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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, CO₂ 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 (AI), precision agriculture
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Аннотация. Авторлар жылыжай кәсіпорындарының операциялық 
қызметін басқаруға арналған шешім қабылдау үлгісін әзірледі. Ол мынадай 
компоненттерді қамтиды: метеорологиялық көрсеткіштер мен жылыжай 
микроклиматы параметрлеріне негізделген өнімділікті болжаудың 
математикалық үлгісі; температураны, ылғалдылықты, CO₂ деңгейін және 
ресурс тұтынуды оңтайландыратын жылыжайды басқару үлгісі; сондай-ақ 
экономикалық, экологиялық және агрономиялық факторларды ескеретін дақыл 
таңдау үлгісі. Жаңа дақылдарды (атап айтқанда, банандарды) өсіруге ерекше 
ден қойылған, бұл Қазақстан Республикасының оңтүстік аймақтары үшін 
инновациялық бағыт. Үлгілер банан өсірілетін жылыжайдан алынған нақты 
деректер негізінде верификацияланды. Үлгінің нәтижелері өнімділіктің 19 
%-ға артуын және дәстүрлі стратегиялармен салыстырғанда оңтайландырылған 
басқару кезінде пайданы 21 %-дан астамға өсіруді көрсетті. Ұсынылған 
тәсіл IoT-датчиктер желісін, цифрлық мониторингтік платформаларды және 
жылыжай микроклиматы мен ресурс тұтынуды бейімдеп басқаруға арналған 
жасанды интеллект алгоритмдерін пайдалануға негізделген. Әзірленген үлгі 
басқарушылық шешімдерді ғылыми негіздеуге, су мен энергияны пайдалану 
тиімділігін арттыруға, қоршаған ортаға теріс әсерді азайтуға және экстремалды 
климаттық жағдайлары бар өңірлерде жылыжай шаруашылығының орнықты 
дамуына ықпал етеді.

Түйін сөздер: жылыжай шаруашылығы, жылыжай микроклиматы, 
өнімділікті болжау, жасанды интеллект (ЖИ), дәлме-дәл егіншілік
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Аннотация. Авторами разработана модель принятия решений 
для управления операционной деятельностью тепличных предприятий, 
включающая: математическую модель прогнозирования урожайности на основе 
метеорологических показателей и параметров микроклимата теплицы; модель 
управления теплицей, оптимизирующая температуру, влажность, уровень 
CO₂ и потребление ресурсов; а также модель оптимизации выбора культур с 
учётом экономических, экологических и агрономических факторов. Особое 
внимание уделено возделыванию новых культур (в частности, бананов), что 
представляет собой инновационное направление для южных регионов Респу-



INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2025. Vol. 6. Іs. 3.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
      International License119

блики Казахстан. Модели были верифицированы на основе реальных данных, 
полученных в теплице по выращиванию бананов. Результаты моделирования 
продемонстрировали увеличение урожайности на 19 % и рост прибыли бо-
лее чем на 21 % при оптимизированном управлении по сравнению с тради-
ционными стратегиями. Предлагаемый подход основан на использовании 
сети IoT-датчиков, цифровых платформ мониторинга и алгоритмов искус-
ственного интеллекта для адаптивного управления микроклиматом теплицы 
и ресурсопотреблением. Разработанная модель обеспечивает обоснованную 
поддержку управленческих решений, повышает эффективность использования 
воды и энергии, снижает негативное воздействие на окружающую среду и спо-
собствует устойчивому развитию тепличного сельского хозяйства в регионах с 
экстремальными климатическими условиями.

Ключевые слова: тепличное сельское хозяйство, микроклимат 
теплицы, прогнозирование урожайности, искусственный интеллект (ИИ), 
точное земледелие
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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 CO₂ 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 AI-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:

( )( ) ( )( ) ( )( )rate max 1 T air CP P f I t f T t f C t ,= ⋅ ⋅ ⋅

where maxP  is the maximum potential photosynthetic rate, ( )( )1f I t  is

the light response function, ( )( )Cf C t   is the concentration response function,

( )( )T airf T 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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( ) ( )b
gr rate resp

dW k P t R t ,
dt

= ⋅ −

where kgr is the coefficient of conversion of photosynthetic energy into bio-

mass, Rresp(t) is the rate of biomass loss, bdW
dt

 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:

