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Abstract. A decision-making model has been developed for greenhouse enter-
prise operations, which includes: a mathematical model for crop yield forecasting based
on meteorological indicators and greenhouse microclimate; a greenhouse control model
that optimizes temperature, humidity, CO: levels, and resource consumption; and an op-
timization model for crop selection that accounts for economic, environmental, and ag-
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ronomic factors. Particular attention is given to the cultivation of new crops (specifically
bananas), which represents a novel direction for the southern regions of the Republic
of Kazakhstan. The models were verified using real data from a banana greenhouse.
Simulation results demonstrate a 19 % increase in yield and over 21% growth in profit
under optimized management compared to traditional strategies. The proposed approach
involves the use of an IoT sensor network, digital monitoring platforms, and artificial
intelligence algorithms for adaptive control of the greenhouse microclimate and resource
usage. The developed model supports informed managerial decision-making, enhances
the efficiency of water and energy use, minimizes environmental impact, and promotes
the sustainable development of greenhouse agriculture in regions with extreme climatic
conditions.

Keywords: greenhouse agriculture, greenhouse microclimate, yield forecasting,
artificial intelligence (Al), precision agriculture
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AHHOTamusi. ABTOpJIap JKBUIBDKAH KOCIMOPBIHIAPBIHBIH —OIEPAIUSITBIK
KBI3METIH OackapyFa apHaJFaH IIeNnM KaObuiaay yaricin o3ipaeai. Om MplHamai
KOMITOHGHTTEPA1 KAMTHJBI: METECOPOJOTHUSIIBIK KOPCETKIIITep MEH JKbLIbDKaN
MHUKPOKJIUMATBl ~ TapaMeTpJIepiHe  HETI3JeNTeH  OHIMAUTIKTI  OOJDKayIblH
MaTeMaTHKaJIBIK VATICI; TeMmIeparypaHbl, bUFaIAbUIBIKTEI, CO:2 JCHTeWiH >KoHE
pecypc TYTBIHYABl OHTAWJIAHIBIPATHIH JKbUIBDKANIABI OacKapy YJTICI; COHJai-aK
9KOHOMUKAJIBIK, YKOJIOTHSIIBIK KOHE arpOHOMUSIIBIK (paKkTOpIapabl €CKePETiH TaKbLT
TaHgay yharici. XKaHa makpuiaapasl (atam aiTKaHaa, OaHaHAAp/IbI) ecipyre epekiie
neH KoubutraH, Oy Kazakcran PecmyOnamKkachlHBIH OHTYCTIK aidMakTapbl YIIiH
WHHOBAIMSUTBIK OafbIT. YJTijep OaHaH ©CIpuIeTiH KbUIbDKAWIaH ajblHFAaH HAKThI
JIEPEeKTep Heri3iHAe BepuHKaNUsIaHIbl. YJTIHIH HOTIWKEIepl OHIMIUTIKTIH 19
%-Fa apTybIH JKOHE JIOCTYPJII CTPATETUsJIAPMEH CATTBICTBIPFaH 1a OHTAUIIAHIBIPBUTFaH
Oackapy ke3inme mnanmanbl 21 %-maH actamra ecipyli KepceTTi. Y ChIHBUIFaH
tocin loT-maTumkrep kemicid, MUGPIBIK MOHUTOPUHITIK TuIaTGopMaapabl JKOHE
JKBUTBDKAH MHUKPOKJIIMMATBl MEH PECypC TYTHIHYIbI OeHiMen OackapyFra apHalIFaH
YKacaHJbl MHTEIIEKT aJTOPUTMIEPIH MalalaHyFa HETi3JeNreH. O31ipJIeHreH YTl
0acKapymIbUIBIK MIEHIMACP/Il FBUIBIMHA HETI3/Ieyre, Cy MEH SHEPTHsHBI Naijaiany
THIMJIUTITIH apTThIpyFa, KOpIIaFaH OpTaFa Tepic ocep/Ii a3aiTyFa )KOHE IKCTPEMaJI b
KJIIMMATTHIK JKaFaaiiaapbl 0ap eHipJiepe KbUIbDKAM IapyanibUTbIFBIHBIH OPHBIKTHI
JlaMybIHA BIKITAJl €TE/I.

