

yearf  depends on the characteristics of the solar system and the climatic data, as 

well as on the cost of the system and fuel, but usually it does not exceed 0.5, and 
for seasonal installations it can reach 0.75 or more [5]. 
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The degree of heat load replacement for a certain period can be determined from 
the equation [2]: 

load

W
f

Q
                                                       (3.1) 

where: W – heat production by a solar installation for a certain period; loadQ  – total 

load of heating and hot water supply for a certain period. 

Annual heat production Wyear, kWh/year, in a solar installation is defined as the 
total amount of thermal energy produced in each j-th month: 

12
3

1

10
n

year K
j j i

j j i

W W z q A 



               (3.2) 

where: Wj
M, kWh/month – amount of heat generated by the solar water heater;  

zj – number of days in the j-th month; A – area, m2, of the installed solar 

collectors; K
i

i

q – sum of daily values of specific energy of radiation for  

j-th month. 

The specific heat flow qKi, Wꞏh/m2, which is efficiently used in the hot water 
supply system every hour under real conditions of cloudiness and heat loss, is 
determined by the formula [2]: 

3 1 2 3
K
i i K i Kq q q                       (3.3) 

where: 1 – coefficient that considers the degree atmospheric transparency, its 
value ranges from 0.8 in industrial areas to 1 in the resort zone. For 
mountain resorts 1 = 1.1; 2 – coefficient that considers losses caused by 
the non-stationary heat exchange under variable cloudiness. It is 
recommended to assign: 2 = 0.9; 3 – coefficient that considers loss of 
heat from solar collector to consumer. The value of this coefficient is 
assigned 0.85 for centralized hot water supply systems, and 0.98 for local 
water heaters; K – coefficient of solar collector efficiency, which depends 
on its design.  

The data on dependence K = f (tK – tO) must be reported by the solar collector 
manufacturer, where tK is the temperature water heated in the collector, and tO is 
the temperature of the air surrounding the collector [6]. In the absence of these 
data, it is recommended to use graphs [7] or in the range of temperature differences 
of 20–55°С: 
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 for a flat polished (selective) collector is defined from the dependence: 

K = 0.82 – 0.005 (tK – tO); 

 for flat unpolished collector: 

K = 0.8 – 0.0067 (tK – tO); 

 for vacuum collector: 

K = 0.73 – 0.0025 (tK – tO) 

The temperature tK is determined by the project and is usually assigned at 55°C. 

O – the coefficient that considers the real conditions of cloudiness, which can be 
calculated by the formula: 

 
 

Ρ
O

Β D

Η

Η Η
 





                                          (3.4) 

where: ΡΗ – total energy of direct and diffused solar radiation falling on a 

horizontal surface in a settlement per day in real conditions of cloudiness. 

The value ΡΗ  is given in climatological reference books [6, 8]; HВ and 

HD – specific heat fluxes, W/m2, of direct and diffused solar radiation, 
falling on a horizontal surface at latitude of a settlement with a cloudless 
sky [9]. 

The specific heat flux q'і, Wꞏh/m2, received per 1 m2 of the inclined surface of the 
solar collector for the i-th hour in real conditions of cloudiness and heat loss, is 
determined by the equation: 

1i i Oq q                                                         (3.5) 

The value of the specific thermal energy qi, Wꞏh/ m2, received per 1 m2 of the 
inclined surface of the solar collector for the i-th hour on a cloudless day, is 
determined by the formula [5]: 

cos( )cos cos sin( )sin

cos cos cos sin sini B D B B D

s s
q H H H R H

    
    

  
    


       (3.6) 

where:  – latitude of the area;  – hour angle; RВ – coefficient of converting direct 
solar radiation to an inclined surface with a southern orientation; s – surface 
inclination angle of the solar collector to the horizon [1]. 

The useful energy according to the method [3], derived from the collector at the 
present moment of time, is the difference in the amount of solar energy absorbed 
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by the collector plate and the amount of energy lost to the environment and is 
determined from the equation: 

   in
K R T L l envn

Q AF I U t t                                     (3.7) 

where: A – area of the solar collector, m2; FR – coefficient of heat withdrawal from 
the collector; IT – flux density of total solar radiation in the collector plane, 
W/m2; τ – bandwidth of transparent coatings related to solar radiation;  
 – absorption capacity of the collector plate related to the solar radiation; 
(τ)n – optical efficiency of the solar collector, determined from research 
with incoming solar radiation normally to the surface of the collector;  

UL – total coefficient of heat loss of the collector, W/(m2ꞏС); in
lt – the 

temperature of the liquid at the inlet to the collector, С; envt  – temperature 

of the environment, С. 

The dependence of the coefficient f on X and Y by the method [3] can be defined by 
the equation: 

2 2 31.029 0.065 0.245 0.0018 0.0215f Y X Y X Y                   (3.8) 

where: 0 < Y < 3 and 0 < X < 18.  

Dimensionless complexes X and Y are determined from the equations: 
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                                    (3.9) 
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where: ∆θ – number of seconds per month; 100 – basic temperature, C; 
invt – 

average monthly temperature of the environment, С; M
loadQ  – monthly heat 

load for heat supply, J/month; TH  – average monthly income of the total 

solar radiation per day on the inclined surface of the collector, J/(m2∙day): 

 33.6 10T i
i

H q                                          (3.11) 
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zj – number of days in a month;   – average monthly optical efficiency of 

the solar collector (the absorption capacity is given); RF   – effective coefficient 

of heat transfer, which allows to calculate the characteristics of the collector, 

taking into account the influence of the intermediate heat exchanger; R

R

F

F


 – 

adjustment coefficient that considers the effect of heat exchanger. It takes a 
value from 0 to 1 and characterizes the decrease in the collector useful energy 
due to the application of a two-circuit heat transfer scheme with an intermediate 

heat exchanger; 
 
 n




– coefficient that takes into account the orientation of 

the collector surface. If the inclination angle of the SC to the horizon is in the 
interval between ( – 15°,  + 15°) and its orientation differs from southern no 

more than by 15°, then the coefficient 
 
 n




 for all months of the heating 

season equals 0.96 for collectors with single glass or 0.94 – with double glass. 
For a more precise definition of this coefficient method [4] is used. 

Values   ,R R LF F U  are the characteristics of a SC and are provided by 

manufacturers. 

If the thermal load consists only of the load on the HWS, then the applied method 
should be corrected by the introduction of adjustment coefficients. 

11.6 1.18 3.86 2.32

100
CK HW CW inv

inv

X t t t

X t

     



                     (3.12) 

where: tHW – the temperature of hot water, is taken 55°С [10]; tCW = 15С – the 
temperature of cold water in summer and tCW = 5С in winter. 

Calculation of the hot water supply solar systems with different collectors, 
determination of the degree of substitution and fuel economy and the payback 
period can be performed in the software environment RETScreen. 

In this work, calculations of the degree of fuel substitution by the above-mentioned 
methods for the solar hot water supply system in Kyiv were carried out. Were 
studies three variants of solar system: with flat-polished; flat unpolished and 
vacuums collectors, which had approximately the same area of 5.5 m2 and were 
installed on the southern side of the building with a sloped roof. The angle of 
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inclination of the collectors was 45°. The system is designed to provide hot water 
to 4 people living in the house. 

The calculations took into account the solar radiation for a given area and the 
accumulator tank with a volume of 0.35 m3 [11]. 

Total solar radiation on a horizontal surface has different values and depends on 
the method of its definition (Table 3.1). 

Table 3.1. Total solar radiation on a horizontal surface, J/m2 h 

 
Months of the year 

 
І ІІ ІІІ ІV V VІ VІІ VІІІ ІX X XІ XІІ 

1 [1] 1.07 1.87 2.95 3.96 5.25 5.22 5.25 4.67 3.12 1.94 1.02 0.86 3.1 

2 [4] 0.84 1.55 2.58 3.73 5.26 5.71 5.46 4.69 3.23 1.86 0.81 0.57 3.03 

3 [12] 2.48 4.00 6.28 8.74 10.65 11.53 11.08 9.53 7.27 4.86 2.95 2.09 6.79 

4 [13] 1.58 3 4.21 6.33 7.74 8.31 7.97 6.61 5.05 3.42 1.9 1.24 4.78 

5 [13] 1.54 3 4.31 6.53 8.09 8.71 8.34 6.83 5.27 3.56 1.99 1.29 4.96 

As we see from Table 3.1, the difference between average statistic values and 
actual solar radiation income may reach more than 50%. 

The efficiency of the solar collector depends on its design. 

By the method of Kharchenko it is determined from equation (3.2), taking into 
account tO – the average daily temperature of the air that surrounds the collector: 

tO = tAVE + 0.3ꞏАt                                                (3.13) 

where: tAVE and At – average daily air temperature and the maximum amplitude of 
daily temperature fluctuations of the calculated month, are taken according 
to norms [6]. 

It is seen from equations (3.12) and (13.13) that the substitution coefficient of the 
Duffy method depends on the values of X and Y, which consider the characteristics 

of the collector   , .R R LF F U  

The dimensionless complex Y can be interpreted as the ratio of the amount of 
energy absorbed by the collector during the month to the full month’s thermal load, 
and X as the ratio of the monthly heat loss of the collector at baseline temperature 
to the full month’s thermal load. 
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By Duffy’s method, the collector efficiency is determined from the equation: 

 ( ) inK R L
lR n env

T T

Q F U
F t t

I A I
                                  (3.14) 

Comparison of the formulas for determining the efficiency of the collectors shows 
that according to the method [3] its value depends not only on the temperature of 

the environment and characteristics   , ,R R LF F U  but also on the density of the 

total solar radiation in the plane of the collector. And using the method [2], the 
coefficient before the difference in temperature has a constant value in the range of 
changing from 0°C to 50C. 

From the software database of RETSrreen4 [4] were defined intervals for 

  ,R R LF F U   values for the different types of collectors shown in Table 3.2 and 

Figure 3.2. 

Table 3.2. Values for different types of collectors 

Type of collector  RF τα  R LF U  

Vacuum 0.84–1.92 0.35–0.59 

Polished 3.67–8.21 0.54–0.78 

Unpolished 12.36–21.31 0.76–0.87 

 
 

 

Figure 3.2. Dependence of  RF   on  RF   for different types of collectors 
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In order to compare the collectors of different types by method [1], was determined 
their area, that was compared with the area of collectors in RETScreen program. 
Areas of the investigated collectors are presented in Table 3.3. For visibility, values 

of their  RF   and  RF   are shown in Figure 3.2. 

Table 3.3. Characteristics of the investigated collectors [4] 

Type of collector  Kyiv Chernihiv Odessa Simferopol 

Vacuum 

A, m2 4.25 4.28 3.8 3.52 

R LF U  0.62 0.53 0.5 0.59 

 R n
F   1.65 1.03 1.38 1.63 

Polished 

A, m2 4.22 4.38 3.86 3.45 

R LF U  0.68 0.71 0.66 0.63 

 R n
F   4.22 7.45 6.37 3.67 

Unpolished 

A, m2 4.3 4.3 3.85 3.45 

R LF U  0.74 0.74 0.87 0.87 

 R n
F   12.38 12.38 21.31 21.31 

In calculations according to the method [1], were taken η1 = 0.9; η2 = 0.9 and η3 = 0.98. 

Calculations of the annual degree of fuel substitution using solar collectors of 
different types for Ukrainian cities are shown in Figures 3.3 and 3.4. 
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Figure 3.3. Results of calculating by different methods the degree of substitution during 
the year for Kyiv using collectors: a) method N.V. Kharchenko [2], b) method J. Duffy [3],  
c) method RETScreen 
 
 

      

 
Figure 3.4. Results of calculating the degree of substitution during the year according to 
Kharchenko’s methodology for Ukrainian cities: a) vacuum collector, b) polished collector, 
c) unpolished collector 
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From Figure 3.3 can be seen that the above methods of determining the degree of 
substitution present different results for the used collectors. The largest value of the 
degree of substitution is received by RETScreen, and the smallest by Duffy.  

It should be noted that for calculations by Duffy’s method for solar system with 
unpolished collector, the value of f acquires negative values, which is explained by 
imperfection of the dependence (3.8) for determination of small values of f at small 
Y and large X. 

In Figure 3.3 and Figure 3.4 the calculated degree of substitution takes the value of 
more than 1, which is explained by the area of the selected collectors by the 
program RETScreen for comparative analysis of the use of various methods. In 
practice, the collector’s area is selected considering the required water needs, 
possible area for its installation and the planned degree of substitution of heat. 

The calculation of annual degree of substitution by Kharchenko’s method, with 
taking into account the area of the investigated collectors for different cities of 
Ukraine, is given in the Table 3.4. 
 
Table 3.4. Annual value of the degree of substitution calculated by Kharchenko’s method 
for different cities of Ukraine 

Сity 
Type of collector 

Vacuum Polished Unpolished 

Chernihiv 0.682 0.688 0.58 

Kyiv 0.653 0.642 0.566 

Odessa 0.639 0.636 0.564 

Simferopol 0.661 0.647 0.564 

Reduction of the annual consumption of traditional fuel В, kg/year (m3/year), using 
solar collectors, are found from the equation: 

  
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n
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i load j
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l HG

f Q

B
Q 


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


                                           (3.15) 

where: W
lQ  – lower heating value of fuel (mass or volume); HG – coefficient of 

efficiency of the heat generator (boiler). 

