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THE FUTURE OF SMART AGRICULTURAL PRODUCTION 
THROUGH APPLIED INFORMATION TECHNOLOGIES 

 
Jelena Bošković1; Vera Popović2; Jelena Mladenović3; Aleksandar Stevanović4; 

Vladica Ristić5; Marija Maksin6; Dragan Jovanov7 
 

Abstract 
 
It has known that technological opportunities are available for human beings to get 
out of these predicaments, solving the interconnections between food – water - energy 
climate nexus, and achieving agricultural transformation from traditional to digital. 
The aim of this review is to gain holistic solutions in a systematic view, based on 
water-energy-food resources to agricultural digital transformation that will play role 
in sustainable development. Digital agriculture combined under precision agriculture 
and Agriculture 4.0 are handled based on domains covering monitoring, control, 
prediction, and logistics. Wearable sensor technologies, real-time monitoring systems 
tracking whole conditions of animals in livestock, the IoT-based irrigation and 
fertilization systems that help enhance the efficiency of irrigation processes and 
minimize water and fertilizer losses in agricultural fields and greenhouses, 
blockchain-based electronic agriculture, and solutions based on drones and robotics 
that reduce herbicide and pesticide use are handled systematically. 
 
Key words: Agriculture, monitoring, artificial intelligence, Internet of Things (IoT).  

 
Introduction 

 
Agriculture producing food, feed, fibers, fuel, and raw materials by cultivating plants 
and breeding livestock is one of the oldest and most vital sources in the civilization of 
human beings and in the economic growth of each country that forms the backbone. 
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The latest FAO report (FAO 2017a) emphasized that the world's population will be 
near 10 billion by 2050, and agriculture will be a more deeply key role each day for 
the continuation of life and socio-economic development. It has been predicted that 
increases in food, water and energy demands will be 60% (FAO 2012), 55% (OECD 
2012) and 50% (EIA 2019) by 2050, respectively. 
At global level, while consuming approximately 30% of the total energy in during 
agri-food production, this causes nearly one third of GHG emissions (FAO 2020; Platis 
et al. 2019). Global food systems are responsible for about 25% to 42% of all global 
greenhouse gas (GHG) emissions emitted during production, processing, 
transportation, packaging, consuming, and disposing of food according to a study 
carried out for the years 1990-2015 (Crippa et al. 2021). While agriculture is the pillar 
of food security, it is the largest user of freshwater that affects energy security (Tian et 
al. 2018). Global projections indicate that the demand for clean water, energy, and food 
will increase significantly in the coming years (Hoff 2011). 
Today, agriculture accounts for 70% of global freshwater use and 34% of land use, 
putting unsustainable pressure on our natural resources (Lee 2019). Also, water use is 
80-90% in the agri-food sector including irrigation (FAO 2016; Bundschuh et al. 2017). 
But irrigation only amounts can reach as much as 95 percent in some developing 
countries (Mohtar & Daher 2016; FAO 2017b). Water plays a key role in socioeconomic 
development that strongly connects food and energy (Daher et al. 2019). Industry 
consumes 22% of water resources, most of which is used for cooling thermal processes 
in electricity generation (EIA 2016). If action is not taken now, such expanding gap 
between resource supply and demand would be further occurs deep problems related 
to continuous population growth, climate change and extreme climatic events, socio-
economic development.Both agricultural activities and production of food consume 
at large amounts of water and energy (Roidt & Avellán 2019). Therefore, water, 
energy, and food (WEF) are three strategic resources for the sustainable development 
of national economies (Purwanto et al. 2019). It is becoming increasingly difficult to 
ensure sufficient WEF with the impact of climate change, population growth, 
changing diets, urbanization, and aging (Zhang et al. 2018; Alcon et al. 2019). 
Agriculture is also a major source of water pollution from nutrients, pesticides, and 
other contaminants, which if unmanaged can lead to significant social, economic, and 
environmental costs (FAO 2017). In the recent decades, agriculture is beset by two 
major discrepancies: the first conflict is between resources supply and demand, while 
the second conflict is between economic development and environmental protection 
(Yue & Guo 2021). In recent years, global climate change has caused many irregular 
and extreme weather events in many parts of the world (Li et al. 2021). As a result of 
global warming, intense drought, severe hurricanes and storms, and extreme floods 
have begun to be experienced intensely in different parts of the world (FAO 2021). In 
addition, the success of crop and animal production varies depending on the short 
and long-term complex environmental effects of global warming and climate change 
(Hatfield et al. 2011). In many places of the world, plants are negatively affecting by 
climate conditions that are very hot or very cold, and wet or dry (Hatfield et al. 2015; 
FAO 2019). Rising seed, fertilizer prices and wages, epidemic and vegetative diseases, 
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trade wars, flash floods, heatwaves, and other weather changes negatively affect 
agriculture. To meet these challenges and meet the demands of the future, countries 
need to develop policies and programs in a sustainable way. 
In a report published by UNECE (2021), it was emphasized that demographic, 
economic, social, and climatic changes, were all exerting increasing pressure on 
natural resources, including through a seemingly ever-growing global demand for 
energy, food, and water that threatens the ecosystems. As a solution, the key to 
shifting towards sustainable development was highlighted that lies in the strategic 
decisions to be taken regarding natural resources, which need to be better valued and 
more responsibly managed. Among literature studies reviewed, no article has been 
found that analyzes in view of systematic and holistic related to digital transition and 
transformation for a sustainable future in agriculture. Most of the literature focuses on 
individual integration of Agriculture 4.0 technologies and their applications in 
different sectors. This review aims to close the study gap with a systematic approach, 
analyzing digital technologies in agriculture for a sustainable future based on 
“Energy-Water-Food” Nexus. 
The rest of this our paper is organized as follows:  Section 2 gives the development 
roadmap of industrial revolutions and agricultural revolutions; Section 3 introduces 
sustainable food and agriculture, water-energy-food nexus, and digital 
transformation concepts; Section 4 discusses precision agriculture and Agriculture 4.0 
topics under the smart farming heading, covering novel technologies, digital 
transition and challenges; Section 5 introduces renewable energy and environmental 
technologies, new combined solutions; and discussion and conclusions are presented 
in the 6th and 7th sections, respectively. 

