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Abstract: Biofuels have been extensively explored and applied in the Brazilian market. In
Brazil, ethanol and biodiesel are produced on an industrial scale. Ethanol is
commercialized and used in engines in both the hydrated form (96% °GL) and the
anhydrous form, mixed with gasoline at a proportion of up to 25% by volume. In turn,
biodiesel is blended with diesel in a proportion of 5% by volume. Thus, the goal of the use
of biofuels is to contribute to the mitigation of greenhouse gases and other pollutants emitted
into the atmosphere during burning. This article describes some recent developments in the
characterization of the environmental and economic impacts of the production of these
biofuels from different biomass sources. On this regard, this review presents results of
life-cycle assessments (LCAs), life-cycle cost assessments (LCCAs) and Structural Path
Analysis (SPA), this last one depicting a sectorial perspective rather than LCA process level
data approaches. The results showed that the inclusion of biofuels in transportation activities
can lead to the mitigation of the environmental impacts of certain activities, such as
emissions of greenhouse gases. However, greater attention must be paid to the improvement
of agricultural management to decrease fuel, fertilizer and herbicide consumption.
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1. Introduction

There are numerous environmental problems caused by the intensive use of fossil fuels (e.g., carbon
dioxide [CO,] emissions, pollution and resource depletion), which highlights the disadvantages of an
unbalanced ratio of resource demands associated with this non-renewability. The growing interest in
alternative renewable resources, such as CO,-neutralizing materials, suggests that biomass derived
from agricultural products is an important source of raw materials for various products and biofuels [1,2].

Regarding biomass use, life-cycle assessments (LCAs) can be applied to determine the
environmental impacts of the production of a product, such as soybean oil, palm oil, sugarcane,
biodiesel and ethanol while simultaneously integrating various environmental aspects, known as
environmental impact categories, into the assessment. These categories include global warming [3],
atmospheric acidification, eutrophication and human toxicity [4], among others. Moreover, this
methodology has been applied to assess up to the third generation biofuels [5-7].

Coupled with LCA, life-cycle cost assessment (LCCA) is a method that determines the costs
associated with supply-chain assets, such as the costs of acquisition, installation, operation, inputs,
maintenance, recycling and disposal. This type of model is static; therefore, it cannot be used to model
market dynamics because it considers only production costs [8].

Brazil biofuel production, one of the largest in the world, was of 29 billion liters of ethanol in 2009
and of 2.4 billion liters of biodiesel in 2010 [2]. This production will increase in the next years as the
fleet grows and the biodiesel diesel ration augments to 10% [2].

This article will discuss some results of recent studies on the environmental and economic impacts
of biodiesel and ethanol production in the Brazilian context. The research focused on primary
and secondary data of first and second-generation sugarcane bioethanol and biodiesel from
several oleaginous.

2. Bio-oils

Biodiesel has been established as a successful fuel in the Brazilian energy matrix, and Brazil is
nowadays the third greatest producer worldwide [9]. Biodiesel can be produced from a wide variety of
oleaginous plants, such as soybean, cotton, babassu and palm. Several aspects of soybean oil and palm
oil production will be discussed below, and a description of biodiesel production via oil treatment and
transesterification will be presented, as will a comparative evaluation of the environmental impacts
along the biodiesel life-cycle. In order to protect intellectual property of data owners, suppliers’ names
and mass and energy flows figures are confidential.

2.1. Soybean

Soybean (Glycine max L.) is one of the most important crops in the World, due to its oil and protein
content [10]. Global soybean production is approximately 210 million tons per year. The main
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countries producing this crop are the U.S. (39.4% of global production), Brazil (23.9%) and Argentina
(18.2%) [11]. In Brazil, soybeans are intended to be consumed “in natura” or processed, in the form of
soybean meal (used in the manufacture of animal feed) and soybean oil (used in food or in the
production of biodiesel).

The global cultivation area for soybean increased from 38 million hectares (ha) in 1975 to
91 million ha in 2005, with the most significant increases occurring in Argentina and Brazil [12].
Brazil is the second-largest soybean producer in the World, generating approximately 67 million tons
on 25 million ha, with a productivity of 2665 kg/ha [13]. Soybean oil represents 85% of Brazilian
biodiesel production.

The Brazilian agricultural model is sustainable and competitive, pioneering the support of programs
to reduce greenhouse gas emissions, such as low-carbon agriculture [14]. The total cultivated area in
Brazil is estimated at 49.9 million ha [15]. Agricultural expansion mainly occurs in parts of the
Cerrado, and the resulting impacts have stimulated discussions about good agricultural practices to
promote increased productivity, prevent deforestation and reduce the emissions related to the
advancement of soybean cultivation [13].