Annual values of the degree of substitution and the saving of organic fuel (natural gas) 
consumption with efficiency of the boiler 0.8 for Kyiv are displayed in Table 3.5. 
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Table 3.5. The value of the degree of substitution and cost savings of fossil fuels 

Type of collector 
Kharchenko Duffy RETScreen 

f В, m3 f В, m3 f В, m3 

Vacuum 0.653 375 0.533 306 0.66 379 

Polished 0.642 368 0.472 271 0.72 413 

Unpolished 0.566 325 0.38 218 0.6 344 

Analysis of the analytical research shows that the use of solar water supply system 
with a solar collector area of 4.2 m2 for a private house in Kyiv makes it possible to 
save on average from 200 m3 to 420 m3 of natural gas of architectural and 
constructive solutions of the building.  

3.1.2. Passive solar heat supply systems 

Passive are called those solar heating systems, in which the building itself or its 
separate enclosing structures serve as an element that perceives solar radiation and 
transforms it into heat. In passive solar systems the use of solar energy is carried 
out solely at the expense. 

There are many advantages of including a solar heating system to the building 
design, the equipment for receiving heat from the Sun: 

 is environmentally friendly, doesn’t pollute the environment and doesn’t 
produce greenhouse gases; 

 helps to save energy resources of the Earth; 
 stable in its cost; 
 protects against inflation and political/economic risks that may occur when 

using other types of fuel. 

For the heating of buildings, the following types of passive systems are used: 
 with direct capture of solar radiation, that enters through a building or  

a greenhouse adjacent to the southern wall (winter garden, greenhouse); 
 with the indirect capture of solar radiation, that is, with a heat accumulating 

wall, located behind the glazing of the southern facade; 
 with a circuit of convective air circulation and a pebble heat accumulator.  

In systems with direct heat supply the sun’s rays penetrate into the heated room 
through the window apertures and heat up the building structures that become 
receivers and accumulators of heat. In such systems temperature of the room and 
objects surface change almost simultaneously with the change in solar radiation 
entering the room. Such systems are especially useful when the cycle of the heat 
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demand coincides with the cycle of incoming solar radiation alteration. For 
example, such systems can be used for offices where heating is necessary during 
the day, but not at night. 

In systems with indirect capture the solar radiation does not directly penetrate into 
the room, but is absorbed by a heat-receiver (protected by a translucent 
construction), combined with external enclosing structures, that usually are heat 
accumulators. Accumulated heat in accumulators (building constructions) is 
transferred by air to the room [5].  

For design of passive solar heating system are taken into account the most general 
limits imposed on the system by such factors as the geographic location of the 
building and its purpose, size of the building, the permissible cost, necessary 
materials, etc. As a rule, a sketch study of several variants of the solar system is 
being carried out, ending with a choice of the prevailing option. After this, a 
detailed project is being developed and a decision is made regarding the location, 
size of the rooms, orientation of the building, choice of materials and the 
specification of all sizes. 

To reduce the fuel consumption for heating, it is expedient to use a passive solar 
system with a Trombe wall (Figure 3.5) [14]. 

 

Figure 3.5. Trombe passive heating system: 1 – ceiling of the room, 2 – floor, 3 – wall made 
of concrete or other material, 4 – a double-glazed surface, 5 – inlet of cold air, 6 – outlet of the 
warm air to the room, 7 – cover from the summer sunrays, 8 – valve, 9 – ventilation valve 
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The heat of solar radiation that enters into the room through the glazing by a unit of 
the outer absorbing surface of the heat sink wall of the PSH system during each 
estimated month, MJ/m2 [15]: 

INS CL[( ) ( ) ( ) ( )]ABS s s s d dW G SD d r r rq P f K S P f K D r P f SK DK            

(3.16) 

where: KW – coefficient that considers the influence of window frames (KW = 0.9 – 
0.97), with smaller values for wooden frames, and larger for metal ones; KG – 
coefficient that considers the glass pollution: KG = 0.9n, where: n – number of 
layers of glazing, accepted KG = 0.81; βSD – thermal transmission coefficient 
of sunshade devices, accepted βSD = 1 [15]; (α)s = 0.834, (α)d = 0.834,  
(α)r = 0.834 – given absorption capacity for direct, diffuse and reflected 
radiation, respectively. Calculated according to the method [15] with the 
average monthly angle of direct solar radiation. Ps = 3.58, Pd = 0.276,  
Pr = 0.724 – coefficients of the position of translucent surface for direct, 
diffused, reflected solar radiation; fs, fd, fr, – coefficients of conversion of solar 
radiation passing through a translucent surface on its heat-receiving surface. 
For the Trombe wall are equal to 1; KINS – coefficient of insolation of direct 
radiation system. Values KINS are taken from the appendix [15]; S', D – 
monthly amount of direct and diffuse solar radiation falling on a horizontal 
surface, respectively, MJ/m2. Found from the appendix [8, 16]; KCL = 0.29 – 
coefficient of irradiation of the diffused radiation system if shading elements 
are present; r = 0.25 – coefficient of reflection from the ground. 

Calculation of the solar radiation heat that enters the Trombe wall in different cities 
of Ukraine is shown in Figure 3.6. 

 

Figure 3.6. The amount of heat entering the heat absorbing surface of the Trombe wall 
during the heating season in the cities of Ukraine 
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The efficiency coefficient η indicates which part of the solar radiation heat, 
absorbed by the PSH system, is spent on heating the room. 

For the heating system of the Trombe wall, the efficiency coefficient is: 

0                                                      (3.17) 

where: ƞ0 – coefficient of heat transfer efficiency in the absence of natural air 
circulation through the openings between the space behind the glazing 
(space limited by glazing and heat-absorbing wall) and the room;  
∆ƞ – increase in the efficiency of heat transfer of solar radiation in the 
presence of natural circulation. 

The value ƞ0 is determined by the formula: 

0
0

n H
B

n

R R

R R






                                                (3.18) 

where: RH = 0.075 m2K/W – heat transfer resistance on the outer surface of the 

receiver wall; 0
BR  – heat transfer resistance of the heat-receiving wall, 

m2ꞏK/W. It depends on thermal conductivity of material and thickness of 
layers of the heat-receiving wall, and is determined by the appendix [17]. 
Rn = 0.415 m2ꞏK/W – heat transfer resistance from the air behind the 
translucent coating to the outside air without taking into account the air 
permeability. 

The value ∆ƞ is calculated by the formula: 

 
1

B
Td R

Cf c g e
 

 
 

  

 


                                     (3.19) 

where: fc = 0.067 – coefficient characterizing the circulation of air. It depends on the 
area of the circulation holes per 1 m of width of the heat-receiving wall, and 
on the vertical distance between the input and output axes [15]; c, d, g – 
coefficients for different materials of the heat-receiving wall, are given in 
Table 3.6. 
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Table 3.6. The values of the coefficients in the equation 
 

1C

Bd RTf c g e
 

     
 
 

 

Material Coefficient 
2

W

(m K)
S,  c ∙ 102 g d 

Cellular concrete  

3

kg

m
600   

3.36  0.405 1.57 24.6ABS
n

q
t

m
 

 
 
 

 0.636 1.3 

Claydite concrete 

3

kg

m
1200   6.36  0.436 1.83 18.1ABS

n

q
t

m
 

 
 
 

 0.691 1.66 

Brick 

3

kg

m
1800   9.2  0.544 2.26 13ABS

n

q
t

m
 

 
 
 

 0.699 1.57 

 

To achieve the maximum efficiency of using a passive heating system, an optimum 
relation was found between the geometric characteristics of the Trombe wall: 
thickness of the air layer between the glazing and the heat absorbing wall and the 
thickness of the massive wall for three wall materials: cellular concrete, brick and 
claydite concrete. 

The calculations were carried out in EnergyPlus software package [18] that allows 
to use climatic data of Ukrainian cities. The IWEC (International Weatherfor 
Energy Calculations) program file contains typical weather files that are suitable 
for application in modeling energy processes. 

As a model, was studied a residential building with the area of 150 m2 with passive 
heating system such as Trombe wall with natural air circulation. The heat-storing 
wall of 17.5 m2 is painted in black. At the top and bottom of the wall there are five 
circular openings, the area of which is 0.15 m2. As an external glazing there is used 
a single-chamber or double-chamber windows. The thickness of the air layer 
between the glass wall and the heat absorbing surface varied from 0.013 m to  
0.08 m. The wall had a southern orientation and a sunshade canopy, the length of 
which was 0.75 m, to reduce overheating in summer. 

The effectiveness of the Trombe wall was estimated by the amount of minimum 
possible energy consumption per unit of the building area, which ensues from the 
thermal balance. 

The consumption of thermal energy for heating without a Trombe wall for Kyiv is 
59.7 kWh/m2. 
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Calculations were made taking into account the amount of solar radiation received 
during the day for each month of the heating season in Kyiv. 

Modeling results of determining the heat consumption for heating, depending on 
the geometrical characteristics of the Trombe wall: thickness of the air layer 
between the glazing and the heat absorbing wall and the thickness of the massive 
wall for different wall materials, depending on the location [19]. 

 

Figure 3.7. Dependence of thermal energy loss from 1 m2 per year on the thickness of the 
claydite concrete wall and air layer for Kyiv 

Based on the results of simulation, were determined the optimal parameters of the 
Trombe wall for Kyiv (Table 3.7). 

Table 3.7. Optimal parameters of the Trombe wall for Kyiv 

 

Type of wall material 

cellular 
concrete 

brick 
claydite 
concrete 

Wall thickness, m 0.4 0.4 0.35 

Thickness of the air layer, m 0.03 0.03 0.04 

Heat consumption for heating, kWh/m2 48.4 46.1 44.8 

The efficiency coefficient η = 0.352 at optimal parameters of the Trombe wall of 
claydite concrete. 

Calculations of the efficiency coefficient of solar radiation heat transmission of the 
Trombe wall during heating season for Ukrainian cities are shown in Figure 3.8.  
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Figure 3.8. Dependence of the efficiency coefficient of solar radiation heat transfer 

The tendency of decrease in solar heat transfer efficiency in April and March 
persists in all cities, due to small solar radiation absorption capacity of the Trombe 
wall. 

Consequently, the efficiency of heat accumulating surface depends on the 
characteristics, the composition of the wall, the natural air circulation and the 
climatic conditions of each city, namely the external air temperature and the 
amount of solar radiation heat mentioned above, which falls on the heat absorbing 
surface. The coefficient shows how efficiently and when the wall would work 
under identical parameters in different cities of Ukraine. 

The amount of solar radiation entering the room is equal to 

ENT W ABSQ A q                                                  (3.20) 

where: AW – the area of the absorbing surface of the PSH system, m2: 

WA h l                                                            (3.21) 

where: h – height of the Trombe wall, 3.5 m; l – length of the wall, 5 m. 

So,  
3.5 5 17.5WA    m2 

The amount of heat entering the room in January: 

17.5 179.87 0.352 1109.5ENTQ     MJ 

After calculating QENT of each month of the heating period for the selected cities of 
Ukraine were received the results shown in Figure 3.9. 
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The results showed that in the coolest winter period, amount of incoming heat from 
solar radiation is larger in the southern part of the country than in the northern and 
central regions. 

 

Figure 3.9. Dependence of the amount of heat from solar radiation entering the room 
monthly during the heating season 

The total heat loss of the room is calculated in the absence of solar radiation: 

 386.4 10 0.28i
HL іnf env

oii
r

A
Q m M t t

R
  

       




                     (3.22) 

where: m – number of calendar days in a month; Ai – area of protective structures, 
m2; Roi – heat transfer resistance of protective structures, (m2ꞏK)/W; Minf – 
the amount of external air that is infiltrated into the room; tr – estimated 
room temperature, °С; tenv – estimated outside air temperature, °С. 

To calculate the component ,i

oii

A

R  we specify the composition of the enclosing 

structures such as roof, floor, exterior walls, entrance doors, windows, and their 
area [17]. 

The values QHL for each month of the heating period for Ukrainian cities are shown 
in Figure 3.10. 

Using values QENT and QHL can be found the heating coefficient of the room: 

 ENT

HL
H

Q
K

Q
                                                   (3.23) 



110 

After calculating the heating coefficient for each month of the heating period, the 
received results for selected cities of Ukraine are shown in Figure 3.10.  

 

Figure 3.10. Dependence of the total heat loss of the building from the months of heating 
period 

 

 

 

Figure 3.11. Dependence of the heating coefficient on the months of the heating season 

By the value of CОP for PSH systems are determined the monthly coefficients of 
substituting by heat of solar radiation the heat consumption for heating f (Figure 
3.11), where after the substitution coefficient of the system during the heating 
period is derived from the equation: 
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where k is month index of the heating period. 

The effectiveness of PSH during the day for each month of the heating season in 
Kyiv is shown in Figure 3.12, and the monthly substitution coefficients of PSH for 
the heating period for different cities of Ukraine are shown in Figure 3.13. 

