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Abstract

:

Over the years, agricultural management practices are being improved as they integrate Information and Communication Technologies (ICT) and Precision Agriculture tools. Regarding sugarcane crop production, this integration aims to reduce production cost, enhance input applications, and allow communication among different hardware and datasets, improving system sustainability. Sugarcane mechanization has some particularities that mandate the development of custom solutions based on digital tools, which are being applied globally in different crops. Digital mechanization can be conceived as the application of digital tools on mechanical operation. This review paper addresses different digital solutions that have contributed towards the mechanization of sugarcane crop production. The process of digitalization and transformation in agriculture and its related operations to sugarcane are presented, highlighting important ICT applications such as real-time mechanical operations monitoring and integration among operations, demonstrating their contributions and limitations regarding management efficiency. In addition, this article presents the major challenges to overcome and possible guidance on research to address these issues, i.e., poor communication technologies available, need for more focus on field and crop data, and lack of data interoperability among mechanized systems.
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1. Introduction


To facilitate the understanding of the evolution of sugarcane mechanization and its relation with digital solutions, this review is divided into the following sections: (1) Introduction—vegetative and economical information; (2) Overview of digital work in sugarcane; (3) Digitalization and transformation in agriculture—concept and how it can be applied to sugarcane mechanization; (4) Operations related to sugarcane crop production—highlighting the most important mechanical process; (5) Digital solutions in sugarcane mechanization—examples; (6) Technological implementation—up to the date problems; (7) Final considerations—overview and opportunities.



Sugarcane (Saccharum spp.) is a perennial grass, cultivated as semi-perennial, with a growth cycle of about 12 or 18 months [1] in relation to the planting date. Crop cultivation in large areas relies on soil preparation and intensive mechanization where the productive cycle starts in the first year [2], followed by ratoon cycles that can last from five to seven harvests in tropical regions, e.g., Brazil [3], and from two to four harvests in subtropical regions, e.g., United States of America [4].



Sugarcane has worldwide importance, as it provides food security and sustainable energy [5]. It is cultivated in tropical and subtropical regions, with Brazil, India, China, Thailand and Pakistan being the largest sugarcane producers [5]. The Brazilian sugarcane production for the 2023/2024 season is projected to be 677.6 million tons. Brazil is the world’s largest producer, contributing approximately 50% of the global tradable volume of sugar [6].



Considering the timeline from 1965 to 2019, sugarcane production increased about four-fold [7] and from 1961 to 2018, the cultivated area increased from about 9 to 26 million hectares worldwide [8]. The Organisation for Economic Co-operation and Development (OECD) and the Food and Agriculture Organization of the United Nations (FAO) estimate a production increment of 1.1% per year until 2029 led by Brazil, India and Thailand [9]. As sugarcane production grows, the complexity of decisions regarding its management increases, requiring more studies to support its sustainable development [2].



This review paper focuses on the sugarcane crop production in Brazil, since it contributes half of the tradable sugar in the world. Sugarcane cultivation in Brazil started about 500 years ago [10] and spread across large areas, especially over the last 60 years, and is concentrated in the southern region, where most of the sugarcane mills are located.



Historically, sugarcane fields were burned to facilitate manual harvesting since it eliminated the leaves [11]. The removal of leaves is a critical step to improve storage and shipment and reducing impurities during sugar extraction. The process of burning sugarcane fields was one of the main sources of local air pollution that generated carcinogenic substances and high levels of polycyclic aromatic hydrocarbons, which are hazardous to humans [12]. As a result, laws have been implemented to gradually eradicate burning operations, boosting mechanized harvesting [13].



In addition, the development and availability of technological tools have been increasing in the sugarcane sector. Although the adoption rate of using at least one digital tool is considered high [14,15], cautious analyses must be carried out because the tools used must be properly evaluated by specific scenarios; otherwise, they can misguide efforts towards the development and/or implementation of digital tools in broader scenarios, thereby becoming exclusive and rather than inclusive.



For example, a survey of sugarcane farmers in Brazil, a developing country, found that owners of larger farms who have higher educational degrees and more technical support have higher adoption rates of technological tools since they have more economical returns. On the other hand, owners of smaller farms, even those with higher educational degrees, but lacking technical support, tend not to adopt these tools mainly because of high initial investments costs and skepticism about their use and benefits [16].



Moreover, these results are not exclusive to sugarcane producers; they are representative for other crops and regions as discussed in reference [15], a report about the recent adoption of precision agriculture tools in the digital era in the USA, a developed country.



Therefore, the awareness of farmers, stakeholders and policy makers about what digital technology is and how it can be conceived is of utmost importance to guide not only sugarcane crop production towards sustainability [17], but also other agricultural crops.




