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Abstract. Today, increasing energy efficiency in residential heating systems, saving fuel and 
energy resources, and improving the efficiency of using devices based on renewable energy 
sources is an urgent issue. The purpose of the article is to develop a mathematical model of the 
heat balance and conduct a theoretical study of one-story rural houses based on the use of solar 
energy in a non-stationary mode. To achieve this goal, an experimental one-story solar house with 
autonomous heat supply was built. The heat supply of the experimental solar house mainly uses 
solar energy, and when the heat supply load exceeds this load, the traditional boiler device is used. 
The power supply of the experimental solar house is provided by a solar panel (photovoltaic 
converter). A heat balance scheme for a solar house with autonomous heat supply and an 
electrothermal scheme of a physical model are proposed. Based on the proposed schemes,  
a mathematical model of heat balance and a calculation algorithm based on the heat balance 
equation of the dynamic state of the heat supply system of a one-story experimental solar house in 
a non-stationary mode have been developed. On the basis of mathematical modeling, the influence 
of the heat capacity of the wall structure on the temperature regime of the building was studied.  
On the basis of the MATLAB-Simulink program, the main temperature characteristics were  
built, on which the change in the temperature of the internal air of the building was analyzed 
depending on the ambient temperature. On the basis of the program, a modular scheme of the 
dynamic model was built. Based on the modular scheme, the results of the experiment on changing 
the air inside the solar house and the outdoor temperature are presented in the form of a graph.  
The mathematical model of the thermal balance of the building in dynamic mode and the obtained 
calculation results are recommended for use in the development of energy-efficient solar  
houses. 
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Реферат. Вопросы экономии топливно-энергетических ресурсов, повышения эффективно-
сти систем теплоснабжения жилых помещений, а также использования устройств на основе 
возобновляемых источников энергии на сегодняшний день имеют особую актуальность. 
Цель статьи – разработать математическую модель теплового баланса и провести теорети-
ческое исследование одноэтажных сельских домов, использующих солнечную энергию  
в нестационарном режиме. Для ее реализации построен экспериментальный одноэтажный 
солнечный дом с автономным теплоснабжением на основе преимущественно солнечной 
энергии. В случаях, если нагрузка на теплоснабжение превышает солнечную нагрузку, при-
меняется традиционное котельное устройство. Электроснабжение экспериментального дома 
обеспечивается солнечной панелью (фотоэлектрическим преобразователем). Предложены 
схема теплового баланса солнечного дома с автономным теплоснабжением и электротепло-
вая схема физической модели. На их основе разработаны математическая модель  
и алгоритм расчета, базирующийся на уравнении теплового баланса динамического состоя-
ния системы теплоснабжения экспериментального дома в нестационарном режиме. Иссле-
довано влияние теплоемкости стеновой конструкции на температурный режим здания.  
В среде моделирования MATLAB-Simulink построены основные температурные характери-
стики, на которых проанализировано изменение температуры внутреннего воздуха здания  
в зависимости от температуры окружающей среды. Построена модульная схема динамиче-
ской модели, результаты эксперимента по изменению воздуха внутри солнечного дома  
и температуры наружного воздуха представлены в виде графика. Математическая модель 
теплового баланса здания в динамическом режиме и результаты расчетов могут использо-
ваться при разработке энергоэффективных солнечных домов. 
 

Ключевые слова: солнечное излучение, тепловое сопротивление, тепловой баланс, дина- 
мическая модель, математическое моделирование, солнечный дом 
 

Для цитирования: Математическое моделирование комбинированной системы теплоснаб- 
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энерг. объединений СНГ. 2022. Т. 65, № 5. С. 412–421. https://doi.org/10.21122/1029-7448-
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Introduction  
 
At present, a number of reforms are being carried out in Uzbekistan to the ra-

tionally use of natural fuel and energy resources, to introduce energy-saving 
technologies in the economy, to introduce widely modern technologies through 
radical modernization of production. These reforms are regulated, in particular, 
by Law of the Republic of Uzbekistan ZRU-539 of May 21, 2019 “On the  
Use of Renewable Energy Sources”, of May 26, 2017 PQ-3012 “On the Program 
of Measures for Further Development of Renewable Energy, Energy Efficien- 
cy in the Economy and Social Spheres for 2017–2021” and by PQ-3379  
“On Measures to Ensure the Rational Use of Energy Resources” dated Novem-
ber 8, 2017 [1–4]. Decisions on energy and resource consumption, widespread 
introduction of energy-saving technologies in the manufacturing sector, 
expansion of the use of renewable energy sources, increasing energy efficiency 
in the economy are identified as priorities. 

