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ABSTRACT. Intelligent System for Monitoring and Optimizing Viticultural 
Processes. Viticulture faces increasing challenges related to environmental sustainability 
and operational efficiency. To address these issues, this work presents the development 
of an innovative management and monitoring platform tailored for vineyard operations. 
The proposed platform integrates IoT technology and advanced data analysis to optimize 
viticultural processes. Key features include real-time tracking of machinery, such as 
tractors, for precise route visualization, as well as the monitoring of important parameters 
such as CO₂ emissions, fuel consumption, and other operational metrics. By analyzing 
these parameters, the platform aims to improve resource efficiency and minimize the 
environmental footprint of vineyard activities. Additionally, the platform incorporates 
IoT-enabled climatic monitoring systems to gather data on temperature, humidity, and 
other weather-related variables, ensuring better decision-making for vineyard 
management. By merging machinery telemetry with environmental monitoring, the 
platform provides an advanced solution to improve sustainability in viticulture. This 
approach not only contributes to reducing greenhouse gas emissions but also aligns with 
modern practices for precision agriculture. Through this initiative, we aim to demonstrate 
how technology can empower vineyards to achieve higher efficiency while promoting 
eco-friendly practices. 
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1. INTRODUCTION 
Viticulture faces growing challenges as the demand for sustainable practices and 

efficient resource utilization intensifies. Climate change, linked with the need to 
meet production demands while reducing environmental impacts, has placed 
significant pressure on vineyard operations. These challenges necessitate the 
adoption of innovative technologies to optimize processes, improve decision-
making, and promote sustainability in the wine industry (Robles‐Zazueta et al., 
2024). 

In recent years, the integration of advanced technologies such as the Internet of 
Things (IoT), telemetry, and data analytics has transformed agricultural practices 
under the framework of precision agriculture. Precision agriculture aims to enhance 
resource efficiency by using real-time data to tailor management decisions to 
specific conditions. However, in the context of viticulture, existing solutions often 
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address either environmental monitoring or machinery optimization but rarely 
integrate these aspects into a unified system (Jorge et al., 2024). 

IoT-capable sensors in precision agriculture, with a particular emphasis on 
viticulture. The authors highlighted the challenges posed by climate change to 
modern agricultural management systems, especially in viticulture, where grape 
production and quality are increasingly affected. To address these challenges, the 
study highlighted the importance of selecting appropriate IoT sensors for real-time 
monitoring of crop ecosystems, including climate, soil, and plant conditions. The 
authors provided practical guidelines for sensor selection and installation, 
considering factors such as sensor types, data acquisition capabilities, and 
applicability to specific agricultural contexts. By integrating agronomic and 
technological knowledge, the study aimed to enhance decision support systems 
under the IoT paradigm, thereby promoting sustainable practices in precision 
agriculture and viticulture. This work underscores the critical role of IoT sensors in 
advancing precision agriculture, offering valuable insights into best practices for 
their deployment to mitigate the impacts of climate change on viticulture (Pascoal et 
al., 2024). 

In their study, Kontogiannis, Koundouras, and Pikridas (2024) introduced an 
innovative plant-level monitoring architecture named thingsAI, designed to enhance 
early detection of downy mildew in vineyards. This system employs low-cost, 
autonomous IoT sensors for real-time monitoring of vine conditions, utilizing the 
low-power LoRaWAN protocol for efficient data acquisition. The collected data is 
processed through a distributed cloud infrastructure that incorporates advanced deep 
learning inference services. A notable contribution of their work is the development 
of a fuzzy-stranded-neural network model, which leverages supervised fuzzy 
annotation processes to accurately detect downy mildew occurrences. Field tests 
conducted in Zitsa, Greece, demonstrated the model's effectiveness in identifying 
specific vine locations and critical time points of mildew outbreaks, thereby enabling 
targeted and timely interventions. This research underscores the potential of 
integrating IoT-based sensory monitoring with sophisticated neural network models 
to advance precision viticulture and improve disease management strategies. 

In order to determine the major environmental factors affecting the wine 
industry's Life Cycle Assessment (LCA), (Guerrero et al., 2024) conducted a 
comprehensive review. In order to reduce greenhouse gas emissions, the study 
focused on production tactics rather than wine typology or grape variety. It was 
trying to determine if wine type has a substantial impact on the carbon footprint. The 
study synthesized findings from various LCA studies, highlighting that production 
methods play a more crucial role in environmental sustainability than the type of 
wine produced. The authors also underscored the need for standardized assessment 
methods to accurately identify factors that can effectively reduce emissions in wine 
production. 

