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Abstract

:

In this research, environmental impacts associated with the harvest and processing of pineapple (fresh-packed, in syrup, and dehydrated) were determined using the life cycle assessment (LCA) tool and specialized software SimaPro® (version 8.4), according to ISO14040:2006 and ISO14044:2006 standards. The information used to develop inventory included field interviews and industrial visits within the study area. The functional unit was defined as one kilogram of fruit. The selected impact categories were carbon footprint, water footprint, and energy footprint; the results obtained for the agronomic stage were 0.47 kg CO2 eq (equivalent), 78 L of water, and 9.09 MJ, respectively. The growth stage of the pineapple plant was found to be the one that generates greatest environmental impacts for all three categories. For packaged fruit, 0.58 kg CO2 eq, 82 L of water, and 11.03 MJ were quantified; for pineapples in syrup it was 1.12 kg CO2 eq, 103 L of water, and 19.28 MJ; and for dehydrated fruit, it was 5.12 kg CO2 eq, 782 L of water and 97.04 MJ. This concludes that the most significant environmental impact occurred in all cases during the pineapple cultivation stage.
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1. Introduction


The constant increase of populations with higher incomes leads to a demand for more food. As such, in the last 30 years, food production has increased by more than 100% [1]. This has had repercussions on intensive production crops leading to the consumption of fertilizers, machinery, and supplies, as well as transportation for their distribution to large urban centers. All of these agricultural supply chains require considerable amounts of energy, mainly fossil fuels. Both consumption indicators are direct vectors for the generation of environmental impacts. Nowadays, there is a growing concern about climate change due to the increase in greenhouse gas (GHG) emissions. The agricultural sector contributes approximately 13% of worldwide GHG emissions [2]. In addition, intensive agriculture increases consumption of irrigation water for continuous food production, which causes water stress, especially in areas with less rainfall [3,4]. The use of water grew at almost twice the rate of population increase in the last century and 70% of the total water consumed worldwide is used by agriculture [5].



The parametric indicators of carbon, energy, and water footprint are important quantities to verify the potential direct and indirect environmental effects of agricultural products [6,7,8,9,10,11]. Among the different existing methodologies to carry out the aforementioned, LCA stands out, given that it allows detailed tracking of process flows throughout the production and supply chain, as well as evaluation of inputs and outputs of the system, including its final disposal as waste [12].



Pineapple is a tropical fruit with many health benefits due to its anti-inflammatory and digestive potential, antioxidant content and immune support, and more [13]. Internationally, it is a fruit of high economic value, with a world production of 29,929,843 tons in 2018 [14]. Currently, pineapple demand has increased in 16 countries, including China and Europe [15]. However, as a result of harvesting pineapple, adverse environmental impacts are generated during the different stages spanning from harvest to industrialization. It is necessary to identify and quantify these impacts to detect areas of opportunity that allow their minimization and achieve sustainable production.



In the literature consulted, there are various studies on the LCA of pineapple with different valorization methods; their main impact categories are GHG emissions, water, and energy consumption [16,17]. Besides including the production impact categories, Usubharatana and Phungrassami [18], and Frankowska, Jeswani, and Azapagic [19], include pineapple (Cayena Lisa) packed in syrup, accounting for the use of organic and synthetic fertilizers, herbicides, and fossil fuels. It was found that fertilization contributes up to 79% of the carbon footprint from the agricultural stage, while fuel, chemical products, and packaging for the industrial phase contribute 42% of CO2 eq.



Other research consulted assessed the environmental impacts generated by production and fresh packing of pineapple for the carbon footprint and water categories. Carbon footprint was 32% for the agricultural stage and 68% for the industrial one [20]. An additional study accounted for the effects caused by the production and packaging of pineapple through carbon footprint, water footprint, and energy footprint. The agricultural stage was found to be the main source of carbon footprint impacts (60%); of these, 40% were caused by the use of fertilizers, 18% were originated by fuel consumption, and the rest were caused by other activities. As for the packaging for the fresh fruit, box production generated a 24% contribution of CO2 eq emissions and refrigeration during the distribution led to 15% [21].



As shown, although there is published information regarding the pineapple production process, this does not fully comprise the agricultural stage and some of the main pineapple processing scenarios. Thus, this article aimed to determine the environmental impacts associated, quantified through carbon, water, and energy footprints, from the supply chain and the operations involved in the cultivation of pineapple. Three case studies of its industrialization were analyzed. For this purpose, the information here presented was collected through fieldwork: (i) packed as fresh fruit, (ii) dehydrated pulp, and (iii) pineapples in syrup, through the life cycle assessment.




2. Materials and Methods


The methodology used for this work was based on ISO14040:2006 and ISO14044:2006 [12,22], which includes the phases shown in Figure 1: definition of objectives and scope (I), Life Cycle Inventory (LCI) (II), Life Cycle Impact Assessment (LCIA) (III), and life cycle interpretation (IV).