2. Overview of Digital Work in Sugarcane


We compiled studies carried out with digital solutions in sugarcane crop production, by conducting a search of the Scopus repository considering the timeline from 1995 to 2024 using the following parameters: (a) search within “article title, abstract, keywords”—“digital” AND “sugarcane”; (b) restrict selection to: (i) “area”—Agricultural and Biological Sciences”, “Computer Science” and “Engineering”; (ii) “Keywords”—“sugarcane”, “sugar cane”, “crops”, “remote sensing”, “image processing”, “mapping”, “ Saccharum”, “precision agriculture” AND “digital agriculture”. In this research, the terms “mechanized” and “mechanical” were not used because fewer than eight studies were retrieved from that search.



As a result, we found 115 documents, of which only 45 were within the scope of sugarcane crop production (Figure 1) which may have been caused by the misunderstanding of the meaning of the digital terminology. In addition, only one review paper was retrieved, highlighting the need for providing awareness about how “digital” can be conceived and applied in the sugarcane crop production.



A document gap was found between 1996 and 2008 related to the use of “digital” solutions for sugarcane crop production (Figure 1), presumably because technology was in development. Evaluating the documents, it was noted that the majority of them were not related to the digital aspects of mechanical crop production, but rather to the use of remote sensing for crop and soil parameter estimations. Therefore, it was necessary to retrieve documents without the explicit use of the term “digital” and to verify their suitability to be classified as being digital-related, as per the terminology explained in Section 3: Digitalization and Transformation in Agriculture.



Figure 2 reveals periods (2006–2010) without documents within the papers selected. This is probably because digital tools for agricultural were under development beginning in the 2000s, a period that was marked by the disclosure of the selective availability interruption, an intentional degradation of Global Positioning Systems (GPS) to civil and commercial users worldwide, by the United States government [18]. Thus, it is reasonable to find this gap period without digital solutions in sugarcane crop production, given that time is needed to properly assess their technological usefulness. After 2015, more published works are found, which corroborates the findings of [19].



Most of the studies found were conducted in Brazil, China and India, which is expected since they are considered the largest sugarcane producers in the world [5]. Nonetheless, other countries (e.g., Australia, Iran, United Kingdom and Thailand) also have published studies with digital solutions for sugarcane crop production (Figure 3).




3. Digitalization and Transformation in Agriculture


Modern agriculture demands evolution and development of methods to supply food production and address environmental issues. In the last years, traditional agricultural practices have been integrated with Information and Communication Technologies (ICT) and Precision Agriculture (PA) tools, contributing to the advancement of technology development and management in agriculture [20]. Regarding sugarcane, such integration and management aim to reduce production costs, optimize input applications, allow communication among different hardware and datasets, and enhance the sustainability of production systems and yield [21,22].



Digital agriculture can be conceived as ICT that may contain spatial analyses to aid producers in strategizing, scouting and managing their activities related to the production system. Also, digital agriculture can be associated with the term “Agriculture 4.0”, an analogy to Industry 4.0, a reference to the cutting-edge technology for food production [14]. The development of several key areas in the context of digital transformation of agriculture is required: digitalization of technological and production processes, development of digital platforms, and development of open access management systems, reliable communication channels and data availability [23].



As technological innovation and implementation in agriculture become an area of intense development, they can potentially change farming practices [24] as part of the digital transformation in agriculture. However, achieving this transformation step requires reaching the digitalization stage successfully.



“4.0 technologies” in agriculture may promote benefits such as yield increment, cost reduction, higher profits and sustainability. Despite these benefits, the adoption of technologies in agriculture is limited, mainly due to the lack of knowledge of the benefits that it can provide to the farmer and the communication gap among users and product developers [14,25]. To show how important technology has become to the agricultural sector, 26 countries in the European Union (EU) adopted a statement of cooperation, namely “A smart and sustainable digital future for European agriculture and rural areas”, highlighting the most important technologies that must be explored in agriculture: artificial intelligence, robotics, blockchain, high performance computing, internet of things and 5G [26].



To understand the expression “digital mechanization”, it is necessary to know the meaning of ‘mechanization’, which is the use of equipment to replace the manual work required in most of the steps during agricultural production. In the sugarcane production cycle, mechanization facilitates soil tillage, crop management and harvesting processes. However, it can also have negative consequences when misused, e.g., it can damage stalks and harm the soil [27,28,29,30,31].



‘Digitalization’ can be considered as the use of digital tools to automate and improve the traditional way of operating without changing the fundamental processes. Thus, digital mechanization in sugarcane can be conceived as the process of using digital tools with equipment during production, from the individual machine with digital solutions on board to the fleet operation and management.



The contribution of digital solutions to this context was initially promoted by the agricultural machinery industry for crops other than sugarcane. Nonetheless, sugarcane mechanization has some particularities that forced the implementation of customized solutions that now are being spread to the mechanization of major crops around the world.



Several technologies have been studied in the agricultural context and can be related to digital agriculture derived from the scientific knowledge and techniques already used and developed in the context of PA since the 1990s. The technologies can be divided according to their complexity of applications: (i) low (internet and connectivity, mobile applications, digital platforms and software, global positioning systems, digital maps), (ii) medium (proximal, field and remote sensors, embedded electronics, telemetry and automation) and (iii) high (deep learning and internet of things, cloud computing, big data, blockchain and cryptography, artificial intelligence) [14].