 
Agricultural and Industrial Revolutions 

 
The expression Industry 4.0 was used to point out new tsunami of technological 
progress that was defined in 2015 by Schwab as the “fourth industrial revolution” 
(Schwab 2015). While the first industrial revolution in the 18th century was 
characterized by transition from an agricultural economy to an industrial economy, 
the second industrial revolution covered from water and steam power to electric 
power (Adebanjo et al. 2020). The evolution of agriculture, from the primitive level to 
the advanced level of today, took place gradually over time. Figure 1 shows together 
schematic timelines of both industrial revolutions and agricultural revolutions. 
Technological developments in agriculture are divided into 4 long-term and named 
the transformation from Agriculture 1.0 to Agriculture 4.0 (Liu et al. 2021). 
Period that is conventional agriculture practices from antique ages when farmers 
mostly used domestic hand tools for cultivation mainly relying on manpower and 
animal forces to the end of the 19th century is accepted as Agriculture 1.0. Agriculture 
2.0 is referred as the period that is the increase food production and reduce hand jobs 
between 1784 and almost 1870, when agricultural machinery was used for soil tillage, 
sowing, weeding, irrigation, and harvesting (Liu et al. 2021). After passing from the 
main steam power to oil and gas power, the industry 2.0 period of the 20th century 
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started. Due to developments in the energy and transportation sectors, agricultural 
products were started shipping to long distances. Resulting, far communities 
connected together and new agriculture markets emerged that farmers can sell their 
produce (Liu et al. 2021). The first assembly line that significantly increased efficiency 
and productivity was set up for mass production (Zhai et al. 2020). The first 
agricultural mass production was applied to meat production in livestock. All these 
developments provided making for large-scale intensive animal farming. 
“The Green Revolution” era, namely Agriculture 2.0, is the phase of farming that 
began in the late 1950s when new agronomic management practices, new synthetic 
pesticides, and fertilizers were used in agricultural fields and various machines were 
manually operated by farmers (Zambon et al. 2019). Thus, yields, productivity, and 
returns increased at all levels (CEMA 2017a). Although increased productivity and 
improved efficiency were achieved thanks to mechanization, all of them, 
overconsumption of fossil fuels, water, and chemicals caused the destruction of the 
environment. Indeed, still today, mankind continues the devastations with effects so 
great that it changes the climate in many parts of the world. Furthermore, the first 
programmable logic controller (PLC) was used in industry in 1969, depending on 
electronics and on information technology (Yülek 2018). 
Agriculture 3.0, called also "Precision Farming" emerged thanks to advances carried 
out on computing and electronics. These developments provided saving on energy in 
machinery use of and saving on the water in irrigation, and reducing in use of 
chemicals in the field and, thanks to increasing operational performance of 
agricultural systems (Ahmad & Nabi 2021). According to the definition of the 
International Society of Precision Agriculture (PA), “Precision Agriculture is a 
management strategy that gathers, processes, and analyses temporal, spatial, and 
individual data and combines it with other information to guide site, plant, or animal-
specific management decisions to improve resource efficiency, productivity, quality, 
profitability and sustainability of agricultural production.” (ISPA 2021). 
Although agriculture has been affected from every era of industrial revolutions, it 
should be noted the digital transformation in the agriculture sector started with PA. 
Today, the agricultural sector is experiencing a new revolution, called Agriculture 4.0 
from with the affecting of digital technologies also in "Industry 4.0" entered our life in 
2011. 

 
Sustainability for Future 

 
United Nations (UNs) called for a universal action plan related to Sustainable 
Development Goals (SDGs) adopted on 25 September 2015 to end poverty, protect the 
planet, and improve the lives of everyone, everywhere. The 17 goals are part of the 
2030 Agenda for Sustainable Development. This agenda sets out a 15-year (2016-2030) 
plan to achieve the goals. These were planned to help measure progress in each of the 
193 countries that agreed to work towards achieving the goals. SDGs 17 targets are 
illustrated holistically in Figure 2 (United Nations 2015). 
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As highlighted in report prepared by The World in 2050 initiative, governments that 
signed the 2030 agenda of the Sustainable Development Goals (SDGs) and the Paris 
Agreement on Climate Change are calling for profound transformations that will 
require complementary actions from civil society, science and business (TWI2050 
2018). 
Setting off to carry out the activities in The World in 2050 initiative, Sachs et al. (2019) 
presented six SDG transformations to achieve SDG targets. Among which, 
Transformation 4 has taken attention as one of the key parts covering sustainable food, 
land, water, and oceans. Transformation 6 covers the digital revolution for sustainable 
development comes forward as a foremost force that makes a difference, also it has 
been also pointed out as the Fourth Industrial Revolution. 
In Trends in Biotechnology published in 2021, it emphasized that biotechnology to be 
coupled with digital technologies will play a key role in transforming current land-
use systems in the future (Goh et al. 2021). 

 
Sustainable food and agriculture 

 
The FAO has established five basic principles that will provide to become increasingly 
productive and sustainable, building a production system that works in favour of the 
ecosystem, satisfying human needs to achieve 2030 SDG targets. FAO’s five basic 
principles are: (1) Increasing productivity, employment, and value addition in food 
systems, (2) Protecting and enhancing natural resources, (3) Improving livelihoods 
and fostering inclusive economic growth, (4) Enhancing the resilience of people, 
communities, and ecosystems, and (5) Adapting governance to new challenges (FAO 
2018). 
Moreover, the 20 practical and interconnected actions integrated by FAO (2018) are 
prepared for decision-makers to provide transformations related to the 2030 Agenda 
SDGs. The 2030 SDGs comprise the aims related to food (SDG 2), water (SDG 6), 
energy (SDG 7), climate change (SDG 13), and ecosystem (SDG 15). Policies and 
programs managers to be developed by managers will sign managing of resources in 
future in the way a more sustainable one. Nevertheless, there are many operational 
difficulties. Holistic systematic analyses are needed to obtain comprehensive solutions 
covering problems related to the water-energy-food-climate. Future farming will be 
built on four main pillars are follows (1) Improving productivity, (2) Rational use of 
resources, (3) Adaptation to climate change, and (4) Avoidance of food waste (FAO 
2018). 

 
Water-Energy-Food Nexus 

 
Energy, water and food security have been identified as three of the key resources in 
achieving the United Nations' sustainable development goals (Babatunde et al. 2019). 
Therefore, the water-energy-food nexus has been proposed as a conceptual tool for 
achieving sustainable development. Many developing countries has faced many 
challenges to meet the demands increasing for healthy food, clean water and green 
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energy due to the climate change. An effective solution can only be achieved through 
sustainable use of vital resources such as land, water, and energy (Rasul & Sharma 
2016). 
Water, energy, and food are resources that are unavoidably connected with each other. 
Impacts on only one resource can also cause changes in the other ones. The increasing 
global population, energy demands, freshwater resources, and food supply 
emphasize the significance of this topic. The Water-Food-Energy (WEF) Nexus 
concept was introduced by Hoff in the World Economic Forum held in the Bonn in 
2011 to take measures pointing out the problems the world may face and to address 
the links between water and economic development (Hott 2011). In recent years, the 
WEF nexus has become an independent technical term due to its growing popularity. 
The interdependent and complex interactions of these three basic resources are called 
as the water-energy-food nexus (Zhang and Vesselinov 2016; Bieber et al. 2018). 
Solutions of challenges concerning food, water, and energy have to be planned to meet 
current and future socio-economic demands at local, regional, national, and global 
scales for sustainable development (Bazilian et al. 2011; FAO 2014; Howells et al. 2013; 
IRENA 2015; Cevher 2019; Namany et al. 2021). Figure 3 shows connections water-
energy-food nexus, interactions among WEF.  
There are technological solutions based on nexus models for rural and urban fields 
(Lehmann 2018), sensor applications (Abegaz et al. 2018), renewable energy (IRENA 
2015), and greenhouse monitoring (Asolkar & Bhadade 2015). Moreover, if knowing 
the interconnections between the three elements of the Nexus, it can be determined 
which resource should be shared in what proportion for sustainable production, how 
taking temporal and spatial strategical decisions. (Tian et al. 2018; Zhang et al. 2018; 
Ravar et al. 2020, Norouzi & Kalantari 2020; Keyhanpour et al. 2021; Yue et al. 2021). 

