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Abstract

:

In the era of digitalization, the process industry is one of the sectors most affected by the need for change. The adoption of IoT-based intelligent monitoring systems for the collection of real-time measurements of energy and other essential operational variables, on one hand, makes it possible to accumulate big data useful for the company management to monitor the stability of the production process over time, and on the other hand, helps to develop predictive models that enable more efficient work and production. The OTTORTO project stems from the need of the FARRIS company to adapt its production line to agriculture 4.0 policies, responding to the higher goals of digitization and technological transition imposed at the national and EU level. The objectives of the current study are (i) to present an “ad hoc” customized intelligent and multi-parameter monitoring system to derive real-time temperature and humidity measurements inside the company’s industrial drying kilns; and (ii) to show how it is possible to extract information from operational data and convert it into a decision support too and an effective knowledge medium to better understand the production process. Studying the correlations between temperature and humidity measurements showed that for most of the observation period, the system was thermodynamically quite stable in terms of major operational risks, such as humidity saturation inside the kilns causing condensation on the products to be dried. However, to remedy the occasional occurrence of such inefficiencies, implementing kilns with the introduction of forced air extraction systems could bring significant benefits in terms of improved energy-environmental performance.
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1. Introduction


Fruits and vegetables are major sources of vitamin C (ascorbic acid) and provitamin A (beta carotene) as well as minerals [1]. Moreover, they are a natural source of biological compounds of interest to health and industry (vitamins, minerals, dietary fibers, proteins of various typologies and their potential uses) [1,2]. For example, fruit and vegetables are a very important source for the extraction of natural pigments, such as carotenoids and chlorophylls, in which certain plant species are very rich, and in this regard they play a predominant role despite the growing trend of extracting such biocompounds from microalgal matrices [3,4,5,6].



Fruit and vegetable products can be consumed fresh or processed, and drying is one of the most widely used methods of stabilizing them [7]. Food dehydration is an ancient and important process for food preservation [8], and dehydrated fruits and vegetables have always been produced domestically to preserve food right after its ripening stage, thus ensuring genuine and safe food supplies [9]. Desiccation is a process that can remove water from a product and it is exploited for several important benefits [7,10], namely minimization of the biochemical degradation process; extension of the shelf life; preservation of the nutritional properties of the product; and optimization of transport and storage operations (lighter and less bulky stabilized foods). The trend of the consumers toward dehydrated goods is increasing steadily, along with changing lifestyles, growing perception of the quality of food, and a preference for clean-label [11,12,13,14,15].



Dehydration is perceived as a rather simple process by the general public [16]. However, it is a very complex operation involving physical processes, such as simultaneous transport of heat, mass, and convective motions, with the added complexity of deformation and degradation of the finished product [8]. A further critical issue is the complexity of the fruit/vegetable’s matrices, which have a heterogeneous composition that shows considerable variability depending on the harvest season, variety of that fruit/vegetable, geographic origin, agricultural practices, environmental conditions, and post-harvest handling. This variability is also reflected in their thermophysical properties, which change dynamically during dehydration operations [17,18].



Looking at how the process is put into practice at an industrial scale, typically the machinery settings employed for the dehydration process are established through some initial trials, or after the quality of the machinery is determined by the experienced plant operator, in order to achieve a product quality perceived as optimal, after which they are generally not changed. These measurements require a considerable amount of labor and skilled personnel, and they also involve frequent temporary shutdown of the machinery. On the other hand, when the production process is running at full capacity, there are no interruptions, and the processed vegetables are not impacted by the on/off phases of the dehydration hoods (as is the case with the samples during these tests); therefore, this constitutes an additional measurement error to be taken into account with respect to the operating temperatures and drying time set for the production line [7,19,20]. When all these preliminary operations are completed, usually the plant is finally ready to process the actual flow rate of the food to be dried, which by the way is much higher.



A natural question that arises at this point is, why are optimization and control so crucial in dehydration, when it is a well-structured and operationally mature industrial process? The answer is that the dehydration behavior of foods and the relationship between process variables (e.g., temperature, humidity, and pressure) is yet to be fully understood [18,21,22], and thus it is an obstacle to achieving the highest quality dehydrated product with minimal energy expenditure, even in the simplest case of convective dehydration [23]. Therefore, although dehydration is one of the most industrially used techniques for stabilizing food products, it requires large amounts of energy to maintain certain temperature levels over time (at an industrial scale), thus making it one of the most energy intensive industrial activities [24]. Taking into consideration the increasing cost of energy sources and the significant impact that energy demands has on the environment [25], energy inefficiency is a significant weakness for the companies within the food industry [26,27,28,29].



