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Abstract

:

With the continuous push for improving packaging efficiency of current packaging practices to prevent losses in a real cold chain, a holistic evaluation method with improved indicators and a conceptual assessment framework to improve packaging efficiency continuously in a fresh vegetable cold chain was proposed. Based on two fresh leafy vegetables with typical packaging practices in a real cold chain in China, the evaluation method was performed and tested from a macro perspective, and then the packaging efficiency constitution with loss prevention perspective was better visualized. The results show that the method can be used for improving the performance of specific packaging efficiency in the fresh vegetable cold chain and improving the suggestions’ sustainability orientation, and systematically summarize their impacts on packaging efficiency; specifically as follows: (1) Since the correlation between the state of fresh vegetables and the environmental stress in the package, the performance of the micro-environment parameters should be given priority for packaging efficiency improvement in loss prevention. (2) Although the use of the packaging materials in current practices was relatively better, it still can improve in food safety and packaging sustainability of the packaging practices through the selection of packaging materials with better sustainability characteristics. (3) Via the visualization of targeted packaging efficiency in cold chain, the fluctuation of loss rates in the cold chain process are well perceived, and there are still room can be performed continuously to realize more efficient packaging for better loss prevention. (4) The method has drawbacks that the optimization of the weights to the given indicators and the indicators based on nutrition and quality of fresh produce was not considered in current research, and it should be strengthened in future research. (5) It is necessary that the perception of differences in targeted packaging efficiency and the consciousness to improve specific packaging efficiency in vegetable cold chain for sustainability.
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1. Introduction


The loss prevention and waste reduction of perishable foods such as fresh green vegetables is a ubiquitous problem in cold chain among current practices [1,2,3,4]. It mainly results from microbial-decay due to time–temperature abuse [5] and from biochemical and physiological loss related to micro-environmental compromises. It is precisely because of the correlation between the atmosphere and quality loss in the packaging [6,7] that the monitoring and controlling the process environment in vegetable cold chain can reduce losses. Losses during the cold chain contribute a lot to the losses of green produce in the cold chain. For example, losses in storage accounted for about 15–20% and in distribution about 5–10% for vegetable [3], which has an undesirable impact on the environment and resources [8], as well as social welfare in China. Increasing demand for fresh produce and the severity of food losses force us to turn to a safer and greener vegetable cold chain. Thus, responding to these issues in cold chain practices, packaging, and ongoing improvement in loss prevention [9] is imperative.



Efficient packaging practices are the crux for preservation and processes management, including storage and distribution, which effectively reduce the loss and securing safety of fresh vegetables [10] in cold chain. Although it has been widely explored that reducing decay rate and loss ratio as important means to relieve the losses of fresh green products from a more comprehensive perspective [11] during cold chain. Proper packaging handling and pre-processing under low temperatures can effectively reduce losses throughout the cold chain. Packaging efficiency depends on packaging practices, including modified atmosphere packaging (MAP) [12], intelligent packaging [13], active packaging [14], and other packaging practices [15]. They [13,16] also confirm the advanced intelligent packaging as tools to reduce food losses. Besides, packaging, which can be considered as the smallest traceability unit [17], also plays important roles in reducing mechanical damage. Therefore, continually improving packaging practices can greatly reduce fresh vegetable loss and improve the efficacy of the cold chain.



In terms of packaging practices, packaging practices for fresh vegetables in refrigerated container can reduce the loss, which can bring considerable advantages. Role differences of packaging materials in packaging practices have attracted our attention [18]. Many studies [19,20] aim at solving the inefficient supply from a comprehensive technical perspective under the real cold chain. Nevertheless, these packaging practices [21] and the influence of packaging materials attributes [22] for sustainability are still undermining the final loss prevention and waste elimination. Therefore, considering perishable and low-value characteristics of fresh vegetables, ensuring the packaging efficiency and safety is important [23]. Thus, for continuous improvement of a widely used packaging practice, a packaging efficiency evaluation is necessary.



However, current evaluation methods mainly focus on limited indicators, mainly temperature and humidity [24,25], while the analysis for gas parameters, packaging material input, and whole process performance has been neglected. Traditional practices based on experiments for continually improving the packaging design are iterative and time-consuming [26]. Previous studies focus on the evaluation of the overall chain from non-stop monitoring [27], but few of them introduces the specific package practices and the subtle differences between varieties. Although a fruit simulator for the real package environment acquisition is used [28], it is not applied to the comprehensive assessment for the packaging efficiency. As for packaging materials, they [29] point out the relationships between waste and materials to the environment, but environmental protection [30], economy [31], and safety [32] were not evaluated from the perspective of loss prevention [33]. For loss prevention effects, researchers [34] focused on packaging mode research [35], but few of them succeed in an integrated assessment framework for continual improvement. Overall, current methods failed to achieve an effective measurement of packaging efficiency and its continual improvement, especially for packaging practices in real vegetable cold chains.



Therefore, the limitations of current evaluation methods and the mismatches to the packaging practices call for comprehensive methods. Due to consumers’ preference for naturally preserved vegetables [36] and the concern with products’ safety, more attention is needed to improve the efficiency of cold chain sustainability and to consider the environmentally-friendly properties of packaging materials and their function in loss prevention. In addition, current LCA (life cycle assessment) [37,38,39] and comparative analysis methods [40,41] for packaging evaluations mainly focus on packaging materials used and their environmental impacts [31], but fail to mention loss prevention performance [42] in practice. Fortunately, evaluation methods based on dynamic monitoring of the packaging in specific scenarios can effectively evaluate the packaging efficiency in actual cold chain. Besides, continuous monitoring and evaluation of the process information of packaging in specific scenarios [43] are in line with the continual improving requirements of vegetable cold chain practices. In short, a holistic evaluation method for ongoing improvement of the packaging efficiency in practical cold chain is needed and promising.



The contribution of this article is to propose a comprehensive framework and method for the packaging efficiency evaluation in real cold chain, and test in assessing the packaging efficiency of a current packaging mode for fresh green produce. It also gives some recommendations on the packaging efficiency for vegetable cold chain in practice with respect to sustainability.




2. Materials and Methods


2.1. Properties of the Fresh Vegetable Cold Chain Investigated


It is well recognized that the loss prevention of perishable food in cold chain is a difficult task, especially when taking the processing flow and packaging practices into consideration in real cold chains. Since proper packaging with high packaging efficiency helps address this issue, judicious interpretation of the critical control points contributes in objectively measurable ways to the aim of both loss prevention and safety, which are tightly related to packaging efficiency.