Soy is the crop that consumes the greatest amount of agricultural inputs (45.3%) in Brazil [16]. Due
to the environmental consequences of the accumulation and dispersion of these agrochemicals, LCAs
of agricultural products have become a tool for implementing the concept of sustainable development
to ensure the profitability of farms and the conservation of natural resources [17].

The amount of inputs influences environmental impact categories, even when analyzed
independently of other agricultural processes. The agricultural data available in literature demonstrates
that the contributions of herbicides and pesticides to eutrophication and toxicity can be partly
explained by the behavior of these agrochemicals in soil and by the processes involved in their
production [17]. With respect to fertilizers, phosphate use produces the greatest environmental impact,
especially in terms of the CO;-equivalent emissions associated with the production process and the
ease of adsorption to soil elements, which increase emissions in the other categories. Xavier [17] also
noted that in agriculture, more intensive use of fertilizer does not translate into higher productivity but
does produce greater environmental impacts without achieving better economic results.

2.2. Palm Oil

Although it does not yet represent a large share of biodiesel production (contributing approximately
0.25%), the palm, or dendé (Elaeis guineensis), shows great potential, especially in the northern region
of Brazil [18]. The average yield of crude palm oil ranges from 3 to 6 tons per ha, compared to the
soybean yield of 0.2 to 0.6 tons per ha [19]. Some additional benefits of palm oil are that it is a
perennial crop and is well adapted to the edaphoclimatic conditions of the Amazon region [20].

The technological system analyzed below is the idealization of a potential system based on
secondary data available in the technical-scientific literature and in documents from governmental
institutions. Thus, the implementation of an oil palm farm has been proposed in the Amazon region,
specifically in the city of Tailandia, which is the largest oil palm producer in Brazil [20].
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2.2.1. Palm Oil Life-Cycle Inventory

The evaluation of a 1-ha FFB production system is described by the flowchart in Figure 1. Sowing
occurs in a pre-nursery, and the seedlings develop over three months. The seeds are obtained from a
company in Costa Rica (ASD), arrive in the city of Belém by airplane [21] and are transported by truck
to Tailandia. Humus from the area surrounding the pre-nursery is used as a substrate for the seedlings.
The plastic bags used to hold the seedlings are composed of low-density polyethylene (LDPE) [22].
The fertilizer recommendations for each seedling at this growth stage are 7.5 g of urea, 4.5 g of triple
superphosphate (TSP), 3 g of potassium chloride (KCI) and 1.5 g of magnesium sulfate (MgSO,) [23].
The water requirement is approximately 33 L per seedling, and irrigation is performed manually using
watering cans [24]. Pest control is conducted manually, from nursery to planting phase, approximately
10% additional seedlings are required due to defective seedlings and pre-germinated seeds that must be
eliminated [21]. In one hectare there will be 143 palm trees.

In the nursery, seedlings are transplanted into larger low density polyethylene-LDPE bags filled
with local humus. The seedlings remain in the nursery for an additional nine months until they reach
the ideal size for planting. The fertilizer recommendations for each seedling at this growth stage are
900 g of urea, 2800 g of TSP, 2050 g of KCIl and 900 g of MgSO,4 [23]. The water used by the
seedlings at this growth stage is approximately 1760 L and is provided by pivots [24]. The pest control
at this stage is also manual. At the end of this stage, the seedlings are manually planted in the field.

Figure 1. Flowchart of the production of oil palm fresh fruit bunches.
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The rural infrastructure requirements include the opening of roads, the preparation of soil for
planting and the cleaning of the area for the implementation of the pre-nursery and nursery. The basic
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input at this stage is the diesel used by power tractors. The average diesel consumption is
approximately 23.56 kg/ha [25]. At the end of the process, 2 kg/ha of Pueraria phaseoloides, an
N»-fixing plant, is planted [21].

Maintenance consists of the monitoring of planting throughout the production cycle. After this
period, there is basic, manual maintenance consisting of mowing and weeding. Initially, glyphosate is
the main product used for chemical treatment around the palm plants, and the basic recommended
yearly application rate is 16.5 kg/ha [25]. Maintenance fertilization is also performed in this phase, and
based on leaf and soil analysis, it uses 2.5 kg per palm tree of 12:17:10:3 NPK/Mg [22].

Although harvesting is essentially a manual activity, the FFBs are transported to the oil extraction
plant by truck. The FFBs must be processed within 72 h after harvest to avoid acidification and the
consequent deterioration of the oil [21]. Thus, the crushing plant must be within 50 km of the plantation.

