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Agricultural structures encompass buildings and facilities such as greenhouses, barns, and storage 

units that are designed to ensure efficient plant and animal production while increasing the 

controllability of production processes. The inability to regulate environmental conditions in these 

structures (such as temperature fluctuations) can lead to deteriorating animal health, yield reductions 

in greenhouses, and increased postharvest losses in storage units. The growing global population, 

limited availability of natural resources, and the effects of climate change necessitate the adoption 

of digital solutions in agricultural production. The integration of digital technologies into 

agricultural structures plays a critical role in enhancing production efficiency, optimizing energy 

use, improving animal welfare, and ensuring food security. However, this transformation faces 

significant barriers, including inadequate rural infrastructure, high installation costs, low levels of 

digital literacy, and limited social acceptance. The widespread implementation of digital agriculture 

requires not only the development of technological infrastructure but also the education of farmers, 

the formulation of supportive strategies by policymakers, and strong intersectoral collaboration. 

Consequently, the digital transformation of agricultural structures stands out as a strategic 

opportunity in terms of climate change adaptation, sustainable production, and the assurance of 

global food security. Existing studies on digital transformation in agricultural structures have 

primarily focused on singular applications, and comprehensive research that holistically addresses 

technological, socio-economic, environmental, and managerial dimensions has not been conducted. 

This study was undertaken to systematically examine the digital transformation process within a 

multidimensional framework, to identify the associated challenges and opportunities, and thereby 

to provide both sciences in terms of sustainable agricultural production, climate change adaptation, 

and global food security. Within the scope of this review, the digital transformation process in 

agricultural structures was examined in detail through a literature survey of international scientific 

databases such as Scopus, Web of Science, ScienceDirect, ProQuest, ResearchGate, and Google 

Scholar. Current practices, technical and socio-economic challenges encountered, and future 

expectations were comprehensively evaluated. Through this analysis, the study demonstrates how 

digital agricultural technologies were shaped within the framework of Agriculture 4.0, and discussed 

both their potential within agricultural structures and their impacts on agricultural production 

processes 
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Introduction 

The rapid growth of the world population, climate 

change, global warming, wars, and the intensification of 

migration flows are making access to food more difficult 

for humanity and pose the risk of the rapid depletion of 

natural resources. In the United Nations’ “World 

Population Prospects” report, it is projected that the global 

population will reach 8.6 billion in 2030, 9.8 billion in 

2050, and exceed 11.2 billion by 2100 (O’Sullivan, 2023). 

The Food and Agriculture Organization (FAO) estimates 

that by 2050, the world population will reach 9.1 billion 

and emphasizes that this growth will create serious global 

challenges regarding access to food and adequate nutrition. 

Accordingly, FAO stresses that all countries must develop 

comprehensive and sustainable food policies and 

highlights that, with global food demand expected to 

increase by more than 60% by 2050, agricultural and food 

supply must be significantly expanded (Le Mouël and 

Forslund, 2017). 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
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In the 21st century, particularly under the influence of 

rapid technological advancements, the agricultural sector 

has undergone a profound and comprehensive 

transformation. This transformation is commonly referred 

to as “Agriculture 4.0” and is considered the agricultural 

counterpart of the Fourth Industrial Revolution (Klerkx et 

al., 2019). One of the fundamental components of this 

transformation process is the integration of digital 

technologies into agricultural structures. Traditional 

agricultural buildings are no longer merely shelters or 

production spaces; they are evolving into intelligent 

systems capable of collecting data, analyzing it, and 

optimizing their operational processes (Wolfert et al., 

2017; Rose and Chilvers, 2018). At the core of this 

transformation lies digital agriculture, which encompasses 

innovative technologies such as precision agriculture, 

artificial intelligence (AI), big data, and the Internet of 

Things (IoT). These technologies support farmers in 

increasing productivity, optimizing resource use, and 

reducing environmental impacts. One of the basic elements 

of digital agriculture is the data-driven decision-making 

process, which enables farmers to make more informed and 

accurate decisions based on data collected from sensors, 

satellite imagery, drones, and other technological tools 

(Arijit et al., 2025). In this regard, technologies such as the 

Internet of Things (IoT), artificial intelligence (AI), drones, 

remote sensing, robotic systems, and blockchain have the 

potential to make agricultural production processes more 

precise, efficient, and sustainable (Wolfert et al., 2017; 

Kamilaris and Prenafeta-Boldú, 2018). However, in order 

for these technologies to be implemented effectively, 

widely, and equitably, various structural challenges-

particularly in the areas of infrastructure, education, cost, 

and policy-must be addressed. 

