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Abstract:



Although in the last 40 years only sugarcane has been harnessed for the production of ethanol in Brazil, corn production has grown strongly in certain areas, and may serve as a supplementary feedstock for ethanol production in integrated plants during the sugarcane off-season. The aim of this study is to evaluate the environmental and energy performance of ethanol production from sugarcane, corn, and grain sorghum in a Flex Mill in the state of Mato Grosso, Brazil. A life cycle assessment was carried out to survey the production of ethanol from each individual feedstock, and the integration of two of these to increase production during a one-year period. Results indicate that the environmental and energy performance are greatly influenced by agricultural activities, highlighting the importance of sugarcane cultivation. Still, there was an increasing trend of Climate Change impacts, Human Toxicity (carcinogenic) and Ecotoxicity, as well as reduced impact of Photochemical Oxidant Formation and Energy Return on Investment (EROI) as the proportion of ethanol from starchy sources in integration scenarios increases.
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1. Introduction


Ethanol is consolidated as fuel for light-duty vehicles in Brazil and has been widely available in the Brazilian market since the 1980s. Currently, Brazil is the world’s second largest ethanol producer and the largest exporter. In 2015, the country produced 29.9 Mm3 of ethanol, 1.90 Mm3 of which was for export [1]. Twenty-one percent of the energy consumption matrix of the transport sector in Brazil comes from renewable sources [2]. The Brazilian ethanol market is still booming, with a growth of 5.8% in production and 19% in consumption compared to 2014 [2,3].



In recent decades, ethanol production has been sourced solely from sugarcane and concentrated in the state of Sao Paulo, in southeastern Brazil, which accounts for approximately 58% of the national production [1]. Nevertheless, the need for diversifying feedstocks for the production of ethanol is already a cause for concern. Cultivation of multiple sources of feedstocks for energy use in appropriate ecological regions provides greater security against pests, which could jeopardize the use of this energy source [4]. Currently, the risks of monocultures are even larger, considering the scenario of increasingly atypical climates, in addition to fluctuations in the commodities market linked to factors beyond the control of producers.



Brazilian distilleries traditionally operate only during the sugarcane harvest (6–7 months), which implies infrastructure underuse. Producing mixed feedstocks in an integrated ethanol process is a way to maximize the industrial capital, especially if this occurred continuously with sugarcane, or even simultaneously with it, throughout the agricultural year [3,5,6]. This alternative is viable in the Midwest region of Brazil, a zone where agriculture has been growing continually and already supplies feedstock such as corn and grain sorghum at low prices. These starchy grains are options for composing rotation systems with soybean, which has a greater economic interest and predominates in the area [5,7].



Moreover, there are only a few studies on the energetic and environmental consequences of producing ethanol from corn or grain sorghum in Brazil or on the integration of ethanol production from varying ratios of two feedstocks in the same plant [8,9].



In order to verify the suitability of multipurpose plants operating in the Brazilian Midwest within existing sustainability criteria, a comprehensive assessment should be conducted. To this end, the Life Cycle Assessment (LCA) is a standard technique that evaluates environmental aspects and potential impacts associated with a product system, and has proven to be a useful tool for evaluating energy systems [10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25].



The aim of this study is to evaluate the environmental and energy performances of ethanol production from three different feedstocks (sugarcane, corn, and grain sorghum) in a multipurpose plant in the state of Mato Grosso, Brazil. The study also examines and discusses the effects on these same dimensions provided by the potential integration of two feedstocks to be carried out in order to increase the volume of ethanol produced during an agricultural year. The diagnoses were obtained from the application of the LCA technique taking into account the conceptual framework established by the International Organization for Standardization (ISO) 14044 standard [26].




2. Contextualization and Methodological Aspects


2.1. Socioeconomic Context of Rural Production in Mato Grosso


The state of Mato Grosso is economically strong in agricultural and mining activities. The region is notable for the production of corn and cotton, and for cattle. However, its most profitable agribusiness is the cultivation of soybean, the leading 2015/16 crop with a production of 26 Mt grains [27], or 27% of the domestic total.



The sociodemographic aspects of the rural population of Mato Grosso are, however, in sharp contrast with these performances. The 2010 Demographic Census indicated that 86% of the rural population inhabited small municipalities (≤50,000 inhabitants). Their households showed semi-adequate (86%) or inadequate (13%) sanitation conditions, and 9.0% of the population did not have access to electricity. In economic terms, 84% of the state’s agrarian collectivity accrued per capita household income of up to US$3070/year, and 48% of which lived in poverty (<US$1535/year) and 13% in extreme poverty (up to US$768/year) [28]. Despite these performances, the Gini Coefficient and the Human Development Index (HDI) for the state reached levels of 0.45 and 0.725, respectively, in the period [29], which indicates significant inequality between rural and urban areas.