As presented in Figure 1, it is the vegetable cold chain and the research scope in this paper. It contains the operational entity layer, the technical layer, the specific operations layer, the space-time layer and the value layer, and is also an extension of the fresh vegetable cold chain investigated. In the hierarchical structures that constitutes the cold chain for fresh vegetables, the operating layer is the key to the fresh vegetables in the cold chain, and it is also the content that can directly reflect and affect the loss of vegetables in the cold chain.



In this paper, modular two-layer packaging is carried out, because this mode is typical and widely used in China. From Tianjin to Shenzhen, China, this referenced cold chain was chosen. With such a time-distance that almost covers the whole vegetable market in China, it can represent most green produce cold chains. With the standard reefer container (IAA) by vehicle, the temperature is better kept at 10 °C. Normally, fresh leafy vegetables are perishable and have a relatively short shelf life (5–14 days). Vegetables here were graded, cleaned, pre-cooled, and then entered into the packaging process.



The multi-stage linked process of packaging practices with different materials input has spatiotemporal property. It reflects the complexity of the vegetable cold chain, and also affects loss prevention and thus the packaging efficiency. Considering the relatively short shelf life of fresh vegetables, packaging can prolong the post-harvest preservation time, ensuring a longer transit-time. High packaging efficiency can play an important role in loss prevention, even when considering the food loss resulting from cleaning and packaging. Therefore, reducing the loss of fresh vegetables needs to comprehensively consider the above factors through the analysis of packaging efficiency and continuous improvement under this scenario, and therefore provide solution references for other vegetables in the cold chain.




2.2. Packaging Efficiency Assessment Framework and Evaluation Method


To achieve the evaluation and optimization of packaging efficiency in current practices, to realize the visualization of the efficiency of the packaging in refrigerated container, formalization, and calculation of the packaging efficiency based PEAF (Packaging Efficiency Assessment Framework) for continual improvement is inevitable. The packaging efficiency evaluation covers the entire packaging process and can realize the monitoring and control of the packaging efficiency in the process for fresh vegetable cold chain. Based on these structural factors and improved indictors, which have an interacting influence on the losses in vegetable cold chains (Figure 2), we redefined packaging efficiency from the input, performance, and results. Moreover, the figure also shows the main loss prevention flow through improving packaging efficiency of the whole cold chain process.



The cold chain analysis for the fresh vegetable cold chain can orient to the packaging materials input, the dynamic performance of the packaging, and the final packaging results. Thus, the packaging efficiency (PE) refers to a comprehensive analysis of the whole process in fresh green produce cold chain. Then, these three intersecting orientations are related with three categories of efficiency, namely input efficiency, performance efficiency, and loss prevention efficiency. The different packaging types of packaging efficiency are listed below.



Definition 1.

PE1 (micro-environmental performances) refers to the ability to maintain the microenvironment stable embodied in the fluctuations of temperature, humidity, and gas content information, in the package. Specifically, the performance of n different monitoring parameters is included, and the performance of each monitoring parameter is represented by the fluctuation of indicators such as variance. For example, this article contains five parameters, namely temperature, humidity, carbon dioxide, ethylene, and oxygen.


PE1=∑1nαi∗PFi



(1)






PFi=β1(D0i−DiD0i)+β2(SD0i−SDiSD0i)+β3(V0i−ViV0i)+β4(EV0i−EViEV0i)



(2)




whereαiis the weight coefficient for ith parameters; n is the number of monitored parameters;PFiis the ith parameters’ performance.Di, SDi, Vi, andEViare the range, the standard deviation, the deviations and the effective value of the ith key parameter;D0i, SD0i, V0i, andEV0iare the corresponding acceptable values in packaging, andβ1, β2, β3, β4are the weight coefficients for trade-offs, respectively.





Definition 2.

PE2 (packaging materials performances) mainly present the impact of packaging materials, including the cost inputs and the characters of packaging materials used in the packaging process. This specifically refers to the performance of the cost of n different packaging materials, and the cost of material is composed of the discount rate and the material’s own safety and environmental characteristics.


PE2=∑1nδi∗MCi



(3)






MCi=ε1(1−CTi)+ε2(LTi∗Fi∗CMi+Si+RDi)Reference Valuei



(4)




whereMCistands for the characteristics performance of each material used;δiis the weight coefficient for MC;ε1andε2is the weighting factor for price cost of materials and recyclability feasibility.CTiis the discount for packaging material. In addition,LTi, Fi, CMi, SiandRDiare the values for lifetime of specific material, the feasibility of reuse, the number of cycles for reuse, safety of reuse for food, and the difficulty in reuse according to the corresponding gradations of each material, respectively.





Definition 3.

PE3 (loss prevention performances in practices) used for evaluating the final loss prevention effect of the packaging, which reflected by the final average loss rate and the evenness degree of actual loss rate in each process. It specifically refers to the actual remaining amount of agricultural products and the fluctuations of loss rates in each link.


PE3=μ1∗(1−CLR)+μ2∗(1−∑1NL−1|LRi−LRi+1|NL−1∗NL)



(5)




where CLR is the final average cumulative loss rate; and NL is the number of the packaging related process;LRiis the proportion of loss rate in each link for whole loss rate.μ1, μ2is the weighting factor for the balance of two parts.





Definition 4.

PE (overall packaging efficiency) mainly refers to the weighted sum of the three types of efficiency, which comprehensively features the input, performance and results of the packaging. It refers to the weighted sum of each efficiency, and the weight division is given in the results and discussion.


PE=γ1∗PE1+γ2∗PE2+γ3∗PE3



(6)




whereγ1, γ2, and γ3indicate the weight values of three efficiency types respectively.





Packaging efficiency involves the atmosphere performances, materials input and loss prevention. This design is mainly for the purpose to exhibit the classification and give weights to each efficiency, and then to assign different attention to continual improvements in a reasonable way.




2.3. Experimental Scheme


In order to test the proposed packaging efficiency evaluation methodology, we chose two leafy vegetables, which are perishable and vulnerable with short shelf life that are easy to assess, in the real cold chain as the evaluation object. Then, specific packaging practices were selected via our field investigations as the reference cold chain.