To meet the growing global demand for meat and 

animal products, it is estimated that farmers will need to 

increase their production levels by approximately 70% 

over the next 50 years (Rojas-Downing et al., 2017). 

Therefore, the current state of livestock production and the 

capacity of agricultural infrastructure are of critical 

importance. The 2024 livestock population and protected 

cultivation area data for Türkiye are presented in Table 1. 

According to the 2024 statistics released by the Ministry of 

Agriculture and Forestry, the number of cattle in the 

country was recorded as 16,986,259 heads, the number of 

small ruminants as 54,902,668 heads, and the number of 

poultry as 384,146,654 (Anonymous, 2025a). In addition, 

the total area under protected cultivation in Turkey was 

reported to be 776,110 decares. Of this area, 7.2% consists 

of glass greenhouses, 58.4% of plastic greenhouses, 13.4% 

of high tunnels, and 21% of low tunnels (Anonymous, 

2025b). These figures are significant indicators that must 

be taken into account when assessing the national capacity 

for livestock production and protected horticulture, 

particularly in the context of planning for a sustainable 

food supply. 

Digital technologies such as the Internet of Things 

(IoT), wireless sensor networks (WSN), cloud computing, 

artificial intelligence (AI), and machine learning (ML) 

have introduced revolutionary innovations to agricultural 

production processes and constitute the core components 

of smart farming applications (Sinha and Dhanalakshmi, 

2022; Hassan et al., 2021; Ra et al., 2019).  

These technologies aim to enhance agricultural 

productivity, optimize resource utilization, and promote 

environmental sustainability by providing data-driven and 

automated solutions at every stage of production. 

In recent years, digital solutions such as the Internet of 

Things (IoT), artificial intelligence (AI), big data analytics, 

automation, remote monitoring, and decision support 

systems have been increasingly adopted in agricultural 

structures particularly in livestock shelters, greenhouses, 

grain storage facilities, and irrigation systems (Kamilaris et 

al., 2017; Dayıoğlu and Turker, 2021). These systems 

enable real-time monitoring of environmental conditions, 

automated management of production processes, and faster 

and more accurate decision-making. For instance, in 

greenhouses equipped with smart sensors, parameters such 

as temperature, humidity, light intensity, and carbon 

dioxide (CO₂) levels are continuously monitored, and 

climate control systems are automatically optimized based 

on the collected data. Similarly, real-time monitoring of 

temperature and humidity levels in storage facilities for 

grains and other agricultural products significantly reduces 

potential qualitative and quantitative losses during the 

postharvest period. 

The widespread implementation of digital technologies 

in agricultural structures contributes significantly to 

reducing energy consumption and production costs, while 

also enabling more efficient use of resources through 

increased production efficiency. These developments 

demonstrate that digital transformation plays a pivotal role 

in establishing a sustainable and competitive agricultural 

production system. 

 

The Conceptual Framework, Benefits, and 

Challenges of Digital Agriculture 

Agriculture 4.0 refers to the integration of digital 

technologies (such as artificial intelligence (AI), big data, 

the Internet of Things (IoT), robotic systems, sensor 

technologies, drones, and remote sensing) into agricultural 

practices (Wolfert et al., 2017; Dayıoğlu and Turker, 2021; 

Sevli, 2023). Araújo et al. (2021) grouped the components 

of Agriculture 4.0 around four core tools and classified 

them according to their specific application areas (Figure 

1). This classification systematically illustrates how digital 

technologies are positioned within agricultural production 

processes and what functions they serve. 