In this context, it is necessary to emphasize the considerable efforts being sought in the European Union and National States with the “Green New Deal” programs that aims to implement policies for the minimization of CO2 emissions, the development of renewable energies, as well as the recovery of resources from waste matrices, such as solid and liquid wastes [30,31,32,33,34,35]. These energy-environmental optimization goals can only be realized by introducing “smart” methodologies, protocols and technologies in the industrial production processes, as relevant scientific literature has already demonstrated the results of such applications in a variety of industrial sectors related to citizens’ lives [36,37,38,39,40,41,42,43,44,45,46,47]. At the international level, efforts have been undertaken for some years now to fulfil this objective through the activation of specific policies and the encouragement of research and development projects. One such policy, in the context of the European Union, is the Industry 4.0 programs, announced in 2013 with the main aim of revolutionizing industrial processes and increasing efficiency and profitability through the integration of physical and digital technologies, including artificial intelligence (AI), the Internet of Things (IoT), Big Data, cloud computing, business process management, 3D printing, cyberphysical systems (CPS), production digitalization, and service-oriented architecture [48,49].



The agricultural sector is also a key player in this path of innovation and technological advancement [50]. To date, most of the applications that have been introduced mainly concern the use of intelligent monitoring systems in the cultivation of raw materials [51], relegating a secondary role to those production processes that concern the handling and further processing of crops, as could be the case, for example, with the dehydration of fruit and vegetables. Regardless, existing evidence point to at least four reasons that make it worthwhile to introduce IoT-based innovation activities in the fruit and vegetable sector [52,53,54,55,56], namely increased process effectiveness and efficiency; overall supply chain benefits; increased sales; and exploitation of acquired data as a knowledge asset for the business.



The “OTTORTO” R&D project undertaken by the Italian company FARRIS is one of the important projects in recent times that has attempted to respond to the increasingly insistent challenge of digitizing production processes and shifting the agriculture-IoT focus to the industrial processes subsequent to the cultivation and harvesting phases. The OTTORTO project emerged from the need of the company to reduce energy costs and environmental impacts, and it was launched with the aim of introducing smart technologies within the supply chain of the company that would improve the knowledge of the systems and operating parameters involved in the dehydration of fruit and vegetable products, which happens to be one of the company’s leading production processes. The plant under study represents one of the few realities at the international level to have—for the dehydration process—a branched plant system, consisting of numerous sections of kilns in series, through which it is possible to customize the steps for dehydration temperatures and create vegetable-specific “thermal recipes”, taking into account the rules governing the thermodynamic process under consideration.



The purpose of this paper is to show the results obtained in the OTTORTO project in terms of (i) the implementation of an “ad hoc” multi-parameter monitoring system built primarily to integrate the field and real-time acquisition of a considerable amount of process data, along with the interpretation and representation techniques for full usability by the operators involved; and (ii) to show how it is possible to process the measurements collected in real time by the system to extrapolate technical-operational information on the operating status of the production line. All these activities enable the OTTORTO project and the company to take steps toward fulfilling Goal No.12 of the 2030 Agenda for Sustainable Development, which aims to ensure sustainable consumption and production patterns [57]. To the best of our knowledge, there are no similar studies in the relevant literature that focus on intelligent monitoring of internal operational parameters in dehydration kilns and in general, in a production process of this type. Moreover, our study also presents for the first time an entirely purpose-built sensor system for real-time monitoring of process parameters inside industrial kilns. Therefore, this research is particularly important from an application point of view because it provides, to all stakeholders in the industry, knowledge and tools of technical and operational interest with which they will be able to (i) further their understanding of the actual operating performance of the industrial equipment, (ii) and identify rather easily any critical points in the system that needs intervention in a targeted and immediate manner. This study represents a valid application of the industrial process control and emphasizes the importance of extracting information from the operational data in order to convert it into an effective knowledge medium and a decision support tool for a better understanding of the production process.




2. Materials and Methods


FARRIS s.r.l. was founded in 2006 and it is based in the Puglia region (southern Italy), an area rich in both natural and human resources. All the products involved in the production chain are grown in the province of Foggia by the members of the Giardinetto Cooperative. Therefore, they are part of a certified and, above all, a 0 km supply chain, which has adhered to the protocols of agriculture 4.0; some examples of this commitment are the use of electricity from renewable sources, the reduction in water consumption through the reuse of washing water, the use of drones and GPS monitoring for crop control, etc. Continuous technological innovation is at the heart of the company’s philosophy, on the one hand, as a tool for optimizing production processes, and on the other, as a gesture of responsibility and awareness toward the environment.



