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Abstract

Emissions from transportation are rapidly increasing, representing the second-largest
source within the energy sector. Switching to biofuels is a promising strategy to mitigate
these environmental impacts. The main aim of this study is to evaluate and compare the
environmental performance of fossil gasoline and bioethanol blends in a high-performance
Formula SAE race car using a comprehensive well-to-wheel (WTW) life cycle assessment
(LCA) approach. The vehicle was tested under three fuel scenarios: (i) 100% fossil gasoline,
(ii) a blend of 85% first-generation bioethanol (1G-pure bioethanol) derived from corn
and 15% fossil gasoline (E85-1G), and (iii) a blend of 85% second-generation bioethanol
(2G-pure bioethanol) derived from grape pomace, a winemaking waste product, and 15%
fossil gasoline (E85-2G). The novelty of this work lies in the combined experimental and
LCA-based comparison of crop-based and waste-derived bioethanol under identical high-
performance operating conditions, enabling a direct assessment of feedstock influence on
environmental impacts. The well-to-tank (WTT) results show that 2G bioethanol achieves
the lowest environmental burdens across all impact categories, while 1G-pure bioethanol is
significantly affected by emissions from corn cultivation. Fossil gasoline exhibits the highest
impacts in terms of global warming potential (GWP) and Abiotic Resource Depletion (ARD).
The tank-to-wheel (TTW) analysis confirms the superior environmental performance of the
E85-2G blend. Despite requiring 6-16% more fuel to complete the race, E85-2G maintains
its environmental advantage, and both biofuel blends produce lower air emissions than
conventional gasoline.

Keywords: bioethanol; openLCA; motor car race; environmental impact; global warming
potential; greenhouse gas emissions

1. Introduction

The imperative for sustainable mobility mandates a substantial reduction in both
CO; and pollutant emissions within the transportation sector [1]. Despite the nine years
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that have elapsed since the ratification of the Paris Agreement and the growing interest
in electric vehicles, progress has been gradual in the transition toward clean energy [2].
Although significant progress has been made in the European transport sector through the
introduction of stricter emission regulations, such as Euro 7, and the implementation of low-
emission zones (LEZs), i.e., urban areas where the circulation of more polluting vehicles is
restricted, the decarbonization of transport remains a major challenge, particularly with
regard to greenhouse gas emissions [3,4]. Interest in biofuels is also driven by the need to
reduce dependence on finite crude oil resources and related geopolitical risks [5,6]. This
topic is also highly relevant in light of the revised Renewable Energy Directive (RED III),
which strengthens the role of renewable energy in transport and promotes the deployment
of advanced biofuels as part of the EU decarbonization strategy [7,8].

Bioethanol is among the most widely used renewable liquid fuels, can be produced
from a wide range of feedstocks, and is commonly classified into three generations: 1G-pure
bioethanol (food crops), 2G-pure bioethanol (non-food biomass), and 3G-pure bioethanol
(algae) [9,10]. While 1G-pure bioethanol is commercially mature and cost-effective, its
reliance on edible resources raises the well-known food-versus-fuel concern [11]. In fact,
under the RED II framework, first-generation biofuels are capped at 7% of transport energy,
while advanced biofuels are promoted through dedicated sub-targets. The revised RED
III directive further strengthens this approach by increasing the role of advanced biofuels
and renewable fuels of non-biological origin, while maintaining strict limits on food-based
biofuels [12].

Conversely, 2G and 3G feedstocks rely on diverse sources, including agricultural waste
and algae, which are often considered carbon-neutral or even carbon-negative in cases
where the feedstock consumes atmospheric CO, [10,13]. While 3G bioethanol is considered
highly promising because of its potential sustainability advantages, its production is still
constrained by elevated costs that hinder broad commercial implementation [14,15]. By con-
trast, 2G bioethanol produced from waste and residue streams has, in many cases, already
achieved practical and industrial relevance, demonstrating that waste-based conversion
pathways are more technologically mature and closer to large-scale deployment [16]. In-
teresting and valuable applications have been obtained using cereal waste [17], date palm
waste [18], sugar cane bagasse [19] and rice straw [20] as raw materials.

Bioethanol is mainly produced via fermentation by Saccharomyces cerevisiae, following
hydrolysis of polysaccharides into fermentable sugars [21]. The key difference between
1G-pure bioethanol and 2G-pure bioethanol processes lies in substrate preparation, as 2G
feedstocks require pretreatment to separate cellulose and hemicellulose from lignin, which
is not fermentable [22,23].