As far as soybean is concerned, this divergence is ascribed, at least in part, to the concentration of crops in large estates. Labor to work in soybean cultivation is largely supplied by itinerant workers from other parts of the country, with limited salary expectations, and a low level of training to operate in a highly mechanized production model [30]. Similarly, agrochemicals are another instance of how agriculture has been modernized in Mato Grosso, with its use increasing 159% between 2009 and 2012 [31]. It should be highlighted that the use of these kinds of resources invariably results in an increase in agricultural production. On the other hand, they also provide more adverse effects on the environment than those required by small and medium-scale farming practices.



Grain sorghum and especially second crop corn are common options to compose rotation systems with soybean, recovering the soil between crops [5,8]. The Mato Grosso corn and grain sorghum production reached, respectively, 15 Mt and 94 kt in the 2015/2016 crop [27]. Average prices are still low in the domestic market (US$9.49 and 7.37 (60 kg·bag−1)). Exporting is hindered by the long distances between the production areas and outlets. The use of starches as feedstock in the production of ethanol during the sugarcane off-season becomes an economically and technically viable option, especially in multi-purpose production units.




2.2. Materials and Methods


The methodology adopted in this study followed four steps: (i) construction of models that consider the operational and procedural aspects of ethanol production from sugarcane, corn, and grain sorghum and their integrations from representative primary data for the state of Mato Grosso, in midwestern Brazil; (ii) definitions of the conceptual basis for determining environmental and energy performance of each case; (iii) comparison of individual performances of processing; and (iv) analysis of the effects of the integration of processes as energy and environmental performance.



The analysis was carried out on two levels. The first assessed the consumption of energy resources in terms of Primary Energy Demand [32,33]. Determining this indicator enables us to calculate the Energy Return on Investment (EROI) (Equations (1)–(3)). This is the relationship between energy provided by a fuel and non-renewable fossil primary energy (NRF) consumed [34]. In order to define the evaluated systems’ EROIs, we considered the average Lower Heating Value (LHV) of hydrate ethanol in Brazil, which corresponds to 21,350 MJ·m−3 [1].
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where: EROI: Energy Return on Investment; [image: there is no content]: energy provided by the fuel (kJ); [image: there is no content]: non-renewable energy demanded for fuel production (kJ); [image: there is no content]: Lower Heating Value of the fuel (kJ·kg−1); [image: there is no content]: amount of fuel (kg); [image: there is no content] non-renewable fossil primary energy demanded by the product life cycle (kJ); [image: there is no content] amount of raw material i, demanded by the product throughout its life cycle (kg); [image: there is no content] energy content of raw material i (kJ·kg−1).



The second level assesses the environmental effects of emissions and changes in the physical environment caused by the life cycle of the products evaluated. Two specific impact assessment methods were used to estimate these environmental effects according to different impact categories.



A discussion of the indicators for each impact category is presented in Section 6. In addition to the individual analyses, the trends noticeable in the integration scenarios were also evaluated. They consider different proportions of feedstocks for ethanol production in a multipurpose plant.





3. Description of the Models for Producing Ethanol from Sugarcane, Corn and Grain Sorghum in the State of Mato Grosso


In Mato Grosso, sugarcane cultivation technology can be divided between the sub-processes of (i) soil tillage; (ii) planting; (iii) cultivation; and (iv) harvest. Tillage comprises the use of limestone to correct the soil pH as well as soil decompression. During planting, seedlings are placed in the grooves and nitrogen and phosphate fertilizers are applied, along with insecticides, herbicides, and fungicides for plague control. In cultivation, vinasse and filter cake generated in the industrial stage are applied in addition to cover fertilizers (N and K), as well as growth regulators and more herbicides and insecticides.



Sugarcane is a semi-perennial crop and soil preparation and planting stages take place every six years, while cultivation and harvesting are repeated annually. The harvesting should preferably occur in the dry season to allow mechanized operations. Agricultural productivity of sugarcane varies depending on local climate, the cultivars and some technical practices [12]. The performance presented in Table 1 is considered high for Mato Grosso, whose average is 70 t·ha−1 for the 2012/2013 harvest [35]. The high yield can be explained by the first harvested crops, which usually have the highest productivity rates. The main inputs used in the process (fertilizers, soil correctives, pesticides, diesel, vinasse, filter cake, and even the sugarcane) were road-transported.



Table 1. Main characteristics of the product systems considered in this study.







	
Feature

	
Sugarcane Ethanol

	
Corn Ethanol

	
Sorghum Ethanol






	
Agricultural productivity (t·ha−1)

	
82.0

	
7.54

	
3.83




	
Harvesting

	
75% manual (preceded by straw burning) + 25% mechanized

	
100% mechanized




	
Industrial yield (L·t−1) *

	
77.0

	
362

	
354




	
Raw material crushing capacity (t·day−1)

	
4000

	
900




	
Maximum operation (days)

	
218

	
330




	
Fuel for cogeneration system

	
sugarcane bagasse

	
wood chips




	
Vinasse coproduction (t·t−1) *

	
1.80

	
2.77




	
Water consumption (t·t−1) *

	
1.65

	
5.20








* Parameters expressed per ton of raw material processed.