 

Figure 3.12. Dependence of the heat substitution coefficient from the current solar time in 
Kyiv 

 
Figure 3.13. Dependence of the coefficient of substitution by solar radiation with a passive 
heating system 
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The results of calculating the average parameters during the heating season are 
shown in Table 3.8. 

Table 3.8. The amount of solar radiation heat, total heat loss of the building, heating 
coefficient, coefficient of substitution of heat consumption for heating and fuel economy 
for different cities of Ukraine 

City qABS η 
QENT QHL 

KH 
f В 

МJ/m2 % m3 

Chernihiv 169.1 0.440 1301.3 10273 0.13 14.3 261 

Kyiv 182.3 0.442 1409.8 10273 0.14 14.7 267 

Odessa 189.6 0.449 1489.1 9021 0.17 16.3 247 

Simferopol 198.7 0.455 1581.1 8211 0.19 18.8 269 

To reduce losses through the glass construction of the passive wall, the analysis of 
impact of the filler, type of glass and type of grazing on the amount of required 
energy for heating and cooling systems was carried out. 

For the analysis were used glazings with ordinary and energy-efficient glass 
(Figure 3.14): 

 k-glass Low-E glass with a “solid” energy-saving coating; 
 i-glass Double Low-E glass with a “soft” energy-saving coating. 

 

Figure 3.14. Buildings heating demand in Kyiv with installed single-chamber (a) and 
double-chamber (b) windows 
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Figure 3.14 shows that single-chamber windows filled with inert gas retain more 
energy than those filled with air, in case of ordinary glass by 0.8%, k-glass by 2.8% 
and with an i-glass by about 3.5%. Compared to double-chamber windows,  
the difference is: ordinary glass – 1%; k-glass – 3.3% and i-glass – 6.1%. 

The use of double-chamber windows filled with an inert gas-argon and the use of 
selective coatings can reduce the consumption of heat for heating by 10–26%, but 
being used in summer, the need for cooling also increases by 10–20%. 

Economic feasibility of applying the Trombe wall in combined heating systems 
with the use of a heat pump or an electric boiler as the main source of heat were 
studied in the work [20]. 

The payback period of the passive Trombe wall was: for a system with a heat pump – 
10 years and 4 months, for a system with an electric boiler – 2 years and 10 months 
for Kyiv, and for Odessa – 9 years and 2 years and 8 months, respectively. 

3.2. CONCLUSIONS 

The given methods for determining the coefficients of substitution of fuel in active 
solar systems with solar collector provide different values, but on average its value 
varies in the range of 0.56–0.688, which saves from 200 to 420 m3 of natural gas, 
depending on the city of installation, type of collector and service life. 

Applying Trombe wall for a private cottage will give an opportunity to save on 
average more than 250 m3 of natural gas during the heating season. 

Today, active and passive solar installations are expensive for Ukrainian citizens, 
but their implementation is supported by the state through introducing the “green 
rate”. Expansion of the use of solar systems allows the state to reduce the amount 
of imported fuel, which is an effective way of energy saving and a step towards 
Ukraine’s energy independence. In addition, application of solar energy improves 
the ecological state of the environment. 
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4.1. DESCRIPTION OF THE EXPERIMENTAL INSTALLATION 

Experimental research on the biomass gasification process was carried out on the 
gasification installation with a fluidized bed gasifier. The layout of the installation 
is shown in Figure 4.1. The experimental setup of the installation is shown in 
Figure 4.2.  

 

Figure 4.1. General view of the experimental biomass gasification installation 

The experimental installation consists of a solid fuel chamber (2), to which the fuel 
is transported through the opening by a screw conveyor (3). During the gasifier 
operation, the loading opening is tightly closed in order to avoid sucking in air 
through the fuel system. Screw conveyor (4) transports biomass from the chamber 
(2) to the gasifier reactor (1). The screw conveyor is driven by a motor (12) 
mounted on the conveyor shaft. Fuel consumption was regulated by means of the 
frequency regulator in which the engine was equipped. The gasifier reactor is 
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equipped with three electric heaters, installed at the reactor height: bottom heating 
element (13), central heating element (14) and upper zone heating element (15). To 
monitor and control the gasification process, the reactor is equipped with 
thermocouples (Т) and pressure sensors (Р). The reactor also has a system for even 
distribution of the blow (7). After the reactor, uncleaned generator gas is 
introduced into the mechanical treatment chamber, where it passes through the 
graphite filter (9) and is purified of solid particles. 

To avoid an uncontrolled process of condensation of water vapor and hydrocarbons 
with high condensing temperature in the mechanical treatment chamber, an electric 
heater (20) was installed that maintains the correct temperature in the zone of 
gases. The generator gas is then injected into the cooling and condensing unit (10) 
for drying and tar cleaning (high temperature condensing hydrocarbons). 

 

Figure 4.2. Scheme of experimental gasification plant: 1 – biomass gasification reactor,  
2 – solid fuel chamber, 3 – gate valve, 4 – screw transporter for fuel transport, 5 – reactor 
thermal insulation, 6 – installation places for pressure and temperature measuring 
instruments, electricity consumed, 7 – blowing distribution system, 8 – generator gas flow 
meter, 9 – graphite gas filter, 10 – cooling and condensing unit, 11 – control and data 
collection assembly, 12 – screw drive of the fuel transfer system), 13, 14, 15 – electric 
heaters of different reactor zones (lower, middle with the upper respectively), 16 – electric 
heater of the pre-heating system, 17 – steam water jet flow meter, 18 – oxygen and nitrogen 
flow meter, 19 – tap for sampling gas to the filter, 20 – filter assembly heater, 21 – reactor 
cover, 22 – filter chamber cover, 23 – blowing control unit, 24 – steam superheater 

The gas sample was collected for the tar content analysis by means of a tap (19) 
placed in the purification system. The temperature control of the reactor was 
controlled by means of the temperature control unit (11). 
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A blend of components such as nitrogen (N2), oxygen (O2) and water vapor (H2O) 
was used for blowing. A separate transmission line is provided for each component. 
The consumption of each constituent of the mixture was controlled by the blowing 
control unit. The blower was preheated in the heating unit (9) by means of an electric 
heater (16). The water vapor was generated in the steam generator (24). The 
consumption of oxygen and nitrogen was measured using flow meters (18). 

The ratio of oxygen and nitrogen was controlled by the blowing control unit (23). 
Part of the nitrogen was introduced into the reactor to form a fluidized bed 
(primary nitrogen). The remaining part was introduced into the fuel chamber to 
prevent gasification products or pyrolysis (secondary nitrogen) from entering it. 
The adjustment of the excess air ratio (a) in the reaction zone of the generator was 
carried out by changing the oxygen consumption. 

Access to the reactor to clean and replace the fluid bed material was effected 
through the cover (21). Access to the graphite filter for cleaning took place through 
the filter cover (22). Alumina was used as the fluidized bed material (Al2O3). 

In order to investigate the composition of the synthesis gas, a С2V-200 Micro GC 
gas chromatograph was used. Helium (He) and argon (Ar) were used as carrier gases. 
Gas sampling was carried out for 2 minutes, analysis of the sample lasted another 2 
minutes. As a result, the content in the synthesis gas was determined as follows: CO2. 

The diagram of connecting the gas chromatograph to the gasifier is shown in 
Figure 4.3. After passing the cooling and condensation system, the gas sample 
passes through an additional purification system, which includes:  

 adsorbent of water vapor (2) (phosphorus pentoxide, P2O5); 
 fine filter for micro-dispersion solid particles (4); 
 molecular sieve (5) for the final purification of moisture. After measuring the 

parameters (6), the gas sample is introduced into the gas chromatograph (1). 

 

Figure 4.3. Connection diagram for a gas chromatograph 
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To examine the content and composition of tar in a generator gas under various 
gasification conditions, gas samples for analysis were taken. Gas samples were 
taken immediately after the reactor to the purification system. The gas temperature 
at the point of collection exceeded the condensing temperature of the components. 
A sample of 100 ml gas was passed through a filter on which all the tars contained 
in the sample liquefied. After collecting the sample, the filter was rinsed with 
acetone, and the resulting solution was sent to the gas chromatograph for analysis. 
Gas analysis allowed to determine the amount and composition of tar under various 
gasification conditions in the volume of the selected sample.  

In order to make an energy balance of a gasifier, during the experiments an 
instrumental measurement of electricity consumption was made for the heating 
elements of the external supply system of the rector under different gasification 
conditions. The consumption of the remaining part of the electricity used to heat 
the blast air was measured analytically based on the known final air temperature 
and the level of its consumption. 

4.2. METHOD OF CONDUCTING RESEARCH 

Experimental tests of biomass gasification processes were carried out in the 
following conditions: 

 excluding (preventing) the impact of variable external factors not included in 
the experiment; 

 using measuring devices with the correct measurement error, which 
guarantees obtaining the correct error of the test result; 

 optimization of the number of variable factors of experimental research by 
conducting separate univariate studies; 

 preparation of the experience plan; 
 checking the correctness of the results obtained; 
 statistical processing of experimental data. 

Among the factors affecting the study, the following was selected: the excess air 
ratio; process temperature; biomass humidity. The scheme for the organization of 
experimental research on the biomass gasification process is shown in Figure 4.4. 
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Figure 4.4. Scheme of conducting the experiment regarding biomass gasification  
(αi – coefficient of excess air, Ti – temperature in the reactor, Wi – biomass humidity) 

The applied scheme allowed for a one-factor analysis of the influence of excess air 
coefficient, reactor temperature and biomass moisture on the result of the 
gasification process, in contrast to experimental studies of other authors. 

In the process of testing the gasification process, the following process parameters 
were changed: 
a) blow type: dry blow (mixture of oxygen and nitrogen); wet blowing (dry 

blowing with the addition of steam, gsteam = 0.1 kgsteam/kgfuel); 
b) reactor temperature (Treact = 830°С ... 935°С); 
c) oxygen consumption (excess air coefficient, α = 0.3 ... 0). Each cycle of 

experiments was of several stages: 
 warming up the gasifier and setting a fixed set temperature in the reactor; 
 establishing a permanent operating mode after starting the transfer of the 

blow and biomass; 
 testing the gasification process, measuring the tested parameters, taking gas 

samples for further analysis; 
 cooling of the gasifier; 
 cleaning the gasifier and preparing for further testing; 
 gas sample testing for tar content and composition; 
 processing of the received data. 

During one set of experiments, one type of blow was used and the reactor was kept 
at a constant temperature. In order to qualitatively assess the effect of the excess air 
coefficient on the gasification results, in the range α = 0.3 ... 0 experiments were 
carried out for 4–5 values of α. In order to assess the composition of the generator 
gas under constant gasification conditions, 5–7 gas samples were selected with  
a 4-minute break between the samples. The fuel consumption during the 
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gasification process was constant and represented the difference between the mass 
of fuel in the chamber through and after the experiment. The obtained value 
concerned the unit of work time of the screw conveyor drive. 

The efficiency of the gasification process and the mass of tar were used as 
optimization parameters. To examine the parameters listed, the following values 
were measured: 

 generator gas composition, 
 mass of gas from 1 kg of fuel, 
 water vapour mass, 
 electricity consumption to maintain the set temperature in the reactor, 
 mass of tar. 

4.3. ANALYSIS OF THE RESULTS  

Generator gas composition and process efficiency 

According to the experimental results, the material and energy balance of the 
gasification process for various gasification conditions was carried out, which 
allowed to fully assess the efficiency and the quality of the thermochemical 
treatment of biomass. 

After the mathematical processing of the test results, the curves shown in Figures 
4.5–4.22 were created. 

 
Figure 4.5. СО2 mass graphs of the generator gas 

The graphs in Figure 4.5 show the decrease in acquired CO2 mass in the generator 
gas as the process temperature increases and the excess air coefficient decreases. 
According to the rule of Le Chatelier-Braun, the increase in temperature causes the 
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increase of CO in the endothermic reaction of CO2 recovery. The smaller coefficient 
of excess air reduces the amount of carbon that is completely oxidised to СО2. 

 

Figure 4.6. СО2 mass graphs of the generator gas increased humidity increases the СО2 
mass due to the fact that the oxygen in Н2О participates in carbon oxidation processes in 
reaction  

The influence of temperature and the excess air coefficient is similar. 

 
Figure 4.7. СО mass diagrams of generator gas 

The graphs in Figure 4.7 show the increase in the CO mass obtained in the 
generator gas at the increase of the process temperature (see analysis in Figure 4.5). 
The change of the excess air coefficient does not change the obtained CO mass. 
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Figure 4.8. СО mass graphs of the generator gas 

The increase in the amount of Н2O involved in the reaction reduces the mass of the 
combustible СО obtained (Figure 4.8). The reduction of the excess air factor also 
reduces the mass of Н2О as a product of total hydrogen oxidation of fuel or Н2 
generated during gasification by reducing the amount of free oxygen in the process 
(Figure 4.9). 

