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ABSTRACT

Economic efficiency of greenhouse vegetable growing depends quite significantly on the cost of energy
carriers, which is why the introduction of energy-saving technologies in greenhouse vegetable growing is an
urgent issue. One of the ways to save energy resources can be the use of a closed ventilation system of the
"plant greenhouse - mushroom greenhouse" type, which is based on the opposite type of respiration of plants
and mushrooms. A closed ventilation system includes air exchange between the greenhouse with growing
plants and the cultivation room for growing mushrooms. The closed ventilation system allows you to save
energy by reducing the heating of the incoming air, as well as increasing the yield of vegetable products due
to the increased concentrations of carbon dioxide in the air that flows from the cultivation room for mushrooms
to the greenhouse and mushrooms due to the increased concentrations of oxygen in the air that flows into the
cultivation room for mushrooms from the greenhouse. Mathematical modeling of the process of heat transfer
between greenhouses makes it possible to simulate transitional processes between rooms in order to assess
the quality and accuracy of regulation, as well as to evaluate the parameters of the object in transitional modes.
Mathematical modeling of dynamic processes is the basis for the formulation of transfer functions for the
automatic control system. As a result of the study, mathematical models of the temperature dynamics of the
substrate of mushrooms and greenhouse vegetables were obtained due to the analytical solution of the system
of differential equations. The adequacy of the solution was verified by the Runge-Kutta method and compared
with experimental data. The difference between the theoretical and experimental values is not significant and
amounted to -3 % for the substrate temperature and -3.2 % for the air temperature.

AHOTALIA

EkoHoMiyHa egbekmueHicmb mennuyHo20 o08oYieHUUMea documb Cymmesgo 3anexums 8i0 eapmocmi
€eHep20oHoCIi8, y 38’A3Ky 3 YUM 8riposadxXeHHs1 eHepaosbepieatodux mexHo102il y mennuyHoMy 08oyieHUUMei
€ numaHHam akmyanbHuM. OOHUM i3 crocobie eKOHOMII eHepaopecypcie Moxe bymu 6UKOPUCMAaHHS
3aMKHymoi cucmemu 8eHmMUNAUl muny «pociauHHa mennuyst - 2pubHUUsS» sika OCHO8aHa Ha rMpomMuexXHoMy
muni QuxaHHi pocriuH ma epubis. 3amkHyma cucmema eeHmMunAuii ekroyae 8 cebe nosimpoobMiH M
mennuuer 3 BUPOWY8aHHSIM POCAIUH ma KyfabmueauilHUM MpuMilyeHHsM Onsi eupowyeaHHsi epubis.
BamkHyma cucmema eeHmunsuii 003680/19€ €KOHOMUMU €HEP20HOCIT 3a paxyHOK 3MEHWEHHST Hazpigy
npurnnueHo2o noeimpsi, a makox 36inbwumu 8uxio 0804ee8oi nPodyKuii 3ae0sKuU Mid8UWEHUM KOHUeHmpauism
gyarniekucriomu y rnosimpi, sike nocmynae i3 KynbmueauiliHo2o npumMiwyeHHs 0ns epubie 8 mennuuyro ma epubie
3a805IKuU Mif8UWEHUM KOHUEHmMpaUisiM KUCHIO y 1ogimpi, sike nocmynae 8 KynbmueauiliHe rnpuMilleHHs1 05
epubie i3 mennuyi. Mamemamuy4He MmoOerno8aHHs Mnpouecy repeHocy menmna MK mennuuysmu oae
MOXugicmb mMoodentoeamu rnepexioHi npouecu MK fMpUMILUEHHSIMU 3 MEMOK0 OUIHKU SSKoCcmi ma moYyHocmi
peaynoeaHHs, a makox Orid OUiHKU napamempie 06’ckmy y nepexioHux pexumax. Mamemamu4He
modernoeaHHsT OUHaMiYHUX rpouecie € ridcmagor Orsi (hopMyrno8aHHs nepedamoyHux QyHKuUiG 0ns
cucmemu asmomMamu4Ho20 yrpasniHHsA. Y pe3ynbmami 00ocnidxeHHs 6ynu ompumaHi Mamemamud4Hi modeni
OuHamiku memnepamypu cybcmpamy epubie ma mernnuyHUX 0804i8 3a paxyHOK aHanimu4yHo20 8UpilleHHs
cucmemu OugbepeHryitiHux pigHsiHb. Nepesipka adekeamHocmi piweHHs1 6yna nepeegipeHa memodom PyHee-
Kymmu ma nopieHsiHa i3 ekcriepumeHmarnbHUMU OaHumMu. Po3X00XeHHsT MiX meopemuyHuMu ma
eKkcriepuMeHmarnbHUMU 3HaYeHHSMU He cymmesa i cknana no memnepamypi cybecmpamy — 3 % i no
memnepamypi nogimpsi — 3,2 %.
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INTRODUCTION