Sugarcane ethanol is produced in a small plant, as depicted in Table 1. Since raw saccharine cannot be stored, ethanol production follows the sugarcane harvest period (6–7 months) from April to November. The process can be divided into the following steps: (i) receiving and cleaning; (ii) milling; (iii) juice treatment; (iv) fermentation; and (v) distillation of hydrate ethanol (95%w/w). Sugarcane is first weighed and the cane stalks are washed.



The cane is sent to the mills for juice extraction. Bagasse is generated during the milling stage, which is sent to the boiler to be used in the fuel cogeneration system to supply the plant’s energy demands. Sugar juice treatment involves removing impurities and increasing concentration, from which both the clarified juice and filter cake are produced. The juice then goes to the fermentation tanks to be mixed with diluted yeast to produce a fermented solution containing ethanol and carbon dioxide (CO2), which is released into the atmosphere. At the end of this process, yeast is recovered by centrifugation and reused. Filter cake returns to the field to be used as fertilizer in the crop.



The fermented solution is distilled into ethanol, vinasse, and fusel oil. Vinasse is diluted and then transferred to the soil by fertigation. All the energy required in the process is supplied by the cogeneration system that produces steam at 21 bar and 300 °C to feed the plant and the turbogenerator, which, in turn, produces electricity as well as the exhaust steam (1.5 bar and 150–180 °C) used in the previous steps requiring thermal energy, such as sugar juice treatment and distillation. In the unit under analysis, electricity is not exported to the national grid.



The processes of agricultural production of corn and grain sorghum are quite similar, even though they may differ in terms of productivity and resource requirements. Sorghum is more resistant to droughts and to low nutrient availability [36]. The main process specifications of these product systems are summarized in Table 1. Corn and sorghum are planted according to the no-tillage system, which considers the cultivation of two rotated crops in the same crop year (planting the first crop in the rainy season and the second crop in the dry season) and maintenance of straw in the field. For this model, both corn and grain sorghum were second crops. The agricultural production of these cultivars can also be divided into four sub-processes: (i) soil correction; (ii) planting; (iii) cultivation; and (iv) collection and processing.



Soil acidity correction occurs every five years using limestone. Mechanical planting is used together with spraying of herbicides and insecticides. For corn planting, nitrogen, phosphate, and potassium fertilizers are applied, as well as fungicides. N-fertilizer is also used during cultivation. Finally, the grains are dried in order to improve the storage conditions after being mechanically harvested. We considered that fertilizers, soil correctives, pesticides, and diesel have all been road-transported.



The production of ethanol from starchy sources is carried out in a Dry Milling plant, according to the parameters presented in Table 1. Starchy ethanol can be produced throughout the year, since corn and grain sorghum keep their characteristics if the grains are properly stored. The process steps are repeated for both grains and comprise (i) receiving the grain; (ii) milling; (iii) liquefaction, cooking, and enzymatic hydrolysis; (iv) propagation of yeast and fermentation; and (v) distillation.



In the receiving stage, the feedstocks are stored in silos. In the liquefaction stage, water, steam, and the enzyme α-amylase are added. Cooking leads to starch gelatinization and fragmentation, generating a wide range of dextrins. The next step is the addition of mash and nutrients for the propagation of yeast. After this, the glucoamylase enzyme is added to the mixture of dextrins and propagated yeast, in order to processes the dextrin molecules into simple glucose molecules that can be metabolized by the yeast. Finally, a distillation is carried out to separate the hydrate ethanol (95%w/w) from the vinasse.



Because yeasts are not recovered, the vinasse and the soluble solids are recovered and used as a protein component in animal feed. All the energy required for the process is supplied by the same cogeneration system described previously, although the fuel is different. The processes for obtaining ethanol from corn and sorghum differ slightly in yield since sorghum has less starch. In practical terms, the production from this raw material consumes about 2.0% more energy.




4. Life Cycle Assessment: Flex Mill in Mato Grosso


4.1. Scope Definition


This study uses a cradle-to-gate attributional life cycle approach, in accordance with ISO 14044 guidelines [26] and the Reference Flow (RF) was defined as “producing 1.0 m3 of hydrate ethanol (95%w/w).” Ethanol production can be divided into two macro processes: (i) production of agricultural raw material; and (ii) industrial ethanol production. These processes have specific characteristics, which were described in Section 4. The product system for sugarcane ethanol is shown in Figure 1a and the product systems for ethanol corn and grain sorghum are both described in Figure 1b.


Figure 1. (a) Diagram of the Product System for the ethanol production model from sugarcane; (b) Diagram of the Product System for the ethanol production model from corn or grain sorghum.
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Primary data were used for modeling the stages of production of the agricultural raw material, ethanol production, and cogeneration stages in most cases. Secondary data have only been applied for the ancillary systems such as production inputs and wood chips [37,38]. Background data regarding industrial and agricultural inputs were obtained from the Ecoinvent Database [33,39,40]. Moreover, some adjustments have been made to the Brazilian energy matrix and thermal power generation.



Geographical coverage considers the state of Mato Grosso, in midwestern Brazil and Temporal coverage refers to the period 2012–2013. Changes in geographical or temporal scopes are attributable to scopes of auxiliary processes used in the inventory database. Technology coverage considers the specifications described before in Section 4.