2.1. Definition of Objectives and Scope


This phase includes the initial studies to know the product and everything related to its processing to develop the other three phases of the LCA accurately, as well as the intended use of the results. The geographic scope, delimitation in study time, and quality level required for the data were defined [23,24]. For this reason, the functional unit and the system boundary were described. The functional unit was taken as a way to quantify the flows of matter and energy. The main aim was to provide a reference for comparison between the flows involved in the entire process, so that the environmental impacts of the products were reported according to the functionality of the product, and to compare the products from the same category amongst themselves [25,26]. The system boundary was established to consider the components or processes that constitute the product system. Likewise, the inputs and outputs to be considered were identified. For example, the manufacture of inputs; the transformation processes to make the final product; energy supply; identification of coproducts, effluents, emissions, and generated waste, among others [27].




2.2. Life Cycle Inventory


Data collection and calculation procedures that identify the inputs and outputs of the system were performed during this phase, taking into account the flows released into the environment. It was essential to have detailed information on each stage of the production process since both the material and energy flows were quantified and the outflows to the environment are associated with each of the processes involved. All of this was incorporated into the LCI database.




2.3. Life Cycle Impact Assessment


In the LCIA, the environmental impacts associated with the product system were quantified. Science-based methods through impact categories were used to assess the environmental component of a sustainable product. Table 1 shows a description of the impact categories that were used in this study: carbon footprint, water footprint, and energy footprint. To determine the environmental impacts of greenhouse gas emissions, the ReCiPe methodology was chosen (v. 1.01) [28], based on the ISO14067:2018 standard [29]. While the water accounting and vulnerability evaluation (WAVE) [30] method was used to determine water footprint throughout the production and supply chain, according to the provisions of the ISO14046:2014 standard [31].



The cumulative energy demand (CED) methodology was used to calculate the energy footprint, which allowed us to know the different types of renewable and non-renewable energy sources used in the product system [38]. For the quantification of energy flows, energy conversion, efficiency, and plant factors were used due to energy losses from production to final energy consumption, mainly concerning the generation of electrical power. The data were collected from local and international references [39,40,41,42], as explained and shown below in Table 2. The energy footprint is not a proper category of environmental impact. However, it is a consistent approach indicator for the environmental performance of products and processes, which quantifies the energy content of all different (renewable and non-renewable) energy resources from a product system and an important driver of several environmental impacts as global warming or fossil fuel depletion [8,9,43,44,45].




2.4. Interpretation of Life Cycle


LCA interpretation was aimed at analyzing results and their relation to the goal and scope definition. According to ISO14040:2006 and ISO14044:2006, conclusions were reached, the limitations of the results were presented, and recommendations were provided based on the findings during the preceding phases of the LCI and LCIA. Moreover, a sensitivity analysis was performed to complete the interpretation of the life cycle. Finally, the environmental impacts of the processes were compared individually or globally with other LCA researches.





3. LCA of Pineapple Cultivation and Processing


3.1. Objectives and Scope


As mentioned above, the objective of the current LCA was to quantify carbon, water, and energy footprints from the supply chain, and the operations involved in the cultivation of pineapple and its industrialization, such as (i) packed as fresh fruit, (ii) dehydrated pulp, and (iii) pineapples in syrup. The functional unit was defined under the following situations: (i) in the agricultural stage, 1 kg of harvested pineapple; (ii) in the three industrialization scenarios, 1 kg of packed pineapple/dehydrated pineapple/pineapples in syrup. This study was carried out from “the cradle to the gate” since it considered the production (agricultural stage) and fruit processing (industrial stage), which included the extraction, transformation, use, and consumption of raw materials during the supply chain up to obtaining the final products.



For the achievement of this LCA, the material and energy flows were tracked and analyzed, which included intermediate flows, outflows as products, co-products, residual flows to treatment, and flows released to the environment such as gas emissions and liquid or solid effluents. Capital goods were considered, such as the use of machinery for the land preparing and the transportation of supplies [49], while others were excluded, such as the construction of facilities, since their contribution was not very significant in the LCA result [50,51]. The following procedure was used in the quantification of the inventory of capital goods: (i) the main materials that make up the capital good were identified, as well as their quantity; some examples include steel, plastic, non-ferrous metals, among others; (ii) the useful life of the product was established, generally 20 years; (iii) the functional unit was quantified from the amount of product produced, for example packaged pineapple during the product’s useful life; and (iv) the amount of material calculated (i) was divided by the functional unit quantified in (iii). Therefore, each material amount from the capital good was quantified per kg of packed fruit. This data was compiled and included in LCI using this procedure.




3.2. System Boundary Description


The study area was located in southeastern Mexico, at 18°00′ north latitude and 95°24′ west longitude, with an average altitude of 95 m above sea level. The climate is warm-humid with rains in summer and a mean temperature of 25 °C; annual rainfall is in the range of 1100 to 1600 mm [52]. This information was relevant for the water balances. Figure 2 shows the diagram of the agricultural and industrial production processes considered for this study. The agricultural stage was divided into four sub-stages: (i) land preparation, (ii) planting, (iii) development of the pineapple plant, and (iv) harvest. The industrial stage was made up of three different processing routes: (v) packing, (vi) fruit in syrup, and (vii) dehydrator.