Thanks to these innovative technologies, agricultural 

production processes are becoming more efficient, 

sustainable, and traceable, while farmers' decision-making 

mechanisms are increasingly data-driven and predictive. 

Wearable sensor technologies offer systems capable of 

monitoring animal health, behavior, and environmental 

conditions in real time within the livestock sector. 

Meanwhile, IoT-based irrigation and fertilization systems 

used in agricultural fields and greenhouses help minimize 

resource losses by optimizing water and fertilizer usage 

(Dayıoğlu and Turker, 2021). 

In addition, blockchain-based electronic agriculture 

systems provide transparency and traceability by digitally 

recording every stage of the production chain. Such 

systems offer significant advantages in terms of preventing 

food fraud, facilitating quality control processes, and 

enhancing consumer trust (Kamilaris et al., 2019). 
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Table 1. Livestock population and protected cultivation areas in Turkey in 2024 (Anonymous, 2025a; 2025b) 

Animal population Cattle population Small ruminant population Poultry population 

Number/Heads 16.986.259 54.902.668 384.146.654 

Proportion (%) 4 12 84 

Protected Cultivation Areas Glass greenhouse Plastic greenhouse 
Tunnel 

High Low 

Area (da) 55879.92 453248.2 103998.7 162983.1 

Proportion (%) 7.2 58.4 13.4 21 

 

 

 
Figure 1. Tools and Application Domains of Agriculture 4.0 (Modified from Araújo et al., 2021) 

 

 

Moreover, drone- and robotics-based solutions aimed 

at reducing herbicide and pesticide use support a more 

sustainable agricultural approach by minimizing 

environmental impacts. The systematic integration of these 

technologies into the agricultural sector not only improves 

production efficiency but also contributes to both 

environmental and economic sustainability. However, as 

emphasized by Rose and Chilvers (2018), the principle of 

inclusivity is of critical importance to ensure that small-

scale farmers are not excluded from the digital 

transformation process and to prevent inequalities related 

to access to digital infrastructure. 

Although digital agricultural technologies hold 

considerable theoretical potential, the full-scale 

implementation of this potential (particularly in developing 

countries) is confronted with various structural barriers. 

The process of digital transformation in agricultural 

structures is not solely dependent on technological 

advancements; rather, it is shaped by multidimensional 

factors such as socio-economic conditions, infrastructure 

capacity, education levels, financial accessibility, and 

policy support (Klerkx et al., 2019). Therefore, in order to 

ensure the sustainable dissemination of digital agriculture, 

it is essential to move beyond purely technical solutions 

and adopt comprehensive and integrated strategies. 

Digital agricultural technologies (e.g., sensors, 

unmanned aerial vehicles, software, and connectivity 

services) require high initial investments, posing 

challenges particularly for small- and medium-scale 

farmers (Eastwood et al., 2019). Their effective 

implementation also depends on essential infrastructure 

such as high-speed internet, sensor networks, and data 

storage systems (Aubert et al., 2012). While digital 

agriculture plays a key role in transforming global 

agricultural systems, achieving an effective, equitable, and 

sustainable transition requires more than technological 

innovation. It also demands critical evaluation of how, by 

whom, and under which socio-economic and cultural 

conditions these technologies are adopted (Rose and 

Chilvers, 2018). Moreover, producers engaged in 

traditional farming are often reluctant to adopt new 

technologies, further slowing this transition (Aslan and 

Aslan, 2025). 

