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Abstract: The present study compiles a life cycle inventory for Ecuadorian sugarcane-derived ethanol
production to quantify its environmental performance and identify the life cycle stages that cause
major impacts. The scope of this study encompasses a cradle-to-gate analysis that includes the
agriculture, the milling, the distillation, and the co-generation of electricity. This assessment is
modeled using the OpenLCA v1.10.3 software. Two functional units (FU) were established in
this study: “1 ton of sugarcane at-the-farm-gate” for the agricultural stage and “1 L of ethanol
at-the-plant-gate”. A hybrid attributional and consequential life cycle analysis (LCA) approach
has been followed. Economic allocation (EA) and system expansion (SE) were used to take co-
products into account in the milling and co-generation of electricity stages, respectively. The co-
generation stage is analyzed in three different scenarios: (i) average mix displacement scenario
where the surplus electricity produced in the co-generation stage is displaced; (ii) marginal tech-
nology displacement scenario where the marginal surplus electricity is displaced from the mix and
(iii) no displacement scenario. The global warming potential (GWP) impact at the farm gate level
was reported as 53.6 kg of carbon dioxide equivalent (kg CO2eq.) per ton of sugarcane produced.
The two main contributors of the agricultural stage correspond to N2O lixiviation and volatiliza-
tion with 34% followed by the diesel used in agricultural machinery with 24%. The GWP for
1 L of ethanol produced was reported as 0.60 kg CO2eq. based on the average mix displacement
scenario. No displacement scenario has a GWP impact of 0.84 kg CO2/liter of ethanol The distil-
lation stage has the highest contribution to GWP impact with approximately 61% followed by the
agricultural stage with 47%. The co-generation stage reports a contribution of −8.4% due to the
surplus electricity displacement. The scenarios where the system expansion method is applied have
a lower GWP impact compared to the scenario where no surplus electricity is displaced. Regarding
terrestrial acidification potential impact, 0.01528 kg of SO2eq. was reported at the ethanol production
level especially due to the nitrogen and phosphorous content in the vinasse produced from the
distillation process. The marine eutrophication impact for 1 L of ethanol produced was 0.00381 kg
of Neq. due to the content of nitrogen contained in the vinasse and the use of nitrogenous fertilizers
in the agricultural stage. Finally, to create more eco-friendly Ecuadorian sugarcane and ethanol
industries, sustainable and less polluting processes should be sought to reduce the environmental
burdens. Companies should apply industrial symbiosis and circular economy strategies to produce
lesser environmental loads within the ethanol production chain. The sugarcane industrial sector
should also promote the surplus electricity production in order to gain credits.

Keywords: OpenLCA; system expansion; industrial symbiosis; bagasse; waste-to-energy; valorization;
biofuel
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1. Introduction
1.1. Worldwide Biofuels Context

Nowadays, there is a rising awareness about the future mitigation of fossil resources [1].
There is a general scientific consensus that the observed trends in global warming have
been caused by the indiscriminate use of fossil fuels in human activities. The latter is
threatening the global environment. For instance, more interest is beginning to be shown
in the emergence of alternative sustainable energy sources [2].

Biofuels have been recognized as an alternative to reduce the consumption of fossil
fuels and thus help to decrease greenhouse gas (GHG) emissions [3]. In 2018, global
biofuels production reached 153 billion liters, increasing 7% compared to 2017 [4]. Biofuels
account for approximately 3% of the global transportation sector [5]. The insertion of
biofuels in the worldwide transportation has been slowly dosed due to the potential risk
of globally reducing food production by allocating more arable lands for energy crops
production [6–9].

Although many countries have promoted and implemented biofuels to address en-
ergy security and a more environmentally friendly economy [10,11], few scientists have
suggested that biofuels development has been harmful to the environment, regardless of
the country where it is produced [8]. The latter is justified because some crops can generate
even more greenhouse gases than fossil fuels, depending on their production’s feedstock
and fuel processes [12]. Additionally, some emissions and environmental impacts are pro-
duced at other stages, as in the production of inputs used for crops and biofuels: pesticides,
herbicides, and fertilizers for crop production; chemicals production for biofuel processing,
and emissions produced from transport and distribution to the field and industrial plants
for crops and biofuels processing [13]. On the other hand, it is also essential to consider
the emissions that can be generated from land-use change, triggered by increased biofuel
production. The main effects of land-use changes are that the carbon dioxide accumulated
in its vegetation escapes into the atmosphere, altering the impact of global warming [14].
For instance, a more detailed analysis of the environmental impacts of biofuels production
is essential to have more solid evidence for policymakers to support biofuels development.

One of the main challenges in the agricultural sector in terms of sustainability is to
mitigate the dependence on non-renewable resources to reduce emissions [15,16]. For
instance, the industrial symbiosis (IS) term has gained strength lately in this sector. Several
countries around the world are strongly applying industrial symbiosis due to its economic
and environmental benefits. For example, nitrogen fertilizers are manufactured using
non-renewable resources, and are an important outlet for fossil fuels [17]. Thus, industrial
symbiosis enables these non-renewable inputs to be replaced through fertilizers sourced
from organic waste such as vinasse and filter cake [18,19]. Valorization of lignin-rich
stream from industrial-scale lignocellulosic ethanol [20], the aqueous phase reforming of
glucose and xylose for hydrogen production [21] and the hydrogen production from sugar
beet molasses through dark fermentation, photo-fermentation, and gas upgrading [22] are
other examples of industrial symbiosis in the sugar industry. Furthermore, agricultural
sector companies have also been encouraged to cogenerate electricity by burning sugarcane
bagasse in sugar industrial complexes [23,24]. This approach allows companies to mitigate
environmental impacts produced during sugar production chain, and it also allows to
increase their product portfolios.

Biofuels production from agriculture or industrial wastes has been encouraged as
an alternative renewable energy source. Bioethanol is the most common and worldwide
developed biofuel, mainly in the American continent, which has a significant potential to
replace gasoline as a vehicle fuel (E5 to E100) in light-duty vehicles or ED95 in heavy-duty
vehicles (ED95 is a fuel grade containing up to 95% ethanol [25]. With light-duty vehicle
electrification, it is still possible to use the ethanol in ED95 bus or goods transport and also
as SAF (Sustainable Aviation Fuel). The aviation sector is also seeking biofuels penetration
up to 50% in 2030 and 100% in 2050. The International Air Transportation Association
(IATA), which represents major global airlines, has committed to net-zero carbon emissions
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from global air transportation by 2050. The International Civil Aviation Organization
(ICAO) under the CORSIA [26] scheme embraces ethanol as a possible feedstock sugarcane
derived-ethanol, that is subsequently converted to drop-in fuel via dehydration, oligomer-
ization, and hydrotreating. The agreed default core LCA value for sugarcane ethanol is
24.1 gCO2eq./MJ, while reference fossil jet fuel is 89 gCO2eq./MJ, accounting for transporta-
tion logistics and jet fuel burning in the airplane. From REDII Annex VI [27], the GHG
savings for biomethane relative to the fossil fuel comparator for transport is 94 g CO2eq./MJ.

Traditionally, sugarcane has mainly been processed to obtain sugar for human con-
sumption [24]. However, it has also long been recognized as producing other products
such as electricity, fuels, organic chemicals, and paper [28]. The recognition of sugarcane as
a renewable energy source, biofuel, biomaterials, and food crops [29,30] has produced a
greater scientific interest in sugarcane products’ life cycle environmental impacts.

