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Abstract

:

One of the key challenges in using fossil fuels is the environmental impacts of these energy sources, and to reduce these destructive effects, the use of renewable energy sources (biofuels) is necessary. One of the important biofuels is biodiesel, which can be produced from cottonseed. To properly manage the chain dealing with biodiesel production from the cottonseed chain (from farm to manufactory), environmental hotspots must be pinpointed. In the present study, it was attempted to examine the environmental impacts of the biodiesel production cycle from cottonseed (agronomic stages, ginning, oiling, and biodiesel production). The data obtained in all three stages were analyzed by the Impact 2002+ method in the SimaPro software. The highest contribution to creating environmental indicators at the agricultural stage was related to the use of nitrogen fertilizers, direct emission from the farm and fossil fuels, the ginning and oiling stage involving the use of diesel fuel and sulfuric acid, and the production of biodiesel in the manufactory involving the use of methanol and electricity. The potential environmental impacts of a functional unit of 1 kg of biodiesel include: human health, 9.05–10−6 (DAYLY); ecosystem quality, 1.369 (PDF*m2*year); climate changes, (kg CO2 eq.) 17.247; and resources (MJ primary), 89.116. Results showed that agriculture has more significant participation in the environmental impact than other sections (ginning and oiling and biodiesel production), especially due to the application of fertilizers and fuel. Surveying the environmental indicators of the results showed that at the agricultural stage, the human health indicator is 10.43, 1.21, and 5.32 times higher than the ecosystem quality, climate change, and resource indicators, respectively; at the ginning and oiling stages, it is 2.35, 31.68, and 2.09 times higher, respectively; and at the stage of biodiesel production in the manufactory, it is 16.41, 1.96, and 0.99 times higher, respectively, in terms of the destructive effects. The overall results showed that the hotspot points in the present study can be largely modified by reducing the consumption of nitrogen fertilizers, using new equipment and machinery, ginning and oiling, and using fewer methanol ratios than oil.
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1. Introduction


The study of changes in trends in energy production and consumption across the world has revealed that the level of energy consumption has almost doubled in 10 years. Such a high level of energy consumption results in reduced economic growth and the production of dioxide monoxide and other air-polluting gases, environmental destruction, and increased pollution caused by energy consumption and global warming, which have caused unpredicted issues in human life in recent years. These issues can be categorized as floods, severe storms, the melting of polar ice caps and the rising of seas and oceans, forced migration, and even the aggravation of diseases [1]. The aforementioned problems have caused many countries worldwide to seek solutions to reduce or eliminate these damages, including joining treaties or agreements such as Kyoto, Paris, etc. One of the important clauses of these contracts is the gradual replacement of fossil fuels with renewable fuels, which will help to reduce the greenhouse gas emissions of participating countries [2].



Renewable energies are energy sources with low pollution (due to the closed carbon cycle); therefore, the use of renewable energies in China has reduced SO2 emissions in China by 17%–35% [3,4]. Among the renewable energies, biodiesel and bioethanol fuels have achieved high development in different generations. Biodiesel is a type of biofuel that has properties similar to diesel fuel, and at the same time, it can be distinguished as having a small number of pollutants and toxic substances such as sulfur, nitrogen, and polycyclic aromatics, as well as having high combustion efficiency, degradability in the environment, improvement of lubrication, and higher safety [5,6,7]. Studies show that about 60% to 70% of the price of biodiesel production is related to its raw materials, and consequently, the use of waste and residues of agricultural products can be one of the best alternatives for providing raw materials for biodiesel production. This approach can be considered a successful step toward reducing the production cost of this product by reducing the cost of the raw material [8,9].



Moreover, one of the important elements in the production of biodiesel is the use of raw materials with less impact on food production and costs, which does not endanger human food security. Therefore, one of the important products and raw materials for the production of biodiesel is the use of cottonseed, the oil of which needs to be refined and purified for human consumption due to the presence of a toxic substance (gossypol), which causes an increase in the production cost of the edible oil extracted from the cottonseed [10]. With an annual production of 161,163 tons of cotton [11], Iran is considered the twelfth cotton-producing country in the world. Cottonseed oil can be used for biodiesel production because this oil is non-edible oil; therefore, a food versus fuel conflict will not arise if this oil is used for fuel [12].



Cotton is a dual-purpose industrial plant that plays a critical role in the textile and oil extraction industries by producing the highest quality natural fibers and oil. Studies show that the amount of oil extracted from cottonseed is around 20%, so cottonseed is a very strong source of oil and protein, and it is ranked second among the 5 important oilseeds in the world market (i.e., soybean, sunflower, almond, and rapeseed) [13]. Although biodiesel causes less environmental pollution than fossil fuels in the burning phase, it should be noted that there are discrepancies in the benefits of biodiesel fuel. One of the most important cases in the cultivation of raw materials for biodiesel production is the use of different types of fertilizers and chemical pesticides, as well as the use of different types of machines for planting, growing, and harvesting, and water consumption during the growth period of these plants, which can bear negative environmental effects [14]. Therefore, to investigate the benefits and advantages of biofuels, it is necessary to examine the environmental effects of biofuel production using raw materials (cottonseed oil) [15]. Environmental problems are considered to be systemic; therefore, their solution requires a systemic approach. Among the various methods for processes, environment-based studies, and the production of products and services is the life cycle assessment method (LCA), which is based on the international standard 14040 and also comprises a set of systematic methods for collecting and evaluating materials, input, and output energy, and environmental effects accompanied by a product production system throughout its life cycle. Accordingly, the LCA method examines the life cycle of a product from the extraction and supply of raw materials, energy production, and product production [16].



The method of IMPACT 2002+ in the life cycle impact assessment methodology proposes a feasible implementation of a combined midpoint/damage approach, linking all types of life cycle inventory results. The IMPACT 2002+ method (developed at the Swiss Federal Institute of Technology) was used to quantitatively analyze the results of the LCIA. This method classifies environmental effects into 15 intermediate categories and 4 final indicators [17]. In the present study, the IMPACT 2002+ method was used to determine the environmental impacts of biodiesel production from cottonseed on climate change, human health, ecosystem quality, and resources.