At present, the development of innovative technologies based on the use of 
renewable energy sources, the introduction of scientific and technological 
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developments, increasing the energy efficiency of renewable energy devices, 
encouraging the expansion and localization of their production is carried out  
at the state policy level [5, 6]. It is important to conduct research based  
on modeling the heat balance of buildings to assess the feasibility of using  
solar energy in the heat supply of residential buildings, the development  
and implementation of solar-based heat supply systems. 

Research on improving the efficiency of the use of solar energy in the heat 
supply of buildings is carried out by specialized scientists around the world [7–13]. 
The issues of modeling of solar collector heat supply systems and evaluation of the 
efficiency of application of solar collector in the heat supply of residential 
buildings, optimization and management of parameters of solar heat supply systems 
have been studied in detail [14–17]. Scientific research on the use of solar energy in 
various technological processes in the climatic conditions of the City of Karshi 
[18–25] have been performed. However, the analysis of scientific research shows 
that the creation and implementation of combined systems of solar and traditional 
heat supply of rural houses has not been sufficiently studied.  

The article discusses the issue of modeling the heat balance of an expe- 
rimental solar house based on a combined heat supply system. The general  
view of the experimental solar house is shown in Fig. 1 and the heat balance 
diagram is shown in Fig. 2. 

 

 
 

Fig. 1. General view of the experimental solar house (Karshi) 

 
 

Fig. 2. Scheme of the heat balance of a solar house with autonomous heat supply 
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In Fig. 2 Qr1 is the influx of heat directly from the sun on the facade of the 
building, W; Qr2 is the influx of heat from the sun within the zone,W; Qv.out is 
heat transfer due to ventilation outside the area, W; Qv.in is heat transfer due to 
ventilation within the zone, W; Qh is heat provided to heat the house from an 
external source, W; T1 is interior wall temperature, °C; T2 is temperature of the 
inside of the structure, °C; T3 is outside temperature of the structure, °C; Tair is 
outside air temperature, °C; Ci is air volume inside, J/K; C1 is heat capacity of 
the building facade, J/K; C2, C3 are heat capacityes of the structure, J/K; R1 is 
convective resistance of the building facade, K/W; R2 is convective resistance of 
the inner side of the structure, K/W; R3 is convective resistance of the structure, 
K/W; R4 is convective resistance of the outer side of the structure, K/W; R5 is 
total thermal resistance through glass (total thermal resistance of glass), K/W. 

A dynamic model of the heat balance equation of a solar house with a combined 
autonomous heat supply was developed, and on this basis a mathematical model of 
the process was constructed according to the developed block diagram. 

In the mathematical modeling of the object of study, a thermal-electrical 
scheme was first constructed that took into account the physical aspects of the 
model. For this purpose, the components of the indoor environment and its heat 
capacity were determined. The amount of heat delivered or consumed according 
to the specified quantities, its effect on the change in internal ambient 
temperature, the thermal resistance of the heat-receiving layer and other factors 
leading to changes in the total heat capacity were mathematically expressed on 
the basis of electro-thermal similarity theory. The electro-thermal scheme of the 
mathematical model is shown in Fig. 3. 

 
 

 
 

Fig. 3. Electrothermal scheme of a model built for an experimental  
solar house (designations are the same as in Fig. 2) 

 

Methods and materials 
 

The dynamic mode of operation of the research object can be modeled using  
a system of linear differential equations. It will be possible to express these 
equations first in the form of matrices and then convert them into a dynamic model 
view using the MATLAB-Simulink program. The heat balance equation for the 
dynamic state of the solar house heat supply system has the following form: 
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where 1 2 3,  ,  ,  ,  ,  w air inc c c c c c  are heat capacities of building front wall, building 

structure, water, air and indoor air, respectively, J/K; 1 2 3,  ,  ,  inm m m m  are the 
mass of the front wall of the building, the structure of the building and the  
air inside the building, respectively, kg; ,  windF F  are the surface of the building 

wall and the window part of the building, respectively, m2; ., , ,in out trans coeff    

. .trans coeff wind  are coefficients of heat transfer to the indoor air, to the outside  

of the building, from the building wall, and from the building window, 
respectively, W/(m2К); radq  is radiation flux density, W/м2; trank  is heat trans- 

fer through the building structure, W/(m2К); ,  w airG G  is consumption of water 

and air, kg/s; 1 2 3,  ,  ,  windR R R R  are convective resistance of building front wall, 
building interior wall, building structure and building glass, respectively, K/W; 

1 2 3 4,  ,  ,  ,  ,  in outt t t t t t  are temperatures of building interior air, building interior 
wall, building interior, building exterior, building exterior wall and exterior air, 
respectively, К. 