3.2.1. Agricultural Stage


For land preparation, the use of two tractors—80 horsepower (HP) and 120 HP—and necessary implements for each specific task were considered, including rotary mowers, harrows, rounders, plows, and a bed ridger machine. Diesel consumption was accounted for during the eight stages of site preparation. Each task was performed once per harvest cycle. During the irrigation, the underground water extracted from 100 m below the surface was quantified, accounted for the use of a 150 hp pump to a water supply to 166 ha for 10 months of scheduled irrigation, with four days of irrigation weekly. The use of various agrochemicals was considered for plant growth. Such agrochemicals are formulas of nitrogen, phosphorus, and potassium (NPK), Bromacil, Ametrex, Fosetil-Al, and glyphosate. The quantity of packaging bags and plastic bottles during each activity were considered according to the supplies used. When the harvest was made, pineapple was the main product, but the seed was also obtained for the next growing cycle. Figure 3 shows the processes of the agricultural stage that were quantified for the current LCA.




3.2.2. Industrial Stage


After the fruit was harvested, it was sent for processing, according to the three pineapple industrialization processes considered for this LCA, which were commercially located in the study area. Fruit that did not meet quality standards was marketed locally without receiving any processing. Figure 4 shows all sub-stages that included fresh packaging, fruit in syrup, and dehydrated fruit. Each of them is described below.



Packed fruit. The distance considered from the cultivation area to the packing plant was 2 km; transportation took place through trucks with a 15 t capacity. The fruit was received and quality was verified for export. Pineapples that did not meet the standard were returned to the producer. Next, the fruit was immediately washed in tanks with chlorinated water; then, the pineapples were lifted by a metallic conveyor belt, where the fruits were arranged by operators while the washing water was drained. Each pineapple received a wax bath and was air-dried at normal temperature. Meanwhile, cardboard boxes were assembled where the fruits were packed. The individual boxes with fruit were arranged on pallets that were sent to refrigeration for later transportation and delivery to the customer-distributor. Throughout the process, the electrical energy consumed by the different electrical devices, liters of wax consumed, kilograms of cardboard boxes, and supplies needed to assemble the pallets—i.e., a portable platform on which pineapples can be moved, stacked, and stored—were accounted for.



Fruit in syrup. For this process, the fruit was transported by trucks with a capacity of 15 t and the same 2 km distance. The fruit was received and immediately the crowns were removed during the selection of those that met quality specifications. Subsequently, the fruit was washed, peeled, cored, and cut. Then, tin cans were filled and the sterilization and labeling process continued. The energy supplied for the pre-sterilization, sterilization, and syrup production processes through fuel oil were quantified; energy losses were also considered. The manufacture and transportation of tin cans were also included.



Dehydrated fruit. In this stage, the fruit was transported in trucks with a capacity of 3 t from the production area. Once the pineapple was unloaded at the processing site, the crown was removed and the fruit was washed, peeled, cored, and cut into circular slices. Afterward, it was transferred to dehydration chambers for a 14 h process. Immediately after, selection and packaging processes were carried out. The consumption of electrical power were conducted mainly by conveyor belt motors, a turbine used to drive hot air to the dehydration chamber to reach the final humidity conditions of the dehydrated fruit, and other consumptions from the factory facilities were counted. Likewise, the fuel used during supplies transportation was considered.





3.3. Life Cycle Inventory


The information was collected through field interviews with farmers, merchants, entrepreneurs, and specialists in the cultivation and processing of pineapples [46,47]. This field work was carried out in two stages: (i) the first was a recognition of the place of pineapple production, the geographical distribution of the agricultural areas, and the processing places; (ii) in a second stage, questionnaires were prepared that were applied to farmers, operational managers of industrial processes, and the main controllers in the supply chain. The data collected was regarding the time of use for machinery, diesel consumed, type and quantity of agrochemicals, power used by electrical equipment, and water flow for irrigation. Subsequently, the mass and energy balances were carried out, where inputs, intermediate process flows, coproducts, and outputs of the system were quantified, such as air emissions, effluents of residual water, and solid waste The secondary process data was complemented with information from the literature [39,40,41,42,48]. Secondary data were mainly the transport of supplies, some inputs such as plastic or waxes, and electrical power from a specific assembly for national standards; all of them were included in the Ecoinvent 3.5 database [53]. Some of these assemblies were adapted and updated according to local information collected. For example, regarding the secondary data of main inputs consumed in the product system, local information was used, mainly in relation to energy consumption for its manufacturing, as shown in Table 2.



In the case of the electrical grid supply, Ecoinvent 3.5 provided an assembly for the case of local generation of electrical power. The foreground data of primary energy were updated and the energy efficiencies and losses of the distribution network according to information compiled from national technical reports are shown in Table 3. For non-renewable fuels, Equation (1) was used; the primary fuel supplied was taken as input. For renewable energy, Equation (2) was applied; the input was the primary energy reported from the balance sheets of the national energy sector.