 
Digital Transformation 

 
According to FAO and World Bank reports, digital transformation can be used to 
solve challenges that are faced in agriculture and in rural areas (WB 2019; Trendov et 
al. 2019). Thanks to a well-planned transition towards smart farming (Klerkx & Rose 
2020), this transformation can contribute to agri-food systems (Klerkx and Begemann 
2020). Digital transformation is a concept that defines the process of finding solutions 
to social and sectoral needs with the integration of digital technologies, and 
accordingly the development and change of workflows and culture (ElMassaha & 
Mohieldin 2020). Digitalization is defined as the socio-technical process providing 
with using digital innovations. In the agricultural sector, numerous notions have 
emerged to define different forms of digitalization in agri-food production systems 
(Klerkx et al. 2019). 
These are Precision Farming (McBratney et al. 2005; Aubert et al. 2012; Eastwood et al. 
2017), Smart Farming (Wolfert et al. 2017), Agriculture 4.0 (Rose & Chilvers 2018; De 
Clercq et al. 2018; Zambon et al. 2019; Zhai et al. 2020; Raj et al. 2021; Rijswijk et al. 
2021; Rose et al. 2021). Moreover, synonyms of Agriculture 4.0 are “Numerical 
Agriculture” (Agriculture Numérique) in France (Klerkx et al. 2019), “Smart Farming” 
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in many countries of the European Union, “Digital Agriculture” in Australia and New 
Zealand (Keogh & Henry 2016; Shepherd et al. 2018; Fielke et al. 2020; Fleming et al. 
2021). These concepts have defined as the "Digital Agricultural Revolution" by Food 
and Agriculture Organization (FAO) (Trendov et al. 2019) 
According to CEMA (2018), Digital Farming is the transformation from Precision 
Farming to end to end connectable, knowledge-based farm production systems. 
CEMA explains that Digital Farming has a similar structure to Industry 4.0. However, 
there are many aspects of production parameters in agriculture that are different from 
industry. Agriculture is mostly defined with environmental and biological factors, 
and therefore its physical specifications should be basically considered (CEMA 2017a; 
2017b). 
 Lioutas et al. (2021) presented the beneficial and negative aspects of digitalization. 
They also indicated the necessity to develop new approaches based on science in terms 
of societal impacts in the evolution of digital agriculture. 
Pylianidis et al. (2021) reported a review on digital twins in agriculture in the period 
2017-2020. They defined the unique characteristics of agricultural digital twins and 
pointed out that digitalization will provide multiple gains in terms of productivity 
and sustainability to the agricultural sector. 
Fielke et al. (2019) explained that more comprehensive effects due to agricultural 
innovation and digitalization and pointed out that the main themes covering socio-
technical dimensions of digitalization in agricultural production practices are 
connectivity, transparency, and governance. 
Four key technologies that will be an active role in the future of digital farming are (1) 
vision and sensors, (2) automation and robotics (3) digitization and big data, (4) 
biological actors. At the heart of all these key technologies is the achievement of high 
efficiency in connectivity (Berger 2019). 

 
Connectivity 

 
Agricultural digital transformation is one of the topics that have political priority on 
a global scale (WB 2017; WB 2019; Trendov et al. 2019). According to the European 
Commission Report (EC 2017), one of the targets of the EU is to connect farmers end 
to end to the digital economy to succeed in the sustainable evolving of food and 
farming. 
The digital connectivity in agricultural knowledge networks and agro-food value 
exchange will increase usage novel tools such as digital hardware and software (Fielke 
et al. 2019). As shown in Figure 4, all three of these technologies-sensors, robotic 
automation, and digital data work together and are enabled by adequate connectivity 
as well as advances in edge computing and the cloud. At the heart of all these key 
technologies is the achievement of high efficiency in connectivity (Berger 2019). 
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Transparency 

 
Transparency in agricultural practices is important for all stakeholders in the 
agricultural sector including consumers, and regulators, in terms of deep connectivity 
and informational interaction between them (Fielke et al. 2019). Agricultural 
knowledge and advice networks digitalized will be crucial in terms of the 
transformation of agricultural innovation (Wolfert et al. 2017). Digital information 
flows transfer with transparency to everywhere will provide trust between farmers 
themselves and interactions with technologies (Kelton et al. 2008; Sligo & Massey 
2007). Transparency is need due to providing informational interaction with extensive 
connectivity between them (Wolfert et al. 2017). 

 
Governance 

 
It is known that challenges appear in balancing the priorities in terms of sustainable 
development in the agriculture sector as agri-food systems digitalize. In order to solve 
these, planning between public and private organizations will require (Carolan 2018; 
Regan 2019), considering socio-ethical factors to meet public and private goals in the 
agricultural sector (Fielke et al. 2019). Past experiences in agricultural decision support 
systems have seen that without the contributions of all stakeholders in the agricultural 
sector including social systems it will not be a sufficient solution (Fielke et al. 2018; 
Klerkx et al. 2017). 

 
Hardware and sotware technology in agriculture 

 
Improvements in both hardware and software technology open a new chapter in 
agriculture, especially when it comes to sensors, biologicals, robotic automation, and 
digital data. PA is a part of smart farming technologies including agricultural 
management, information systems, and automation and robotics (Balafoutis et al. 
2020; Klerkx et al. 2019; Rose & Chilvers 2018). 

 
Precision Agriculture 

 
PA is the management of spatial and temporal variability through using advanced 
technologies to precisely match agricultural inputs to increase economic gains and 
lessen environmental impacts. 
PA not only offers solutions to address many of the problems posed, exacerbated and 
exposed by this global crisis, it also has the potential to be an invaluable tool for 
rebuilding and strengthening the efficient and sustainable food systems of tomorrow. 
Prior to PA, farmers homogeneously managed their inputs such as seed, fertilizer, 
pesticide and irrigation despite existing within- field variability in soil properties, crop 
stress and crop yield. Beginning in the 1990s, after the emergence of PA, farmers were 
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able to divide their heterogeneous areas into smaller units that were relatively 
homogeneous. Knowing all the historical data of an area can help growers adopt a PA 
approach and adjust their input to benefit their land, increase profitability and reduce 
their overall environmental impact. PA offers the use of satellite technologies that 
allow real-time management of crops, fields and animals (Talepbour et al. 2015). 
In the light of the developments it has shown from the emergence of PA to the present 
day, it develops agricultural management by making use of various perspectives. 
These perspectives are listed below: 
 Agronomic perspective: considering the real needs of the crop in the regulation of 

cultural practices (for example; better fertilization management). 
 Technical perspective: establishing better time management at farm level (for 

example; planning of agricultural activities). 
 Environmental perspective: reducing agricultural effects (to more accurately estimate 

the soil's need for nitrogen to limit nitrogen flow). 
 Economic perspective: increasing productivity or reducing the amount of input, 

increasing the efficiency of the yield (for example; making nitrogen fertilization 
application at low cost). 