 
Figure 4.9. Н2О mass graphs of the generator gas 

Increasing the amount of Н2O in the system increases its concentration in the 
generator gas. 
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Figure 4.10. Н2О mass graphs of the generator gas 

The mass Н2 in the gas increases with increasing temperature (Figure 4.11). This is 
due to the intensification of the recovery reaction of Н2O on the carbon surface at 
high temperature. There is also a decrease in the combustible mass Н2 with the 
increase of the excess air coefficient in the reaction zone due to the higher 
probability of its combustion (Figure 4.11). 

 

 

Figure 4.11. H2 mass graphs of the generator gas 

The increase in moisture causes an increase in the mass Н2, because Н2О is an 
additional source of hydrogen production. 
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Figure 4.12. H2 mass graphs of the generator gas 

The conversion rate of carbon in combustible gases depends primarily on the 
efficiency of CO production in the process as the main combustible component 
containing carbon. Therefore, the nature of the gasification parameters influence on 
it is similar to the effect on the nature of CO generation – Figures 4.13 and 4.14. 

 

Figure 4.13. Conversion of C to flammable gases, % by mass 
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Figure 4.14. Conversion of C into flammable gases, % by mass 

The volume of the generator gas mass increases as the process temperature 
increases due to the increase in the volume of light components (СО and Н2) and 
the intensification of the recovery reaction Н2О and СО2 on the surface of the coal 
residue (Figure 4.15). There is also an increase in gas mass with the increase of the 
excess air coefficient by additional combustion products production (СО2 and Н2О) 
from biomass (Figure 4.15). 

 

Figure 4.15. Gas mass, l/min 

Increasing the humidity also causes an increase in the volume of the producer gas 
as a result of the creation of an additional amount of Н2 and the passage of the 
residue Н2О to the generator gas in the form of steam (Figure 4.16). 
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Figure 4.16. Gas mass, l/min 

 

Figure 4.17. Heat of generator gas combustion, kJ/Nm3 

Due to the positive influence of the temperature rise and the reduction of the excess 
air coefficient on the mass of combustible components, the heat of combustion of 
the generator gas increases.  

The increase of humidity has a differential effect on the composition of the gas. 
With the increase of the combustible mass of Н2, the non-combustible mass СО2 
and Н2О increases. It causes that the heat of combustion of the generator gas 
practically does not change (Figure 4.18). 
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Figure 4.18. Heat of generator gas combustion, kJ/Nm3 

The heat of combustion depends on the nature of the change in the multipliers 
mentioned. Initial analysis of these values indicates their differential behaviour 
when the temperature changes and the excess air coefficient. However, the drop in 
the heat of combustion is not fully compensated by the increase in the mass of the 
generator gas, which results in the overall efficiency of the installation decreasing –
Figures 4.19 and 4.20. 

 

Figure 4.19. Yield of gasifier kJ/min 

On the other hand, the increase in humidity increases the efficiency of the gasifier 
due to the increase in gas mass at its relatively constant heat of combustion – 
Figure 4.20. 
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Figure 4.20. Yield of gasifier kJ/min 

Analysis of the results gives the opportunity to draw the following conclusions 

Increasing the process temperature from 830°С to 935°С affects the gasification 
results in the fluidized bed gasifier as follows: 

 CO mass increases significantly (order of approx. 50% volume); 
 СО2 mass evenly decreases by 20% ... 30% volume; 
 СН4 mass decreases by 13% ... 25% volume; 
 the amount of solid unconverted carbon residue (γ) decreases by 15% ... 25% 

by mass; 
 mass of Н2 increases significantly. An increase of 23% ... 47% vol. More 

significant was the increase in mass of Н2 at low α values; 
 Н2О mass decreases 2.5 times at α = 0 and by 25% by mass of fuel at  
α = 0.3; 

 total gas mass increases by 6% ... 11% by volume, and nitrogen gas mass by 
21% ... 40% by volume; 

 the heat of combustion of the generator gas (QH
c) increases by 8% ... 9%; 

 the weight of the tar decreases by 25% ... 50%; a more significant reduction 
in tar mass is observed at low α-values. 

An increase in fuel humidity from 5% to 14% affects the gasification results as 
follows: 

 СО mass decreases by 5% ... 7% with increasing fuel humidity; 
 СО2 mass increases by 10% ... 30% vol. It is worth noting that the impact is 

more significant at high temperatures; 
 an increase in the moisture content of the fuel practically did not affect the 

mass of the CH4; 
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 the amount of coal residues decreases by 3% ... 5% by mass. This difference 
is more significant at high temperatures and at high values of α; 

 mass Н2 increases by an average of 14% by volume growth at high 
temperatures is more significant; 

 Н2О mass increases 1.5 ... 2.5 times. A significant increase is observed at 
low α values; 

 the total mass of the gas increases by 3% ... 4% by volume, and the mass of 
nitrogen gas – by 10% ... 14% by volume; 

 the heat of gas combustion practically changes with the increase of humidity 
(mass of Н2 increases and the mass of СО decreases); 

 the weight of the tar decreases by 15% ... 20%. 

The reduction of the excess air coefficient (α) from 0.3 to 0 results in the 
gasification process as follows: 

 for CO mass at low temperatures, the excess air coefficient had no 
significant effect, while at high temperatures (over 880°C) an increase in CO 
mass of 3% ... 5% by volume was observed at α = 0.15; 

 the effect of the excess air coefficient on the СО2 mass is significant and has 
a linear character. The СО2 mass evenly decreases by 2.7 ... 3.1 times; 

 the CH4 mass increases by 12% ... 25%; 
 the amount of coal residues increases significantly. The weight of the residue 

increases almost twice; 
 H2 mass increases by 10% ... 27% of volume. A more significant increase 

was observed at high temperatures; 
 change in the α indicator at 935°С reduces the mass Н2О three times. At 

830°С, the drop is about 30% of the fuel weight; 
 total gas mass decreases by 3.5% ... 8% by volume, and the mass of nitrogen 

free gas – by 12% ... 30% by volume, more significant weight loss takes 
place at lower temperatures; 

 the heat of combustion increases significantly – by 13% ... 14%; 
 in high temperatures the influence of the excess of air on the mass of the tar 

practically does not take place, whereas at 88°С and below – the decrease α 
causes a significant increase in the tar mass by 60% ... 70%. 

In general, according to the results of the analysis, it should be noted that the 
increase of process temperature and increase of biomass moisture positively affects 
the composition (quality) of the generator gas. However, the change of the excess 
air coefficient has ambiguous effects on the gasification process. The α increase 
worsens the combustible properties of the generator gas, while the reduction α – 
dramatically increases the mass of tar, which complicates the process of cleaning 
the generator gas. 
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Mass and composition of tar in the gasification process 

The generator gas is called hydrocarbon complex with high condensing 
temperature (С6Н6, С7Н8, С9Н8, С9Н10, С10Н8, etc.). 

The treatment of the results of the tests on the mass and composition of the tar of 
the gas generator makes it possible to draw the following conclusions: 

 increasing the process temperature from 830°С tо 935°С reduces the tar 
mass by 25% ... 50%; a more significant reduction is observed at low  
α-values; 

 increase in fuel humidity from 5% to 14% reduces tar mass by 15% ... 20%; 
 at high temperatures, the influence of the excess air factor (α) in the range of 

0.3 ... 0 on the mass of tar practically does not occur, whereas at 880°C and 
below – the decrease α causes a significant increase in tar mass by 60% ... 70%; 

The composition of the tar also changes slightly when the process conditions 
change. The tar pitch test results are shown in Figures 4.21 and 4.22. Figure 4.23 
shows the average composition of the resin components of the tar within a constant 
temperature and humidity. As can be seen on the above figure, the heaviest 
component of the tar is benzene (С6Н6) – 60% ... 75% by mass. Three more are: 
naphthalene (С10Н8) – 11% ... 14% by mass, toluene (С7Н8) – 1% ... 11% by mass 
and indene (С9Н8) – 1% ... 5% by mass the other components have a mass fraction 
below 2%. 

It should also be noted that as the temperature decreases, the volume of benzene 
(С6Н6) gradually decreases (from 74% to 58% by mass), while naphthalene, 
toluene and indene increases (С10Н8 – from 11% to 13% by mass С7Н8 – from 1% 
to 11% by mass, С9N8 – from 1% to 5% by weight). 

 

Figure 4.21. Mass of tar, % 
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Figure 4.22. Mass of tar, % 

 

Figure 4.23. Histogram of tars composition at different temperatures and humidity 

In order to analyse the influence of tar produced during the biomass gasification 
process on process organization, physicochemical properties of the basic tar 
components will be considered (Table 4.1). 

Since all of the mentioned components are carcinogenic and practically insoluble 
in water, they require separation from the producer gas (cooling and condensation) 
and then carrying out the disposal. However, since all these chemical compounds 
are flammable compounds, their combustion in a generator gas without treatment 
and disposal is possible, which greatly simplifies the generator gas cleaning 
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system. In this case, the gas temperature should not be lowered below the 
condensing temperature of the tar components with the largest fractions. The 
analysis of tar composition and physicochemical properties of its individual 
components makes it possible to draw the following conclusions on the fact that 
the gas temperature before transmission to a gas-fired device must be maintained at 
a level not lower than 220°С ... 250°С. 

Table 4.1. Some physicochemical properties of hydrocarbons with high condensing 
temperature 

Name Pattern tboil, °С 
Carcinogenic 

effects 
Solubility  
in water 

Benzene С6 80.1 Yes No 

Toluene С7Н8 110.6 Yes No 

M – xylene 
(dimethylbenzene)  

(1.3 dimethylbenzene) 
С6Н4(CН3)2 139.1 Yes No 

O – xylene  
(1.2 dimethylbenzene) 

С6Н4(CН3)2 144.4 Yes No 

Indan  
(2.3 dyhidroinden) 

С9Н10 354 Yes No 

Inden С9Н8 182.4 Yes No 

Naphthalene С10Н8 217.9 Yes No 

2-methylnaphthalene С11Н10 241 Yes No 

1-methyl naphthalene С11Н10 270 Yes No 

Diphenyl С12Н10 255.9 Yes No 

Acenaphthylene С12Н8 536 Yes No 

Acenaphthene С12Н10 279 Yes No 

Flouren C13Н10 293 Yes No 

Phenanthrene С14Н10 340 Yes No 

Anthracene С14Н10 340 Yes No 

Fluraten С16Н10 375 Yes No 

Pyrene С16Н10 392 Yes No 
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4.4. MATHEMATICAL MODELING OF PROCESSES GASIFICATIONS  
OF THE BIOFUEL 

Purpose of the work 

The purpose of the work is to develop a mathematical model of the biomass 
gasification process for predicting the composition of the generator gas and the 
technological parameters of the gasification plant operation using a complex 
parameter – maximum thermodynamic efficiency. To achieve this goal, it is 
necessary to solve the following tasks: 

 to carry out research of the processes occurring during the gasification of 
biomass in installations with fluidized bed; 

 perform a physico-chemical analysis of gasification processes; 
 perform an experimental check of the mathematical model. 

The development of a mathematical model and its solution 

The real process of gasification depends on many factors. Existing mathematical 
models of this process usually take into account only some of them, so the 
accuracy of modeling remains rather low. A significant number of models are 
based on experimental data or hypotheses and are correct only for certain process 
conditions. 

Among all the existing approaches to mathematical modeling of the gasification 
process, attention should be paid to the method of minimizing the Gibbs free 
energy. It does not require the specification and selection of certain gasification 
reactions [10] and considers only the initial and final products of the process. 
Therefore, this method is more suitable for considering complex systems in which 
a large number of reactions take place. The method is based on the study of the 
equilibrium state between all participants in the reactions of the gasification 
process. 

The essence of the method is the use of the thermodynamic potential of the system, 
the change of which tends to the minimum value under the condition of its 
equilibrium [10]. Let us write the general equation for determining the isobaric and 
isothermal potential (Gibbs energy) of a system of ideal gases: 

tot i iG x µ                                                       (4.1) 

where: Gtot – the Gibbs energy of the system, kJ/kmol; хi – the amount of 
substances in the component of the system, kmol; µi – the chemical 
potential of the component of the system, kJ/kmol: 

µi = G RT P0
fi + lnРi                                                  (4.2) 
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where: Pi – the partial pressure of the ith component of the system, Pa; R – the 
universal gas constant, kJ/(kmol ∙ °C); Т – the temperature of the system, 
K; Gfi

0 – the standard free Gibbs energy of the formation of the component, 
kJ/kmol. 

Assuming that the pressure in the gasification chamber is 1 ata, the properties of 
the gases are close to those of an ideal gas, we write equation (4.2) in expanded 
form:  

 0 0 ln i
tot i fi i i

i

x
G x H TS RT x

x
  

                                   (4.3)  

where: Н0
fi – enthalpy of formation of the i-th component of the system, kJ/kmol; 

S0
i – entropy of the i-th component of the system, kJ/(kmol ∙ K). 

The problem of determining the composition of a synthetic gas at an equilibrium 
state of the system reduces to the search for a composition that corresponds to the 
minimum value of the function expressed by equation (4.3) (Gtot → min), under 
certain limiting conditions. The limiting conditions for this method of modeling the 
gasification process will be the equations of the mass balances of the elements of 
the system and energy. 