Delignification can be achieved through chemical, physicomechanical, or biological ap-
proaches, each differing in efficiency, selectivity, and environmental impact [24]. Chemical
methods, such as alkaline, acidic, or organosolv treatments, are generally highly effective
in lignin removal but may require harsh reagents and significant energy input [25].

Recent advances in lignocellulosic biomass conversion include process configurations
such as SHCF and SSCF, which improve sugar utilization and ethanol yields [26], along with
innovative pretreatments like heavy-ion irradiation that enhance enzymatic accessibility
and saccharification efficiency [23].

From an environmental perspective, the main distinction lies between crop-based
routes, which may involve land, water, and agrochemical burdens, and waste-derived
routes, which can reduce these upstream burdens but may be more sensitive to logistics and
pretreatment requirements. These differences motivate a comparative life cycle assessment
under controlled operating conditions [27].
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This comprehensive tool is the well-to-wheel (WTW) method, which tracks the process
from the energy carrier source (“well”) to the vehicle wheel (“wheel”). It represents a
specialized application of the life cycle assessment (LCA) methodology for motor fuels [28].
LCA is a standardized tool for assessing environmental impacts across a product or process
life cycle, widely adopted in decision-making since the early 1990s [29].

WTW analysis is based on inventorying the set of input and output data related to
the materials and energy involved in a specific process that impacts the environment [30].
It is a quantitative and qualitative assessment of environmental impacts across the entire
fuel life cycle, identifying hotspots and cleaner pathways, and is divided into well-to-tank
(WTT) and tank-to-wheel (TTW) stages [31].

The MoRe Modena Racing (MMR) team of the University of Modena and Reggio
Emilia (Italy) was founded in 2004 and is committed to building a single-seater race car
to challenge university teams from all over the world in Formula SAE competitions. This
study applies a WTW-LCA to evaluate the environmental impact of different fuels used in a
Formula SAE race car, testing three scenarios: 100% fossil gasoline, 85% 1G-pure bioethanol
(from corn) blended with gasoline, and 85% 2G bioethanol (from grape pomace, a fibrous
residue from grape processing) [32]. It is typically considered a low-economic-value waste
product and is often used as animal feed or a source of grape oil [33]. The LCA analysis
encompassed both the fuel production stage and the fuel’s use during a 22 km race.

This case study was selected because motorsports provide a demanding platform to
test renewable fuels and drive their transfer to the broader transport sector, while also
responding to growing societal expectations for sustainability. Historically, motorsports
have paved the way for pioneering innovations in the automotive industry [34], with
numerous racing-originated technologies finding their way into road vehicles [35]. While
WTW-LCA enables comprehensive fuel evaluation, studies comparing first- and second-
generation bioethanol with gasoline under real racing conditions remain limited [36].
Therefore, the main aim of this study is to experimentally and systematically compare the
environmental performance of fossil gasoline and first- and second-generation bioethanol
blends under real racing conditions using a well-to-wheel LCA approach.

The novelty lies in the integrated experimental and WTW-LCA comparison of crop-
based and waste-derived bioethanol under identical high-performance conditions, provid-
ing new evidence on the role of feedstock and demonstrating the environmental advantages
of second-generation biofuels. These findings may support the development of more sus-
tainable fuel strategies, contributing to the advancement of waste-based biofuels within
future decarbonization pathways.

This study does not address compliance with on-road regulations (e.g., Euro standards
or RDE), but focuses on a Formula SAE prototype as a case study to compare fuel pathways
under high-performance conditions. While motorsport is not representative of general
transport, it offers a demanding test environment to assess alternative fuels. The findings
are therefore limited to this context and should not be directly extended to road vehicles
without further validation.

2. Materials and Methods
2.1. The Case Study

The MoRe Modena Racing (MMR) team has designed and developed a hybrid proto-
type, M24-LH (shown in Figure 1), which weighs 210 kg, featuring a monocoque chassis
and the wide use of carbon fibers. The vehicle accelerates from 0 to 100 km/h in 2.6 s
and reaches a maximum speed of 130 km/h. The car is equipped with a 4-cylinder in-line
internal combustion engine derived from a Suzuki GSX-R motorcycle (Suzuki, Hamamatsu,
Japan), specifically customized to reach a displacement of 708 cc, delivering 95 hp.
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Figure 1. The hybrid M24-LH prototype designed by MMR and used as a case study.

