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Abstract

:

The present study examines, compares, and documents the environmental impact of five extraction techniques through Life Cycle Assessment (LCA). The material used was Moringa oleifera freeze-dried leaves and the assessment was based on their polyphenol content Three out of the five examined techniques are referred to in the literature as “green” techniques, namely Pulsed Electric Field (PEF), Microwave-Assisted Extraction (MAE), and Ultrasound-Assisted Extraction (UAE). The other two examined were conventional extraction techniques and, specifically, boiling water and maceration; the latter served as a control in this study. The analysis utilized special software (SimaPro ecoinvent) for the “cradle to gate” LCA, along with a sensitivity analysis of the model examining the variation in the environmental impact based on the origin of the source of electricity (renewable sources such as photovoltaic arcs), aiming to highlight the optimal technology choice. This LCA study’s Functional Unit (FU) was one gram (g) of extracted total polyphenols (dry) produced by a case-specific number of extraction cycles for each technology under assessment (considering their technical efficiency depicted as polyphenols yields), measured by the Folin–Ciocalteu method and expressed as mg Gallic Acid Equivalents per g of dry Moringa oleifera leaves. The study outcome indicates that PEF and MAE deliver the best environmental scores. The main contributing parameters are the Moringa oleifera leaves and the amount and origin of electricity used to make 1 FU. These parameters are dominant in the categories of freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity, and human non-carcinogenic. The better performance of these two techniques is due to the more efficient extraction with reduced electricity consumption, which can become even more environmentally friendly if replaced with renewable sources such as photovoltaic arcs.
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1. Introduction


Biofunctional molecules in the form of natural products of plant origin (such as polyphenols) are a class of chemicals (in the form of a crude mixture, processed fraction, or pure molecules) that exhibit biological activity in living organisms [1,2,3,4]. During the last decades, a trend has developed in some parts of the economy’s secondary sector (food, pharmaceutical, cosmetic, and chemical industries) concerning the replacement of synthetic, semi-synthetic, or isolated components based on fossil fuels such as petroleum products with “green alternatives”, such as those of vegetable or animal origin [5,6,7].



Even more so, a “green” environmentally friendly production methodology is preferable for this purpose. Various natural products, for example, polyphenols, are chemical substances isolated from plants with the help of extraction techniques or extraction systems (S in this study). Until recently, the extraction of desired components (polyphenols, flavonoids, pigments, carotenoids, essential oils, and others) from plant material required the use of high temperatures and energy or the use of large amounts of toxic organic solvents with a corresponding burden on the environment, high processing costs, and difficulty removing their residues from the final product [5,8]. However, the environmental impact and the “green extraction technology” definition inspection for complex extraction technologies can only be demonstrated and documented through comparative measurements of the respective technology’s environmental performance.



Environmental assessments and agriculture or agri-food product improvements use LCA extensively. A plethora of studies illustrates the importance of LCA in the agri-food sector during the last two decades. On the Greek island of Aegina, three alternative production methods were evaluated for pistachio cultivation, assessing energy usage and the associated environmental effects [9]. To evaluate actions for promoting energy saving and reducing water consumption, comparative LCA and sensitivity analysis was also carried out for pistachio, almond, and apple production [10]. Additionally, LCA has been used to contrast various agri-product cultivation techniques. For instance, Longo et al. [11] used the methodology to compare the energy and environmental performance of conventional and organic apples, looking at the input of raw materials and energy sources, the farming process, the post-harvest procedures, and the distribution of the apples to the end users. When considering vinification, bottling, packaging, distribution, and waste disposal practices, LCA has also been used to suggest an improved way to lower the CO2 emissions of wine production in Italy [12]. The approach can also serve as a tool to examine local policies for sustainable production and consumption patterns and learn more about how to assess the environment in a large agricultural production region [13,14]. The management of agri-product cultivation in a defined agricultural system, such as for the production of apples, is a helpful technique to assess how environmental consequences are influenced [15]. In another case, LCA has also been applied to explain the managerial choices made within agricultural holdings with a view to their sustainable development [16]. The method has also been combined with data envelopment analysis to evaluate the eco-efficiency of intensive rice cultivation in Japan [17].