On the other hand, the increasing level of digital and 

agricultural technology literacy among farmers worldwide 

is significantly accelerating the adoption of these 

technologies (Deichmann et al., 2016). In addition, rising 

investments in agricultural technology and venture capital, 

along with incentives provided by both public and private 

sectors, are contributing to the widespread adoption of 

product traceability systems and the expansion of the 

market (Birner et al., 2021). As a result of these 

developments, it is anticipated that product traceability 

systems will evolve into structures that are accessible not 

only to large-scale agricultural enterprises but also to small 

and medium-scale farmers. 
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The Benefits and Application Areas of Digital 

Technologies in Livestock Production Structures 

In recent years, the use of digital technologies in 

intensive livestock housing systems-particularly in dairy 

cattle farming, pig production, and poultry facilities-has 

been rapidly expanding. In this context, significant 

contributions of digitalization are observed in several 

areas, including barn climate control systems, sensor-based 

technologies for monitoring animal behaviors, early 

disease detection systems, and the automation of feeding 

processes (Caja et al., 2016; Halachmi et al., 2019). These 

advancements demonstrate that digital solutions are critical 

tools in transforming modern livestock production into a 

more sustainable and traceable system. 

In order to meet the growing demand for animal-based 

products, it is necessary to implement more intensive and 

efficient livestock management practices. However, the 

high stocking density and overcrowded conditions in 

animal housing facilities make it difficult for farmers to 

effectively monitor and control the health status and 

welfare conditions of the animals (Helwatkar et al., 2014). 

This situation poses various risks in terms of animal 

welfare, productivity, and disease management, and 

highlights the increasing need for digital monitoring and 

management systems to overcome these challenges. 

The livestock sector is undergoing a significant 

transformation to ensure the sustainable nourishment of a 

growing global population. In this context, Precision 

Livestock Farming (PLF) technologies enable the 

digitalization of production processes, offering 

multifaceted benefits to farmers. According to Banhazi et 

al. (2012), the primary objective of precision livestock 

farming is to enhance the efficiency of production 

processes in livestock enterprises through the use of 

advanced information and communication technologies, 

while simultaneously improving both human and animal 

welfare. PLF systems aim to enable precise monitoring and 

control of resource use within production processes, 

thereby optimizing efficiency and sustainability in 

livestock management. 

The digitalization process in livestock farming is 

rapidly expanding, particularly in areas such as feed 

management, health monitoring, reproductive control, and 

animal welfare assessment. Internet of Things (IoT)-

enabled sensor systems continuously monitor parameters 

such as animal movement, body temperature, and feed 

intake, allowing for the early detection of potential diseases 

(Rutten et al., 2013). In addition, artificial intelligence (AI) 

algorithms analyze individual animal data to provide 

farmers with recommendations on issues such as the need 

for veterinary intervention or adjustments in feed rations 

(Neethirajan, 2020). 

The data obtained through sensors and data acquisition 

systems used on farms allow for the analysis of numerous 

variables, such as animal health status, feeding behaviors, 

and production performance (Morrone et al., 2022). These 

analyses support farm managers in making more informed 

and consistent decisions, thereby enhancing both animal 

welfare and production efficiency, and ultimately 

contributing to the achievement of sustainability goals in 

livestock operations. Furthermore, studies by Oduniyi et al. 

(2021) and Sevli (2023) report that Agriculture 4.0 

technologies in the livestock sector not only increase 

productivity on farms but also provide significant 

advantages such as effective monitoring of animal health 

and welfare, optimization of production processes, and 

more efficient use of available resources. 

Moreover, data analytics and artificial intelligence (AI) 

applications are also expected to make significant 

contributions in areas such as enhancing genetic 

productivity in animal breeding, selecting appropriate 

breeds, and preventing hereditary diseases (Liu et al., 

2022). The integrated use of these technologies enables the 

development of a smarter, more traceable, and sustainable 

framework for modern livestock production. 

Himu and Raihan (2024) emphasize that biometric 

sensors facilitate real-time monitoring of individual 

animals’ behavioral and physiological states, while 

analytical tools such as big data and machine learning 

enable early detection of health issues and support 

informed decision-making. Additionally, blockchain 

technology contributes to greater transparency and 

traceability in the food production chain, thereby 

enhancing consumer trust. According to Fuentes et al. 

(2022), evaluating new and emerging digital technologies 

in conjunction with artificial intelligence (AI) model 

development and implementation strategies facilitates the 

development of effective AI-based pilot applications in the 

livestock sector. These applications can be easily scaled, 

integrated into production processes, and offer innovative 

solutions to current challenges. 