During its whole life-cycle (30 years), palm trees systems fix approximately 130 ton CO,/ha [26].
The system’s emissions are produced by the transport and production of fertilizers, pesticides and
plastic bags. The diesel consumed by the fuel trucks, pivot irrigation and electric generators emits
3.14 kg COj-eq/kg [27]. Furthermore, the following emissions are associated with fertilizer
production: urea = 1.71 kg CO»-eq/kg (plus 0.02 kg CO»-eq/kg N in the soil); TSP = 8.63 x 10™' kg
COs-eq/kg; KCI = 0.08 kg CO,-eq/kg; MgSO4 = 3.24 x 10" kg CO,-eq/kg; and pesticides = 4.59 kg
COs-eq/kg of glyphosate produced. Furthermore, the LDPE production emits 1.78 kg CO;-eq/kg of
plastic produced. Table 1 shows the LCI results of 30 years fresh fruit bunches production in 1 ha in
the Amazon region [21-27]. The system was modeled using datasets available in GaBi5 database.

Table 1. LCI of Fresh Fruit Bunches production in 30 years for 1 ha in the Amazon region.

Inputs Outputs
Material Unit Quantity Material Unit Quantity
Seeds Unit 16000 | TreshFruit Bunches ton 500
(FFB)

CO, ton 129.30 Emissions kg CO,eq. 22,380.27
LDPE kg 2.75 Solid Waste kg (Plastic bags) 2.75
Water L 1791

Urea kg 1,637.61

TSP kg 4,282.86

KCl1 kg 2,240.15
MgSO, kg 137.04
Diesel kg 3,609.60

Pesticide kg 82.5

2.2.2. Characterization of the Environmental Impacts of Oil Palm

An analysis of the inputs and outputs related to the agricultural phase of 1 ha of oil palm production
over the complete crop cycle of 30 years shows that the most important inputs in terms of mass are
water and fertilizers, followed by diesel. Despite the culture involving mostly manual operations, there
is high diesel consumption by the activities adjacent to the farm, such as the transport of inputs. The
most important emissions are related to fertilizers (47.27%) and diesel (51.02%). Plastics (0.02%) and
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pesticides (1.69%), despite exhibiting high emission factors, show low participation due to scarce use
in the system. However, due to a lack of precise information, the emissions associated with the final
disposal of these products were not considered.

As a perennial crop whose cultivation involves a low degree of mechanization, oil palm offers great
potential as a sink for greenhouse gases. Figure 2 shows that the emitted/sequestered CO; ratio is more
than 5. This ratio is sensitive to changes such as the use of residues from crushing plants as organic
fertilizer or the fluvial transport of inputs. This work involves a comprehensive approach and will
stimulate further research to assess the contribution of palm oil for the sustainable development

in Amazon.

Figure 2. CO; balance in the production of oil palm fresh fruit bunches: agricultural phase.
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2.3. The Biodiesel Plant

Biodiesel plants usually operate oil treatment and transesterification units. The operation of these
plants is directly related to market demand and maintenance and operation conditions, in addition to
crude and refined oil prices. With a current biodiesel yield of approximately 270 m’/day, the
processing units of the plant are essentially units that carry out pre-treatment, transesterification, steam
generation and the storage and distribution of products, residues and by-products.

The plants receive a greater amount of refined oil than degummed oil; the latter consists of a
mixture of raw materials (vegetable oils, animal fats and residual oils and fats) that are usually derived

from soybean, tallow, oil palm, residual fat oil (RFO) and cotton.
2.3.1. Oil Pre-Treatment Unit

The type of pre-treatment stage is determined by the acidity and the amount of phosphorus specific
to the oil to be refined. When using cotton and soybean as raw materials, it is necessary to conduct
chemical treatment due to their high phosphorus content and high acidity. However, physical treatment
is sufficient to decrease the acidity index of tallow and oil palm (20 ppm phosphorus content).
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At the end of the refinement, the oil should present a maximum acidity index of 0.1%.
Pre-treatments are performed individually for each type of oil; if the oils are mixed, this occurs before
transesterification and after the individual treatments.

Soybean oil, in particular, should be treated with phosphoric acid and caustic soda to remove
phosphatides and free fatty acids. After the reaction is complete, the fluid passes through a
centrifugation step to remove soaps and other residual products. During the pre-treatment step,
co-products such as fatty acid and gum are produced. All of these co-products are marketed or used for
specific applications.

2.3.2. Transesterification Unit

Transesterification is a chemical process involving a catalyst-assisted reaction between methanol
and oil for the purpose of obtaining biodiesel. In the plant, the mixture of the methanol, catalyst and oil
is performed in the production line.

Transesterification generally involves more than one step, and each step has a residence time of
20 min. The resulting product is overflowed to a separation tank, where glycerin (30%) diluted in
methanol (30%), water and salt are separated from the biodiesel.

The biodiesel is neutralized with HCl to achieve a pH in the range of 5 to 7 to deactivate the catalyst
(which was not separated in the previous step). The biodiesel is then washed to remove excess
nonpolar compounds (methanol and NaCl). This process continues for 20 min, and the biodiesel attains
a pH between 5.5 and 6. The same washing process is performed for the glycerin.