Recently, various technologies related to PA have developed technologies like GPS 
systems, yield mapping, smart sensors, and automatic steering systems. As expected, 
these systems were developed for the farmer to increase yields, save nutrients and so 
as to make efficient sensing and decision support systems that can increase 
profitability on the farm and reduce negative environmental impact. PA supports 
reduced tillage and other cost and labor-saving novel technologies. Along with the 
latest developments in semi-autonomous systems and agricultural robots in this 
process, it seems that the process has accelerated among farmers. Figure 5 shows the 
connections between different technical systems and sensors, especially from 
geolocation and sensing systems to decision support, variable-rate operation, and 
route planning among emerging technologies in PA (Pedersen 2017). 
Frontier technologies used in PA for long time have four main phases that span almost 
all agricultural applications. These four main stages and related technologies 
(Balafoutis et al. 2020). 
1. Guidance technologies - These include all types of automatic guidance for tractors 
and self-propelled agricultural machinery such as driver assistance, controlled traffic 
in agriculture, developed based on hardware and software. 
2. Information management - Measurement is essential for accurate farming and better 
control results. Measurement systems consist of sensors that can be mounted on 
ground-based stations and attached to aerial or satellite platforms. They collect spatial 
information including soil mapping, canopy mapping, and yield mapping, also soil 
moisture mapping. Knowledge management will enable farmers to perform PA more 
efficiently and comfortably. If the connection between the digital and the physical 
farm is not made right, there can always be a shortage of precision farming among 
farmers. 
3. Application technologies - These involve technologies such as variable rate irrigation 
and variable rate application technologies for nutrients, crop protection agents, 
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irrigation, seeding, and precision weed control, developed based on hardware and 
software. 
4. Data analysis technologies - These are used for the analysis of data gathered through 
data collection. Related technologies are: 
 Management zone definition 
 Decision support systems (DSS) 
 Farm management information systems (FMS) 
International experiences and survey studies show that Aided Steering Systems (ASS) 
tend to be the first technologies adopted by farmers, due to their relative simplicity 
and the tangible benefits in terms of reduced fuel consumption and inputs as well as 
increased labour productivity (less driver fatigue, working during night, etc.) (Say et 
al. 2017). Recording technologies are increasingly available through remote sensing 
from satellites and drones even though their use by individual farmers is still limited. 
Field sensors are increasingly being deployed in higher value crops such as orchards 
and vegetables but also in field crops, to support irrigation management and for early 
warning of diseases. Reacting technologies such as VRAs (Variable Rate Applications) 
are being adopted more slowly, as they are most complex requiring proper recording 
technologies as well as sufficient intra-field heterogeneity to be profitable for farmers. 
Evidence in Turkey suggests a similar pattern: As such, farmers are less convinced 
about their profitability and require more sensitization, training and support (Say et 
al. 2017). 
Satellite technology has also shown significant progress for imaging applications 
among PA technologies. For example, remote sensing (RS) is used successfully to 
detect variability in soil and crop conditions and to match inputs such as water, seed, 
and fertilizer via variable rate technology. Currently, satellite imaging technology is 
more suitable for large areas due to its cost effectiveness in comparison to drone-based 
imaging. However, with a number of high-precision satellite launches being planned, 
that precision capabilities will improve significantly to enable usage for medium-sized 
and small fields. 
Drone-based imaging in PA has evolved rapidly over the last few years. Current drone 
imaging favour usage of smaller farms where satellite imagery is not cost effective. 
With the improvements in satellite technology described above, however, drone-
based imaging may be limited to certain conditions such as heavy cloud cover or 
difficult terrain. With regards to precision spraying, however, drones may prove to be 
a significant advantage as payload capacity continues to increase. 
Lastly, farm management systems are another interesting and developing area in the 
PA ecosystem. They assist farmers and land managers in achieving higher yields and 
less waste through smarter resource management and greater reduction of input costs. 
Current farm management systems use predictive algorithms to issue warnings on 
imminent pest attacks and other key risks affecting farm productivity. 
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Agriculture 4.0 

 
The agricultural sector sets sail towards a new era of agriculture called “Agriculture 
4.0” thanks to emerging novel digital technologies. Agriculture 4.0 finds solution to 
agricultural and environmental problems thanks to digitalization, automation, and 
artificial intelligence adjusted to various agricultural technologies from crop and 
livestock production, to weeding, to pest control, and also to harvest. 
Most studies related to new digital technologies are carried out on topics, such as 
Information and Communications Technologies (ICT), Internet of Things (IoT), Cloud 
Computing (CC) Big Data Analytics (BDA), robotics, Machine Learning (ML), Deep 
Learning (DL), Artificial Intelligence (AI), Unmanned Aerial Vehicles (UAVs), 
Unmanned Ground Vehicles (UGVs), and Blockchain. There are many literatures 
covering various applications used in Agriculture 4.0 in the past few years: ICT 
(Lezoche et al. 2020; Moysiadis et al. 2021); WSN (Ojha et al. 2015; Kochhar & Kumar 
2019), IoT (Sinha & Dhanalakshmi 2022; Zhang et al. 2021; Sadowski & Spachos. 2020; 
Lin et al. 2020; Tzounis et al. 2017; Ayaz et al. 2019; Kim et al. 2018; García et al. 2020; 
Kour & Arora 2020; Marolia et al. 2021; Tao et al. 2021), Big Data (Newton et al. 2020; 
Lezoche et al. 2020; Moysiadis et al. 2021; Wolfert et al. 2017), UAV technology 
(Moysiadis et al. 2021; Kim et al. 2018; Boursianis et al. 2020), and Artificial Intelligence 
(Moysiadis et al. 2021; Jha et al. 2019), Machine Learning (Moysiadis et al. 2021; Liakos 
et al. 2018), Blockchain (Chen et al. 2020; Bera et al. 2022; GHD and AgThentic 2018), 
Automation & Robotics (Aceto et al. 2019; Carolan 2019). Furthermore, other smart 
farming topics including 3D Printing, Synthetic Biology, Gene Editing, Nano 
Materials have been researched by GHD & AgThentic (2018). 
Nonetheless, Agriculture 4.0 paradigm occurs five core technologies covering sensors 
and robotics, Internet of Things, cloud computing, data analytics, decision support 
system. Figure 6 shows core technologies and connections among them. (1) Sensors 
and robotics fulfill sensing and actuating functions, according to the needs of the 
system. (2) IoT provides connectivity based on protocol and network for data 
communication. (3) Cloud computing is responsible for data storage and processing. 
(4) Data analytics involves big data and AI and ML-based algorithms for data analysis. 
(5) Decision support system helps to provide data visualization, guidance functions, 
and user interaction (Araújo et al. 2021). 