The specific practice is as follows. With the simple packaging modular design, it is a typical fresh vegetable cold chain operated by a commercial operator in China. With the given specification of internal dimensions (320 × 380 × 480 mm) and external (340 × 400 × 600 mm), the Styrofoam box is a consistent and space-efficient package in refrigerated containers. In order to be suitable for extended transportation, packaging materials such as ice bottles were used, which is aimed at maintaining temperature control [44]. The materials used for this simple packaging also include the active paper and fresh-keeping film.



The scheme is to evaluate the operations—especially the efficiency of the packaging—in a specific scenario, without compromising the packaging practices. Mentioned above, the packaging mode is widely used for common low-value fresh vegetables. Therefore, the experiment here aims to evaluate and continually improve the packaging efficiency of the modular packaging mode in the refrigerated container. The specific experimental setting is as follows.



It is meaningful to achieve the ongoing improvement to reduce loss and waste of fresh produce in cold chain through comprehensive packaging efficiency assessment. Since modularized packaging [45] is convenient for operation and management [46] in supply process, it is taken as the ultimate delivery unit as well as the smallest packaging unit in the referenced cold chain. Therefore, it is convenient to evaluate packaging efficiency, we label it as a functional unit (FU). Besides, papers wrapped on ice bottles also prevent vegetable loss from the direct chilling injury caused by direct contact. Table 1 manifests the two selected typical leafy vegetables with the same packaging specifications.



For more specific evidence regarding packaging efficiency differentiation in the refrigerated container, they were monitored in the same batch. Packaging practices and transportation process follow the current specific requirements of the raw vegetables supply operator. In addition, operating environment is also in accordance with the previous practices in this article.




2.4. Data Acquisition and Analysis


Information of micro-environment was retrieved by the monitoring devices, including temperature, humidity, and gas content. Apparatus based on IoT used for data acquisition were carefully placed inside the vegetable package to minimize the disturbances on the packaging, without jeopardizing the reliability of the resulting shelf-life prediction [47] in our specific field test (Figure 3). Environmental data during storage and distribution is also obtained via this equipment. Besides the atmospheric data, the cold chain operators also provide data relevant to loss prevention and the details of packaging materials used during the whole process. The monitoring devices are shown in Table 2. The accuracy and solutions used for monitoring and energy consumption can meet the need for evaluation of current packaging mode in fresh vegetable cold chain.



We used MATLAB (R2018a) as tool for data treatment and analysis. Then, the calculated value was used to analyze the packaging efficiency of the two packaging units from abovementioned dimensions. In addition, the visualized packaging efficiency was also applied to assess the causes of the differences in performance between the packages, and therefore more targeted suggestions can be proposed for packaging redesign.





3. Results and Discussion


3.1. PE1 (Micro-Environmental Performance) Evaluation


Packaging influences the change in the multiple microenvironment parameters inside the package, which in turn affects packaging efficiency. Although temperature control is good in the refrigerated container, there is still obvious fluctuations in the transport phase, which last for 40 h. In addition to the increment in temperature and humidity, the fluctuations of the monitored gas components were also relatively obvious. Thus, the packaging method and transportation process together affects the microenvironment performance of the package.



Temperature and humidity rises slowly, and finally keeps a relatively stable condition in the packaging in the reference chain (Figure 4). This may be due to the influence of packaging and the gradually restricted respiration rate. The temperature we monitored starts to rise slowly along with the extension of transportation duration, mainly due to the respiration heat generated by the vegetables. Meanwhile, the humidity also increased to a certain extent near the saturated state at the current temperature. The max difference in humidity between the two packages occurs at the beginning of the process, which is the most vigorous phase of respiration. The latter reduction may be the result of condensation, but still maintains a gap of around 6%. The temperature also has a similar phenomenon that the maximum difference occurs in the latter and is related to its metabolic rate and respiratory heat. Thus, the environment in the packaging experienced a big change, which may lead to subsequent losses.



The oxygen content in the two FUs has a similar tendency to rise first and then slowly decreases, which related with the hysteretic and uneven diffusion process of the gas components in sealed packaging (Figure 5). Carbon dioxide concentrations are accumulated over time in a non-stationary process, indicating that they change in different rate in the process. The difference between the two different units may relate with the difference in respiratory rate caused by the different varieties. It also confirms the existence of the packaging stress and the packaging efficiency differences between the varieties in this packaging mode. Between the micro-environmental information of the two units, the biggest difference in oxygen occurs in the initial stage, and carbon dioxide occurs at the end of the dispatching process. Moreover, the ethylene content is relatively small, which is a key parameter which tends to be overlooked, but it is visible here.



Indeed, environment differences between the packed objects reflect the differences in the packages. The differences between the FUs are depicted in Figure 6. They increase the visualization of environmental data for packaged fresh vegetables and the responsiveness of the cold chain, and are useful for the packaging improving. It is also obviously worth noting that the performance in the environment during transport should be emphasized. Moreover, the differences in the micro-environmental fluctuations in the two units and in the effective cumulative values of the individual parameters are both significant. For the initial calculation, the weight of each part is built on the average distribution. Therefore, we can get the PE1:


PE1 (FU1) = 0.32, PE1 (FU2) = 0.69











Although attempts were made to improve performances of the package in terms of shelf life [21], reducing the micro-environmental fluctuations in vegetable cold chain [5] is still a big challenge, and this challenge was underestimated. Therefore, packaging improvement should give priority to the performance of the microenvironment parameters. In this case, ice bottles placed in packaging reduces the degree of fluctuations in those parameters. Through evaluation and selection of the appropriate advantageous materials in material packaging, such as active materials, specific gas eliminators and slow release agents [48], and different additives [49], these physical preservation methods can improve the temperature and gas compositions compromises that are negative. Thereby, further research should pay more attention to the means how to combine the corresponding cooling materials with packaging methods towards more stable environment in the packaging, in order to reduce the food surrounding environmental compromise and improve packaging efficiency in the refrigerated container.



Therefore, the combination of technologies has proven beneficial to cold chain monitoring [50] for keep stable environment in packaging, and the trends from the insight of multi-sensors are imperative in loss prevention in cold chain. Thus, it has a positive significance for the optimization of packaging efficiency [35] based on the microenvironment performance.




3.2. PE2 (Packaging Materials Performance) Evaluation


The choice of packaging materials and their specific application affects the economy and recyclability of the packaging. Given the key packaging materials used in the case were confirmed, it is necessary to assess these characteristics of packaging materials for optimum packaging materials combinations, especially in non-stop transportation and large-scale cases.