The M24-LH Formula SAE vehicle was used in this study as prototype not representing
a road-legal production vehicle.

The engine was originally designed to run on 98 RON gasoline but was later converted
to also operate on E85 bioethanol, comprising approximately 85% ethanol and 15% gasoline.
Gasoline and E85 operation was managed through separate ECU (Engine Control Unit)
calibrations developed for the respective fuels, so the experimental results for each fuel
refer to its dedicated calibration. In this work, 100% fossil gasoline was adopted as the
reference fossil scenario against which the ethanol-rich blends were compared. In fact,
the prototype has been used for testing and data collection, comparing the results across
three fuel types: 100% fossil gasoline, first-generation (1G) and second-generation (2G)
bioethanol blends. The experimental data refer to the 22 km endurance race during three
recent events held in Austria, Croatia, and Italy.

The well-to-tank stage of the analysis has incorporated the fuel preparation stage,
which covers the acquisition of raw materials, fuel production and transport as a finished
product, whereas the tank-to-wheel stage includes fuel use during the competition.

2.2. The Scope, Functional Units and System Boundaries

The primary goal of this life cycle assessment (LCA) was to compare the environmental
impacts associated with the production and subsequent use of three distinct fuels in a
Formula SAE vehicle during a 22 km endurance event.

The study employed two separate functional units (FUs): for the WTT stage, the FU
was defined as 1 ton of fuel produced, whereas for the TTW stage, the FU was defined as
the 22 km race length completed.

These dual FUs were chosen to reflect the study objective and ensure a fair compar-
ison over the 22 km race, attributing differences in environmental impacts solely to fuel
characteristics and life cycles. Fuel consumption data are reported in Table 1.

The TTW comparison refers to fuel use during the 22 km endurance event. Since E85-
1G and E85-2G differ only in ethanol origin and not in final blend composition, the same on-
track fuel-consumption data were used for both E85 scenarios, whereas their environmental
difference is generated in the WTT stage. Differences in fuel consumption among the three
events are attributable to differences in track layout and average vehicle speed, which affect
the operating conditions and fuel demand over the same 22 km race distance.
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Table 1. Fuel consumption in the three motorsport races, expressed as L/22 km.

Fuel Consumption (L/22 km)

R
ace Gasoline E85-1G E85-2G
Croatia 4.39 5.01 5.01
Italy 470 499 499
Austria 410 476 476

Furthermore, the data presented in Table 2 illustrate how the differing intrinsic prop-
erties of the fuels result in varying consumption rates for the same vehicle and route. This
FU definition thus enables an accurate comparison of the environmental impact of fuels, in-
corporating both the operational performance of the vehicle and the specific characteristics
of each fuel.

Table 2. Chemical-physical characteristics of the different fuels (gasoline, ethanol, and E85), showing
the equivalent molecular formula; molecular weight; percentage by weight of carbon, hydrogen and
oxygen; density; and lower heating value (LHV) [37].

Equivalent Weight Weight

Equivalent Molecular Weight Percent of Percent of Denos ity LHV
Fuel Molecular R Percent of 20°0) Ref.
Formula Weight Carbon (%) Hydrogen Oxygen (kg /m?) (MJ/L)
(g/gmolC) (%) (%)
Gasoline CH; g75 13.87 86.5 13.5 0 740 322 [38,39]
Pure ethanol ~ CH3Oy 5 23.00 52.2 13.0 34.8 780 21.1 [40]
E85 CH,; 75800 392 21.03 57.0 13.2 29.8 782 22.8 [41]

In this comparative analysis of the fuels utilized by the MMR team, the system bound-
aries were carefully delineated to encompass the most significant and pertinent stages
necessary for evaluating the environmental impacts associated with the three fuels under
consideration: conventional gasoline, 1G-pure bioethanol, and 2G-pure bioethanol.

This study employs cradle-to-grave system boundaries, which are based on Alessa
et al. [34] and focus on the life cycle stages from fuel production to fuel utilization.

Specifically, the system boundaries include the following:

e  Feedstock procurement, which involves crude oil extraction for gasoline, biomass
cultivation for 1G-pure bioethanol, and wine waste collection for 2G-pure bioethanol.

e  Fuel production, encompassing the refining process and blending additives for gaso-
line; for 1G-pure bioethanol, this includes fermentation, distillation, and anhydrifi-
cation; and for 2G-purebioethanol, this involves the collection and transportation of
grape pomace, physical pretreatments (i.e., washing), enzymatic hydrolysis, fermenta-
tion, distillation, and anhydrification (see Figures 2 and 3).

e Race emissions generated from fuel combustion during the 22 km race by the MMR
vehicle.

