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Abstract

:

Packaging was recently identified as an essential element in addressing the key challenge of sustainable food supply and is gaining interest among researchers. It is a central element in food quality preservation due to its role in heat and mass exchange with the external atmosphere, contributing to the preservation of food quality during storage and extending food shelf life. This work proposes three new packaging configurations with the same size but different geometry and ventilation hole sizes and geometry, that change the conditions in which the heat and mass exchange occurs, during either the cooling period of fruits, inside the cooling chamber, or during the period when the packaging is exposed to ambient conditions, outside the cooling chamber. For this purpose, packages with fruit models that replicate the properties of real fruit were subjected to a cooling process inside a cooling chamber for 8 h. Subsequently, during the heating phase, the packages were exposed to ambient conditions for 10 h. Thermal conditions were also monitored, both inside and outside the chamber. Additionally, for comparative purposes, the thermal behavior of commercial packaging was also evaluated for the same operating conditions in the cooling and heating phases. The results show that the new packages do not substantially promote the preservation of fruits in the cooling phase, but in the heating phase, they ensure an extension of the period with proper thermal conditions of up to 50% in relation to the conventional packaging. This result is particularly important since the heating phase, in which fruits are outside the storage chamber, is the period with the greatest impact on the fruits’ useful life.
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1. Introduction


The Food and Agriculture Organization (FAO) of the United Nations states that around 33% of the sustenance delivered worldwide for human consumption is being wasted, representing circa 1.3 billion tons of resources [1]. This is estimated at almost USD 680 billion in industrialized nations and USD 310 billion in developing nations [1]. Food loss is characterized as a decline in the amount or nature of food [1]. Food waste is any food, and inedible parts of food, removed from the food supply chain to be recovered or disposed. There are many factors that can lead to food waste along perishable products chain. There are various types of loss concerning fruits and vegetables, which include mechanical damage or spillage during harvest operations, the degradation that occurs during handling, storage and transportation, waste in the market system as well as waste during consumption [2].



Many products are distributed cold, as they are temperature-sensitive: a reliable cold chain is required to maintain the quality and safety of storage, handling and transport. Around 360 million tons of food are lost on a yearly basis worldwide due to poor refrigeration. Temperature is among the most relevant factor affecting the shelf life of fresh products such as fruits and vegetables, with consequences in the form of biological and physiological changes that compromise product quality [3]. The most important factors that influence the levels of microorganisms in foods are the temperature in the cold chain, including domestic refrigerators, and the time period for which the food products are stored at this temperature [4]. Harvested horticultural products are living tissues with continuing metabolism after harvest. They are subject to respiration, water loss and cell softening throughout the postharvest system. The respiration that occurs once the fruits and vegetables are harvested is the main cause of their deterioration [5]. This process can be delayed if correct measures are applied, with proper postharvest and transportation chain temperatures [6]. Temperature should be as constant as possible until product consumption. In the last few years, there has been considerably increased interest in studying the storage requirements for fresh fruits and vegetables. This is mainly due to variations in production tendencies and marketing. To increase food accessibility, a partial alternative can be provided by improving storage and conservation as a way of reducing postharvest losses and providing better-quality and more nutritious fruits and vegetables to the consumer.



Many factors affect the cooling process of fruits and vegetables, including the ventilation system characteristics, air-to-product final desired temperature difference, air relative humidity, product geometry, packing configuration, product thermal properties and package vent design, including vent size and shape, vent positions and total vent area [7].



The shape and characteristics of packaging boxes can play a fundamental role in food characteristics’ conservation. Packaging is one of the main processes by which to ensure the quality of food products during transportation, storage and end use. It slows quality decay and makes distribution and marketing more efficient. Choosing a proper material to ensure that the physical properties of the fresh produce are safe from outside damages is essential, but it is also important to make sure that the material’s properties are suitable due to its role in heat and mass exchange with the external atmosphere, contributing to food quality preservation during storage and extending the food’s shelf life.



The fruit cooling rate and uniformity depend on the airflow rate, air temperature and airflow distribution in the packaging box. Such parameters are conditioned by the geometry within the packaging box, the size of the fruits, its shape, the package itself and its configuration [8,9].



