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Abstract

:

The energy market is diversifying, allowing for the development of biofuels that seek to reduce environmental impact and be energetically competitive with conventional fuels. One of the aforementioned biofuels is the biodiesel that is produced from the oil extracted from the seeds of Jatropha curcas L. This research uses life cycle analysis (LCA) tool to analyze the following environmental impacts associated with its production: energy, water footprint, carbon footprint, mineral resource depletion, fossil resource depletion, terrestrial ecotoxicity, and human toxicity. The following stages were evaluated: (i) cultivation, (ii) the extraction of oil, and (iii) the biodiesel manufacturing process. The results showed that the overall process has an accumulated energy demand of 37.9 MJ/kg biodiesel, and generates 2.16 kg CO2 eq. of greenhouse gases (GHG) per kg of biofuel. The cultivation stage had the greatest contribution towards its energy and carbon footprints, taking up 45% and 60%, respectively. However, considering the energy valorization of the coproducts that are generated in the agricultural and extraction stages for self-consumption into the product system, both categories of impact mentioned above were reduced by 35% and 41%, respectively.
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1. Introduction


Diesel is a fuel that is derived from petroleum and has important applications in internal combustion engines; its main demand is predominantly in the agricultural sector, commercial transport, maritime transport, and industry, among others [1]. The residual products from the consumption of fossil fuels and other sources generate pollutants that are released into the atmosphere; some of these that are worth mentioning are: carbon oxides, nitrogen, sulfur, metallic compounds, suspended particles, and ashes [2]. In particular, carbon dioxide (CO2) emissions contribute to 92% of the total emissions generated worldwide in energy production. This represents more than one third of transport emissions; automotive vehicles make up 67% of the total gases in this figure [3].



It is worth mentioning that according to the literature consulted, some authors pointed out that regarding the biodegradation of diesel/biodiesel blends over petroleum diesel, the only advantage is a lower initial load of petroleum hydrocarbons in case of a spill [4]. Nevertheless, due to the increase in the price of hydrocarbons and considering them a non-renewable resource, biofuels emerge as an alternative energy source, and these contribute to mitigating global warming thanks to a reduction of CO2 emissions [5,6].



With the development of biofuels, certain characteristics in their origin and production were identified and classified into three groups [7]:




	
First generation. Agricultural origin, made up of plants with a high starch, sugar, and oil content (corn, sugar cane, sorghum, soy, among others). Animal fats and spent oils are also used, as well as organic solid waste.



	
Second generation. Produced from agricultural, forestry, and agroindustrial wastes, as well as forage grasses of high biomass production in addition to raw materials that are not used for food, and are cultivated on non-agricultural or marginal lands. Examples of these are sugarcane bagasse, corn stubble, Jatropha curcas seeds, among others. Through second-generation processes, ethanol, methanol, synthesis gas, and biodiesel are manufactured.



	
Third generation. These are rapid-growth non-food plants with high energy density in their chemical components; they are also called “energy crops”. Examples of these are the perennial grasses and green algae.








This study will focus on the Jatropha (Jatropha curcas L.) plant as a second-generation crop, which stands out because of the oil that can be extracted; its content is around 30%. This crop has some benefits: it can reforest degraded soils, it controls erosion, and it is resistant to drought, so it represents an option for diversifying agricultural systems. Although, as with any other intensive crop, good agricultural practices are necessary to obtain better yields, such as the use of technological components, as well as periodic pruning and the application of agrochemicals [8,9,10,11]. Comparing the biodiesel production from other plants such as palm oil against Jatropha curcas, the first one can generate 23.44% and Jatropha can generate 51.78%, which is almost double the yield. In addition to that, the total environmental impact is lower for Jatropha curcas than for palm oil [12]. Regarding the life-cycle carbon footprint, Jatropha biodiesel is approximately 25% better compared to petroleum diesel fuel [13], and other studies indicate than Jatropha oil is a good alternative to generate electricity and reduce the use of diesel [14].



Although there are varieties of Jatropha that are considered toxic, due to the presence of alkaloids known as phorbol esters inside the seeds, there are varieties of this plant in Mexico that are non-toxic; the inhabitants of central and southeastern regions even consume their grains [9], and the Jatropha plantations are seen as positive for sustainability, because inhabitants that cultivate these plants are improving their income [15].



