DHepreTrka. V3. BbIcII. yue. 3aBeieHuii 1 sHepr. oovequHennit CHI'. T. 65, Ne 5 (2022), c. 412-421
412 Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. V. 65, No 5 (2022), pp. 412421

https://doi.org/10.21122/1029-7448-2022-65-5-412-421

UDC 662.997

Mathematical Modeling of the Combined Heat
Supply System of a Solar House

G. N. Uzakov", V. L. Charvinski?, U. Kh. Ibragimovl),
S. L. Khamraevl), B. I. Kamolov”

YKarshi Engineering Economic Institute (Karshi, Republic of Uzbekistan),
YBelarusian National Technical University (Minsk, Republic of Belarus)

© Benopycckuil HalMOHATIBHBIA TEXHUYECKUH YHUBEpCUTET, 2022
Belarusian National Technical University, 2022

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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MartemaTuyeckoe MOIeJTMPOBaHHE KOMOUMHUPOBAHHOM

CUCTEMbBI TeHJ-IOCHaﬁ)KeHHﬂ COJIHCYHOI' 0o 1oMa
I. H. Y3akos”, B. JI. UepBunckuii”, Y. X. U6parumos”,
C. 1. Xampaes", B. . Kamajos"

DKapuriHcKuii nHkeHepHO-3KoHOMIYeckuii nHCTHTYT (Kapum, Pecry6muka V3Gexucran),
JBenopyccKuil HALHOHANBHEIN TeXHIYeCKuil yHuBepcuteT (Muuck, Pecriy6muka Bemapycs)

Pedepat. Bonpocsl 5KOHOMUH TOIUTMBHO-DHEPTETHYECKUX PECYPCOB, HOBBILECHUS dPPEKTHBHO-
CTH CHCTEM TEIUIOCHA0XEHHS IIIBIX TOMEILICHHH, a TAKKe MCIIOJIb30BaHUs YCTPOWCTB HA OCHOBE
BO300HOBJISIEMBIX HCTOYHUKOB JHEPIUY HA CErOJHSIIHMH JEHb UMEIOT OCOOYI0 aKTyalbHOCTb.
Llenb cTaThu — pa3paboTaTh MaTEMATHYECKYIO0 MOJEIb TEIUIOBOrO 0ajgaHca U MPOBECTH TEOPETHU-
4eCKOE MCCIIENOBAaHUE OJHOATAXKHBIX CEIbCKUX JOMOB, HCIOJb3YIOIIUX COJHEYHYIO SHEPrHI0
B HECTAI[IOHApPHOM pexxuMe. [ ee pealn3aluyl MOCTPOSH HKCIICPUMEHTAIBHBIH OHOITAXKHBII
COJIHEUHBIH JOM C aBTOHOMHBIM TEIUIOCHAO0XKCHHEM Ha OCHOBE INPEHUMYIIECTBEHHO COJIHEYHOI
sHepruu. B cirydasx, ecnm Harpy3ka Ha TEIUIOCHAOXEHHE IPEBHIIIAET COTHEUHYIO HArpy3Ky, IpH-
MEHSETCS TPAAUIUOHHOE KOTEJIBHOE YCTPOHCTBO. DIIEKTPOCHA0KEHNE SKCIIEPUMEHTAIBFHOTO I0Ma
obecreunBaeTCcsl COTHEYHOH MaHeNbio ((OTOdIEKTpHUECKUM IpeodpaszoBareneM). IpemioxeHs
CXeMa TEIUIOBOro OanaHca COJIHEYHOTO J0Ma C aBTOHOMHBIM TEIUIOCHA0XKEHHEM H ICKTPOTEILIO-
Bas cxema ¢m3udyeckoii Moxmenu. Ha mux ocHoBe paspaboTaHel MaTeMaTH4ecKas MOJCIb
U aJITOPUTM pacyeTa, 6a3upyromMiicss Ha ypaBHEHHHU TEIJIOBOTO OalaHca JHUHAMHUYECKOTO COCTOS-
HHS CHCTEMBI TEIIOCHA0KEHHUS SKCIIEPUMEHTAIBHOTO JOMA B HECTAl[MOHAPHOM pexxuMme. Vccie-
JIOBaHO BJIMSHHE TEIUIOEMKOCTH CTCHOBOII KOHCTPYKIMH Ha TEMIEPATypHBIH PEXHM 3IaHHS.
B cpene mogenupoBanuss MATLAB-Simulink mocTpoeHbI OCHOBHBIE TEMIICpAaTyPHBIE XapaKTepu-
CTUKH, Ha KOTOPBIX IPOaHAJIU3MPOBAHO W3MEHCHUE TEMIICPAaTypbl BHYTPEHHETO BO3JyXa 3IaHHs
B 3aBHCHMOCTH OT TEMIIEPaTypbl OKpYyXaroiiel cpenpl. IlocTpoeHa MOy IbHAs CXeMa JUHaMUYe-
CKOH MOZENH, pe3ysbTaThl KCHEPUMEHTAa 110 HW3MEHEHHIO BO3JyXa BHYTPH COJHEYHOTO JIOMa
U TeMIepaTypbl HApY>KHOTO BO3JyXa IIPEJCTABICHBI B BHAE rpaduka. MaremaTHyeckas MOJEIb
TEIUIOBOTO OajlaHca 3/1aHus B AMHAMHUYECKOM PEXMME M PEe3yJIbTaThl PACUETOB MOTYT HCIIONIB30-
BaThCs NPU pa3paboTke FHEProdGHEeKTHBHBIX COITHEUHBIX JOMOB.