 
Novel digital technologies 

 
Industry 4.0 has the potential to transform the production capabilities of whole 
industries, including the agricultural fields. Connectivity is the cornerstone of this 
transformation and IoT is a key enabling technology that is increasingly part of 
agricultural equipment. Technologies, such as IoT, Edge Computing, AI, robotics, 5G, 
blockchain, and supercomputing, all have the potential to make agriculture more 
efficient, sustainable, and competitive. Some definitions related to the advanced 
digital technologies given by European Commission are following (EC 2021a): 
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The Internet of Things (IoT) refers to the network of smart, interconnected devices 
and services that are capable of sensing or even listening to requests. IoT is an 
aggregation of endpoints that are uniquely identifiable and that communicate bi- 
directionally over a network using some form of automated connectivity. The IoT 
enables based on networked sensors to remotely connect, track and manage products, 
systems, and grids. 
Cloud computing includes the use of tools and applications such as data storage, 
servers, databases, and software based on a network of remote servers through the 
Internet. Cloud computing services enable users to store files and applications in a 
virtual place or the cloud and access all the data via the Internet. Public cloud services 
are available on public networks and open to a widely unlimited cosmos of potential 
users, designed for a market, not a single enterprise. 
Big Data is a term describing the continuous increase in data, and the technologies 
needed to collect, store, manage and analyze it. It is a complex and multidimensional 
phenomenon, impacting people, processes, and technology. Big Data is usually 
characterized by "four Vs ": Volume (size of the data sets), Velocity (high speed of data 
processing), Variety (different types and sources of data used), and Veracity (high 
quality of analyzed data). 
Artificial Intelligence (AI) is a term used to define machines achieving human-like 
cognitive functions such as learning, understanding, reasoning, or interacting. It 
comprises different forms of cognition and meaning understanding (e.g. Speech 
recognition, Natural Language processing) and human interaction (e.g. signal sensing, 
smart control, simulators). In terms of its technology base AI is a very heterogeneous 
field. While some aspects like sensors, chips, robots as well as certain applications like 
autonomous driving, logistics, or medical instruments refer to hardware components, 
a relevant part of AI is rooted in algorithms and software. 
Agricultural robots can be used for crop monitoring and plant phenotyping, yield 
estimation, soil sampling, smart irrigation, smart spraying, dairy milking, sorting 
tasks, disease detection, weed and pest control, planting, harvesting, environmental 
monitoring and pruning. UAVs and UGVs are robots that are used both in the air and 
on land for agricultural applications. 
Blockchain is a shared, digital, immutable ledger that facilitates the process of 
recording transactions and tracking assets in a business network. Shared ledgers 
technology allows new transactions to be added to an existing chain of transactions 
using a secure, digital or cryptographic signature. Assets can be tangible (house, car, 
cash, land) or intangible (intellectual property, patents, copyrights, brand). Blockchain 
protocols aggregate, validate, and relay transactions within the blockchain network. 
Almost anything of value can be tracked and transacted on a blockchain network, 
reducing risk and reducing all costs involved in the business. Blockchain is ideal for 
presenting information as it provides instantaneous, shared, and completely 
transparent information stored in a non-modifiable ledger that can only be accessed 
by authorized network members. A blockchain network can track orders, payments, 
accounts, production, and much more. As members share a single view of the truth, 
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all the details of a transaction can be seen from start to finish; thus, creating new 
efficiencies and opportunities as well as greater confidence. 
Industrial Biotechnology is the application domain of biotechnology for the industry 
in the production and processing of chemicals, materials, and fuels. This technology 
involves the practices related to using microorganisms or enzymes to generate 
industrially useful products in a more efficient way (e.g. less energy use, or fewer by-
products) without conventional petrochemical processes. 
Nanotechnology is an umbrella term that covers from the design to structural 
application and production, to devices, and systems by controlling shape and size at 
a nanometer scale. Nanotechnology has revolutionary the potential for the 
development of smart nano and micro-devices and systems in fields such as 
agriculture, healthcare, energy, environment, and manufacturing. Nanotechnology 
use in agriculture allows smart solutions for nutrients, pesticides, and genetic 
materials for improved soil fertility and soil protection, thanks to better stress 
tolerance. Nano-based sensors can be used for monitoring whole factors that affect 
productivity in smart farming. Moreover, nanotechnology can be used in post-harvest 
food processing and packaging to reduce food contamination and waste. 
Photonics is a multidisciplinary field related to light including energy generation, 
detection, and process management, devices such as electronic components, and 
photodiodes, lasers, and LEDs. It allows the technological basis for the economic 
conversion of sunlight to electricity for solar-powered systems. 

 
Agriculture 4.0 applications 

 
Monitoring- Automatic monitoring is the first step to passing to Agriculture 4.0. 
Smart monitoring systems have potential changing the game rule thanks to real-time 
data collected from the field and advanced data analytics tools providing the success 
of agricultural management. Monitoring allows farmers to get smart and fast 
decisions and perform timely interventions, to increase productivity in agriculture, 
save time and costs and protect the environment (Araújo et al. 2021). 
Monitoring include usually applications as follows: 
 Weather monitoring (air temperature and humidity, rainfall, wind direction, wind 

velocity, atmospheric pressure, solar radiation, etc.). 
 GHG monitoring (temperature, GHG emissions- CO2, CH4, N2O, SO2). 
 Crop monitoring (NDVI) and soil monitoring (temperature, moisture, electrical 

conductivity, pH value, and nutrient content) for agricultural management. 
 Water monitoring (temperature, conductivity, pH, salinity, turbidity, specific 

chemical compounds, dissolved oxygen content) for irrigation systems, 
aquaculture or aquaponics (aquaculture + hydroponics) for management. 

Control- While information is managed in one way in the monitoring applications, 
the control applications use a bidirectional information line. Commonly, an IoT-
control system works together automatic monitoring system, which employs IoT 
sensors to collect necessary data and to transfer them for storage and then processing. 
Control applications are the following (Araújo et al. 2021): 
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 Irrigation Systems (sensors, actuators such as water pumps, and solenoid valves) 
for irrigation management. 

 Fertilization and Fertigation for optimum fertilization. 

 Weed, Pest and Disease Control for many problems like a waste of chemicals, 
increased costs,    and pest resistance to chemicals, environmental pollution, and 
contamination of agricultural products. 

Prediction- Predicting function in Agriculture 4.0 is used in decision-making support 
for the optimization in the management process. Monitoring and documentation are 
vital processes since it is used real-time and historical data to improve exact analytical 
methods in predicting actual events. Prediction applications are the following (Araújo 
et al. 2021): 

 Forecasting Weather Conditions 

 Crop Development and Yield Estimation 

 Forecasting Market Demand 
Logistics- It is known that, in recent years, consumers have been more concerned 
about how the agri-food products bought are produced, handled, packaged, stored, 
and distributed. Agriculture 4.0 provides more efficient management and 
transparency by increasing efficiency in logistics, addressing food safety and security, 
traceability and food authentication, decreasing intrinsic risks, and complying with 
certifications and regulations (Araújo et al. 2021). 