The company’s factories are located in the Orsara di Puglia area, and they internally receive raw materials grown in the area to produce not only frozen products, but also dry and semi-dry IQF ready-to-eat products, which allow for expanded consumption of fruits and vegetables outside the seasonality calendar.



To meet the objectives of the present study, the work was organized into 3 main phases:




	
Analysis of the conventional drying process of fruit and vegetable products.



	
Implementation of intelligent systems for monitoring the drying process of fruit and vegetable products.



	
Statistical analysis of the process variables for evaluating the operating status of the production line.








2.1. Analysis of the Conventional Drying Process of Fruit and Vegetable Products


For energy and environmental optimization of the production process, the knowledge of the main factors involved in the dehydration process of fruit and vegetable products is rather relevant as it allows to guide the design of the most appropriate monitoring system for the effective acquisition of process data.



From a strict theoretical point of view, dehydration commonly describes the process of thermal removal of volatiles (moisture) to obtain a solid and equilibrium product, where a food product is in equilibrium with its surroundings, i.e., its internal vapor pressure is in equilibrium with the external vapor pressure [10]. Therefore, the two most important parameters around which the effectiveness of a hydration process and the equilibrium conditions of products revolve are [8,58] the process temperature and the recorded moisture level.



Energy transfer as heat from the surroundings to the wetted solid can occur by convection, conduction, or radiation and in some cases occur as a result of a combination of these effects. Depending on the main method of heat transfer used, industrial dryers may differ in type and design, and be suitable with respect to the specific production chain [8,10,58].



Regarding the dynamics of interaction between heat and moisture in the product, in general it must be considered that the heat supplied to the products is transferred first to the surface of the wetted solid and then, from there, to its interior [58]. This heat acts on the moisture present in the product, which may be in “bound” or “unbound” form [59]; the former is the moisture present in loose chemical combination, or as a liquid solution within the solid, or even trapped in the microstructure of the solid, and exerts a lower vapor pressure than that of the pure liquid, and the latter represents the moisture in excess of the bound moisture. The way heat interacts with and drives away the moisture in the solid to be dried occurs mainly in two steps, which determine the overall drying rate [59], and are referred to as Process 1 and Process 2.



2.1.1. Main Phases of Dehydration


Process 1—Evaporation of Excess Moisture Due to Energy in the Form of Heat in the Surrounding Environment


Here, the essential external variables are temperature, humidity, rate and direction of air flow, the physical shape of the solid, and the need for mixing. These external conditions are particularly important during the initial stages of drying, when unbound surface moisture is removed [59]. In some cases, for example, excessive surface evaporation after the initial free moisture has been removed creates high moisture gradients from the interior to the surface [60]. This can cause excessive drying and shrinkage and consequently high tension within the material.



Surface evaporation is controlled by vapor diffusion from the surface of the solid to the surrounding atmosphere through a thin layer of air that is in contact with the surface [19]. Since drying involves interphase mass transfer when a gas is brought into contact with a liquid in which it is essentially insoluble, it is necessary to be familiar with the equilibrium characteristics of the wetted solid. In addition, since mass transfer is usually accompanied by simultaneous heat transfer between the contacted bodies, the enthalpic characteristics of the process must be considered [10,60].




Process 2—Transfer of Bound Moisture from the Interior of the Solid to Its Surface, Where Such Moisture Evaporates by Process 1


When heat is transferred to a wet solid, under the action exerted by temperature, a thermal gradient “sucks” the moisture outward from the solid and promotes its physical removal from the body by evaporation [19]. Moisture migration from the interior of the solid to its surface occurs through one or more mechanisms, namely diffusion, capillary flow, and internal pressures created by the shrinkage during drying [7]. In this specific process, variables, such as air velocity and temperature, which normally enhance the surface evaporation rate, are of minor importance, except being involved in promoting heat transfer.



In the dewatering operation, any one of these two processes (Process 1 and Process 2) may be the limiting factor governing the speed and success of the operation, even if both proceed simultaneously during the dewatering cycle.






2.2. Realization of Intelligent Systems for Monitoring the Drying Process of Fruit and Vegetable Products


After defining the main parameters governing the drying process and toward which the monitoring measurements (ambient temperature and humidity) had to be directed, the objective of the next phase was to develop and install, on the production line, a network of sensors assembled ad hoc for the acquisition of process parameters.



2.2.1. The Production Line


The FARRIS company’s production line for dehydrated and semi-dried fruit and vegetable products consists of 18 sections, each represented by a 2.5 m long dehydration hood with the possibility of adjusting its temperature (Figure 1). The 18 sections, named “Ki” (where i is a progressive number from 1 to 18) are divided into two different branches (Figure 1). In detail, the first branch of the dehydration kiln runs from K1 to K9 and is the one needed to start Process 1 (see Section 2.1.1), that is, the evaporation of surface moisture. This process takes place at a higher temperature and longer retention time than the second branch (K10 to K18), wherein Process 2 occurs, i.e., the process designed to remove the moisture inside the product, which in the meantime will be subject to a temperature gradient that will gradually “suck” it outward.