Sugarcane biorefinery [31] for sugar, ethanol, heat, and electricity is the best configura-
tion in terms of circular economy and energy transition.

1.2. Life Cycle Assessment of Biofuels

The Life Cycle Assessment (LCA) is an environmental management tool to assess
the burdens associated with a product or service during its entire life cycle [32]. The LCA
has been broadly used to quantify the environmental burdens of different transportation
biofuels to estimate the net effects of biofuel on several impact categories such as climate
change, freshwater eutrophication, marine ecotoxicity, fossil resource scarcity, and water
consumption [33–37]. Sydney et al. [34] analyzed the reduction in worldwide greenhouse
gases emissions through a cradle-to-grave life cycle assessments for corn, sugarcane, and
beet ethanol, while Yan et al. [36] developed a comparative life cycle assessment analysis
on ethanol produced from agave, corn, and sugarcane. Moreover, these assessments can be
used to compare biofuels against conventional petroleum-derived fuels such as gasoline,
diesel, and aviation fuels [38,39]. Reviews of the environmental impacts of different biofuels
are subject to significant biases associated with the methodology applied, making it difficult
to compare the results on a rational basis [40]. These biases derive from criteria modeling
choices regarding system definition and boundaries, functional unit definition, reference
systems, and co-product allocation methods [41–47]. Even so, some LCA studies differ in
selecting life cycle impact assessment methods [48–53]. For instance, Elsayed et al. [46]
developed a Well-to-Tank (WTT) LCA of different fuel options (gasoline, diesel, crude
naphtha, compressed natural gas, methanol, Fischer–Tropsch naphtha, Fischer–Tropsch
diesel, gaseous hydrogen, liquid hydrogen and ethanol) through a system expansion
and defined 1 Megajoule as the functional unit. On the other hand, Wallace et al. [42],
and Macedo et al. [47] performed a Well-to-Wheels (WTW) LCA of ethanol fuel using
a system expansion, but they differ in selecting the functional unit (1 km and 1 ton of
feedstock, respectively).

Raw Material and Conversion Technology Differences on Biofuels Reviews

Biofuels are classified into three groups: the first generation (1G), which are derived
from grown edible plants; second-generation (2G), which are produced from non-edible
crops, and third-generation (3G), which are produced from algae and other microorgan-
isms [54], depending on the raw material and the conversion technology [55]. In addition,
4G biofuel can also be considered if involving genetic engineering. Despite being an ex-
cellent substitute for gasoline, sugarcane and maize, used as raw materials to produce
ethanol, constitute between 40% and 70% of the ethanol production costs [56,57]. More-
over, first-generation (1G) ethanol production represents an ethical problem due to land
food competition and being water-intensive [58–60]. Nevertheless, many ethanol LCA
studies focus on 1G bioethanol [48,50,61–64]. On the other hand, cellulosic technology has
been developed to convert 2G ethanol from lignocelluloses biomass rather than sugar or
starch [65]. Thus, the ethical conflict with food competition and energy demand is somehow
reduced. However, one of the main reasons this conversion technology does not contribute
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worldwide in a considerable manner is the high production cost [66]. Some LCA studies of
2G bioethanol as a vehicle fuel have been conducted using bagasse, molasses, corn stover,
and switchgrass as raw materials [48,59,67–72].

1.3. Biofuels in Ecuador

Ecuador possesses an abundant biomass potential from crops, including their residues
and livestock activities residues from poultry, swine, and cattle [73]. Several conversion
technologies can convert this biomass into biofuels or other energy carriers. Regarding
biodiesel fuel, the Ecuadorian government began producing this biofuel from African palm
in 2005. Concerning bioethanol fuel, its production started in 2010 with Ecopais gasoline.

1.3.1. Bioethanol in Ecuador

In Ecuador, ethanol comes mainly from the sugarcane industry [74]. The Ecopaís Pilot
Program (E5 = 5% v/v ethanol content in gasoline by volume type rated above 85 octanes)
started in Guayaquil and Durán cities. Initially, the government aimed to increase the
ethanol blend with gasoline from 5% to 10% by 2016, focusing the sugarcane expansion
on coastal cities [75]. However, 400 million liters of ethanol are needed per year to reach
this target, and the area of sugarcane crops should be extended by 500 km2. It must be
highlighted that around 79% of the industrial sugarcane crops are currently widespread
in the Guayas Province [73]. Currently, the EcoPais fuel is sold in approximately 58% of
the national territory [76]. This accomplishment was possible due to the expansion of the
agricultural frontier and the investment of sugar mills to construct distillation plants for
energy purposes. The three prominent sugar companies that produce most Ecuadorian
ethanol are Valdez, San Carlos, and Coazucar.

1.3.2. Life Cycle Assessment of Energy Systems in Ecuador

Several LCA studies have been developed and applied to Ecuador’s energy, transporta-
tion, and materials [74,77–86]. Ramirez et al. [78], analyzed the environmental sustainability
of current (from 2012 to 2018) and forecasted electricity generation and supply scenarios
using a life cycle approach. Briones et al. [79], presented a complete life cycle environ-
mental performance of two hydropower schemes in Ecuador regarding electricity LCA
studies. Moreover, Briones et al. [77] determined the net environmental performance of
hydropower through a methodological approach that combines and balances two well-
known environmental-ecological assessments: life cycle (LCA) and ecosystem services
assessment (ESA). Ramirez et al. [84], examined the potential environmental impact of
fossil-based electricity generation technologies used in Ecuador, through ISO standards
and CML 2000 methodology. Muñoz Mayorga et al. [85] have developed a comparative life
cycle assessment of electricity produced from jatropha oil (JO) in Floreana Islands under
three different systems. The analyzed systems include a blended system (BS) with 20% JO
and 80% diesel, a reference system consisting of 100% diesel, and a jatropha system (JS)
made up of JO. Parra et al. [83], explored the electricity produced in Galapagos from refined
palm oil (RPO) produced in continental Ecuador and local waste cooking oil (WCO) using
a comparative life cycle assessment methodological framework. Compared to refined palm
oil, the results show better environmental performance in all the impact categories for the
electricity produced from waste cooking oil. Ramirez et al. [81] quantified the change in
the carbon footprint of the household cooking system from the current based on liquefied
petroleum gas to the proposed based on electricity, using the LCA methodology.

Few LCA studies have focused on the environmental impacts of Ecuador’s biofuels
production, providing little knowledge and guidance for decision-makers in the country’s
energy sector [74,86,87]. Banana industry wastes have been explored as another potential
source of ethanol in Ecuador [86,87]. These studies claim that Ecuador can produce an
additional 118–266 L of ethanol per hectare yearly from this feedstock. The latter rep-
resents an extra 40 million liters of ethanol per year. Noteworthy is that approximately
150,000 hectares are destined for banana production in Ecuador. On the other hand, Chiri-
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boga et al. [74] determined the Energy Return on Investment (EROI) for bioethanol and
biodiesel, including three raw materials for ethanol (sugarcane, corn, and forest residues)
and four for biodiesel (African palm, pinion, bovine fat, and swine fat). The authors also
developed an LCA for the mentioned biofuels. Despite these latter three LCA studies, the
environmental profile of sugarcane-derived ethanol has not been studied with a life cycle
perspective. Regarding fossil gasoline and according to [88,89] the GHG emissions for
refinery activities were 5.46 g CO2eq./MJ.