This paper proposes three new packaging configurations with the same size but differing in geometry and size of ventilation holes, changing the conditions in which the heat and mass exchange occurs, either during the cooling of produce in the cooling chamber or during the period when packaging is exposed to ambient conditions, outside the cooling chamber. The vent holes’ position, shape and size are very important characteristics since they affect the heat and mass transfer during the cooling process [10]. As fruits and vegetables are highly perishable, the packaging technology plays a critical role in the whole supply chain [11], which makes this study highly relevant to the mitigation of food waste worldwide as well as the reduction of energy consumption in providing cold-storage fresh produce [12]. If this study of new packaging configurations reveals that the proper produce conservation temperature can be achieved faster, then resources can be saved while maintaining the properties of produce.




2. Materials and Methods


2.1. Mathematical Formulation


The optimization of fresh fruit packaging design is a necessity, since reducing energy loss and ensuring fruit quality by promoting more uniform cooling is a general concern, necessary to prevent the effects of chilling damages on produce. The performance of packaging relies on each specific case and is determined by several variables and conditions.



Packaging materials increase cooling airflow resistance and block direct contact between cooling air and fresh produce.



The negative effects significantly affect produce’s cooling time and rates. Quantifying the cooling time is particularly important when evaluating the effectiveness of a package design [13]. The set of equations that allows the performance of each package to be evaluated is presented below [14,15].



The produce cooling is evaluated by the temperature ratio, Y, given by Equation (1), which is the ratio of the unaccomplished temperature change at any time to the maximum temperature change for a particular cooling condition.


  Y =    T P  −  T a    T  p  i n   −  T a     



(1)




where Y is the dimensionless temperature, Tp represents the produce temperature, Ta represents the ambient temperature inside the cold chamber, and Tpin represents the initial temperature of produce.



The produce temperature is a function of both time and place. Since the core temperature differs from the surface temperature of the produce during the cooling and heating processes, the history of the temperature can be described by the first term of an infinite series since the Fourier number is great enough (as in this case), so, in every point, the log (T) time diagram lines are parallel and the temperature variation can be seen as exponential [16,17]. Therefore, from Equation (1), by performing a regression analysis (an exponential one), Equation (2) is obtained.


  Y  ( t )  = j  e  − C t    



(2)




where j is the lag factor and C is the cooling coefficient. The cooling time is evaluated from the dimensionless cooling curve (Y(t)), as in Equation (3), by determining the half-cooling time, which represents the time required to reduce by half the temperature difference between the produce and the cooling air.


  H C T =   ln  (  2 j  )   C   



(3)







It is well established that the total opening area (TOA) and the airflow rate will affect the half-cooling time (HCT) [16,18]. In this experiment, the airflow rate remains constant throughout the 8 h cooling period, while the TOA varies for each package configuration.



The produce heating is evaluated by the temperature ratio as well as in Equation (1), however, the comparison ratio is between the produce temperature and the temperature that this produce is exposed to. Equation (4) represents the temperature ratio for the heating process.


  Y =    T P  −  T  a t m      T   P  i n     −  T  a t m      



(4)




where Tatm represents the ambient temperature inside the laboratory, where produce will be exposed after the eight hours of cooling.



The half-heating time (HHT) is obtained from the same method as the half-cooling time, by performing the regression analysis from Equation (4) and obtaining an exponential equation similar to the one in Equation (2). Finally, the half heating time can be calculated with Equation (5).


  H H T =   ln  (  2 j  )   C   



(5)







Sensors placed at different positions inside the package were used to verify the temperature heterogeneity in each package. Temperature differences between sensors were compared to verify if the cooled air that reaches the produce inside the packages allows an equal cooling rate for all the fruits.




2.2. Experimental Setup


In this paper, a study of 3 packages with fruit models that replicate the properties of real fruits was performed. These three new packages were selected from prior numerical studies [19,20].



The selected packages are represented by a computational image in Figure 1. This shows all the different configurations used in the experiment and their dimensions. All the packages have the same external size, and the material of the structure is polypropylene. The differences among packages are the vent holes’ dimensions and format. The handles of the packages are equal for all packages, in terms of dimensions and format.



The total open area varies from package to package. In the package A, there are 17 holes with a diameter of 10 mm. The TOA of this package is 2670.4 mm2. Package B has 8 oval-shaped holes, and the TOA is 4244.2 mm2. Lastly, package C has a TOA of 508.9 mm2.



During the experimental tests, the temperature of the artificial fruits at different positions inside the package was monitored through temperature sensors positioned inside the fruit simulators. The thermal conditions were also monitored, both inside and outside the cooling chamber. Additionally, and for comparative purposes, the thermal behavior of commercial packaging was also evaluated for the same operating conditions in the cooling and heating phases.