2.2.2. Multiparameter Monitoring System Assembly


For the implementation of the monitoring system, the focus was on the use of internet-based sensor technology in order to automate the measurement, analysis, control and monitoring of the process. As mentioned earlier, the factors chosen for experimentation are temperature and humidity, because they are considered the pivotal parameters of a good dewatering process and because they require the most effort in terms of control by the company’s technical staff [7,8,10,19]. In fact, the practice usually most applied in this kind of production line is to continuously measure the moisture level inside the dehydrator in a manual manner and use this measurement as a reference to control and possibly adjust the kiln temperature and dehydration time.



The monitoring system is currently composed of No.6 smart devices set up along the production line at strategic points for the acquisition of real-time temperature and humidity measurements; each device sends the detected measurements via radio frequency signal to a web-based data storage, processing, and representation platform (denominated “M.E.T.”).



The Smart Devices


The complete smart devices were designed by the company Energreenup s.r.l. with the technical support of the innovative startup Mint s.r.l., which specializes in IoT application to precision agriculture and environmental monitoring. A complete smart device can be seen in Figure 2. This is composed of a main body, named LOGGER (2), consisting of a 10 × 10 cm Takachi box (Takachi Electronics Enclosure Co., Ltd., Saitama, Japan) to which a power supply with a wall outlet (1) of 1.4 m cable (C1) and one/two gray cables (C2), twisted and braided to resist interference of length of 2.5 m, is connected. To each gray cable, a second smaller box (8 × 8 cm), named hereafter SATELLITE (3), is connected, which is intended to amplify the signal acquired by the probe and obviate the possible loss of data related to the length of the communication cables. Finally, using a cable (C3) of about 1.5 m long which is wrapped in a heat-resistant sheath, a Sensirion SHT31 thermohygrometer is connected to each satellite, encapsulated in a flat-head steel capsule to withstand the high temperatures of the dehydration kiln (4).



The probes of each smart device were calibrated by comparing them with the values recorded by a certified portable thermohygrometer (Delta OHM-HM Group). Regarding calibration frequency, considering the fact that production campaigns are discontinuous throughout the year to match the seasonality of the vegetables, it was decided to calibrate the probes every 2 production cycles. The accuracy of the values measured by the probes at all monitoring points was ±0.3 °C and ±2% for temperature and humidity, respectively.




Signal Processing


Within the LOGGER, each of these devices has both a WIFI module and a GPRS antenna, so they could constantly transmit information to the platform, always be connected, and not lose data. As an additional safeguard, each device is also equipped with an SD card that can locally store the collected data as well (Figure 3).



A connection with a computational unit based on an ESP32 Wi-Fi/Bluetooth module has been arranged inside the LOGGER, and the sensors are connected to the microcontroller via an I2C serial communication bus. A 7-segment 0.36 inch LED display has been arranged on the case, which is useful for reading parameters even directly on the production line. In general, the device sends data to a cloud via WiFi through a 4G router and via a SHA2 (TCP-AO) algorithm. Figure 3 shows the detailed photos of the LOGGER.



Regarding the measurements to be collected, to interface the SHT31 thermo-hygrometric sensor with the ESP32 microcontroller, a custom firmware was developed that could convert the signals coming from the probe into temperature and humidity values.



The firmware was written to monitor temperature and humidity values with a refresh rate of a few seconds. More specifically, after power-up and initial checks on connection signals, the smart devices started recording the first value of temperature and humidity. From that moment on, the system was programmed to trigger whenever the probe detected a variation, compared to the previously acquired signal of ±5 °C for the temperature and/or ±3% for the humidity. If the probe registered a change beyond these ranges, it instantly acquired the new value; otherwise, if the values monitored by the probe did not exceed these ranges, then the system was programmed to acquire data every 20 min. With this setting for the production campaigns monitored in the present study, data were acquired on average every ~12 min. A conceptual summary of this firmware is shown in Figure 4.



To make the data accessible in a responsive mode on the Web and smartphones as well, the software system for data fruition from the sensors was built in php, accessible at the link https://portal.metemperatura.it/MET/Account/Login?ReturnUrl=%2fMET%2f – accessed on 19 May 2023. The fruition system (M.E.T. Platform) has, in the top line, a series of tabs from which it is possible to access the temperature and humidity data of all the points of the production line placed under monitoring, along with the possibility of selecting specific time intervals to display. In the bottom line, there is a query layer capable of showing the data values recorded on the cloud in CSV format and use for analysis; in addition, a check on the reliability of the WiFi signal and the correctness of the data sent to the platform by the 4G router has been included.