Due to the high oil content in its seeds, Jatropha is a good prospect for the production of biodiesel [16,17]. Nonetheless, this requires its evaluation as a sustainable process in comparison with other biofuel options that already exist in the large-scale market, as well as others in the experimental phase.



Some tools have been developed, such as material flow tracking or environmental impact audits, to understand the repercussions that are associated with the production chain of biodiesel. The tool that evaluates the global system through inputs, outputs, and potential environmental impacts is life cycle assessment (LCA), with the advantage that the results obtained can be compared with those of conventional fuels such as diesel or other biofuels [18,19].



Different studies have been carried out in the LCA literature on biodiesel using Jatropha seeds as an oleaginous source or another energy crop. The influence of production systems is analyzed [11], or the process itself is studied by evaluating different catalysts in transesterification and its impact on human health and the ecosystem [20].



However, Jatropha is considered an emergent commercial crop, and there is not enough information about cultivation and production cost [21]. There have been a great number of LCAs for Jatropha curcas, some of them not including land-use change (LUC); other studies found that LUC can be more useful in determining the carbon balance [22]. So, in order to expand known information about Jatropha with the LCA results obtained in this research, its energy flows were evaluated in order to determine their efficiency versus the usable energy from the biofuel, as well as how to affect the synergy of the waste-generated valorization in the energy supply of the product of the overall system. Therefore, the objective of this research was the analysis of the impact associated with cultivation, the extraction of oil, and the production process of biodiesel from oil obtained from Jatropha seeds.




2. Materials and Methods


The methodology used in this life cycle analysis study was based on ISO 14040 and ISO 14044 standards, as well as the Mexican equivalent NMX-SAA-14044-IMNC-2008, referring to environmental management—life cycle analysis assessment—requirements and guidelines [18,19,23], as well as references given by Guinee [24], and the guide from the United States Environmental Protection Agency (USEPA) [25]. The description of the methodology was based on similar research [26,27,28] through an attributional analysis framework, and contemplates the following phases: (i) initial phase, (ii) life cycle inventory (LCI), (iii) life cycle impact assessment (LCIA), and (iv) life cycle interpretation (Figure 1).



2.1. LCA for Biodiesel Production


2.1.1. Initial Phase


The scope of this study was to: quantify the carbon, energy, and water footprint associated with the supply chain of biodiesel from Jatropha curcas L. through LCA, perform a sensitivity analysis by proposing three case studies, and compare the results with other LCA studies on biodiesel production from Jatropha and others feedstocks.



The functional unit (FU) was defined as 1 kg of biodiesel. The system function was set as the production of biodiesel at the gate of the plant. The use and end-of-life of the product were not included. Due to the experimental limitations and scarce local information on the use of biofuel in motor vehicles in the study area, as specified below, it was omitted to include the use and end-of-life stage, which could have caused impressions by excessive assumptions.



The boundaries for the product system were based on a cradle-to-gate principle, according to the following criteria:



The LCI was compiled and quantified taking into account the following stages: (i) cultivation, (ii) oil extraction, and (iii) the biodiesel production process (Figure 2). Within each stage, the capital goods of the main equipment, machinery, and facilities were considered. The unit processes were specified as much as possible; thus, loading allocations were avoided in most cases. Where the allocation was used, the energy or economic causality was chosen according to the functionality of the system; allocation by mass in the present LCA was avoided.



This study was focused on data provided by fieldwork collection, experimental experiences at the pilot level, both at the cultivation and processing stages, as well as providers in the case of machinery and equipment for capital goods. In cases where there was no information from the sources cited above, specialized local literature was used, and where appropriate, international literature was used, in that order. When one data was not available due to lack of fieldwork information, specialized databases such as Ecoinvent [29] were used. The geographical situation of the information, as mentioned above, prioritized local and national data. The fieldwork database temporality corresponded to the last two years, while the literature database were considered from the last 10 years. The allocation procedures for multiple streams, coproducts, and products, as per the ISO 14044 (2006), were applied in this study. In this case, allocation was based on the energy and economic causalities for each production stream, including intermediate flows. However, allocation was avoided in most cases by extending and specifying the unit processes in the subprocesses as far as possible.