KuroueBble €JI0Ba: COJTHEYHOC U3JIY4YCHUE, TCIUIOBOEC COIIPOTHBJICHUE, TEIUIOBOM 6anch, JUHa-
MUYECKas MOAEC/Ib, MATEMATUICCKOEC MOJICITIMPOBAHUE, COJIHCUHBIH JIOM

Jis uuTHpoBaHus: MareMaTHyecKoe MOJIEIUPOBaHNE KOMOMHUPOBAHHOH CHCTEMBI TEIUIOCHA0-
skeHust conHevHoro goma / I'. H. V3akoB [u ap.] // Onepeemuxa. H3ze. vicui. yueb. 3a8edenutl u
aHepe. obveounenuii CHI'. 2022. T. 65, Ne 5. C.412-421. https://doi.org/10.21122/1029-7448-
2022-65-5-412-421

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)
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Fig. 2. Scheme of the heat balance of a solar house with autonomous heat supply
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In Fig. 2 O, is the influx of heat directly from the sun on the facade of the
building, W; Q,, is the influx of heat from the sun within the zone,W; O, .., is
heat transfer due to ventilation outside the areca, W; 0O, ;, is heat transfer due to
ventilation within the zone, W; O, is heat provided to heat the house from an
external source, W; T is interior wall temperature, °C; 75 is temperature of the
inside of the structure, °C; T3 is outside temperature of the structure, °C; T, is
outside air temperature, °C; C; is air volume inside, J/K; C; is heat capacity of
the building facade, J/K; C,, C; are heat capacityes of the structure, J/K; R; is
convective resistance of the building facade, K/W; R, is convective resistance of
the inner side of the structure, K/W; Rz is convective resistance of the structure,
K/W; R4 is convective resistance of the outer side of the structure, K/W; Rs 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.

Qv.oul

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 ¢, c,, ¢, ¢, c,,, ¢, are heat capacities of building front wall, building

w2 Tair?

structure, water, air and indoor air, respectively, J/K; m,, m,, m,, m, are the

mn

mass of the front wall of the building, the structure of the building and the
air inside the building, respectively, kg; F, F,. , are the surface of the building

wall and the window part of the building, respectively, m*; o, o o

in> “out > trans.coeff °

s coerwina AT€ COCfticients of heat transfer to the indoor air, to the outside

of the building, from the building wall, and from the building window,
respectively, W/(m*K); ¢, is radiation flux density, W/m’; k,, is heat trans-

tran
fer through the building structure, W/(m*K); G,, G,, is consumption of water
and air, kg/s; R, R,, R,, R, are convective resistance of building front wall,

building interior wall, building structure and building glass, respectively, K/W;
t,, t, 4, t, t,, t, are temperatures of building interior air, building interior

1

wall, building interior, building exterior, building exterior wall and exterior air,
respectively, K.

The heat transfer coefficient and the thermal resistance of the layers were
found from formula (2) [22]

1

= 2

k 1 6 8, & 17 @
— S+ 2 —

o, A A, Ay 0

m

out

where §,,9,, 90, are the thickness of the front side of the building wall, of the
building structure and the inner wall of the building, m; A,,A,,A, are heat

transfer coefficients of the front side of the building wall, the building structure
and the internal wall of the building, W/(m-K).

By simplifying the right and left sides of equation (1), we get the following
equations:

- = L+ L+ ; 3)
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Equations (5), (6) can be expressed in matrix form:
x'= Ax + Bu; (7
y=Cx+ Du. (8)

Vector indicators of equations (7), (8):
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Results and 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.

(Cr—w1/(24°3600] =

Clock Gain i
— Seope Display2
From workspace
Display x'=Ax+Bu
y=Cx+Du 100
1_- Constant1
Scope State-Space From workspace
Scope3
#In1  QOut2
PID Subsystem

D controller

Constant
Display1

E Scope2

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 2022 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; ¢ — February; d — March
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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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