Even though progress has been reported in LCA studies concerning the software and databases available for use, several tools have also been developed to assist LCA practitioners who continue to struggle with communicating and interpreting results [18]. However, regardless of the plethora of agri-food or food-related LCA studies, there is a lack of LCA studies targeting the analysis of specific food constituents of interest, such as polyphenols.



The present study serves the purpose to examine and compare the environmental impact of five extraction techniques for polyphenols from Moringa oleifera leaves based on a previous study [19]. Three of these techniques are referred to in the literature as green extraction techniques, namely Pulsed Electric Field (PEF) [20,21,22], Microwave-Assisted Extraction (MAE) [23,24], and Ultrasound-Assisted Extraction (UAE) [25].The other two are referred to as conventional extraction techniques and include Boiling Water (BW) and Maceration (M, serves as a Control, C, in this study). The reference study [19], which serves as the data source for this study’s LCA, utilizes a prototype bench-scale PEF unit and lab-scale equipment to (a) investigate the feasibility of producing high-quality liquid extracts from Moringa oleifera dried ground leaves and (b) demonstrate and document the respective technology’s environmental performance through comparative measurements. Our analysis utilized special software (SimaPro ecoinvent) for the “cradle to gate” Life Cycle Assessment (LCA) [26,27,28,29], along with a sensitivity analysis of the model examining the variation in the environmental impact. The variation in the environmental impact was based on the origin of the source of electricity, aiming to highlight the optimal technology choice under the knowledge that PEF technology revealed an optimal polyphenol yield, as reported by Bozinou et al. [19].



The Pulsed Electric Field (PEF) technology is a relatively new alternative technology and complies with the requirements of green chemical engineering for long-term production systems and can be utilized in batch and continuous flow applications [30]. PEF is a technology in which the components of the produced extracts are unaltered compared with other treatments (heat treatment, extraction with solvents, and others) [31,32,33,34,35,36,37,38]. As a result, (a) the final product maintains, to a large extent, its desired characteristics such as aroma, oxidation state, color, and others, (b) no toxic solvents are used, and c) a large part of the microorganisms can be killed, resulting in an extract with a low microbial load [39,40]. PEF technology uses high-intensity pulsed electric fields to cause plasma membrane permeability, allowing transmembrane transport of otherwise impermeant molecules [41] or even disrupting the cell membrane, caused when electric fields pierce microbial membranes [42]. Technically, as seen during all our previous work, PEF treatment integrates the application of small electric field pulses of low intensity and minimal duration, with minimal thermal effects (temperature rise to max. +1 °C) on the final product.




2. Materials and Methods


2.1. Materials and Sample Preparation


2.1.1. Plant Material and Extraction Process


This study utilizes freeze-dried ground Moringa oleifera leaves as explained thoroughly in a previous study [19]. In particular, the leaves were cultivated at and collected from the Agioi Apostoloi area (at 39°22′39.4″ N and 21°54′00.6″ E and elevation of 100 m, according to Google Earth Pro version 7.3.2.5491 (64 bit) (Google, Inc., Mountain View, CA, USA) of Karditsa County (central Greece)). The leaves from the plants were harvested on the morning of 25 October 2018, while the trees were only two months old. In all extraction methods, the ratio of dried ground leaves (~0.5 mm diameter and 8% moisture content) used was 5% (w/v). More specifically, 1.25 g of freeze-dried leaves was mixed with 25 mL of Double-Distilled (DD) water and, immediately after each extraction treatment, the mixture of water and plant material was filtered through filter paper. In order to have the same final water volume, the residue in the filter was rinsed with DD water until a final volume of 25 mL of the filtered extract was reached [9].




2.1.2. Chemicals


Distilled water and ethanol were of HPLC grade. The Folin–Ciocalteu reagent was purchased from Panreac (Barcelona, Spain). Anhydrous sodium carbonate (>99%) and Gallic acid monohydrate were purchased from Penta (Prague, Czech Republic).