Regarding the LCIA, the environmental and productive implications of the selected product system are: (i) energy sustainability, (ii) the impact on mitigating climate change, and (iii) water supply in the agricultural stage. In order to make an estimate of point (i), the energy footprint as a single score indicator was selected. The energy balances that were accounted for by the main and collateral processes, and complemented by the ratio of the total energy supplied versus the biofuel potential energy, are a good primary parameter for a biodiesel such as oil from Jatropha curcas, of which there are not local intensive production plants. This is one of the strengths of the current LCA. The lack of information on large-scale production plants was remedied by the simulation of this process in conditions similar to a real industrial plant with the use of Aspen Plus (v.9) software.



As to point (ii), the momentum of the new biofuels globally has its origin mainly in the framework agreements for the mitigation of climate change; therefore, the carbon footprint was selected as an impact category, and was complemented, contrasting its magnitude with others biodiesel feedstocks. Point (iii), the implication of a second-generation biofuel that requires semi-intensive to intensive cultivation, has associated bulky inventories of consumption in the agricultural phase. Many of them are linked to energy balances, but one of the inputs that increasingly presents more environmental stress is the water supply. For any product or service, water supply is related to the direct competition between the assurance of water supply for direct human consumption and indirect consumption via agriculture and industry. Therefore, it is important to know and recognize water consumption tracking, through the water footprint, for any energy bioculture, such as Jatropha curcas.



The environmental categories evaluated are described in Table 1. To complete the LCIA, additional impact categories were included that contributed to reinforcing the results analysis, although they were not the focus of evaluation for the present study. SimaPro® (v.8.5; PRé Consultants B.V.-The Netherlands) was the software tool that was used as an interface between the LCI and LCIA.




2.1.2. System Description


This research consists of the analysis of matter and energy in the production process. This starts at the obtainment of raw materials and goes on to the production of the biodiesel; this process isn’t limited to the obtainment of the seeds, but also entails oil extraction, as well as the production process for the biodiesel itself. This last stage is analyzed through a simulation of the process using Aspen Plus V9 software. In addition to that, a transport of internal input for the whole process has been contemplated, coming to a generalized total distance of displacement starting from the cultivation stage to extraction 50 km away. The stages analyzed are described below.




2.1.3. Cultivation


We considered input in the selection of the mother plant and the manual collection of seeds in addition to the germination stage, which leads to seedlings, as well as preparation of the cultivation area without considering the use of a tractor. The irrigation used was mixed seasonal rainfall as well as a sprinkler system to maintain conditions greater than 1200 mm per year. This system includes the energy consumption of a 1-HP pump for each hectare of crops, as well as its irrigation inputs. There is also the use of chemical fertilizers to maintain favorable conditions for the development of the plant (nitrogen, phosphorus, and potassium), and their losses in the cultivation area [10,32]. There is the use of pesticides as well, but only for the control of pests that have an economic impact on the crop applying Malathion 1000® for control [33]. In addition, input transportation was included, considering a 50-km route in a vehicle with a three-ton capacity.



Once the fruit was harvested, a team was used to remove the seeds based on the input required by a conventional coffee pulper [34]. The yield envisaged is 6000 kg of seeds per hectare, considering the crop having had stable production [10,35,36] with an oil content of 40% [37,38,39].




2.1.4. Oil Extraction


Once the seeds have been separated, they are fed to the mechanical extraction press [40], which has a heating system by means of an endless screw. In addition, it also has a filter that separates the oil particles from the residual cake. The extraction efficiency presented by the manufacturer, which is 94%, was considered. It is worth mentioning that transportation from the cultivation area to the area where the processing of the seeds occurs is taken into account at this stage. Since there is no specialized equipment for commercially processing Jatropha fruits, only prototypes have been developed [41,42].




2.1.5. Production Process


The transport of raw materials was not contemplated. It was stated that the extraction of oil and the production of biodiesel were in the same geographical space; therefore, there was no oil transport. In this stage, a simulation was performed with Aspen Plus V9 (Figure 3); the operating conditions in the production line are based on the literature [20] and on the models proposed by the software [43], using the method in the simulation denominated UNIF-DMD (Dortmund-modified UNIFAC- Functional-group Activity Coefficients). Feeding flows, equipment, and supplies were adapted to the conditions of the study. The equipment used was considered in accordance with energy and mass requirements modeled by the software, and they are adjusted to the equipment offer in the market. The use of a boiler was taken into account for steam generation, which was used to provide energy to the process system; the fuel used for this equipment was liquid propane gas. For the pumping system, the use of three 1-HP pumps was considered within the process.