The artificial fruits used in the experiment were made from an agar–water solution with a volumetric concentration of 5% in volume. The solution was heated to its boiling point. Some acrylic balls were filled with this chemical solution and a type T thermocouple was inserted in the center of the ball (Figure 2). A set of 5 balls to use as artificial peaches was developed.



The air temperature and relative humidity were measured by hygrometer sensors, with an accuracy of 0.55 °C for the air temperature and 2.25% for the air relative humidity (Figure 3a). A type T thermocouple (Figure 3b) inserted inside the artificial fruits measured their temperatures. Additionally, a type T thermocouple was used to measure the air temperature in the vicinity of the artificial fruits (labeled Air Sensor 6 in Figure 4). The thermocouples used require a device and a software program to read and allow visual analysis of the results, so a thermocouple data logger was connected to all the thermocouples (Figure 3c).



In Figure 4, the exact positions of all the sensors in the different packages are shown.



The technical information about the properties of the materials used in the experiment is shown in Table 1 together with real fruit properties (peach) for comparison.



To perform the experiment, a cold chamber was used (Figure 5), where the artificial fruits in the different packages were tested.



A schematic of the experimental setup used to perform the experiment is shown in Figure 6. This setup was used in previous work [21]. Besides the cold chamber mentioned before, the components of the refrigeration circuit included a heat exchanger section with an axial fan, a refrigerant pump, a tank with the cooling liquid and a chiller.



All the packages were tested (Figure 7a–c). The experiments were performed starting with the package type A, in experiment 1, and the procedures were completed in a similar way for the other packages. Each package was tested for 8 h for cooling purposes and for 10 h for the heating process. For each configuration, three experiments were completed, with the average of the three used for analysis.





3. Results and Discussion


The experiments were carried out using a conventional package as a reference. This package was tested too, and its behavior was analyzed in both the cooling and heating processes. The results are presented for both the cooling and heating processes, starting with the configuration A, B, C, and lastly the reference configuration.



The total open area (TOA) of each package will influence the thermal behavior. It will allow, or not, the heat exchange between the produce inside the packages and the cooled air. The heat exchange behavior in each package will allow the produce to refrigerate faster or slower depending on how the interactions between the cooled air and the produce take place.



All the packages have holes in their structure, varying in position, number and size.



All the temperatures for each configuration were measured for the heating and cooling time.



With the recorded temperatures, the temperature ratio was evaluated for each set of package data. Equations (3) and (4), for either the cooling or heating process, respectively, were used to calculate the half-cooling time and the half-heating time, as shown in Table 2 for each configuration tested.



The purpose of packaging should be kept in mind to properly analyze the obtained values. In the past few years, packaging and suitable refrigeration conditions have been a major topic of study worldwide. It is known that a package is responsible for properly allowing refrigeration and maintaining the temperature for as long as possible, even when the process of cooling is interrupted for some reason. The decision regarding the best packaging option has to agree with the package that takes the minimum time possible to allow the produce inside it to cool, minimizing the time that the produce is kept at a non-ideal temperature. Another important aspect is the temperature stability when the refrigeration is cut off. An ideal package should keep the internal temperature almost constant for a long period of time. The food chain is built on many important and essential steps, and some of the operations cannot be performed with a cooling source. The package is responsible for maintaining the temperature and reducing damage to the produce caused by temperature variations.



Regarding this experiment, due to the conditions of the cold chamber and its cooling method, the better package to evaluate is the one positioned in the middle. Some conclusions can be obtained by analyzing the half-cooling time for the various packages in package position 2 for the various configurations. The best value is represented by the reference package, followed by package B. The difference between these two packages is small, and, compared to packages A and C, package B presents better results.



It is important to mention that during the tests of package B and the reference package, the ambient temperature of the laboratory was around 3 °C higher when compared to the other tests.



All the temperatures were measured daily in the morning (9:00 a.m.), at mid-day (12:00 a.m.), in the afternoon (17:00 p.m.) and in the evening (19:00 p.m.).



Another important aspect that should be analyzed is the behavior of the temperature throughout the package itself. This study evaluates the time and spatial profile of the cooling of fruits inside a package.



3.1. Configuration B


In this configuration, the TOA is composed of four geometric figures that can be decomposed into four circles with 7.5 mm diameter and four rectangles (7.5 mm × 60 mm). The handle of the package is also an airflow canal.



3.1.1. Cooling Process


Figure 8 shows the thermal behavior of artificial fruits with sensors placed in the middle sections of packages 1 to 3 during the cooling process.