There is currently no way to assess the environmental impact of using ethanol as an
energy vector in the Ecuadorian road transportation from a life cycle perspective. There are
also lack of studies on the environmental profile of sugarcane, which is the main feedstock
for producing ethanol in Ecuador.

1.4. Aim of the Study

The present study compiles a real-life cycle inventory for Ecuadorian sugarcane and
sugarcane-derived ethanol production to quantify its environmental performance. This
work considers the life cycle stages for 1G ethanol production: (i) agricultural, (ii) milling
(iii) distillation, and (iv) electricity co-generation stages, to identify the critical processes
that cause the major impacts. This study also aims to analyze the effect of electricity co-
generation produced in the sugar industry complex on the environmental profile of ethanol.

2. Materials and Methods

The International Organisation for Standardisation (ISO) provides the LCA standards
through the ISO 14040 and 14044 [90,91]. The LCA methodology consists of four stages:
goal and scope definition, inventory analysis, impact assessment, and interpretation.

2.1. Goal and Scope Definition

This study evaluates sugarcane-derived ethanol production’s environmental perfor-
mance based on Ecuadorian conditions. The life cycle stages considered for this analysis are
related to the agricultural, milling, distillation and co-generation stages (Figure 1). The pro-
duction pathway of this study produces ethanol from sugarcane juice mixed with molasses
obtained within the milling stage. This pathway also produces sugar and vinasse through
the milling and distillation stages, respectively. The inventory was gathered from a real
Ecuadorian sugar mill company and an alcohol distillation plant. The national electricity
mix is composed of 92% of hydropower generation and 7% of thermal power generation
with a CO2eq. intensity of 0.0115 kg CO2eq./kWh and 3.3 kg CO2eq./kWh, respectively [78].
The remaining 1% corresponds to unconventional resources generation such as wind and
solar technologies.

It is worth mentioning that worldwide there are different technologies and processes
for converting sugarcane into ethanol and electricity, depending mainly on the agricul-
tural practices of each country [59,92,93]. The two functional units (FU) used in this
study are defined as “1 ton of sugarcane at-the-farm-gate” for the agricultural stage and
“1 L of ethanol at-the-plant-gate”. The functional unit is a quantified description of the
performance requirements that the product system fulfills. Moreover, the functional unit
also serves as the reference basis for all environmental impact calculations and comparison
with other systems with the same function.
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The scope of this study embraces all the activities for ethanol production, enabling
a cradle-to-gate analysis. The whole system includes the extraction of raw materials
within the agricultural stage and ends with the final product (ethanol) at the gate of the
distillery plant. The resource consumption, materials (except building materials and capital
equipment), and energy inputs used during sugarcane cultivation, transportation, milling,
and final conversion are considered for this analysis. We have not considered the impact
associated with the production of capital equipment nor the storage and transportation
tasks after ethanol production.

Economic allocation (EA) and system expansion (SE) were used to take co-products
into account in the milling and co-generation stages, respectively. The co-generation stage
considers three different scenarios of system expansion presented in Table 1. The system
expansion method, also called the displacement or substitution method, was historically
proposed to avoid allocation [94]. This method is a consequential approach that tends to
represent the actual effects of generating multiple products from a pathway. The environ-
mental burdens of producing the displaced products are credits that are then subtracted
from the total environmental burdens of the production cycle.

Table 1. System expansion scenarios for the co-generation stage.

Scenario Description Type of
Generation Displaced

Average mix displacement

The surplus electricity
generated in the co-generation

stage is sold to the national
electricity grid.

Average electricity mix

Marginal
technology displacement

The surplus electricity
generated in the co-generation

stage is sold to the national
electricity grid.

Internal combustion engine
operating on fuel oil

No displacement
The effect of the surplus
electricity generated is

not considered.
Not applicable

The average mix displacement scenario is assumed as the more realistic one compared
with the marginal technology displacement scenario and the scenario without surplus
electricity displacement. The latter is justified with the Organic Law of the Public Service of
Electricity, which establishes that the Ecuadorian government, through the Electricity and
Renewable Energy Ministry, may delegate—exceptionally—to private capital companies,
the contribution to the electricity sector activities, when it comes to projects that use non-
conventional renewable energies such as biomass [95,96].

2.2. Life Cycle Inventory

The life cycle inventory (LCI) stage is the methodology step that includes the compi-
lation of an inventory of inputs and outputs of a product system. The LCI of the ethanol
production system was obtained from different sources. The inventory was developed
based on primary data collected from a sugar mill company concerning the agricultural and
milling stage. For the distillation stage, the data was collected from an alcohol distillation
company and supplemented with secondary data from peer-reviewed literature [97,98]. It
is noteworthy that these two companies are two of the largest in the Ecuadorian sugar and
alcohol industries. The system description and inventory data are valid for sugarcane-based
bioethanol in the coastal region of Ecuador and for the time framework 2017–2018.

The production of different co-products is a particular feature in the ethanol production
chain. For this reason, methods such as allocation and system expansion are used to
apportion the impacts generated by its production. The selection of the used method
directly affects the results [48,64]. In this work, the economic allocation has been considered
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primarily in the milling stage, at the centrifugation process, where some co-products (sugar
and molasses) are generated in the process.

2.2.1. Agricultural Stage

The agricultural stage includes soil preparation, seeding, irrigation, fertilization, weed
control, and harvest. Soil preparation includes leveling, clearing, and plowing with a ripper
and a subsoiler. The soil needs to be prepared at least once every five years. Like soil
preparation, seeding is usually done once every five years, and the plowing phase can be
performed either by hand or by machinery. For the irrigation phase, a period of around
7 to 8 months is generally necessary using pivots, water cannons, or a gravity system.
The fertilization, weed control, and harvesting processes are usually performed once per
year, either by hand or machinery. Generally, based on an Ecuadorian context, 100% of the
sugarcane field is burned before each harvest process to perform the operations efficiently.

The agricultural stage inputs mainly include land, diesel, seeds, water, electricity, fer-
tilizers, and agrochemicals (pesticides, herbicides, etc.). Among the outputs, the emissions
generated in each process are primarily due to fossil fuel burning and fertilizers.

In cropland areas, only non-CO2 emissions are considered since CO2 emissions are
balanced with the emissions that are captured by the annual plant re-growth [99]. Emissions
of gases such as carbon monoxide (CO), methane (CH4), nitrogen species (N2O, NOx), and
non-methane volatile organic compounds (NMVOC), referred to as diesel combustion
on agricultural machinery used for soil preparation, seeding, fertilization, weed control,
and harvesting and agricultural residues burning, were considered [100]. For calculating
non-CO2 emissions due to the agricultural residues burning, the emission factors suggested
by the Intergovernmental Panel on Climate Change (IPCC) were applied [101]. Other
emissions to soil and water were calculated using the Life Cycle Inventories of Swiss and
European Agricultural Production Systems Report [97].

Direct and indirect emissions generated through the application of synthetic nitrogen
fertilizers were calculated in this study. The amount of fertilizers annually used by the
company (2018) was reported as 280 kg/ha for urea, diammonium phosphate as 20 kg/ha,
and potassium muriate as 65 kg/ha. The total sugarcane cropped area of the mill in
2018 was 28,500 hectares (ha), resulting in 2,020,844 tons of sugarcane and a crop yield of
70.91 t/ha.