The transesterification reaction is carried out in a stainless steel reactor for the production process (R304), the input used was methanol and sodium hydroxide (NaOH) in an aqueous solution, the proposed ratio for methanol feed was considered [44], the temperature of the reaction was 60 °C [45], and the composition of the fatty acids present in the oil was oleic acid (38.9%), linoleic acid (10.6%), myristic acid (10%), and palmitic acid (43%) [46,47,48,49].



The solution then goes to a stainless steel distiller (D305) to remove the methanol that did not react through a vacuum system that takes advantage of the outlet temperature of the equipment, and the methanol obtained was recirculated to the system (F115). The product obtained was then pumped out to the wash tower where the oil was removed, along with the input that was not converted into the reaction. The resulting flow (F105) contained mainly water and biodiesel; it was later purified (D309), resulting in a 99.4% biodiesel, and the recirculation system was considered to reintegrate the unreacted oil into the process (F110). In addition, it was also considered to have the ability to obtain glycerol, which was mixed with phosphoric acid, to neutralize the NaOH. The solution was filtered and subsequently distilled to remove water and methanol residues, leading to glycerol obtained at 99.45%.





2.2. Life Cycle Inventory (LCI)


The LCI for this study considered the most important aspects of the three stages evaluated according to the criteria of (i) variability in literature, as well as (ii) the particular performance specified for the equipment. These summarized values are shown in Table 2.



To evaluate the overall energy efficiency of the biodiesel production, Equation (1) was used based on Giraldi and Bruinsma [26,50]:


   η c  =    E B    C E D    



(1)




where, ηc is the overall efficiency of the biodiesel production system. EB is the energy from the produced biofuel, which was calculated with the lower heating value (LHV) of 40 MJ kg−1 [48,51]. CED is the cumulative energy demand from the production life cycle, this includes the whole of the energy supplied to the upstream process until obtaining 1 kg of biodiesel.





3. Results and Discussion


Table 3 shows the environmental impact obtained from the evaluation of the global production chain of biodiesel, as well as the stages integrating the process.



The results showed that all of the accumulated energy demand is 37.86 MJ; this value represents the amount of energy required to produce a kilogram of biodiesel. Applying Equation (1), a value of 1.056 was obtained; this result is greater than one, according to the criteria of energy evaluation. It indicates that the biodiesel from Jatropha is an energetically viable substitute that requires less energy from its life cycle production in contrast to that which it can potentially provide from its combustion. Furthermore, it does not contribute to greenhouse gas inventories from its combustion by itself, and it is considered a renewable fuel [52].



3.1. Comparison of the Contribution of Environmental Loads by Process Stage


It can be seen conclusively in Figure 4 (and Table 3) that most of the environmental impacts evaluated were within the agricultural phase, in accordance with that shown in the literature [28,44,53]. Much of this was related to the high inputs required for sustained intensive production, such as agrochemicals and the irrigation required to obtain high yield rates. However, there are other results that were consulted in the literature that showed the agricultural stage as the phase less environmental burdens [50,54]. Variations in the impacts obtained are mainly due to the different limits of the product system that each study establishes, as well as to cultivation yields, the oil content in seeds, the inputs considered, and the inclusion or not of capital goods, which are particular to each study; these parameters are subject to the changes that affect the overall product system.



Jatropha curcas has been considered a non-edible plant; therefore, it does not compete directly with the foodstuffs of first necessity, and could be eligible as a feedstock to produce biodiesel [55]. The controversy focuses on the positive reports of the cultivation of Jatropha curcas on marginal, degraded, semi-productive, and unproductive lands, which is true with modest results in yields, or for its implementation to small producers. The situation changes, as for any high-yield crop, the associated environmental impacts increase when its production is industrialized. The greatest contrast has been focused on the damage to biodiversity and the LUC; however, these parameters are not considered in the present study due to the limited local information available, even though the results presented in the literature are not conclusive [56,57,58,59,60,61]. While acceptable rates of carbon sequestration have been reported in the cultivation of Jatropha curcas, degradation due to the deforestation of non-crop zones and with strong vegetal cover have also been reported [62].