A significant portion of energy consumption in 

agricultural structures arises from environmental control 

systems such as heating, cooling, ventilation, and lighting. 

Digital climate control technologies optimize energy use 

through continuous, real-time monitoring and regulation of 

parameters like temperature, humidity, light, and air 

quality. These systems not only increase energy efficiency 

but also improve animal welfare and product quality. IoT-

based solutions enable real-time tracking of environmental 

conditions, while sensor systems in livestock housing 

provide precise climate regulation, enhancing productivity 

and well-being. For instance, integrating temperature and 

gas sensors into ventilation systems allows automated 

control of fans and windows, ensuring energy savings and 

animal comfort. As noted by Banhazi et al. (2012), 

automatic systems with temperature and humidity sensors 

effectively adjust indoor environments according to 

animals’ physiological needs, operating only when 

necessary to prevent energy waste. This highlights the 

essential role of digital technologies in promoting 

sustainable and welfare-focused livestock housing. 

According to the literature review, the majority of 

studies on the use of digital technologies in livestock 

production structures have focused predominantly on dairy 

farming. This focus is attributed to the high economic 

return of dairy cattle production, the traceability of its 

production processes, and its structural suitability for 

automation applications. Accordingly, this study 

emphasizes the application areas and objectives of digital 

technologies specifically in dairy cattle housing systems. 

Artificial intelligence (AI) and deep learning algorithms 

are used to optimize the heating and cooling mechanisms 

within livestock housing, while animal monitoring and 
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tracking systems enable the real-time observation of 

parameters such as movement, location, body temperature, 

and heart rate. By analyzing animal behaviors, diseases can 

be detected at an early stage, thereby allowing treatment 

processes to be carried out more effectively and efficiently 

(Banhazi et al., 2012; Rutten et al., 2013; Sevli, 2023). 

Furthermore, camera-based monitoring systems allow for 

objective and consistent assessment of key animal welfare 

indicators, such as lameness, body condition score (BCS), 

and cleanliness level (Nasirahmadi et al., 2017). 

Sevli (2023) states that the automation of feeding and 

milking systems optimizes the feeding patterns and milk 

productivity of dairy cows. The study also emphasizes that 

these systems contribute to reducing labor requirements, 

thereby lowering production costs and enhancing overall 

farm efficiency. Studies by Jacobs and Siegford (2012) and 

Hogenboom et al. (2019) reported that the integration of 

robotic milking systems into livestock operations resulted 

in increased milking frequency, which in turn led to a 5-

12% rise in milk yield. Nogalski et al. (2011) found that 

the use of robotic milking systems in dairy cattle housing 

increased the milk fat content of cows to a range of 4.08%-

4.20%. Furthermore, Heikkilä et al. (2010) observed that 

farms adopting robotic milking systems experienced a 20–

30% reduction in labor demand. These findings clearly 

demonstrate that robotic milking technologies offer 

significant benefits in terms of both production efficiency 

and farm management. 

Parameters such as the quantity, frequency, and type of 

feed provided to animals have a direct and decisive impact 

on production performance. In this context, smart feeding 

systems have been developed based on individual data 

analytics, enabling automated dosage adjustments 

according to the animals’ feeding behaviors (Halachmi et 

al., 2019). In addition, sensor technologies that monitor 

water consumption can provide early warning data related 

to animals’ hydration levels and general health status (Caja 

et al., 2016). In applications specific to dairy farming, the 

sensor technologies used have been classified according to 

the categorization proposed by Knight (2020), as 

illustrated in Figure 2. This figure presents sensor 

technologies used for monitoring animal behavior, health 

indicators, and environmental parameters in dairy cattle 

production, categorized by criteria such as purpose of use, 

data type, and placement location. This classification 

serves as a valuable framework for the development of 

animal welfare strategies, productivity enhancement, and 

decision support systems in livestock management. 

Shen et al. (2020) collected cow jaw movement data 

using a triaxial accelerometer and applied three machine 

learning algorithms to classify rumination and feeding 

behaviors. The study reported detection accuracies of 

92.80% for feeding and 93.70% for rumination, showing 

that machine learning-based sensor technologies can 

effectively monitor animal behaviors. Similarly, Tian et al. 