 
Examples from digital agriculture 

 
Several application examples related to domains such as monitoring, control, 
prediction, and logistics of smart farming are given below. 
Smart Livestock Farming (SLF) is one of applications of PA that supports real-time 
monitoring of productions, health, and welfare of livestock, and to ensure optimal 
yield, to increase the management capacity of animals. A variety of sensors and 
actuators and decision-making tools, and IoT technologies are used in SLF (Cadero et 
al. 2018). Electronic identification systems such as ear tags, ruminal boluses, and sub-
cutaneous radio-frequency identification; on-animal sensors like accelerometers, 
global positioning systems, and social activity loggers; and stationary management 
systems, milking parlor, and related technologies and flock management software are 
used in SLF (Vaintrub et al. 2021). Newton et al. (2020) examined a case study related 
to the dairy milk recording system under Australian conditions, using big data 
analytics based on individual cow and herd performance information, such as milk 
production, lactation, and breeding records. They studied farm decision support 
using big data and explored various factors and processes along with farmer 
engagement. Knight (2020) reviewed the current status of wearable sensor 
technologies in livestock farming that could revolutionize dairy farming; explained 
the important difficulties, and emphasized the advantages need for animal wellbeing, 
profitability. Sensors are split into three categories: (1) "At Cow" sensors, (2) "Near Cow" 
sensors, and (3) "From Cow" sensors. Wearable sensors can be placed by swallowing 
or inserting into cows. Figure 8 shows wearable sensor technologies developed for 
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cows. While "At Cow" sensors at the red zone are used to measure acceleration, 
temperature, heart rate, and pH, "Near Cow" sensors at the blue zone are used to 
analyze video and sound information, as well as climate analysis, feed analysis, and 
GPS, these are designed to be make interaction with the cloud. "From Cow" sensors at 
the green zone are employed to monitor products and wastes like milk, hair, saliva, 
sweat, nasal secretion, breath, and faeces taken from the cow. Zhang et al. (2021) 
pointed out that SLF has important potential thanks to intelligent technologies such 
as environmental control, disease early warning, precise feeding, and remote 
diagnosis. They discussed the framework and technical characteristics of wearable 
Internet of Things (W-IoT), the advantages, difficulties, and expectations of the W-IoT 
in farm animals. 
Smart greenhouses enable farmers to cultivate crops with minimum human 
interference. Climatic conditions such as temperature, humidity, luminosity, and soil 
moisture are continuously monitored inside a greenhouse. Variations in these 
conditions will trigger automated actions. These actions will then evaluate the changes 
and implement corrective actions to maintain optimal conditions for plant growth. 
Zamora-Izquierdo et al. (2019) proposed a flexible platform for greenhouses that used 
soilless culture with full recirculation. The system that obtained saving of more than 
30% in water consumption and up to 80% in some nutrients has low-cost hardware 
and a three-tier open-source software platform at local, edge, and cloud planes. 
Liao et al. (2017) developed an IoT-based system including three subsystems like 
environmental monitoring system, a wireless imaging platform, and a host analysis 
platform, shown in Figure 10. In an orchid greenhouse, environmental sensors that 
measure temperature, relative humidity, and illumination, and cameras capture the 
images of orchids were used. The IoT- based environmental monitoring system 
consists of 12 WSN, and a gateway based on ZigBee. While WSNs are responsible for 
measuring environmental parameters, the gateway is used to organize the sensor 
readings sent by the WSNs and transmit them to the host via Wi-Fi. The IoT-based 
wireless imaging platform is built upon a Raspberry Pi single-board computer with 
cameras. Sensor data and camera images are saved in the host platform. 
Roy et al. (2021) designed an IoT system according to a dynamic irrigation scheduling 
called "AgriSens" for efficient water management of irrigated crop fields. The 
AgriSens enables real-time, automatic irrigation, as well as remote manual irrigation 
for different growth phases. IoT helps not only enhance the efficiency of irrigation 
processes but also minimize water losses. In order to calculate the precise needs for 
water, sensors that measure various parameters, such as relative humidity, soil 
moisture, temperature, and light intensity, need. IoT-based smart irrigation systems 
with such a mechanism can contribute to higher irrigation efficiency. Benyezza et al. 
(2021) proposed a block diagram of the example irrigation system, which is composed 
of three main parts, as shown in Figure 12: data processing, cloud, and communication 
part. 
Chen et al. (2020) proposed a framework called “blockchain-based electronic 
agriculture” on its development and challenges of Ecological Farm in the Beijing 
Liuminying. According to this framework, the whole circular agricultural model of 
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the ecological farm into the blockchain network automatically handles and uploads 
data through several types of smart devices, which expands the information set that 
can be used for sharing. This innovation provides a powerful agriculture model, and 
presents a reliable path for reaching "digital agricultural”. As shown in Figure 13, 
Blockchain-based applications can be used along with IoT smart devices and drones 
to monitor agricultural environments (Bera et al. 2022).The European Commission has 
set up large-scale projects to initiate the digitization of agriculture in Europe with 
approximately €1 billion of EU funding under the Horizon 2020 program (EC 2021b). 
Several examples of these projects are given below: 
ATLAS project is agricultural interoperability & analysis system, also being an open 
digital service platform for agricultural applications. The goal of ATLAS is the 
development of an open interoperability network for agricultural applications and to 
build up a sustainable ecosystem for innovative data-driven agriculture. The platform 
enables the flexible combination of agricultural machinery, sensor systems, and data 
analysis tools to overcome the lack of interoperability. This allows farmers to increase 
their productivity in a sustainable way. The ATLAS platform is built around a data 
exchange network using a uniform application program interface (ATLAS 2019). 
IoF2020 investigates the potential of the IoT technologies in the European food and 
farming industry both precision farming and smart farming (IoF2020 2017). IoT-
driven smart farming enables farmers to optimize their operating tasks to boost crop 
yields and to reduce the costs of inputs such as water, fertilizer, insecticides, and 
herbicides. 
DEMETER project is a large-scale deployment of farmer-driven, interoperable smart 
farming-IoT based platforms, delivered through a series of 20 pilots across 18 
countries (15 EU countries). Involving 60 partners, DEMETER adopts a multi-actor 
approach across the value chain (demand and supply), with 25 deployment sites, 6000 
farmers and over 38000 devices and sensors being deployed (DEMETER 2019). 
Some of EU’s robotics projects are Vinbot, MARS, GRAPE, VINEROBOT, ROMI and 
Flourish projects (Moysiadis et al. 2021). Vinbot aimed operations crop monitoring 
using devices like laser sensors, cameras and the navigation system that is based on a 
hybrid reactive/GPS (VINBOT 2017). MARS subproject was designed for the 
development of a mobile agricultural robot, which had the ability to cooperate and 
work in swarms. GRAPE subproject targeted to develop a UGV able to perform semi-
autonomous vineyard monitoring and farming tasks. VINEROBOT aimed to develop 
a novel UGV capable of monitoring grape growth and factors like grape yield, 
vegetative growth, water stress, and grape composition in covering vineyard 
management. ROMI project is developed for a UGV performing tasks such as 
weeding, crop monitoring, and collecting specific information on any individual plant 
(ROMI 2020). Flourish project is developed for weed control with UGV robots shown 
in Figure in 14d using data taken from UAVs (Flourish 2018). 
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Digital transition and challenges 