In general, the agricultural phase showed, in most of the impact categories, the highest values with respect to the other phases. The greater share was observed in water depletion, with more than 81%, or 77% shown in human toxicity. Only in the categories of cumulative energy demand and fossil depletion were magnitudes proportional to those observed in the biodiesel processing stage. The oil extraction stage was shown as the phase with the lowest environmental impact in all of the categories studied; it only has certain relevance in the metal depletion category, due to the capital goods included, such as machinery and equipment.



The different subprocesses that contribute to each stage in terms of the carbon and energy footprint are shown in Figure 5. In the agricultural phase, the processes that contributed the most, totaling more than 90%, were the agrochemicals consumption and the energy supplied for irrigation. Both concepts are directly related to crop intensity and increasing the productivity of the Jatropha curcas’ culture [63,64,65].



In the oil extraction stage, a strong dependence of the transport from the production zones to the processing place of the seed was obtained. Initially, 50 km were considered, which represented more than 70% of the share in both categories of impact. This implies the need for any large-scale planning of the biodiesel under study to be properly managed at the Jatropha curcas processing sites, not only with regard to the biofuel, but also to any added value derived from its industrialization [66]. In the stage of obtaining biodiesel, the supply of inputs showed the greatest environmental impacts, followed by energy consumption. The environmental impacts caused by transesterification are relevant in the biodiesel manufacturing process due to the methanol consumption. It should be noted that here, there was a decrease in impacts when the added value of the glycerin byproduct was considered.




3.2. Sensitivity of the Product System


Sensitivity analysis was carried out based on two approaches, which have increases or decreases of 1%, 10%, 15%, and 25% of the base value in order to obtain a response from the system to such changes. In the first option, the influence of transportation on the system was analyzed, particularly (i) its influence on the consumption of materials and supplies for the cultivation stage, as well as (ii) the transportation of seeds from this stage to extraction; the results of this last analysis are shown in Figure 6. For the case of the transport of inputs to the cultivation area, the increase or decrease in the distance traveled proposed does not affect the final impacts of the heat chain, since it did not reflect changes in the results, and a constant value was always found.



Variations of intermediate transport (Figure 6) show an increase of 25% with respect to the base value, and an increase in environmental loads; 11% in the depletion of abiotic resources and 3.65% in energy footprint. Both of the results were lower than the increase in sensitivity itself. Although there were certainly significant repercussions in the associated impact, transport should be considered as an operation that invariably reduces the possible benefits of biodiesel. On the other hand, the results were contrary to those shown by other authors [9] where the impacts generated by transport were mainly due to the inputs used in the cultivation area.



The second approach analyzes the content present in the seeds due to the dependence of biofuel on the availability of this raw material, because there are some investigations that report ranges from 59% to 27% [67,68]. The system’s behavior according to this variable is observed in Figure 7.



The evaluation of the 25% decrease in oil as a sensitivity variable implies that the oil content of the seed would decrease from 40% to 30% in mass fraction, generating a considerable increase in impact (Figure 7), such as the case of the carbon footprint with an elevation of 21%, while the energy footprint is increased by 15%. This implies that at higher fruit yields, the global greenhouse gas (GHG) emissions of the product system are favorable, that is, making the system an intensive crop, in accordance with what is reported in the literature [69]. These variations affect the energy efficiency of the entire system, because they impact the supply of Jatropha seeds, increasing the demand from 2.65 kg to 3.33 kg of seeds to obtain one kg of oil. Consequently, the energy required for the production of biodiesel turns out to be greater than what is produced by the biofuel itself. Therefore, to improve the energy use for plantations with low oil yield and obtain a biofuel with a positive energy balance, it is necessary to consider the creation of synergies within the product system itself that provide a certain degree of sustainability, such as the use of agricultural waste [65,70].



In order to complement the sensitivity analysis, three alternative cases of study were proposed, where certain adjustments or changes of variables were made to observe their repercussion on the global impacts of the product system.



Case 1. The NaOH catalyst was replaced by potassium hydroxide (KOH) [17] in order to analyze the behavior of the system in the face of changes in the use of this input within the process stage, and corroborate the sensitivity of the production process in the presence of another catalyst.