(2021) used multi-sensor data to classify seven behaviors 

in dairy cows (feeding, rumination, running, resting, head 

shaking, drinking, and walking) achieving 98.51% overall 

accuracy and 99.34% accuracy for feeding. These findings 

highlight the high reliability and precision of multi-sensor 

systems and data analytics in behavior monitoring. 

Digital Transformation Processes and Application 

Areas in Plant Production Structures (Greenhouses) 

In recent years, the adoption of smart greenhouse 

systems has grown rapidly, enabling real-time monitoring 

and management of key production parameters. The 

Internet of Things (IoT) provides innovative solutions for 

advancing smart and sustainable agricultural practices, 

offering viable approaches to address the global food crisis. 

Smart technologies have proven to be effective in 

enhancing agricultural productivity across various scales, 

and notably, they play a strategic role in promoting food 

security by facilitating the digital transformation of small-

scale farming operations (Volosciuc et al., 2024). 

The Internet of Things (IoT) is transforming 

greenhouses into smart systems, creating a major shift in 

agricultural production. These systems monitor 

environmental parameters in real time, interact with 

producers, and support crop health through automated 

decision mechanisms. IoT-based greenhouses integrate 

sensor-equipped devices that track variables such as 

temperature, humidity, CO₂, pH, and water consumption. 

As a result, irrigation, fertilization, and heating are applied 

only when needed, optimizing resource use and saving 

water and energy. Additionally, these technologies help 

reduce pesticide use and strengthen crop resilience against 

climatic fluctuations (Simo et al., 2022). Tzounis et al. 

(2017) emphasize that IoT-based sensor networks, when 

integrated with cloud-connected control units and AI-

supported decision algorithms, can automatically optimize 

key environmental variables (such as temperature, 

humidity, light intensity, and CO₂ concentration) based on 

the specific requirements of plant species. Their study 

demonstrated that the use of IoT-based climate control 

systems in greenhouses can reduce energy consumption by 

up to 30%. These advancements not only improve 

production efficiency in greenhouse agriculture but also 

offer significant advantages in terms of sustainable 

resource management. Furthermore, with the integration of 

AI-based systems into agricultural applications, advanced 

functions such as data-driven production planning, 

prediction of harvest time, and process optimization have 

become integral components of digital greenhouse systems 

(Kaloxylos et al., 2012). In the study conducted by Yılmaz 

and Doğan (2016), the objective was to maintain the 

greenhouse microclimate parameters, namely temperature 

and relative humidity, at desired levels and to ensure 

ventilation when necessary. Solar energy, as one of the 

leading alternative energy sources, was utilized for heating 

the greenhouse, and a dedicated greenhouse software was 

developed to monitor, control, and record the experimental 

data. The findings revealed that when relative humidity 

was maintained within the range of 30-90% and 

temperature between 20-25 °C, the crops grown under 

controlled conditions reached maturity 10-15 days earlier 

than those in conventional greenhouses and demonstrated 

superior quality. 

The concept of the smart greenhouse has emerged as a 

result of the integrated definition and implementation of 

smart agriculture components such as sensor systems, 

communication technologies, and variable rate application 

technologies (Farooq et al., 2022). Smart greenhouses are 

advanced production structures supported by digital sensor 

networks and automated control systems.  
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Figure 2. Sensor technologies used in dairy farming applications (Knight, 2020). 

 

 

 
Figure 3. Main components of Internet of Things (IoT) systems in greenhouses (Farooq et al., 2022). 

 

 

In smart greenhouse systems, artificial lighting, 

irrigation, and ventilation are automatically regulated 

based on the growth stages of plants, thereby creating 

optimal conditions for development. Additionally, AI-

based applications enable the early detection of plant 

diseases, allowing for timely interventions and reducing 

potential yield losses (Liakos et al., 2018).  