The heat transfer coefficient and the thermal resistance of the layers were 
found from formula (2) [22] 
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where 1 2 3, ,    are the thickness of the front side of the building wall, of the 

building structure and the inner wall of the building, m; 1 2 3, ,    are heat 
transfer coefficients of the front side of the building wall, the building structure 
and the internal wall of the building, W/(mК). 

By simplifying the right and left sides of equation (1), we get the following 
equations: 
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Equations (5), (6) can be expressed in matrix form: 
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Results аnd Discussions 
 

According to the results of mathematical modeling, the analysis of the thermal 
regime of the research object is performed by entering the dynamic model into the 
MATLAB-Simulink program. A modular schematic of a dynamic model written in 
the MATLAB-Simulink programming language is shown in Fig. 4. 

 
 

Fig. 4. Modular scheme of the dynamic model of the object 
 
The object, i. e. the construction of the solar house, is affected by its indoor 

air temperature (Fig. 5). Given that the heating season of the solar house consists 
of November – March for the southern regions of the Republic of Uzbekistan, it 
is possible to analyze the change in indoor air temperature for a month 
depending on the outside air temperature. 

Figures 5a, 5b show that from December 26 to January 7, 2020, the air tem- 
perature cooled to (–5) – (–10) degrees. This situation was also repeated  
on 20–22 January (Fig. 5b). Due to the cloudy weather at this time, the indoor air 
temperature of the research object was maintained at 22–24 C using a water 
heating boiler. In Fig. 5b, 5c, 5d organic fuel savings were achieved as a result 
of not using a water heating boiler for heating purposes, as the average outdoor 
air temperature during the day was around 20 C.  

Figure 6 shows the temperature characteristics for the characteristic days of 
the study (December 29, 2020 and January 4, 2021).  
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As a result of modeling and calculation of the thermal regime of the object, 
the possibility of setting the required temperature in the solar house without 
increasing the thickness of the thermal insulation layers, i. e. material and 
resource costs, was assessed. 
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Fig. 5. Temperature characteristics of the solar house (obtained using the MATLAB-Simulink 
program): a – for December; b – January; c – February; d – March 

30 
 

25 
 

20 
 

15 
 

10 
 

5 
 

0 
 

–5 
 

–10 

Т
еm

pe
ra

tu
re

, 
C

 

30 
 

25 
 

20 
 

15 
 

10 
 

5 
 

0 
 

–5 
 

–10 

Т
еm

pe
ra

tu
re

, 
C

 

35 
 

30 
 

25 
 

20 
 

15 
 

10 
 

5 
 

0 
 

–5 

Т
еm

pe
ra

tu
re

, 
C

 

35 
 

30 
 

25 
 

20 
 

15 
 

10 
 

5 
 

0 
 

–5 

Т
еm

pe
ra

tu
re

, 
C

 



Г. Н. Узаков, В. Л. Червинский, У. Х. Ибрагимов, С. И. Хамраев, Б. И. Камалов 
420                 Математическое моделирование комбинированной системы теплоснабжения... 
 

 

 

a 

 
               0                    3                     6                     9                    12                   15                   18                   21                   24 

Time, day 
 

b 

 
             0                    3                     6                      9                    12                   15                   18                   21                   24 

Time, day 
 

Fig. 6. Temperature characteristics of a solar house for typical days:  
a – December 29, 2020; b – January 4, 2021 

 

 
CONCLUSIONS 
 

1. A mathematical model of the heat balance of a country house in non-
stationary mode was developed and a calculation algorithm was proposed. 

2. On the basis of mathematical modeling, the effect of the heat capacity  
of the wall structure on the temperature regime of the building was studied. 

3. The proposed model makes it possible to analyze temperature changes  
of indoor air depending on the ambient temperature. 

4. Mathematical model of heat balance of the building in dynamic mode and the 
obtained results can be used in the development of energy efficient solar houses. 
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