Case 2. The use of coproducts from the agricultural stage and extraction is considered. The husk is used for the generation of compost and the crop’s fertilization, and with it, the partial substitution of chemical products [65,71]. The energetic characteristics of the defatted paste (cake) obtained after mechanical extraction were also contemplated because of its heat capacity of 2651 kcal kg−1 [72]. This is why it was proposed as fuel for the boiler system that feeds the steam that is necessary to the production process; this replaces the use of the liquefied petroleum gas that is used in the base case [73].



Case 3. The residual oil in the cake that is generated as a coproduct of the pressing is recovered by hexane [72], since in the base case, only 94% extraction is contemplated, and the rest is considered waste.



Table 4 shows the results of the three cases proposed; the values correspond to the percentage proportions with respect to the base case. It is appreciated that case two improved the base case approach, while case three was the least favorable; below, the relevant aspects of these results are discussed. In case 1, the catalyst change has a limited effect on the quantized associated impacts. As expected, there were only marginal changes in the categories related to the processing of abiotic inputs, which are those directly related to the KOH manufacture. In this sense, it can be stated that as long as there are no significant changes that improve the yields obtained with KOH, with respect to NaOH, there is no conclusive reason, in relation to the impacts analyzed, for a change recommendation. In addition, it has been reported that NaOH showed better results in conventional transesterification processes [74]. Case 2 turned out to have a greater energy efficiency and encouraged a sustainable synergy of the process itself. This demonstrated that the use of coproducts and their reintegration into the system generated a decrease in the impact associated with the entire production chain [70]. A considerable decrease with respect to the base case was also noticed, although the distribution of the impact is proportional in both cases.



In case 3, about 99% of the total fatty acids contained in the seeds are obtained, but the treatment for recovery increases the energy supplied by 116% with respect to the base case, causing the energy balance of the entire chain of value to demand more energy than the biofuel itself can provide. In addition, one more kilogram of CO2 eq. is generated with respect to the base case. Therefore, chemical extraction for the conditions raised in this investigation is not favorable, because the amount of oil left in the press waste is very low, and the process for recovery is energetically demanding; as a consequence, the associated environmental impacts increase.



Water consumption (Figure 8) in the evaluated cases is attributed mainly to the cultivation stage; therefore, irrigation is one of the most relevant aspects for the generation of this biofuel, and it is essential to maintain a high production in the cultivation stage [63,69]. If agricultural production decreases, more plants will be needed to create the proper seed supply; therefore, the consumption of agricultural inputs will have an increase in the environmental impact produced by the manufacture of biofuel. On the other hand, the recovery scenario for the cake oil (case 3) showed discordance in the distribution of impacts with respect to the other cases. Now, the extraction stage is what causes most of the impacts of energetic and carbon footprint, leading to conclude that oil recovery according to established characteristics is not energetically recommendable.



Figure 9 shows the carbon footprint of the production of fossil diesel and biodiesel produced from oil extracted from soybeans, algae, and palm seed in the base case analyzed in the research, and the three alternative scenarios.



The comparison between different feedstocks for the biodiesel production generally showed better results compared with conventional diesel. However, the variability of results involves methodological aspects as well as those from the feedstock’s own characteristics. In the first case, the own versatility of frontiers allowed by the LCA methodology permits the inclusion or rejection of the process inside the production chain, which is clearly inside the results shown. It can be considered that most of the results under consideration included the basic processes for the production, both of the feedstocks and of their processing in the well-to-tank mode. The information analysis was focused on the following topics: (i) integrate the rotation from marginal to intensive agricultural production, (ii) include land-use change and the magnitude of its impact, (iii) consider capital goods, and (iv) incorporate the parameters that reflect the possible impact on the ecosystem; to quote the most important. This type of aggregate to the impact evaluation tends to modify the results significantly, so it was necessary to show the variability of the results.



The impact generated for the production of diesel is exceeded by more than one kg of CO2eq. with respect to the average value of carbon footprint from palm oil biodiesel, whose magnitude is the highest of the biofuels, the same difference in magnitude as for the average shown by the Jatropha curcas of the current study (Figure 9). The base case showed a high behavior in comparison to the other bioenergetics, but in the analysis of the behavior of case 2, the result changes, and it is positioned as the lowest impact after the biodiesel obtained from algae. This corroborates that the particular characteristics of this case decrease the environmental impacts. Through the synergies in coproducts, the impacts are distributed, thus minimizing the environmental charges on the final product. However, even if only biodiesel production is considered, without a distinction of what original raw material is used, the total environmental impact of production is still lower than that of diesel.