Tyilin ce3aep: >KbUIbDKAW IIAPyaIlIbUIBIFBI, JKbUIBDKAH MHKPOKJIUMATHI,
OHIMILTIKTI OoJKay, )kacaHael nHTEIIEKT (JKUW), mommMe-aom eriHmiTik
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JKBUTBDKAN  aybLIIIApYaIlblIbIK  KOCIMOPBIHAAPBIHBIH — OMEPAlUsIIBIK  KbI3METIHE
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AHHOTauusl. ABTOpaMH pa3paboTaHa MoOJeNb NPUHATHA PELICHUN
IUIL  yTIpaBJIGHUS OMNEPALMOHHONW JEsTEeIbHOCThIO TEIUIMYHBIX IPEeNNpUATHI,
BKJIIOUAIOIIAsS: MATEMATHUYECKYIO MOJIEIb IPOTHO3UPOBAHNUS yPOKaliHOCTH Ha OCHOBE
METEOPOJIOTUYECKUX NOKA3aTeNeH U TapaMeTPOB MUKPOKJIMMATa TEIUIMIIbI; MOJEIIb
yOpaBICHUS TEIUIMIEH, ONTUMU3MPYIOIIAs TEMIEPATypy, BIAXXHOCTb, YPOBEHb
CO: u notpebieHue pecypcoB; a Takke MOJENb ONTUMHU3ALMH BBIOOpA KYIBTYp C
yu€TOM SKOHOMHYECKHX, HKOJIOTHYECKHX M arpoHOMUYeckux QaxropoB. Ocoboe
BHUMAaHHE YJIEJIEHO BO3/EJIBIBAHUIO HOBBIX KYJBTYp (B YaCTHOCTH, OaHAaHOB), YTO
npezcTaBisieT co0oi MHHOBAI[MOHHOE HalpaBlieHHE Ul F0KHBIX pernoHoB Peciry-
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omuku Kazaxcran. Mozaenu Oblin Bepu(UIIMpOBaHbI HA OCHOBE PEANbHBIX JAHHBIX,
MOJTyYEHHBIX B TEIUIMIIE MO BBIPAIIMBAHUIO OaHAHOB. Pe3ynpTaThl MOAETUPOBAHUS
POJAEMOHCTPUPOBAIIM yBeJIWMYeHHE ypoxaiiHocT Ha 19 % u poct mpubbuin 60-
nee yem Ha 21 % mpu ONTUMU3UPOBAHHOM YMPABICHUH MO CPABHEHUIO C TPaIH-
IMUOHHBIMH cTpaTerussMu. [Ipennmaraemplii MoAXoa OCHOBAaH Ha HCIHOJIB30BaHUU
cet loT-matunkoB, 1UGPOBBIX IUIATHOPM MOHUTOPHHTAa U QJITOPUTMOB HCKYC-
CTBEHHOTO WHTEJUIEKTa JUIsl aJallTUBHOTO YIPABIEHUS MUKPOKIMMATOM TETLIHIIBI
u pecypconorpebienneM. PaspaboranHas mozpens oOecrieurnBaeT 00OCHOBAHHYIO
MOJICPKKY YIPABIECHUYECKUX PEIICHUM, MOBBIIIAeT 3(h(HEeKTUBHOCTD UCIIONB30BAHUS
BOJIbI U SHEPTUH, CHUKAET HETaTUBHOE BO3/ICHCTBHE HA OKPY’KAIOIIYIO CPEAy U CIO-
COOCTBYET yCTOMUHMBOMY Pa3BUTHIO TETNTUYHOTO CEJIBCKOTO XO3SICTBA B PETHOHAX C
AKCTPEMATbHBIMU KIIMMATHUYECKUMH YCIOBUSMHU.

KiloueBble cj0Ba: TEIUIMYHOE CEIBCKOE XO3SHCTBO, MHUKPOKIMMAT
TEIUIMIIBI, TPOTHO3UPOBAHUE YPOKAWHOCTH, HCKYCCTBEHHBIH uHTEnekT (M),
TOYHOE 3eMIIe/IeNIne

das uurupoBanusi: A. benmonuukuii, FO. Anapamko, A. Kydanckuii, A.
Hedrtucos, M. 'manka. Moaens mpUHSITHS peLISHHUH 1715 OTIepalliOHHOM JesITEIbHOCTH
TEIUIMYHBIX CEIbCKOXO3SUCTBEHHBIX MPEANPUATHII TpPU BO3AETBIBAHUM HOBBIX
CEJIbCKOXO3SUCTBEHHBIX KYJIbTYp//MeXayHapOJHBIA KypHANT HH(POPMAIIMOHHBIX
U KOMMYHHKAIMOHHBIX TexHojoruid. 2025. T. 6. No. 23. Crp. 115-132. (Ha aHr.).
https://doi.org/10.54309/1J1CT.2025.23.3.007.