The inventory for the agricultural stage is shown in detail in Table S1 in the Supplementary
Material.

2.2.2. Milling Stage

The milling stage includes sugarcane milling, juice clarification, evaporation, crys-
tallization, centrifugation, and drying processes to obtain sugar and molasses as the final
products. The first sub-stage aims to obtain sugarcane juice. In the sugarcane juice extrac-
tion, the bagasse can be obtained, separated, and sent to the boilers to generate electricity
and steam in the co-generation power plant. The extracted juice can also be used to produce
sugar and molasses through several processes (clarification, concentration, and crystal-
lization). This extracted juice can also be directly diverted to a fermentation process to
obtain ethanol.

The milling stage inputs mainly include water and some chemicals such as phos-
phoric acid, sulfur, lime, and calcium hydroxide at the rate of 9.40, 263.8, 1140.8, and
230.3 kg/1000 tons of sugarcane, respectively.

The final products are sugar and molasses (B and C), which can be used in the ethanol
production phase (distillation stage). Based on the milling stage, which produces more
than one product, an economic allocation was used to fraction the flows of this process to
the product system under study. For sugar product, a value of USD 33 for a sack of 50 kg
was used for the allocation. In terms of molasses, values of USD 0.60 and USD 0.18 were
used for molasses B and molasses C, respectively.
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The inventory for the milling stage is shown in detail in Table S2 in the Supplementary
Material.

2.2.3. Distillation Stage

Ethanol can be obtained directly from sugarcane juice or by mixing sugarcane juice
with molasses (B and C) delivered during the milling process. The sugar and the remaining
molasses from the milling stage are co-products that were not used in the production of
ethanol. For this case, the wort obtained from the mixing process comes mainly from the
sugarcane juice (71%), followed by the molasses B (18%) and by the molasses C (11%). This
latter proportion allows to classify this ethanol as a first generation (1G). The molasses is
mixed with sugarcane juice and fermented by yeast cultures. The amount of yeast used
for the fermentation process was 1020 kg/year. Urea is used as a nitrogen source for
the yeast production [102]. Finally, after the fermentation process, the fermenter wash
is pumped to the distillation unit, where the produced wine is distilled and rectified to
obtain anhydrous ethanol at 99.8◦ of alcoholic grade. The inventory data for this stage
was obtained directly from one distillation plant. The electricity consumption of the
distillation plant was 12,540,222 kW per the analyzed year. This distillation plant produced
25 million liters of ethanol in 2018. In 2021, the national ethanol production was planned
to be 110 million liters [103]. Therefore, the studied plant is an important contributor
to the Ecuadorian ethanol production that may account for approximately 20% of the
national production.

The inventory for the distillation stage is shown in detail in Table S3 in the Supplementary
Material.

2.2.4. Co-Generation Stage

Electricity and steam are produced via bagasse waste boiler. Approximately 593,000 tons
of bagasse per year are burned in boilers with fuel oil to generate 1.21 million tons of
high-pressure steam per year for the case study. Biogenic CO2 emissions from combustion
are considered neutral because they were captured during the annual sugarcane growth
(belonging to the short-term carbon cycle). The high-pressure steam is then fed into a
turbine coupled to a generator to produce electricity and low-pressure steam. This low-
pressure steam is sent back to the milling stage for sugar production. This co-generation
plant produced 177,414,000 kWh of electricity in 2018, of which 55,423,642 kWh were
for internal consumption at milling stage, 7,239,066 kWh for internal consumption at co-
generation plant for auxiliary equipment, and 114,751,290 kWh was sold to the national
interconnection network. Approximately 12,540,222 kWh was purchased for electricity con-
sumption in the distillation plant. It is noteworthy to mention that the electricity and steam
production of this co-generation power plant is consistent with what was found in the
literature [23,24,104], and its validation is shown in detail in the supplementary information.
Moreover, the heat-to-power ratio and total co-generation plant efficiency results were also
validated with the ranges established in the literature [104]. The representativeness of elec-
tricity generation from sugarcane refineries to the Ecuadorian national mix corresponds to
approximately 2.4% [105]. The co-generation power plants with sugarcane bagasse produce
136.4 MW from San Carlos S.A., Ecoelectric S.A. and Coazúcar S.A. companies [106].

The inventory for the co-generation stage is shown in detail in Table S4 in the Supplementary
Material.

2.3. Life Cycle Impact Assessment (LCIA)

This study’s life cycle impact assessment (LCIA) was developed using the characteriza-
tion factors in the ReCiPe midpoint v1.13 methodology from a hierarchical (H) perspective.
This assessment was modeled using the OpenLCA v1.10.3 software and Ecoinvent 3 APOS
database, covering the emission-related impact categories shown in Table 2 This study did
not consider land-use change (LUC) impact because future agricultural expansion will
likely come from non-virgin and low vegetation cover lands (non-tree land covers) [107],
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and do not significantly alter the carbon content in the soil neither the global warming
potential impact. Moreover, Nagy et al. [108] stated that the conversion of dry tropical
forests to cropland due to agriculture expansion led to only small changes in soil carbon
dynamics. A study of carbon emissions from cropland expansion in the United States stated
that, where biomass densities are small, land use change impact is thought to be a relatively
minor contributor of emissions [109]. It is noteworthy that the Ecuadorian province with
the highest potential for sugarcane production is Guayas, with 75% [73], located in the
country’s coastal zone.

Table 2. Impact categories included in the LCA.

Impact Category Characterization Factor Reference Unit

Climate change Climate change—GWP100 kg CO2eq.

Freshwater eutrophication Freshwater eutrophication
potential—FEP kg Peq.

Marine eutrophication Marine eutrophication
potential—MEP kg Neq.

Abiotic depletion Metal depletion—MDP kg Feeq.

Photo oxidant formation Photochemical oxidant
formation potential—POFP kg NMVOCeq.

Particulate matter emissions Particulate matter formation
potential—PMFP kg PM10eq.

Terrestrial acidification Terrestrial acidification
potential—TAP100 kg SO2eq.

2.4. Sensitivity Analysis

A sensitivity analysis was developed considering different sugarcane yields in order
to study how the productivity could influence the environmental profiles. Based on conver-
sations with the staff from the companies where the data was obtained, the productivity
indices of sugarcane have varied from year to year. In 2018, the crop yield was approxi-
mately 71 t/ha (base case scenario). However, a more up-to-date yield is approximately
86 t/ha. These yields are within what has been found in the literature [110–115].

3. Results
3.1. Impact Assessment of Agricultural Stage

Table 3 shows the environmental impacts analyzed at the sugarcane production level,
at the farm gate. The GWP impact for sugarcane production is 53.6 kg of carbon dioxide
equivalent (kg CO2eq.) per ton of sugarcane produced. The latter is mainly due to the use
of nitrogenous fertilizers such as urea, which end up as ammonium and N2O emissions
because of a volatilization process [116]. Besides urea application, diesel is another input
that primarily contributes to this environmental impact when one ton of sugarcane is
produced in the agricultural stage. Diesel is consumed in agricultural activities such as soil
preparation, seeding, cultivation, irrigation, fertilization, and harvesting. It is noteworthy
that CO2 emissions produced from pre-harvest burning are balanced with the emissions
that are captured by the annual plant re-growth [99].
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Table 3. Impact category indicator results in the agricultural stage to produce sugarcane (FU = 1 ton
of sugarcane).