The excess methanol added to the process is recovered and reused, as is the biodiesel wash-water.
Glycerin containing 10% water and 0.1% methanol is recovered after transesterification and
also marketed.

2.4. Environmental Impact Assessment of Biodiesel Production

Figure 3 shows the system boundaries for the industrial stage of biodiesel production. It is clear that
in a complete assessment of the life-cycle, it is also necessary to evaluate the agricultural phase of
oil production.

Figure 3. Major steps involved in the industrial phase of biodiesel production.
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Therefore, the agricultural production stages associated with palm and soy oil were incorporated
into the analysis. The implementation of this system is based on developmental analyses of the diesel
and biodiesel life-cycle inventories for oil palm and soybean, with the agricultural phase developed
from the secondary data.

The environmental impact protocols used for fuel assessment, the methods of the CML2001 and
Greenhouse Gases—Intergovernmental Panel on Climate Change (GHG-IPCC), are compatible with
the production systems and are accepted internationally for this type of comparison. The three
protocols used to characterize environmental impacts are:

(1) Global Warming—3 gases (kg CO;-eq);
(i1)) GHG-IPCC (kg CO,-¢eq); and
(i) CML2001:
a. CML2001, Acidification Potential (AP) (kg SO,-eq);
b. CML2001, Eutrophication Potential (EP) (kg phosphate-eq);
c. CML2001, Aquatic Ecotoxicity Potential (FAETP) (kg DCB-eq);
d. CML2001, Global Warming Potential (GWP 100 years) (kg CO,-eq); and
e. CML2001, Terrestrial Ecotoxicity Potential (TETP) (kg DCB-eq).

A more detailed analysis of the environmental impacts of the life-cycle of each fuel is presented in
Figure 4, compared to diesel fuel from a Brazilian Company.

Figure 4. Environmental impact characterization. Comparative analyzes of biodiesels from
oil palm and soybean, as well as diesel.
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The data used for LCA construction was based on secondary and primary information (soybean oil,
soybean biodiesel, palm oil and palm biodiesel and diesel). The bar graph indicates the differences
between the categories Global Warming and GHG-IPCC compared with CML2001, GWP that were
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caused by not accounting for the biotic CO, emissions. Furthermore, Figure 4 indicates the lower
environmental impacts of biofuels with respect to CO, emissions, when compared with diesel.

For biofuel-based systems, the impacts associated with fuel consumption for agricultural transport
and practices, as well as those related to fertilizer and pesticide production, in the categories of
acidification, eutrophication and aquatic and terrestrial ecotoxicity were assessed.

Biofuel production has a greater impact on some categories of environmental impacts associated
with agricultural stages and fuel consumption in the industrial phase. In this context, the life-cycle of
soybean biodiesel is associated with higher values compared with oil palm biodiesel in all of
these categories. The greatest impact is associated to agricultural implements as fertilizer, pesticide
and transportation.

3. Bioethanols
3.1. First-Generation Ethanol

Following the guidelines of Life Cycle Assessment (LCA) and Life Cycle Costing (LCC), this
chapter aimed at quantifying the costs of processes and flows included in the production of anhydrous
ethanol, such as use of machinery, fuel consumption, transportation, labor and industrial and
agricultural operations. Notably, ethanol LCC cannot be dissociated from LCA, which aims at
analyzing the general environmental issues to establish parameters that delimit the inputs and outputs
of the system limits included in an overall system.

LCC’s methodology is an important tool for analyzing the economic viability of ethanol as an
alternative fuel source. This tool addresses the elements that generate costs over the life-cycle of a
product or service [28]. The development of improved measures related to cost reduction during both
sugarcane cultivation and ethanol production is a strategic action to enhance the potential of ethanol
compared with fossil fuels [29]. Moreover, this renewable energy source can promote a market
favorable to ethanol producers and investors, thus contributing to the implementation of economic and
social policies associated with the use of ethanol in Brazil.

In the present study, the primary stages of the life-cycle of ethanol are the agricultural and industrial
stages, extra processes, disposal operations and the reuse of by-products. Within these four main
processes, there are sub-processes that are interconnected by mass and energy flows, along with their
respective costs, which will provide the necessary information to conduct impact analysis based on
mass and energy balances, emissions and costs.

3.1.1. Goal Setting

The total of all the costs associated with the operations and the inputs applied to the processes that
constitute the ethanol supply chain were determined. For this purpose, secondary data was collected to
characterize the technological model mapped from the tillage of soil for sugarcane cultivation to
product distribution (cradle-to-gate).

Following the guidelines of the LCA and LCCA methods, the costs of the processes and flows
included in the production of anhydrous ethanol, such as machinery use, fuel consumption,
transportation, labor and industrial and agricultural operations, were quantified.