 
Although the many gains that the success of Agriculture 4.0 could lead, there are still 
various challenges that need to be handled for providing a successful digital 
transformation. The main challenges to be considered in Agriculture 4.0 are split into 
five main levels. Those challenges are related to device, data, network, application, 
and the system according to levels. Challenges at device levels are usually related to 
a harsh field environment, power consumption, and cost issues. Data levels are mostly 
linked to quality, availability, privacy, integrity, and interpretability issues. Facing at 
network levels are mostly network size, latency and throughput, transmission range, 
propagation losses, and interoperability issues. Emerging of during applications are 
usually real- time use, context-awareness, cyber-security, modularity, and reliability 
problems. Problems that emerged in the system are scalability, flexibility, robustness, 
complexity, affordability, and continuous improvement issues (Araújo et al. 2021). 
As noted earlier (besides the small scale of land and low level of mechanization), 
farmers face significant challenges in the transition to smart farming as they try to 
adopt sensors, biologicals, robotic automation, and digital data from third-party 
providers. Farmers are traditionally conservative and adopt new technology solely for 
its usefulness rather than its technological appeal. As a result, compelling applications 
must be significantly deep to deal with the farmer's specific situation, while also 
relying on integrated solutions that make data and insights easy and seamless. 
There are two basic stages in smart farming that should be taken into account for the 
transition: (1) The pre-processing stage and (2) the post-processing stage. The pre-
processing phase covers market trends geographical conditions and soil properties of 
the land, seeds choosing, and the land preparation for the smart farming system. The 
post-processing stage is employed machine vision techniques for disease and weed 
identification while using smart technologies in irrigation and harvesting. For 
traditional agricultural players, this transition is not easy. As the industry moves from 
products to outcome-based solutions and worksite optimization, many organizations 
face the conflict of traditional platform or product-based organizations versus the 
needs of the farmer and marketplace. As a result, smart farming is undergoing a rapid 
transformation from both a product and a service perspective. Technological 
disruptions, business model transformations, and organizational changes are all 
creating an exciting but challenging opportunity. 

 
Renewable Energy and Environmental Technologies 

 
Renewable energy technologies have the potential to provide synergy between water, 
energy, and food; and also, the optimum mix is available for three sectors. Solar-based 
pumping solutions offer a cost-effective alternative to the grid- or diesel-based 
irrigation pumps. Renewable energy and rainwater harvesting technologies can be 
combined with a nexus system. Renewable energy technologies such as solar energy, 
wind energy, and bioenergy can be integrated into agriculture in villages and cities. If 
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coupling an energy storage system with renewable energy technologies, the excess 
energy generated can be stored to use in the future. As an alternative solution to the 
Nexus approach, new applications where photovoltaic panels are combined can be 
used in field and horticulture, and aquaculture. 

 
Agrivoltaics 

 
Agrivoltaic systems are PV technologies installed at a certain height from the ground, 
making it together integrating agriculture and solar energy. Agrivoltaic systems can 
provide both preserve agricultural land and advantage crop production by increasing 
water use efficiency and decreasing water stress (Agostini et al. 2021; Allardyce et al. 
2017). Sun'Agri agrivoltaic system driven by artificial intelligence in Piolenc provides 
the vines shaded by the pivoting solar panels continue to grow and show a reduced 
need for water thanks to the reduction in evapotranspiration (pv magazine 2020). 
However, these positive attributes need comprehensive environmental and economic 
analysis of agrivoltaic systems. Figure 15 shows various applications of agrivoltaic 
systems. 

 
Aquavoltaics 

 
Aquavoltaics (AquaPV) is a concept emerged with combining electricity production 
and aquaculture. AquaPVs floating on the water body can lessen water losses 
preventing evaporation by up to 70–85% due to covering the water. The aquavoltaics 
technology enables electricity to be generated and aquaculture to be carried out in the 
same area, and thus significantly improves overall productivity per unit area 
compared to conventional land use. Several projects and studies are carried out to 
verify positive and negative aspects in terms of ecosystem and the technical and 
economic feasibility of dual-use in Aquavoltaics (Pringle et al. 2017, Fraunhofer 2021; 
Solaripedia 2021; PV TECH 2021). Figure 16 shows various applications related to 
aquavoltaic and floatvoltaic systems. 

 
Solar-powered monitoring system 

 
Industrial development including agriculture has caused pollution of natural 
resources such as water, air, soil, food. GHG emissions, heavy metals, pesticides, and 
other chemicals that pollute terrestrial and aquatic ecosystems pose, and also 
unbalanced water use in all sectors a threat to the health of animals and humans, so 
our future. 
A nexus approach based on water-energy-food given in this study supports the 
transition to a green economy to solve whole those problems. The agricultural nexus 
planning combined with digital technologies can be used to solve challenges related 
to water, energy, and food including the environment. In this context, topics including 
overall agricultural management can be handled for the environment (water, soil, air 
– whole ecosystem), optimum water use, and efficient energy use. 
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Crop and soil monitoring 

 
Crop cultivation and any form of life on earth are inevitably dependent on sunlight, 
and today, thanks to modern technologies emerging, Sun offers a bigger source with 
the possibility to harness the energy from it all around the year. Not only does the 
development of the crop with energy coming from the sun but supports the gathering 
of precious information about the soil, air, water, and weather conditions themselves. 
Solar-powered plug-and-play wireless field sensors provide farmers with instant 
access to data on their soil properties and crop health. This hardware is a device IoT-
based, low-power, long-range, and adaptable based on farm size. A farm monitoring 
system shown in Figure 17 is a network of smart sensors driven by powerful AI-based 
crop intelligence and farm management software to aid farmers across the globe with 
instant access to soil and crop health. It is designed to help farmers accomplish high 
crop productivity and high-profit margins (Solarvibes 2021). 