Impact Category Unit For 1 Ton of Sugarcane

Global warming potential kg CO2eq. 53.6
Freshwater eutrophication potential kg Peq. 0.01539

Marine eutrophication potential kg Neq. 0.154
Metal depletion potential kg Feeq. 1.195

Photochemical oxidant formation potential kg NMVOCeq. 0.847
Particulate matter formation potential kg PM10eq. 0.562

Terrestrial acidification potential kg SO2eq. 0.823
CO2eq.: carbon dioxide equivalent; Peq.: phosphorous equivalent; Neq.: nitrogen equivalent; Feeq.: iron equivalent;
NMVOCeq.: non methanol volatile organic compounds equivalent; PM10eq.: particulate matter equivalent SO2eq.
carbon dioxide equivalent.

Contribution Analysis of Agricultural Stage for GWP, FEP, MEUP, MDP, POMFP, PMFP,
and TAP Impacts

Table 4 shows the contribution analysis of agricultural stage for GWP, FEP, MEUP,
MDP, POMFP, PMFP, and TAP impacts. The main contributors of GWP impact in the
agricultural stage correspond to N2O lixiviation and volatilization with 33.5%, followed
by the diesel used in agricultural machinery with 24.33%, the methane emissions due to
pre-harvest burning with 11.55%, and the urea production with 11.34%.

Table 4. Contribution analysis of agricultural stage for GWP, MEUP, FEP, MDP, POFP, PMFP, and
TAP impacts.

Process GWP MEP FEP MDP POFP PMFP TAP

N2O lixiviation and volatilization 33.50% - - - - - -
Diesel burned in

agricultural machinery 24.33% 3.11% 12.14% 59.4% 15.10% 8.27% 10%

CH4 emissions due to
pre-harvest burning 11.55% - - - - - -

Urea production 11.34% 2.30% 10.19% 5.1% 1.89% 1.65% 3%
Transportation 7.95% - 6.23% 28.3% 4.05% 2.42% 3%

CO2 emissions due to the application
of nitrogenous fertilizers 5.39% - - - - - -

Others 5.94% 2.55% 2.34% 0.8% 1.64% 1.88% 2%
Nitrate emissions due to fertilizers - 74.28% - - - - -
Ammonia due to urea application - 11.95% - - - 11.38% 60%

Nitrogen oxides due to
pre-harvest burning - 5.81% - - 27.08% 8.97% 16%

Phosphorus due to application
of fertilizers - - 64.87% - - -

Potassium sulfate production - - 1.62% 5.1% - - -
Pesticide production - - 1.10% 1.4% - - -

Triazine-compound production - - 1.49% - - - -
CO due to pre-harvest burning - - - - 45.44% - -

NMVOC emissions - - - - 4.25% - -
PM due to pre-harvest burning - - - - - 64.01% -

SO2 emissions - - - - - 1.42% 5%
Diammonium phosphate production - - - - - - 2%

N2O: nitrous oxide; CH4: methane; CO2: carbon dioxide; CO: carbon monoxide; NMVOC: non-methane volatile
organic compounds; PM: particulate matter; SO2: sulfur dioxide.

The contribution analysis of the agricultural stage for MEP impact indicates that
the application of fertilizers has the highest contribution with 74.28%. The second most
contributor to this impact corresponds to the ammonia emissions due to urea application
with 11.95%.
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Regarding the FEP impact, the main contributor corresponds to the phosphorous
emissions due to the application of fertilizers with 64.87%, followed by the diesel burned
in agricultural machineries with 12.14%, and the market for urea production with 10.19%.

The MDP impact shows that the two main contributors correspond to the diesel
burned in agricultural machineries with 59% followed by transportation activities with
28%. Potassium sulfate, urea, and pesticide production show a low contribution to this
impact with 5.3%, 5.3%, and 1.4%, respectively.

The contribution analysis of the agricultural stage for POFP impact evidence that
the carbon monoxide and nitrogen oxides emissions due to pre-harvest burning have the
highest contribution to this impact with 45.44% and 27.08%, respectively, followed by the
diesel burned in agricultural machineries with 15.10%. Transportation activities and urea
production show a low contribution to this impact with 4.05% and 1.89% respectively.

Regarding the PMFP impact, Table 4 shows that the particulate emissions due to
pre-harvest burning has the highest contribution with 64.01% followed by the ammonia
emissions due to urea application with 11.38%. Nitrogen oxides due to pre-harvest burning
show a contribution to this impact of 8.97%.

The contribution analysis of the agricultural stage for TAP impact indicates that the
ammonia emissions due to urea application is the main contributor to this impact with
60%, followed by the nitrogen oxides emissions due to pre-harvest burning with 16%. Urea
production, transportation activities, and diammonium phosphate production show a low
contribution to this impact with 3%, 3%, and 2%, respectively.

3.2. Impact Assessment of Ethanol Production

The seven impact categories results and the contribution analysis for each stage are
shown in Table 5. The results shown in this subsection take into consideration the average
mix displacement scenario, where the electricity produced in the co-generation power
plant is displaced. The agricultural and distillation stages have the highest impacts in
all categories.

Table 5. Impact categories in different stages to produce ethanol (FU = 1 L of ethanol).

Impact Category Agricultural Stage Milling Stage Distillation Stage Co-generation Stage Total

Impact
Indicator Result

Contribution
(%)

Impact
Indicator Result

Contribution
(%)

Impact
Indicator Result

Contribution
(%)

Impact
Indicator Result

Contribution
(%)

Impact Indicator
Result

GWP (kg CO2eq.) 0.28582 47.2 0.0013 0.2 0.369 60.9 −0.05059 −8.35 0.606
MDP (kg Feeq.) 0.00688 44.2 0.00089 5.7 0.0078 50.1 −0.0000048 −0.03 0.01557
MEUP (kg Neq.) 0.0018 47.2 0.00001 0.3 0.00206459 54.2 −0.00006459 −1.70 0.00381

POFP
(

kg NMVOCeq. ) 0.00514 28 0.00249 13.6 0.01253 68.3 −0.00182 −9.92 0.01834

TAP
(

kg SO2eq. ) 0.00499 32.7 0.0012 7.9 0.0098 64.1 −0.00071 −4.65 0.01528

FEP
(

kg Peq. ) 0.0000928 34.4 0.0000372 13.8 0.00014 52 −0.00000031 −0.11 0.00027

PMFP (kg PM10eq.) 0.00341 35.5 0.00083 8.1 0.00589 59 0.00006065 −0.60 0.01019

The distillation stage has the highest contribution to GWP impact with 0.369 kg CO2
per liter of ethanol. Agriculture is the second system stage that contribute the most to the
global warming potential impact (GWP) with 0.285 kg CO2 per liter of ethanol, followed
by the milling stage with 0.0013 kg CO2 per liter of ethanol (Table 5). The co-generation
stage reports a value of −0.0505 kg CO2 per liter of ethanol. This negative impact of the
co-generation stage is mainly due to the fact that the emissions produced from the average
mix include fossil-based power plants [78,84] and therefore there is a reduction in emissions
from the displacement. The contribution of the distillation stage towards the GWP impact
corresponds to ap-proximately 61%, followed by the agricultural stage with 47%, the milling
stage with 0.2%, and the co-generation stage with −8.4%. The considerable contribution of
the dis-tillation plant and the agricultural stage is mainly due to the emissions generated in
the fermentation process and the urea and diesel used on field activities, respectively.