Kondaukr uHTepecoB: aBTOpHI 3asBIAIOT 00 OTCYTCTBUM KOH(QIMKTA
UHTEPECOB.

Introduction

An important direction for improving the efficiency of agricultural practices
and implementing Climate-Smart Agricultural Practices is the transfer of agro-system
deployment experience from one region to another. This is particularly relevant for
areas with extreme climatic conditions, as the introduction of any precision agricul-
ture system involves significant costs and high risks. One way to mitigate these risks
is by establishing experimental greenhouse farms to study the efficiency and produc-
tivity of new or existing agricultural crops under such challenging conditions.

Some agricultural enterprises are transforming their production approaches
by experimenting with crops not previously cultivated in their respective regions,
for example, exotic fruits such as bananas, pineapples, and mangoes. Notably, in the
southern region of the Republic of Kazakhstan, specifically in the Turkestan region,
greenhouse banana cultivation has been initiated for the first time on approximately
5 hectares of land to supply the domestic market (Banana harvest continues in Ka-
zakhstan’s greenhouses, 2025). This region is characterized by a sharply continental
climate, with hot summers and cold winters.

The concept of year-round crop production through the control of greenhouse
microclimate parameters: such as temperature, humidity, light intensity, and CO- con-
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centration, has been presented in (Badji et al., 2022). However, this work did not con-
sider soil moisture monitoring, which is essential for implementing Climate-Smart
Agricultural Practices. In sharply continental climates, optimal temperatures inside
greenhouses can still be achieved through integrated heating systems, as discussed in
(Choab et al., 2019: 109-137).

Managing greenhouse microclimates is a complex task due to numerous in-
terrelated variables (Voogt et al., 797: 151-156; Robles et al., 2017). The greenhouse
environment is a highly nonlinear system, and ensuring compliance with CSAP fur-
ther complicates the task. In (Noma et al., 2024), technological tools and Al-based al-
gorithms are proposed to support future farmer decision-making regarding crop yield
prediction. However, these tools are not integrated into a unified system that ensures
both high productivity and environmental sustainability.

A decision support system for technology transfer in agriculture is described
in (Jones et al., 2003: 235-265), aimed at evaluating and applying crop models for
different purposes. A limitation of this system is that due to climate change, parame-
ters previously used for cultivating crops may no longer be applicable. The authors of
(Neftissov et al., 2024: 84-94) present successful cases of precision agriculture tech-
nology transfer, particularly intelligent irrigation practices. Studies (Neftissov et al.,
2024: 6-13; Chen et al., 2025) have focused on evaluating precision agriculture tech-
niques in Kazakhstan’s sharply continental climate based on agronomic data from
Ukraine. However, these works lack detailed parameter configurations necessary for
achieving maximum crop efficiency.

In Kazakhstan’s challenging climatic zones, greenhouse technologies provide
a viable solution for effective farming. While works (Mengesha et al., 2025: 74-82;
Abdoussalami et al., 2023: 1-23) investigate linear control methods for greenhouse
parameters, such methods are only effective under stable conditions and perform
poorly under abrupt environmental changes. When focusing on a specific crop, it is
essential to tailor greenhouse parameters to the conditions required for that crop. This
necessitates examining cultivation practices in other global regions.

For example, (Olivares et al., 2021) reviewed 76 studies from six countries
(China, India, Uganda, Brazil, the Philippines, and Spain) and concluded that there is
no systematic review specifically addressing the impacts of climate change on banana
crops. The expanding cultivation range of bananas due to rising global temperatures
has been documented (Shivashankara et al., 2020: 183—193). However, temperature
variability, especially large diurnal swings, negatively affects photosynthesis and in-
creases the risk of sunburn on banana fruits (Nakato et al., 2019: 49-59). Moreover,
bananas are water-intensive crops, and insufficient irrigation reduces disease resis-
tance (Factsheets on the 21 SDG Indicators under FAO Custodianship, 2020). Most
existing studies do not include experimental field validation or greenhouse trials, nor
do they consider smart agricultural practices tailored for banana cultivation.