The choice and combination of specific materials determines the properties of the package itself and affect the external characteristics of the package. Thus, this packaging efficiency can be effectively improved by using better alternative packaging materials. For example, the unit price of the package, the life cycle, the possibility of recycling and the degree for reusability and the safety is important to the packaged vegetables. Table 3 shows the properties of key packaging materials used in the case. They discussed the packaging feasibility of biodegradable materials [33], indicating packaging redesign from the perspective of sustainability can significantly contribute to waste reduction, reuse, and recycling [32]. On these grounds, we roughly divided each material into three grades according to the material characteristics and empirically set the reference value as 32. According to the role the materials played in loss prevention, we give different weights to them. Hence, we should emphasize the means to combine the corresponding materials with their characteristics towards more environmentally-efficient packaging and more cost-efficient packaging.



Previous studies have paid attention to the cost of packaging materials [51], but they do not show how to reduce costs and to fit fresh vegetable in cold chain. Meanwhile, considering the impact of consumption and inventory, proper management can control their costs. The price curve of the packaging materials involved in the case was discussed (Figure 7). It manifests that the recommended optimal packaging units’ amount range for various key materials is (10197, 10209), with the minimum material cost at 6.9064 RMB for each package. In addition, packaging design, packaging amount and inventory management have obvious economic impacts on packaging materials. Therefore, the trade-off between optimal units’ amounts and cost can effectively improve this packaging efficiency in real fresh vegetable cold chains.



Based on properties of packaging materials, we give equal weight to ε1 and ε2, then the PE2


PE2 (FU1) = 0.59, PE2 (FU2) = 0.59











With same packaging mode, the PE2 value here is the same. As mentioned, the choice and combination of packaging materials are based on the characteristics of different materials and were partly determined by the specific requirements of the reference cold chain. The effect of the materials, comprehensive recyclability [52], and materials safety for green produce are important. Therefore, PE2 value can be used as a reliable analysis tool for packaging material selection, which is similar with the study of [49]. On the condition that the packaging material combination meets the overall preservation demands, it is feasible to increase this packaging efficiency and eliminate the packaging material waste, especially the environmental characteristics of the whole package through the adjustment of a single or several packaging material. Certainly, it also can effectively promote the operating costs of the entire packaging practice, making it easier to popularize and to meet the packaging needs of low-value products.




3.3. PE3 (Loss Prevention Performance) Evaluation


The cumulative effect of each operation reflects the final loss rate of the packaged leafy vegetables. There is no obvious impact on the appearance of slightly squeezed vegetables and net weight of the two kinds of units, due to relatively low temperature in packaging. However, based on the statistics data of the loss rate of different links and final losses (those parts that are not suitable for consumption) provided by the operators, certain deficiencies in current packaging practices and distribution process are fully exposed. Meanwhile, this phenomenon is also consistent with the performance analysis of the micro-environmental information and the packaging materials used. Moreover, there is a difference in the actual loss rate between the two vegetables, which related to different tolerance to packaging environment. Thus, loss prevention effects related to packaging efficiency are specifically exhibited in each operation (Figure 8).



Packaging method has a cascading effect on the quality loss, which effectively reduce the quality loss during shipment and food waste after transportation. Nevertheless, there is still room for improvement. The key point for the actual loss is after packaging, and the loss rate starts to increase in the chain. Although the loss rate is low during transportation, it has a great impact on the follow-up links such as distribution and wholesale. It accounts for 30% of the actual total loss, and the loss possibility between each link fluctuates a lot. Since process control has a higher impact on packaging efficiency than merely the loss prevention results, we take μ1 = 0.4, μ2 = 0.6. Therefore, we can calculate the PE3


PE3 (FU1) = 0.89, PE3 (FU2) = 0.91











The differences between the different vegetable varieties in the packaging practices were ignored, especially when analyzing the final cumulative effect in the whole process. Since packaging functions throughout the entire process, suitable packaging can guarantee a longer shelf life and reduce the food loss probability through mitigating damage and delaying maturity [53]. It also justifies that packaging design should focus on the reduction of losses. Besides, loss distribution in different process also assisted the conclusion that the actual food loss needs to be controlled from all process in the cold chain. Thus, reducing waste and preventing loss is a key consideration in sustainable packaging practices.




3.4. Integrity Evaluation of Packaging Efficiency


The overall assessment included the calculation of the overall efficiency and a visual comparison of these packaging efficiency. It will facilitate the specific efficiency improvement in the cold chain. Based on the above-mentioned packaging types, evaluation of subtle differences between the FUs and the difference between such loss prevention effects between breeds, which were not explicitly stated before, also provide a reference for the efficient cold chain management.



Specifically, we assessed the packaging efficiency performances in a comprehensive way. With the above results, it proved that the packaging practices mentioned for fresh vegetables in the Styrofoam box is promising, but there is still room for improvement in real cold chains. With the continuous push for loss prevention, loss prevention performance weights out the input performance and process performance, so γ1 = 0.3, γ2 = 0.3, γ3 = 0.4. Thus, we can calculate the PE


PE (FU1) = 0.63, PE (FU2) = 0.75











Comparative analysis of different types of packaging efficiency makes the assessment obvious. It well visualized the differences among the packaging efficiency in the further improvement of the packaging process, which indeed helps to eliminate the differences accordingly. The same symptom is true for packaging input, PE2. Gaps of packaging efficiency were mainly reflected in the packaging performance and the loss prevention effect of the packaging, which deeply manifest the differences of two vegetables with the same packaging. In addition, it can be seen that the PE1 of FU1 was higher than that of FU2; and loss prevention has a similar trend in that the PE3 of FU1 is higher than that of FU2. Similarly, the overall packaging efficiency has the same results. Therefore, current packaging practice is more suitable for fresh Chinese parsley than spinach with higher packaging efficiency.



As aforementioned, it differs between fresh produces that the status of fresh produces, packaging requirements and efficiency of the process in commercial shipments. Therefore, it has great guiding significance to formulate a better packaging mode for fresh vegetables suitable for China’s actual situation. In addition, efficient packaging also has a positive impact on the purchase intention of the consumer [54]. Thus, improving the fresh produce packaging process may be a better way to improve packaging efficiency in cold chains.