Freshwater eutrophication is measured in kilograms of phosphorous (kg of P) equiv-
alents. The distillation and the agriculture stage have the most significant impact in this
indicator with 0.0001 kg of P per liter of ethanol and 00000928 kof P per liter of ethanol,
respectively (Table 5). The latter corresponds to 34% for the agricultural stage and 52% for
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the distillation stage of the overall impact. These results mainly due to the application of
agrochemicals for sugarcane production and the high nitrogen and phosphorous content
contained in the vinasse produced from the distillation column process.

Marine eutrophication is measured in kilograms of nitrogen (kg of N) equivalents.
The ethanol life cycle shows that, overall, 0.00381 kg of Neq. are generated for each liter
of ethanol produced. As can be seen, the distillation stage becomes the most important
contributor in this impact category with 0.00206 kg of Neq./liter of ethanol, followed by
the agricultural stage with 0.0018 kg of Neq./liter of ethanol, and by the milling stage
with 0.00001 kg of Neq./liter of ethanol (Table 5). The co-generation stage reports a value
of −0.000064 kg of Neq./liter of ethanol. Similar to the impact mentioned above (FEP),
the distillation stage’s significant contribution (54%) is due to the high nitrogen content
contained in the vinasse produced from the distillation column process. It is noteworthy
that urea is used as a nitrogen source for the yeast production. The contribution percentage
of the agricultural stage to this impact is 47% of the overall. The latter is mainly due to
the agrochemicals application, such as nitrogenous fertilizers, for sugarcane production.
The urea is a nitrogenous fertilizer that produces ammonium carbonate once it reacts with
water, which then decomposes and releases NH3.

The metal depletion impact category assesses the scarcity of abiotic mineral resources
and metals in terms of kg of iron ( Feeq.). Overall, 0.01557 kg Feeq. per liter of ethanol are
generated during the ethanol life cycle. Distillation is the system stage that contributes the
most to MDP impact with 0.0078 kg Feeq. per liter of ethanol, followed by the agricultural
stage with 0.0068 kg Feeq. per liter of ethanol, the milling stage with 0.00089 kg Feeq. per
liter of ethanol, and the co-generation stage with −0.00000848 kg Feeq. per liter of ethanol
(Table 5). The latter is mainly due to heavy metals that are incorporated through the
use of fertilizers and pesticides. The contribution percentage of the agricultural, milling,
distillation, and co-generation stages to this impact are 44%, 5.7%, 50%, and −0.031 of the
overall, respectively.

The photochemical oxidant formation potential impact is measured in an equiva-
lent value of kilograms of non-metal volatile organic compounds (kg NMVOCeq.). The
results for the ethanol life cycle are shown in kg NMVOCeq./liter of ethanol. The dis-
tillation stage becomes the most important contributor in this impact category with
0.012 kg NMVOCeq./liter of ethanol, followed by the agricultural stage with 0.0051 kg
NMVOCeq./liter of ethanol and the milling stage with 0.0024 kg NMVOCeq./liter of ethanol
(Table 5). The distillation stage has the most outstanding contribution with 68%. The agricul-
tural stage has the second highest contribution with 28% due to the inappropriate chemical
pesticides, which contain methane and halocarbon compounds [1]. The use of organic
fertilizer helps reduce these pesticides that damage the environment [117]. The milling
stage contributes to this impact with 12%. The co-generation stage has a contribution
of −9.9%.

The particulate matter formation potential is measured in terms of kg of PM10eq.. The
ethanol life cycle shows that overall, 0.01019 kg of PM10eq. are generated for each liter of
ethanol produced. The distillation stage becomes the most important contributor in this
impact category with 0.0058 kg of PM10eq./liter of ethanol, followed by the agricultural
stage with 0.0034 kg of PM10eq./liter of ethanol and the milling stage with 0.00083 kg
of PM10eq./liter of ethanol (Table 5). The contribution percentage of the agricultural,
milling, and distillation stages to this impact are 33%, 8%, and 58% of the overall impact,
respectively. The behavior of this environmental impact is mainly dominated by the
emissions that are produced in the ethanol production chain, such as in the combustion of
diesel in the agricultural stage, in bagasse burning to co-generate electricity and steam, or
in the fermentation process within the distillation stage.

Terrestrial acidification potential is measured in kilograms of sulphur dioxide (kg
of SO2) equivalents. The distillation and the agriculture stage have the most significant
impact in this indicator with 0.0098 kg of SO2eq. per liter of ethanol and 0.0049 kg of SO2eq.
per liter of ethanol, respectively (Table 5). The latter corresponds to 32% for the agricultural
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stage and 64% for the distillation stage of the overall impact. These results are mainly
due to the application of agrochemicals for sugarcane production and the high nitrogen
and phosphorous content contained in the vinasse produced from the distillation column
process. The co-generation stage has a contribution of −4.6% of the overall impact due to
the displacement of electricity.

3.2.1. Marginal Technology Displacement and No Displacement Scenarios

Figure 2 shows the environmental impacts for each scenario. The results obtained
from each impact were normalized to a factor of 1 with the impact scores of the scenario
“No displacement”. It is noteworthy that the scenario where the marginal electricity is
displaced is the one that generates the lowest amount of environmental impacts. Fuel
oil-based electricity is mainly displaced in the latter context. The most realistic scenario,
the average mix displacement, occupies the second position in terms of the environmental
impacts generated followed by the scenario where no surplus electricity displacement is
considered. In the modelled system, ethanol has a better environmental performance when
the electricity that is displacing has a lower environmental performance.
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Figure 2. Comparison of life cycle environmental impacts at cradle-to-plant-gate for the three different
system expansion scenarios: Average mix displacement, marginal technology displacement and no
displacement. The impact results were normalized to a factor of 1 according to the impact category
result indicator of the scenario “No displacement”.

3.3. Sensitivity Analysis

The parameter considered for this sensitivity analysis is the productivity index. The
impact category that has caught more attention is the global warming potential in order
to see how sensitive it is in response to crop yield variation. This analysis shows that the
global warming potential impact has a variation of −14% when the sugarcane productivity
increases to 86 t/ha (Figure 3). The particulate matter formation potential impact also has a
considerable decrease of 10% when the sugarcane yield increases from 71 to 86 t/ha.
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Figure 3. Percentage of variation for each environmental impact indicator result through an increase
of crop yield from 71 to 86 t/ha.

4. Discussion
4.1. Comparison with Literature

The definition of system boundaries, functional units, allocation methods, technologi-
cal conversion routes, and spatial and temporal variability differs widely among lifecycle
analysis made of ethanol [10,40,118]. Furthermore, the sugarcane production system can
be diversified with the different biorefineries configurations to obtain various products
and by-products [60,119–121]. Only GWP impact results were compared with existing
literature, as this is the impact indicator result that can be found in almost every study.
Moreover, climate change is currently the main sustainability thread.