In a study, the influence of the process and scale parameters on producing biodiesel from rapeseed oil using the life cycle assessment was examined. The results of the study indicated that large-scale and locally concentrated biodiesel production projects have an annual global warming potential (GWP) of 2.63 tCO2-eq/t and 2.88 tCO2-eq/t of biodiesel, in which the rapeseed farming stage causes more than 65% carbon emissions. Sensitivity analysis showed high dependence of GWP on canola performance, glycerol reuse strategy, and nitrogen nutrients in fertilizer [18].



The results pertinent to the assessment of the life cycle of biodiesel production using palm kernel oil and a new magnetic catalyst showed that the CML-IA base V3.06 midpoint indicators involved the cumulative abiotic reduction in fossil resources in all processes by 19,037 MJ, the global warming potential as 1114 kg of the carbon dioxide equation, and the human health toxicity for 1000 kg of biodiesel production. The highest damage in all categories was observed during the catalyst preparation and reuse, which was also confirmed in the findings of the endpoint LCA performed using ReCiPe 2016 Endpoint (E) V1.04 [19].



A plethora of studies has been conducted in line with the environmental assessment of the production of biodiesel and bioethanol using different primary sources based on the life cycle assessment method. A study [20] investigated the environmental effects of biodiesel production using the transesterification method from palm kernel oil. This study was carried out using the life cycle assessment method and the results showed that the electrical energy sector had the largest share in the emission of pollutants and adverse environmental effects. Moreover, the authors of [21] investigated the evaluation of the life cycle of cotton production in the Golsat province. The results manifested that land eutrophication and the depletion of fossil resources have the highest indicators of environmental destruction in the production of this product. In another study, the results of the environmental impacts of biodiesel production from tobacco seeds showed that the rate dealing with the destruction of environmental indicators per kilogram of biodiesel production for the indicators of human health, ecosystem quality, and resources is 1.07 × 10−5 (daily), 7.13 × 10−8 (species per year), and IRR 1.42 (MJ primary) [22]. The environmental effects of biodiesel production from soybean, Jatropha, and microalgae in China were investigated and the results showed that the environmental impacts from soy, Jatropha, and micro-algae have 54, 37.2, and 3.67 times less adverse effects than that of diesel, respectively [23]. In another study, the results of oil production from sunflower seeds showed that the environmental impacts of oil production by organic cultivation have more adverse effects than conventional cultivation [24]. The results of the environmental impacts of biodiesel production from sunflower, rapeseed, and soybean seeds showed that the highest environmental impacts in all three products were related to the agricultural stage [25]. In another study [26], the results of environmental impacts of biodiesel production from cottonseed showed that the destruction of living resources is 5.00 × 0−3 kg Sb-eq, acidification potential is 17.5 kg SO2-eq, global warming is 1475 kgCO2-eq, and eutrophication potential is 10 kg PO4-3 per ton of biodiesel production.



The results of the life cycle assessment for the bioethanol production of the second generation of raw materials (wastes and residues of bananas) showed that the second generation of ethanol derived from banana agricultural waste can reduce greenhouse gas emissions and fossil fuel consumption, and also has a positive energy balance [27]. In another study, the results showed that diesel fuel consumption and nitrogen fertilizer have the highest negative effect on environmental indicators in cotton production [28]. Moreover, researchers [29,30] presented similar results in the field of cotton production. Furthermore, the authors of [31] investigated the cost of production and emission of carbon dioxide gas in the production of biodiesel from rapeseed. The results posited that the total amount of carbon dioxide gas absorbed during the entire biological life cycle of rapeseed biodiesel is much greater than its emission, and biodiesel produced from rapeseed is an environmentally compatible energy source. The results of studies performed by Kumar Agarwal et al. [3] and Tolomelli Luiz et al. [32] showed that the use of diesel fuel and its combustion in the engine create large amounts of PM2.5 particles suspended in the air. Examining different studies shows that there is no comprehensive research on the biodiesel production process cycle from different sources (different oils). Previous studies mainly dealt with the process of biodiesel production in the manufactories and its environmental impacts were investigated; however, one of the important steps in the production of biofuels is the investigation of operations and environmental impacts in the stages dealing with the production of the raw material (agriculture stage) of these biofuels.



The results of Jia et al. [33] showed that the use of new methods and technologies in the production of biochar can have a high-performance product that increases the absorption of pollutants and ultimately reduces the environmental effects.



The results of studies performed by Wahyono et al. [34] showed that the total human health and ecosystem quality damage of the life cycle of palm oil biodiesel production was 0.00563 DALY and 2.69 × 10−5 species·yr, respectively. Moreover, the results of Nabi et al. [12] showed that using biodiesel produced from cottonseed reduces emissions to the air from engines more than diesel fuel.



The LCA results of Roque et al. [35] showed that palm oil has an environmental performance superior to soybean oil in biodiesel production. Moreover, palm oil is capable of reducing the global warming potential by up to 75%. Palm oil can reduce environmental impacts in categories such as terrestrial acidification, ozone formation, and consumption of non-renewable resources when compared with diesel.



The results of Hoque et al. [36] showed that using ethanol (E65), electric (EV), and plug-in electric vehicle (PHEV) options can decrease global warming potential (GWP) by 40%, 29%, and 14%, respectively, which is greater than gasoline. According to the literature review, no similar studies on biodiesel production from cottonseed in Iran that employ the LCA method are extant. A few studies were conducted on a life cycle assessment of biodiesel production from cottonseed in Brazil. Therefore, the present research on the LCA of biodiesel production from cottonseed from the agricultural stage to biodiesel production filled the gap. Additionally, previous studies chose the evaluation analysis methods of environmental impacts in such a way that they mostly focused on intermediate environmental indicators. In the present study, Impact 2002+ was chosen, which shows the ultimate damage levels to human health, ecosystem quality, climate changes, carbon traces, and resource reduction for the production of biodiesel functional units. In addition, namely, chemical pesticides, machinery, all required equipment, and all environmental effects dealing with biodiesel production will be considered.