A thorough bibliometric and systematic review was carried out in the paper 
(Martínez-Falcó et al., 2024) to investigate the connection between sustainability 
and competitive advantage in the wine sector. The authors analyzed academic 
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literature indexed in the Web of Science Core Collection from 2009 to 2023, aiming 
to identify prevailing trends and the knowledge structure concerning sustainable 
practices that confer a competitive edge in the wine sector. Utilizing tools such as 
VOSviewer and Bibliometrix, they created network maps to visualize the 
interconnections between key concepts. Their findings highlight the growing 
emphasis on integrating sustainability into business strategies to achieve long-term 
competitiveness in the wine industry. The study underscores the importance of 
adopting sustainable practices not only for environmental and social benefits, but 
also as a strategic approach to enhance market position and operational efficiency. 

The authors (López-Urrea et al., 2024) conducted a wide review to update the 
standard single (Kc) and basal (Kcb) crop coefficients for temperate climate fruit 
trees, vines, and shrubs. They analyzed over 150 articles published in the past 25 
years, selecting 76 studies that met criteria such as adequate yield conditions, 
accurate crop evapotranspiration (ETc) measurements, and adherence to FAO 
methodologies. Their findings underline the significance of factors such as ground 
cover fraction, plant height, and training systems in determining precise Kc and Kcb 
values. The updated coefficients aim to enhance the accuracy of crop water 
requirement estimations, thereby optimizing irrigation scheduling and promoting 
water conservation in orchard management. 

This article aims to highlight the objectives of the Oenotrace project, full title: 
“From vineyard to bottle. Trace sustainable practices in wine-growing under full 
transparency”, and to present the method used and the results obtained (Oenotrace 
project, 2023). The study describes the development of an integrated management 
and monitoring platform for vineyard operations, combining IoT sensors for 
environmental monitoring with telemetry systems for machine tracking and 
analyzing operational parameters (Danila et al., 2024). The aim of this platform is to 
optimize viticultural activities, reduce greenhouse gas emissions and improve 
sustainability. The Oenotrace project aims to increase the transparency and 
sustainability of the wine value chain, involving all stakeholders - from producers to 
consumers and authorities. A key objective is to map the value chain and identify 
communication gaps to optimize ecosystem services. 

The article analyzes key functionalities of the proposed platform, including real-
time monitoring of machinery, accurate visualization of routes, and analysis of fuel 
consumption and CO₂ emissions. IoT systems also collect climate-relevant data to 
make informed decisions, thus contributing to precision viticulture and the adoption 
of sustainable agricultural practices. Furthermore, the integration of advanced data 
analytics and Machine Learning algorithms enables the optimization of agricultural 
interventions, such as irrigation and pest control, reducing waste and improving 
production quality. In addition, the platform's modular and scalable architecture 
allows for adaptation to future technological innovations, reinforcing a more 
efficient, environmentally friendly and resilient viticulture model. 

In contrast to single-purpose monitoring tools, our platform combines machine 
telemetry, climate data, and predictive analytics into a unified decision-support 
system. This integration allows for real-time adjustments in machinery operations, 
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irrigation schedules, and disease prevention strategies, which are often managed 
separately in conventional systems. Furthermore, many existing solutions rely on 
retrospective data analysis, while our system is based on real-time monitoring and 
AI-driven predictive models to optimize vineyard operations dynamically. 
Additionally, the platform’s modular architecture ensures scalability, allowing for 
future enhancements such as drone-based aerial analysis, blockchain for production 
transparency, and advanced AI for anomaly detection—capabilities that are not 
commonly integrated into current viticulture monitoring solutions. By filling the gap 
between operational efficiency and sustainability, our system provides vineyard 
managers with an innovative tool to improve productivity and environmental 
responsibility. 

This paper outlines the development and evaluation of the platform, highlighting 
its potential to empower vineyard managers to achieve higher operational efficiency 
while adhering to eco-friendly practices. The following sections present a detailed 
explanation of the system implementation, also data and methods, the results of the 
platform's implementation, and a discussion of its implications for sustainable 
viticulture.  

 
2. DATA AND METHODS 

2.1. Data used 
The proposed smart system represents an advanced integration of multiple data 

streams from IoT devices and specialized viticulture technologies (Orza et al., 2023), 
all brought together in a unified management and monitoring platform. The system 
architecture, illustrated in Fig. 1, emphasizes the interconnection and interaction of 
technology components to ensure optimal operation and efficient data management. 
The system architecture is designed to integrate data from two main sources: 
agricultural machinery and climate monitoring. 