  EPG =  (  PFS  )   (  NCV  )   ( η )   (  FC  )   



(1)






  EPG =  (  PES  )   (  TPE  )   ( η )   (  FC  )   



(2)




where:




	
EPG: electric power generation, GWh.



	
PFS: primary fuel supplied, kg, L or m3.



	
NCV: Net calorific value conversion factor, units according to the fuel supplied.



	
η: net thermal efficiency from the overall cycle of electric power generation, fraction.



	
PES: primary energy share, fraction.



	
TPE: total primary energy for electric power generation (in the national grid), MJ



	
FC: conversion factor, 1 GWh/3.6E+06MJ.








On the other hand, residual energy flows from equipment such as the boiler, drying chamber, and syrup preparation process were quantified, as shown in Figure 4. These energy flows were considered as lost energy to the surroundings of the system from the devices with heat transfer and were considered as waste energy emitted to the environment.



Economic allocation was applied, according to products and co-products generated from the product system. In the pineapple production system, outlets of co-products were identified. For example, fruit were rejected in the quality controls during industrialization. These fruits, although of lower quality, were marketed at a lower price, and economic allocations were applied. For this to happen, data on prices and quantities of rejected fruits were collected from the producers to quantify economic allocation of the outflow of the co-product. The allocation procedure and its result are shown in Table 4. The quantity column shows the amount of fresh fruit required to produce one kg of processed fruit, while the prices column represents the sales prices locally in 2019.



Table 5 shows foreground data collection from the product system. All the quantities that are shown were referenced to the functional unit of 1 kg of processed fruit and classified by sub-stages of the product system. Nursery maintenance is shown first, with water, diesel, transportation, and agrochemicals being the most important supplied resources. During the land preparation labor, the main inputs were accounted for the use of heavy machinery, as a result, fuels were consumed and plastic was used for mulching. On the other hand, water, pesticides, and transportation were needed as basic inputs for planting. However, for the development and growth of the pineapple plant, the use of specific machinery, water, agrochemicals products, and plastic, as well as their transportation from production sites, were quantified. For the packaging of fresh fruit, the number of cardboard boxes required and the water and electrical energy consumed were considered important. For the fruit in syrup, can containers, fuel oil, electricity, and water were quantified. In the case of the dehydration process, the amount of liquefied petroleum gas (LPG) was required and the packaging material for the final product were considered.




3.4. Life Cycle Impact Assessment


Table 6 shows the environmental impacts associated with the agricultural process of the pineapple fruit, as well as three different processes of the harvested pineapple per impact category.





4. Results and Discussion


As shown in Table 6, the additional processing to the harvested pineapple fruit goes through increased magnitudes of associated environmental impacts in the three categories analyzed. The lowest rise was in the packing process, where fruit handling did not demand extensive processing. In the case of pineapples in syrup, there was growth in the values of carbon and energy footprints. This is a consequence of the energy supply necessary for greater processing operations. However, the greatest impacts were generated in the industrial dehydration stage. The most relevant reasons were, first of all, the energy supplied for the drying of the fruit, and, secondly, the quantity of fresh fruit that was consumed to produce 1 kg dehydrated pineapple, which required 9.94 kg of fresh pineapple. On the other hand, in the stages of packing fresh fruit and for fruit in syrup, 1.05 kg and 1.29 kg of fresh pineapple were supplied, respectively. The specific results of the different processing stages studied are discussed below.



4.1. Agricultural Stage


Figure 5 shows the results of the carbon, water, and energy footprint of the agricultural stage. For the carbon footprint, fertilization contributed 53.5% of the environmental impacts, which were related to the manufacture, transportation, and supply of these products. While irrigation contributed 22.1% due to the use of the motor pump for water extraction, the manufacturing of plastic and steel pipes from the distribution network was also included. Land preparation contributed 12.9% of impacts, which were associated with the manufacturing and use of plastic for the covering of the soil. With a lower contribution to this category we find plague control, seedbed site, as well as the stage of growth and maturation of the fruit, each of them contributing a share of around 4% of the total environmental impact.



For water footprint, the water supply from irrigation and rainwater (blue water and green water) contributed 96.7%. Irrigation was related to the extraction and use of water during the dry months, while only the proportion of rainwater that was useful for the plant was quantified [54]. With a much lesser contribution to impact (calculated by the water footprint) was the use of agrochemicals, which together contributed just over 3.3%. Regarding the energy footprint, it had a great similarity to the impact of the carbon footprint due to its close relationship with the supply and combustion of fossil fuels. The application of fertilizers had the greatest contribution, with an impact of 50%, mainly due to the manufacture of agrochemicals. Electricity consumption for irrigation and land preparation each contributed about 18%. Nazri [55] reported a share of 45.7% as a result of the consumption of fertilizers from the fruit cultivation stage, which is a value close to that shown in the current LCA.