A digital farming example for sugarcane can be found in Australian studies like the Commonwealth Scientific and Industrial Research Organisation’s (CSIRO) Digiscape initiative, one of the Future Science Platforms from 2016 and 2022. This initiative fostered the benefits of the digital revolution to Australian farmers, making agriculture more profitable with lower risk and negative impacts to the environment [32,33]. To accomplish this, they relied on a multidisciplinary approach based on the traditional knowledge of farm experimentations with data analysis, engineering and software development. For example, aiming to reduce nitrogen pollution at the Great Barrier Reef from sugarcane fields [34], environmental policies and remote sensing research have been used to develop a fertilization guide [32,35].




4. Operations Related to Sugarcane Crop Production


Sugarcane mechanical cultivation relies on a series of processes (Figure 4), from soil preparation to cane stalk delivery to the mill, which demands an intense use of mechanical energy when compared to other crops [36]. Some of the mechanical operations applied before planting include prior crop ratoon eradication, soil preparation (terrain construction to reduce the effects of soil erosion and runoff), plowing, subsoiling, harrowing and soil correction (lime for acidity; gypsum for aluminum toxicity).



Afterwards, mechanical planting can be started, followed by crop management (pest/disease/weed control, fertilizer application) during crop development until the harvesting period. The planting operation is based on the following phases: billet harvesting, billet transport to the planting location, furrow opening, billet distribution at the bottom of the furrow, fertilizer application and furrow closing. Among these phases, the process of obtaining the billets is important because their quality, uniformity and distribution have a direct impact on yield [27].



Usually mechanical planting of sugarcane in Brazil, Australia and Cuba uses the entire stalk, which is considered inefficient [42], since planting can done with reduced sizes of stalks containing only one bud per stalk. To obtain stalks with single buds, studies have been developed applying computers [42,43] to identify improvements in mechanical planting operations that allow for carrying more material per load, thereby diminishing the reloading times required and disturbance to the crop land.



A study conducted in Brazil found that mechanized sugarcane planting was cheaper than semi-mechanized planting, with people placing the stalks in the furrows [44]. Despite this cost advantage, a restricted number of Brazilian growers use mechanical seeding since there is a high investment cost for the specific machinery required [45]. In fact, there is currently no planter on the market with a dedicated stalk meter, which is analogous to the grain seeder used for maize.



Regarding the sowing/stalk placement method, there are mainly three methods considered in relation to the furrow or plant line: transversal, vertical and horizontal. These methods are dependent on the availability of the mechanical system, since it its related to bud cutting, planting and soil-covering operations.



In some Asian countries (e.g., China and India), transversal sowing promoted higher sugarcane yield, lodging resistance and lower cane seed consumption [46,47]. However, several challenges regarding the transversal method must be overcome, especially bud cutting. In this sense, efforts in digital image analysis have been made, and promising results for its applicability are expected [48].



In Brazil, most of the sowing methods are related to horizontal planting, mainly related to the operation process. Efforts have been made towards vertical sowing; however, plant development was limiting. Sugarcane mills in Brazil conducted experiments to develop pre-sprouting seedlings that are more resistant to diseases, pest attacks, and soil salinity and acidity. However, during dry seasons, these seedlings require irrigation to survive, therefore compromising the adoption of pre-sprouting seedlings in large areas.



The use of encapsulated gems, somatic embryos or shoots encapsulated with a synthetic covering that provides a controlled environment for their development and result in seeds similar to natural ones, has been tested as an alternative to the use of pre-sprouting seedlings [49,50]; however it has not been consolidated yet. Regardless of the sowing method, it is unquestionable that mechanical planting can benefit from the application of digital solutions to improve the stalk cutting accuracy and stalk distribution, mainly relying on the computer applications. Nonetheless, the adoption of these digital and mechanical solutions is limited by the implementation costs and reluctance to change the traditional way of operations.



The sugarcane production system relies on about 30 mechanical operations from planting to harvesting [51]. Steps prior to planting aim to ensure crop longevity, as it is cultivated for more than on cycle. Thus, technological investments have mostly focused on operations related to weed detection and input applications which are commonly related to remote sensing (orbital, aerial and proximal) techniques providing site-specific weed management [52] and possible guidance for input application based on the ON/OFF system which can rely on gap detection [53].



The key factors related to sugarcane harvesting are related to the set of wagons, normally pulled by tractors, and harvesters, because they are the baseline for the design of traffic standards, fleet size, plot size and maneuver operations [36]. Mechanical harvesting has presented benefits that are not only economical, but also environmentally related; for example, in Brazil, the mechanized systems promote better working conditions, higher average income and balance of environmental impacts when compared to manual systems [54].