 
2.1.1. Agricultural Machinery data 
The first source is the monitoring of agricultural machinery. Telemetry devices 

installed on agricultural machinery, such as tractors, provide real-time information 
about various operational metrics. These include route tracking using GPS (Global 
Positioning System) systems that visualize the movement of machinery in the 
vineyard, ensuring accurate coverage and reducing overlap. Sensors monitor fuel 
consumption to identify inefficiencies and suggest optimizations. Monitoring CO₂ 
emissions in real time provides information on the environmental impact of 
operations, while additional parameters such as engine temperature, speed and run 
time are also collected. These data points are essential for optimizing machine 
routes, reducing operational costs and minimizing the environmental footprint. 

 
 2.1.2. Climate Monitoring data 
The second source is the monitoring of climate parameters. IoT environmental 

sensors are strategically placed in the vineyard to monitor air temperature and 
humidity, soil moisture, solar radiation, precipitation as well as wind direction and 
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speed, all essential factors for understanding microclimatic conditions and their 
impact on grape quality. Soil moisture levels are accurately measured to optimize 
irrigation management and prevent overwatering or water stress. Solar radiation and 
wind speed are also monitored to understand conditions that influence vine growth 
and predisposition to disease. These sensors are powered by solar panels and 
transmit data using efficient protocols such as Wi-Fi or 5G (Aldhaheri et al., 2024). 
The system ensures continuous monitoring and real-time data transmission, even in 
remote areas of the vineyard. 

 
2.2. Methods 
By combining machinery and climate data into a single platform, the system 

enables advanced analysis and informed decision-making (Fig. 1). It correlates 
machine activity with environmental conditions, allowing for optimized actions, 
such as adjusting pesticide spraying based on weather conditions.  

 

 
Fig 1. System Architecture of the Oenotrace project 
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Machine Learning models predict potential risks, such as pest outbreaks or 
irrigation needs, enabling proactive management. Users receive instant alerts for 
critical situations such as equipment failures or extreme weather, allowing quick 
responses. The system's modular architecture supports scalability, allowing the 
integration of additional devices or functionality if required. Future upgrades could 
include integration with drones for aerial monitoring of vineyard health and 
identifying areas of stress, Blockchain technology to provide transparency in the 
production process from vineyard to bottle, and advanced Artificial Intelligence 
models for automated anomaly detection and decision support. 

The platform features an intuitive web dashboard developed using the Grafana 
application (Kirešová et al., 2023). The interface allows customization of results, 
giving users access to real-time data through interactive graphs and detailed reports. 
These summarize operational and environmental indicators, supporting compliance 
and facilitating strategic planning. Alerts for critical parameters are visibly displayed 
and users have the ability to set customized thresholds. The platform is accessible 
from desktop and mobile devices, guaranteeing vineyard managers always access to 
relevant information, whether in the office or in the field. 

By centralizing and analyzing data, the proposed system significantly improves 
operational efficiency and sustainability in viticulture. Optimized machine routing 
and efficient fuel use directly contribute to reducing greenhouse gas emissions. 
Precise application of irrigation and pesticides minimizes wastage of resources, 
while climate monitoring improves timely interventions, leading to better crop 
yields. With this intelligent monitoring and optimization platform, vineyards can 
transition to more sustainable practices while maintaining high productivity and 
profitability.  

 
3. RESULTS AND DISCUSSIONS 
The implementation of the platform demonstrated its ability to integrate and 

analyze diverse data streams to support viticultural management effectively. The 
results underscore the advantages of centralizing and visualizing data in real-time. 
The platform was validated on a dataset obtained from a pilot vineyard, and the main 
findings are detailed below. 

A concrete example of the platform's functionalities is the interactive display of 
machine telemetry data, including routes traveled, CO₂ emissions, and fuel 
consumption. Fig. 2 presents a Grafana dashboard illustrating real-time telemetry 
data for a tractor. The dashboard is divided into several sections that provide detailed 
insights into the operations performed. At the top of the dashboard, the tractor's route 
is displayed for a selected job, offering a visual representation of its path within the 
vineyard. Below this, multiple tables provide comprehensive information, including 
the tractor’s fuel consumption, the distance traveled, and the amount of CO₂ emitted. 

Additionally, the tables highlight emissions resulting from the tractor's activity, 
associated operational costs, and other relevant metrics. This detailed breakdown 
enables users to evaluate operational efficiency and identify areas for improvement. 
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Fig. 2. Grafana Dashboard displaying telemetry data of a tractor, including route 

traveled, CO₂ emissions, fuel consumption, operational costs, and other relevant metrics 
for a selected job 

 
The platform also includes a general dashboard for centralized visualization of 

all parameters measured by the IoT environmental monitoring station. Fig. 3 
displays the Grafana interface, which consolidates environmental data into an 
intuitive layout. In the top-left corner, the location of the IoT station is shown on a 
map, allowing users to contextualize the data geographically. The top-center section 
features four key charts illustrating air temperature, air humidity, light intensity, and 
solar radiation.  