Figure 6 shows the comparison of the results of the carbon and water footprints in the agricultural stage from the literature to the current LCA for the production of 1 kg of fresh pineapple. Usubharatana and Phungrassami [18] quantified a low value in the carbon footprint (0.172 kg of CO2 eq.). This could be because bioorganic fertilizers were used in their process. While Ingwersen [21] and Moss [56] reported results ranging from 0.364 to 0.520 kg of CO2 eq., respectively, in both studies, particular conditions of cultivated land scales, transportation, and different varieties of cultivated pineapple were analyzed with respect to the current study.



In the case of the water footprint, the current LCA quantified 78.6 L, an impact similar to that reported by Nataša [57] of 69.8 L. Due to local conditions, no additional irrigation was required. Ingwersen [21] reported a higher value, 174.5 L. In this study, intensive irrigation water was estimated through farmer surveys. Gheewala et al. [58] reported a very high water footprint value, greater than 600 L since the total amount of rainwater that occurred in the study area was included as a value of water supply for the cultivation of the fruit. Besides, this study was performed in a tropical zone with abundant rainfall throughout the year.




4.2. Pineapple Fruit Processing


In the case of the three pineapple processing products analyzed, the contributions per impact per stage are shown in Figure 7. The greatest environmental impact for all three categories were attributed to the agricultural stage; this was more relevant for fresh-packed pineapple and dehydrated fruit. However, industrialization of the fruit in syrup included more processing stages (as shown in Figure 4), thus the contribution of the environmental impact from the cultivation of pineapple decreased slightly. Figure 7 details the impacts associated with each processing scenario proposed in the current LCA.



4.2.1. Pineapple Packing Process


Figure 8 shows the shared values of carbon, water, and energy footprints per process, grouped starting at the agricultural and industrial stages, and up to the packaged pineapple scenario. Regarding the carbon footprint, a share of 82.9% was shown to correspond to fruit cultivation. Within the fruit cultivation percentage, application of fertilizers had the highest participation at 43.1%, since its manufacture was included. Irrigation and land preparation followed at 17.8% and 10.4%, respectively. The industrial stage had a participation of 17.1%. Box assembly and fruit packaging were the processes with the greatest impacts within this stage at 13.2% of the total carbon footprint. For the water footprint, 95.9% the impacts generated came from the irrigation process, mainly during the growth and maturation of the plant. A share of 3.2% corresponded to the water supply for the application of agrochemicals throughout plant cultivation. Less than 1% of the remaining impact was generated during the packaging process; it came from cleaning the fruit.



Regarding the energy footprint impact, a similarity to the carbon footprint was shown in the distribution of impacts due to its relationship with the consumption of fossil fuels. The greatest impact came from the agricultural stage with a share of 84.2%, while the industrial stage contributed a share of 15.9%, mainly related to the manufacturing and transportation of cardboard boxes.



Figure 9 shows the energy flows that made up the energy footprint from the cultivation process and the packaging of pineapples by the type of primary energy supplied. The largest proportions of energy flows were consumed by fertilizer manufacturing, irrigation, and soil preparation operations, which accounted for more than 70% of total consumption. In the industrial stage, the highest consumption was shown in the pineapple box assembly and packaging operations with a share of 11.3%. The same was observed with the other two pineapple processes, as shown below. The main source of energy supply came from the fossil primary energy, with a share greater than 90%.




4.2.2. Pineapple Process in Syrup


Figure 10 shows the results of the carbon, water, and energy footprints by grouped processes of the agricultural and industrial stages for the pineapples in syrup scenario. In the agricultural stage of the carbon footprint category, the application of fertilizers had the greatest contribution, with a share of 22%. In the industrial stage, the set of processes that began with reception and ended with the fruit inside filled cans, included washing, peeling, coring, and chopping of the fruit, generated the greatest impact in this category with a share of 43%. This value coincides with that reported by Usubharatana and Phung [18], with a share of 41.6%. They showed that the greatest impacts were caused by the manufacture of metal containers, as in the present study.



Regarding the water footprint, as it was in the previous packaging process, the largest share corresponded to irrigation with 91.5%. While in the industrial stage, its impact was much less; as a whole it shared only 5.8%. On the other hand, the distribution of the impact from the energy footprint was similar to the carbon footprint due to the strong local dependence on energy supply from fossil fuels. The energy flows are shown in detail below.



Figure 11 shows the energy flows that contributed to the energy footprint for the production of pineapples in syrup. In this case, each type of energy generation source, placed using a flow line, supplied the processes that made up the product system. It shows the largest flows of energy supply come from non-renewable sources, represented by fossil fuels; these correspond to more than four-fifths of all the energy consumed by the product system, with a share of 81%. The two processes with the greatest demand for fossil energy (>50%) were the application of fertilizers, which included their manufacturing, in the agricultural stage, and the industrial processes of preparing the fruit up to filling cans with it. Another important source of energy contribution was biomass with a share of 8.6%, which came from added sugar for syrup production. This was because, locally, when manufacturing sugar from sugarcane, the residual bagasse generated in milling was used in cogeneration processes to supply energy for the production equipment [59,60,61].