According to the Food and Agriculture Organization, the global demand for
food will increase by approximately 50 % by 2050 (Qin et al., 2022). In southern Ka-
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zakhstan, water scarcity is becoming more acute each year. Studies (Qi et al., 2008:
3—14; Altinkaya et al., 2016: 83-90) have shown high energy intensity in agricultural
production in this region without proportional increases in yields. Despite numerous
studies, current solutions do not offer high-accuracy real-time control over tempera-
ture, humidity, or resource consumption. Furthermore, they are insufficient for maxi-
mizing crop yields, especially for novel crops.

This gap highlights the necessity of developing decision-making models for
greenhouse management. Building a decision-making model for greenhouse agricul-
tural enterprises that align with Climate-Smart Agricultural Practices is therefore a
pressing scientific and practical challenge. Such a system should include a mathemat-
ical model for crop yield forecasting and a greenhouse control model, particularly for
the cultivation of new agricultural crops. Employing such a system is vital not only
for enhancing ecosystem sustainability and biodiversity but also for preventing soil
salinization in arid regions, such as southern Kazakhstan.

In the long term, this approach contributes to mitigating climate change im-
pacts, including land degradation and desertification, which undermine soil fertility
and agricultural potential.

The objective of this study is to develop and validate a decision-making model
for managing the operations of a greenhouse agricultural enterprise, particularly in
the case of cultivating new agricultural crops.

Materials and methods

Since controlling meteorological parameters is difficult in open-field condi-
tions and the task involves cultivating new exotic crops, it was decided to consider
the model in the context of greenhouse agriculture. However, this model can also
be applied to open-field conditions. A model has been developed that integrates the
characteristics of plant biological growth, environmental physics, and control sys-
tems engineering. The following section describes the components of the mathemat-
ical model, which covers the key parameters influencing the growth of agricultural
crops in a greenhouse.

The first component is the growth and photosynthesis component. Photosyn-
thesis ensures the accumulation of biomass, which is essential for achieving high
crop yields. The rate of photosynthesis is determined by the following formula:

Prate = Pmax ) f1 (I(t)) ’ fT (Tﬁif (t)) ) fC (C(t))’
where P is the maximum potential photosynthetic rate, f, (I(t)) is
the light response function, f. (C(t)) is the concentration response function,

f; (Tair (t)) is the air temperature response function.
At the same time, the accumulation of dry biomass is defined as the ratio:
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dW,
1Ko P ()R (1),

where kgris the coefficient of conversion of photosynthetic energy into bio-

mass, Rresp(t) is the rate of biomass loss, % is the accumulation of dry biomass.

Another component of the yield prediction model is the water balance and
transpiration component. In this case, the change in soil moisture can be calculated
as the ratio:

dMsoil
dt :Iir(t)_Trrate (t)_Ddr(t)_Esoil(t)’
where [ (t) is the irrigation rate, E__ (t) is the evaporation of water from the
soil surface, D (t) is the drainage, and Tr_ (t) is the transpiration rate, which is de-
termined by formula:

Tr,. (t)=k, L, (t)- VPD(t)-f, (M_,(t)),

where k _is the transpiration coefficient, VPD(t) is the vapor pressure deficit,

and f}, ) (Msoﬂ (t)) is the soil moisture response function (which decreases under
water deficit).
An important factor for banana cultivation is the biomass partitioning co-

efficient and fruit formation. Fruit formation —= is determined by the following

formula:

dy,
k. -P (t)-
dt f rate( ) n’

where k. is the conversion coefficient of assimilates into fruit mass,
and n€{0,1}, with n=1 if the plant is in the fruiting phase, and n=0 otherwise.

A is calculated as:

The change in leaf area

dL, . dw

m —kL'Tb—DLA'LA(t)-
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Depending on the type of agricultural crop, particularly whether the fi-
nal product is biomass or fruits, each component of the model may influence the
yield calculation. To ensure high productivity, it is necessary to select green-
house parameters that will provide conditions for achieving maximum yield.