 
Environmental monitoring 

 
Climate change is due to emissions of greenhouse gases (GHGs) that have been greatly 
affecting agricultural production. The side efects of climate change result in frequent 
experiences of droughts, floods, and extreme weather conditions. Data-driven IoT 
systems are have monitoring and control functions including reducing energy and 
fuel consumption, generating renewable energy on-site, and performing closed-loop 
measurements of carbon consumption and waste. It is seen that IoT-powered smart 
services and industry could account for up to 10 percent carbon reduction by 
increasing efficiency and eliminating reliance on disposable materials in both the 
public and private sectors. 
Monitoring systems can assist farmers in monitoring and improving the quality to 
avoid degradation of soil. They allow for the monitoring of a number of physical, 
chemical, and biological properties such as texture, water-holding capacity, and 
absorption rate. Soil monitoring can help to minimize problems, such as erosion, 
densification, salinization, acidification, and pollution due to toxic elements 
(Yurtseven et al. 2018). 
Pesticides and several other agrochemicals are used widely in agriculture. These 
chemicals that affect in way serious and permanent ecological balance are harmful to 
human and animal welfare, causing substantial damage to complete ecosystems. IoT-
based smart devices, such as WSNs, drones, robots, enable farmers to substantially 
decrease the use of pesticides. Advanced IoT-based pests and insect control allow 
precise tracking, simulation, disease prediction, and therefore is more efficient than 
traditional pest control calendars or prescripts (Raj et al. 2021). The IoT-based systems 
with ML, DL, and image processing can be used in preventing fruit diseases, 
diagnosing and preventing infection in agricultural products. Studies have seen that 
chemical pollution can prevent using big data, AI, ML technologies. Wastewater from 
industry can be used in agricultural production; Water polluted with heavy metals 
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threatens our food (paddy, greenhouse cultivation, fish production, etc.) and our 
health. In recent years, it is known that cancer and many diseases that adversely affect 
the immune system are caused by excessive agricultural spraying and industrial 
wastewater. Excessive use of pesticides in fields, vineyards, gardens, and greenhouses 
pollutes air, soil, and water resources. In other words, excessive spraying, irrigation, 
fertilization harm the entire ecosystem in an unsustainable way. All of this should be 
traced back to the source where the problem started; all data should be forwarded to 
the center and evaluated; monitoring and control mechanisms should be developed. 
PA has not only the potential to reduce greenhouse gas emissions but also having a 
positive effect on-farm productivity and the economy. These technologies cover whole 
farming applications such as variable-rate spraying, irrigation planting, fertilization, 
and weeding (Balofoutis et al. 2017). Both driver assistance (Machine Guidance) and 
Variable Rate Technologies (VRT) contribute to climate change mitigation by reducing 
fuel and input use at given yields. 
Variable-rate nutrient application has the highest GHG emission reduction potential 
amongst PA technologies, as nitrogen fertilizer is the main source of N2O that is the 
most influential GHG emitted from farming activities. Its impact on global warming 
is 298 times higher than that of CO2 (Soto et al. 2019). Variable-rate irrigation has a 
dual impact. (1) decreasing the energy need for water pumping from the water source, 
(2) reducing of the GHG emissions by applying the optimum irrigation scheduling. 
On the other hand, applications such as controlled traffic in agriculture, machine 
guidance, VRT-pesticide use have GHG reduction potential. Moreover, all-natural 
resources (water, air, soil) have threatened due to chemical contaminants, 
overwatering, over-spraying, over-fertilizing. 

 
Water monitoring 

 
Water Quality Index (WQI) that developed to measure water quality is determined 
through different water quality parameters, such as pH, turbidity, temperature, 
chloride, electrical conductivity (EC), dissolved oxygen (DO), biological oxygen 
demand (BOD), and chemical oxygen demand (COD), etc. (Ahmed et al. 2020). Smart 
water management requires the integration of systems and a complex of measures to 
monitor, control and regulate the usage and quality of water resources as well as 
maintain the associated equipment (sensors, actuators, pipes, pumps, etc.). Smart 
water systems based on the combination of the IoT, big data, and AI technologies can 
help stop water scarcity from happening and remove the damage the incautious usage 
of water resources has already caused.  

 
Future recommendations 

 
This study targets to obtain holistic solutions in a systematic view, basis on Water-
Energy-Food nexus to agricultural digital transformation that will support achieving 
a sustainable future. Digitalization is a technology accessing unexploited data pools 
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to valuable information, providing transformation to potential benefits for society and 
the environment if programming smartly and efficiently among data sets. 
The water-food-energy resources are at the center of sustainable development. The 
development of smart systems interconnected can generate unique opportunities to 
effectively solve the challenges targeted in United Nations’ Sustainable Development 
Goals. It can be emphasized that smart technologies can be able to use as tools for 
game-rule changing, if setting their systematic integrations, the food-water-energy 
nexus will benefit sustainable development. The strategical use of three essential 
sources for future generations will provide invaluable solutions listed here: (1) 
sustainable food production; (2) access to fresh and safe water; and (3) renewable 
energy generation and usage. Human beings have two inevitable missions to fulfill 
sustainable development. The first one is to solve the interconnections between food - 
water - energy - climate nexus. The second one is to develop smarter machines and 
systems achieving agricultural transformation from traditional to digital to improve 
efficiency, decrease input costs and resource use, and protect the environment. 
In the new digital era starting with the Industry 4.0 revolution, the production 
capabilities of all industries thanks to innovations emerged, including agriculture will 
have to transform in order to feed the rapidly growing population of the world. 
Smart agriculture is real-time farm management providing a high degree of 
automation, and data-driven intelligent decision- making to improve productivity, 
save natural resources. Digital technologies can support farmers' production of safe, 
sustainable, and quality food. Technological innovations can help us overwhelm 
many of the economic, social, and environmental challenges that agriculture is facing 
today. Novel technologies like the internet of things, cloud computing, big data, 
artificial intelligence, drones, and robotics provide making processes more efficient 
and drive the creation of new products and services and streamline agricultural 
operations. 
The driven technology of Agriculture 4.0 is the IoT that provides the ability to securely 
connect end-to-end to anything, to anywhere. In IoT, numerous wireless sensor 
network deployed to the field can be used along with cloud technologies. Big data 
gathered site-specific are transformed into meaningful data set to be used in decision 
support systems for smart applications. The captured information in the field can be 
examined by computational techniques to reveal trends and patterns, and interactive 
information on human behaviors, environment, and experiences can be transformed 
into efficient actions. 
By using smart agriculture technologies and data-driven techniques, it will be possible 
to monitor in real-time how water, chemicals, and energy are used for the production 
of healthy food and animal feed, and what environmental effects the applied 
agricultural activity may cause. However, this requires the development of national 
and international policies, the implementation of strategies, and the control and 
supervision of processes. 
Developed, there are many smart farming technologies including decision support 
system, yield monitoring, smart irrigation, smart spraying, management of crop 
disease, crop monitoring, soil monitoring, treatment of pests with robots, intelligent 
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harvesting according to maturity, traceability from farm to fork, logistics, as well as e-
marketing. Although innovation is often conceived as techno-centric, the rise of 
Agriculture 4.0 thinking needs to consider also environmental and social 
sustainability perspectives. However, challenges related to power, performance, and 
security are obstacles to seamless connectivity. 
Thanks to developments in recent years, it is seen that digital technologies and data-
driven techniques have the potential to transform agriculture more precisely, 
efficiently, and sustainably. Furthermore, while providing greater transparency for 
consumers on how food is produced, decision-making support has helped farmers in 
many practices, in terms of environmental and agricultural performance. Beyond 
farming, while digital technologies make the job more attractive to new generations, 
they offer many opportunities to reduce problems related to remoteness and improve 
access to services. 
Although data-driven technologies play a key role at all stages of the production of 
food and feed in agri-food systems of the future, none of this can happen without 
enough energy and water from farm to fork. Being clean and sustainable the energy 
used in agriculture, not chemically polluted of the water is vital to access to fresh water 
and clean energy everyone, and for a better reconstructing in the aftermath of the 
COVID-19 pandemic. 
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