2.2. Determination of the Total Polyphenol Content (TPC)


The detailed procedure used for the TPC determination is described adequately in a previous study [19]. The TPC was determined as mg of Gallic Acid Equivalents (GAE) per g of the freeze-dried Moringa oleifera leaves, using the following Equation (1):


   TPC   ( mg   GAE / g   dm ) =     C  TP      ×   V   w   



(1)




where CTP is the concentration of total polyphenols (in mg/L), V is the volume of the extraction medium (in L) and w is the weight of the Moringa oleifera sample (in g of dry material).




2.3. Environmental Impact Assessment


The comparative analysis of the environmental impact of the extraction technologies (PEF and others) on the plant material Moringa oleifera leaves was carried out with the help of the SimaPro (ecoinvent) computer program (Release 9.0.0.30, PRé Sustainability B.V.). The environmental impact assessment concerns the part of the life cycle assessment of polyphenols from Moringa oleifera leaves produced by five different extraction methods (systems).



The comparative study was defined as a “cradle to gate” examination of a system, meaning the part from the production of Moringa oleifera leaves to the preparation of a beneficial product (polyphenols). The study focused on five Moringa oleifera leaf extraction systems that produce 1 g dry weight of polyphenols (Functional Unit) as a product. These systems are System 1 (S1): Pulsed Electric Field extractor (PEF); System 2 (S2): Microwave Extractor (MAE); System 3 (S3): Ultrasound Extractor (UAE); System 4 (S4): Boiling Water extractor (BW); System 5 (S5): Control extractor (C, static maceration).



The study began with the “Goal and Scope” definition (1st Stage) of the Life Cycle Assessment framework—LCA (Figure 1).



Then, through the data collected from sources such as questionnaires, the literature, and databases of the SimaPro software, a detailed calculation and analysis regarding the functional unit for each system (inventory analysis) followed. This part of the study (2nd Stage) comprises the “Life Cycle Inventory analysis—LCI”, as demonstrated in Figure 1.



The following step was the impact assessment of the LCI results on 18 midpoint and 3 endpoint indicators (single scores) with the Recipe 2016 endpoint (H) V1.03/World (2010) H/A/single score method [43] to visualize and quantify the results of the environmental performance of the five Moringa oleifera polyphenol production systems. This part of the study (3rd Stage) composes the Life Cycle Impact Assessment (LCIA), as presented in Figure 1. This method was chosen above other well-known LCIA models (such as CML, Eco-Indicator, and Eco-Scarcity) because it is one of the most updated methods from temporal and geographical standpoints, as well as in terms of completeness.



Finally, the sensitivity analysis of the model followed, examining the variation in the environmental impact based on the origin of the source of electricity (renewable sources such as photovoltaic arcs). The final report includes the interpretation of all the above steps and the interconnected results. The aim is to highlight the environmental advantages of using PEF technology compared with other technologies under the knowledge that PEF technology revealed an optimal polyphenol yield [19].



2.3.1. Goal of the Study


The intended application is the environmental performance assessment of the PEF extraction (project PEF EXTRACTION in this study) through a comparative study of different laboratory extraction techniques (systems). The study utilizes published scientific data as recently reported by Bozinou et al. [19].



The study is a cradle-to-gate research (where cradle corresponds to the origin of the materials, such as Moringa oleifera leaves in terms of cultivation and water supply, and gate corresponds to the ready-to-deliver produced material, such as Moringa oleifera leaf polyphenols). It aims to identify the main inputs (resources) for the output creation (products, emissions) through the comparison of five extraction techniques, calculating their potential environmental impact and concluding in their environmental performance.




2.3.2. Scope of the Study


The contribution of the specific study is the preparation of an aqueous extract (containing the polyphenols) from leaves of the cultivated Moringa oleifera tree. The mass of polyphenols (measured in grams of Gallic Acid Equivalents) is the parameter of interest.



The five extracts obtained from the Moringa oleifera leaves extraction systems were of 25 mL liquid aqueous extract each, containing a variable amount of polyphenols demonstrating antioxidant activity, as documented by Bozinou et al. [19]. It is worth mentioning that according to the previous study, the polyphenol content of the aqueous extracts is proportionally correlated with antioxidant activity. The aqueous solvent serves as a dissolution medium for the polyphenols. Therefore, the functional unit should be related to the actual production performance of the respective system in terms of polyphenols mass obtained.