The model combines external factors and control factors that influence the
establishment of the microclimate inside the greenhouse. In particular, to ensure
optimal banana cultivation, a stable air temperature and CO: concentration are re-
quired, which can be regulated by the control model.

The air temperature in the greenhouse is defined by the following formula:

%:Cgﬁ(QﬁQh_Qv_Qt_Ql)’

where C _ isthe heat capacity of the airinthe greenhouse, Q  is the heat from solar
radiation, Q, istheheatfromtheheatingsystem,Q istheheatremovedby ventilation,Q,is
theheatremovedbyplanttranspiration,andQ istheheatlossthroughthegreenhousewalls.

dco,

The concentration of CO- over time is defined as the ratio dt

dCO 1
dt - V. '(Rsoil +Q. *lee'Mp *Qw)a
air

where V__is the volume of air in the greenhouse, R, CO2 emissions from
the soil, Q, is the COz supply from the enrichment system, P_ , M, is the CO2 up-
take by plants, Q_ is the CO: losses through the ventilation system.

The mathematical model may include control system equations that respond
to deviations of parameters from given optimal values. These can be logical rules:

1. Heating control. If T, <T -AT, then Q, increases;

2. Irrigation control. If M_, <M —AM, then I__increases;

3. Ventilation control. If T >T +AT or RH_ >RH ~ARH, then ventila-
tion is intensified.

Figure 1 illustrates the hierarchical structure of greenhouse control param-
eters, which are divided into several functional groups: settings (day/night modes),
microclimate (temperature, humidity, air circulation), watering (irrigation intervals
for day and night), solution unit (nutrient solution temperature, aerator, pressure
control), and enclosure. This representation provides a comprehensive overview
of the configurable parameters that enable precise adjustment of environmen-
tal and technological conditions in automated greenhouse management system

After building the model, it is necessary to determine the values of the param-
eters. In general, this can be done based on experimental data; however, in the case of
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cultivating new crops, conducting experiments is difficult, and it is necessary to use the
results of growing these crops in other greenhouses and different locations. In practice,
the parameters need to be adjusted to optimize the conditions for growing agricultural
crops with the aim of yield prediction and developing control strategies in the future.

ﬂ Day

B Night Settings

Night
u Temperature
Day 7.
u Humidity
Microclimate
Work
n Air circulation
Pause
Work
Night
Pause
u Watering
Work
Day
Pause
B Solution temperature
Temperature
Work u Aciator Solution unit
Pause
Pressure of supercharger
Work
ﬂ Enclosure

Pause

o Parameters

—

Fig.1. Control parameters of the greenhouse management system.

The IoT system for banana cultivation in a greenhouse consists of key com-

ponents:

- IoT devices — physical devices that collect environmental data and perform

specific actions;
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- communication network — ensures data transmission between IoT devices
and the central system;

- cloud platform (or local server) — stores, processes, and analyzes the col-
lected data;

- user interface — allows operators to monitor and control the system.

The descriptions of the key system characteristics are presented in Table 1,
and Table 2 describes the system of devices.
Table 1. Descriptions of the key characteristics of the IoT system

10T Device

Purpose

Location

Air temperature
sensors

Monitoring and maintaining the optimal
temperature regime (for bananas, this is
usually 25-30 °C)

Placed at different levels of the
greenhouse to ensure uniform
control

Air humidity sensors

Monitoring and maintaining optimal humid-
ity (for bananas, this is usually 70-80%)

Placed at different levels of the
greenhouse to ensure uniform
control

Soil moisture sensors

Measuring soil moisture levels to determine
irrigation needs. Prevents over- or under-ir-
rigation

Installed at different depths, taking
into account the banana root system

Soil pH sensors

Monitoring soil acidity/alkalinity. Bananas
prefer slightly acidic to neutral soil (pH
6.0-7.0)

Installed at different depths, consid-
ering the banana root system

Soil EC (electrical
conductivity) sensors

Measuring the concentration of nutrients in
the soil. Allows optimization of fertilizer

supply

Installed at a depth of 10-30 cm
from the soil surface

Light sensors (lux
meters)

Measuring light intensity. Bananas require a
high amount of light (10—12 hours per day)

Placed in positions that account for
plant shading

CO: concentration
sensors

Monitoring CO: levels in the air. Elevated
CO:2 concentration can accelerate photosyn-
thesis and plant growth