Figure 10 shows the contribution of nuclear-non-renewable energy, with shares of 1.7%, which corresponded to the primary energy used for its transformation into secondary energy. Therefore, this energy corresponded to electricity consumption from the product system stages. However, the flow of hydro energy provided a share of 1.5%, which also corresponded to the consumption of electric power. The supply of electrical power comes largely, among other processes, in the manufacture of metal containers filled with pineapples in syrup. It is important to highlight that local electricity generation is highly dependent on processes that use fossil fuels, such as natural gas and fuel oil, which impacts both the energy and carbon footprint. When processing pineapples in syrup, the energy losses from the syrup preparation stages, and boiler, were quantified, which had a share of 15% with respect to the total energy supplied.




4.2.3. Pineapple Dehydration Process


Figure 12 shows the results of carbon, water, and energy footprints by grouped processes of the agricultural and industrial stages for the dehydrated pineapple scenario. As was the case in the two previous industrialization processes, the carbon footprint also showed that a greatest share was generated by the manufacturing and application of fertilizers (43%), followed by irrigation and land preparation, with a share of 18% and 10%, respectively. These three processes come from the agricultural stage. While in the industrial stage, the largest share was produced in the initial stages, which included the reception and preparation of the fruit up to the process of slicing, with a share of 9%. The dehydration process exerted a share of 7%. In the first case, it was caused by electrical consumption from the equipment. In the second one, it was due to the use of energy from fossil fuels for the drying chamber. For the water footprint category, again, its impact was directly related to the supply of water for irrigation during fruit cultivation, with a share of 95%.



For the energy footprint, as expected, most came from the manufacturing and application of fertilizers, with a share of 85%. The remaining proportion corresponded to the industrial stage, as demonstrated in the tracking of energy flow in Figure 13. This shows that energy flows from their primary source of supply up to the processes where they were consumed. Non-renewable energy from fossil fuels supplied a large proportion of the energy required, with a global share of about 92%. As explained above, locally, the energy was supplied to many of the productive sectors and was derived from the oil and natural gas industries, including the electricity generation processes, which had repercussions on the impacts quantified by the energy and carbon footprints.



In the case of renewable energy, they have little relevance, only a share of 4%; there are few incentives for the use of biomass, with some exceptions, such as the bioenergetic use from bagasse in the production of cane sugar, which was previously mentioned [62,63,64]. In the stage that includes the dehydration oven chamber, energy losses of 24% were quantified with respect to the total energy supplied, this should be taken into consideration to improve the efficiency in the design of the dryer or in the implementation of an energy recovery system.





4.3. Sensitivity Analysis


Figure 14 shows the sensitivity of the carbon footprint in relation to the transportation inputs from the three evaluated industrialization scenarios. The operation of transport in the product system was selected since a considerable environmental impact was demonstrated, mainly from the cultivation stage in the agro-industrial processes [65,66]. For the current sensitivity analysis, this was carried out by varying the distribution centers of the inputs considered in the base case, which were those reported by local producers during field interviews. Sales centers for the main inputs were located both closer to the current ones and further away; thus, the environmental impact in the product system was quantified. It was shown that the sales centers closest to the study area decreased the impacts generated from the carbon footprint by 15%, while the most remote sites increased the quantification of the impact by around 33%. Despite having distribution centers close to the production area, the economic factor may be relevant in the producers’ decisions for the selection of the current site for input acquisition at the expense of other factors, such as the quality of the product or even environmental aspects. This coincided with Goordazi, Fahimnia, and Sarkis [67], who reported that inefficiencies in the management of suppliers and shipping routes generated higher CO2 emissions. A greater change in GHG emissions was also shown in the pineapple packing and dehydration processes. During these processes, there was more dependence on the quantity of pineapples transported from the cultivation areas. Additionally, some inputs for packaging materials were purchased from places far away from the study site. For the pineapples in syrup process, some of the required inputs were acquired in areas close to the place of processing, i.e., the sugar for the syrup was transported from a nearby sugar cane plant.





5. Conclusions


This research quantified the environmental impacts associated with the cultivation and industrial processing of pineapples using carbon, water, and energy footprints. The LCI-database was made up of information from local producers and data from suppliers of raw materials and inputs in the region, which allowed this evaluation of the pineapple industry. Global results showed that the fruit cultivation stage was the greatest generator of environmental impact for the three quantified footprints. This was consistent with the literature consulted. The manufacturing and application of the different agrochemical products supplied during the agricultural stage contributed to the greatest impacts of carbon and energy footprints. Although irrigation operations generated the largest proportion of the water footprint due to intensive cultivation, it nonetheless required a year-round supply of water. Furthermore, agricultural producers do not have a widespread implementation of drip irrigation, which would lead to more efficient water consumption.