On the other hand, the mixture of polyphenols and auxiliary solvent (water) can be considered a semi-finished product for further processing (such as drying). For purposes of quantitative measurement, the preparation of 1 g of polyphenols designates a mass functional unit (defined in Gallic Acid Equivalents).



Water (as a solvent in the final product) is considered a co-product of lower importance in the present focus.



For the sensitivity analysis, 1 Kg (=1000 g) of polyphenols will portray a functional unit for better visualization of the results.




2.3.3. Product Systems under Study


The product manufacturing systems under study are five laboratory technologies with different characteristics, with their reference flows presented in Table 1.




2.3.4. System Boundaries


The study is a “cradle-to-gate” examination of a system that includes incoming raw materials such as Moringa oleifera leaves and energy (such as electricity) but not waste scenarios such as disposal of Moringa oleifera extracts and spent leaves, which are supposed to be composted by producers and used as bio-fertilizer. The operation of the five systems takes place in Central Greece near the plantation of Moringa oleifera trees. From each extraction system, two water stream types arise and cannot be assessed as co-derivatives, because they do not participate in the functional unit, thus they are excluded from the system boundaries. The first type of water is solvent water in which polyphenols are dissolved. The second type of water is wastewater contained as moisture in Moringa oleifera leaves (8%), water absorbed by the spent leaves, and water that has evaporated. The second type is part of the solid waste management case. All the above are summarized in Figure 2.




2.3.5. System Functionality (Facts and Assumptions)


In Figure 2, DMPM represents the dried ground Moringa oleifera leaves containing 8% w/w moisture. Each system’s total amount of DMPM was used to produce 1 FU variety.



The product of interest is polyphenols (solid phase measured in grams of Gallic Acid Equivalents). The final product prepared (polyphenols) is in the form of an aqueous solution. Water as a carrier has no active properties. It is considered a co-derivative and thus not included in the system boundaries.



A filtration step takes place immediately after the extraction step and is considered part of the manufacturing process. The filtration step for the preparation of FU is the same in each system and includes a non-mechanical (gravity) process with filter paper and standard laboratory glassware that are banned in the modeling due to their negligible contribution to each system.



Each system produces waste (Moringa oleifera spent leaves and absorbed water) in varying amounts. Another non-hazardous waste (such as paper) is not included in the modeling.



Thermal energy is removed from each system. The Control and PEF systems do not generate thermal energy (ΔT ≈ 0 °C). However, the UAE, MAE, and BW systems produce measurable amounts of heat released into the environment, as presented in Table 2, where the process duration and temperature logging data collected via experimentation for each system are presented. However, in SimaPro (Recipe), waste heat modeling is not foreseen, so this emission was not included in the model.




2.3.6. LCA Methodology, Impact Categories, and Data Requirements


The emissions data from the ecoinvent database were used to calculate the LCIA factors. The ReCiPe midpoint hierarchist (18 midpoint indicators) and ReCiPe endpoint hierarchist (3 endpoint indicators, single scores) methods were used to calculate the impacts. Foreground data were obtained from the findings of Bozinou et al. [19] and via electricity, fuel consumption calculations, and bibliography, while background data were obtained from the LCI database ecoinvent (Europe and global data) of the SimaPro ecoinvent program.






3. Results and Discussion


3.1. Inventory Analysis (Inputs/Outputs)


The description of the inventory analysis follows that of the goal and scope, as designated in Figure 1. All the inputs/outputs used for preparing 1 FU were analyzed at the inventory analysis step. Initially, the production of 1 g of Moringa oleifera leaves at 8% was modeled. Then, the material content (weight of plastic, metal, glass) of each extractor participating in each system was roughly analyzed. Afterward, the production of 1 FU from each system (S1–S5) was modeled by analyzing the inputs (such as electricity and water) and outputs (such as heat emission and compost). The input data were then used by SimaPro integrated LCI (Life Cycle Inventory) ecoinvent database for further calculations. For convenience and better report handling, all the results for the inventory analysis step with the origin and details regarding the data collected for inventory analysis are presented in Tables S1–S11 in the Supplementary Material.