Consequently, the decrease in the oil content of the Jatropha seeds generates an increase in the carbon footprint from 2.15 kg CO2 eq. to 2.68 kg CO2 eq. However, this increase turns out to be less than the one produced by conventional fuel, so even with this increase, it continues to be a viable alternative for the mitigation of the impact produced by conventional fuel.





4. Conclusions


The energy use of Jatropha curcas proved to be competitive compared with other biofuels, despite it having the same problems as other similar bioenergetic raw materials. Although it is known that Jatropha cultivation can be done in unproductive soils with modest yields, it was demonstrated how the system responds to increasing GHG emissions by decreasing seed oil yields of up to 30% (Figure 7). This implies that for its remittance to an intensive crop, it requires inputs such as commercial agrochemicals, and the supply of irrigation water in areas with limited rainfall, which means an increase in the energy supplied. These additional flows transform into a significant upswing in their associated environmental impacts, and their overall energy efficiency is reduced.



Its opportunity as a sustainable energy source lies in closing its cradle-to-cradle life cycle, that is, by reusing (waste-to-energy) its residual biomaterial flows produced in the different stages of the product system (case study 2). In such cases, reductions of 35% to 60% could be obtained in the different evaluated impacts. Derived from the LCI conformation, a great potential was observed in the large amount of woody biomass generated by the constant pruning that is necessary to increase crop yields. This biomass must enter into an energy synergy such that the system becomes an exporter of energy surplus beyond biofuel itself, without omitting the socioeconomic implications that would be had for budding producers within the public policies of fiscal incentives that encourage their perennial development.



These synergies should consider reducing the distances from the different areas of feedstocks supply to the secondary transformation processes, since transport processes can quickly reduce the energy performance of the product system, as was shown in the results of both processing stages in the presented sensitivity analysis.
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Figure 1. Procedure for the development of life cycle assessment (LCA). Source: self-elaboration based on prior methodology [18,19,26]. 
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Figure 2. Stages of the biofuel production process. 
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Figure 3. Diagram of the biofuel production process. Source: Own elaboration based on Kaewcharoensombat and Zhang [20,43]. 
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Figure 4. Environmental impact from biofuel production system stages. 
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Figure 5. Share of energy and carbon footprint by substages from the biofuel production system. 
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Figure 6. Behavior of transport from the agricultural stage to the processing area. 
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Figure 7. Variation in the oil content of seeds and their influence on the environmental impact of the biodiesel production chain of Jatropha. 






Figure 7. Variation in the oil content of seeds and their influence on the environmental impact of the biodiesel production chain of Jatropha.



[image: Sustainability 10 01451 g007]







[image: Sustainability 10 01451 g008 550] 





Figure 8. Impacts associated with the stages of the base case production chain and cases with alternative scenarios. 
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Figure 9. Carbon footprint of diesel and biodiesel production from varied feedstocks. Source: Adapted from Gracia, Bruinsma, Iriarte, Hagman, Vasquez, Buitrago, Panichelli, Lechón y Hou [44,50,75,76,77,78,79,80,81]. 
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Table 1. Environmental impacts evaluated in the LCA.
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	Impact Categories
	Description





	Carbon footprint
	Characterization factor of climate change, it is the potential for global warming. Unit: kg CO2 equivalent.



	Energy footprint
	Its objective is to evaluate energy use throughout life cycles; this includes direct and indirect uses. In addition, it is presented to show the total removal of exergy from nature to provide a product, adding up the exergy of all of the required resources. Unit: MJ eq.



	Water footprint
	It refers to the amount of fresh water consumed by the process or product analyzed. Unit: m3.



	Abiotic resource depletion
	It is related to the extraction of minerals. The abiotic depletion factor is determined for each mineral extraction according to concentration reserves and decoupling rates. Unit: kg Fe equivalent.



	Terrestrial ecotoxicity
	It refers to the impact of toxic substances on terrestrial ecosystems, as a result of emissions of toxic substances into air, water, and soil. Units: Use of reference unit, kg 1,4-dichlorobenzene (1,4-DB) equivalent.



	Human toxicity
	It states the effect of toxic substances in the human environment. Health risks of occupational exposure at work are not included. Unit: kg 1.4 DB equivalent.