Simplifying conditions for considering the problem 

Using the thermodynamic equilibrium method involves a number of 
simplifications, the main ones of which are presented below: 

 the time of passage of all gasification reactions is sufficient to establish an 
equilibrium state between all the gasification products; 

 all gases taking part in the gasification process have the properties of an 
ideal gas; 

 components of biomass, the proportion of which does not exceed 1%, and 
ash are not taken into account; 

 the components of the generated synthesis gas are only СО2, СО, Н2, Н2О, 
СН4, С2Н4, С6Н6, N2. 

Features of the developed model 

1. Accounting for air moisture. In most studies of the gasification process, the 
authors do not take into account the moisture of the air supplied to the gasifier, 
citing the fact that its share will not be significant. However, the amount of 
moisture coming in with the blast air can reach 7% relative to 1 kg of fuel. This 
amount of moisture will have a significant effect on the efficiency of the 
gasification process and should be taken into account in the mathematical model 
of the gasification process. 
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The wair is determined by the dependence: 

 2 2

2

O N

H O

3.76 M

1000

air bio bio

air

d m M
w

M

 
                                (4.4)  

where: dair – moisture content of air, g/kg; αbio – coefficient of excess air in the 
process of gasification; mbio – the amount of oxygen for stoichiometric 
combustion of 1 km of biomass, kmol; Mi – molecular mass of the i-th 
component, kg/kmol. 

2. The presence of an unconverted carbon residue. In [11] it was experimentally 
proved that with increasing temperature in the gasification process, while 
maintaining the remaining process parameters, the concentration of CO2 
decreases in favor of CO. To form 1 kmol of CO, you need twice as much oxygen 
as for the formation of 1 kmol of CO2, with the same amount of carbon. 
Therefore, oxygen will enter the composition of other gas components (H2O) or 
remain in the free form (O2). But gasification products practically do not contain 
free oxygen in their composition under different gasification conditions [11], and 
the H2O concentration decreases with increasing temperature in favor of H2. 
Therefore, it is advisable to talk about an increase in the conversion of carbon 
with increasing temperature. Also, an increase in the conversion rate of carbon 
occurs with an increase in the amount of moisture entering the reactor [12–14]. 

In the proposed model, the amount of non-gasified carbon residue is proposed 
to be determined by empirical relationships obtained on the basis of the results 
of the conducted experimental studies. 

The obtained dependence has the following form: 

    1 0.63 0.589 0.641 0.001 0.51 0.0003 0.963bio T W           (4.5) 

where: W' – the total mass of H2O is given by 1 kg of dry gasified fuel, kg 
(H2O)/kg (dry biomass); γ – amount of carbon that remained in the ash 
residue, kmol. 

3. Empirical determination of the yield of hydrocarbons. The output of such 
components as methane and other hydrocarbons (CnHm) can not be accurately 
predicted using a stoichiometric model. But neglecting even the relatively low 
yield of hydrocarbon compounds has a significant effect on predicting the yield 
of other components of the synthetic gas. Since part of the hydrogen (H) and 
carbon (C) does not lead to the formation of molecules of the (CnHm) type, but 
to the formation of other gas components, this leads to an overestimation of the 
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concentration of the combustible components of the synthesis gas in the 
stoichiometric model. gasification. Therefore, it is proposed to determine the 
yield of some hydrocarbons using empirical relationships, compiled from the 
results of experimental studies. The obtained dependence for the molar yield of 
CH4 is: 

   4CH 0.0678 0.0722 0.0314 23.34 0.0097 0.0003 0.9626bio T W      (4.6) 

4. There are non-adiabatic process conditions. Most papers consider the 
gasification process under adiabatic conditions (without loss of heat or 
additional heat input). But under real operating conditions, heat losses are 
unavoidable, and with a small power of the gas generator, heat losses can 
significantly affect its efficiency. 

In the developed mathematical model, such components as heat losses in the gas 
generator are introduced into the energy balance equation, which gives the 
possibility of a more accurate and broader assessment of the gasification 
process. 

Equations of mass balances 

As noted above, the process of gasification can be considered without dividing it 
into stages and taking into consideration only the initial and final products of the 
process. To do this, let’s make a general equation of the gasification process: 

 
    

2 2 2

2 2 1 2

2 3 2 4 2 5 4 6 2 4 7 6 6 2

CH O N O 3.76N H O

                 1 O 3.76N C H

                 CO CO H O CH C H C H N

b c d bio bio SG

FG sg sg

m w qV

f V m x

x x x x x x z



 

   

     

      

(4.7) 

where: х1, х2, х3, х4, х5, х6, х7, z – predicted yield H2, CO, CO2, H2O, CH4, C2H4, 
C6H6, N2, relatively, kmol; VSG – total yield of volatile components in the 
gasification process, kmol; q – synthesis gas recycling ratio in gas 
generator, units; msg – amount of oxygen for stoichiometric combustion of 
1 kmol of generator gas, kmol; VFG – amount of combustion products 
during stoichiometric combustion of 1 kmol of synthesis gas, kmol; w – 
total H2O entering the gas generator, kmol. 

In general, the mass balance equation for each j-th element in the system 
containing M elements will look like: 

1 1

N N
out out in in

ji i j ji i j
i i

h n A h n A
 

                                      (4.8) 
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where: hji – the number of atoms of the j-th element in the i-th gas or liquid 
component of the system; ni

in, ni
out – the amount of substance of the i-th gas 

or liquid component at the entrance to the system and at the output from the 
system, kmol; Aj

in, Aj
out – the number of atoms of the j-th element in the 

solid form, per 1 kmol of biomass at the entrance to the system at the 
output of the system, respectively. 

Equation of energy balance  

The generalized equation of the energy balance of the gasification process is as 
follows: 

1 1

n n
in out
i i

i i

Q Q
 

                                               (4.9) 

where: Qi
in – energy flow at the entrance to the gasification plant, W; Qi

out – energy 
flow at the outlet from the gasification unit, W. 

In expanded form, equation (4.9) can be written as follows: 

 2 2O NH H H H H 3.76H
bio air steam

in in in in in in
bio bio w air w steam w bio biow w w m       

2 2C 1 H 2 CO 3 COH H H H H Hin in out out out out
SG FG exq f Q x x x       +              (4.10) 

2 4 2 4 6 6 24 H O 5 CH 6 C H 7 C H NH H H H Hout out out out out
ach lossx x x x z Q Q        

where: Hin
bio – total energy of the dry part of the biomass, kJ; H

bio

in
w  – total energy of 

moisture of biomass, kJ; H
air

in
w – the total energy of the water of the blown 

air supplied to the gas generator kJ; H
steam

in
w  – total energy of water vapor 

for gasification, kJ; 
2OHin , 

2NHin  – total energy O2 and N2 of air, kJ; Hin
SG – 

total energy of the recycled generator gas, kJ; Hin
FG  – the total energy of the 

combustion products entering the gas generator, kJ; Qex – additional energy 

entering the gas generator from external sources, kJ; CHout  – the total 

energy of the carbon residue, kJ; 
2HHout , COHout ,

2COHout , 
2H OHout , 

4CHHout , 
2 4C HHout ,

6 6C HHout  – total energy Н2, СО, СО2, H2O, СH4, С2H4, С6H6 as gasification 

products, kJ; Q'ach – loss of heat with ash, kJ; Qloss – loss of heat to the 
environment (from the body of the gas generator), kJ.  

The total energy of the element of the system consists of its energy of formation 
and physical heat: 

0
i fi iH H Q                                                 (4.11) 
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where: 0
fiH  – standard enthalpy of formation of 1 kmol of the i-th component, 

kJ/kmol. Standard enthalpy of substance formation; iQ  – physical heat of  

1 kmol of the i-th component of the system, kJ/kmol. 

We write in general form the Lagrange function, which is a Gibbs function and 
bounds the conditions in a general form: 

1 1 1

ou
M N N

j
j i i

t out in in
tot ji i j ji i jL G h x A h x A

  

 
   


 


                     (4.12) 

where: L – the Lagrange function of the system; λj – the Lagrange multiplier at the 
j-th element.  

The partial derivatives for each component of the generator gas equal to zero form 
a system of equations (4.12) whose solution makes it possible to determine the 
composition of the generator gas under certain conditions of gasification. Since the 
mole yield of CH4, C2H4, and C6H6 is determined by empirical relationships, they 
will enter the system (4.13) as constant values for certain gasification conditions. 

In the system of equations (4.13), in addition to the variables x1, x2, x3, x4, the value 
of the free Gibbs energy (G0

fi), the value of which depends on the temperature, is 
also taken into account. In this case, the temperature of the system can be 
determined from the general equation of the energy balance (4.10) and is a function 
of the final composition of the generator gas. 

The solution to this task is performed by an iterative method. 
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Experimental studies of the gasification process were carried out in a gasification 
plant with a fluidized bed generator. Based on the results of experimental studies, 
the material and energy balances of the process for various gasification conditions 
were compiled, which allowed to fully assess the efficiency of the gas generator 
and the quality of thermochemical treatment of biomass. 

After the mathematical processing of the research results, the graphs shown in 
Figures 4.24–4.27. The lines marked with the letter „S” characterize the humidity 
of the biomass 14%, „S+” – humidity 35%. 

 

Figure 4.24. Graphs for the CO2 output at the warehouse generating gas 
 

 

Figure 4.25. Graphs for the CO output at the warehouse generating gas 
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Figure 4.26. Graphs for the Н2 output at the warehouse generating gas 

 

Figure 4.27. Graphs for the Н2О output at the warehouse generating gas 

Checking the accuracy of the simulation 

Checking the accuracy of the mathematical model of the gasification process is 
performed using the experimental data. For this, the correlation coefficients 
between the experimental and simulation results under the same gasification 
conditions and the relative error of the obtained data were determined. 
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The output data accepted for modeling are identical to the conditions for carrying 
out experimental studies of biomass gasification. The results of the comparison are 
shown in Figures 4.28–4.31. 

 

Figure 4.28. Component оutput graphs generator gas with variable α 

 

Figure 4.29. Component оutput graphs generator gas with variable α 
 

Analysis of the results shows that correlation coefficients between experimental 
data sets and arrays of simulation results for the absolute majority of studies are 
0.99 and higher, and only for some 0.85 ... 0.95. It is worth noting the high 
accuracy of modeling for low gas generation temperatures, the relative error in 
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modeling the output of the components of the generator gas is 5% ... 10%. And  
a somewhat higher error at high temperatures is 15% ... 20%. Characteristic is  
a certain underestimation of the yield of the combustible components of the 
generator gas at high temperatures from the simulation results. 

 

Figure 4.30. Component output graphs generator gas with variable humidity 

 

Figure 4.31. Component output graphs generator gas at variable temperature 

This accuracy is quite high and allows us to objectively assess the effect of  
the parameters of the gasification process on its result. 
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4.5. CONCLUSIONS 

1. The experimental test of the biomass gasification process was carried out in 
accordance with the methodology and with the use of equipment that allows the 
assessment of individual impacts of various gasification parameters on the 
process, and consequently the gas composition and efficiency of the installation. 
Biomass moisture (Wр), excess air coefficient of the process (αbio) and reactor 
temperature (Treact) were chosen as the impact factors. 

2. During the tests, the basic indicators of the gasifier operation were measured, in 
particular the biomass moisture, process temperature, mass and composition of 
the producer gas, the mass and composition of the tar, fuel consumption and 
electricity for the needs of process maintenance. 

3. The processing of the received data allowed to create the mass and energy 
balance equation and to determine the impact of gasification parameters on the 
process’s efficiency. 

4. The tar mass analysis in the gasification process showed that the mass of tar 
largely depends on the process parameters. The tar composition test made it 
possible to determine the critical temperature of the generator gas in which the 
basic components of the tar condense. 

A wide range of single and multifactor experimental studies of biomass 
gasification under various conditions was carried out. Experimental setup with 
compensation of energy losses of gas generator and taking into account the 
dynamics of exothermic reactions of oxidation of combustible components of 
biomass made it possible to investigate the effect of separate regime factors of the 
gas generator on the composition of the generator gas. 

A mathematical model of the biomass gasification process was developed on the 
basis of minimizing the isobaric-isothermal potential (Gibbs energy) function to 
predict the composition of the generator gas and the technological parameters of 
the gasification plant. The obtained model gives high reliability of the predicted 
composition of the generator gas, the process temperature and the excess air factor 
in the reaction zone of the gas generator. 

The obtained results can be used in the development of industrial installations for 
gasification of biomass. 
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Chapter 5  
 
 
 

SOLAR POWER SYSTEMS BASED ON STIRLING CYCLE 
MACHINES AND THERMOMOLECULAR TECHNOLOGY 
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One of the ways of converting solar energy into electric is a machine one, in which 
the dynamic converters are thermal machines working under the cycles of Rankin, 
Brighton, Stirling. Within the framework of this method, two concepts for the 
creation of Solar Power Systems (SPS) are being developed: 

 with a single general energy converter and a field of concentrating mirrors 
(heliostats); 

 modular principle (including the creation of solar modules with Stirling 
Engine). 