In the current research, by examining the complete cycle of biodiesel production from the cotton production farm to the production manufactory of this product, environmental hotspots caused by the use of various inputs in the agricultural, ginning, oiling, and biodiesel production section were determined.



The novelty of this work is the new analysis (midpoint categories and four damage categories) to estimate the potential environmental impacts of biodiesel production from cottonseed through life cycle assessment from the agricultural phases to biodiesel production (cotton production, ginning, cottonseed oil extraction, and transesterification) in Iran.




2. Materials and methods


2.1. Data Collection


The objective of the current study was to investigate the environmental effects of biodiesel production from cotton planting to fuel production. The present study was organized around three different sections, namely, (a) the cotton production on the farm including the planting, growing, harvesting, and transportation to cotton ginning factories, (b) the cotton-ginning factory including the cleaning, operations of separating the waste from cottonseed, and cottonseed oil extraction, and (c) the biodiesel production process following the production of oil. To investigate the environmental parameters based on several inputs (types of fertilizers and chemical pesticides, fuel, machinery, labor, and water consumption), the required information was collected by having face-to-face interactions with farmers, producers, and the Cotton Research Center of Golestan province. Moreover, in the second stage, factory data related to the separation of cottonseed waste, together with the stages of oil production from cottonseed, were collected from the experts and activists of these factories. Finally, data about the stages of transesterification reactions to produce biodiesel from cottonseed oil (number of catalysts, alcohol, reaction time, amount of electricity consumed, etc.) were obtained from academic experts dealing with the field of biodiesel fuel production.




2.2. The Life Cycle Assessment


To study the environmental effects of producing biodiesel fuel from cottonseed oil based on the standard [16], it is necessary to concentrate on four steps, including the definition of the goal and scope, analysis of the list (determination of inputs and outputs), assessment of life cycle effects, and interpretation of the results.



2.2.1. Definition of Goal and Scope


The goal of this study was to evaluate the life cycle of biodiesel production from cottonseed through the stage of planting on farms to the stage of biodiesel production (Figure 1). The boundaries of this system were considered from the cotton plant to the production of biodiesel in the manufactory, which meant that all the inputs and processes required in the biodiesel production cycle were taken into consideration. The functional unit used in the current research was considered to be 1 kg of biodiesel fuel [22].




2.2.2. List Cycle Inventory


The stage of listing all required resources (inputs) and environmental emissions (outputs) in the production process and related processes was determined and cataloged.



Inventorying in the Agricultural Stage


In the present study, the data related to agricultural operations and their fuel consumption, types of fertilizers and chemical pesticides, and transportation and irrigation were collected in a face-to-face interviews. The emissions of different pollutants due to the use of different inputs to air, water, and soil were determined using the following methods. To calculate the amount of direct and indirect environmental pollutant emissions from diesel fuel concerning the inputs, electricity, agricultural machinery, and consumption of inputs (related to the production of fertilizers, pesticides, fuel, etc.), the EcoInvent International databases available in SimaPro 8.1 software were used. Moreover, the amount of pollutant emissions due to the consumption of inputs was determined using the methods incorporated in different research works. In this way, the release of phosphorus in the soil was estimated using the method provided by [37]; the release of various toxins (pesticides, fungicides, and herbicides) into the air and soil was estimated using the method provided by (Van den Berg et al.) [38]; the emission of pollutants from chemical fertilizers was estimated using the method provided by [39,40]; and the emission of carbon dioxide from human breathing during work performed in the agricultural, ginning, and oiling stages together with the biodiesel production process were calculated using the method offered by (Nguyen and Hermansen) [41].




Inventorying in the Ginning and Oiling Stage


In the stage dealing with ginning and oiling of cottonseed, after removing the external material and sifting with linters, the gin on the surface of the seed is removed as much as possible using sulfuric acid, the ginned seed is milled and peeled, and then the seed kernel together with a small amount of shell is directed to the press part of the oil extraction machine. At this stage, the kernels of cottonseed are heated up by steam at 80 °C to 100 °C and pressed by a screw press. At this stage, almost 75% of the oil is extracted from the seed and around 25% of the oil is retained in the flour; to extract it, the flour is transferred to the extraction part. At this part, the flour is subjected to the effect of a solvent (petroleum ether C.W60) and after the oil is dissolved through solvent evaporation, the crude oil is obtained. During this process, the amount of electricity, diesel, steel (used equipment), and copper (electric motors) was investigated. The indirect release of environmental pollutants caused by these inputs was estimated using EcoInvent international databases available in SimaPro 8.1 software [32], and the direct release of pollutants from the workforce was calculated using the method developed by (Nguyen and Hermansen [41].




Inventorying in the Biodiesel Production Stage


The transesterification method is commonly used among the three methods of biodiesel production (pyrolysis, microemulsion, and transesterification). Transesterification is a chemical reaction between triglyceride and alcohol in the presence of a proper reagent. This method is also called alcoholysis. Figure 2 shows the transesterification reaction.



Due to its advantages and excellence over the other methods, the transesterification method was used in the current study. Moreover, among the various methods of transesterification, transesterification with an alkaline catalyst was used based on the following advantages: (a) ability to carry out the reaction at low temperature and pressure; (b) production of biodiesel with high conversion efficiency (98%), with minimal side reactions and reaction time; (c) ability to perform direct conversion to biodiesel without the formation of any intermediate compounds; (d) with transesterification of oils, oxygen atoms in biodiesel molecules are preserved and not separated from it; and (e) production with this method requires few facilities and easier conditions. This method is more common and is used in biodiesel production factories across different countries in the world [42].



Cottonseed as the main feedstock were collected from Golestan province. Methanol (CH3OH) with a purity of 99.9%, potassium hydroxide (KOH) as a homogeneous catalyst with a purity of 99.8%, and n-hexane with a purity of 96% as a solvent were provided by Merck Company, Germany. Moreover, phenolphthalein with a purity of 98% was used as a detector and provided by the Biochem Company of France, which is used in the current experimental work.