Monitoring Spots


Regarding the specific location of smart devices along the production line, the choice of hoods and points to be monitored was made considering the 2 main processes through which product drying is carried out.



In particular, to monitor the operating parameters of Process 1, it was decided to monitor hoods No. 7 and No. 8 (Figure 1). The latter, since they receive a product that has already been deprived of most of its moisture as a result of passing through the previous hoods, is considered to be more “stable” from a thermo-hygrometric point of view and more representative of the operating conditions of Process 1. In particular, K8 is one of those considered to be fundamental for monitoring the process, because it is the closest to the first point of inspection of the moisture content of the product (output from K9), while remaining sufficiently distant and “isolated” from the point of output of the first branch, so it is less affected by environmental conditions outside the kilns (Figure 1).



To monitor the operating parameters of Process 2, dehydration hoods No.13 and No.14 were chosen to be monitored, measuring thermohygrometric data not only inside the kiln, but also in the drying air outlet chimneys (K13_chimney; and K14_chimney) (Figure 1). These two kilns are considered critical in the production process because they are sufficiently far from the entrance of the second branch (K10), so the product has sufficient time to adapt from a thermohygrometric point of view to the lower temperatures that characterize Process 2. Moreover, of the two selected sections, K14 is of greater interest from a monitoring point of view because it is the last section where tuning of process parameters can be done before the end of the second and final stage. Here, temperature and humidity monitoring are critical to understand how the dehydration is evolving and/or whether it is necessary to change the parameters before the end of the production process. As mentioned, for these two kilns, it was decided to install sensors in the corresponding chimneys as well; the choice is motivated by the need for the company’s managers to investigate whether these two kilns are able to extract exhausted air effectively, or whether they are extracting air that is still thermodynamically suitable to fulfil the drying process.




Monitoring Campaigns


Production campaigns for dried products occur discontinuously over time because efforts are made to respect the seasonality of the various fruits and vegetables as much as possible. Moreover, when the production schedule requires to switch from one product to another, the production line must be reshaped in its parameters so that temperature, airflow, and retention times are adapted to the needs of the new vegetable to be dried.



With the experimental setup previously described, several production campaigns were monitored in the year 2022, especially during the summer season. Without taking into account the testing and maintenance phases of the monitoring system, which show time gaps due to technical interventions, for the purpose of this study it was decided to focus on the month of August 2022, during which 3 production campaigns dedicated to the same type of product, i.e., dried tomatoes, took place. The time frames of the three campaigns are as follows: 2–4 August, 9–12 August, and 23–28 August. Therefore, statistical evaluations were carried out on the data collected during the period from 00:00:00 of 2 August 2022 to 23:59:59 of 28 August 2022. During these 3 production campaigns, the temperature values set for the monitored kilns are as follows: 94 °C in K7, 94 °C in K8, 68 °C in K13 and 68 °C in K14. These data are necessary to establish a comparison between the temperatures manually set on the machines and the actual temperatures recorded by the sensors inside the kilns.






2.3. Statistical Analysis of Process Variables for Evaluating the Operating Status of the Production Line


Temperature and humidity data recorded in real time by the monitoring system were downloaded from the platform in csv format, and then converted into xlsx data tables. Subsequently, statistical analysis and graphical representation of the available data were carried out using the software package JMP Pro 17 (SAS Analytics).



To investigate the presence of potential correlations between variables, time trends and distribution curves of temperature and humidity measurements (main parameters) were analyzed, whilst also making comparisons against the temperatures manually set by the technical staff according to the production “recipe” of the specific product to be processed. In these analyses, regression lines describing the trend of the variables considered for each of the 4 kilns were also derived and compared with each other in order to understand whether the thermohygrometric response was uniform in all the 4 equipment. Another parameter that was considered for the above data analyses was an indirect variable of crucial importance for the identification of possible critical operational issues, namely the difference ΔT between measured ambient temperature and dew point. In fact, dew point indicates the temperature at which water vapor condenses on contact surfaces under constant pressure [61,62]. This parameter is very important for the dehydration phase, since temperature values close to the dew point (ΔT ⟶ 0) indicate the potential formation of liquid aggregates on the fruit and vegetable products to be dried, and thus the release of a “wet” product from the sections, thereby impairing the efficiency of the production process.