Placed inside the greenhouse

Table 2. Device system

IoT Device

Purpose

Irrigation system (solenoid valves, pumps)

Automatic plant irrigation based on soil moisture
sensor data. Can be integrated with a fertigation
system (fertilizer delivery with water)

Temperature control system (heaters, fans, shading

systems)

curtains

Maintaining optimal temperature through automatic
activation/deactivation of heaters, fans, or shading

Ventilation system (fans, motorized windows)

Ensuring air circulation and regulating humidity/tem-

perature. Removing excess heat and moisture

Lighting system (LED grow lamps) Supplemental lighting during periods of insufficient
natural light, especially in winter or in regions with

low illumination

Automatic supply of CO: to increase its
concentration to the optimal level for photosynthesis

CO: supply system
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According to the presented algorithm, all monitoring of sensor indica-
tors is carried out periodically in accordance with the time constraints imposed on
the system. Since the greenhouse for banana cultivation is not part of critical in-
frastructure, most parameters can be monitored at intervals ranging from every 10
minutes — for humidity, temperature, and lighting — to several days for measuring
soil nutrient content. Set of microcontroller-based hardware modules designed for
the implementation of an automated greenhouse management system are present-
ed on figure 2. The units include a power supply, microcontroller boards for data
acquisition and control, as well as an interface module for connecting sensors and
actuators. Such hardware solutions ensure reliable integration of environmental
sensors (temperature, humidity, CO., light) with actuators controlling irrigation,
ventilation, and climate regulation subsystems. This architecture provides the
basis for flexible, scalable, and energy-efficient control of greenhouse processes.

Fig. 2. Microcontroller-based hardware modules for greenhouse control.

Let us consider that the agricultural enterprise has at its disposal a set of
greenhouses denoted by G. Each element g €G corresponds to an individual green-
house, where n is the total number of greenhouses. For each greenhouse, agronomic
characteristics are known, including its area and local climatic conditions. The goal
of the agricultural enterprise is to organize the production cycle for a given period
(for example, one growing season, which for bananas lasts three years) in such a way
that one crop from the set of available alternatives C is cultivated in each greenhouse.

Eachelement c€ Ccorrespondstoaspecific crop (forexample, different varieties

of bananas), j= 1, m, where m —number of crops. Each crop has its own agronomic re-
quirements regarding microclimate, water consumption, energy needs, and vegetation
period, as well as a specific yield that depends on the interaction with the local microcli-
mate. Thus, the primary decision to be made by the enterprise is the selection of which
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crop should be cultivated in each particular greenhouse. This selection must take into
account the expected economic effect. The economic effect includes the revenue from
product sales, which depends on the crop yield and market price, as well as the costs,
which are directly influenced by the chosen crop and the corresponding control actions.

Environmental constraints must also be considered, as the enterprise is re-
quired to adhere to the principles of climate-resilient agricultural practices. This means
ensuring compliance with minimum efficiency standards for resource consumption
and greenhouse gas emissions. In addition, due to limited overall resource availabil-
ity, the enterprise is subject to constraints on total water and energy expenditures.

Meteorological indicators M, t = I,_T, where T is the number of days, this is a
vector formed based on the daily weather forecast. They are used as one of the input

variables in the greenhouse microclimate control model. Control actions u_i=1,n,
are vectors of regulated parameters for each day in the greenhouse, deﬁnmg how
the agricultural enterprise influences the growing conditions. These actions are also
considered as input parameters of the greenhouse control model for the cultivation
of new agricultural crops. Their values directly affect water and energy consumption,
as well as crop yield. The greenhouse control model is a discrete dynamic model that
describes how the greenhouse microclimate changes as a result of the current state,
control actions, and external environmental conditions. This model allows for the cal-
culation of the expected conditions in the greenhouse under a given control strategy.

The crop yield prediction model based on meteorological indicators defines
a function that allows forecasting the yield of a crop cc depending on the applied
control actions. Additionally, based on these control actions, the daily water con-
sumption in the irrigation system w(u ) and the energy consumption e(u,) of systems
such as lighting, heating, and ventilation are determined. Each greenhouse can be
used to cultivate only one crop. Therefore, we introduce binary variables X which
take the value 1 if crop c. is selected for cultivation in greenhouse g,, and 0 otherwise.