Conversely, certain processes were excluded from the analysis:

e  For 1G-pure bioethanol, the transportation of raw materials from fields to the plant
and of bioethanol from the plant to Italy, due to the unavailability of detailed data.

e  MMR vehicle production, as it is assumed that the same vehicle is used for all three
fuels, thereby nullifying its impact in comparison.

e  The construction and maintenance of infrastructure (i.e., energy, refineries, bioethanol
infrastructures, roads), owing to the difficulty of accurately allocating these impacts to
individual fuels and the lack of specific data.

e  The end-of-life of fuels, assuming their complete combustion during the race.
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Figure 2. System boundaries of the industrial process for producing ethanol from maize, including
milling, distillation, and recovery of co-products. Processes are shown in red boxes, input ma-
terials in black boxes, and products in green boxes. Secondary data from Ecoinvent™; 3.7 and
Agribalyse™ database.
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Figure 3. System boundaries of the process set up at CAVIRO for the production of 2G-bioethanol
from grape pomace (marc and lees). Process steps are shown in black boxes and production of
co-products in red boxes.

2.3. Life Cycle Inventories
2.3.1. Production of 2G Bioethanol from Grape Pomace: Primary Data

Grape pomace, generated as a waste stream by the CAVIRO cooperative in Emilia
Romagna (Italy), consists of marc (skins, seeds, and stalks) and lees (spent yeast, salts, and
lignocellulosic residues). The 2G bioethanol process, fully developed by CAVIRO as an
integrated biorefinery based on circular economy principles, allowed access to primary
data (Figure 2). Pomace was transported over 120-140 km by trucks (~15 t per trip), stored
in tanks, and then processed: lees underwent continuous fermentation, while marc was
washed and fermented separately under controlled temperature conditions.

The transportation of corn from the field to the plant and of bioethanol from the plant
to Italy was excluded from the system boundaries because of the lack of precise primary
data, as the available data were secondary. The fermentation conditions and microbial
biomass consortium employed by CAVIRO are confidential and cannot be reported herein.
Distillation was carried out at ~85 °C, producing ethanol (>92%) that was further purified
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to 99%. Residues were valorized: lees for calcium tartrate extraction and biogas production,
and marc for fertilizers, mushroom cultivation, and energy recovery after oil extraction.
The inventory of 2G bioethanol production is reported in Table 3.

Table 3. Life cycle inventory of 2G bioethanol production from grape pomace at the CAVIRO plant.

Fermentation parameters are not included because the industrial process is patented.

Production
Stage

Raw material
supply

Distillation

Anhydrification

Input * Output *
Marc Lees Marc Lees
Amount: >70,000 tons
Distance: 137 km Amount:
Water: approximately >20,000 tons Fermentate to Fermentate to
1m3/ton Distance: 120 km distillation: distillation:
Storage: pile Water: 75,000-85,000 tons 60,000-65,000 tons
Electricity: approximately approximately Exhausted marc: Exhausted lees:
0.008 KWh/ton 1 m3/ton 65,000-70,000 tons 45,000-50,000 tons
Steam: approximately Storage: iron tanks
0.05 tons/ton
Electricity:
Electricity: approximately approximately Bioethanol > 92%: Bioethanol > 92%:
4 KWh/ton 6 KWh/ton 1500-1800 tons 700-800 tons
Steam: approximately Steam: Marc vinasse: Lees vinasse:
0.1 tons/ton approximately 80,000-85,000 tons 60,000-65,000 tons

Electricity: approximately 35 KWh/ton

0.2 tons/ton
Bioethanol 99.9%: 2200-2600 tons

* some input and output values are reported as intervals because the industrial process is patented.

2.3.2. Production of 1G-Pure Bioethanol and Fossil Gasoline: Secondary Data

The gasoline refining process was modeled using the Ecoinvent™ v3.7.1 dataset
(Zurich, Switzerland), adapted to reflect European conditions and gasoline formulations.
The reference fuel is 98 RON gasoline, produced through standard refining processes
to ensure high engine performance. As the process is treated as an elementary flow in
Ecoinvent™, a detailed inventory is not available [42].