This evaluation method makes the visualization of the efficiency types feasible. It demonstrates that the differences between the efficiency in packaging are the combined effects produced from the variety, material and level of operations, which related to the choice of packaging materials, the variety and characteristics of the packaging. As the evaluation and continuous improvement of the packaging practices, package designers should treat efficiency differences of key points in a more targeted manner. The internal microenvironment performance can be improved through the efficient packaging modes. The economic and environmental performance is determined by the selection of materials, and the loss prevention can be enhanced via each packaging process. Then, the overall packaging efficiency can improve for the elimination of differences in targeted efficiency.



Since high-level practices can ensure the safety of packaged perishable food [55], current packaging mode can be effectively promoted in the low-level cold chain practice in developing countries [56] for further loss prevention. Thus, this methodology can be used to further exhibit the demonstrated advantage in cold chain, especially fresh green produces.




3.5. Performance Analysis of Efficiency for Efficient Packaging and Ongoing Loss Preventions


The packaging efficiency evaluation has a positive effect in further promoting loss prevention in cold chain. It will facilitate the use of corresponding postharvest preservation technology, which can improve the margins, thereby achieving the goal of cleaner production.



Table 4 shows the performance analysis of the packaging efficiency evaluation before and after carrying out this evaluation, and Table 5 manifests the packaging efficiency involved in each operation and suggestions for the packaging practices improvements.



Given traditional evaluation methods are time-consuming, it provides a path for monitoring and improving the packaging performance for green produce in a very repeatable way based on multi-sensor monitoring. However, the weight value of each part for specific packaging efficiency needs to be elaborately optimized with actual requirements. Therefore, continuous validation and further improvement of the method is needed. Some problems have been neglected, such as selection of key factors, quantitative accuracy, and data quality. However, the highlight of this paper is the evaluation method, and experiment is carried out with typical leafy vegetable materials in a real cold chain. Thus, continuous improvement for the current packaging mode also has far-reaching significance to achieve sustainability.



Improving the efficiency of the packaging practices mentioned is in conformity with the social struggle and concerns for cleaner production and food safety. Although we failed to give details of the differences between the quality attributes, it is yet sufficient from a management perspective to conclude that the loss of the green produce in the current packaging mode can be ameliorated through improving specific packaging efficiency types.



In the long term, packaging efficiency for fresh produce in cold chain could be improved by phasing out poor-environmental friendly materials and mending according to these suggestions for cleaner packaging [57]. Specifically, the evaluation indicates the optimization direction to certain efficiency in each main operation process.



We provided recommendations from packaging material input, packaging process performances, and final loss prevention effect, involved in each packaging process with clear definitions. Moreover, the recommendations are related to the specific packaging efficiency and the impacts of environmental factors. Therefore, more active and targeted efforts can be made according to specific packaging efficiency involved in practice. In addition, related parties should enhance each operation process with more green practices and more recyclable materials selection to achieve a more efficient packaging practice. Meanwhile, more attention should be paid to the packaging effect differences between varieties in the entire cold chain, and different treatments for different vegetables should be adopted to achieve a comprehensive improvement for packaging practices.



These suggestions for targeted efficiency in operations have important implications for cold chain operators. Suggestions highlight the consciousness to improve specific packaging efficiency types, and therefore the overall level of practices in fresh vegetable cold chain. Cutting costs under the effective trade-offs among losses, costs, and environmental protection facilitates the packaging and logistics companies. For consumers, improved packaging and demonstrated advantages [58] also ensure the vegetables’ quality status when reaching the consumers, and guarantees the safety indirectly. Therefore, ongoing improvement of current packaging practices, and further minimizing the loss and the negative environmental impacts from the perspective of sustainability is a positive direction.





4. Conclusions


The holistic packaging efficiency evaluation method provides improved indicators for the evaluation of packaging efficiency for fresh vegetables in cold chain, and the analysis can continuously promote loss prevention and waste elimination. Besides, the differences between the packages were confirmed. The main factors affecting packaging efficiency are micro-environmental fluctuations, characteristics of packaging materials used, and actual loss prevention effects, which were interrelated in the case of vegetable packaging practice in cold chains in China. Thus, it is a feasible and sustainable evaluation approach to measure subtle packaging differences in refrigerated containers, and this approach can be used for continuous improvement of the fresh vegetables packaging practices.



For current packaging practice mentioned, these improved indicators indeed provide a path for better environmental performance and cleaner production. It is significant to re-examine the current packaging practices towards more efficient packaging from a more comprehensive and loss-prevention-oriented perspective for cleaner production. It also has proven to be a promising methodology with demonstrated advantages in visualization of the improved indicators. Taking the packaging method in practice, ongoing efficiency improvement is better for loss prevention in cold chains, especially in China. In addition, it also confirms that efficient packaging practices can effectively facilitate loss prevention in real cold chains.



The performance analysis of packaging efficiency evaluation showed that it can be used for guiding, further loss prevention and the extended awareness of related operators for efficient packaging practices. The targeted-awareness and continuous improvement for specific packaging efficiency has positive significance for continuous loss prevention in real cold chains. Besides, the nuances between different packaging efficiencies were underestimated, and differentiation management can further add to the value of fresh vegetables in cold chains. Therefore, insights into consciousness of improving specific packaging efficiencies are necessary. Variety-targeted packaging design and efficient packaging practices originating from different operational stages can facilitate the continuous improvement of loss prevention in fresh vegetable cold chains. Speaking differently, they will guarantee safety and green supply processes to achieve sustainable cold chain, with better perception among losses, costs, and environmental protection.



In line with the aim to facilitate statistical analysis and improve the effectiveness of the results, future research should be supported by more data. Therefore, the data acquisition method and the data quality for modeling should be enhanced. Although from a more comprehensive perspective, the selection and quantification of evaluation parameters are not well-designed. The instrument-measured quality index and nutritional indicators of fresh produce are not considered in the manuscript. Therefore, it should be enhanced in next research. Besides, the optimization of weights to given parameters should be conducted. After that, the analysis of the packaging efficiency evaluation and its relationships with real chain should be further enhanced. Last but not least, as an approximate calculation method for ongoing packaging efficiency improvement, recommendations for targeted packaging efficiency and visualization effect of packaging efficiency need to be revised and validated by more tests and used for other fresh produce.