Let us define the objective function as the maximization of the agricultural
enterprise’s profit

ZZXU ijj(MIO’M s Mip Ui, Uyl ) = ZS W(uit)+pee(uit))_sioij — max (1)

i=l j=l

where p,is the redicted selling price of the crop ¢, Y; is the predicted yield
of the crop ¢, M, t= ﬁ are icroclimatic conditions in the greenhouse g, per day t,

u, t= 1 T, is the control actions in the greenhouse g, per day t, S, is greenhouse area
g, w(u,) is the water consumption in the greenhouse g per day t, e(u, ) is the energy
consumption costs in the greenhouse g, per day t, p_ is the cost 1 m® of water, p_ is the
cost I **kWh of energy**, o, is the oher cultivation-related costs ¢, in greenhouse g,
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in particular, for seeds, fertilizers, and plant protection products.
We also define the constraints. Since only one crop can be cultivated in each
greenhouse, the mutual exclusivity constraint can be formulated as follows:

> x;=Li=1n,

i1 )

where x,€{0,1} are variables, n is the number of greenhouses.

The following constraint sets a limit on the total expenditures of the enter-
prise for irrigation, lighting, heating, and ventilation over the entire cultivation period

n T
Zzsi (pww(uit) + pee(uit)) <B,
— )
where B is the enterprise energy budget, S, is the greenhouse area g, w(u, ) is
the water consumption in the greenhouse g, per day t, e(u, ) is the energy consumption
costs in the greenhouse g, per day t, p_ is the cost 1 m® of water, p_ is the cost 1 kWh
of energy.

The proposed model is an integrated nonlinear optimization problem that
combines agronomic, economic, and environmental factors related to the operation
of a greenhouse agricultural enterprise. Through the full integration of crop yield pre-
diction models, climate control mechanisms, and resource consumption estimations,
this model can serve as the core of a recommendation-based information system for
decision-makers—specifically, for farm managers responsible for production cycle
planning and resource allocation.

For practical implementation within an enterprise, the model can be deployed
as a digital module of a decision support system integrated with a database of sensor
data, weather forecasts, and regulatory resource consumption standards. This enables
the generation of actionable recommendations for decision-making. Given that the
model involves a mixed set of variables and nonlinear dependencies, it can be solved
using approximate methods such as genetic algorithms or tabu search.

Results and discussion

To confirm the practical effectiveness of the proposed optimization model, a
simulation experiment was conducted using actual data from an automated green-
house microclimate control system in which bananas are cultivated. For model valida-
tion, two scenarios were simulated. In the first scenario, which served as the baseline,
a fixed set of control actions with an intensity level of 3 was applied, representing a
typical manual management strategy. In the second scenario, the control actions were
adjusted daily according to the optimization strategy derived from the proposed mod-
el. In both cases, the predicted crop yield, water and energy consumption, and overall
profit were calculated based on a predefined formula (1), which considers the selling
price, resource costs, and agricultural production requirements (see Table 3). It is
important to note the limitations of the experiment. It was assumed that only artificial
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LED lighting was used, and the greenhouse was isothermal. Heat exchange with the
external environment was modeled as a linear function of the temperature difference.
Table 3. Simulation results

Indicator Baseline Scenario Optimized Scenario
Predicted Yield (tons per square meter) | 14.2 16.9
Water and Energy Costs, $ 468 435
Other Agricultural Costs, $ 400 400
Revenue from Sales, $ 2,580 3,080
Expected Profit, $ 1,712 2,245

The results of the simulation experiment are summarized in Table 1.
The data indicates that the application of the optimized model allows for an in-
crease in expected profit of more than 21 % compared to the fixed control strat-
egy. Additionally, a reduction in total costs was observed, indicating more effi-
cient resource use. Thus, the experiment confirms that the proposed model can
serve as an effective tool for supporting decision-making in greenhouse produc-
tion, particularly within digital systems for crop monitoring and optimization.

The simulation obtained demonstrates significant advantages over exist-
ing greenhouse climate control approaches. In a previous study (Altinkaya et al.,
2016: 83-90) dedicated to optimizing ventilation systems, energy consumption
was reduced by 12 to 15 %; however, that study did not address yield modeling
or economic optimization. Another study (Wang et al., 2023) applied fuzzy logic
to control the microclimate of a tomato greenhouse and achieved an 8.7 percent in-
crease in yield and a 9.3 % reduction in water consumption. However, those ap-
proaches focused only on controlling individual environmental parameters with-
out considering economic criteria or the specific needs of cultivating new crops.