Biodiesel was produced using the conventional method in an 80 L stirred tank reactor (STR). Based on the literature in which a similar oil biodiesel production process was investigated, it was found that the methanol to oil molar ratio is 6:1 and the catalyst concentration is 1 (w/w%) [43]. The reaction time set was 60 min and the reaction temperature was kept at 60 °C using the water circulation method [44].






2.3. Assessment of Life Cycle Effects


The third stage in the life cycle evaluation process of biodiesel production is the effect assessment, in which the magnitude and potential environmental consequences of a system or product throughout its life cycle are valued. In the current research, the environmental effect assessment method for the production of 1 kg of biodiesel was carried out based on the Impact 2002 model [17].




2.4. Interpretation of the Results


At this stage, the environmental effects derived from biodiesel production are analyzed and the influencing factors as well as hotspots in the creation of these parameters are determined.





3. Results and Discussion


3.1. Inputs and Outputs in Three Different Biodiesel Production Processes


The number of inputs in different processes of final product production (agricultural, ginning and oiling, and biodiesel production stages) and different outputs, including the pollution and different emissions to air, water, and soil, are given in Table 1 [45,46,47,48,49].



The analysis of the data obtained in Table 1 shows the high transfer of phosphorus to water resources during the process of cotton production in the field, which can be reduced by controlling the use of phosphate fertilizers.




3.2. Comparing the Intermediate Indicators Affecting Human Health in Different Stages of Biodiesel Production


Examining and comparing six intermediate indicators affecting the human health index at three different stages in the biodiesel production cycle (Figure 3) showed that in five indicators, namely, the indicators of carcinogenicity, non-carcinogenicity, ionization, radiation, and the breathing of organic and mineral particles, the agricultural stage has a high contribution to the creation of these indices, and the ginning and oiling sectors had the highest effect in the creation of the ozone layer destruction index. The carcinogenicity index can be due to the inhalation of gases and particles emitted from the use of fertilizers and chemical poisons, especially nitrogen fertilizers, and also due to skin contact with these substances. Moreover, the investigation of the non-carcinogenic index showed that various pollutants in the process of biodiesel production (agricultural, ginning, oiling, and biodiesel production stages) can cause various diseases in humans by transferring pollution to water, air, and soil sources. The results of various studies showed that exposure to particles with a diameter of PM2.5 is associated with various health side effects and reduced life expectancy, including chronic and acute respiratory and cardiovascular diseases, lung cancer, diabetes, and adverse birth outcomes. According to the results obtained in Table 1, it is clear that the production of particles with a diameter of PM2.5 in the agricultural stage is much higher than the other two stages, i.e., the ginning and oiling as well as the biodiesel production sector, due to the high consumption of fossil fuel.



Moreover, examination of the respiration indices of organic and mineral particles shows the dispersion of primary and secondary particulates, where the primary particulates are directly emitted particles and secondary particulates are mineral particles that are formed through the reaction of chemical gases such as nitrogen oxides (NOx), sulfur oxides (SOx), ammonia (NH3), and semi-volatile and volatile organic compounds (VOC) [50]. Organic dust is a complex mixture that is often contaminated with endotoxins, and exposure to this dust affects the development of respiratory diseases such as asthma, sensitive pneumonitis, byssinosis, chronic bronchitis, and emphysema. One of the sources of primary particle production of respirable inorganic substances is the use of fossil fuels in addition to cultivation and work at the farm level directly [51]. In addition, the application of nitrogen fertilizers has a large part to play in the production of secondary particles in this sector. Furthermore, organic dust in agricultural operations (in terms of kilograms of C2H4) is created due to the use of fossil fuels such as diesel, emissions of direct pollutants from the farm surface, and urea fertilizer. The obtained results also confirm the effect of these factors and the high share of the agricultural sector compared with the other two sectors in creating these indicators in the biodiesel production process.



The destruction of the ozone layer is the result of the emission of N2O, methane, halocarbons, methyl bromide, and methyl chloride. N2O gas, which has a synergistic effect on the destruction of this layer, is produced by microorganisms as a result of nitrification and denitrification along with the application of nitrogen fertilizer in the soil entering the atmosphere [49]. The use of chemical fertilizers such as urea and diesel fossil fuel in the production of agricultural products also causes the production of NOx, methane, and CFC11 gases and results in their release into the atmosphere. In addition to the mentioned cases, the use of herbicides is also one of the important sources of ozone layer destruction. The analysis of the obtained results shows the high share of diesel fuel in the ginning and oiling sector of cottonseed, followed by the production of NOx, CH4, and CFC11 gases compared with the other two sectors, i.e., the agriculture sector and biodiesel production. Finally, the index of the destruction of the ozone layer increases in the ginning and oiling sectors. In the ginning and oiling process, diesel fuel has negative adverse effects due to its high consumption in the production of hot steam and the establishment of some parts of the ginning and oiling devices. One of the important reasons for the high consumption of fuel in these processes is that ginning and oiling equipment is old and worn out. The trend of cotton planting has been declining for the past 20 years according to the statistics of Jihad Keshavarzi, and this has caused demotivation on the part of the factory owners to renew and update the relevant equipment. Moreover, the incorporation of depreciated agricultural machines, which use diesel fuel in agriculture and cotton production, can be a source of aggravation of such an effect.



By passing through the environment, ionizing rays produce negatively and positively charged particles and can reach the Earth’s surface at a high level due to the destruction of the ozone layer. As the results of the previous sector show, the agricultural sector has a high level of destruction concerning the ozone layer in the biodiesel production process. Therefore, it is expected that higher levels of ionizing radiation will reach the Earth’s surface. The physical effects of ionizing radiation range from partial and temporary disorders in some physiological actions to serious risks such as reduced life expectancy, reduced resistance to diseases, reduced reproductive power, cataracts, leukemia or other types of cancer, and damage to the developing fetus, which threaten human health. The present study showed that in the agriculture sector, the use of diesel and nitrogen fertilizer; in the ginning and oiling sector, the use of diesel; and in the biodiesel production sector, the use of electricity in the manufactory have the highest contributions to the generation of ionizing radiation. This can be attributed to the fact that the use of diesel, nitrogen, and electricity can cause the production of harmful gases in the ozone layer, and due to the increase in the destructive potential of this vital layer for the Earth, more ionizing lights such as the x reach the Earth from solar radiation. Since in the present study, the process of producing biodiesel from oil is performed by the transesterification method and the ratio of oil to alcohol is 5:1 [52], the consumption of methanol (volume ratio of 1:4 with oil) is high compared with other inputs in converting oil to biodiesel, and has high environmental effects compared with other inputs on environmental indicators. Moreover, since the process of converting oil to biodiesel requires a reaction temperature of about 58 °C and this temperature is provided by the elements of the system (device) using electricity, as well as the fact that the circulation of water in the system is carried out using an electric pump to maintain the reaction temperature, and on the other hand, during the reaction process, together with the fact that the mechanical stirring must also be done continuously, it is safe to conclude that electricity is another influencing factor on environmental indicators. Examining the results [22] in the production of biodiesel from tobacco seeds in the stage of biodiesel production in the manufactory showed that the use of electricity has the highest adverse environmental effects.