To produce 1G-pure bioethanol from corn, both the Agribalyse™ (Agence de la tran-

sition écologique, Angers, France) and Ecoinvent™

v.3.7.1 datasets were employed. These
datasets are representative of the maize agricultural supply chain, encompassing cultivation,
agricultural practices, and agronomic inputs, as well as the industrial process of converting
maize to ethanol, including biochemical transformation and purification processes, and the
production of co-products such as Distillers Dried Grains with Solubles (DDGS).

The production of 1G-pure bioethanol from corn is a well-established process, so
standardized operations were used for this analysis (Figure 3).

The process includes corn cultivation, transport, and conversion into anhydrous
ethanol for E85 production. Cultivation is resource-intensive, involving fertilizers, pesti-
cides, and irrigation, followed by transport to processing facilities. Ethanol is produced via
dry milling, hydrolysis, and fermentation using Saccharomyces cerevisiae, with DDGS as a
co-product. After distillation, ethanol is blended with gasoline to produce E85 for use in
spark-ignition engines specifically calibrated for high-ethanol blends.

2.3.3. Life Cycle Impact Assessment

The ReCiPe Midpoint (H) v.1.11 (PRé Consultants, Amersfoort, The Netherlands)
method and the open-source package OpenLCA™ v.1.8 (GreenDelta, Berlin, Germany)
equipped with the databases Ecoinvent™ 3.7.1 and AGRIBALYSE 3.1 were used for the life
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cycle inventory assessment (LCIA). The results are discussed in terms of their characterized
and normalized values, as are the process contributions and inventory substances with
environmental impacts. The midpoint impact categories and relative units are reported
in Table 4. Allocation was not necessary because we considered the race as the unique
process output.

Table 4. The impact categories with the corresponding abbreviations calculated in this study and
their general description.

Impact Category

Unit General Description

Global warming potential
(GWP100)

accounts for the potential global warming due to emissions
kg CO, eq of greenhouse gases to air at a horizon of 100 years. Similar
to carbon footprint indicator

Terrestrial Acidification Potential

accounts for the potential acidification of soils and water
kg SO, eq due to the release in air of nitrogen and sulphur oxides that

(TAP) are precursors of acidic rain
accounts for the enrichment of the aquatic ecosystem with
Eutrophication Potential (EP) kg POy eq nutritional elements, due to the emission of nitrogen- or

phosphorous-containing compounds, especially fertilizers

Photochemical Ozone Formation

Potential (POFP)

accounts for the emissions to air of particulate that
kg NMVOC eq potentially creates photochemical ozone in the lower
atmosphere (smog) catalyzed by sunlight.

Ionizing Radiation Potential (IRP) kg Upsseq/FU

accounts for the potential health hazards from radioactive
releases, including decay products

Particulate Matter Formation

Potential (PMFP)

accounts for the impact on human health due to fine
kg PM10eq/FU  particulates, which are major contributors to respiratory
diseases and mortality

Abiotic Resource Depletion
Potential (ARDP)

accounts for the consumption of non-living, natural
kg Sb eq resources (minerals, metals, and fossil fuels) relative to
their scarcity.

Human Toxicity Potential (HTP) kg 1,4-DCB eq

accounts for the potential effects of toxic substances on
human health

Eco-Toxicity Potential (ETP)

accounts for the potential effects of toxic substances on

kg 14-DCBeq ecosystems

accounts for the amount of water required to dilute toxic

Water Depletion Potential (WD) m3 elements emitted into water or soil; similar to water

footprint indicator

Land Use Potential (LUP)

accounts for the land extension that is potentially
m? *a/FU subtracted to food production and thereby human health;
similar to ecological footprint indicator of land use

2.3.4. Uncertainty Analysis

Uncertainties in LCA are associated with input data in the LCI (e.g., data variabil-
ity, incorrect estimates, outdated or unrepresentative data, measurement errors), model-
ing assumptions, and characterization and/or normalization factors [43]. We performed
1000 Monte Carlo simulations, the method most applied in LCA uncertainty analysis. In
Monte Carlo analysis, the values of inputs and outputs are dependently sampled from unit
process distributions for a fixed number of iterations and then aggregated into LCA results
to produce a range of possible results [44].