The harvesting operation can be responsible for up to 30% of the total crop production cost [55] because it is the operation that consumes the most energy [56]. Mechanical operations can harvest sugarcane as whole stalks or as billets. Their main difference is related of the structure complexity (billet harvesting is more complex than whole-stalk harvesting). In general, billet harvesting is more efficient than whole stalks because it can harvest more stalks considering the same machine labor; however, the billets must be used promptly, thus requiring short distances between the field and the sugar mill. Therefore, if the transportation distance of the stalks is considered a limiting factor, then whole-stalk harvesting is recommended since they can be stored for up to three days after harvesting [57].



In recent years, sugarcane harvesters with choppers have been largely adopted in Australia, the USA and Brazil and are the most used due to their low labor demand and high efficiency [56,57,58]. However, in China, only 10% of sugarcane-growing areas rely on its use, mainly because of the mountainous regions. Thus, whole-stalk harvesting is predominant in China, demanding the development of compacted harvesters [58].



During the harvesting operation, wagons accompanying the harvesters are able to cut one or two rows and harvest up to 30 tons of sugarcane stalks per hour [55], causing intense disturbance to the crop area [28]. This issue can be diminished when decision makers entirely apply the concepts of controlled traffic when designing the plot size before planting [28]. Controlled traffic is another example of digital solutions that aids the improvement of crop production, since a higher accuracy of route planning can be achieved by applying technological tools instead of a manual approach.



Traffic-control farming can be conceived as a management tool used to restrict all machinery loads to the fewest areas of permanent traffic lanes to reduce the negative impact that machinery can cause to the soil and the time consumed for machinery operations. For example, ref. [59] compared the time consumed during sugarcane harvesting with and without route planning. In their study, they obtained a reduction of about 32% of he time consumed when applying route planning. Another operation that can be highly expensive is the transportation from the field to the mill, which can account for more than 30% of the total cost [55]. Therefore, traffic control, route planning and fleet size become crucial to reduce production costs that are related to the advances of ICT applied in agriculture.




5. Digital Solutions in Sugarcane Mechanization


Sugarcane yield potential depends on edaphoclimatic conditions and management practices [2] and is also related to investments in technological investigations that aim to improve the crop production management [60]. Thus, the integration among operations can improve management efficiency, reduce production costs and improve yield [61]. In sugarcane fields, integration can be used especially at the harvesting, loading and shipping stages with embedded communication technology in the equipment [62].



Sugarcane stalk preparation for planting is an expensive process during which a significant amount of stalk can be lost using conventional methods of propagation (long cane stalk or cane setts) [63]. Usually, sugarcane buds are harvested manually using a bud chipper. Despite the system, it provides an uneven cut length and is considered labor intensive. To overcome these issues and increase awareness of the potential application of image-processing techniques, studies have proposed methods to cut stalks evenly.



For example, ref. [64] proposed the development of a real-time sugarcane bud-cutting unit by applying computer vision techniques and mechatronics integration to produce standard buds, reducing labor cost and amount of cane stalk. Their work is an example of digitalization where the current methods to obtain buds are based on a human-operated machine, and their proposal is to obtain buds with high standard quality by applying new technological methods.



Among technological advancements related to the sugarcane mechanization, we highlight fleet management, the intensive use of Global Navigation Satellite Systems (GNSS) for machinery guidance and yield-monitoring systems. Agricultural operations since the 1980s established agricultural mechanization through the integration of GNSS and Geographic Information Systems (GIS) [65] followed by the advent of communication via the General Packet Radio Service (GPRS) [66], improving fleet management. Fleet management is related to telemetry, operational control, and control of how, where and when the machines are working; in addition, it generates large amounts of data that can be related to the local environment conditions encompassing soil and crops.



In terms of digitalization in sugarcane production and automatic intervention, several studies have been conducted (Figure 5), mostly related to sensing and predictive approaches, for example, biomass [67,68,69], gaps [1,3,53,70,71,72,73,74], lodging identification and classification [75], yield estimation [76,77,78,79,80,81,82], nitrogen application [69,83], sugarcane disease detection [84,85], weed control [52,86], improved cropland use [87], harvesting planning [88,89], and prediction of seed replenishment positions [90].



The study of [67] is an example of the application of digitalization. The authors compared three canopy sensors to measure sugarcane biomass and found that sensors were efficient to predict biomass; this indicates that manual measurement of biomass can be replaced with technological sensing methods, fostering the development of tools to enhance management decisions related to biomass.



The use of sensor systems with GNSS in sugarcane crop production has been growing, mainly due to the benefits provided by unmanned aerial vehicles (UAVs) [70], which are powerful tools that can collect digital data at high spatial resolution. Real Time Kinematic (RTK) positioning solutions can provide higher accuracy to support decision makers to cope with field variability at a high spatial resolution, i.e., at the resolution of the sugarcane planting lines based on which sugarcane gap maps can be obtained as shown in [74].



Considering yield estimation, it is worth noting that the use of satellite imagery data has been largely applied, but the use of ground-truthed data at high density to fit predictive models during the calibration phase is not common, since data acquisition is onerous and time consuming. Thus, to illustrate yield estimation and high-density yield data, considering the use of digital solutions, we highlight studies [77,79], which rely on digital solutions to sugarcane crop production.