The Stirling Engine (SE) has been recognized as one of the most promising 
converters for both modular and autonomous SPS. 

The perspective of this scientific and technological direction is universally 
accepted. In particular, the combination of SE with Solar Concentrators (SC) was 
recognized as one of three promising SPS for the period up to 2020 [1, 2]. 

5.1. SOLAR DISH/STIRLING SYSTEM BASED ON UDS-1 MACHINE 

At the laboratory of the Institute of Energy Saving and Energy Management Igor 
Sikorsky Kyiv Polytechnic Institute the SPS “Solar Dish Concentrator – Stirling 
Engine – Generator” was designed. The design procedure is observed and the 
characteristic analysis of unit component elements is performed. The solar-
electrical power conversion in the SPS is considered. 

The objective is the analytical and experimental analysis of the key characteristics 
and efficiency of the SPS and its basic components. 
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The experimental SPS [3, 4] consists of (Figure 5.1): 1 – Solar Concentrator (SC); 
2 – Stirling Engine (SE) UDS-1, with the hot space located in the SC focus;  
3 – Electric Generator (EG) DP-2-26, connected via belt drive with SE pulley;  
4 – Measuring equipment: Solar radiation, SE hot space and cooling radiator 
temperatures, SE rotational velocity, EG output voltage and current. 

 

Figure 5.1. The operating solar dish/UDS-1 stirling system 

Solar Concentrator 

The SC (Figure 5.2) is a six-section (six-petal) dural parabolic dish, covered with 
the mirror foil, mounted on a tripod base with the ability to turn 360° and to aim. 
Table 5.1 shows the characteristics of the SC. 

 

Figure 5.2. The solar concentrator 
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Table 5.1. Characteristics of Solar Concentrator 

Midsection diameter 1.5 m 

Midsection area 1.77 m2 

Focal length 0.6 m 

Diameter/focal length ratio 2.5 

Angular aperture 64° 

Focal point diameter 0.1 m 

Focal point area 7.85ꞏ10-3 m2 

Sun image area 2.46ꞏ10-5 m2 

Concentration ratio 28105 

Concentration efficiency 0.235 

Max focal point temperature 1000°C 

Power 1800 W 

Foil thickness 0.4 mm 

Foil reflectivity factor >85% 

Gross weight 17 kg 

Stirling Engine UDS-1 

As a power conversion unit the model of UDS-1 was chosen [5–7]. UDS-1 (Figure 
5.3) is a single-acting displacing type machine with power and displacing 
cylinders, inclined orthogonally (γ – coupling). 

Table 5.2. Ratings of Stirling Engine UDS-1 

Rated power 5 W 

Angular velocity 500 rpm 

Number of power cylinders 1 

Combustion External 

Cooling Air 

Working fluid Air 

Coupling Gamma 

Weight 8 kg 

Dimensions 340×160×170 mm 
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Figure 5.3. The Stirling Engine of UDS-1 model: 1 – power cylinder, 2 – connecting rod,  
3 – power piston, 4 – tube of the internal contour, 5 – connecting rod, 6 – hob, 7 – cylinder, 
8 – displacer piston, 9 – hot space, 10 – place for external supply of heat, 11 – cold space, 
12 – body, 13 – crank, 14 – flywheel, 15 – pulley 

Table 5.3. Basic Characteristics of Stirling Engine UDS-1 

SE characteristic Symbol Magnitude 

Power cylinder diameter D 40 mm 

Displacer cylinder diameter Dd 65 mm 

Displacer diameter d 63.4 mm 

Piston and displacer stroke S 30 mm 

Piston stroke/cylinder diameter ratio SD 0.75 

Working volume VH 37.68 cm3 

Total volume VT 130.86 cm3 

Dead volume VD 93.18 cm3 

Minimal pressure in working spaces pmin 0.1 MPa 
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Electric Generator 

Technical characteristics of EG are determined, first of all, by UDS-1 velocity of 
rotation 500 rpm. EGs with initial voltage of 220 V and such nominal rotational 
velocity are characterized by considerable size that prevents their using in the 
construction of SPS. The installing of the multiplier is economically unfeasible. 
That’s why the motor of DC-2-26 type was chosen as a generator, which is a DC 
machine with excitation from a permanent magnet. Its real image is shown in 
Figure 5.4, and passport specifications are presented in Table 5.4. 

 

Figure 5.4. The electric motor of DC-2-26 type 
 

Table 5.4. Passport Data of DC-2-26 Motor 

Rotational frequency 3800 rpm 

Current 1.2 А 

Voltage  27 V ±2.7 V 

Rated power 12 W 

Rated rotary moment 0.0294 Nm 

Weight 0.3 kg 

Length  90 mm 

Diameter 39 mm 

5.2. EXPERIMENTAL RESEARCH OF SPS 

The series of experiments with SPS based on UDS-1 Stirling machine were 
conducted in an enclosed space and open air with full reflecting area and without 
one, two and three SC sections. During the experiments the solar radiation, the SE 
hot space temperature, the cooling radiator temperature, the SE rotational velocity, 
the EG output voltage and current were measured. The results of the experiments 
are represented on the Figures 5.5–5.8. 
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Figure 5.5. The dependence of SE hot space temperature on solar radiation 

 

Figure 5.6. The dependence of SE temperature drop on solar radiation 
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Figure 5.7. The dependence of SE rotational velosity on solar radiation 

 

 

Figure 5.8. The dependence of SE power output on solar radiation 

The experimental results establish the dependence between the solar radiation 
intensity and the temperatures of SE hot and cold space, SE rotational velocity and 
SE output power. With the increasing of solar radiation all above-mentioned 
parameters are growing independently on the place where the experiment was 
made, in the closed or open space, and on the amount of SC sections. 
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5.3. ANALYSIS OF SC CHARACTERISTICS 

Initial parameters of SC 

1. Midsection diameter D = 1.5 m.  

2. Midsection area 
2

1.77
4C

D
A


  m2. 

3. Focal length f = 0.6 m. 

4. Diameter-focal length ratio 2.5.
D

f
  

5. Angular aperture 
4sin θ

,  θ = 64 .
1 cosθ

D

f
 


  

6. Focal point diameter df = 0.1 m.  

7. Focal point area 
2

3 37.85 10 m .
4

f
f

d
F

      

8. Sun image area 
2

5 22.46 10  m .
214.6S

f
F      

 
 

Calculation of the Heat Flux [10, 11] 

(The Heat Flux that can be achieved on the surface of the SE displacer cylinder). 

1. The density of solar radiation ES = qa (calculated by the indications of 
thermocouple pyranometer). 

2. Heat flux that falls on the concentrator: 

F S C a CQ E A q A                                             (5.1) 

3. Heat flux that falls on heat receiver (potentially available heat flux, passing 
through the sun image at the focus). Heat receiver has a flat surface (the butt 
end of the SE displacer cylinder). 

            2 22 2 2 2
0 sin θ 214.6 sin θ 214.6 sin θ S

S a r r a S r F
C

F
Q q f q F Q

A
           

(5.2) 

where: ƞa – fraction of ideal solar constant which is available at the concentrator 
site, taking into account losses through the atmosphere; ƞr – reflectivity 
efficiency factor taking into account losses by reflectivity or 
absorptivity of the optical system; q0 – solar constant; qa = ES – actual 
flux per unit area received at concentrator site. 
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4. The flux per unit area: 

   

 

2 22 2
0

2 2

214.6 sin θ 214.6 sin θ

214.6 sin θ

S
S a r r a

S

r S

Q
q q q

F

E

  



   

 

                   (5.3) 

On the other hand: 

S F M P FQ AQ Q                                               (5.4) 

where: A – reflection coefficient of the optical system; ratio of the energy got in 
the focal area of concentrator, to fallen on a mirror; in fact SC efficiency 
(A ≈ 0.45); ρM – reflectivity factor of concentrator mirror surface  
(ρM ≈ 0.8); ƞP – efficiency factor of the concentrator positioning  
(ƞP ≈ 0.6). 

S
S

f

Q
q

F
                                                       (5.5) 

where Ff = 7.85ꞏ10–3 m2 – focal point area. 

5. The concentration ratio; ratio of solar flux in the sun image to the solar flux 
reflected by the flat concentrator surface, both per unit area, and is a function of 
the geometrical parameters of concentrator. For a cavity as a black body: 

 2 2 3 2

0

214.6 sin θ 46.1 10 sin θS S

r a a r

q q
C

q q  
                   (5.6) 

For a flat plate receiver submits to the Lambert cosine law the ratio is the 
following: 

 3 330.7 10 1 cos θC                                                 (5.7) 

6. The concentration efficiency; ratio of the total flux received within the sun 
image to the total flux which is received by the parabolic mirror. For a cavity as 
a black body: 

      
 

2

2

1 cosθ

24
S

C

r a

Q

q D


 
    

 
                                     (5.8) 
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For a flat plate receiver submitting to the Lambert cosine law  cosθ :n    

  21 cosθ 1 cosθ cos θ
6
n

C


                               (5.9) 

where ɛn is the emissivity normal to radiating surface. 

7. The heat flux per unit area in the points that lay down out of focal image (on the 
heating surface diameter) [4]: 

         
22

31
1 1 3 32

1

2 sin θsin θ
cosθ ln 1 cosθ cosθ ln 1 cosθ

2 2sin θ
S

HS

q
q

 
        

 
   

(5.10) 

where: 1θ = θ ; 3

1 1 8
cosθ

2

fr

r
  

 ; 0.05fr  m – focal point radius; 

0.033r  m – heating surface radius. 

8. The total heat flux: 

HS HS НSQ q F                                               (5.11) 

where FHS = 3.42ꞏ10–3 m2 is heating surface area. 

Calculations of Temperature 

1. Temperature THS: 
0.25

0

3

2
HS

HS
HS

q
T

 
 

  
 

                                       (5.12) 

where ɛHS = 0.6 is the heating surface emissivity (brass oxidized by heating to 
600°C). 

2. The heat flux transmitted to the SE Working Fluid (WF): 

    
2

1

θ
2

0

θ

2 θ sin θcosθ θaWF a r nQ q f F d                               (5.13) 

 
2

1

θ
2

0

θ

2(214.6) θ sinθcosθ θWF
WF a r n

HS

Q
q q F d

F
                          (5.14) 
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for the particular case cosθn  : 

   
3

2 3
0 2

2 2 1 cos θ
1 cos θ

3 3 1 cos θ
WF a r n n HSQ q f Q     

  


              (5.15) 

   
3

2 3
0 2

2 2 1 cos θ
214.6 1 cos θ

3 3 1 cos θ
WF

WF a r n n HS
HS

Q
q q q

F
    

   


    (5.16) 

where αn  is the absorbtivity for normal incidence. 

3. The heat receiver wall temperature (the WF temperature): 

for a flat plate receiver, when  θ :nF   

           
2

1

θ 2
2 4

0

θ 0

2(214.6) θ sin θcosθ θ 2 θ cosθsinθ θWF a r n n mq q F d T F d


        

  (5.17) 

for a flat plate receiver, when cosθ:n   

   2 3 4
0

2 2
214.6 1 cos θ

3 3WF a r n n WFq q T                       (5.18) 

0.25

0

3

2
WF

WF
n

q
T

 
 

  
 

                                              (5.19) 

Analysis of SE indicated characteristics by the Schmidt Method SE initial 
parameters 

1. Working volume Vh = 37.68 cm3. 

2. Total volume Va = 130.86 cm3. 

3. Dead volume Vc = Va – Vh = 93.18 cm3. 

4. Crank phase angle: α = 90°. 

5. Volume compression ratio a a

c a h

V V

V V V
  


 = 1.4. 

Schmidt theory assumptions 

1. Processes of regeneration are ideal; there is a perfect regeneration. 

2. Instant value of system pressure is constant. 

3. Conditions of the working fluid are changed as an ideal gas. 
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4. Gas volume changes are sinusoidal. 

5. Temperature of cylinder walls and piston is constant. 

6. The expansion-compression processes are isothermal. 

7. The amount of working fluid is constant. 

Schmidt technique (2-cylinder scheme, γ-coupling) [11–13] 

1. Cylinder working volume VS = 2rAP; where: r – crank radius, AP – power 
piston sectional area. 

2. Expansion space working volume VSE. 

3. Compression space working volume VSC. 

4. Power piston working space VSP = 31.4 сm3. 

5. Power piston working space ratio .SP
p

SE

V
k

V
  

6. The total working volume VST  = VSE + VSC = VSE (2 + kP). 

7. Dead volume VD. 

8. Dead volume ratio .D

SE

V
X

V
    

9. Total volume VT  = VST + VD = VSE (2 + kP + 2X). 

10. Temperature ratio: 

               C C C

E E E

T W Q

T W Q
                                                     (5.20) 

11. Pressure (mid, max, min): 

 
 

 
 

 

0.5 0.5

mid max min0.5 0.5

min max

max

1 1
 =  = 

1 1

1
 = 

1
1

1 cos θ

p p p

p p

p p

 

 




 

 

 






    

                                    (5.21) 

where: ;
B

S
    0.52 22 2 cos ( 1) ( 1)p pB k k k         , 

4
1 ;

1p

X
S k




   


sin
θ arctg .

cos

k

k


 
 

   
 



 

158 

12. Transfer of energy: 

 
   

0.5
max

0.51/2 2

sin θ 1

1 1 1

SE
E E

p V
Q W

  

 


 

     

                                 (5.22) 

  
   

0.5
max

0.50.5 2

sin θ 1

1 1 1

SE
C C

p kV
Q W

   

 

 
 

     

                          (5.23) 

13. Effective cycle work: 

   1 1T E C E E E EW W W W W W Q                               (5.24) 

   
   

 

 

0.5
max mid

0.5 0.50.5 2 2

1 sinθ 1 1 sinθ

1 1 1 1 1

SE SE
T

p V p V
W

      

  

  
 

             

          (5.25) 

where:
sin

sin θ ;Pk

B


     

0.52 21 2 1 cosp pB k k         . 