In this configuration, the starting temperature was kept almost constant in all the packages (1 to 3), with some slight variations. After this, the temperature decreased in all of them at a different ratio. Package 1 was completely exposed to the cooled air, allowing the temperature in the Fruit T. 5 sensor to drop faster. The temperature varied from around 23 °C in all the packages (at the beginning of the experiment) to 7.8 °C, in package 1, 9.2 °C in package 2 and 11.5 °C in package 3. Some differences were observed in the temperature values when comparing this configuration with the others, but the behavior was quite similar for the other packages. Option B allowed faster cooling, when compared with configurations A and C, but the trend of the thermal behavior of these configurations was quite similar.



It is also worth analyzing the temperature behavior inside the middle package.



Figure 9 highlights the heterogeneity of package B, by comparing the temperature of the fruits at each side of the package as well in the middle.



Analyzing Figure 9, it can be observed that the lines corresponding to the fruits on the left and right sides of the package are colinear. There is almost no variation in the fruits’ temperatures in these two areas. The temperature varies mostly in the fruit positioned in the middle of the package, with a variation of around 1 °C between the middle position and the side ones.



When comparing this package (B) to the other configurations, it could be verified that the temperature reached in the sides of package B, measured by sensors 3 and 4 (Figure 4), was minor when compared to the temperature in the middle section of package B as measured by sensor 2 (Figure 4). The other packages have a lower temperature in the middle section. This happens because, despite the airflow canal in the hand hole, the preferred air channel flows are the remaining holes from the package B design, meaning that most of fruits cools at the same ratio. Concerning the other packages, A and C, the preferred air channel flow is the hand hole, allowing the middle section of these packages to cool faster, with a temperature difference of around 1 °C. For example, after 4 h of cooling, there is a temperature difference between fruit sensor 2 and fruit sensor 3 of −1 °C. The preferred channel allowing the airflow is the hand hole, with a minor area inside the package with a minor temperature.



Another conclusion can be drawn by comparing the air sensors 2 and 6. It can be verified in Figure 9 that there is initially a difference between their values, but, over time, the difference diminishes and, at some point, the value of the air temperature is similar in both of them, showing no heterogeneity at the end of the cooling process in package B.




3.1.2. Heating Process


After an eight-hour cooling process, the packages were exposed to the thermal conditions of the laboratory for ten hours. The laboratory temperature was measured throughout the test. All the temperature changes were recorded and are represented in Figure 10, where the evolution of the temperature in packages 1 to 3 is compared.



The initial temperatures in each package mirror those at the end of the cooling process. At the end of the heating process, package 1 had the highest temperature, at 23.2 °C, followed by package 2, at 21.7 °C, and package 3 with the lowest temperature, at 20.7 °C. Figure 10 shows some identical behavior in package 2 and 3, very different from package 1. As package 1 is directly exposed to the ambient temperature, this implies that the temperature rises faster than in the packages below, since the exposed area allows better heat exchange between the cooler air and fruits.



Some interesting conclusions can be made by analyzing Figure 11, which shows the temperature behavior in the middle package (configuration B) during the heating process. For instance, the change in the air temperature in the middle box is almost uniform over time throughout the whole package. In the first 2 h of the experiment, the air temperature sensors 6 and 2 present the same behavior, as well as the fruit temperature sensors 2, 3 and 4. This thermal uniformity is a clear advantage of package B. The same behavior is not detected in the remaining packages (A and C). This is important in the fruit industry, because, for real-world applications, the packaging provide protection of the produce throughout almost the entirety of the food chain. If the packages demonstrate uniformity in both the cooling and heating processes, the risks of damage in the fresh produce are reduced.



The HHT from Table 2 indicates the clear advantage of package B, even in comparison to the reference package, as it takes longer to reach the half-heating time. This value means that the ΔT inside the package is minor, and this is a highly relevant factor for the fruit industry, because the lower the ΔT in the heating process, the lower the exposure to microbial damage in the produce.



The problems associated with fresh produce are mostly related to the non-ideal storage temperatures, allowing faster microbial growth and causing damage to perishable products. If different temperatures are detected in different parts of the packaging, the areas with a higher temperature risks the integrity of the fruits in the entire package and in the surrounding packages. A balanced cooling and heating period is important for maintaining the fresh products’ integrity and delivering high-quality produce to the final consumer. Nowadays, the consumption of fresh fruit is rising, since more people are adopting healthier lifestyles, the basis of which is a good diet. The fresh industry must make some changes in order to be able to deliver enough produce to satisfy demand. The damages that occur in food during the food chain can be a problem in achieving this goal.