For a good approximation, considering a constant air pressure inside the dehydration kiln sections, the dew point was calculated in accordance with what was reported by [62],


    T   R   =     R e l a t i v e   h u m i d i t y   100     8   × [ 112 + ( 0.9 × T e m p e r a t u r e ) ] + ( 0.1 × T e m p e r a t u r e ) − 112  



(1)









3. Results and Discussion


The analysis of temperature and moisture data from the monitoring activities allowed us to analyze the actual operation of the sections under consideration and better understand the relationship between drying temperature and moisture extracted from the food. As mentioned in the Materials and Methods section, the analyses presented here refer to two consecutive campaigns dedicated to the production of dried cherry tomatoes, carried out during August 2022. Specifically, the reference period is from 00:00:00 on 2 August 2022 (start day for the first production campaign) to 23:59:59 on 28 August 2022 (end day for the third production campaign).



Table 1 shows a statistical summary of the acquisitions obtained by the monitoring system.



As can be seen, a total of 19,310 simultaneous temperature and humidity measurements were acquired, with an average of about 3218 acquisitions for each kiln/chimney kept under control. Regarding temperature, at first it was assessed that all points had a comparable minimum value, which clearly corresponded to the seasonal ambient temperature inside the equipment when it was not in operation. As for the maximum temperatures, it was noticed immediately that K7 peaked at about 71.9 °C, which is well below the value of 94 °C manually set for both K7 and K8. For the latter, an initial observation of the statistical data reported in the table showed that the standard deviation values obtained for the monitored parameters differ from the others in a statistically non-negligible way; in particular, they are identified as statistical outliers from ~70% of all values. From a practical point of view, a higher standard deviation could conceptually be attributable to greater fluctuations in the parameters recorded in the K8 kiln.



However, the thermo-hygrometric behavior of K8 does not seem to differ markedly from the other sections, as can be seen in Figure 5, which shows the trend of temperature and humidity values recorded for all points during the reference period.



Using Pearson’s correlation index (ρHT) to test the relationship between recorded humidity (H) and process temperature (T) showed a highly significant negative dependence for all monitoring points (|ρHT| > 0.7) (Table 1). However, kiln operating conditions showed higher values of ρHT, and consequently a stronger correlation in Section 7 and Section 8, while Section 13 showed the lower absolute value (−0.74) (Table 1), meaning that here the correlation between temperature and humidity may differ in different kilns. In Figure 5, this inversely proportional correlation between temperature and humidity is very well observable. In fact, each rise in temperature corresponds to a decrease in moisture content, and vice versa. It was also observed that after the kilns were turned off, moisture values tended to remain relatively high for some period of time; this occurred not only because of natural thermodynamic fluctuations in the monitored environment, but also because of the necessary washing operations to which the sections were subjected at the end of a production campaign.



For a more detailed investigation of the correlation between kiln temperature and humidity, it was decided to study the regression lines that best correlated these parameters for each of the four sections. Figure 6 shows (a) the nonlinear (second-degree polynomial) regression lines obtained separately for each kiln, and (b) the same-order nonlinear regression line obtained overall on the four trends.



Confirming what was also highlighted by means of Pearson’s correlation index, K13 was the one that generally differed from the other three kilns and showed a regression line with concavity pointing in the opposite direction compared to the other three polynomials (Figure 6b); as a practical application of this result, it means that within a certain response range, as the ambient temperature increased, the humidity level decreased more slowly than in the other sections.



Wanting to focus on the recorded temperature values, Figure 7a,b compares in detail the temperatures recorded in the kilns with respect to the value manually set by the technical staff according to the “recipe” of dried cherry tomatoes (dashed lines).



As can be seen, the kilns never fully reach the set value, and there are differences amongst them. In particular, K7 differs the most from the set value, compared to which it is about 30% lower during production campaigns (Figure 7a), thus working at temperatures comparable to those of Process 2 (K13 and K14); on the other hand, K8, despite not operating at a temperature of 94 °C, still operates at temperatures remarkably close to the set value by maintaining itself at a level of about 90 °C (Figure 7a). In the Process 2 kilns (i.e., K13 and K14), the temperatures again are lower than the set value (68 °C), but with an approximately smaller deviation: an average difference of about 5 °C for K14 and an average difference of about 7 °C for K13 (Figure 7b).



In the humidity values, however, the comparison between the data recorded inside the kilns and those simultaneously acquired in their expulsion chimneys was interesting. For business needs, this monitoring was carried out specifically on Section 13 and Section 14, as mentioned in the Materials and Methods section. Figure 8a,b shows the time trends of the recorded moisture values.