14. Volume compression ratio 
1

.
1

P
V

k X
r

X

 



 

SE power by Schmidt PS = WTN; where N is rotational velocity. 

SE efficiency 1 .T
t K

E

W

Q
        

Analysis of EG efficiency and SPS overall efficiency 

1. EG efficiency ;EG

W

P
   where: W – EG power, PS – SE power. 

2. SPS efficiency SPS EG SE SC      . 

The analysis can be conducted by two methods: using the experimental or 
calculated values of working fluid temperature in the SE hot space. The expected 
parameters of both approaches are represented graphically on Figures 5.9–5.12, 
where the results of analytical calculation are presented by a black line, and 
experimentally-analytical by red. In both cases with the increasing of solar 
radiation the values of working fluid temperature, SE power output, SE efficiency 
and SPS efficiency are growing. 
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Figure 5.9. Dependence of the SE hot space temperature on solar radiation 

 

Figure 5.10. Dependence of the SE power output on solar radiation 
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Figure 5.11. Dependence of the SE efficiency on solar radiation 

 

 

Figure 5.12. Dependence of the SPS overall efficiency on solar radiation 
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Conclusions 

The effect of solar radiation intensity on SE temperature drop and consequently SE 
power output and SPS electric power is obtained by two approaches: using the 
experimental or calculated values of working fluid temperature in the SE hot space. 

It is shown that the analytical values of SE hot space temperature are seriously 
above the experimental values. As a result using the hot space temperature 
experimental data make the SPS characteristic analysis more adequate to real work 
of SPS and its unit components. 

The final calculated parameters of SPS (solar radiation range 753–1044 W/m2): 
 SC efficiency is 45%; 
 SE efficiency is 55–68%; 
 EG efficiency is 5–44%; 
 SPS overall efficiency is 1–14%. 

The SPS efficiency can be increased by the lowering of the SE cold space 
temperature (for example, by air cooling the SE radiator) and by the increasing of 
working fluid pressure in the SE internal contour. 

5.4. SOLAR DISH/STIRLING SYSTEM BASED ON UDS-1 MACHINE  
WITH REJECTED HEAT RECOVERY 

In the process of improving the functioning of the SPS based on UDS-1 and 
parabolic SC, a constructive upgrade of the SPS was carried out at the laboratory of 
the Institute of Energy Saving and Energy Management, which was to transfer the 
UDS-1 from air cooling to water. For that, the water circuit consisting of the water 
jacket in the engine cooling fins zone, the inlet and outlet water pipes, the water 
tank and the solar water pump were added to the SPS design. Constructively the 
water jacket with the pipes and the tank is, respectively, the transparent plastic 
volume, containing fins, plastic water hoses and the plastic container with a volume 
of 5 liters. 

The modernization allows, firstly, to lower the temperature of the engine cold 
space and, thus, to increase its efficiency, and secondly, to get heated water, which 
can be used for household needs. 

The main element of the UDS-1 water cooling system is the water pump on SP2-
320607 solar battery (Figure 5.13). Passport characteristics are given in Table 5.5. 
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Figure 5.13. Solar Water Pump on SP2-320607 Solar Battery 

Table 5.5. Passport Data of Solar Water Pump 

Voltage max, V 5.76 

Current max, mA 347 

Rated power, W 2 

Performance max, l/h 175 

The series of experiments was conducted to determine the main operating 
characteristics of the SPS. During the experiments the solar radiation q, the SE hot 
space temperature T1, the cooling water temperature T2, the SE rotational velocity 
n, the EG output voltage V and current I were measured. The results of the 
experiments are represented in Table 5.6 and Figures 5.14–5.19. 

Table 5.6. Experimental Data 

No. 
q, 

W/m2 
t1, 

grad 
t2, 

grad 
dt, 

grad 
n, 

rpm 
R, 

Ohm 
I, 

mA 
U, 
V 

P, 
W 

1. 795.2 523 37 486 153 15 69.7 1.07 0.1475 

2. 802.3 528 38 490 181 15 76.7 1.02 0.1665 

3. 809.4 532 39 493 192 15 81.6 1.25 0.2019 

4. 822.6 545 41 504 203 15 82.5 1.26 0.2060 

5. 837.8 555 40 515 252 15 82.7 1.33 0.2126 

6. 844.9 569 42 527 263 15 87.1 1.35 0.2314 

7. 852.0 580 44 536 276 15 87.6 1.38 0.2360 

8. 859.1 591 45 546 278 15 92.1 1.31 0.2479 
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Figure 5.14. Dependence of the SE hot space temperature on solar radiation 

 

Figure 5.15. The dependence of SE temperature drop on solar radiation 
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Figure 5.16. The dependence of SE rotational velosity on solar radiation 

 

Figure 5.17. Dependence of the SE power output on solar radiation 
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Figure 5.18. The dependence of EG power output on solar radiation 

 
Figure 5.19. Increase in SE cooling water temperature after 5 minutes of SE operation 

5.5. SOLIDWORKS SIMULATION OF THE REJECTED HEAT OF THE SPS 
BASED ON UDS-1  

General information and simulation tasks 
The working fluid of UDS-1 is an air whose thermophysical properties can be 
considered as of ideal gas for the modeling process. During the UDS-1 operation 
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the working fluid is heated to the high temperature, so that the expansion takes 
place and the power piston moves while doing work. To return the piston to its 
original state, it is necessary to cool the working fluid. The larger the difference 
between the SE hot and cold spaces, the better the process takes place. Therefore, 
one of the tasks of SE efficient operation is the heat removal from the SE cold 
space. There are some fins to increase the heat transfer area. And when the fins are 
washed with water, the heat removal process is improved. 

That process was modeled in SolidWorks software. Due to that it can be seen 
clearly how the temperature of the fins and the SE cold space changes. 

For simulation a real object was taken, the fins are made of steel in the amount of 6 
with a thickness of 5 mm, a height of 15 mm, and a step of 5 mm between them. 
The limiting condition was the temperature inside the cylinder 1000°C. 

The task was to simulate the process of changing the SE fin surface temperature, 
depending on the change in the washing substance velocity. And the comparison of 
the amount of heat removed of the SE fins with the air and water [14, 15]. 

Modeling of heat removed of the SE fins at air washing 

Experiments have been carried out for different velocities of air supply to the SE 
fins. The following speeds were used: 0.1 m/s, 0.3 m/s, 0.5 m/s. 

With the help of the program, one can observe how the temperature of the air, fins 
and fin free spaces changes after air passing through the SE fins. Figures 5.20–5.22 
show the change in the air temperature after passing through the fins.  

As can be seen from the above figures, air after passing through the fins and fin 
free spaces is heated, taking part of heat from the fins, while cooling the air inside 
the SE cylinder. 

Modeling of heat removed of the SE fins at water washing 

For the next research, instead of the air that washes the cylinder, water was used. 
At the same time, the cylinder itself was placed in a jacket in which through the 
canal the water was fed. 

The design of the cylinder has not changed. The boundary conditions under which 
the calculation was made were changed. The following mass flow rate of water at 
the entrance to the jacket was given: 0.001 kg/s; 0.0015 kg/s; 0.0017 kg/s. 

 



 

167 

 

Figure 5.20. Temperature change of the SE fins 

 

Figure 5.21. Changes in temperature in the fin free spaces 
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Figure 5.22. Path and change in air temperature 

Figures 5.23–5.25 show the change in the water temperature after passing through the 
fins. Water supply was carried out at a temperature of 20°C. After washing the fins of 
the cylinder, the water removed part of the heat and warmed up. According to this 
simulation, the water heated to 60°C. Further it can be used for household purposes. 

 

Figure 5.23. Temperature change of the SE fins 
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Figure 5.24. Changes in temperature in the fin free spaces 

 

Figure 5.25. Path and change in water temperature 
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The results of the simulation are given in Tables 5.7 and 5.8 and are presented in 
the form of comparative graphs (Figures 5.26 and 5.27). 

Table 5.7. The value of the surface heat flux in the fin free spaces 

Exp. Surface heat flux (air), W/m2 Surface heat flux (water), W/m2 

1. 1269.2 3001.8 

2. 1396.4 3351.3 

3. 2026.9 4154.2 

Table 5.8. The value of the surface heat flux on the fins of the SE cylinder 

Exp. Surface heat flux (air), W/m2 Surface heat flux (water), W/m2 

1. 1872.3 3698.1 

2. 2357.7 4588.7 

3. 2790.5 5787.0 

 

Figure 5.26. Comparison of the surface heat flux in the fin free spaces 
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Figure 5.27. Comparison of the surface heat flux on the fins of the SE cylinder when 
washed with air and water 

Thus, the increase in the intensification of heat removal from the SE finned surface 
depends on the fluid heat capacity and on the fluid speed of washing the surface. 

According to the results of the modeling above, the conclusion is made that the use 
of water cooling improves the process of heat recovery in 2–2.2 times. 

Calculation of the SPS overall efficiency, depending on solar radiation 

In accordance with the methodology given above (see analysis), the calculations of 
the SPS elements basic characteristics and the conversion process efficiency were 
performed. The results are presented in Table 5.9. 

Table 5.9. SPS elements efficiency and overall efficiency 

No. ƞSC ƞSE ƞEG ƞSPS 

1. 0.45 0.611 0.076 0.021 

2. 0.45 0.612 0.072 0.020 

3. 0.45 0.612 0.082 0.023 

4. 0.45 0.616 0.079 0.022 

5. 0.45 0.622 0.064 0.018 

6. 0.45 0.626 0.066 0.019 

7. 0.45 0.628 0.064 0.018 

8. 0.45 0.632 0.065 0.019 
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SPS overall efficiency:  

SPS SC SE EG                                               (5.26) 

 
Figure 5.28. Dependence of the SPS overall efficiency on solar radiation 

Estimation of the SPS with Heat Recovery overall efficiency, depending on 
solar radiation 

The amount of heat obtained by cooling water during the SPS operation ( = 5 min): 

 2 2H O H O 2 2fin inQ c m T T                                           (5.27) 

where cH2O = 4.19 kJ/kgꞏK is specific heat capacity of cooling water; mH2O = 2.2 kg – 
mass of cooling water. 

Heat flow to cooling water: 

  QH2O = Q/                                                   (5.28) 

where  = 300 sec. is operation time. 

SPS with Heat Recuperation overall efficiency: 

2H O
( )

EG
SPS HR

F F

W QE

Q Q
  

                                             (5.29) 

The estimated values of the SPS with Heat Recovery efficiency are given in Table 
5.10. 
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Table 5.10. Estimation of the SPS with Heat Recovery overall efficiency 

T2in, K T2fin,  K QF, W QH2O, W WEG, W Q, W ηSPS(HR) 

293 310 795.2 522.4 0.147 522.50 0.66 

294 311 802.3 522.4 0.166 522.52 0.65 

296 312 809.4 491.6 0.202 491.83 0.61 

296 314 822.6 553.1 0.206 553.29 0.67 

297 313 837.8 491.6 0.213 491.84 0.59 

297 315 844.9 553.1 0.231 553.31 0.65 

298 317 852.0 583.8 0.236 584.04 0.69 

296 318 859.1 676.0 0.248 676.23 0.79 

 

 

Figure 5.29. Dependence of the SPS with Heat Recovery overall efficiency on solar 
radiation 

Conclusions 

After the constructive upgrade of the SPS, which was to transfer the UDS-1 from 
air cooling to water, the new experiments were carried out and the following results 
were obtained that characterize the efficiency of the SPS elements: 

 SC efficiency is 45%; 
 SE efficiency is 61–63%; 
 EG efficiency is 6.4–8.2%. 
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For SPS as a unit the following results were obtained (without recuperating heat): 
SPS overall efficiency is 1.8–2.3%. 

Taking into account that the solar radiation rang in the experiments was 790–
860 W/m2, the obtained efficiency values correlate with the results obtained 
before at the higher solar radiation (see Part I). 

Taking into account the work of the heat recovery system, the estimation of the 
SPS overall efficiency gave the following result: SPS with HR overall efficiency is 
59–79%. 

Thus, the transition to UDS-1 water cooling and the water heating system 
availability significantly improved the work of the SPS. 