Author Contributions


Conceptualization, J.W. and X.Z.; Methodology, J.W.; Validation, J.W., Z.Z. and J.H.; Investigation, J.W. and Z.Z.; Data curation, J.W.; Writing—original draft preparation, J.W.; Writing—review and editing, L.M., J.H. and X.Z.; Supervision, J.H. and X.Z.; Project administration, X.Z.; Funding acquisition, X.Z.




Funding


This research was funded by Key Laboratory of Storage of Agro-products, Ministry of Agriculture, grant number KF2018004; Tianjin Municipal Natural Science Foundation for Young Scholar, grant number 16JCQNJC14800; and Beijing Innovation Consortium of Agriculture Research System, grant number BAIC07-2017.




Acknowledgments


This research was supported by Key Laboratory of Storage of Agro-products, Ministry of Agriculture (KF2018004), Tianjin Municipal Natural Science Foundation for Young Scholar (16JCQNJC14800), and Beijing Innovation Consortium of Agriculture Research System (BAIC07-2017).




Conflicts of Interest


The authors declare that they have no conflicts of interest.




References


	



Bresolin, C.; Schneider, P.; Rego, R.; Bandarra, E. Brazilian cold chain panorama. Int. J. Refrig. Rev. Int. Froid 2018, 90, 145–155. [Google Scholar] [CrossRef]

	



Mampholo, B.; Sivakumar, D.; Thompson, A. Maintaining overall quality of fresh traditional leafy vegetables of Southern Africa during the postharvest chain. Food Rev. Int. 2016, 32, 400–416. [Google Scholar] [CrossRef]

	



Zhao, H.; Liu, S.; Tian, C.; Yan, G.; Wang, D. An overview of current status of cold chain in China. Int. J. Refrig. 2018, 88, 483–495. [Google Scholar] [CrossRef]

	



Mercier, S.; Mondor, M.; Villeneuve, S.; Marcos, B. The Canadian food cold chain: A legislative, scientific, and prospective overview. Int. J. Refrig. 2018, 88, 637–645. [Google Scholar] [CrossRef]

	



Ndraha, N.; Hsiao, H.; Vlajic, J.; Yang, M.; Lin, H. Time-temperature abuse in the food cold chain: Review of issues, challenges, and recommendations. Food Control 2018, 89, 12–21. [Google Scholar] [CrossRef]

	



Joshi, K.; Warby, J.; Valverde, J.; Tiwari, B.; Cullen, P.J.; Frias, J.M. Impact of cold chain and product variability on quality attributes of modified atmosphere packed mushrooms (Agaricus bisporus) throughout distribution. J. Food Eng. 2018, 232, 44–55. [Google Scholar] [CrossRef]

	



Ward, G. Modified Atmosphere Packaging for Extending Storage Life of Fresh Fruits and Vegetables; Elsevier: Amsterdam, The Netherlands, 2016. [Google Scholar] [CrossRef]

	



Sun, S.; Lu, Y.; Gao, H.; Jiang, T.; Du, X.; Shen, T.; Wu, P.; Wang, Y. Impacts of food wastage on water resources and environment in China. J. Clean. Prod. 2018, 185, 732–739. [Google Scholar] [CrossRef]

	



Gardas, B.; Raut, R.; Narkhede, B. Evaluating critical causal factors for post-harvest losses (PHL) in the fruit and vegetables supply chain in India using the DEMATEL approach. J. Clean. Prod. 2018, 199, 47–61. [Google Scholar] [CrossRef]

	



Galic, K.; Scetar, M.; Kurek, M. The benefits of processing and packaging. Trends Food Sci. Technol. 2011, 22, 127–137. [Google Scholar] [CrossRef]

	



Defraeye, T.; Cronje, P.; Berry, T.; Opara, U.L.; East, A.; Hertog, M.; Verboven, P.; Nicolai, B. Towards integrated performance evaluation of future packaging for fresh produce in the cold chain. Trends Food Sci. Technol. 2015, 44, 201–225. [Google Scholar] [CrossRef]

	



Garrido, Y.; Tudela, J.; Hernandez, J.; Gil, M. Modified atmosphere generated during storage under light conditions is the main factor responsible for the quality changes of baby spinach. Postharvest Biol. Technol. 2016, 114, 45–53. [Google Scholar] [CrossRef]

	



Poyatos-Racionero, E.; Ros-Lis, J.; Vivancos, J.; Martinez-Manez, R. Recent advances on intelligent packaging as tools to reduce food waste. J. Clean. Prod. 2018, 172, 3398–3409. [Google Scholar] [CrossRef]

	



Vilela, C.; Kurek, M.; Hayouka, Z.; Rocker, B.; Yildirim, S.; Antunes, M.; Nilsen-Nygaard, J.; Pettersen, M.; Freire, C. A concise guide to active agents for active food packaging. Trends Food Sci. Technol. 2018, 80, 212–222. [Google Scholar] [CrossRef]

	



Bovi, G.; Caleb, O.; Ilte, K.; Rauh, C.; Mahajan, P. Impact of modified atmosphere and humidity packaging on the quality, off-odour development and volatiles of ‘Elsanta’ strawberries. Food Packag. Shelf Life 2018, 16, 204–210. [Google Scholar] [CrossRef]

	



Ghaani, M.; Cozzolino, C.; Castelli, G.; Farris, S. An overview of the intelligent packaging technologies in the food sector. Trends Food Sci. Technol. 2016, 51, 1–11. [Google Scholar] [CrossRef]

	



Fu, Z.; Xing, S.; Zhang, X. Development Trend of Food Quality Safety Traceability Technology. Trans. Chin. Soc. Agric. Mach. 2013, 44, 144–153. [Google Scholar] [CrossRef]

	



Steenis, N.; van Herpen, E.; van der Lans, I.; Ligthart, T.; van Trijp, H. Consumer response to packaging design: The role of packaging materials and graphics in sustainability perceptions and product evaluations. J. Clean. Prod. 2017, 162, 286–298. [Google Scholar] [CrossRef]

	



Gil, M.; Selma, M.; Suslow, T.; Jacxsens, L.; Uyttendaele, M.; Allende, A. Pre- and Postharvest Preventive Measures and Intervention Strategies to Control Microbial Food Safety Hazards of Fresh Leafy Vegetables. Crit. Rev. Food Sci. Nutr. 2015, 55, 453–468. [Google Scholar] [CrossRef]

	