In contrast, our study integrates yield forecasting models, microclimate
optimization, and economic evaluation. As a result, we achieved a 19 percent in-
crease in yield and a 21 % increase in profit (Table 1), while water consumption
was reduced by 7 percent. This integrated approach provides more comprehensive
and adaptive management of greenhouse production under industrial conditions.

A ssystematic review (Abdoussalami et al., 2023: 1-23) has shown that climate
change is expanding the potential geographic range for banana cultivation. However,
large daily temperature fluctuations negatively affect photosynthesis and cause crop
losses of 15 to 25 % in open-field conditions. In our study, the application of a microcli-
mate optimization model helped mitigate these risks. Temperature and humidity con-
trol in the greenhouse ensured stable yields and prevented losses typically associated
with open-field cultivation. This demonstrates the effectiveness of the proposed deci-
sion-making system foradapting to extreme climatic conditions and growing new crops.

One limitation of the study is that the mathematical model for crop yield
forecasting based on greenhouse microclimate involves a large number of parameters
that must be individually adjusted. This calibration must be done for each crop type
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separately, considering the specific variety, and requires the involvement of agrono-
my experts. This challenge becomes especially complex when cultivating new crops,
such as bananas, in regions with sharply continental climates.

Given that the greenhouse environment is a complex and nonlinear system,
solving the optimization problem (1)—(3) requires the use of approximate nonlinear
optimization methods. These methods do not guarantee the identification of a global
optimum but can provide a locally optimal solution. Therefore, obtaining an optimal
solution does not imply that a business operating under this model will achieve max-
imum efficiency.

Another limitation is that the study simulated the operations of a greenhouse
enterprise based on the cultivation of a crop that is new to the Republic of Kazakh-
stan. Since the cultivation of this agricultural crop was only initiated in Kazakhstan
last year, the developed control model has not yet been applied in real-world opera-
tions. The model has been developed as part of a research and practical project, with
real-world implementation planned for the following year. Therefore, in the future,
we aim to validate the decision-making model for greenhouse enterprise management
under real operating conditions.

Conclusions

A mathematical model has been developed for predicting the yield of agricul-
tural crops based on meteorological indicators in field conditions and microclimate
parameters in greenhouses. The model includes components for evaluating photo-
synthesis and crop growth, water balance and transpiration, nutrient uptake rate, as
well as biomass partitioning and fruit formation. The model enables yield forecasting
of fruits in greenhouse conditions based on a set of parameters that can be adjusted
depending on the crop being cultivated. In particular, such a model can be applied
when cultivating new varieties or new agricultural crops that have not previously
been grown in a specific location.

A greenhouse management model has been developed for cultivating new ag-
ricultural crops, which describes how external and control factors influence the mi-
croclimate parameters inside the greenhouse. This is important for ensuring optimal
conditions for crop cultivation and achieving high yield performance. The described
model forms the basis for building a decision-making model for greenhouse agricul-
tural enterprises, taking into account climate-oriented agricultural practices.

A decision-making model has been developed for the operations of a green-
house agricultural enterprise. It allows for a justified selection of the crop to be cul-
tivated in each greenhouse, considering its agronomic requirements, predicted yield,
water and energy consumption, as well as ecological constraints in line with the
principles of sustainable agriculture. The model provides simultaneous optimization
of crop structure and microclimate management strategy, formalized as a nonlinear
mixed-variable problem. The proposed approach is suitable for implementation with-
in a digital advisory decision-support information system for farm managers, with
the possibility of integration with sensor monitoring data, weather forecasts, and re-
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source provision standards. Given the complexity of the model, it is advisable to use
approximate algorithms, such as genetic algorithms or metaheuristics like simulated
annealing, which make it possible to efficiently find acceptable solutions under real
production conditions. Simulation results show that applying the optimized model in-
creases expected profit by more than 21 % compared to a fixed management strategy.
Water consumption was reduced by 7 %, and yield increased by 19 %. Thus, overall
costs are reduced, which indicates more efficient resource utilization.
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