The energy efficiency of a closed ventilation system and the dynamics of temperature changes in the
buildings of this system were studied, which made it possible to use the ventilation system to carry out gaseous
inter-fertilization of plants and mushrooms, since it is well known that plants absorb CO2 and release O: during
photosynthesis, and mushrooms, on the contrary, during respiration absorb Oz and emit CO2. CO2-enriched air
from the mushroom greenhouse and O2-enriched air from the greenhouse circulates in a closed circuit using
the ventilation system, and supply air is supplied to the system only when the concentration of CO: in the
mushroom greenhouse exceeds the set norm. At the same time, the air that moves between the greenhouses
has some thermal potential. That is, there is not only gas exchange, but also heat transfer (Girchenko, et al.,
2003). These studies are a continuation of the studies presented in (Golub & Kepko, 2017).

In addition to technological advantages, such a ventilation system provides significant savings in thermal
energy for heating supply air. To ensure automatic control of the temperature regime in the "plant greenhouse
- mushroom greenhouse" system, it is necessary to know its dynamic characteristics as an object of automatic
control of temperatures of the substrate and circulating air.

Interest in the automation of greenhouses has now reached a significant level. The introduction of digital
technologies into agricultural production has made it possible to introduce new technologies, technical
information and ease of management, making crop production manageable on the basis of such technologies
(Achour, et al., 2021), (Tokmakov & Hrudynyn, 2008), (Rodrirguez, et al., 2001).

Transient processes in closed heating and ventilation systems can be quite complex, therefore, to
assess the quality and accuracy of regulation, as well as to evaluate the object at any part of the transient
process, it is desirable to have simulated mathematical models of these processes (Dudnyk, et al., 2020),
(Johansson, 1993), which will make it possible to reduce the use of fuzzy conclusions in the microclimate
management system in greenhouses, which leads to the need to use fuzzy neural networks in management
(Lysenko, et al., 2022).

In many cases, when studying complex dynamic processes in greenhouses, systems of differential
equations are solved using numerical methods (Lendyel, 2016).

The nature and duration of transient processes in greenhouses with large volumes of production (Sethi,
et al., 2013), (Costantino, et al., 2021) requires modeling of these processes to evaluate the object at any part
of the transient process (Gorobec & Yatsenko, 2014), (Dudnyk, 2014). This issue is especially relevant for
closed ventilation systems, due to their complexity.

Formulation of mathematical models for temperature dynamics in cultivation rooms with their
subsequent analytical solution for plant greenhouses (Koshkin & Babenko, 2011), (Voynova, 2007), (Berzan,
et al., 2012), (Semenov & Krushel', 2009), (Takakura & Son, 2004) and mushroom greenhouses (Koshkin,
2015), (Peshko, 2011), did not consider models of temperature dynamics for the "plant greenhouse -
mushroom greenhouse" system.

The task of the study was to investigate the transition processes in the system "plant greenhouse -
mushroom greenhouse" and to obtain an analytical solution of the mathematical model of the dynamics of the
substrate temperature and air in the system and to compare them with the results of investigational studies.