Environmental aspects associated with capital goods were not considered. Moreover, if the cumulative mass participation of a certain amount was less than 1.0% of the total for each unit process, then that input has been excluded. The exception occurred for pesticides because of their environmental relevance.



Cases of multifunctionality have been addressed through allocation procedures. The assignment of environmental loads among the distillery coproducts—ethanol, fusel oil and vinasse in the case of sugarcane, and all these as well as Dried Distillers Grains with Solubles (DDGS) for starchy sources—was based on the (C/H) ratio of those flows, which have been established from typical compositions [41,42,43]. The decision was made due to the energy nature of the systems under analysis and their co-products, which can be quantified from that relation. The allocation factors applied for each situation are depicted in Table 2.



Table 2. Allocation factors regarding ethanol production from different feedstock.







	
Coproduct

	
Sugarcane Ethanol

	
Corn Ethanol

	
Grain Sorghum Ethanol






	
Ethanol

	
38.7%

	
31.8%

	
31.0%




	
Fusel oil

	
1.20%

	
1.30%

	
1.00%




	
Vinasse

	
60.1%

	
29.1%

	
29.6%




	
DDGS

	
n.a. 1

	
37.8%

	
38.4%








1 Not applicable to ethanol from sugarcane.








For the cases involving starch ethanol, the allocation procedures have also been applied at the agricultural stage to distribute the environmental loads between the first and second crops in the rotation system. Thus, the emissions generated by the direct Land Use Change (dLUC) and soil acidity correction were equally divided, considering the time of land occupation for each crop during the agricultural year [44].




4.2. Life Cycle Inventory (LCI)


Data collection followed the assumptions above mentioned and referenced to 1.0 m3 hydrate ethanol. The LCIs used in this study are available as supplementary material (Tables S1–S6). The application of vinasse generated from the corn/grain sorghum ethanol production was considered as an alternative of N, P, and K supplementing in the agricultural stage of their respective feedstocks, as occurs in the production of sugarcane ethanol, due to the benefits provided by this practice in terms of agricultural productivity [38]. Models regularly accepted by the scientific community have been used for emission estimates [39,40,45,46,47].



The dLUC emissions were calculated for the state of Mato Grosso for the 20-year period (1993–2013) [40,48,49,50]. To determine dLUC, five types of land use have been considered as possible reference systems: (i) annual and (ii) perennial crops; (iii) pasture; (iv) forest plantations and (v) primary forests [50]. The areas corresponding to the types of land use were obtained from official statistics [51,52]. Sugarcane, corn, and grain sorghum, as well as the eucalyptus used for cogeneration, showed growth in planted areas in the zone. The data collection process concluded that the expansion of the crops may have occurred in perennial crop areas (the only type of land use which decreased in the period), or in primary forests, according to the reduction ratio of such land uses in the state.




4.3. Life Cycle Impact Assessment


Non-renewable energy demand (NRF) used as the basis for calculating the EROI was estimated according to the Cumulative Energy Demand method (CED)—v.1.08 [33]. Effects related to emissions and changes in the physical environment were estimated by ReCiPe Midpoint (H)—v.1.10 [53] for impact categories: Climate Change, Terrestrial Acidification, Photochemical Oxidant Formation, and Agricultural Land Occupation. Finally, the USEtox (default) method—v.1.03 [54] was selected for quantifying impacts in terms of Ecotoxicity and Human Toxicity (carcinogenic).





5. Results and Discussion


In order to comply with the objectives established for the study, the results have been separated into two sections. The first depicts the results related to the energy and environmental assessments for the production of hydrate ethanol from each feedstock individually. The second section reports the discussion of the results obtained for the integration scenarios in a multipurpose plant.



5.1. Individual Assessment of Ethanol Production from Sugarcane, Corn and Grain Sorghum


5.1.1. Energy Assessment: EROI


According to Figure 2, the production of 1.0 m3 hydrate demands of 1850, 3118 and 2471 MJ of NRF if produced from sugarcane, corn, and grain sorghum respectively. For all productive systems, the highest consumption stages were transport (especially of feedstocks and vinasse between the plantation and processing plant), with contributions of 77%, 60%, and 76% for sugarcane, corn, and grain sorghum, respectively. The manufacture of inputs were also significant. The production of fertilizers and lime accounted for 21% of the total NRF for sugarcane ethanol. For corn ethanol, apart from fertilizers, the most relevant inputs were glyphosate and atrazine, both herbicides, with 36% of the total fossil energy demand. Grain sorghum ethanol showed a similar profile with 19% of NRF being attributed to the production of urea, glyphosate, and atrazine.


Figure 2. Absolute and Relative major contributions in terms of NRF in the production of 1.0 m3 ethanol from sugarcane (SC Et), corn (C Et) and grain sorghum (GS Et).
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Since ethanol has the same physical characteristics regardless of the agricultural feedstock, its energy content is strictly the same. Therefore, variations among EROIs obtained by each system (Table 3) are justified by the NFR demands, which are 40% and 25% lower for sugarcane ethanol in comparison to corn and grain sorghum (Figure 2).