Fabbri, S.; Olsen, S.; Owsianiak, M. Improving environmental performance of post-harvest supply chains of fruits and vegetables in Europe: Potential contribution from ultrasonic humidification. J. Clean. Prod. 2018, 182, 16–26. [Google Scholar] [CrossRef]

	



Conte, A.; Cappelletti, G.; Nicoletti, G.; Russo, C.; Del Nobile, M. Environmental implications of food loss probability in packaging design. Food Res. Int. 2015, 78, 11–17. [Google Scholar] [CrossRef]

	



Wikstrom, F.; Williams, H.; Verghese, K.; Clune, S. The influence of packaging attributes on consumer behaviour in food-packaging life cycle assessment studies—A neglected topic. J. Clean. Prod. 2014, 73, 100–108. [Google Scholar] [CrossRef]

	



Mahajan, P.; Caleb, O.; Gil, M.; Izumi, H.; Colelli, G.; Watkins, C.; Zude, M. Quality and safety of fresh horticultural commodities: Recent advances and future perspectives. Food Packag. Shelf Life 2017, 14, 2–11. [Google Scholar] [CrossRef]

	



Tsironi, T.; Giannoglou, M.; Platakou, E.; Taoukis, P. Evaluation of Time Temperature Integrators for shelf-life monitoring of frozen seafood under real cold chain conditions. Food Packag. Shelf Life 2016, 10, 46–53. [Google Scholar] [CrossRef]

	



Aiello, G.; La Scalia, G.; Micale, R. Simulation analysis of cold chain performance based on time-temperature data. Prod. Plan. Control 2012, 23, 468–476. [Google Scholar] [CrossRef]

	



Belay, Z.; Caleb, O.; Opara, U. Modelling approaches for designing and evaluating the performance of modified atmosphere packaging (MAP) systems for fresh produce: A review. Food Packag. Shelf Life 2016, 10, 1–15. [Google Scholar] [CrossRef]

	



Wang, X.; He, Q.; Matetic, M.; Jemric, T.; Zhang, X. Development and evaluation on a wireless multi-gas-sensors system for improving traceability and transparency of table grape cold chain. Comput. Electron. Agric. 2017, 135, 195–207. [Google Scholar] [CrossRef]

	



Defraeye, T.; Wu, W.; Prawiranto, K.; Fortunato, G.; Kemp, S.; Hartmann, S.; Cronje, P.; Verboven, P.; Nicolai, B. Artificial fruit for monitoring the thermal history of horticultural produce in the cold chain. J. Food Eng. 2017, 215, 51–60. [Google Scholar] [CrossRef]

	



Dilkes-Hoffman, L.; Lane, J.; Grant, T.; Pratt, S.; Lant, P.; Laycock, B. Environmental impact of biodegradable food packaging when considering food waste. J. Clean. Prod. 2018, 180, 325–334. [Google Scholar] [CrossRef]

	



Herbes, C.; Beuthner, C.; Ramme, I. Consumer attitudes towards biobased packaging—A cross-cultural comparative study. J. Clean. Prod. 2018, 194, 203–218. [Google Scholar] [CrossRef]

	



Razza, F.; Degli Innocenti, F.; Dobon, A.; Aliaga, C.; Sanchez, C.; Hortal, M. Environmental profile of a bio-based and biodegradable foamed packaging prototype in comparison with the current benchmark. J. Clean. Prod. 2015, 102, 493–500. [Google Scholar] [CrossRef]

	



Geueke, B.; Groh, K.; Muncke, J. Food packaging in the circular economy: Overview of chemical safety aspects for commonly used materials. J. Clean. Prod. 2018, 193, 491–505. [Google Scholar] [CrossRef]

	



Panseri, S.; Martino, P.; Cagnardi, P.; Celano, G.; Tedesco, D.; Castrica, M.; Balzaretti, C.; Chiesa, L. Feasibility of biodegradable based packaging used for red meat storage during shelf-life: A pilot study. Food Chem. 2018, 249, 22–29. [Google Scholar] [CrossRef]

	



Saraiva, A.; Pacheco, E.; Gomes, G.; Visconte, L.; Bernardo, C.; Simoes, C.; Soares, A. Comparative lifecycle assessment of mango packaging made from a polyethylene/natural fiber-composite and from cardboard material. J. Clean. Prod. 2016, 139, 1168–1180. [Google Scholar] [CrossRef]

	



Trebar, M.; Lotric, M.; Fonda, I. Use of RFID temperature monitoring to test and improve fish packing methods in styrofoam boxes. J. Food Eng. 2015, 159, 66–75. [Google Scholar] [CrossRef]

	



Perez-Cueto, F.J.A.; Dos Santos, Q.; Nielsen, B.; Dinnella, C.; Monteleone, E.; Giboreau, A.; Saulais, L.; Depezay, L.; Hartwell, H.; Appleton, K. Danish adolescents like their vegetables fresh rather than frozen or canned. Int. J. Gastron. Food Sci. 2017, 9, 29–33. [Google Scholar] [CrossRef]

	



Rossi, V.; Cleeve-Edwards, N.; Lundquist, L.; Schenker, U.; Dubois, C.; Humbert, S.; Jolliet, O. Life cycle assessment of end-of-life options for two biodegradable packaging materials: Sound application of the European waste hierarchy. J. Clean. Prod. 2015, 86, 132–145. [Google Scholar] [CrossRef]

	



Zampori, L.; Dotelli, G. Design of a sustainable packaging in the food sector by applying LCA. Int. J. Life Cycle Assess. 2014, 19, 206–217. [Google Scholar] [CrossRef]

	



Sanye, E.; Oliver-Sola, J.; Gasol, C.; Farreny, R.; Rieradevall, J.; Gabarrell, X. Life cycle assessment of energy flow and packaging use in food purchasing. J. Clean. Prod. 2012, 25, 51–59. [Google Scholar] [CrossRef]

	



Silva, D.; Reno, G.; Sevegnani, G.; Sevegnani, T.; Truzzi, O. Comparison of disposable and returnable packaging: A case study of reverse logistics in Brazil. J. Clean. Prod. 2013, 47, 377–387. [Google Scholar] [CrossRef]

	



Bertoluci, G.; Leroy, Y.; Olsson, A. Exploring the environmental impacts of olive packaging solutions for the European food market. J. Clean. Prod. 2014, 64, 234–243. [Google Scholar] [CrossRef]

	