Energies 2013, 6 338

3.1.2. Scope Definition

In this study, the goal of the system, as defined by ISO14040 [30], was the commercialization of
anhydrous ethanol for use as a vehicle fuel. To meet this goal, the functional unit was defined as the
costs and environmental impacts of the use of 1 kg of anhydrous ethanol mixed with gasoline (25% v/v
in gasoline) and used in medium-size passenger vehicles.

Based on the definition of the functional unit, the reference flux was delimited so that all of the
secondary data collected would relate to this measurement of the components and operations required
to fulfill the goal of the system. Thus, the reference flow was expressed per 1 kg of anhydrous ethanol
with 0.3% water and a density of 0.789 g/cm’.

The system’s boundary was defined so that the main production units would be analyzed separately
and joined to form a boundary, which can be considered a major process, with its respective inputs and
outputs as well as auxiliary processes that constitute the delimited boundary. In this case, the system
boundary consists of internal limits that are essentially defined by the agricultural and industrial stages
of ethanol production. The cogeneration of energy and transportation from the field to the industrial
phase are extra limits that contain processes auxiliary to the system’s boundary.

The agricultural and industrial stages were fragmented to detail the flows included in many existing
processes, resulting in the following divisions: (1) the agricultural phase—soil cultivation and the
planting and harvesting of sugarcane; and (2) the industrial phase—sugarcane preparation, sugarcane
juice extraction and juice treatment, fermentation and distillation. Figure 5 shows the system
boundaries. Each process is a compilation of the ethanol-producing steps, which connect through the
flow of outputs interconnected with the subsequent input of the process along the chain.

Figure 5. System boundaries for anhydrous ethanol production.
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3.1.3. Characterization of the Sugarcane Cultivation Phase

This life-cycle phase was based on sugarcane cultivation using the ratoon cropping system, which
consists of consecutive annual cuttings following the initial cutting [31]. Prior to the first year of
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planting, the soil is prepared via the intensive application of a fertilizer with a high percentage of
phosphorus. Next, the seeds are distributed, the furrows are covered, and there is an additional
application of fertilizers and herbicides. The sugarcane is finally ready for the first cutting after
15 months [32].

The collected secondary data refer to the 2009/2010 Brazilian crop [33,34]. The costs, values and
other flows correspond to an area of 1 ha of cultivated sugarcane harvested mechanically. Moreover,
during the five years in which agricultural production was considered, 450 ton/ha (approximately
90 ton/ha/year) of sugarcane [33], 108 ton/ha of bagasse and 26.56 ton/ha of straw were produced [35].
To adjust to the reference flow (associated with 1 kg of anhydrous ethanol), the data were converted to
a scale factor related to the adopted functional unit.

3.1.4. Characterization of the Industrial Phase of Ethanol Production

The industrial phase contributes significantly to ethanol production in terms of the costs of the
operations that form the supply chain. Therefore, the LCCA should be performed carefully due to the
great importance of this step for the impact analysis. The most representative consumption and cost
data, considering the mass and energy flows within these processes, were obtained by Xavier [34].

The assessment of the industrial phase considered a plant that receives sugarcane harvested without
burning, which is then washed and chopped to undergo juice extraction in mills. After milling, the
bagasse is separated from the juice. The bagasse and the straw are sent to the cogeneration system, and
the extracted juice is chemically treated to form the must, which is mixed with yeast. The must/yeast
mixture is then fermented, and the sugars are converted to ethanol and CO, After fermentation, the
resulting wine is centrifuged to separate the yeast, gases, minerals and unfermentable sugars. After this
stage, the centrifuged wine undergoes distillation to obtain hydrous ethanol at a concentration of
approximately 96% °GL and undergoes dehydration to obtain anhydrous ethanol at a concentration of
99.7% °GL [35].

3.1.5. Assessment of Cost and Environmental Impacts

A determination of the cost balance over the ethanol life-cycle that considered the data related to the
inputs and outputs, machinery and labor was performed using Gabi Academic 5.0 software. The costs
associated with 1 ton of sugarcane present in the outflows were quantified, as were the costs per ha of
the agricultural machinery and field labor. Because the economic data were simultaneously included in
the mass and energy flows of the processes, the LCA and LCCA were conducted simultaneously to
obtain information about the economic and environmental impacts of the life-cycle of anhydrous ethanol.

To match the reference flow, the outflows were converted to the scale required by the industry to
produce 1 kg of anhydrous ethanol. Figure 6 shows the total relative costs per production stage. The
results suggest that the steps of sugarcane harvesting (the agricultural phase), juice treatment and
fermentation (the industrial phase) are associated with the highest costs in the supply chain. The inputs
are responsible for the greatest proportion of the costs of these three steps, although the hours/machine
costs are significant for the soil tillage step. The total cost was found to be R$ 13.62/kg ethanol;
24.05% of this amount was derived from the agricultural phase and 75.95% from the industrial phase.
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Similarly, based on the CML2001 method with the indices updated in November 2009, the
environmental balance was quantified for each production stage (Figure 7) considering the GWP
(100 years) and AP impact categories.