MATERIALS AND METHODS

During the investigation, differential equations characterizing the dynamic properties of objects in the
"plant greenhouse - mushroom greenhouse" system were formulated and analytically solved by creating a
mathematical model of air and substrate temperature dynamics.

In order to check and confirm the analytical dependences, studies of changes in air and substrate
temperature were carried out in experimental greenhouses, which were connected to the "plant greenhouse -
mushroom greenhouse " system (Fig. 1), where green onion was grown in the plant greenhouse, and in the
mushroom greenhouse — oyster fungus. The choice of research methodology and processing of experimental
data was based on the recommendations outlined in (Hashchuk, 2002), (Trehub, 2017), (Pushkar & Protsenko,
2013).

The research on temperature dynamics was carried out with the aim of obtaining dynamic (accelerating)
characteristics and comparing them with dynamic characteristics obtained from experimental dependencies.
The method of active experiment was used to study the dynamic characteristics (Pushkar & Protsenko,
2013), (Ryss & Hurvych, 1986).
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During the investigation, differential equations characterizing the dynamic properties of control objects,
existing schemes of ventilation systems of

plant _L]rEE/?/?UUSE greenhouses and cultivation rooms for growing
mushrooms were used.
To determine the impact of the studied
0> exhaust ventiation ar [} parameters on the processes that take place in the

“plant greenhouse - mushroom greenhouse”
l system, a pairwise comparison of two factors was
carried out, with other factors constant.
mushroom greenhouse The assessment of the accuracy and
reliability of the results of experiments, which
l contain systematic and random errors, is carried out
using the methods of probability theory and
oufdoor ar th tical tatisti ved
Fig. 1 - Schematic diagram of the closed system of mathematica statstics (Vedenyapyn,
heating and ventilation "plant greenhouse — mushroom  1973), (Drahanov, et al., 1993).
greenhouse” To assess the state of the "plant greenhouse
— mushroom greenhouse" system, the heat balance equation will be used (Stroy, 1983):

QT.I _QH.ios = Qexc 1)

where: Qr, — total heat input to the room, [W]; Qn.ios — total heat loss from the room, [W]; Qexc — excess (“—*
deficit) of heat in the room, [W].
A positive value of Qe determines the power of the heating system, a negative value — the power of the
air conditioning system.
Representing equation (1) through its components, the heat balance equation for rooms operating in
the "plant greenhouse - mushroom greenhouse" system is obtained:
for the greenhouse:

_QT.I.l _QH.l + QHL.l - Ca . I:GM.l.l (tin.2 _tin.1)+ GM 12 (tout _tin.z ):' =0 (2)
for mushroom greenhouse:

_QT.I 17 QH 1t QHL.l - CaGM 11 (tin.l - tin.2 ) =0 (3)
where: 1,2 — respectively, a mushroom greenhouse and a plant greenhouse; Qn = Qexc, [W]; QnL — heat losses
due to enclosing structures, [W]; ¢, — heat capacity of air, [J/(kg-K)]; Gm.1.1 — air exchange between rooms, [kg/s];
Gw.1.2 — air exchange with the outside environment [kg/s]; tout — outside air temperature, [°C]; tin.1 — air temperature
in the mushroom greenhouse, [°C]; tin2 — air temperature in the vegetable greenhouse, [°C].