3.3. Comparing the Intermediate Indicators Affecting Ecosystem Quality in Different Stages of Biodiesel Production


Investigation of the toxicity indicators of water and soil environments showed that the agriculture sector has a higher share than the other two sectors, i.e., the ginning and oiling sector as well as the biodiesel production sector (Figure 4). The analysis of the results showed that in the agricultural sector, the use of nitrogen fuel, agricultural pesticides, and diesel fuel; in the ginning and oiling sector, the use of electricity and diesel fuel; and also in the biodiesel production sector, the use of methanol and electricity have high contributions to creating two indicators of water and soil toxicity environments. The examination of the number of inputs in Table 1 showed that for the production of 1 kg of biodiesel, significant amounts of nitrogen, phosphorus, and potassium fertilizers are consumed. The use of these fertilizers transfers significant amounts of heavy metals (Pb, Cd, As, Zn, and Ni) to the soil [53]. Moreover, the excessive use of pesticides in the cotton plant pollutes the soil with a heavy accumulation of metals, stable organic compounds, etc. Groundwater is also polluted due to the use of chemical fertilizers (nitrogen, phosphorus, and potash) and the transfer and migration of heavy metals through the soil to the surface and underground water.



The analysis of the obtained results showed that in the agricultural stage, it is the direct pollutants from the farm level; in the ginning and oiling stage, it is the production pollutants from the manufactory level; and in the biodiesel production stage, it is the electricity consumption to convert oil into biodiesel that have the highest shares in creating an indicator of acidification of water and soil environments. Acidification is the result of the production of NH3, SO2, NOX, and NO gases, and in the agricultural sector, due to the consumption of nitrogen fertilizers and fossil fuels (diesel), these polluting gases are released into the air [54]. These emissions are acidified by a complex set of atmospheric and chemical transfer processes, and this in turn creates harmful effects on ecosystems, and plant and animal populations [55]. Although ammonia is alkaline, it is oxidized to nitric acid in the atmosphere and along with other gases reaches the Earth’s surface as acid rain after reacting with air molecules [56]. Moreover, sedimentation of these pollutants in the soil causes soil acidification after exceeding the natural neutralization capacity of the soil, which can reduce soil fertility [57]. Additionally, in the ginning and oiling sector, existing methods in ginning such as the mechanical method (brushed ginning machine) and thermal method (use of flame) do not outperform the chemical method (use of sulfuric acid) in cleaning the cottonseed, and the use of acid causes the production of clean seeds suitable for oiling or seed preparation. At the same time, an examination of the environmental indicators posited that the use of sulfuric acid for ginning operations has a high contribution to creating the ecosystem quality indicator. Analysis of the results [20] in the production of biodiesel from tobacco seeds in the breaking and oiling stage illustrated that the use of electricity and LPG gas will have the highest adverse environmental effects. Moreover, exploring the results of the study [58] concerning the process of ginning cottonseed showed that electricity has the highest share of the energy consumed in this process.



An examination of the water enrichment indicator in the biodiesel production cycle shows that in the agricultural sector, it is the direct pollutants from the farm surface; in the ginning and the oiling sector it is the diesel fuel consumption; and in the biodiesel production sector, it is the consumption of electricity and methanol that have high percentages in creating such an indicator. The main source of eutrophication is phosphorus, which is caused by the production of pollutants due to the high consumption of phosphorus chemical poisons that are created for excluding insects and fungi at the farm level. Eutrophication refers to the enrichment of the water body by incoming organic matter or surface runoff containing nitrates and phosphates, which directly controls the growth of algae and other aquatic plants. This process happens naturally but slowly and with a period of more than a hundred years, however, human activities accelerate this process [58]. Furthermore, one of the important factors causing nitrates to enter the water is the use of nitrogenous fertilizers, which are used for the fertility of agricultural farms and increasing production efficiency. Research has shown that 30% to 40% of the nitrogen used in the farm is released into the environment in the form of NH3, nitrogen oxides (NO, N2O, and NO2), and molecular and leaching nitrogen in the form of nitrate and ammonium [59]. Nitrification and denitrification are the two important stages of converting nitrogen into these forms in farms. Phosphorus is considered another factor of eutrophication. Such an element in water originates from an external source and is absorbed by algae in mineral form (PO43−) and enters the structure of organic compounds. The use of phosphate fertilizers and their leaching from agricultural farms is one of the main sources of phosphate entering water sources.



Moreover, exploring the land use change indicator in the biodiesel production cycle showed that in the agricultural sector it is the use of nitrogen; in the ginning and oiling sector it is the use of diesel fuel and electricity; and in the biodiesel production sector it is the use of electricity that have the highest contributions to creating this indicator.