As can be seen, in both sections there was little difference between the humidity values recorded in and out, and in some places these simultaneously recorded values tended to overlap (Figure 8a,b). In general, if the humidity value recorded at the outlet (chimney) is higher than the value inside the kiln, this represents a sign that the exhausted air is being properly extruded; to be precise, when speaking of “exhausted air” we refer to that hot air with a higher vapor content than the air inside the kiln, which has a lower capacity to transfer the energy required to fulfil the drying process (from a thermohygrometric point of view). This does not seem to be the case in Section 13, where there was a tendency to record slightly lower humidity values at the outlet than inside the kiln (Figure 8a); this result may be indicative of a lower efficiency of the exhaust air extraction systems in that section. On the other hand, regarding kiln 14 (Figure 8b), an initial analysis of the moisture content trend suggested that this section was more effective in removing internal moisture than K13 (exit moisture level from the chimney > internal kiln moisture level). However, this apparent result was later contradicted by subsequent analyses, which involved the ΔT parameter. As previously described in the Materials and Methods section, since it represents the difference between measured temperature and dew point, values of ΔT close to 0 °C suggest the formation of liquid aggregates on the surfaces in contact with water vapor, and consequently also on the pieces of vegetables that eventually run on the belt. Figure 9 shows the distributions of moisture and ΔT values within the four kilns, with a particular focus on specific classes of values. In particular, we wanted to investigate the occurrence of two specific events: (i) vapor-saturated environment when the recorded humidity value is close to 100%, and (ii) the possibility of liquid aggregate formation on surfaces at the interface with moist air whenever ΔT is close to 0 °C. The analysis did not include the chimneys in Section 13 and Section 14 because the events strictly investigated the air in contact with the vegetables inside the kilns, i.e., the risk that pieces of vegetables could emerge ‘wet’ from the sections.



As can be seen from the graph, of the four kilns, number 14 is the one that returned a higher frequency of the occurrence of these events over time. However, the study of the distribution of these values alone did not contain the information of when these events occurred. Figure 10 shows the time trend of the parameter ΔT during the production campaigns.



Noting that ΔT is directly proportional to the recorded temperature, it was observed that during the first two campaigns, the parameter usually reached 0 °C only at times when the kilns were turned off, i.e., during any maintenance phases between campaigns. However, observation of the third production campaign revealed the occurrence of these events even during the tomato’s treatment. This evaluation is very important, because it makes it possible to ascertain whether hygrometric anomalies occur during the drying operations, and therefore whether from this point of view the system guarantees the passage between one section and the products that are always dry, without risking the performance of the production process. In this case, the analysis of the parameter clearly revealed the occurrence of anomalous conditions in K14, probably due to the concomitance of factors that reduced the extraction capacity of the exhausted air from the chimney of that section, which may have required greater efforts in terms of energy demand to adapt the quality of the dried tomatoes to the company’s standards.



The observations of this study lets us conclude that if solutions exist to improve the FARRIS production process in comparison to its current state, consideration must be given to the introduction of further innovative technologies aimed at making the dehydration of fruit and vegetables a more efficient and energy-sustainable process. Most of the applications currently being investigated, implemented, and tested emphasize the use of renewable energy sources, including solar energy, geothermal energy, and the use of hybrid biofuels [63,64,65,66,67]. Yet, these studies focus strongly on the design of ex-novo innovative technologies that can be introduced in developing countries as a way to support their manufacturing activities and to encourage local populations to adopt safer eating habits in terms of hygiene and health [20,68]. By contrast, in the case of FARRIS, it is about working on production lines and machineries that are large-scale and, above all, already existing and operating at full capacity. This results in more invasive intervention from a practical point of view, which limits the range of optimization opportunities available to the company. Other studies suggest the introduction of microwaves in the production process as a strategy to speed up the water evaporation process with a lower energy impact [69,70,71]; however, microwaves have a different impact on the structure of plant products, risking the alteration of structural and organoleptic properties that a final product should preserve [72].



The analysis conducted on the data collected so far with the monitoring system appropriately created for this project, highlighted, among the critical points, the possibility of improving the way in which exhaust air is extracted from the drying kilns to avoid the occurrence of the inefficiency phenomena, such as the one reported for K14 (risk of liquid deposition on the products). In light of all the considerations made so far, it should be emphasized that, in the context of this company’s production line, the sections are equipped with simple chimneys for the expulsion of exhaust air; therefore, they do not, for example, have fans or other electromechanical forced-suction systems. While the adoption of forced extraction systems in the production line may initially constitute an extra element of energy consumption, it could also improve the performance of the drying process, potentially reducing the time needed to complete production campaigns, and consequently reduce energy consumption in the long run. Similarly, being able to obtain a product with the current quality characteristics in less time also offers the possibility of processing more product in the duration of a production campaign, thus increasing the company’s revenues.