Air and substrate temperature are the main factors affecting the process of mushroom cultivation in a
mushroom greenhouse, and air temperature is the main factor in growing vegetable crops in a vegetable
greenhouse. To determine the dependence between the temperature of the substrate and the air in time, we
will use the theoretical prerequisites outlined in (Golub, 2003), where it is proposed to determine this
dependence by a system of differential equations. Assuming that the air temperature in the plant greenhouse
is maintained by a separate control system, then in this case the temperature of the air entering the greenhouse
from the greenhouse is assumed to be constant, which makes it possible to compile the following system from
two differential equations:

%: gsMs — Mg, _ asss

(ts - tin.l)

dr M Cq M, Cq

dt; Ken S asS KipS

ill:_u(tinl_tout)+¥(ts _tin1)+ TR (tHD_tin1)+"' “)
dr me.C, m,cC, ‘ m,cC, '

et kEl (tin.2 _tin.l) + kE2 (tout _tin.l)+ kA.INF (tout _tin.l)

where: ts — substrate temperature, [°C]; Ms — mass of the substrate in the mushroom greenhouse, [kg];

Cs — specific heat capacity of the substrate, [J/(kg°C)]; Qs — heat release of the substrate, [W/kg];

os — coefficient of heat transfer from the substrate, [W/(m?2-°C)]; Ss — the surface area of the substrate that is
blown by air, [m?]; r — specific heat of vaporization of water, [J/kg]; Mev — intensity of water evaporation, [kg/s];
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T —time, [S]; Ma— air mass in the mushroom greenhouse, [kg]; ke1 — the multiplicity of air exchange in the "plant
greenhouse — mushroom greenhouse" system, which is organized between the premises of the system, [s7];
ke, — the multiplicity of air exchange in the "plant greenhouse — mushroom greenhouse" system, which is
organized between the mushroom greenhouse and the external environment, [s1]; ken — coefficient of heat
transfer through enclosing structures, [W/(m2-°C)]; Sen — surface area of fences, [m?]; Sup — surface area of
heating devices, [m?]; kup — coefficient of heat transfer from heating devices, [W/m2°C]; tup — water temperature
in heating devices, [°C]; ka.nF — air exchange rate of infiltration, [s].
The general solution of the system of differential equations will be as follows:

t; =C,exp(k;z)+C, exp(k,7)+tg (5)
t ., = (% +1) C,exp(kz)+ (% +1J C,exp(k,7)+t;, (6)

where: ki, k2 — roots of the characteristic equation; Ci, C, — permanent solutions of the differential equation; tg

— constant value of the temperature of the substrate, [°C]; t;,,; — constant value of the air temperature in the
mushroom greenhouse, [°C]; C =a S, /m.C; -

Permanent solutions of differential equations are determined from the condition that at the initial moment
of time the temperature of the substrate and air are equal to their initial constant values. In the presence of
incoming exciting influences (changes in the temperature of the outside air, the amount of heat released by
the substrate, which depends on the intensity of the passage of biological processes in the substrate or the
temperature of the supply air), new constant values of the temperature of the substrate and air are established.
Therefore, this can be written as:

(k, +C)(t" - %) -C(t7 —tos)

C,=- (7)
k1 - kz
k,+C)(ts® —ts° )-C (s —to,
C2 _ _( 1 )( S S ) ( in.1 |n.l) (8)
kl - kz
where: t°, t&° - initial and final constant value of substrate temperature, [°CJ; t55, t-5 — initial and final

constant value of the air temperature in the mushroom greenhouse, [°C].

The inhomogeneous differential equation of the second order that can be obtained by solving the system
of equations (4), which describes the dynamic properties of the cultivation room — greenhouse system, can be
represented through the Laplace transform in the form of a transfer function, which is important for the
performance of functions of automatic control of the temperature of the substrate:

k
WP =G ©)
where: T1 — response time for the substrate, [s]; T2 — response time for the air, [s].
Checking the analytical solution of the system of differential equation (4) by solving the second-order
differential equation by the Runge-Kutta method using MathCad software showed the coincidence of the results.
The experimental greenhouse of the Horticulture Department of Uman National University of
Horticulture was used to check analytical dependences on temperature dynamics. The premises were
equipped with a heating and ventilation system and a temperature control and regulation system.
A production inspection was carried out, the task of which was to determine the energy indicators of a
closed heating and ventilation system and to compare them with the indicators obtained as a result of analytical
and experimental studies.