The stages of industrialization were shown not to contribute greatly to the evaluated environmental impacts, despite having different equipment and operations. In these stages, the greatest impacts were originated from processes that required considerable energy supplies, both thermal and electrical power. In the study area, which was a sample of what happens at the regional level, there was a lot of energy dependence on fossil fuels throughout the supply chain. This includes the production of electrical power that comes, for the most part, from non-renewable energy sources, as reported in Figure 10 and Figure 12. There is still a need to diversify primary energy sources that could reduce the total environmental impacts of the product system. On the other hand, proper management in the selection of suppliers of the input supply chain would reduce environmental impacts generated by transport.
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Figure 1. The methodology of life cycle assessment (LCA). Source: own elaboration based on [12,22]. 
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Figure 2. General diagram of the agricultural and industrial production process. Source: own elaboration. 
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Figure 3. Unit processes that make up the pineapple production stage. Source: own elaboration. 






Figure 3. Unit processes that make up the pineapple production stage. Source: own elaboration.



[image: Applsci 10 07007 g003]







[image: Applsci 10 07007 g004 550] 





Figure 4. Unit processes that are part of the packing, preserving, and dehydrating industry. Source: own elaboration. 
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Figure 5. Environmental impacts associated with the agronomic stage. 
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Figure 6. Comparison of the carbon footprint and water footprint between different authors [18,21,56,57,58]. 
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Figure 7. Global environmental impacts by stage and type of industry. 
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Figure 8. Carbon, water, and energy footprint of pineapples packed by main unit processes. 
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Figure 9. The energy footprint of packed pineapple by main unit processes. 
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Figure 10. Carbon, water, and energy footprint of pineapples in syrup by main unit processes. 
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Figure 11. The energy footprint of pineapples in syrup by main unit processes. 
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Figure 12. The carbon, water, and energy footprints of dehydrated pineapple by main unit processes. 
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Figure 13. The energy footprint of dehydrated pineapple by the main processes. 
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Figure 14. Transport sensitivity analysis for the carbon footprint category. 
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Table 1. List of impact categories evaluated.
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	Category
	Description
	Unit





	Carbon footprint

(CF)
	It accounts for the GHG emission, which is expressed in kg CO2 eq., emitted throughout the supply chain for a product or service. It takes into account the production of raw material, transport, and transformation, up to the final disposal of the waste generated.
	kg CO2 eq



	Water footprint

(WF)
	The category that quantifies the volume of water consumed in all stages of production to manufacture a product. It includes the source and use of “freshwater”, “green water”, and “gray water”.

It is represented according to the water resource available to the human population.
	L



	Energy footprint

(EF)
	Energy consumed in obtaining raw materials, manufacturing, distribution, use, and end of life of the analyzed element. It includes the direct energy used, as well as indirect energy.
	MJ







Note: These methods are included in the SimaPro software (v. 8.4) used in the present study. Source: own elaboration with information from [29,30,31,32,33,34,35,36,37].
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Table 2. Energy consumption for manufacturing supplies used in the product system.
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Supplies

	
Energy Consumption by Source (%)




	
Coke

	
Diesel

	
Fuel Oil

	
LP Gas

	
Natural Gas

	
Biomass

	
Electricity






	
Cans

	
21.71

	
0.31

	
0.22

	
0.004

	
69.32

	
-

	
8.44




	
Cardboard

	
-

	
2.87

	
5.11

	
0.90

	
68.18

	
-

	
22.94




	
Fertilizers and pesticides

	
-

	
12.87

	
-

	
-

	
25.73

	
-

	
61.40




	
Glue

	
5.12

	
3.32

	
0.63

	
0.67

	
76.43

	
-

	
13.83




	
Plastic and Wax

	
-

	
21.23

	
2.73

	
0.20

	
57.59

	
-

	
18.25




	
Sugar

	
-

	
0.02

	
0.75

	
-

	
-

	
91.33

	
7.90








Source: own elaboration with information from [39,40,41,42,46,47,48].
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Table 3. Representative values that characterize the generation of electrical power at the national level a.
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Type of Energy

	
PFS (2018)

	
NCV Factor

	
PES b

	
η

	
PF c

	
EPG




	
%

	
%

	
%

	
GWh

	
%






	
Natural gas

	
15.6 × 109

	
m3

	
38.13

	
MJ/m3

	
40.48

	
38.6

	
56

	
63779

	
37.27




	
Coal

	
16.3 × 109

	
kg

	
19.43

	
MJ/kg

	
21.59

	
32.6

	
61

	
28680

	
16.76




	
Fuel oil

	
6.4 × 109

	
L

	
40.23

	
MJ/L

	
17.53

	
37.6

	
33

	
26892

	
15.71




	
Diesel

	
687.6 × 106

	
L

	
38.12

	
MJ/L

	
1.79

	
31.3

	
10

	
2279

	
1.33




	
Uranium

	
47.4 × 103

	
kg

	
3.29

	
GJ/g

	
10.63

	
31.5

	
77

	
13645

	
7.97




	
Hydro-energy

	