The generation of sugarcane yield at the resolution of individual planting rows based on yield-monitoring data from [77] indicated that to obtain more accurate results, a higher frequency of data collection should be used (2 Hz). Thus, data from UAVs or yield monitors can provide relevant and large amounts of data to be analyzed; however, they must be correctly accounted for since they can be generated with errors from different sources such as GNSS receivers, sensor system failure and others.



For sugarcane yield prediction modeling, ref. [79] applied machine learning algorithms within a dataset composed of spectral bands and vegetation indices from Sentinel-2 satellite images. They found that applying a non-linear model, random forest regression, yield was better predicted when compared to the use of multiple linear regression, a linear model. Another study applied random forest to a dataset composed of plant height, yield data and satellite imagery to assess yield estimation in Thailand [91], demonstrating the usefulness of these variables to estimate yield.



The above results [79,91] demonstrate the potential use of satellite imagery aiming to generate yield predictive models and/or crop monitoring development. However, their application is still dependent on several factors, especially reliable yield data, which can be obtained from new approaches based on direct or indirect measurements from the harvester.



Sugarcane harvesting in Brazil changed from manual to mechanical, bringing the need for the development of new technologies to address peculiar problems usually found in crop production, such as traffic control, planting and harvesting. According to the Australian Controlled Traffic Farming Association (ACTFA) [92], “controlled traffic farming is a farming system that continues to deliver unparalleled improvements in productivity and sustainability for growers of grains, cotton and sugar around the world”, and it is based on the following fundamentals: all machines present equal working and track gauge width, allowing for the establishment of permanent traffic path; all machines have the ability to stay along the permanent traffic lane; and farm, paddock and permanent traffic lanes are designed to optimize drainage and logistics.



Despite the existence of controlled traffic techniques, the set of harvesters, in some cases, tractor and wagon, do not benefit from it because of the mismatch between row spacing and equipment track width. These problems can happen because tractors, harvesters and wagons do not have standardized track widths; therefore, the traffic passes close to the crop rows and sometimes run over the crop row [27,93]. In addition, the displacement between tractor and wagon can be related to the terrain slope, which can be overcome by complementary solutions based on an automatic steering wheel [94].



The mechanical process of harvesting sugarcane can result in losses, primarily because of factors such as operator oversight, variations in terrain and soil conditions, the composition of the cane, harvester speed and cutting set [95]. Given that the cutting mechanism of the harvester plays a significant role in determining the quality of the harvest, numerous studies have been conducted on this aspect [31,93,96,97,98,99], but despite these efforts, limited studies have attempted to make real-time diagnosis on the cutting blade conditions.



Aiming to make a real-time diagnosis, ref. [95] conducted an experiment using computer vision to monitor the cutting blade quality and its effect on sugarcane ratoons and found that image processing can be used to quantify blade wear in an automated way, aiding the harvesting operation to produce reliable data. Knowing that the lifespan of cutting blades is related to the cutting height, ref. [31] proposed a fast and contactless ground radar penetration sensor to automate cutting height, which can be a digital tool to improve the harvesting process.



Depending on the sugarcane harvester model, it can cut and process double or single rows; the latter is still dominant. Real-time yield monitoring at the field level can be achieved by measuring sugarcane flow into the harvester by different methods, with emphasis on five of them: (I) chopper pressure, a proportional relation of pressure and sugarcane mass; (II) elevator power, where the power needed to move the elevator is proportional to the mass; (III) direct mass measurement, based on load cell at the elevator, which is the most studied due to the ease of obtaining the mass without the need for empirical equations; (IV) volumetric measurement by feed rollers, measured based on the distance between rollers [100]; or (V) volumetric measurement by optics, an indirect measurement obtained through the computer vision application. It is important to emphasize that complementary solutions, with more than one signal, are also relevant. Regardless of the sensing system, the cutting base, impurity extraction and stalk loading are considered the main factors related to losses during harvest [100].



As part of the harvesting operation, there is yield data information, already well-established in mechanical harvesting of grains and some other crops. It is an important layer of information for managers in terms of monitoring and acting on the spatial variability of the production fields, which allows the identification of spatial and temporal patterns in the crop, trends and areas of greater and lesser productive potential in sugarcane fields. Several studies have been conducted using different measurement principles and sensor positioning in the harvester, as shown in Table 1.



Looking to accurately predict sugarcane yield in real time, efforts have been made towards the use of indirect measurements from sensors installed in the harvesters [81,111]. For example, in [111], the authors evaluated the sensor fusion installed in eight different places through the sugarcane flow process within the harvester. The harvester was instrumented with potential displacement sensors to measure the distance between feed rollers, pressure sensors to measure the hydraulic pressure at the chopper and elevator conveyor motor and tension sensors to measure the deformation at the elevator. After gathering the data from these sensors, they applied a neural network framework to predict sugarcane mass flow and were able to accurately estimate the yield at the line resolution.