4.1.1. Comparison with Literature at the Sugarcane Production Level, at the Farm Gate

Environmental impacts are sensitive to ethanol conversion efficiency, sugarcane yield,
and percentage of cane trash burn [60]. Based on the literature review, Watanabe et al. [111]
reported a sugarcane yield of 82 tons per hectare (t/ha) for Brazil, compared to an average
sugarcane yield of 78.15 t/ha for Indonesia [10]. On the other hand, Silalertruksa et al. [110],
reported an average sugarcane yield of 75 t/ha for Thailand. The sugarcane yield of this
study is lower than the compared articles and achieved a value of 70.9 t/ha in 2018 (Table 6).
The GWP impact from sugarcane production was reported as 53.6 kg of carbon-dioxide
equivalent (kg CO2eq.) per sugarcane ton. The main contributors of GWP impact at this
level correspond to N2O lixiviation and volatilization, diesel used in agricultural machinery,
and the urea production. Similar results of contribution analysis were stated by Tsiropoulos
et al. [112], indicating that the GWP impact at the farm gate is mainly affected by the
N2O emissions from oxidation of nitrogen in nitrogenous fertilizers and by the emissions
generated from their production.
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Table 6. GWP impact results at three different levels compared with the literature.

Ref. Country
Yield CO2eq.

System Boundaries Allocation Bioethanol
Generation(t/ha) kg CO2eq./tc kg CO2eq. /ts kg CO2eq./

Liter of Ethanol

This study Ecuador 70.9 53.6 568 0.60
Agricultural, milling,

distillation, and
co-generation stages

Economic 1G

[122] a Brazil 87.1 - - 0.44
Sugarcane production;

processing;
ethanol production

NA 1G

[122] b Brazil 87.1 - - 0.35
Sugarcane production;

processing;
ethanol production

NA 1G

[93] Brazil 86.7 - 234 0.45

Sugarcane production;
harvesting; transportation;

processing; ethanol
production; distribution

Economic,
physical,

and energy-
based

1G

[112] India 59.2 45 - 0.09–0.64 c

Sugarcane production;
sugarcane processing to

sugar; sugarcane
processing to ethanol

Economic 2G

[123] Brazil - - - 0.35

Sugarcane production +
local transport; ethanol

production (without
surplus energy credits)

NA NA

[110] Thailand 75 38 350 0.39

Sugarcane cultivation and
harvesting, transportation;
sugar milling, steam, and

power generation
from bagasse;

molasses ethanol
production, raw material

production, and
by-product utilization.

Economic
allocation 2G

[113] India 70 58.59 401 0.295
Sugarcane

cultivation, co-generation,
and ethanol production

Economic,
mass and

energy
allocation

2G

[10] Indonesia 78.1 49 - 0.61
Sugarcane harvesting,

milling, ethanol
production, and transport

Economic 2G

a Scenario Brazil 2005, b Scenario Brazil 2020, c in CO2/kg of ethanol, tc: ton of sugarcane, ts: ton of sugar.

The GWP impact of the study from India and Brazil show a lower value than the value
reported in this study for sugarcane production with 45 and 36 kg CO2eq./ton of sugarcane,
respectively [112]. The higher GWP impact in this study is mainly due to the greater
amount of nitrogen and potassium fertilizers (3.95 kg/t and 0.92 kg/t, respectively) that are
applied compared to the other studies (0.78–2.69 kg/t and 0.82–0.9 kg/t, respectively) [112].

A recent publication from Hiloidhari et al. [113] reported a carbon footprint of
58.59 kg CO2eq./t of sugarcane associated with the cultivation, transport, and process-
ing stages (Table 6).

4.1.2. Comparison with Literature at the Ethanol Production Level at the Plant Gate

This study develops an environmental profile of ethanol produced through sugarcane
in Ecuador, evaluating the effect using bagasse for the cogeneration of electricity. The GWP
impact generated at the ethanol production level shows a value of 0.60 kg CO2eq./liter
of ethanol based on Ecuadorian conditions and based on average mix displacement sce-
nario (Table 6). This value falls within the range found in the literature 0.07–0.61 kg
CO2eq./liter [10,93,110,112,113,122].

Tsiropoulos et al. [112] obtained a range of greenhouse gas emissions between 0.07
and 0.50 kg CO2eq./liter of ethanol in India for a high (surplus electricity accounted) and a
low-system (no surplus electricity is accounted) performance, respectively. The low-system
performance case of this latter study (0.50 kg CO2.liter of ethanol) has a lower carbon
footprint than the average mix displacement scenario of our study (0.60 kg CO2eq./liter of
ethanol). The ethanol from the latter study causes lower GHG emissions mainly because it
is produced exclusively from molasses (2G), which is a by-product of sugar production.
Moreover, the functional unit in the study by Tsiropoulos et al. [112] was defined as
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1 kg of hydrous ethanol, compared to our study, which is 1 L of anhydrous ethanol.
Nevertheless, for comparative purposes, the hydrous ethanol for our base scenario (average
mix displacement) shows a GWP impact of 0.57 kg CO2eq./liter of ethanol. Additionally,
the impact assessment was developed using Impact 2002+ methodology while this study
used ReCiPe.

Compared to our study, Khatiwada et al. [10] reported a similar value of GWP
(0.61 kg CO2eq./liter of ethanol) for ethanol production in Ionesia. The main difference
between this latter study with our analysis is that the ethanol w produced basically with
cane molasses pre-treated to obtain a concentrated juice before fermentation process. The
authors also performed a sensitivity analysis of various pameters to evaluate energy and
GHG balances in different allocation ratios. Similar to our study, the sensitivity analysis
shows that the GHG emissions are highly sensitive to sugarcane yield. Pacheco et al. [124]
reviewed that ethanol production can generate 0.35–0.40 kg CO2eq./liter of 1G ethanol
through sugarcane feedstock in Brazil. On the other hand, Watanabe et al. [111] reported
three different values of GWP impact based on three different biorefineries configurations:
0.447, 0.319, and 0.27 kg CO2eq./liter of ethanol for 1G-base, 1G-optimized, and integrated
1G2G ethanol biorefinery. Comparing our study with the 1G-optimized scenario, which
represents a modern autonomous distillery for first-generation ethanol production and
for electricity co-generation, there is a difference of 0.30 kg CO2eq./liter of ethanol. This
difference could be related to the higher sugarcane yield (82 t/ha) of the study from Watan-
abe et al. [111] and also due to the sugarcane straw fraction recovered (50%) for energy
generation in the cogeneration system.

Silalertruksa et al. [110] reported a GWP impact of 0.39 kg CO2eq./liter of molasses-
derived-ethanol in Thailand, considering a base sugarcane biorefinery that includes con-
ventional sugarcane farming, sugar milling, molasses ethanol production, and electricity
generation. The lower GWP impact of this latter study compared with our study could be
attributed to the higher sugarcane productivity (76 t/ha versus 71 t/ha) and the difference
in sugar prices for the economic allocation (USD 27 versus USD 33 for a sack of 50 kg).

Finally, Hiloidhari et al. [113] assessed the life cycle ergy, carbon and water footprint
of sugarcane based sugar, ethanol, and electricity in India. The GWP impact for ethanol
production was reported as 0.29 kg CO2eq./liter of ethanol. The lower GWP impact for this
latter study compared to our study could be atributed due to the fact that the ethanol in
India is mainly produced from molasses (2G).