3.2. Impact Assessment


The impact assessment (LCIA, Life Cycle Impact Assessment) consisted of 18 midpoint indicators for each system (S1–S5) for the production of 1000 g polyphenols (=1000 * FU) for better visualization of the results and the ReCiPe method 2016 midpoint (H) V1.03/WORLD (2010) H [43]. The 18 indicators (impact categories) are: (1) global warming; (2) stratospheric ozone depletion; (3) ionizing radiation; (4) ozone formation, human; (5) fine particulate matter form; (6) ozone formation, terrestrial; (7) terrestrial acidification; (8) freshwater eutrophication; (9) marine eutrophication; (10) terrestrial ecotoxicity; (11) freshwater ecotoxicity; (12) marine ecotoxicity; (13) human carcinogenic toxicity; (14) human non-carcinogenic; (15) land use; (16) mineral resource scarcity; (17) fossil resource scarcity; (18) water consumption.



Due to differences in the various LCA study components (such as Functional Units, system boundaries, product allocation, laboratory or industrial scale, scaling-up aspects, and impact assessment methods), our results are not comparable with those of other studies. The only citation relative to our unique research is from Barjoveanu et al. [44] and is provided only for contradistinction; any further comparisons would be incorrect.



In the following sections, the figurative analysis from the software is presented and analyzed for each one of the systems under study. For matters of convenience and better report handling, apart from the resulting figures for the PEF system (S1) that are presented here, the rest of the figures for the remaining four systems (S2–S5) are given in the Supplementary Material as Figures S1–S12.



3.2.1. System 1 (PEF)


In System 1 (PEF), according to Figure 3 (red arrows), it is shown that the parameters that contribute the most to the environmental impact of the manufactured FU (1 Kg polyphenols) are the electricity (for the extraction and cutting/drying of the leaves) and the Moringa oleifera leaves. The effect of these parameters, presented in Figure 4, shows that they contribute more in all categories (see in yellow (electricity) and blue (Moringa oleifera leaves)). In Figure 5, after the data normalization, one can see that the effect of these parameters is dominant in the categories of freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity, and human non-carcinogenic.




3.2.2. System 2 (MAE)


Similarly, in System 2 (MAE), according to Figure S1 (red arrows), it is shown that the parameters that contribute the most to the environmental impact of the preparation of FU (1 Kg polyphenols) are electricity (for extracting and cutting/drying the leaves) and Moringa oleifera leaves. The effect of these parameters, presented in Figure S2, shows that they contribute more in all categories (see in orange (electricity) and blue (Moringa oleifera leaves)). In Figure S3, after the data normalization, one can see that the effect of these parameters is dominant in the categories of freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity, and human non-carcinogenic.




3.2.3. System 3 (UAE)


Likewise, in System 3 (UAE), according to Figure S4 (red arrows), it is shown that the parameters that contribute the most to the environmental impact of the preparation of FU (1 Kg polyphenols) are electricity (for extracting and cutting/drying the leaves) and Moringa oleifera leaves. The effect of these parameters, presented in Figure S5, shows that they contribute more in all categories (see in yellow (electricity) and blue (Moringa oleifera leaves)). In Figure S6, after the data normalization, one can see that the effect of these parameters is dominant in the categories of freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity, and human non-carcinogenic. The relative contribution of electricity in this system is much more apparent (higher participation in the bar graphs than in the PEF and MAE systems) and is mainly due to the longer extraction time (thus more electricity consumption) required.




3.2.4. System 4 (BW)


Similarly, in System S4 (BW), according to Figure S7 (red arrows), it is shown that the parameters that contribute the most to the environmental impact of the preparation of FU (1 Kg polyphenols) are electricity (for extracting and cutting/drying the leaves) and Moringa oleifera leaves. The effect of these parameters, presented in Figure S8, shows that they contribute more in all categories (see in orange (electricity) and blue (Moringa oleifera leaves)). In Figure S9, after the data normalization, one can see that the effect of these parameters is dominant in the categories of freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity, and human non-carcinogenic. The relative contribution of electricity in this system is much more apparent (higher participation in the bar graphs than in the PEF and MAE systems) and is mainly due to the greater electricity consumption required to heat the solvent. According to the bar graphs, the environmental impact behavior of System S4 (BW) is close to that of System S3 (UAE).