3.4. Comparing the Intermediate Indicators Affecting Climate Change in Different Stages of Biodiesel Production


Studying the global warming indicator in the biodiesel cycle production process (Figure 5) showed that it is the direct emissions from the farm in the farming, ginning, and oiling stage, and the use of electricity in the biodiesel production stage, that are counted as the inputs affecting this indicator. Nitrous oxide (N2O), a gas affecting global warming, has a 6% greenhouse effect (radiative forcing) and can absorb infrared rays 298 times more than carbon dioxide [60]. This gas enters the atmosphere mainly during the process of nitrification in the nitrogen cycle. Moreover, the combustion of fossil fuels and the use of nitrogenous chemical fertilizers in the process of cotton cultivation is among the most important sources. Nitrous oxide gradually enters the stratosphere after deionization from the biosphere and lasts for about 150 years in the atmosphere [60]. Furthermore, the production of CH4 gas in the agriculture, ginning, and oiling sectors is the result of the high consumption of diesel fuel and its combustion, which is because agricultural equipment and machines are worn out in the farm sector, as well as the fact that cotton machines are worn out due to lack of updating of this equipment in the ginning sector. The consumption of this fuel has caused the creation of pollutants at the farm and manufactory level, which can increase the contribution of direct emissions from the farm level to the global warming indicator.




3.5. Comparing the Intermediate Indicators Affecting Depletion of Resources in Different Stages of Biodiesel Production


An investigation of the non-renewable energy indicator postulated that it is the use of diesel fuel in the stages of agriculture, ginning, and oiling, and it is the use of methanol in the biodiesel production stage that have the highest contributions to the creation of this indicator. Moreover, the results of the investigation concerning the mineral extraction indicator showed that it is the use of nitrogen fertilizer in the agricultural stage, the use of sulfuric acid to separate gins from cottonseed, and the use of methanol in the biodiesel production sector in the manufactory that have the highest contributions to creating this indicator (Figure 6). As it is known, diesel fuel is one of the important non-renewable sources and is used in agricultural equipment and machines, and at the same time, it is also widely used in cotton-picking machines. One of the ways to reduce these indicators, in addition to using new equipment in the farming process, is to offer driving training to tractor drivers in the process of tilling, planting, and growing, and to consider suitable patterns for such an operation to reduce the amount of traffic at the farm level.



The study and comparison of environmental indicators [26] in the cycle of biodiesel production from cottonseed in Brazil in three stages (agriculture, ginning, and oiling as well as biodiesel production or transesterification) showed that the agricultural sector and the production of cotton or cottonseed on farms have the highest contributions to the destruction of living (biological) resources, global warming, acidification, and land enrichment, followed by the production of biodiesel or transesterification, ginning, and oiling. This is in line with the results obtained in the current study. Furthermore, the findings of the present study conform to the ones reported by [23] in producing biodiesel from soy, Jatropha, and microalgae.



3.5.1. Evaluation of Damage Category


Examining the damage category or the long-term effects of the biodiesel production cycle from the farm to the manufacturer showed that direct pollution has the highest contribution to the destruction of categories such as human health, ecosystem quality, and climate change, while the highest share in the destruction of resources is related to diesel fuel. A more detailed examination of the results shows (Table 2) that diesel fuel, nitrogen fertilizer, and electricity have the highest share of inputs in the destruction of damage category, and following the consumption of these inputs, the amount of direct pollutants increases in different agriculture stages. One of the environmental hot spots is the consumption of diesel fuel, which is the main reason for the wear of agricultural equipment and machines, as well as ginning and oiling equipment. Moreover, the use of nitrogen fertilizers has highly destructive effects, which should be replaced with animal manure or other organic fertilizers to reduce their harmful effects.




3.5.2. Human Health


An investigation of the impact of different inputs on the human health category shows that the consumption of different inputs causes direct emissions (pollution and various gases due to fuel combustion in the tractor engine on the farm and the machine engine in the ginning process, and heavy metal pollution due to the use of various fertilizers and chemical pesticides, etc.) and indirect emissions (pollutions related to electricity in power plants and the production of agricultural machines in factories, etc.).




3.5.3. Ecosystem Quality


The investigation of the ecosystem quality category showed that the use of nitrogen and phosphate fertilizers, diesel fuel, and electricity produces pollution that will reduce plant growth and plant diversity (the number of species that grow in a certain period in a certain area is reduced or lost) and the plant ecosystem suffers from disruption in growth and development. Thus, the quality of the ecosystem decreases with the increase in the number of pollutants. Moreover, the direct or indirect use of fossil fuels in the production process of biodiesel fuel, as well as the production of gases such as N2O due to the use of nitrogen fertilizers, have high impacts on the creation of this category. It should be noted that the excessive use of agricultural inputs causes pollution such as carbon dioxide, methane, nitrous oxide, ammonia, etc., released into the air, and pollution such as heavy metals, nitrates, phosphates, etc., released into to the water and soil. The spread of emissions from the farm level causes direct emissions and after that, it can have many negative effects on the environmental indicators.




3.5.4. Resources


Examining the resources category showed that the highest contribution to the creation of the category was related to diesel fuel. Moreover, this input provides the highest amount of energy required to create new resources (the energy required for extracting fossil fuels and mining in the future).




3.5.5. Climate Change


The results in the ginning and oiling process show that the climate change category has the highest adverse environmental effects compared with the other three indices (human health, ecosystem quality, and resources). Therefore, the category of climate change has more destructive effects than the indicators of human health, ecosystem quality, and resources, respectively, 2.35, 31.68, and 2.09 times. Among the reasons for these results, we can point out the use of diesel fuel and the subsequent production of many polluting gases such as carbon dioxide, methane, and nitrous oxide (Table 1), and these gases have a high potential to cause global warming and then climate change. In order to reduce the amount of destruction, electric systems can be used instead of diesel engines to start the equipment, and this factor can reduce the amount of pollutants and reduce the amount of destruction.





3.6. Evaluation of Damage Category


A comprehensive examination of the final and weighted environmental effects on the production process of the biodiesel cycle from the farm to the manufactory in Figure 7 shows that the highest and lowest levels of destruction are related to the human health indicator and ecosystem quality, respectively. Moreover, the results depicted that the human health indicator has more destructive effects when compared with indicators of ecosystem quality, climate change, and resources, respectively, shown as 10.84, 1.03, and 3.05 times. Factors affecting the human health indicator include the carcinogenic and non-carcinogenic categorized groups, inhalation of mineral and organic substances, ionizing radiation, and destruction of the ozone layer. Moreover, the group affecting the climate change indicator includes the global warming category.