Yokokawa, N.; Kikuchi-Uehara, E.; Sugiyama, H.; Hirao, M. Framework for analyzing the effects of packaging on food loss reduction by considering consumer behavior. J. Clean. Prod. 2018, 174, 26–34. [Google Scholar] [CrossRef]

	



Ruan, J.; Shi, Y. Monitoring and assessing fruit freshness in IOT-based e-commerce delivery using scenario analysis and interval number approaches. Inf. Sci. 2016, 373, 557–570. [Google Scholar] [CrossRef]

	



Shuai, Y.; Xiao, Y.; Yan, Z.; Yan, L. The Green Supply Chain Design and Marketing Strategy for Perishable Food Based on Temperature Control. Sustainability 2017, 9, 1511. [Google Scholar]

	



Norman, B.; Rajgopal, J.; Lim, J.; Gorham, K.; Haidari, L.; Brown, S.; Lee, B. Modular vaccine packaging increases packing efficiency. Vaccine 2015, 33, 3135–3141. [Google Scholar] [CrossRef]

	



La Scalia, G.; Nasca, A.; Corona, O.; Settanni, L.; Micale, R. An Innovative Shelf Life Model Based on Smart Logistic Unit for an Efficient Management of the Perishable Food Supply Chain. J. Food Process Eng. 2017, 40, e12311. [Google Scholar] [CrossRef]

	



Goransson, M.; Jevinger, A.; Nilsson, J. Shelf-life variations in pallet unit loads during perishable food supply chain distribution. Food Control 2018, 84, 552–560. [Google Scholar] [CrossRef]

	



Murmu, S.; Mishra, H. Selection of the best active modified atmosphere packaging with ethylene and moisture scavengers to maintain quality of guava during low-temperature storage. Food Chem. 2018, 253, 55–62. [Google Scholar] [CrossRef]

	



Oliveira, M.; Furtado, R.; Bastos, M.; Leitao, R.; Benevides, S.; Muniz, C.; Cheng, H.; Biswas, A. Performance evaluation of cashew gum and gelatin blend for food packaging. Food Packag. Shelf Life 2018, 17, 57–64. [Google Scholar] [CrossRef]

	



Badia-Melis, R.; Mc Carthy, U.; Ruiz-Garcia, L.; Garcia-Hierro, J.; Villalba, J. New trends in cold chain monitoring applications—A review. Food Control 2018, 86, 170–182. [Google Scholar] [CrossRef]

	



Svanes, E.; Vold, M.; Moller, H.; Pettersen, M.; Larsen, H.; Hanssen, O. Sustainable Packaging Design: A Holistic Methodology for Packaging Design. Packag. Technol. Sci. 2010, 23, 161–175. [Google Scholar] [CrossRef]

	



Mrkajic, V.; Stanisavljevic, N.; Wang, X.; Tomas, L.; Haro, P. Efficiency of packaging waste management in a European Union candidate country. Resour. Conserv. Recycl. 2018, 136, 130–141. [Google Scholar] [CrossRef]

	



Park, M.; Sangwanangkul, P.; Choi, J. Reduced chilling injury and delayed fruit ripening in tomatoes with modified atmosphere and humidity packaging. Sci. Hortic. 2018, 231, 66–72. [Google Scholar] [CrossRef]

	



Zhang, B.; Fu, Z.; Huang, J.; Wang, J.; Xu, S.; Zhang, L. Consumers’ perceptions, purchase intention, and willingness to pay a premium price for safe vegetables: A case study of Beijing, China. J. Clean. Prod. 2018, 197, 1498–1507. [Google Scholar] [CrossRef]

	



Sawe, C.; Onyango, C.; Njage, P. Current food safety management systems in fresh produce exporting industry are associated with lower performance due to context riskiness: Case study. Food Control 2014, 40, 335–343. [Google Scholar] [CrossRef]

	



Gogo, E.; Opiyo, A.; Ulrichs, C.; Huyskens-Keil, S. Nutritional and economic postharvest loss analysis of African indigenous leafy vegetables along the supply chain in Kenya. Postharvest Biol. Technol. 2017, 130, 39–47. [Google Scholar] [CrossRef]

	



Wang, Z.; Mathiyazhagan, K.; Xu, L.; Diabat, A. A decision making trial and evaluation laboratory approach to analyze the barriers to Green Supply Chain Management adoption in a food packaging company. J. Clean. Prod. 2016, 117, 19–28. [Google Scholar] [CrossRef]

	



Steenis, N.; van der Lans, I.; van Herpen, E.; van Trijp, H. Effects of sustainable design strategies on consumer preferences for redesigned packaging. J. Clean. Prod. 2018, 205, 854–865. [Google Scholar] [CrossRef]








[image: Sustainability 11 03874 g001 550]





Figure 1. Key points in the fresh vegetable cold chain. 
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Figure 2. PEAF and its causality in fresh vegetable cold chain. 
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Figure 3. (a) FU1 (Spinach) in field tests; (b) FU2 (Chinese parsley) in field tests. 
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Figure 4. Temperature and humidity fluctuations analysis in the function units. 
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Figure 5. Key gaseous component fluctuations analysis in the function units. 
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Figure 6. Evaluation of five monitored microenvironment parameters in packaging between two FUs: (A) Differences (D); (B) Effective value (EV); (C) Variances (V); (D) Standard deviations (SD). Among them, the values corresponding to fu1 and fu2 refer to the pre-set acceptable thresholds for the two packaged vegetables’ performances. In order to align the differences, the same thresholds were chosen without considering the difference between vegetables varieties. 
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Figure 7. Cost curves of key packaging materials for packaging in the reference cold chain. 
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Figure 8. Map of loss probabilities: the analysis of the loss rate in the reference cold chain. 
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Table 1. Specific packaging objects and related packaging details in this article.
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	Varieties
	Key Packaging Materials
	Gross Weight

(kg/per unit)
	Net Weight

(kg/per unit)
	Experiment No.





	Spinach
	1 Styrofoam box, 2 ice bottles, papers a, 1 plastic film b
	20.00
	17.00
	FU1



	Chinese Parsley
	1 Styrofoam box, 2 ice bottles, papers, 1 plastic film
	19.00
	16.00
	FU2







Note: (a) Used as an active paper/hydroscopic paper (unused newspaper here for control costs); (b) Preservative film (PE, 50 µm, customized by the company).
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