Table 3. EROI for the production of 1.0 m3 ethanol (95%w/w) from the different agricultural raw materials under analysis.







	
Impact Category

	
Sugarcane Ethanol

	
Corn Ethanol

	
Grain Sorghum Ethanol






	
EROI 1

	
11.5

	
6.85

	
8.64








1 Estimates based on an average LHV of hydrate ethanol of 21,350 MJ·m−3 [1].








The EROI of sugarcane ethanol produced in Brazil was estimated in different studies following the life cycle approach [11,12,13,14]. Some of the values described in the literature that were obtained from assumptions similar to ours were 7.52 [12], 8.84 [13], and 2.63 [14], albeit with a large energy input for infrastructure construction. The production process of this study’s multipurpose plant may have performed better because it ignores infrastructural aspects and occurs considering newer technology. Moreover, this case study has been conducted in a region where sugarcane production is only now expanding, which may result in above-average performance.



Similar studies have been performed to survey corn ethanol EROI produced by dry milling technology, especially in the United States [15,16,17,34]. The results, of 1.38 [15], 1.62 [16], and 0.844 [17] indicate no renewable energy return on fossil energy used in the process. Once again, the EROI obtained for these situations takes into account the energy consumed for the construction of capital goods and as field labor. Compared to corn ethanol obtained in the multipurpose plant, the energy returns from ethanol processes in the US are lower because those studies admitted the use of natural gas to supply the energy requirements in the industrial stage and power from the US grid.



The same behavior was observed for grain sorghum ethanol produced in the US. The authors considered two energy supply scenarios for the industrial stage [18]: (i) natural gas from fossil fuels as a source of thermal energy, as well as electricity from the grid; and (ii) renewable-origin natural gas (from anaerobic digestion of animal waste) to feed a cogeneration system, and produce heat and electricity. Thus, the system using fossil natural gas had EROI = 2.00 and the alternative adopting cogeneration from biogas achieved EROI = 4.90. Nevertheless, the results are much lower that of the Mato Grosso Flex Mill.



The renewable energy incorporated into biomass during cultivation was also estimated. For the production of 1.0 m3 ethanol, the sugarcane absorbed 57,908 MJ, whereas for corn and sorghum the rates are 37,432 MJ and 37,909 MJ, respectively. Sugarcane is one of the most efficient energy crops because of its potential for photosynthetic conversion. Moreover, this biomass is widely reused, so the amount consumed in the manufacturing stage is higher compared to corn and grain sorghum [8].




5.1.2. Climate Change


Concerning Climate Change (CC), the sugarcane ethanol had the best performance, followed by corn and sorghum ethanol. For all raw-material alternatives, the agricultural stage was responsible for most emissions (Figure 3a). Figure 4 indicates that CO2 emissions caused by dLUC had great influence on the results. About 910 kg CO2 eq·m−3 (72% of the total impact) are caused by culture expansion in the state in the last 20 years. Sugarcane ethanol production emitted 350 kg CO2 eq·m−3, mainly due to fossil CO2 (transport activities necessary in the use of fertilizers and other agricultural operations), N2O (N-fertilizer emissions) and biogenic CH4 (biomass burning).


Figure 3. Comparison of the performances of sugarcane ethanol (SC Et), corn ethanol (C Et), and grain sorghum ethanol (GS Et), and stages contributing to different types of impact. The values above the bars are the absolute contribution and the percentages express the participation of each stage for the type of emission. (a) Climate Change; (b) Agricultural Land Occupation; (c) Terrestrial Acidification; (d) Photochemical Oxidant Formation; (e) Human Toxicity (carcinogenic); (f) Ecotoxicity.
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Figure 4. Emissions for Climate Change for 1.0 m3 of sugarcane ethanol (SC Et), corn (C Et), and grain sorghum (GS Et) according to CO2 dLUC contribution and other CO2 emissions.
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For the production of corn ethanol, 1.26 t CO2 eq·m−3 (74% of impact) are due to dLUC (Figure 4), either because of corn or eucalyptus used for cogeneration. Moreover, emissions of fossil CO2 (transport and mechanized activities in the agricultural stage), and N2O (production and use of N-fertilizer) also contribute to CC. Grain sorghum had the worst performance for this category. As in other cases, the emissions from dLUC were prominent (84% of the total) caused by the cultivation of both sorghum and eucalyptus. The remaining emissions (360 kg CO2 eq·m−3) took place mainly in the form of fossil CO2 and N2O in the same process used for corn ethanol.



The choice of the dLUC estimation method has a marked effect on CC results [19]. Other studies evaluating the production of ethanol used the same models to calculate dLUC emissions, but with different geographic coverage [19,20]. CC emissions for the production of sugarcane ethanol in Brazil and corn in the US considering dLUC at the national level were estimated at 825 kg CO2 eq·m−3 for both feedstocks. Expansion of forest culture was identified for sugarcane, and no dLUC was verified for corn [19]. In the state of Sao Paulo, dLUC are responsible for 1.40 t CO2 eq·m−3 sugarcane ethanol [20]. CC was also influenced by the use of specific local data to determine dLUC, even if those came from statistical databases.