RESULTS

Modeling of the power of the heating installation of the mushroom greenhouse and the plant greenhouse
in the range of internal temperatures from 10 to 22°C according to (2) and (3) is shown in Figures 2 and 3,
respectively.
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Fig. 2 - Dependence of the power of the heating Fig. 3 - Dependence of the power of the heating
system on the temperature of the internal air system on the temperature of the internal air
in the mushroom greenhouse (night) in the plant greenhouse (night)

Heat and heat air balances for experimental mushroom greenhouse and plant greenhouse are given in
Tables 1-4.

Table 1
Heat balance of the cultivation room for mushrooms
Indicator Winter Trans_|t|on Summer
period
Outdoor air temperature, tout, °C -21 5 24
Air temperature in the room, tin, °C 16 16 16
Heat input: from solar radiation, Qs.r, KW 1.444 2.403 3.105
Other, QotH, kW 0.599 0.599 0.5985
Total, Qr., KW 2.042 3.002 3.703
Heat losses: due to enclosing structures, Qut, kW 3.857 1.131 -0.86
on infiltration, Qink, KW 0.249 0.055 -0.03
on evaporation, Qeva, kW 0.408 0.408 0.408
on heating the supply air, Qi.ar, kW 1.995 0.593 -0.431
Total, QH.ios, KW 6.508 2.188 -0.914
Excess ("-"deficit) of the heat flow, Qexc, KW —4.466 0.814 4.617
Table 2
Heat-air balance of the cultivation room for mushrooms
Indicator Winter Trans_ltlon Summer
period
Excess ("-"deficit) of the heat flow, Qexc, KW —4.466 0.814 4.617
Inflow of air into the room, GM, kg/s 0.054 0.054 -0.523
Outdoor air temperature, tout, °C -21 5 24
Heat flow with supply air, Qia, kW -1.132 0.27 -12.6
Heat flow for room heating, Qun, kW 4.466 -0.814 -
Heat flow for heating supply air, Qrar, kW 1.995 0.593 -
Extraction (removal) of the air from the room, Gw, kg/s 0.054 0.054 —-0.523
Air temperature in the room, tin, °C 16 16 16
Heat flow with exhaust air, Qoa, KW 0.863 0.863 -8.4
Balance: in the air, Gu, kg/s 0 0 0
in the heat flow, Qé6anarnc, KW 0 0 0
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Table 3
Heat balance of a plant greenhouse
Indicator Winter Trans_ltlon Summer
period
Qutdoor air temperature, tout, °C - 21 5 24
Air temperature in the room, tin, °C 14 14 14
Heat input: from solar radiation, Qs.r, KW 1.197 2.462 3.387
other, QotH, KW 0 0 0
Total, Qr.1, kKW 1.197 2.462 3.387
Heat losses: due to enclosing structures, Qur, kW 3.983 0.992 -1.194
on infiltration, Qink, KW 0.231 0.044 -0.037
on evaporation, Qeva, kW 0.116 0.116 0.116
on heating the supply air, Qi.ar, KW 0.681 0.175 -0.194
Total, QH.ios, KW 5.011 1.327 -1.309
Excess ("-"deficit) of the heat flow, Qexc, KW —3.814 1.135 4.696
Table 4
Air and heat balance of a plant greenhouse
. . Transition
Indicator Winter period Summer
Excess ("-"deficit) of the heat flow, Qexc, KW -3.81 1.135 4.696
Inflow of air into the room, Gu, kg/s 0.0194 0.0194 —0.448
Outdoor air temperature, tout, °C -21 5 24
Inflow of air into the room, Gw, kg/s —-0.408 0.097 -10.8
Heat flow for room heating, Qn, kW 3.814 -1.135 -
Heat flow for heating supply air, Qi.ar, KW 0.681 0.175 -
Extraction (removal) of the air from the room, Gum, kg/s 0.0194 0.0194 —-0.448
Air temperature in the room, tin, °C 14 14 14
Heat flow with exhaust air, Qoa, KW 0.272 0.272 -6.3
Balance: in the air, Gpal, kg/s 0 0 0
in the heat flow, Qoa;, KW 0 0 0

Production inspection was carried out at LLC "Slavuta" of Bila Tserkva district, Kyiv region, in order to

check the efficiency of the "plant greenhouse — mushroom greenhouse" system, where oyster fungus culture
(strain NK 35) was cultivated in the mushroom growing workshop (Fig. 4). The production inspection was
carried out for 30 days.