https:/ /doi.org/10.3390/en19092155


https://doi.org/10.3390/en19092155

Energies 2026, 19, 2155

90f18

3. Results and Discussion
3.1. Well-to-Tank (WTT) Assessment

The environmental impact of biofuels is contingent upon various factors, including the
raw materials utilized, the production processes employed, and the ultimate application of
the biofuels. The environmental equilibrium associated with the introduction of biofuels
is fundamentally determined by these elements. The biofuel supply chain adheres to
the conventional framework of biomass production, biofuel processing, distribution, and
consumption. An LCA has been conducted for fossil gasoline, E85-1G, and E85-2G. The
environmental impacts associated with the WTT stage are illustrated in Figure 4, where the
environmental profiles of the three fuels are compared across the various impact categories
considered in this study. The results for the global warming potential (GWP) across the en-
tire chain demonstrate the environmental advantages of bioethanol production (2549.5 and
912.9 tonCO, /FU for 1G- and 2G-pure bioethanol, respectively) over fossil gasoline pro-
duction (4140.6 tonCO, /FU). The impacts of gasoline production have been calculated as
aggregated elementary flows, meaning that individual process breakdowns are unavailable.
As anticipated, the GWP and antibiotic resource depletion (ARD) were the highest for
gasoline, which was attributable to the production process and oil depletion, respectively
(Figure 4a). The environmental benefits of biobased fuels over gasoline are evident.

However, while the use of 1G-pure bioethanol instead of fossil gasoline yields envi-
ronmental benefits, it also introduces impacts arising from agricultural operations, such
as impacts on land use (Figure 4b). Several climatological factors, including soil type
and weather conditions, significantly influence the environmental footprint of 1G-pure
bioethanol, affecting the water depletion potential (WDP) and human toxicity potential
(HTP). The WDP (5400 m3/FU) is attributed to both the fossil energy production necessary
for ethanol processing and corn irrigation, whereas the HTP results from the extensive
use of pesticides. ARD is significantly influenced by the process of inoculum preparation,
which requires substantial quantities of ammonium phosphate as a nutrient input [45].

Superior environmental performance can be unequivocally attributed to 2G bioethanol,
which has significantly lower impacts than gasoline and 1G-pure bioethanol, primarily due
to substantial reductions in GWP. It is estimated that for every ton of 2G-pure bioethanol pro-
duced, approximately 915 tons of CO, equivalent is emitted into the atmosphere (Figure 4c),
with 95% of these emissions resulting from the transportation of grape pomace to the plant.
Notably, the transportation phase represents the primary environmental hotspot, despite
the transportation distances being less than 150 km for both lees and marc. Conversely, the
production processes contribute minimally to impacts across all categories, except for WDP
(132 m3/FU), which is attributed to the water used for waste washing and fermentation.
The energy impact is negligible because the energy utilized is renewable and self-produced
by the plant through anaerobic digestion of fermentation waste.

As illustrated in Figure 4c, the GWP of 2G bioethanol is calculated to be approximately
one-third that of 1G-pure bioethanol. The relatively high carbon footprint of 1G-pure
bioethanol is driven primarily by corn cultivation and the supplementary energy demand,
which, in the LCA model, is assumed to be met through the incineration of natural gas [46].
Since 2G-pure bioethanol utilizes only waste from the winemaking process, no land use is
allocated to grape pomace.

When the contribution of bioethanol production was isolated, excluding corn cultiva-
tion in one case and transportation in the other, 2G bioethanol was confirmed to be more
sustainable across all categories (Figure 5). This advantage is likely due to the self-produced
renewable energy supply for the overall process, which optimizes the environmental per-
formance of the plant and facilitates an efficient circular economy system. However, the
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primary challenge remains the transportation of waste and the acceptable distance from
the production site to the plant.

Agricultural residues used as feedstock for biorefineries do not compete directly with
food production or indirectly through land competition. Nevertheless, the utilization of
agricultural or agrifood residues presents inherent environmental challenges that need
to be addressed. The low density and economic value of lignocellulose make feedstock
transportation challenging in the planning of production networks. Unlike those for large
fossil refineries, the disproportionately increasing feedstock transportation costs for large
biorefineries may negate economies of scale, which is why biorefinery production networks
tend to be more decentralized with smaller individual refineries [47].
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Figure 4. Environmental impacts of the well-to-tank LCA (a) for gasoline; (b) for 1G-pure bioethanol,
with cultivation of corn (green bars) and production process (yellow bars); and (c) 2G-pure bioethanol,
with transportation of grape pomace from production site to plant (gray bars) and production process
(yellow bars). Results are expressed as Mean + Std.Dev. based on Monte Carlo simulation. The y-axis
units are presented in a generic format as they vary across the impact categories shown on the x-axis.
For the specific units corresponding to each category, please refer to Table 4.