3.2.5. System 5 (C)


In System S5 (C), according to Figure S10 (red arrows), it is shown that the parameters that contribute the most to the environmental impact of the preparation of FU (1 Kg polyphenols) are the electricity for cutting/drying the leaves and the Moringa oleifera leaves. System 5 does not involve electricity for the extraction (static maceration in a glass container at ambient temperature). The effect of these parameters, presented in Figure S11, shows that electricity (yellow) contributes the most in all categories. In Figure S12, after the data normalization, one can see that the effect of this parameter is dominant in the categories of freshwater ecotoxicity, marine ecotoxicity, human carcinogenic toxicity, and human non-carcinogenic.





3.3. Comparison of the Environmental Performance of S1–S5 Systems


In the previous analysis, the Moringa oleifera leaf material and the electricity parameter proved the main parameters that determine the environmental impact of the five systems in the 18 midpoint categories (impact categories).



The analysis took place by selecting the electricity category “Electricity”, low voltage (GR)/market for/cut-off, S, which refers to low voltage, mixed source electricity supply in Greece (electrical network).



Then, a comparison between the environmental performance of the five systems took place according to the ReCiPe 2016 endpoint (H) V1.03/world (2010) H/A/single score method. This method offers a grouped and aggregated assessment (measured in Pt units, where Pt is a dimensionless eco-indicator defined as 1 millimeter of the annual environmental load of an average European citizen) of all previous performances in three main general categories of damage (damage assessment): human health, ecosystems, resources (see Figure 6).



According to Figure 6, Systems S1 (PEF), S2 (MAE), and S5 (C) show a lower environmental impact in the three general categories than Systems S3 (UAE) and S4 (BW) for the production of 1 FU (or 1000 * FU). This illustration confirms the conclusions of the previous analysis (midpoint) regarding the similarity of Systems S3 and S4.




3.4. Comparison of the Environmental Performance of S1–S5 Systems: A Sensitivity Study


For the sensitivity of the study, the electricity category “Electricity”: low voltage (GR)/market for/cut-off, S was replaced with the category electricity, low voltage (GR)/electricity production, photovoltaic 3 kWp slanted-roof installation, multi-Si, panel, mounted/cut-off, S for “green” electricity from photovoltaic arcs. In the same way (endpoint), the impact of the performance of the systems on the three main damage categories was calculated (see Figure 7).



As shown in Figure 7, the photovoltaic energy use (to provide green electricity) reduces the score in Pt units in all three categories compared with Figure 6. Additionally, for 1 FU production, Systems S1 (PEF) and S2 (MAE) perform better than Systems S3 (UAE) and S4 (BW) and also somewhat better than System S5 (C).



The reason for the better performance of S1 (PEF) and S2 (MAE) over S5 (C) is further analyzed in Tables S12–S15, provided in the Supplementary section, where the process contribution for the production of 1000 * FU (1 Kg polyphenols) of System S5 (C) with and without sensitivity analysis, S1 (PEF) with sensitivity analysis, and S2 (MAE) with sensitivity analysis is presented for the study of single scores (endpoint). The main contributions presented in Tables S12–S15 are due to Moringa oleifera leaves and electricity and its origin (electrical grid vs. photovoltaic). For clarity, the summarized Pt units and their main contributions from Tables S12–S15 are presented in the following table (Table 3).



Based on the data presented in Table 3, it becomes evident that replacing the electricity source with photovoltaic arcs reduces the overall environmental impact score (eco-index Pt) for S5 (C) from 57.255323 to 32.986533 (26.461639 vs. 2.192848 for electric energy). In addition, the overall scores of System S1 (PEF) with sensitivity analysis and S2 (MAE) with sensitivity analysis appear lower than that of S5 (C) with sensitivity analysis. In particular, the overall scores were 26.718349, 26.718349, and 32.986533, respectively. This result is justified by the lower electricity consumption and the lower utilization of Moringa oleifera leaves in PEF (19.211269 g) and MAE (21.127833 g) compared with C (27.883349 g) for the production of one FU. That is, the S1 (PEF) and S2 (MAE) systems produce one FU more efficient (in terms of mass) and friendlier (in terms of environmental criteria) than S5 (C) (and thus the S2 (UAE) and S4 (BW) systems). The S1 (PEF) and S2 (MAE) systems have very similar overall performance (26.718349 and 26.818446, respectively) and prove that for the specific application (such as the extraction of polyphenols from Moringa oleifera leaves), the “green” electroporation and microwave technologies are more environmentally friendly than the conventional ones (static Maceration, Boiling Water) but also the alternative “green” technique with ultrasound.