Considerations about the Carbon Balance


The results for CC are directly related to the methodology. The method ReCiPe follows the approach provided by the Intergovernmental Panel on Climate Change (IPCC) and does not consider carbon emissions from biogenic sources, or even the carbon fixed by biomass throughout the product life cycle. To verify the effects of these neglected portions, CC emissions were adjusted as presented in Table 4.



Table 4. CC Balance for 1 m3 ethanol (95%w/w) for sugarcane, corn and grain sorghum.







	
Contributions for CC Impact

	
Unit

	
Sugarcane Ethanol

	
Corn Ethanol

	
Grain Sorghum Ethanol






	
Accumulated value (ReCiPe)

	
kg CO2 eq

	
1256

	
1709

	
2436




	
CO2,fix

	
kg CO2 eq

	
(–) 5407

	
(–) 2973

	
(–) 3138




	
CO2,b

	
kg CO2 eq

	
3426

	
1632

	
1600




	
Adjusted CC balance

	
kg CO2 eq

	
(–) 725

	
368

	
898










When considering emission biogenic carbon dioxide (CO2,b) and carbon dioxide fixation (CO2,fix), fuel produced from sugarcane has a favorable balance in terms of greenhouse gases (GHG) (−725 kg CO2 eq·m−3). This occurs because the rate of CO2,fix is greater than all the GHG emissions, even including CO2,b. For corn and grain sorghum, the opposite is the case. The fixations of CO2 in the agricultural stage were not enough to offset the effects of both non-biogenic (accumulated value) and biogenic emissions.



It should be noted that, in the case of the co-products where ethanol is produced from starchy sources (ethanol, fusel oil, DDGS and vinasse), the GHG emissions and the fixation of CO2 associated with the system are shared, and therefore their effect is attenuated. It should also be said that these results are related to the scope of the study. Because it is a cradle-to-gate approach, biogenic emissions from ethanol use are not quantified.





5.1.3. Agricultural Land Occupation


The Agricultural Land Occupation is influenced by the productivity of crops and by duration of occupation and therefore their agricultural cycle. Analyzing the performance of each alternative, the results indicate the occupation of 1305 m2·a of agricultural area for each 1.0 m3 sugarcane ethanol produced, 1220 m2·a·m−3 corn ethanol and 1892 m2·a·m−3 grain sorghum ethanol. As to be expected, the agricultural stage accounted for most of these results (Figure 3b). For sugarcane, it is responsible by almost the entire occupation, whereas for corn and grain sorghum the contributions were of 33% and 22%, respectively, due to the use of eucalyptus as a power source. Corn ethanol showed the best performance in this category, with a good balance between agricultural and industrial productivity. In contrast, the low agricultural productivity of grain sorghum ethanol (3.83 t·ha−1) was crucial for the result obtained in the category.




5.1.4. Terrestrial Acidification


This category aims to evaluate the potential negative effects resulting from the reduction of pH in ecosystems, which may occur by increased atmospheric concentrations of, i.e., sulfur and nitrogen oxides (SOx, SO2, and NOX) and ammonia (NH3). As shown in Figure 3c, grain sorghum had the best performance for this impact, followed by sugarcane and corn. For all three, the agricultural stage had the greatest influence on performance, contributing 86%, 88%, and 72% respectively for sugarcane, corn, and grain sorghum. The main contributions come from emissions NH3 and NOx from the use of N-fertilizers in the field. The cogeneration also had some influence on sugarcane and grain sorghum ethanol (10% of the total impacts) due to its losses of SOx and NOx from burning of biomass.




5.1.5. Photochemical Oxidants Formation


This category evaluates the potential for oxidation of volatile organic compounds and other substances under the influence of sunlight, resulting mainly in the formation of tropospheric ozone (O3) which may compromise animal and vegetable organic compounds or materials exposed to air.



Sugarcane ethanol had the worst performance in terms of Photochemical Oxidants Formation (Figure 3d). Its major contributions are attributed to the agricultural stage (48%) and the cogeneration (42%). The main precursors in this case are CO and NOX, especially from burning straw—which occurs in 75% of the cultivation area—and the burning of bagasse in cogeneration. Between corn and grain sorghum, performances were similar, and very much influenced by cogeneration (58% for both cases). The transportation activities also stood out in this case.




5.1.6. Human Toxicity (Carcinogenic) and Ecotoxicity


The method used in this case evaluates the interactions between the various emitted substances that are potentially toxic to ecosystems or human health. Human toxicity considers the exposures to toxic agents in terms of inhalation and ingestion of water and food. Results are expressed in terms of Comparative Toxic Units (CTUh), a standard unit for comparison of different kinds of emissions [54].



The performances shown in Figure 3e,f, show that grain sorghum had the worst results, followed by corn and sugarcane. For Human Toxicity, atrazine accounted for 91% of impacts for corn and 95% for sorghum. In the sugarcane ethanol system, about 51% of impacts of toxic substances are due to agricultural inputs such as agrochemicals (mainly glyphosate) and fertilizer (especially urea).