The WTT results obtained in this study are consistent with previous literature showing
that the environmental performance of bioethanol strongly depends on feedstock type and
upstream process configuration. Recent reviews have highlighted that waste-based feed-
stocks generally exhibit the lowest environmental burdens, whereas crop-based pathways
are more affected by land occupation, agrochemical use, and water demand [48,49]. The
same reviews also confirmed that residues and by-products are generally more favorable
than dedicated crops in terms of land-use impacts. Accordingly, the lower burdens ob-
served here for 2G bioethanol from grape pomace, compared with 1G-pure bioethanol from
corn, are in line with the broader trend reported for waste-derived pathways.

With specific reference to greenhouse gas emissions, the JEC [39] well-to-wheel study
reports that ethanol pathways can provide GHG savings ranging from about 30% to
about 90% relative to conventional gasoline, depending on feedstock and process route,
while lignocellulosic pathways such as straw-based ethanol are among the lowest-carbon
options [39]. Similarly, the USDA [50] corn—ethanol life cycle analysis reports that the
current GHG profile of U.S. corn ethanol is, on average, 39% lower than gasoline, with
further reductions possible as process efficiency improves. In this context, our finding that
1G-pure bioethanol performs better than gasoline but worse than 2G bioethanol is fully
consistent with the literature.

At the same time, our results identify transportation of grape pomace as the main
hotspot for 2G bioethanol, despite relatively short distances [39]. This aspect is also coherent
with the broader bioethanol literature, which emphasizes that residue-based pathways
can be environmentally advantageous, but that logistics and transport of low-density
lignocellulosic feedstocks remain critical parameters influencing overall sustainability [51].
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Figure 5. Environmental impacts of the well-to-tank LCA for (a) 1G-pure bioethanol and (b) 2G-
pure bioethanol including only the production phases (hydrolysis, fermentation, distillation and
anhydrification). Results are expressed as Mean + Std.Dev. based on Monte Carlo simulation. The
y-axis units are presented in a generic format as they vary across the impact categories shown on the
x-axis. For the specific units corresponding to each category, please refer to Table 4.

3.2. Tank-to-Wheel (TTW) Assessment

In the TTW stage (Formula SAE race), the analysis was conducted on a motorsport
prototype that was specifically converted and calibrated for the comparison between
gasoline and E85 operation. To comprehensively assess the potential impacts, the study
considered not only fuel production but also the emissions produced during the combustion
phase, as outlined in the research conducted by Delgado and Paz [52].

The use of ethanol in gasoline has become a worldwide tendency as an alternative
strategy to reduce net CO; emissions to the atmosphere, increase the gasoline octane rating,
and mitigate dependence on fossil fuels. If the mechanical efficiency of the engine remains
unaffected by the fuel change, the mechanical power generated by the engine increases
with increasing ethanol content in the fuel. This is because ethanol, despite possessing
a lower heating value per unit volume than gasoline does, has a higher-octane rating,
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permitting a higher compression ratio and potentially improving combustion efficiency.
Consequently, when E85 is utilized instead of gasoline, the engine’s power output increases.
These power changes result from the compensatory effect generated by the reduction in
the air/fuel ratio (A/Fggs = 9.8 vs. A/Fgasoline = 14.7), counteracting the negative effect of
the lower energy content of ethanol (LHVggs = 22.8 MJ/L vs. LHVgasoline = 32.08 MJ /L)
(see Table 2) [53]. The engine required a reduced amount of air to combust the same mass
of fuel, thereby necessitating an increased quantity of fuel injected into the combustion
chamber per engine cycle, which subsequently increased the power output during each
cycle. When operating with E85, the engine utilized fuel with a lower energy content than
gasoline, leading to an 6-16% increase in fuel consumption over the 22 km distance (see
Table 1). As indicated in Table 2, ethanol contains approximately 34.7% oxygen, which
contributes to higher combustion efficiency.

Owing to the increased oxygen content in ethanol/gasoline blends, a more complete
and consistent combustion process, along with elevated combustion temperatures, can be
achieved compared with the use of pure gasoline. Although gasoline was used in relatively
small quantities during the race, it presented the highest GWP and ARD. In contrast, 1G-
pure bioethanol was impacted by land use, HTP, and WDP due to the cultivation of raw
materials (Figure 6a).