4. Conclusions and Recommendations


From this cradle-to-gate Environmental Impact Assessment study, it is concluded that for the application in question (extraction of polyphenols from Moringa oleifera leaves), the extraction techniques PEF (electroporation) and MAE (microwave radiation) show a better environmental score than the techniques of static Maceration, Boiling Water, and UAE (ultrasound). The main parameters contributing to the environmental impact were Moringa oleifera leaves and the amount and origin of electricity used to make 1 FU (or 1000 * FU). The better performance of these two techniques is due to the more efficient extraction with reduced electricity consumption, which can become even more environmentally friendly if replaced with renewable sources such as photovoltaic arcs.



In order to assess the full life cycle impact of any product, a cradle-to-grave LCA is required, including, by definition, the upstream processes, downstream manufacturing, use stage, recycling, and end-of-life processes. In addition, scaling up to a semi- or full-production scale can reveal more aspects of the analysis that might not be trivial. Thus, it is recommended that such unique studies will continue to challenge the scientific community toward a better, greener, and friendlier environmental future.



Finally, one can invert the typical input–output direction for food-related LCA research, particularly for food components such as polyphenols that are health-beneficial. Consuming food serves many different purposes, including giving the body the energy it needs and providing other nutrients that are good for health. A balanced diet that quantifies the food items and their sources is necessary for a healthy body. Therefore, a choice of the Functional Unit for studies on food goods in the future might be the balanced diet that aids in stabilizing the production, distribution, and consumption of foods, thereby improving food security and lowering health risks.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/su15032328/s1, Table S1: LCI of 1 g Moringa oleifera leaves production (8% moisture); Table S2: LCI for the PEF (S1) extractor used; Table S3: LCI for the Microwave (S2) extractor used; Table S4: LCI for the Ultrasound (S3) extractor used; Table S5: LCI for the Boiling Water (S4) extractor used; Table S6: LCI for the Control (S5) extractor used; Table S7: LCI for the production of 1 g of polyphenols using PEF (S1); Table S8: LCI for the production of 1 g of polyphenols using Microwave (S2); Table S9: LCI for the production of 1 g of polyphenols using Ultrasound (S3); Table S10: LCI for the production of 1 g of polyphenols using Boiling Water (S4); Table S11: LCI for the production of 1 g of polyphenols using Maceration - Control (S5); Table S12: Process contribution for the system S5 (C) without sensitivity analysis; Table S13: Process contribution for the system S5 (C) with sensitivity analysis; Table S14: Process contribution for the system S1 (PEF) with sensitivity analysis; Table S15: Process contribution for the system S2 (MAE) with sensitivity analysis; Figure S1: Data model for system S2 (MAE) from SimaPro (ecoinvent) Release 9.0.0.30, PRé Sustainability B.V. software; Figure S2: Environmental impact data of the FU manufactured for the system S2 (MAE); Figure S3: Normalized environmental impact data of the FU manufactured for the system S2 (MAE); Figure S4: Data model for system S3 (UAE) from SimaPro (ecoinvent) Release 9.0.0.30, PRé Sustainability B.V. software; Figure S5: Environmental impact data of the FU manufacture for the system S3 (UAE); Figure S6: Normalized environmental impact data of the FU manufactured for the system S3 (UAE); Figure S7: Data model for system S4 (BW) from SimaPro (ecoinvent) Release 9.0.0.30, PRé Sustainability B.V. software; Figure S8: Environmental impact data of the FU manufacture for the system S4 (BW); Figure S9: Normalized environmental impact data of the FU manufactured for the system S4 (BW); Figure S10: Data model for system S5 (C) from SimaPro (ecoinvent) Release 9.0.0.30, PRé Sustainability B.V. software; Figure S11: Environmental impact data of the FU manufacture for the system S5 (C); Figure S12: Normalized environmental impact data of the FU manufactured for the system S5 (C).
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Figure 1. General schematic structure of Life Cycle Assessment (LCA) according to ISO 14040:2006 [18] and 14044:2006 [29]. 
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Figure 2. System boundaries (S1–5) and 1 Functional Unit (FU) production flow diagram for this cradle-to-gate study (where DMPM stands for dry ground Moringa oleifera leaves with 8% moisture content). Inputs (energy and mass): DMPM, electric equipment, transportation units, electrical energy, water, auxiliary equipment and materials. Outputs (waste and emissions): polyphenols (FU) product, water (co-derivative), waste (water and spent leaves), thermal energy. 
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Figure 3. Data model for System S1 (PEF) from SimaPro (ecoinvent) Release 9.0.0.30, PRé Sustainability B.V. software. 
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Figure 4. Environmental impact data of the manufactured FU for System S1 (PEF). 
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Figure 5. Normalized environmental impact data of the manufactured FU for System S1 (PEF). Plot (A) for values greater than 5 and plot (B) for values less than 5. 
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Figure 6. Comparison of the environmental performance of 5 systems (processes) using Greece’s electrical grid. The comparison method utilized is the ReCiPe 2016 endpoint (H) V1.03/world (2010) H/A/single score method. 
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Figure 7. Comparison of the environmental performance of the 5 systems (processes) using photovoltaic energy (sensitivity analysis). The comparison method utilized is the ReCiPe 2016 endpoint (H) V1.03/world (2010) H/A/single score method. 