( ) ( ) ( ) ( )soil
ir rate dr soil

dM I t Tr t D t E t ,
dt

= − − −

where Iir(t) is the irrigation rate, Esoil(t) is the evaporation of water from the 
soil surface, Ddr(t) is the drainage, and Trrate(t) is the transpiration rate, which is de-
termined by formula:

( ) ( ) ( ) ( )( )
soilrate tr A M soilTr t k L t VPD t f M t ,= ⋅ ⋅ ⋅

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

and ( )( )
soilM soilf M 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 fdY
dt

 is determined by the following 
formula:

( )f
f rate

dY k P t ,
dt

= ⋅ ⋅η

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

The change in leaf area AdL
dt

 is calculated as:

( )A b
L LA A

dL dWk D L t .
dt dt

= ⋅ − ⋅
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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 CO₂ concentration are re-
quired, which can be regulated by the control model. 
The air temperature in the greenhouse is defined by the following formula:

( )1air
air s h v t l

dT C Q Q Q Q Q ,
dt

−= + − − −

where Cair is the heat capacity of the air in the greenhouse, Qs is the heat from solar 
radiation, Qh is the heat from the heating system, Qv is the heat removed by ventilation, Qt is 
the heat removed by plant transpiration, and Ql is the heat loss through the greenhouse walls.

The concentration of CO₂ over time is defined as the ratio   

where Vair is the volume of air in the greenhouse, Rsoil, CO₂ emissions from 
the soil, Qe is the CO₂ supply from the enrichment system, Prate, Mp is the CO₂ up-
take by plants, Qw is the CO₂ 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 Tair<Ts–ΔT, then Qh increases;
2. Irrigation control. If Msoil<Ms–ΔM, then Iir increases;
3. Ventilation control. If Tair≥Ts+ΔT or RHair≥RHs–ΔRH, 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.

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

IoT 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

CO₂ concentration 
sensors

Monitoring CO₂ levels in the air. Elevated 
CO₂ 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)

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

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

CO₂ supply system Automatic supply of CO₂ to increase its 
concentration to the optimal level for photosynthesis
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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, CO₂, 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 gi∈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. 

Each element cj∈C corresponds to a specific crop (for example, 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 Mt, t 1,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 ut, i 1,n,=  
are vectors of regulated parameters for each day in the greenhouse, defining 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(ut) and the energy consumption e(ut) 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 𝑥ij, which 
take the value 1 if crop 𝑐j is selected for cultivation in greenhouse 𝑔i, and 0 otherwise.

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

( )
n m T

ij j j i0 i1 iT i0 i1 iT i w it e it i ij
i 1 j 1 t 0

x p Y (M ,M ,...,M ,u ,u ,...u ) S p w(u ) p e(u ) S o max
= = =

 
− + − →  

∑∑ ∑  (1)

where pj is the redicted selling price of the crop cj, Yj  is the predicted yield 

of the crop cj, Mit, t 1,T,=  are icroclimatic conditions in the greenhouse gi per day t, 

uit, t 1,T,=  is the control actions in the greenhouse gi per day t, Si is greenhouse area 
gi, w(uit) is the water consumption in the greenhouse gi per day t, e(uit) is the energy 
consumption costs in the greenhouse gi per day t, pw  is the cost 1 m3 of water, pe  is the 
cost 1 **kWh of energy**, oij is the oher cultivation-related costs cj in greenhouse gi,, 
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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:

m

ij
j 1

x 1,i 1,n
=

= =∑ ,
 (2)

where 𝑥ij∈{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

i w it e it
i 1 t 0

S p w(u ) p e(u ) B
= =

+ ≤∑∑ ,
			                         (3)
where B is the enterprise energy budget, Si is the greenhouse area gi, w(uit) is 

the water consumption in the greenhouse gi per day t, e(uit) is the energy consumption 
costs in the greenhouse gi per day t, pw is the cost 1 m3 of water, pe 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 systematic 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 for adapting 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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217 “Development of Science”, subprogram 101 “Program-targeted funding of the 
scientific and/or technical activity at the expense of the national budget” on the theme: 
AP19678730 Development of precision farming information technology for agricultural 
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