In the IoT-based smart greenhouse model developed by 

Farooq et al. (2022), the system's core components 

(illustrated in Figure 3) include sensors, actuators, wireless 

communication modules, a control unit (microcontroller), 

cloud platforms, and mobile/web-based user interfaces. 

Environmental data collected by sensors (e.g., temperature, 

humidity, and light intensity) are transmitted to the cloud 

for analysis and are subsequently used to automate key 

processes such as irrigation, ventilation, and lighting 

through the control systems. 

 

Digital Transformation Processes and Application 

Areas in Storage Structures 

Agricultural production is increasingly viewed as a 

comprehensive and integrated process that extends beyond 

sowing and harvesting to include critical stages such as 

post-harvest handling, proper storage, and distribution. In 

this context, inadequate storage conditions during the post-

harvest phase can lead to significant reductions in 

productivity and pose serious threats to food safety. 

Ensuring food safety is not only vital for protecting public 
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health but also holds strategic importance for achieving 

long-term sustainability. Consequently, maintaining 

appropriate storage conditions throughout the entire supply 

chain from production to the end consumer has become a 

fundamental priority in modern agricultural systems. A 

significant portion of the daily energy intake in human 

nutrition (approximately 50–60%) is derived from cereals 

and their by-products. This fact underscores the critical 

importance of preserving cereal products both 

quantitatively and qualitatively in terms of food security 

and sustainable agricultural production. However, 

traditional and low-tech storage systems, which are 

commonly used in developing countries, significantly 

hinder the continuous monitoring and effective control of 

key environmental parameters such as temperature and 

humidity. These deficiencies contribute to increased post-

harvest losses, which are reported to reach up to 15-25% of 

total production (Bala, 2016; Rehman et al., 2022). 

Similarly, Phillips and Throne (2010) indicated that grain 

losses due to inadequate storage conditions could account 

for 10-20% of total production. Therefore, to minimize the 

quantitative and qualitative deterioration of cereal 

products, it is essential to optimize storage processes and 

integrate modern digital technologies into storage 

facilities. In recent years, the implementation of 

digitalization in agricultural storage structures (particularly 

in grain storage systems) has gained significant 

momentum, and this study focuses on that specific topic. 

The primary objective of grain storage is to preserve the 

quantity and quality of the product over a specific period. 

However, this process entails significant risks due to 

various environmental and biological factors. According to 

Javaid et al. (2022), environmental conditions such as 

temperature, humidity, oxygen levels, and biological 

agents (e.g., insects, fungi, bacteria) negatively affect the 

chemical and biological stability of grains, leading to their 

deterioration. Rehman et al. (2022) emphasize that issues 

such as inadequate ventilation, uneven temperature 

distribution, and moisture accumulation contribute to the 

formation of mycotoxins in stored grains, posing serious 

threats to both food safety and human health. Timely 

monitoring of such adverse conditions within grain bulks 

is therefore a critical requirement for the effective 

management of storage systems and informed decision-

making processes (Devi et al., 2021). In this context, there 

is a growing need to redesign grain storage systems not 

only from the perspective of physical security but also in 

terms of environmental and biological monitoring 

capabilities. Manual inspection practices conducted 

through traditional methods often result in delayed 

intervention, making it difficult to prevent losses. This 

situation necessitates the implementation of smart storage 

solutions that integrate real-time monitoring systems and 

automated decision-making mechanisms (Sinha and 

Dhanalakshmi, 2022). 