Another example that shows the potential use of digital solutions in sugarcane crop production is [81], a study that used the wireless network ZigBee to connect front-line equipment of the harvester distributed in the field with the sugarcane mill’s Control Remote Center aiming to monitor in real time the hydraulic pressure in the chopper of each harvester during the harvesting process and predict its yield. To predict yield, they redistributed the total weight of sugarcane harvested within each field based on the chopper hydraulic pressure.



As a result, ref. [81] found that using the redistribution of total mass based on the hydraulic pressure can be used to predict yield without the need for empirical models and sensor calibration regardless of harvester. Their findings highlight the usefulness of telemetry (in this case, ZigBee technology) within the scope of sugarcane yield measurement systems and how digital mechanization is evolving in agriculture. Despite the results from these studies, there are still unanswered questions, such as the feasibility to obtain these data, reliability of the data and capacity to process these data in real time. In addition, there is the issue of data privacy policy, an uncertain point whereby the user and the developer lack communication, promoting a mismatch of interests towards the development of a transparent tradeline between them.



Advances in telemetry and growing investments in sugarcane management have used hardware device technologies and software systems such as UAVs to obtain information about the crop with high spatial resolution [70,71,112,113]; embedded sensors in sugarcane harvesters to estimate yield quantitatively and qualitatively [100,114]; Big Data and remote sensing for crop monitoring [65,91]; real-time crop monitoring for disease control [84]; controlled traffic [13,28]; Internet of Things [115]; machine learning application [60]; and others.



All of these digital advances are replacing the old manual field records to ensure reliable communication. Data centralized in telemetry centers enables automated solutions to integrate electronic sugarcane certificates and harvesting, loading and shipment to the Enterprise Resource Planning (ERP) [116].



Fleet management in agriculture has to care about not only fleet size and routine, but also regular mechanical and electrical maintenance [117] to deliver on-time farming operations as scheduled. Studies proposing different methods to predict sugarcane harvester maintenance needs have been developed, mostly based on previously collected data—post-processing methods [118,119]. Preventive maintenance is a broad topic that can be applied to different areas, not only tractors and harvesters, as it provides benefits to the users, e.g., increasing the safety during operations and the availability of machines. However, efforts must be made towards the application of real-time diagnosis during operation processes, so major damages to the user and the machine can be avoided.



Different solutions have been proposed to solve logistic problems during sugarcane harvesting, since it is a complex operation. For example, ref. [88] proposed the use of a heuristic model to solve the lot sizing and scheduling problem with parallel production lines and found that it could be applied without the need for sectorization. Studies have applied mixed-integer linear programming [120], integer linear programming [2] and others. Therefore, fleet management and agricultural operations on-farm have a straight relation with mechanical, electronics and information systems [118] that are benefiting from the advances of digital solutions in agriculture.




6. Technological Implementation


Despite the importance and benefits that technological implementation can bring to the agricultural sector, mainly to sugarcane, there are issues that must be addressed to attract users worldwide. One issue is related to connectivity in rural areas, where there are obstacles to implement the use of new technologies.



By the end of 2018, 47.7% of rural areas in the EU did not have coverage and access to communication networks [121]. In Brazil, by 2017, the scenario was even worse, as more than 71% did not have any access to communication networks [122], highlighting the lack of infrastructure in rural areas. As technology advances, there is an expectation that 5G technology can fulfill this lack of connectivity in agricultural areas [66,123]. However, the commercial implementation of 5G is currently underway, and its full capacity and functionalities are expected to be gradually achieved over the next decade [124].



Some local initiatives can be identified; for example, in 2015, the Brazilian Development Bank (BNDES) approved a project to encourage the adoption of “agriculture 4.0” establishing a partnership with a telecommunication technology organization and a sugar mill group. The aim of the project was to develop and implement an integrated communication and sensing platform for sugarcane production using Long Term Evolution (LTE) and Radio Frequency Identification (RFID) to ensure: (i) real-time decision making; (ii) harvest, shipment and loading tracking, and (iii) optimization of fleet use and supply logistics [125].



Another issue is about agricultural technological adoption of which farmers are skeptical with regard to the benefits that it can bring. Beyond this, they assume that most of the technologies are developed for big farmers due to the perception of high initial investment costs and the complexity of handling the equipment [123]. Such technological barriers were also found in a survey conducted with 240 Indian sugarcane farmers, in which only 18% of the rural population have access to the internet [126]. In addition, they highlighted the lack of time, educational access and elevated production costs [127].



Besides these barriers, there are also age-related issues, whereby most of the users who have adopted some technologies into their daily tasks are younger [128], indicating an inverse relation between age and technological adoption rate [129]. In a study by [16], interviews were conducted with 131 Brazilian sugarcane producers between September and December 2019. The results revealed that the farmers’ level of schooling is directly related to the adoption of precision farming practices, highlighting the importance of technological and managerial skills for the effective implementation of these practices.