Figure 6. Relative costs per stage of anhydrous ethanol production.
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Figure 7. Environmental balance of the anhydrous ethanol production process by impact category.
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It was noted that the cogeneration of energy was responsible for the major impact of the GWP
balance (0.94 kg CO;-eq/kg ethanol). This result was directly related to the emission of pollutant gases
by the boiler, with the highest indices being related to the CO; and soot released from burning bagasse
and straw. During the mechanized harvest stage, a high level of avoided emissions was achieved,
which was primarily related to the balance between the CO, uptake and the emissions derived from
harvesting without burning, which corresponded to 14.84 and 0.1 kg CO,-eq/kg ethanol, respectively.
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Other gases were emitted in small amounts, such as CHs, N,O, sulfur hexafluoride, dichloromethane
and tetrafluoromethane. Therefore, the balance was negative for mechanized harvesting, with
—14.73 kg CO;-eq/kg anhydrous ethanol produced.

The distillation process was associated with the highest indices of acidification potential compared
with the other steps of the industrial stage. Of the 8.83 x 10™* kg SO,-eq/kg ethanol, 70.5% was SO,
26.6% was NOy, and 1.3% was ammonia; i.e., these three chemical compounds constituted the
majority of the emissions. In the agricultural phase, the mechanized sugarcane harvesting step showed
the highest acidification potential, 8.74 x 10™* kg SO,-eq/kg ethanol, with the following proportions:
22.61% SO,, 77.22% NOy and 0.12% NHj;. These compounds are acidifying components that affect
the soil, water and ecosystems when released into the environment. The high concentration of N,O in
the ethanol supply chain is the main indicator of the magnitude of the acidification potential.

An analysis of the economic and environmental impacts of the ethanol life-cycle was performed
using a static technological model based on a hypothetical production scenario. Therefore, the adopted
methodology did not encompass productive or market dynamics. The major contribution of the study
lies in the mapping of the economic-environmental outlook for the identification of links in the chain
that are amenable to optimization, which is a support tool for strategic decision-making processes in
the alcohol sector based on cost and sustainability diagnostics.

3.2. Second-Generation Ethanol

Currently, the production of first-generation ethanol results in the exploitation of only one-third of
the energy contained in sugarcane. The production of ethanol from hemicellulose and cellulose has
been considered feasible, provided that there is a thorough analysis of the pre-treatment, hydrolysis
and fermentation processes. Lignocellulosic material is a natural product that is mainly composed of
cellulose, hemicellulose and lignin. Different pre-treatment combinations involving mechanical and
chemical processes can be applied. In the current race toward sustainable development, the increased
use of biomass is associated with significant environmental gains [36].

A future goal is the simultaneous occurrence of these transformations in fewer reactors, which
requires the use of microorganisms that are capable of fermenting both hemicellulose and cellulose
with high yields. Although there has been some success in achieving this goal, the fermentation of
mixed-biomass sugars has not yet reached a commercially viable plateau [17]. It remains necessary to
consider the harmful fermentation inhibitors present in the hydrolysate (e.g., acids, furans and phenolic
compounds), which must be removed if present at high concentrations.

Sugarcane is widely cultivated in Brazil, Cuba, Australia, South Africa, Peru, Mexico and India.
There is high sugarcane production in Brazil, corresponding to approximately 425 million tons per year,
and Brazilian ethanol production has been increasing rapidly, reaching 18 billion gallons in 2007 [36].
The transformation of sugarcane into ethanol results in two major by-products, thermal energy and
bagasse [37].

Sugarcane bagasse can be considered either as a waste product that affects the environment or as a
resource, when the appropriate recovery technologies are implemented. In the latter case, sugarcane
bagasse offers the possibility of full valorization when it is processed into commodities with domestic
and international market potential [38]. Gongalves ef al. [39] performed an analysis of an integrated
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process for the conversion of sugarcane bagasse and straw. That study concluded that it is possible to
obtain various derivatives of these lignocellulosic materials from chemical processes using the direct,
catalytic or aggressive conversion of cellulose, hemicellulose and lignin [39].

Currently, ethanol production is performed using solely first-generation technologies, in which the
glucose present in sugarcane is fermented and converted into ethanol [17]. Figure 8 shows a simplified
diagram of the process of ethanol production from sugarcane bagasse.