Figure 7. Comparison of the environmental performance of the 5 systems (processes) using photovoltaic energy (sensitivity analysis). The comparison method utilized is the ReCiPe 2016 endpoint (H) V1.03/world (2010) H/A/single score method.



[image: Sustainability 15 02328 g007]







[image: Table] 





Table 1. Reference flow for Systems 1–5 for 1 FU (1 g) from Moringa oleifera leaves 8% moisture.
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	System Number
	S1
	S2
	S3
	S4
	S5





	Targeted polyphenol extraction (g)
	1.00
	1.00
	1.00
	1.00
	1.00



	Used Moringa oleifera leaves per extraction cycle (g)
	1.25
	1.25
	1.25
	1.25
	1.25



	Yielded mass of polyphenols per extraction cycle (g)
	0.046
	0.042
	0.033
	0.036
	0.032



	Number of extraction cycles needed
	21.60
	23.75
	29.94
	27.55
	31.35



	Total mass of Moringa oleifera leaves (g)
	27.00
	29.70
	37.43
	34.44
	39.18



	H2O needs as solvent per extraction cycle (g)
	34.70
	38.50
	35.50
	40.40
	34.60



	Total mass of H2O (g)
	751.62
	914.49
	1062.87
	1112.95
	1084.64
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Table 2. Process duration and temperature logged data for Systems 1–5 and 1 FU (1 g) of Moringa oleifera leaves 8% moisture. The temperature at which the extraction started was ambient (25 °C).
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	S1
	S2
	S3
	S4
	S5





	Extraction duration (min)
	40
	2
	15
	2
	40



	Temperature start (°C)
	25
	25
	25
	100
	25



	Temperature end (°C)
	25
	80
	36
	88
	25



	ΔT (°C)
	0
	55
	11
	12
	0
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Table 3. Summarized Pt units and their main contributions.
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	Total Pt
	Electrical Grid (Pt)
	Photovoltaic (Pt)
	Moringa oleifera Leaves (DMPM)





	S5-Control (no sensitivity analysis)
	57.255323
	26.461639
	–
	27.883349



	S5-Control (with sensitivity analysis)
	32.986533
	–
	2.192848
	27.883349



	S1-PEF (with sensitivity analysis)
	26.718349
	–
	3.316455
	19.211269



	S2-Microwave (with sensitivity analysis)
	26.818446
	–
	2.931145
	21.127833
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