5.6. SOLAR WATER-HEAT SUPPLY SYSTEM WITH ACTIVE THERMODYNAMIC 
CIRCUIT BASED ON HYDRAULIC PISTON CONVERTER 

Further development of SPSs with solar concentrators and dynamic converters 
based on Stirling cycle heat machines may be associated with the new class of 
thermodynamic converters operating under the Stirling cycle with liquid pistons, 
which was developed at the Republic of Uzbekistan Academy of Science Institute 
of Physics and Technology on the basis of the new technology for the 
transformation of thermal energy, implemented on the principle of 
pneumohydraulic self-oscillating systems. 

The hydraulic piston converter (HPC) thermodynamic cycle is the combined steam 
and gas cycle and can operate from various heat sources with working temperature 
of 70–95°C, including flat solar collectors [16, 17]. 

Various schemes of using the HPCs in solar systems for water lifting and hot water 
supply with flat collectors and with a parabolic-cylindrical concentrator have been 
developed. The inclusion of HPC in the system increases the efficiency of solar 
energy conversion by 8–10% [17]. 

Currently, the Institute for Physics and Technology is developing designs for solar-
thermal systems of multifunctional purpose with a thermodynamic active circuit 
(TAC) based on the use of HPC and SC – flat and parabolic-cylindrical (Figure 
5.30). 

SPSs of this type can provide simultaneous rising of cold water from a source and 
heating a part of the water to the temperature of 50–60°C, and also can produce 
desalination of saline waters [18]. 
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Figure 5.30. SPS of combined cold and hot heat supply with active thermal circuit and 
parabolic-cylindrical concentrator 

 

The SPS consists of the following elements:a parabolic-cylindrical concentrator (1) 
with a linear solar heat receiver (2), a hot water tank (3) with a heat exchanger (4) 
in the upper part, with a partition (5) and with a heat exchanger 6 in the lower part, 
a cold storage tank (7), a hydraulic piston converter (HPC), including a hot 
cylinder (8), a cold cylinder (9), a pump unit (10), a piston of the pump unit (11), 
rigidly connected to the membrane piston (12) and a manual starting device (15). 
The heat exchanger of the hot water tank (4) is connected at one end to the heat 
receiver, and the other through a circulation pump (13) with a gas cavity of a hot 
cylinder (8) of a HPC. The heat exchanger of the cold water tank (6) is connected 
at one end to the liquid cavity, and the other through the circulation pump (14) with 
the gas cavity of the cold cylinder (9). One end of the heat receiver (2) is connected 
by a hydraulic line with a liquid cavity of hot cylinder (8), and the other end with 
heat exchanger (4) and through the bypass line and a circulation pump (13) with  
a gas cavity of a hot cylinder (8). A piston (11) of a pump unit is rigidly connected 
to the manual starter (15). The hot water tank (3) is provided with a tap of hot 
water (16) and the tap of warm water consumption (17), and the cold water tank (7) 
is equipped with cold water tap (18). 

The principle of operation of the SPS is described in [18]. 
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When heat is supplied to the gas cavity of the HPC hot cylinder and heat is 
removed from the gas cavity of the HPC cold cylinder the temperature difference 
between the gas cavities of hot and cold cylinders in the HPC is established, 
providing the work of thermodynamic cycle, while there is a self-oscillating 
process of liquid columns in HPC cylinders, and there is excitation and 
maintenance of the cyclic process of liquid oscillating motion in solar heat receiver 
(2), heat exchangers (4) and (6), as well as in connecting lines. At the same time, 
the pressure in the operating circuit varies cyclically, and when increasing the 
pressure the liquid is pumped into the pneumohydraulic accumulators of the 
circulating pumps (13), (14) of the hot and cold HPC cavities. With decreasing 
pressure in the working circuit due to the pneumatic energy stored in the 
pneumohydraulic accumulators, some of the liquid is injected into the hot and cold 
HPC cavities. Thus, the liquid circulation is organized along two contours: 

 heat receiver (2) – heat exchanger (4) – pump (13) – gas cavity of hot 
cylinder (8) – liquid cavity of hot cylinder (8) – heat receiver (2); 

 heat exchanger (6) – pump (14) – gas cavity of cold cylinder (9) – liquid 
cavity of cold cylinder (9) – heat exchanger (6).  

Thus, the SPS, due to the solar radiant flux, provides the pumping of water from  
a well or other pond and the production of hot water, i.e. the consumer can be 
provided with cold and hot water. 

Unfortunately, there are no technical specifications or results of experimental 
studies of the described SPS [18] in the literature. There are only operating data of 
the previous laboratory sample of the hydraulic piston converter [17]. 

Hydraulic Accumulators 

Since SPSs with HPC are heat-hydraulic systems by nature, there are traditional 
hydrodynamic devices, in particular, circulation pumps with pneumohydraulic 
accumulators (PHA) among their structural elements [18]. Consequently, in 
addition to the technical advantages acquired by SPSs due to the use of the 
hydraulic devices, they also have the traditional disadvantages accompanying the 
use of such elements, in particular, PHA. 

It is known that the PHA is a pressurized vessel that allows accumulating  
the energy of the compressed gas and transferring it to the hydraulic system with  
a flow of fluid under pressure. 

With a slow change in pressure in the hydraulic system (>3 min), the gas 
compression process is close to the isothermal one, when the heat exchange 
between the gas and the surrounding environment completely takes place, and the 
product of the gas pressure p on its volume V is constant. With a sharp change in 
pressure (<1 min) the process is close to adiabatic. In the real case, the process is 
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between these states. To increase the efficiency of the work, the PHAs are filled 
with gas (nitrogen) under a certain pressure (pressure of charge). Extreme pressure 
charging is recommended to take [19–21]: at accumulation of energy 0.9ꞏpmin; at 
hydraulic shock absorbing (0.6...0.9)ꞏpmid; when damping the pulsations 0.6ꞏpmid), 
where pmid is the average working pressure. 

For all types of PHAs, with all uses, including energy-saving systems of 
recuperative type [18], there are three principal disadvantages that can not be 
eliminated within the traditional approach to designing a PHA: the variability of 
the pressure of the hydraulic system in accordance with the change in the amount 
of accumulated energy, low specific energy capacity than in other in other branches 
of power engineering, explosion hazard due to the presence of the gas phase. Even 
the new technological improvements do not lead to a fundamental improvement. 

Traditionally, the leading countries in which more than 40 firms (in each country) are 
involved in the development and production of PHA are the United States and 
Germany. The main world producers of PHA are the companies such as Bosch 
Rexroth AG, ROEMHELD GmbH, HYDAC International [19–25]. Piston PHAs 
produced by leading foreign firms have a capacity of Vnom = 0.16...400 L and 
pressure p ≤ 37.5 MPa, membrane PHAs – Vnom = 0.075...10 L and pressure  
p ≤ 30 MPa, cylinder PHAs – Vnom = 0.16...455 L and pressure p ≤ 55 MPa. It is 
seen, that the pressures range is rather limited, because the safety conditions dictate  
a mandatory three-fold safety margin. However, Hydac supplies cylinder 
accumulators at a pressure up to 100 MPa, Vnom = 1.5 L or 10 L under a special order. 

Thermomolecular Accumulators 

It should be pointed out once again that one of the basic elements of the modern 
hydraulic systems are pneumohydraulic accumulators, the improvement of which, 
in particular, increasing energy efficiency, is problematic as it occurs due to  
a detailed study and improvement of their working process and constructive 
parameters, that is, factors that are traditionally well known and studied. This 
problem is proposed to be solved by developing the new types of accumulators 
using the fundamentally new working media.  

The Laboratory of Thermomolecular Energetics deals with the investigations in the 
new scientific trend named “the thermomolecular energetics (TME)” (the author 
and the founder of the Laboratory is prof. V. Eroshenko (1940–2015)). The 
investigations are directed on researching the physical, chemical and 
thermodynamic properties of the new non-traditional heterogeneous working 
medium (HWM) “nonwetting liquid – capillary-porous matrix” (repulsive 
clathrates (RC)). The successive HWM compression-expansion process allows 
accumulating and releasing the significant surface energy due to the forced 
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formation and spontaneous reduction of interphase surface (performance of the 
Gibbs work of surface formation, see Figure 5.31). 

 

Figure 5.31. The principle of thermomolecular accumulator operation 

As the result there is a possibility of creating new compact HWM energetic devices 
of different classes [26–28], such as: 

 hydro-capillary accumulators of mechanical (hydraulic) energy,  
 dampers, bumpers and shock-absorbers, 
 energetically autonomous devices of different types. 

The basis of the work of thermomolecular devices is the idea of using the Gibbs 
thermodynamic method for surface phases, the laws of molecular physics and 
colloidal chemistry in the creation of new thermodynamic working media for 
power devices of various classes, in particular, accumulators based on the 
principles of thermomolecular energetics.  

The essence of this idea concerns the peculiarities of the behavior of heterogeneous 
lyophobic systems (HLS) used as the new, heterogeneous working medium, which 
consists of two main components: fluid and capillary-porous body (CPB), which is 
not wetted by this fluid. In the process of compression-expansion of the HLS there 
is a forced development and spontaneous reduction of the interphase-surface. From 
the point of view of thermodynamics, the working-medium is actually the 
interphase developed surface with the large free surface energy (the Gibbs 
potential) capable of performing the useful mechanical work. 
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Thus, it is possible to design the highly effective multifunctional TME-
accumulators with technical characteristics, much higher than the traditional 
counterparts. 

The TME-accumulator working medium is the HLS “liquid-porous matrix”, which 
uses micro-mesoporous materials: superhydrophobic zeolites with pore space of 
0.2–0.3 ml/g and a specific surface (1–2)ꞏ103 m2/g. The TME-accumulator 
operating chamber is a volume filled with HLS, where the pore space remains free 
of fluid in the absence of external action due to the non-wetting of the porous body 
by the liquid. 

The process of energy accumulation is the forced development of the interphase 
surface by forced intrusion of the liquid into the porous space under the external 
pressure, which is determined by the Laplace capillary pressure (Figure 5.31). 

The value of the accumulated energy is equal to the product of the surface tension 
of the liquid on the interphase surface area (the Gibbs work, surface energy, 
capable of performing mechanical work). 

Recuperation of energy is the spontaneous release of liquid from the pore space 
under the Laplace capillary pressure. For a synthesized matrix, the working 
pressure can be ~600 bars. Taking into account the designed matrix, the specific 
(volumetric) energy capacity can reach 25–30 MJ/m3 of HLS. 

Hydraulic Accumulators vs Thermomolecular Accumulators (Calculations) 

In the absence of the technical characteristics of the above mentioned SPS with 
HPC in general and used PHAs in particular, comparison of two types of the 
accumulators can be based on the traditional PHA technical characteristics 
spectrum, taken from the PHA data sheets and operating instructions of the most 
well-known PGA producers [19–25]. The comparison is carried out within the 
same mass-dimensional characteristics for accumulators of different types. The 
results are shown in Tables 5.11, 5.12 and Figure 5.32. 

Basic Hydraulic Accumulator Terms 

p0 – gas pre-charge pressure, 

p1 – min operating pressure (min allowed pressure), 

p2 – max operating pressure (max allowed pressure), 

Δpdyn – working pressure range, 

Vnom – nominal volume (gas volume), 

V0 – effective gas volume (internal working volume), 

V1(gas) – gas volume at p1, 

V2(gas) – gas volume at p2, 
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V1(oil) – oil volume at p1, 

V2(oil) – oil volume at p2, 

VS – accumulated volume (oil volume at max working pressure), 

M0 – net weight, 

M – total weight, 

E – energy capacity, 

eV – specific energy capaciity per unit nominal volume, 

eM – specific energy per unit mass. 

Table 5.11. The calculation results for traditional PHAs of the different models 

 

Basic Thermomolecular Accumulator Terms 

Vpore – pore volume, 

Vpm – porous matrix volume, 

Vm – material volume, 

Vrc – repulsive clathrate volume (Vrc = Vnom), 

φ – porosity (Vpore/Vpm), 

ml – liquid mass, 

mm – material mass, 

mrc – repulsive clathrate mass, 

M – total mass (rc+container), 

pi – pressure of intrusion (pi = p2), 

E – energy capacity, 

eV – specific energy capacity per nom. volume unit, 

eM – specific energy capacity per mass unit. 
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Table 5.12. The calculation results for TME-accumulators with CPB of the different 
porosity 

 

 
 

 

Figure 5.32. The specific energy capacity for PHA and TME-accumulators 

5.7. CONCLUSIONS 

The thermodynamic and thermophysical peculiarities of the functioning of some 
constructions of the solar power systems (SPS) with solar concentrators on the 
basis of converters operating in the Stirling cycle are considered. The result of the 
work of the considered SPSs is the receipt of heat and electric energy. The 
parameters of their productivity and efficiency are determined; ways of their work 
further improvement are analyzed. 
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For the multifunctional SPSs with active thermodynamic circuit, as an option to 
improve the basic characteristics, the use of structural elements, in particular, 
thermo-molecular accumulators, whose work is based on the heterogeneous 
lyophobic systems (HLS) as the new type of working media, is proposed. 
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