Figure 8. Flowchart of the pre-treatment, hydrolysis and fermentation stages of the
production of second-generation ethanol.
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The difference between the first- and second-generation technologies occurs at the beginning of the
process, where biomass is subjected to hydrolysis (saccharification). This process (hydrolysis) involves
the incorporation of water into cellulose and hemicellulose, which converts them into sugars [40].
Following the saccharification step, a fermentation step is performed, which converts sugars into
alcohol, followed by the distillation step, which separates the ethanol from the remaining components
of the must (primarily water) [17]. Lignin cannot be used for ethanol production; however, it may be
used in a cogeneration process [40].

When considering the application of the technological model of second-generation ethanol production,
the aim is to aggregate a group of distinct and specific operation units, including pre-treatment,
hydrolysis and fermentation, within a first-generation ethanol production industrial complex.

A comparison of the introduction of bagasse cellulose pre-treatment and lignin burning with the
original ethanol production process is presented in Figure 9. LCA modeling was made with primary
data from an important Brazilian company, and is subjected to confidentiality agreement. The results
indicate that the effect of the higher efficiency of sugarcane carbon use for ethanol production is
reflected in the smaller amount of sugarcane required to produce the same amount of ethanol and, thus,
the smaller amount of CO, sequestered in the agricultural phase. This industrial phase of cellulosic
ethanol production also emits less CO, because only lignin from bagasse is burned to produce steam
and electricity.

In addition, Figure 9 illustrates the redistribution of the CO, emitted during the industrial phase. A
smaller amount of CO; is emitted via cogeneration due to the smaller amount of lignin being burned,
the lower CO, emissions during first-generation fermentation and the increase in the second-generation
cellulose hydrolysis and fermentation phases.

Figure 10 presents a sensitivity analysis of first- and second-generation ethanol production with
varied amounts of bagasse used for the production of second-generation ethanol. The results show that
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even when 100% of the bagasse is used to produce second-generation ethanol, some sequestration of
CO; remains in the total balance of the production process, and this value is only 83% of the maximum
possible value.

Figure 9. Comparison of the industrial, agricultural and other phases of first- and
second-generation ethanol production.
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Figure 10. Plot of the results of the sensitivity analysis of the amount of bagasse used for
the production of second-generation ethanol in terms of the CO,-eq balance.
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4. Economic Impacts of Ethanol Production Examined via the Structural Path Analysis Method

The growth in the global demand for biofuels is mainly reflected in the goals of the transport and
energy policies adopted by major energy markets, such as the European Union and the United States.
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United States has adopted a Renewable Fuel Standard (RFS2) that mandates an increase in the use of
renewable biofuels, an significant portion of which must be derived from lignocellulosic biofuels by
2022 [41]. In 2009, The European Union adopted the Renewable Energy Directive (RED), which
promote the use of renewable energy sources and established a requirement that 10% of transport
energy be based on renewable energy sources. Considering specific sustainability criteria, RED has
been projected for achieving a cumulative growth rate in the use of renewable energy of 112% from
2010 to 2020 [41]. As several authors have maintained [41-44], these policies aim at increasing the
production and use of energy derived from renewable natural resources and note some criteria to
achieve sustainability in the biofuel sector.

One method that can be used to examine the environmental and economic performance of the
different economic activities of a country or region is the Structural Path Analysis [44—47]. This
methodology uses as database the input-output tables, which are published by the Brazilian Statistical
Institute, to obtain the core of this analysis, the technical coefficient matrix A. Some of the advantages
of a SPA are: (a) the analysis has a complete perspective of the economy; (b) this approach avoids
truncation problems usually found in LCA; and (c) it uses a database representing completely the
technology used in the country or region considered. On the other hand, the main disadvantage is the
high aggregation level of the database, and in many cases, the age of the data used. More description
about SPA is found in the literature [44—47]. SPA computes the economic and/or environmental
performance of a given economic sector by detailing the complete supply chains, known in the SPA
literature as input paths, using a cradle-to-gate perspective. This methodology identifies, quantifies and
ranks the input paths that more contribute to the economic and environmental performance of a
given sector.

This section of the article presents the results regarding the identification of the input paths that
make the largest contribution to the economic and environmental performance of Brazilian ethanol
sector. In this context, we analyzed two economic factors, the Gross Domestic Product (GDP—RS$
million) and the number of jobs created (1000); and two environmental factors, CO, emissions
(millions of kg of CO, equivalents) and fuel consumption (TJ). In addition, this analysis enables the
identification of the contributions of SPA to the analysis of the environmental and social life-cycles. It
is important to highlight that this is the first time that a SPA is applied to assess the environmental and
economic performance of the Brazilian ethanol.

The conventional input-output model analyzes the intersectorial relationships within an economy.
In 1970 [48] presented a extension of the conventional input-output model in which an analysis of
“undesirable outputs”, i.e., by-products or pollution flows, from the production processes of various
industries was incorporated into the input-output model. Since that time, the input-output approach has
been employed in both economic and environmental applications. The starting point of the
input-output model is the matrix of technical coefficients A, where each column represents the input
technology of each sector, and it is obtained by the relation between the intersectorial transactions
matrix and the total output vector.