Another survey conducted with Brazilian sugarcane farmers from May to December 2019 [130] found that the information provided by the mills could positively affect the adoption rate of some digital tools, since mills are not considered only as buyers, but also as service providers to medium and large-sized farms. However, in terms of small farming operations, the main drivers that can boost adoption rates are rural organizations (i.e., cooperatives), research institutions and public extensions; these results corroborate the findings of [131].



Therefore, comparing studies from India [126], the USA [15] and Brazil [16,130], it is shown that the lack of adoption of digital tools is not solely related to the costs, but also to the poor linkage among farmers–researchers–extensions. In addition, for example, in Kenya, even with the presence of government policies fostering the adoption of technological tools in sugarcane production, the adoption rate is jeopardized by the lack of feedback, low connectivity coverage for farmers, mediocre service delivery and scarce funding for public extensions as reported in the “Policy on Revitalization of the Sugar Industry” [132].



In Brazil, despite the low-cost rural credit policy provided by the government to small- and medium-sized farms, the adoption of digital tools especially by small farmers is not extensive [130] mainly because the benefits are not clear for them. Therefore, it is evident that technological adoption is dependent on farm size. In this sense, medium- and larger-sized farms have higher chances of boosting the adoption of digital tools supported by mills and small-sized farms, by farmer organizations and PA suppliers that can embrace the low-cost rural credit policy [130].



Despite the above issues, there is another barrier related to the technological adoption in agriculture that must be overcome, namely internet access. Thus, government political actions to promote internet and electrical access, as well as tailored crop extension aid to increase farmers’ digital trust, are needed [127].



Efforts have been made in the last three decades to develop methods for site-specific application as part of the precision agriculture technology. However, the adoption rate has to overcome industrial issues such as: (i) incompatibility of technological components from different brands and (ii) high maintenance costs [128].



Mills have to support technological implementation in field operations to foster sustainable production. In Brazil, sugarcane is mainly cultivated and harvested by the mills. According to data from [133], the sugarcane harvest in Brazil in 2015 revealed that about 66% of the areas harvested belonged to mills, while 34% were from independent suppliers. Also, there are about 350 mills and 70,000 independent producers [134]. Sugarcane production from the mills comes from areas owned or leased under the full control of these industries. A portion of the sugarcane is grown on land leased from third parties, where the mills assume all agricultural responsibilities, similar to managing their own properties, but paying for land use. In the case of independent sugarcane suppliers, they are responsible for the management themselves [133].



Therefore, the partnership among producers and mills is crucial to promote the adoption of digital technologies in sugarcane production [130]. The Brazilian sugarcane cultivated areas are managed evenly within the strategy known as “production environments”, regions within the fields that present similar soil physico-chemical properties. Besides its applicability, it is a strategy not aligned to the resolution required to describe spatial variability [60].



PA studies aiming to evaluate spatial variability were initially conducted based on the mapping of soil physico-chemical attributes towards the development/optimization of strategies to apply variable rate technology [135]. However, data representativeness is still a point to be improved, since different sampling methods and mapping strategies can be used. Thus, studies still need to be developed aiming to accurately gather data to represent the field variability and guide better management decisions. In this sense, the advances in digital mechanization can fulfill this gap by providing massive, reliable and high-resolution data fostering the development of data-driven solutions/insights that can be used as an extra decision-making layer to improve the agronomic management. Nevertheless, a careful evaluation of the results must be conducted prior any decision since it can yield false causal relationships, negatively impacting the expected outcome.



Regarding system compatibility, it is uncommon to find farmers that rely on one equipment/machinery supplier [136]; thus, to ensure that the equipment is operating properly, communication among them is necessary, which is a challenge. Data integration and standardization have been discussed for over 20 years since the formation of ISO 11783 [137], a concept introduced by [138] in the 1980s and developed by the German group of Agricultural Machinery and Tractor Association (LAV—Landmaschinen und Ackerschlepper Vereinigung) [139].



The need for brand compatibility connection between tractor and implement in agriculture is defined by the standard ISO 11783 [137], commercially known as ISOBUS [140,141]. However, interoperability between different systems (software and hardware) is broader than that and is one of the main issues that restricts the adoption of digital technology in the world. Aiming to overcome this hurdle, AgGateway proposed a solution called Agricultural Data Application Programming Toolkit (ADAPT) which can enable the interoperability among different systems [142]. Parallel to this, sugarcane harvesters, tractors and self-propelled sprayers have embedded technology, with the controller area network (CAN) allowing the communication among electronic control units (ECUs) through a standard system delivering information about the operation [79,137].



Besides the communication problem among systems, the issue of data privacy is gaining prominence since major concerns have been pointed out such as (a) ownership; (b) collection, access and control; (c) choice; (d) portability; (e) disclosure, use and sale limitation; (f) data retention and availability. Therefore, to overcome these concerns, approaches based on (a) standardization; (b) trust; (c) legal frameworks and (d) blockchain can aid to cope with them, thereby improving agriculture through the application of digital technologies [143].