One of the reasons for the high rate of destruction of human health indicators and climate change is direct pollutants from the farm level due to the consumption of diesel fuel, fertilizers, and chemical pesticides. These pollutants include various gases such as carbon dioxide, nitrous oxide, methane, suspended particles in the air, heavy metals in water and soil, etc., which can increase the destroying level of human health indicators and climate change. Moreover, factors affecting the ecosystem quality indicator include land use change, soil and water environment toxicity, water enrichment, and soil acidification/nitrification. In addition, factors such as nitrates, phosphates, sulfur dioxide gases, etc., intensify the destruction of this indicator. Furthermore, the influencing factors on the resources indicator include the groups of non-renewable energies and the extraction of mineral materials, where a high consumption of diesel fuel and electricity, as well as the consumption of fertilizers and chemical pesticides, can give rise to the destruction rate of this indicator. Studies show that due to the use of a high ratio of methanol to oil, one can expect higher environmental effects. Since this ratio (oil to alcohol 5:1) was obtained from the research conducted by [52], it should be noted that to reduce the consumed methanol, experiments with other levels of oil to alcohol ratio should be used to obtain the best conversion coefficient of biodiesel and to reduce the environmental effects concerning the production of this product. Another solution is to use more modern methods with lower energy consumption and less need for additional alcohol compared with the stoichiometry of the reaction, in which the ratio of alcohol to oil is 3:1 [44].



Furthermore, an examination of Figure 7 shows that the agricultural sector has the highest share of destruction in environmental indicators compared with the other two sectors (ginning, oiling, and biodiesel production in the manufactory). The results of the research performed by [25] showed that the highest factor in creating the indicator of ecosystem quality destruction lies in the production of biodiesel from sunflower seeds, soy, and rapeseed, respectively, at the rates of 48.6%, 35.6%, and 12.5%, dealing with the agricultural process and seed production at the farm level. In addition, the results reported by [24] concerning the production of biodiesel from sunflower seeds showed that the highest share of the destruction of environmental indicators was respectively the quality of the ecosystem, resources, and human health, which was one of the most important reasons for the results obtained concerning the consumption of fertilizers, chemical pesticides, and the consumption of diesel fuel in the biodiesel production process.




3.7. Comparison of the Results of the Present Study with Other Studies


The results of Carvalho et al. [22] showed that the rate dealing with the destruction of environmental indicators per kilogram of biodiesel production for the indicators of human health, ecosystem quality, and resources is 1.07 × 10−5 (daily), 7.13 × 10−8 (species per year), and IRR 1.42 (MJ primary). The results of the environmental impacts of biodiesel production from sunflower, rapeseed, and soybean seeds [25] showed that the highest values were related to the agricultural stage. Furthermore, the results of the evaluation concerning the environmental effects of biodiesel production from the cottonseed in Brazil showed that the agricultural stage has the highest environmental adverse effects share compared with other stages such as the ginning, oiling, and performing the biodiesel production reactions [26]. Outcomes of the present study indicated that in the process of biodiesel production from the cottonseed, the agricultural sector has the highest share of pollutants and environmental effects. The results of the study conducted by [24] illustrated that in the process of biodiesel production from sunflowers, the agricultural stage has the highest share in creating intermediate environmental indicators. Moreover, an examination of the damage levels posited that the resource damage level creates the highest share. Findings of the study performed by [18] concerning the biodiesel production from rapeseed oil on small and large scales showed that the energy required in the process of biodiesel production in the manufacturing and the agricultural sector has the highest share in the biodiesel production cycle. Meanwhile, the greenhouse pollutant gases in the agricultural stage created 81% and 69% of the total produced greenhouse gases on small and large scales, respectively. Findings of the study undertaken by [34] concerning biodiesel production from palm demonstrated that the highest share of environmental effects pertains to the palm production stage in the agricultural sector, and other stages such as the oiling, ginning, and biodiesel production have lower environmental effects. In addition, examining the ultimate damage levels in three levels, namely, human health, ecosystem quality, and resources showed that the agricultural sector causes the highest damage. The results of this research are important to meet the sustainable development goals in the era of global warming and climate change [61,62,63,64].





4. Conclusions


The present study was conducted to investigate the environmental impacts of the biodiesel production cycle from cottonseed (agronomic stages, ginning and oiling, and production of biodiesel), and the results were compared with each other in the form of four final environmental indicators (human health, ecosystem quality, climate change, and resources).



The examination of the greenhouse pollutant gases in each of the three levels dealing with biodiesel production indicated that CO2 and N2O have the highest effects in creating adverse environmental indicators, respectively. Moreover, a comparison of the intermediate indicators in every three levels of biodiesel production showed that the agricultural sector (cottonseed production stage) has the highest share of adverse environmental effects compared with other levels. The investigation of the ultimate levels of damage showed that human health and climate changes experience the highest levels of destruction in biodiesel production.



Wahyono et al. [34] showed that the total human health and ecosystem quality damage of the life cycle of palm oil biodiesel production was 0.00563 DALY and 2.69 × 10−0 species·yr, respectively. Moreover, the results of Lima et al. [26] showed 5.0 × 10−3 kg Sb-eq. for the abiotic depletion potential; 1475 kg CO2-eq. for global warming potential; 17.5 kg SO2-eq. for acidification potential; and 10 kg PO43−-eq. for eutrophication potential. The above data are lower than the environmental impact of biodiesel production from cottonseed in Iran. The reason for these results in Iran was the indiscriminate use of chemical fertilizers, as well as the use of worn-out agricultural machines and oil extraction equipment.