This mathematical model enables the description of economic factors, such as GDP and
employment, and/or environmental factors, such as CO, emissions and energy consumption. This
approach mathematically identifies the effects of producing a particular product, linking it with the
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intensity of economic and/or environmental factors and providing the global effects of the analyzed
factors by sector.

However, these global effects by sector can be disaggregated into input paths through an SPA [49].
An SPA computes the economic and/or environmental performance of a given production sector via
detailing the complete supply chain using a cradle-to-gate perspective, including the identification,
quantification and rank of the input paths that make the greatest contribution to the performance of a
given sector [45,50,51].

SPA is based on the process of unraveling Leontief’s inverse matrix L using the various sectorial
interactions represented by the technical coefficient matrix [52—55] and on the incorporation of the
path multiplier concept [49]. The original form of the structural path approach proposed by [38]
consists of three measures of the influence of the origin sector, i: on the destination sector, j: the direct
influence, total influence and global influence of each input path [46,49,51,56].

SPA Results

SPA was employed to examine nearly 800 input paths for each factor being studied, and the final
demand of the ethanol sector, known in LCA approach as functional unit, for 2010 is R$ 5,202,102.
The three-top input paths identified in this SPA represent more than 73% of the total contribution of
each factor, and they are shown in Table 2.

Table 2. Top input paths identified in the SPA for each factor.

Rank Input Paths Values Units Order Total impact %

1 Fge—Sc 10,000.1 TJ 1 64.4
2 Fge—Tra 1,415.0 TJ 1 9.1
3 Fge 909.8 TJ 0 5.9
1 Fge—Sc 89.8 10 x10° jobs 1 38.7
2 Fge—Alf 50.0 10 x10° jobs 1 21.5
3 Fge 30.8 10 x10° jobs 0 13.2
1 Fge 2,293.9 10 x10° R$ 0 47.6
2 Fge—Sc 1,019.1 10 x10° R$ 1 21.1
3 Fge—Alf 264.6 10 x10° R$ 1 5.5

Abbreviations: Fge: sugarcane derived ethanol; Sc: sugarcane; Tra: transport; Alf: agriculture, livestock and

silviculture; TJ: Terajaule.

Therefore, the total CO, emissions from the ethanol industry due to fuel combustion and the
electricity consumption of the external network were 2427.7 million kg COs-eq in 2010. This
cradle-to-gate assessment of CO, emissions identified two main input paths that influence the
industry’s environmental performance: the sugarcane sector (ethanol<—sugarcane), and the direct
contribution of the industry. The total energy consumption of the ethanol industry was 15,535.67 TJ in
2010, with the sugarcane industry being responsible for 64.37% of this total.



Energies 2013, 6 346

According to 2002-2007 data from the Brazilian Statistical Institute and the Brazilian Sugarcane
Industry Association (UNICA) [41], 70% of the direct jobs in the sugar-alcohol industry occur in the
agricultural phase and 30% in the industrial phase. Here was identified that the sugarcane that feed the
ethanol sector represents 38.68% of total employment generation. The jobs created by the sugarcane
industry require minimal education; however, this is changing because of the introduction of
mechanized harvesting, which is increasing the skill level necessary in the industry and, consequently,
the income level of workers [42,57]. The ethanol industry has a direct influence of 13.25% on the total
job creation; on average, this industry requires mid-level skill jobs. The commerce and service
industries also have an important influence on employment generation, which is related to the intensive
maintenance and installation services involved in the ethanol industry.

Finally, the ethanol sector has a direct influence of approximately 48% on generation of GDP, and
the sugarcane sector (ethanol«—sugarcane) contributes 21%. Together, these sectors contribute 69% of
the GDP of the industry.

5. Conclusions

On the basis of the results presented in this study, it can be concluded that the use of biofuels in
transportation can lead to the mitigation of some environmental impacts, such as greenhouse gas
emissions. However, there must be a greater effort to improve agricultural management practices to
decrease the consumption of fuel, fertilizers and herbicides.

With respect to ethanol production, it is concluded that there must be a greater consideration of
aspects of the ethanol life-cycle. The use of mechanical harvesting, for example, reduces emissions
from sugarcane burning; however, it also increases the cost of machinery and the environmental
impacts of soil compaction and the increased use of diesel.

The use of straw in cogeneration should also be considered because it generates more electricity but
also larger amounts of polluting gases from the boiler. Additionally, this straw can no longer to be used
as an organic fertilizer, which may increase the costs associated with fertilizer use. Finally, the
allocation of bagasse for cogeneration, in contrast with its use in the production of second-generation
ethanol, is another factor that must be thoroughly analyzed because this decision involves a balance
between environmental and economic costs.
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