	Fossil depletion
	It refers to the amount of fossil fuel extracted, based on the fuel’s lowest heating value. Unit: kg oil equivalent (1 kg of oil equivalent has a lower heating value of 42 MJ).







Source: Adapted from Giraldi, Martínez and Goedkoop [26,30,31].
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Table 2. Summary of inputs used in cultivation, the extraction of oil, and processing to obtain 1 kg of biodiesel from Jatropha curcas L.
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Stage

	
Material

	
Amount Used

	
Unit






	
Cultivation

	

	

	




	

	
Water

	
5.65 × 103

	
kg




	

	
Fertilizers

	




	

	
Nitrogen (N)

	
3.10 × 10−2

	
kg




	

	
Phosphorous (P)

	
7.03 × 10−3

	
kg




	

	
Potassium (K)

	
4.31 × 10−2

	
kg




	

	
Pesticides

	
1.43 × 10−5

	
kg




	

	
Material transportation

	
4.88 × 10−3

	
Ton Km




	

	
Electric power

	
2.31 × 10−1

	
kWh




	

	
Jatropha seeds

	
2.66 × 100

	
kg




	
Oil extraction

	

	

	




	

	
Seed transportation

	
1.33 × 10−1

	
Ton Km




	

	
Electric power

	
1.06 × 10−1

	
kWh




	

	
Jatropha oil

	
9.23 × 10−1

	
kg




	
Process

	

	

	




	

	
Water

	
9.51 × 100

	
kg




	

	
Electric power

	
1.17 × 10−1

	
kWh




	

	
Sodium hydroxide (NaOH)

	
2.82 × 10−2

	
kg




	

	
Phosphoric acid (H3PO4)

	
2.35 × 10−2

	
kg




	

	
Methanol (CH3OH)

	
3.01 × 10−1

	
kg




	

	
Liquefied petroleum (LP) gas

	
4.63 × 10−2

	
kg
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Table 3. Impacts associated with the production chain of one kilogram of biodiesel.
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	Category
	Overall System
	Cultivation
	Extraction
	Production Process
	Unit





	Cumulative energy demand
	3.79 × 101
	45.7%
	15.7%
	38.5%
	MJ



	Climate change
	2.16 × 100
	61.1%
	18.9%
	19.9%
	kg CO2 eq.



	Human toxicity
	9.37 × 10−1
	77.7%
	17.5%
	4.8%
	kg 1,4-DB eq.



	Terrestrial ecotoxicity
	2.18 × 10−4
	56.4%
	23.7%
	19.8%
	kg 1,4-DB eq.



	Water depletion
	1.29 × 10−2
	81.9%
	11.2%
	6.8%
	m3



	Mineral depletion
	7.62 × 10−2
	60.8%
	32.4%
	6.8%
	kg Fe eq.



	Fossil depletion
	8.31 × 10−1
	45.1%
	14.7%
	40.2%
	kg oil eq.







Source: Own elaboration based on impact evaluation of the biofuel production system.
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Table 4. Impacts associated with the production chain of one kilogram of Jatropha biodiesel, from the base case and cases with alternative scenarios.






Table 4. Impacts associated with the production chain of one kilogram of Jatropha biodiesel, from the base case and cases with alternative scenarios.





	Categoría
	Base Case
	Case 1
	Case 2
	Case 3
	Unit





	Cumulative energy demand
	3.79 × 101
	101.04%
	64.46%
	216.15%
	MJ



	Climate change
	2.16 × 100
	100.64%
	58.83%
	149.64%
	kg CO2 eq.



	Human toxicity
	9.37 × 10−1
	102.53%
	49.62%
	131.90%
	kg 1,4-DB eq.



	Terrestrial ecotoxicity
	2.18 × 10−4
	102.00%
	56.24%
	226.13%
	kg 1,4-DB eq.



	Water depletion
	1.29 × 10−2
	103.32%
	38.45%
	131.04%
	m3



	Mineral depletion
	7.62 × 10−2
	104.46%
	42.47%
	157.96%
	kg Fe eq.



	Fossil depletion
	8.31 × 10−1
	100.88%
	64.64%
	220.52%
	kg oil eq.







Source: Own elaboration obtained from impact evaluation of biodiesel production systems.
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