Fig. 2 — Production premises (general view)

The energy efficiency of the close system of ventilation in the mushroom room was carried out as follows:
one day the heating and ventilation system worked in a closed mode, and the next — in an open mode, on the
third day again — in a closed mode, etc. During the inspection, the following parameters were recorded: the
temperature of the external and internal air in the cultivation room and the temperature of the water in the
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heating system at the entrance and exit from the room, the temperature of the water at the entrance and exit
from the heater, the temperature of the air at the entrance and exit from the heater, and the temperature of the
substrate. Two arrays of data, i.e. data on a closed and an open system, were statistically processed and
grouped by outdoor air temperatures. Graphs constructed based on these data are shown in Figures 5, 6 and
7.

According to the obtained data, thermal energy savings during the inspection period (30 days) at
“Slavuta” LLC amounted to 1,980 kW/h of heat energy, which made it possible to reduce heating and ventilation
costs by 10.7%. When using "plant greenhouse — mushroom greenhouse” system during the entire cycle of
mushroom fruiting, the saving of heat energy will be 4032 kW/h with a payback period of 0.64 per year.
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Fig. 5—Mushroom greenhouse parameters in a closed ventilation system
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Fig. 6 — Mushroom greenhouse parameters in an open ventilation system

Experimental studies were carried out at a constant air temperature in the plant greenhouse of 14°C
and at an initial temperature of the substrate of 15.2°C and air in the mushroom greenhouse of 12.9°C. An
increase in the temperature of the water in the heating system of the mushroom greenhouse from 50°C to
60°C led to a transition process (Fig. 8), and new constant values of substrate and air temperatures were set
at 18.8°C and 16.4°C.
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Approximation of experimental data was carried out using exponential regression:

b
f(x)=a-e™+c (10)
where: @, b, ¢ — are exponential regression coefficients.

80
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g 50

40

u n
30 . .
20 T T T T T
-15,0 -10,0 -5,0 0,0 50 10,0 15,0
Outdoorairtemperature, [*Cl
+The power of the closed ventilation system = The power of the open ventilationsystem

Fig. 7 — Power of mushroom greenhouse in closed and open ventilation systems

Exponential regression coefficients are given in Table 5.

Table 5
Exponential regression coefficients

Parameter Regression coefficients
a b C
Internal air temperature —2.55 —0.089 15.99
Substrate temperature -3.87 —0.041 18.89
20
19

18

17

Temperature, [° C]

0 5 10 15 20 25 30 35 40
Time, [hours]

OO0 Substrate temperature, test data
""" Substrate tenperature, regression line
Substrate tenperature, mathematical line nodels

+ + Internal airtenperature, test data

**'*  Internal airtenperature, regression line

— Internal airtenperature, mathematical line nodels
Fig. 8 - Dynamics of changes in the temperature of the substrate and air in the mushroom greenhouse

when the temperature of the water in the heating system changes from 50 to 60 °C
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CONCLUSIONS

1) The inspection showed that the difference between the theoretical and experimental values is not
significant and amounted to 3% for the substrate temperature and 3.2% for the air temperature. Correlation
coefficients, respectively, were: 0.99, 0.98.

2) The conducted comparative theoretical and experimental studies make it possible to assert the
adequacy of the obtained solution of the differential equation of the temperature change of the substrate and
air.

3) Depending on the conditions, the use of the "plant greenhouse — mushroom greenhouse" system
makes it possible to reduce heat energy consumption by 12-20%.
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