Smart grain storage systems are multi-component 

technological infrastructures that enable the real-time 

monitoring of environmental conditions and the automated 

decision-making based on the collected data. These 

systems rely on the coordinated functioning of various 

components, including physical sensors, wireless 

communication networks, data acquisition and processing 

units, cloud-based storage platforms, machine learning 

algorithms, and user interfaces (Saiz-Rubio and Rovira-

Más, 2020). With the integration of these technological 

components into grain storage systems, it has become 

possible to continuously monitor environmental 

parameters such as temperature, humidity, and carbon 

dioxide (CO₂) levels. Through data-driven decision 

support systems, early warning mechanisms can be 

activated, allowing the development of proactive 

intervention strategies to prevent potential quality losses 

(Nie et al., 2022; Javaid et al., 2022). In this context, smart 

storage systems not only reduce product losses but also 

contribute to the sustainability and traceability of the 

storage process. Therefore, the digitalization of the grain 

storage chain should be regarded as a critical step in the 

establishment of sustainable food systems. Through smart 

monitoring technologies, environmental parameters such 

as temperature, humidity, carbon dioxide, and others can 

be simultaneously tracked. This enables the early detection 

of conditions that may adversely affect grain quality, 

allowing for timely and effective interventions. 

Agriculture 4.0 stands out as an innovative approach 

that offers significant advantages, particularly in the areas 

of food safety and product traceability. Through the use of 

automated identification and monitoring systems 

developed within this framework, the entire production 

process, from cultivation and livestock rearing to 

processing, packaging, and distribution, can be digitally 

tracked. These systems enable more effective management 

of quality control processes and facilitate the monitoring of 

compliance with food safety standards. Moreover, the 

transparency of production processes allows consumers to 

access detailed information about where, how, and under 

what conditions the products they purchase were produced 

(Fukatsu and Nanseki, 2009). According to Tian (2016), 

blockchain technology enables the transparent and secure 

recording of all agricultural processes in crop production 

from seed to table. Furthermore, the integration of 5G and 

the Internet of Things (IoT) is expected to enhance the 

efficiency of remote monitoring and automation through 

faster data transmission and improved multi-device 

connectivity (Farooq et al., 2015). 

In smart storage systems, temperature and humidity 

sensors automatically activate the ventilation systems 

when critical threshold values are exceeded, thereby 

contributing to the preservation of product quality. In the 

monitoring of grain storage conditions, temperature 

sensors (Klerkx et al., 2019), humidity sensors (Skendžić 

et al., 2021), carbon dioxide (CO₂) sensors (Fróna et al., 

2019), and volume sensors (Javaid et al., 2022) are 

commonly used. In a study conducted by Şahin Suci 

(2023), in addition to the operation of automated 

ventilation systems used in grain storage facilities, the 

spatial arrangement of temperature sensors within the 

storage units and the positioning of volume sensors on the 

structural components are illustrated in Figures 4-6. Such 

integrated approaches to sensor placement and automation 

enhance the precision of environmental control in grain 

storage and contribute to the overall improvement of 

system performance. 
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Figure 4. Automatic ventilation systems in cereal storage facilities (Şahin Suci, 2023) 

 

    
Figure 5. Temperature sensors in cereal storage facilities (Şahin Suci, 2023) 

 

    
Figure 6. Volume sensors in cereal storage facilities (Şahin Suci, 2023) 

 

Conclusion 

The agricultural sector is facing global-scale challenges 

such as a growing world population, climate change, 

limited natural resources, and food security concerns. In 

response to these issues, the integration of digital 

technologies into agricultural structures has become 

increasingly critical. This review study explores, through 

an interdisciplinary approach, the role of digitalization 

within the framework of Agriculture 4.0, focusing on its 

applications in both animal and crop production systems as 

well as the associated challenges. It is essential to address 

digital transformation not only from a technical perspective 

but also in terms of its ethical, sociological, and economic 

dimensions. Future research should adopt a more holistic 

framework, emphasizing the adaptability of digital 

agriculture to local conditions, the development of user-

friendly interfaces, and concerns related to data ownership 

and privacy. Furthermore, interdisciplinary collaborations 

are necessary to evaluate Agriculture 4.0 technologies not 

only in terms of productivity gains but also in relation to 

environmental sustainability and social justice. 

In conclusion, digital transformation in agricultural 

structures serves as a strategic mechanism that enables the 

intelligent management of production processes and 

shapes the future of agriculture. This transformation not 

only enhances productivity but also offers 

multidimensional benefits such as environmental 

sustainability, animal welfare, food security, and consumer 

trust, thereby contributing to the development of an 

innovative and sustainable agricultural system for both the 

present and the future. 
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