Regarding the system expansion applied in the co-generation stage, the marginal
technology displacement and the no displacement scenarios report a GWP impact of
0.19 kg CO2eq./liter of ethanol and 0.84 kg CO2eq./liter of ethanol, respectively. The average
mix displacement scenario was 0.60 kg CO2eq./liter of ethanol. The difference between
the average and the marginal technology displacement scenarios is due to the credits of
the Ecuadorian system, depending on what electricity is displaced. This difference is by
a factor of 3.15. This factor is similar to what was reported by Tsiropoulos et al. [112],
who compared an optimistic and a conservative surplus electricity system expansion
scenario and estimated a difference factor of 3 [112]. Comparative results found in the
literature indicate that the scenarios where system expansion is applied led to lower impact
values compared to the scenario where no surplus electricity is displaced [24,112,125]. It
is noteworthy that the carbon footprint of ethanol in systems that include co-generation
depends on the mix or type of electricity displaced, as shown in Section 3.2.1.

Considering the contribution analysis, the results of the GWP impact at the plant
gate indicate that sugarcane agricultural stage and the distillation stage have the highest
contribution within the complete ethanol production chain with approximately 47% and
61%, respectively. These results are aligned with the results by Cavalett et al. [92] and
Amores et al. [1], which concluded that the agricultural stage is one of the most intensive
stages in terms of GHG emissions with 70% and a range of 58–63%, respectively. Amores
et al., 2013 [1], states that the GWP impact is mainly affected by the fossil fuel utilization in
the agricultural machinery. Gabisa et al. [102] also reported that the biggest contributor to
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GWP impact is sugarcane farming with a range contribution of 58.2–75%. In contrast, a
study on molasses ethanol production in Indonesia showed that the agriculture stage has
a contribution of 38% to the GWP impact releasing the other 62% of contribution to the
industrial stages where the sugarcane is processed and then converted into ethanol [126].

4.2. Recommendations

The pilot program called Ecopais (95% extra gasoline with 5% anhydrous ethanol),
which started in Guayaquil in 2010, sought the reduction of emissions to the environment
and the reduction of oil derivative imports. The program has had positive environmental
and social aspects. Nevertheless, the Ecuadorian sugarcane and ethanol industry should
implement more efficient processes in its production chain to have the least possible environ-
mental impact. Companies should apply industrial symbiosis and circular economy with
the aim of fostering eco-innovation, creating and sharing mutually profitable transactions,
and improving the business and technical processes of industries. Moreover, the bagasse
should be used for electricity generation instead of considering it as an industrial waste.

Another recommendation should be focused on precision agriculture, specifically in
the use of fertilizers. There are opportunities to reduce the amount of fertilizers used in
the agriculture stage by implementing industrial symbiosis and circular economy strate-
gies. Moreover, sugarcane growers must fertilize their agricultural fields in a coherent
way to achieve precision in farming, guarantee greater sustainability, and maximize crop
yield [114,115]. Another recommendation should be related to look for other agronomic
alternatives to improve crop yield.

Aiming to achieve a higher percentage of ethanol in the mixture is necessary to invest
in a more significant agricultural sugarcane expansion. Moreover, new technologies and
conversion routes of biomass to explore the environmental benefits of other biofuels (2G
and 3G) should be promoted. The integration of 1G and 2G technologies could reduce the
GHG emissions of ethanol production by a factor of 1.4 compared to 1G technology [111].

4.3. Future Research Needs

Climate change impacts weather (rain events, temperatures), and alterations on sug-
arcane crop yield would be advisable to prospect the future security of supply of ethanol
based on this crop. For example, if the sugarcane productivity drops to the Indian values
(Table 6) of 59.2 ton/ha (a 16% decrease), the CO2eq emissions per FU of our system would
increase by 19%, maintaining all the other conditions. Droughts increase due to climate
change, and contextualize the need to assess the water balance of the system. Water con-
sumption can be categorized in blue, green, and gray. A water balance in terms of blue
water entering the system and water vapor leaving the system to the atmosphere will be
interesting to determine.

Improved yeast used in fermentation to increase ethanol production may have a
positive impact on the systems, for example, an increase in ethanol yield of 20%, for the
same conditions, would result in a mitigation of CO2eq emissions per FU of 17%.

5. Conclusions

Biofuels have been recognized as an alternative transportation fuel to reduce fossil
fuels consumption. Nevertheless, a detailed life cycle assessment is necessary to support its
development. The environmental profile of ethanol derived from sugarcane was analyzed
through a life cycle perspective including the effect of electricity co-generation in a sugar
industrial complex. Four stages were considered for this analysis: agricultural, milling,
distillation, and co-generation. The present study also compiles a life cycle inventory for
ethanol-derived-sugarcane production in Ecuador.

The GWP impact generated at the farm gate level was reported as 53.6 kg of CO2eq.
per sugarcane due to N2O volatilization and diesel application in agricultural machinery.

Considering the ethanol production level, the GWP impact was reported as
0.60 kg CO2eq./liter of ethanol. The contribution analysis shows that the agricultural
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stage and the ethanol distillation stage have the highest contribution on GWP impact
within the complete ethanol production chain. Credits were received for displacing surplus
electricity produced in the co-generation stage.

The terrestrial acidification potential impact was 0.01528 kg of SO2eq. at the ethanol
production level due to the high nitrogen and phosphorous content in the vinasse. The
marine eutrophication potential was calculated as 0.00381 kg of Neq. per 1 L of ethanol
due to the high content of nitrogen contained in the vinasse and to the use of nitrogenous
fertilizers in the agricultural stage.

The electricity demand covered by the industrial sugarcane sector reduces the de-
mand for electricity generation by the power sector, and the ethanol life cycle is credited
depending on whether it displaces average or marginal electricity. Three different scenarios
were proposed in the co-generation stage: (i) average mix displacement scenario, where the
surplus electricity produced in the co-generation stage is displaced; (ii) marginal technology
displacement scenario, where the marginal surplus electricity is displaced from the mix,
and (iii) no displacement scenario. The marginal technology displacement and the no
displacement scenarios reports a GWP impact of 0.19 kg CO2eq./liter of ethanol and 0.84 kg
CO2eq./liter of ethanol, respectively. The ethanol has a better environmental performance
when the electricity that is displacing has a lower environmental performance.

The average mix displacement scenario reported a GWP impact of 0.60 kg CO2eq./liter
of ethanol. Scenarios where system expansion is applied led to lower impact values
compared to the scenario where no surplus electricity is displaced [125]. The latter shows
the importance for the sugarcane industrial sector to increase its co-generation capacity in
order to embrace its own electricity demand.

In order to have environmentally friendlier sugarcane and ethanol industries, sustain-
able and less polluting processes should be sought to reduce the environmental burdens.
Companies should apply industrial symbiosis and circular economy strategies to pro-
duce lesser environmental loads within the ethanol production chain. Sugarcane growers
must optimize synthetic fertilizers application by implementing precision agriculture to
guarantee greater sustainability

Finally, Ecuador has mainly developed 1G ethanol derived from sugarcane through
fermentation and distillation. There is a limited implementation of conversion processes of
other feedstocks into ethanol in Ecuador, relegating the development of 2G and 3G biofuels.
Therefore, future research should be focused on these biofuels.

This study contributes to the sustainability assessment of biofuel production, including
the effect of electricity cogeneration from a sugar industry complex. Moreover, it allows
the assessment of road transportation based on ethanol or ethanol and gasoline blends as
fuels in Ecuador from a life cycle perspective.
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