An example is the “Sistema Brasileiro de Agrorastreabilidade—Sibraar”, the first software registered in 2022 to the Brazilian sugarcane market to track the chain process based on a blockchain technology [144,145]. The software guarantees (i) data integrity during the production process and (ii) data traceability according to the General Personal Data Protection Law [146].



Digital solutions in sugarcane crop production are essential for farmers and sugarcane mills to meet the standard criteria of the Brazilian program—“Política Nacional de Biocombustíveis do Brasil—Renovabio” implemented in 2017 which aims to reduce greenhouse gas (GHG) emissions in accordance with the Paris Climate Conference (COP21) and fostering the production of biofuels [147].



The technological application of digital solutions can aid the development of more efficient management practices from the sugarcane crop planting (e.g., route path planting) up to the shipment process, leading direct effects such as reduced energy consumption, enhanced fertilizer use and crop longevity and indirect effects such as lower GHG emissions, reduced soil and water contamination and human health benefits. To achieve that, international collaboration is required since global efforts are being made towards the sustainable development of agriculture.



In the last decade, the sugarcane sector has been improved considering the sustainable tripod (social, economic and environmental) impact. Nonetheless, this sustainable approach has changed to fit the international needs related to the Environmental (E), Social (S) and Governance (G) dimensions, also known as ESG [148,149]. Aware of this evolution process, agricultural digitalization can be considered as one tool that benefits the application of ESG as they can standardize and monitor data [150].




7. Final Considerations


Adoption rates of new crop production technologies in the sugar-energetic sector are considered historically resistant. Recent investigations showed that digitalization processes in sugarcane crop operations have contributed on the application of technological tools related to ICT and PA mainly due to the need for reducing production costs and achieving higher yields. Technological advancement and adoption rely on the support of the government and sugarcane mills, especially in Brazil, since sugarcane mills play an important role, as they are the largest buyers and producers of the cultivated sugarcane and are able to incentivize the adoption of digital solutions and/or technological products as consumers demand products based on the ESG principles.



The main studies in the literature reported that mechanical, electronic and information systems have a direct relationship with agricultural operations, traffic control and fleet management. Regarding the implementation of digital solutions in sugarcane, there are major challenges (Figure 6) that must be overcome, including: high initial investments costs, need for more focus on field and crop data; regular mechanical and electrical maintenance of machines based on real-time diagnostics during the operation process; lack of coverage and access to communication networks in rural areas; limited implementation of public policies to encourage the integration of technology and connectivity in the countryside; incompatibility of technological components from different brands; difficulties in integrating technologies available on the market and high maintenance costs; absence of public initiatives to solve data interoperability in mechanized systems; and barriers to technology adoption by producers. Thus, these challenges are suggested as subjects of further research, aiming to fill research gaps and future directions of the mentioned technologies.



To boost the adoption rate of digital tools, more case studies must be conducted internationally to demonstrate the ongoing programs and their results looking into the economic evaluation providing clearer viability for farmers. From the user feedback, solutions can be improved and/or developed to overcome the adoption barriers of the era.



This review urges to action/engagement of farmers, researchers, stakeholders and policy makers to foster the adoption and implementation of digital tools to meet the global concerns related to the environmental, social and economic aspects of sugarcane production. However, first, there is a need to raise awareness among all stakeholders about the conception of digital and its application to extract the foremost benefits it can bring.
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Figure 1. Results from the Scopus database considering the search terms “sugarcane” and “digital” within the range of 1995 and 2024. 
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Figure 2. Results considered to be digitally related to sugarcane crop production by document type from 2001 to 2024. 
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Figure 3. Occurrence of documents considered to be digitally related to sugarcane crop production by country from 2001 to 2024. 
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Figure 4. General sugarcane crop production operations: pre-planting [37], planting [38,39] and post-planting (adapted from [40,41]). 
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Figure 5. Example of digital solutions in sugarcane crop production. Biomass and nitrogen estimation [68], improved cropland use [87], image classifier [52], gaps [73], lodging identification [75] and yield estimation [79]. 
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Figure 6. Major challenges for digital solutions in sugarcane crop production. 
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Table 1. Sugarcane yield measurement system evolution.
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	Authors
	Measure Principle
	Sensor Position in the Harvester





	[101]
	Pressure
	Chopper and Elevator



	[102]
	Scale
	Elevator



	[103]
	Scale
	Elevator



	[104]
	Displacement sensor
	Rolls



	[105]
	Displacement sensor
	Rolls



	[106]
	Scale
	Elevator



	[107]
	Fiber optical sensor
	Elevator



	[108]
	Optical sensor
	Elevator



	[109]
	Optical sensor (3D)
	Elevator



	[110]
	Wagon displacement
	Filling moment at the wagon



	[111]
	Mass flow
	Multiple places



	[80]
	Mass flow
	Elevator base/Harvester data



	[81]
	Mass flow
	Chopper
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