For Ecotoxicity, the agricultural stages had the highest effect on the results for the three processes—with 98% contributions for sugarcane, 92% for corn and 94% for sorghum—because of pesticide use. In the production of sugarcane, application of substances such as fipronil, sulfentrazone and hexazinone had an impact on the results. In contrast, atrazine accounted for 72% and 83% of the result in this category in the production of corn and grain sorghum, respectively.





5.2. Evaluation of Process Integration Scenarios in the Multipurpose Plant


The main characteristic of the multipurpose plant is to reuse part of the sugarcane processing plant to produce a supplementary amount of ethanol from starchy sources during the same season. In this study, the integration scenarios consider that starchy ethanol must start being obtained as soon as the processing of sugarcane ethanol is completed in order to prolong the annual fuel production. Thus, process integration occurs at two points: (i) the supplementation of raw materials for the process; and (ii) the use of surplus sugarcane bagasse as fuel for cogeneration in the starchy ethanol production. Although only surplus bagasse is insufficient to meet this demand, the consumption of external fuel sources (wood chips) is reduced.



Once the agricultural production of grain sorghum was considered marginal compared to the corn [36], the possibility of integrating all the feedstocks was discarded. Therefore, only two situations have been evaluated: (i) sugarcane + corn; and (ii) sugarcane + sorghum. Each situation was stratified in scenarios according to specific feedstock addition ratios. Scenario A—comprising the maximum participation of sugarcane ethanol—has already been implemented in the region [5,7]. Alternative scenarios (from B to M), with increasing participation of starch-based ethanol over a year, were assessed in order to support future decision-making. Table 5 depicts the scenarios for the integrated production of ethanol in terms of feedstocks contribution and the consumption of biomass for energy generation. To establish these arrangements, we assumed: (i) an annual ethanol production of 70,660 m3; (ii) only 218 days of operation with sugarcane, due to harvesting restrictions; (iii) operation with corn or sorghum occurring for up to 330 days as they can be stored for long periods; and (iv) the maintenance activities shut down the unit for 30 days a year.



Table 5. Integrated production scenarios with sugarcane ethanol and corn/sorghum ethanol.







	
Scenarios

	
Composition

	
Consumption of Renewable Fuel for Cogeneration




	
Sugarcane Ethanol

	
Corn/Sorghum Ethanol

	
Bagasse

	
Wood Chips




	
%

	
t·m−3 Ethanol






	
A

	
65

	
35

	
1.03

	
0.95




	
B

	
60

	
40

	
0.84

	
1.06




	
C

	
55

	
45

	
0.69

	
1.15




	
D

	
50

	
50

	
0.56

	
1.22




	
E

	
45

	
55

	
0.46

	
1.28




	
F

	
40

	
60

	
0.37

	
1.32




	
G

	
35

	
65

	
0.30

	
1.36




	
H

	
30

	
70

	
0.24

	
1.40




	
I

	
25

	
75

	
0.19

	
1.43




	
J

	
20

	
80

	
0.14

	
1.46




	
K

	
15

	
85

	
0.10

	
1.48




	
L

	
10

	
90

	
0.06

	
1.50




	
M

	
5

	
95

	
0.03

	
1.52










Based on the individual results of the production of ethanol from different feedstocks and considering the feasibility for integration provided by the multipurpose plants, this study sought to determine the energy and environmental performance of the production of hydrate ethanol in a unit in continuous production, using two different raw materials. Each scenario indicated in Table 5 and Figure 5 was evaluated in terms of energy through EROI.


Figure 5. Results of the integration scenarios sugarcane, corn, and grain sorghum, according to EROI.
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Completion of production from grain sorghum has better EROI results than corn. Moreover, the figures show worsening of performance as the percentage of ethanol from starchy sources goes up. This is mainly caused by the distances traveled by feedstocks to the mill and vinasse to the field (202 km for corn versus 22 km for sugarcane) and the fossil fuel to produce N-fertilizers. The production of larger amounts of starchy ethanol results in greater NRF and, thus, the EROI values are reduced gradually.



Integrations have also been evaluated in terms of environmental impacts caused by emissions and changes in the physical environment. These results are depicted in Figure 6. For Climate Change (Figure 6a), the precursors are GHG emissions from fossil fuels and CO2 from direct LUC. The performance of the integration scenarios worsens as the ethanol production from starchy sources increases. This tendency can be explained by the expansion of the sorghum and corn crops in recent years, coupled with their low agricultural productivities.


Figure 6. Performance of integration scenarios between the production of ethanol from sugarcane, corn, and grain sorghum. (a) Climate Change; (b) Photochemical Oxidant Formation; (c) Agricultural Land Occupation; (d) Terrestrial Acidification; (e) Human Toxicity (carcinogenic); (f) Ecotoxicity.
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Additionally, increasing GHG emissions related to the long distance transport of feedstocks and vinasse. Integration between corn and sugarcane has been previously studied in terms of GHG emissions in a condition similar to this study, and the results indicated worse performance because of the increased participation of corn as raw material. The scenarios, which consider only sugarcane, had the lowest GHG emissions [8].