4. Conclusions


The aim of this paper was to show, as part of the OTTORTO R&D project, the results of a technological innovation path serving a company operating in the drying of fruit and vegetable products sector.



The research began with a study of the drying process and the identification of temperature and humidity as the main variables in the production process. As a result, a customized monitoring system capable of withstanding high temperatures was developed to monitor temperature and humidity measurements in real time from specific points along the production line. To enable the company’s technical staff and stakeholders to take advantage of the data collected, the smart system was programmed to send this data to a web-based platform called M.E.T (url in the Signal Processing section).



Statistical analysis was conducted on the monitoring data collected during three dried tomato production campaigns in August 2022. The data revealed specific correlations, including an inverse relationship between operating temperature and humidity of the drying air. The study also identified areas where thermohygrometric fluctuations were most significant (K13 and K14) and potential criticalities in the ability to remove moist air from the interior of the kilns.



Overall, this research highlights the benefits of using smart devices for collecting operational big data from production processes, which can provide valuable insights for managers to optimize production and maximize earnings. By identifying potential issues early on, optimization interventions can be implemented before they become significant obstacles.
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Figure 1. Conceptual diagram of the production line, with indication of the monitoring spots. 






Figure 1. Conceptual diagram of the production line, with indication of the monitoring spots.



[image: Processes 11 01635 g001]







[image: Processes 11 01635 g002 550] 





Figure 2. Complete detection system. Detailed description is contained in The smart devices section. 
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Figure 3. LOGGER details: SIM card housing for connection (1) and built-in display (2). 
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Figure 4. An overview of the firmware for data acquisition by the monitoring system. 
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Figure 5. Time trend of temperature and humidity values recorded in real time by the monitoring system. 
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Figure 6. Regression lines for correlation between temperature and humidity measurements in each kiln (a), and mean regression line (b). 
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Figure 7. Time trend of the temperature of Section 7 and Section 8 (a) and Section 13 and Section 14 (b), compared with the setting temperatures (dashed lines). 
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Figure 8. Time trend of moisture values recorded in the kilns and chimneys for Section 13 (a) and Section 14, respectively (b). 
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Figure 9. Distributions of recorded humidity values and ΔT parameter for the four kilns, with special focus on humidity values tending to 100% (vapor saturation) and ΔT values tending to 0 °C (reaching dew point). The percentages next to each bar indicate the percentage frequency with respect to the total values. 
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Figure 10. Time trend of the ΔT parameter during the two production campaigns for the monitored kilns. The dotted line marks all ΔT values below 0.25 °C (close to 0 °C). The circle emphasizes the liquid formation risk events during the third production campaign. 
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Table 1. Statistical summary on acquisitions from 2 August 2022 h.00:00:00 to 28 August 2022 h.23:59:59. SD is the standard deviation.
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Temperature (°C)

	
Humidity (%)

	
ΔT (°C)

[Temperature—Dew Point]

	
Pearson Correlation Index ρHT:

H vs. T




	
K_i

	
N

	
Mean

	
Min

	
Max

	
SD

	
Mean

	
Min

	
Max

	
SD

	
Mean

	
Min

	
Max

	
SD






	
K7

	
2874

	
41.2

	
22.51

	
71.94

	
17.31

	
42.36

	
8.8

	
99.99

	
21.29

	
18.52

	
0

	
46.31

	
12.22

	
−0.90




	
K8

	
2826

	
49.62

	
20.64

	
96.83

	
27.06

	
38.7

	
3.01

	
99.99

	
26.4

	
24.88

	
0

	
69.84

	
19.61

	
−0.89




	
K13

	
4073

	
35.67

	
20.63

	
63.9

	
12.4

	
53.34

	
10.08

	
99.97

	
18.17

	
12.32

	
0.01

	
41.91

	
7.76

	
−0.74




	
K13_chimney

	
2621

	
43.47

	
22.37

	
92.55

	
16.75

	
42.35

	
6.96

	
99.99

	
21.06

	
18.22

	
0

	
53.14

	
10.89

	
−0.83




	
K14

	
2824

	
43.02

	
21.52

	
75.27

	
16.8

	
46.16

	
6.4

	
99.99

	
21.77

	
16.37

	
0

	
51.87

	
10.03

	
−0.80




	
K14_chimney

	
4092

	
36.14

	
20.19

	
72.66

	
14.61

	
52.21

	
7.53

	
95.65

	
18.12

	
12.9

	
0.74

	
48.78

	
8.33

	
−0.79




	
ALL

	
19310

	
40.77

	
20.19

	
96.83

	
18.22

	
46.78

	
3.01

	
99.99

	
21.65

	
16.6

	
0

	
69.84

	
12.43

	
−0.84
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