 

 
Fig. 3. Grafana interface for real-time environmental monitoring, displaying the station 
location, climatic parameters (e.g., temperature, humidity, light intensity, solar radiation, 

precipitation), and aggregated data in graphical and tabular formats 
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In the top-right corner, a precipitation graph presents rainfall measurements 
aggregated by hour and day, providing a clear view of rainfall distribution over time. 
The lower part of the dashboard includes a detailed graph and table summarizing all 
values measured by the IoT station in real-time, such as air temperature, air 
humidity, light intensity, solar radiation, precipitation, wind direction, and wind 
speed. This dashboard provides users with a comprehensive overview of 
environmental conditions, facilitating decisions regarding agricultural interventions, 
such as irrigation or pest control, at optimal times. 

 

 
Fig. 4. Temporal variations in air and soil temperatures measured in the vineyard, 

demonstrating their correlation and impact on vine development 

To illustrate the platform's contribution to vineyard management, correlations 
between monitored parameters were analyzed, revealing their impact on crop 
development and health. Fig. 4 shows the variations in air and soil temperatures 
recorded in the vineyard over a specified period. The strong correlation between 
these parameters highlights the influence of atmospheric temperatures on soil 
conditions, which in turn affect vine growth and development. This insight is critical 
for managing key stages of grapevine development, such as flowering and ripening, 
allowing for optimized agricultural practices.  

In addition, Fig. 5 illustrates the evolution of air humidity and soil moisture 
levels. These parameters are essential for managing optimal growing conditions, as 
air humidity affects evapotranspiration rates, while soil moisture influences water 
availability for roots. For instance, a decline in soil moisture during critical growth 
stages can lead to water stress, impacting grape yield and quality. 

This article is based on the Oenotrace project that conducted multi-source data 
acquisitions in selected experimental vineyards in Italy and Germany, considering 
diverse grapevine cultivation systems, management practices, and climatic 
variability. These locations provided a range of viticultural microclimates, making 
them ideal for testing the integration of IoT-based monitoring and environmental 
modeling. 
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Fig. 5. Dynamics of air humidity and soil moisture in the vineyard, highlighting their 

relevance for maintaining ideal growing conditions and preventing water stress 

The project monitored meteorological parameters (e.g., Tmin, Tmax, rainfall, 
radiation), soil moisture dynamics, and grapevine phenotypic traits (e.g., plant 
height, leaf area, shoot number) at key phenological stages such as bud break, 
flowering, and veraison. Additionally, advanced remote and proximal sensing 
techniques, including UAV multispectral imaging, were employed to assess vine 
growth, water requirements, and disease outbreaks. An eddy covariance tower in 
Italy continuously measured CO2 and water vapor exchanges, which were crucial for 
evaluating vineyard sustainability. By integrating these data streams, the project 
refined decision-support tools for vineyard management, optimizing water use and 
pesticide application while minimizing environmental impact. 

 
4. CONCLUSIONS 
The development of this innovative platform for vineyard monitoring and 

management represents a significant step forward in the digital transformation of 
viticulture. By seamlessly integrating IoT technology with advanced data analytics, 
the system enables a comprehensive and centralized approach to managing both 
climatic and operational parameters. Through real-time data visualization and 
analysis, winemakers gain valuable insights into critical factors such as air and soil 
temperature, humidity, and operational metrics like fuel consumption and CO₂ 
emissions. This wealth of information empowers users to make precise, data-driven 
decisions that enhance resource efficiency and operational effectiveness. The ability 
to correlate environmental conditions with machinery performance opens up new 
opportunities for optimization, including the precise scheduling of interventions 
such as irrigation, fertilization, and pest control. This precision not only reduces 
waste but also contributes to improving the quality and yield of grape production. 
Furthermore, the system’s predictive capabilities, enabled by machine learning 
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algorithms, allow winemakers to anticipate challenges like pest outbreaks or water 
stress, ensuring timely and effective responses. 

Beyond its operational benefits, the platform demonstrates a commitment to 
sustainability. By promoting efficient resource usage and reducing greenhouse gas 
emissions, it aligns with global efforts to mitigate the environmental impact of 
agricultural practices. Its modular and scalable architecture ensures that the platform 
can adapt to future advancements, such as the integration of aerial monitoring via 
drones or blockchain technologies for enhanced traceability and transparency in 
production processes. This platform exemplifies how technology can be harnessed 
to address the complex challenges facing modern viticulture. It not only supports 
precision farming but also fosters environmental stewardship, making it an essential 
tool for winemakers striving to balance productivity with sustainability. By 
transforming traditional vineyard management into a more efficient, eco-friendly, 
and resilient system, this solution paves the way for a smarter and more sustainable 
future for the viticulture industry.  
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