For more adaptation of the biodiesel production process to the environment, one can lower the use of fertilizers such as urea and apply manures instead. Furthermore, one can use power sourced from renewable resources such as the use of photovoltaic systems instead of power sourced from non-renewable resources. Finally, yet importantly, one can use different processes and technologies in biodiesel production intensification, such as cavitation, ultrasonic, microwave, etc., phenomena instead of the conventional process of biodiesel production to reduce both the energy consumption and environmental impacts.
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Figure 1. The complete boundary of the cycle of biodiesel production from the farm to the manufactory. 
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Figure 2. Transesterification reaction. 
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Figure 3. The effectiveness of various intermediate environmental indicators in creating the human health indicator for the production of 1 kg of biodiesel fuel. (a; carcinogenic), (b; non-carcinogenic), (c; respiratory inorganics), (d; ionizing radiation), (e; ozone layer depletion), (f; photochemical oxidation). 
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Figure 4. The effect of different parameters on creating the ecosystem quality in the process of producing oil from cottonseed per kilogram of biodiesel fuel. (a; aquatic ecotoxicity), (b; terrestrial ecotoxicity), (c; terrestrial acidification/nutrification), (d; land occupation), (e; aquatic acidification), (f; aquatic eutrophication). 
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Figure 5. The effect of different parameters entering the manufactory on creating climate change in the process of converting oil to biodiesel for the production of 1 kg of biodiesel fuel. 
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Figure 6. The effect of all input parameters from the farm to the manufactory on creating the depletion of resources for the production of 1 kg of biodiesel fuel. (a; non-renewable energy consumption), (b; mineral extraction). 
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Figure 7. The contribution of different inputs in the complete cycle of fuel production concerning the damage category in the production of 1 kg of biodiesel. 
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Table 1. The different inputs and outputs in the process of 1 kg biodiesel production.
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Input

	
Consumption Level

	

	
Input

	
Consumption Level

	

	
Input

	
Consumption Level






	
Agricultural Operations

	
Diesel fuel (L)

	
0.247

	
Ginning Operation

	
Diesel fuel (L)

	
0.456

	
Biodiesel Production

	
Methanol (kg)

	
0.250




	
Nitrogen (kg)

	
0.259

	
Electricity (kWh)

	
0.257

	
Potassium hydroxide (kg)

	
0.011




	
Phosphorus (kg)

	
0.142

	
Labor force (h)

	
0.090

	
Electricity (kWh)

	
0.28




	
Potassium (kg)

	
0.183

	
Electro motor (kg)

	
0.001

	
Steel (kg)

	
0.001




	
Herbicides (kg)

	
0.004

	
Steel (kg)

	
0.004

	
Electro motor (kg)

	
0.0001




	
Fungicides (kg)

	
0.008

	
Sulfuric acid (kg)

	
0.320

	
Labor Force (h)

	
0.065




	
Pesticides (kg)

	
0.003

	

	

	

	




	
Electricity (kWh)

	
0.299

	

	

	

	




	
Labor force (h)

	
0.615

	

	

	

	




	
Agricultural machinery (kg)

	
0.00365

	

	

	

	




	
Agricultural Pollutants

	
Emission to Air (kg)




	
CO2

	
2.873

	
Ginning and Oiling Pollutants

	
CO2

	
1.386

	
Biodiesel Production Pollutants

	
CO2

	
0.023




	
N2O

	
0.008

	
N2O

	
8.82 × 10−2

	
N2O

	
1.31 × 10−5




	
CH4

	
0.011

	
CH4

	
7.72 × 10−3

	
CH4

	
8.35 × 10−3




	
PM 10

	
1.50 × 10−2

	
PM 10

	
2.75 × 10−3

	
PM 10

	
6.79 × 10−7




	
NOx

	
0.005

	
NOx

	
2.66 × 10−3

	
NOx

	
91.0 × 10−5




	
SO2

	
0.019

	
SO2

	
0.011

	
SO2

	
1.00 × 10−3




	
CO

	
2.12 × 10−2

	
CO

	
3.86 × 10−3

	
CO

	
2.75 × 10−6




	
NH3

	
0.053

	
NH3

	
0

	
NH3

	
0




	
Herbicides

	
0.51 × 10−2

	

	

	

	




	
Fungicides

	
1.80 × 10−2

	

	

	

	




	
Pesticides

	
0.50 × 10−2

	

	

	

	




	
Emission toWater (kg)




	
NO3-

	
0.158

	

	
-

	

	

	

	
-




	
Phosphate

	
0.175

	

	
-

	

	

	

	
-




	
Emission toSoil (kg)




	
Herbicides

	
1.97 × 10−2

	

	
-

	

	

	

	
-




	
Fungicides

	
4.20 × 10−2

	

	
-

	

	

	

	
-




	
Pesticides

	
1.16 × 10−2

	

	
-

	

	

	

	
-
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Table 2. The effect of different inputs on the biodiesel production process from field to manufactory on final environmental indices.
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Damage Category

	
Human Health

	
Ecosystem Quality

	
Climate Changes

	
Resources




	
Unit

	
Daily

	
PDF*m2*year

	
kg CO2 eq

	
MJ Primary






	
Total

	
1.27 × 10−5

	
2.257

	
17.247

	
89.116




	
Direct emission

	
9.05 × 10−6

	
1.369

	
13.302

	
0




	
Diesel

	
4.27 × 10−7

	
0.175

	
0.393

	
40.550




	
Nitrogen fertilizer

	
1.54 × 10−6

	
0.422

	
2.170

	
19.521




	
Phosphate fertilizer

	
5.26 × 10−7

	
0.097

	
0.281

	
5.159




	
Potassium fertilizer

	
8.76 × 10−8

	
0.026

	
0.095

	
1.674




	
Pesticides

	
3.78 × 10−8

	
0.005

	
0.026

	
0.501




	
Herbicides

	
3.10 × 10−10

	
0.005

	
0.035

	
0.675




	
Fungicides

	
1.48 × 10−7

	
0.045

	
0.047

	
0.993




	
Steel

	
1.56 × 10−8

	
0.004

	
0.009

	
0.103




	
Copper

	
1.58 × 10−8

	
0.012

	
0.002

	
0.054




	
Methanol

	
2.47 × 10−7

	
0.019

	
0.104

	
6.788




	
Potassium hydroxide

	
2.01 × 10−8

	
0.003

	
0.021

	
0.327




	
Sulfuric acid

	
1.77 × 10−7

	
0.036

	
0.048

	
2.278




	
Electricity

	
5.27 × 10−7

	
0.072

	
0.758

	
12.768
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