	

	

	

	
7.97

	
93.9

	
40

	
30496

	
17.82




	
Geothermal

	

	

	

	

	
7.72

	
16.6

	
73

	
5222

	
3.05




	
Wind

	

	

	

	

	
0.03

	
99.6

	
27

	
122

	
0.07




	
Solar (photovoltaic)

	

	

	

	

	
0.003

	
99.2

	
16

	
12

	
0.007








Notes: a A factor of 17.7% of losses from the distribution in the electrical grid was included. b The total primary energy (TPE) was 1.46698 × 1012 MJ. c The plant factor was initially used to correct the real fuel consumption for the effective operating time per electric power generation plant. Source: own elaboration with information from [39,40,41,42].
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Table 4. Economic allocation applied to pineapple inflows to processing stages.
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Process

	
Flow

	
Quantity, kg

	
Price, USD/kg

	
Flow Value, USD

	
Allocation




	

	
Q1 or Q2

	
P1 or P2

	
Q1 × P1

	
       Q 1  ×  P 1     Q 1  ×  P 1  +  Q 2  ×  P 2       






	
Packed pineapple

	
Accepted fruit

	
1.00

	
0.23

	
0.23

	
0.968




	
Rejected fruit

	
0.08

	
0.10

	
0.008

	
0.032




	
Pineapples in syrup

	
Accepted fruit

	
1.23

	
0.17

	
0.21

	
0.970




	
Rejected fruit

	
0.06

	
0.10

	
0.006

	
0.030




	
Dehydrated pineapple

	
Accepted fruit

	
9.85

	
0.17

	
1.66

	
0.994




	
Rejected fruit

	
0.10

	
0.10

	
0.010

	
0.006








Source: own elaboration with information from [46,47].
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Table 5. Foreground data collection from the main stages of the product system.
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Agricultural Stage (FU: 1 kg of Fresh Pineapple)




	
Sub-Stage

	
Material

	
Quantity

	
Unit






	
Nursery maintenance

	
Water

	
1.94 × 10−1

	
L




	
Transport

	
3.82 × 10

	
kgkm




	
NPK

	
4.09 × 10−4

	
kg




	
Pesticides

	
7.06 × 10−5

	
kg




	
Land preparation

	
Diesel

	
2.86 × 10−6

	
kg




	
Machinery

	
7.01 × 10−6

	
kg




	
Plastic

	
1.79 × 10−2

	
kg




	
Sowing

	
Water

	
1.47 × 10−2

	
L




	
Transport

	
9.88 × 10−1

	
kgkm




	
Pesticides

	
9.82 × 10−5

	
kg




	
Plant growth

	
Water

	
8.08 × 10

	
L




	
Diesel

	
6.32 × 10−7

	
kg




	
Transport

	
8.82 × 102

	
kgkm




	
Machinery

	
4.45 × 10−6

	
kg




	
NPK

	
6.91 × 10−2

	
kg




	
Pesticides

	
1.70 × 10−3

	
kg




	
Plastic

	
3.34 × 10−3

	
kg




	
Steel

	
1.79 × 10−3

	
kg




	
Industrial Stage (FU: 1 kg of Packed Pineapple)




	
Sub-Stage

	
Material

	
Quantity

	
Unit




	
Packaging

	
Cardboard

	
8.04 × 10−2

	
kg




	
Electric energy

	
8.09 × 10−3

	
kWh




	
Wax

	
5.51 × 10−4

	
kg




	
Water

	
1.67 × 10−1

	
L




	
Industrial Stage (FU: 1 kg of in Syrup Pineapple)




	
In syrup

	
Cans

	
1.78 × 10−1

	
kg




	
Fuel oil

	
3.17

	
MJ




	
Electric energy

	
5.91 × 10−3

	
kWh




	
Sugar

	
1.43 × 10−2

	
kg




	
Water

	
4.55 × 10−1

	
L




	
Glue

	
1.05 × 10−3

	
kg




	
Industrial Stage (FU: 1 kg of Dehydrated Pineapple)




	
Dehydrated

	
Water

	
1.25 × 10−1

	
L




	
Electric energy

	
6.73 × 10−2

	
kWh




	
Plastic bags

	
2.72 × 10−3

	
kg




	
L.P. Gas

	
4.56

	
MJ
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Table 6. Environmental impacts per impact category.






Table 6. Environmental impacts per impact category.





	

	
CF

	
WF

	
EF




	
kg CO2 eq

	
L

	
MJ






	
Agriculture stage (1 kg of fresh pineapple)

	
0.47

	
78.60

	
9.09




	
Packaging (1 kg of packed pineapple)

	
0.58

	
82.28

	
11.03




	
In Syrup (1 kg of in syrup pineapple)

	
1.12

	
103.19

	
19.28




	
Dehydrated (1 kg of dehydrated pineapple)

	
5.12

	
782.66

	
97.04








Note: Packaging, In Syrup and Dehydrated processes, included environmental impact from the agriculture stage.
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