The opposite was true for Photochemical Oxidant Formation (Figure 6b). As the proportion of starchy ethanol increases, so does the performance of integration scenarios. Still, the results showed no significant differences between corn and grain sorghum. This behavior suggests a strong influence of carbon monoxide (CO) and NOx emissions associated with the burning of straw during harvesting (9.30 and 6.10 kg NMVOC eq·m−3, kilograms of Non-methane volatile organic compounds equivalent per cubic meter) since the performance of industrial activities (cogeneration) is similar for all the materials in this case.



For Agricultural Land Occupation (Figure 6c), sugarcane and corn integration scenarios are virtually independent of their ratio. This is because low agricultural productivity is compensated by a high industrial productivity (362 L·t−1 corn), unlike sugarcane ethanol. In the case of grain sorghum, agricultural productivity is lower.



Results from Figure 6d indicated that the integration scenarios present opposite trends in the Terrestrial Acidification indicator according to the starchy source. Although there is a reduction in emissions from burning as the proportion of sugarcane ethanol decreases, corn cultivation leads to increasingly higher NH3 emissions (4.50 kg·t−1) because of the fertilization with urea. On the other hand, NH3 losses in the cultivation of grain sorghum (1.20 kg·t−1) are comparatively less significant, so that Terrestrial Acidification decreases as more ethanol is produced from this feedstock.



Figure 6e,f shows similar trends for Human Toxicity (carcinogenic) and Ecotoxicity. Although less agrochemicals are consumed in the cultivation of corn and grain sorghum than with sugarcane, the quantities are much higher. Moreover, the impact caused by the herbicide atrazine (290 g·t−1 corn and 350 g·t−1 sorghum) must be taken into account. Consequently, integration scenarios with the highest percentage of ethanol from starchy sources showed worse performance. Still, the biggest consumer of agrochemicals combined with a worse agricultural productivity caused the scenarios involving grain sorghum to yield worse results compared to corn.



As with the individual analysis of each feedstock, integration scenarios were also evaluated through Adjusted Climate Change Balance, incorporating the influence of biogenic emissions of CO2 and its fixation by biomass (Figure 7). Although the CO2,fix is high in the cultivation of corn and grain sorghum, the conversion efficiency of these starchy sources in ethanol requires less feedstock to produce the same amount of fuel, thus reducing the impact of the agricultural stage on the results. Moreover, the effects of burning wood chips can be disregarded, since it is a grown feedstock used for energy purposes, and the CO2,fix of the agricultural stage is emitted later, when it is burned in the boiler.


Figure 7. Comparison of the results of Climate Change for integration scenarios. (a) Greenhouse gases (GHG) from fossil fuels and dLUC; (b) Adjusted Climate Change Balance.
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6. Conclusions


The Life Cycle Assessment technique proved to be appropriate to evaluate the environmental effects of the integrated production of ethanol from sugarcane, corn, and grain sorghum in a systemic and comprehensive way.



The environmental performance of the analyzed scenario is dependent on emissions of the industrial stage of ethanol production, and, above all, in the agricultural cultivation of the feedstocks. Results also indicate that the environmental and energy performance of ethanol production from sugarcane has a strong bearing on the behavior of integration scenarios for most of the impact categories considered. The low agricultural productivity of corn and grain sorghum was relevant for the categories of Agricultural Land Occupation, Human Toxicity (carcinogenic) and Ecotoxicity.



The integration scenarios showed increasing impacts for Climate Change, Human Toxicity (carcinogenic) and Ecotoxicity due to the successive additions of starchy raw materials to replace sugarcane. Taking into account the most relevant contributions for each category and seeking to reverse these incremental trends, we suggest that the following actions be explored in detail: (i) to install corn and sorghum crops in nearby areas (starting at 50 km); (ii) to carry out these crops in long (over 20 years) deforested areas; and (iii) to replace the agrochemicals used in the corn or sorghum crops (particularly atrazine) with less impacting substitutes. Reductions in Photochemical Oxidant Formation and in the EROI have been observed as the proportion of ethanol from starchy sources increases. Regarding Agricultural Land Occupation, the sugarcane-corn scenarios are independent of their ratio. Conversely, the integration scenarios present opposite trends for Terrestrial Acidification according to the starchy source.



The results obtained—particularly with regard to the performances of the different integration scenarios—support an expansion of the scope of this academic research. As an immediate (and even natural) consequence of these findings, the investigation proceeds to verify the environmental and energy effects of the supply of ethanol for a longer period. Such an analysis must take place under the consequential approach of LCA to be conclusive, and the definition of market reorganization scenarios for this case should be based on sound criteria.



Finally, in order for the processing of bioethanol to develop under conditions of sustainable equilibrium in the state of Mato Grosso, other issues as significant as those of an environmental nature must still be considered. These occur in the economic and, especially, in the social domains, particularly with regard to the labor conditions provided to professionals working in the region.
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