4. Conclusions


Packaging was recently identified as an essential element in addressing the key challenge of sustainable food consumption and is gaining interest among researchers.



The main purpose of this paper was to evaluate different package designs. Three new designs were tested, designs A, B and C. The analysis of experimental tests aims determining the best package among the three options and comparing them with the most common packaging used nowadays, the reference package. The dimensions of the packages were the same. The only differences were related to the total open area (TOA) on the side of each package. The packages had different air vent holes, which changed the behavior of the inlet air in the package. After analyzing the three options, the best one was compared with the traditional and most used packaging in the supermarkets (reference package). Two main stages involved in the handling of fresh produce were studied: the cooling process, where the packages were exposed to cooled air for eight hours, and the heating process, where the refrigeration system was turned off and the packages were exposed to the temperature of the laboratory. The parameters of the half-cooling time and half-heating time were calculated for each package typology and compared with the reference one.



Since refrigeration entails high energy consumption, it is important to achieve the ideal storage temperature for perishable food products as quickly as possible, and it is also very important to maintain it for as long as possible, even when produce are subjected to non-ideal conditions. With the results obtained, it is possible to verify that package B reaches the half-cooling time faster when compared to the other packages, with significantly better results when compared to the remaining boxes tested.



The other relevant factor is the temperature uniformity inside the package. By considering the temperature difference inside the package it could be concluded that all the packages allow temperature uniformity. In addition, while in packages A and C, the temperature in the middle section is lower than in the sides, package B displayed a lower temperature at the sides, allowing more efficient cooling when compared to the other configurations.



Analyzing the heating behavior by considering all the stages that fresh produce must undergo before reaching the final consumer, a lot of temperature variations were observed. Reasons for these variations include precooling activity, the weighing and calibration of the produce, and even its transportation to the supermarket, which can all reduce it quality before reaching the final consumer. Thus, the objective is to obtain an ideal package that allows produce to cool quickly, so it can reach the ideal temperature to be best conserved and maintain it properties. Additionally, this package must allow produce to remain at a low temperature for a longer period of time, when there is no access to refrigeration. The results of the half-heating time show the advantage of using package B, which requires a longer period of time to reach this half value compared to any other package. During the heating time, package B also shows uniform heating throughout the middle package, which is advantageous for the fresh produce industry.



Package B represents the best balance, even when compared to the reference package, allowing the produce to remain at a lower temperature for a longer period of time (as observed in the analysis of the HHT). This can be crucial in ensuring the quality and freshness of the delivered produce.
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Figure 1. Positions and dimensions of the air vent holes on each package configuration. 
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Figure 2. Example of an artificial fruit used in the experiment. 
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Figure 3. Different equipment used to record temperature. 
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Figure 4. Positions of the sensors in the different packages. 
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Figure 5. Cold Chamber: (a) Main dimensions; (b) Picture from the beginning of an experiment. 
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Figure 6. Schematic representation of the laboratory setup used to perform the experiments. 
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Figure 7. Configurations tested and box numbering: (a) Configuration A; (b) configuration B; (c) Configuration C. 
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Figure 8. Thermal behavior of configuration B, packages 1 to 3. 
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Figure 9. Thermal behavior in package 2, configuration B. 
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Figure 10. Thermal behavior of configuration B, packages 1 to 3, for the heating process. 
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Figure 11. Variation in the temperature inside package 2, configuration B, during the heating process. 






Figure 11. Variation in the temperature inside package 2, configuration B, during the heating process.



[image: Energies 14 03588 g011]







[image: Table] 





Table 1. Properties of the materials.
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	Density (kg/m3)
	Thermal Conductivity (W/mK)
	Specific Heat (J/kgK)





	Packages
	800
	0.04
	1212.0



	Air
	1.2
	0.024
	1006.5



	Agar–water
	1000
	0.55
	4198.0



	Peach
	650.92
	0.545
	3090
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Table 2. Results of HCT and HHT of the various packages tested.
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Configuration A

	
Configuration B

	
Configuration C

	
Reference






	

	
HCT

	
HHT

	
HCT

	
HHT

	
HCT

	
HHT

	
HCT

	
HHT




	
Position 1

	
215.5

	
108.2

	
224.9

	
127.4

	
213.9

	
102.7

	
241.4

	
103.4




	
Position 2

	
341.2

	
208.6

	
296.1

	
220.2

	
308.0

	
202.9

	
292.3

	
160.2




	
Position 3

	
384.5

	
300.9

	
399.7

	
313.6

	
380.4

	
305.7

	
322.9

	
211.4
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