The most favorable environmental outcomes were achieved with 2G bioethanol, un-
derscoring the significance of the production phase. Emissions to air of gaseous pollutants
have been calculated based on the effective quantity of fuels used during the race, and as
depicted in Figure 6b, during the race they primarily contributed to the GWP and, to a
lesser extent, to the HTP. The GWP for E85 is 6% lower than that for gasoline, as a result
of the TTW analysis. With the E85 fuel blend, emissions of NOx and volatile organic com-
pounds (VOCs) were reduced, whereas emissions of carbon monoxide (CO) and unburned
hydrocarbons increased [54].

In our LCA, the photochemical ozone formation potential (POFP) values for both
gasoline and E85 were in the order of magnitude of 10~5; thus, they are not presented.
Overall, our results indicate that the use of E85 leads to higher fuel consumption compared
to vehicles fueled with fossil gasoline; however, it results in an overall lower contribution
to emissions to air.

The TTW results are also broadly consistent with previous studies on ethanol-gasoline
blends. The lower energy density of E85 generally leads to a reduction in volumetric fuel
economy relative to gasoline; for example, the U.S. Alternative Fuels Data Center reports
that E85 containing 83% ethanol has about 27% less energy per gallon than gasoline, while
laboratory measurements on flexible-fuel vehicles reported fuel-economy penalties of about
25% for E80 relative to gasoline [55,56]. In our case, fuel consumption increased by 6-16%
over the race distance, indicating the same general trend but with a smaller penalty, likely
because the tested high-performance engine can partially exploit the favorable combustion
characteristics and octane number of ethanol. Although E85 required 6-16% more fuel by
volume, the corresponding total chemical energy input over the race was lower than that
of gasoline. This suggests that, under the dedicated E85 calibration adopted in this study,
the engine was able to partially compensate for the lower LHV of the fuel by exploiting
ethanol’s higher knock resistance and charge-cooling effects.

Regarding exhaust emissions, the literature generally confirms that E85 can reduce
some regulated pollutants, although the magnitude and even direction of change may
depend on vehicle technology, engine calibration, and driving conditions. Zhai et al. [57]
reported, on average, lower CO emissions (—22%) for E85 than for gasoline. Hubbard
et al. [58] likewise observed that fuel economy declined as ethanol content increased. There-
fore, the pattern observed here—higher fuel consumption but overall lower contribution
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to emissions to air for E85—fits within the range of outcomes already reported in the
literature [59].
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Figure 6. Environmental impacts of the tank-to-wheel LCA during the 22 km race of the MMR
vehicle fueled with gasoline (orange bars), E85-1G (pink bars) and E85-2G (green bars), including
fuel production (a) and fuel emissions (b). Results are expressed as Mean =+ Std.Dev. based on Monte
Carlo simulation. The y-axis units are presented in a generic format as they vary across the impact

categories shown on the x-axis. For the specific units corresponding to each category, please refer to
Table 4.

Table 5 summarizes the main findings of the present study in comparison with selected
literature data on the environmental performance, fuel consumption, and emission trends
of gasoline and bioethanol blends.

Overall, the comparison shows that the trends observed in the present study are
consistent with the literature, particularly with regard to the lower environmental burden of
waste-derived bioethanol and the trade-off between higher fuel consumption and improved
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emission performance for E85 blends. Although the present TTW analysis was based on
total fuel consumption over the 22 km race, future studies should include more detailed
telemetry and repeatability-related parameters to improve the interpretation of track-
dependent variability.

Table 5. Comparison between the main findings of the present study and selected literature data on
the WTT and TTW environmental performance, fuel consumption, and emission trends of gasoline

and bioethanol blends.

Aspect Present Study Comparison with Literature Reference
Gasoline showed the highest Ethanoj pathways generally proy1de
. ~30-90% GHG savings vs. gasoline
WTT GWP GWP; 1G-pure bioethanol was .
) . depending on feedstock and route; [39]
performance lower; 2G bioethanol was the i lulosi h h
lowest ignocellulosic pathways are among the
lowest-carbon options
) } 1G-pure was penalized by corn  Reviews consistently report lower impacts
1G pure vs. 2G-pure cultivation; 2G performed better ~ for waste/residue-based ethanol than for [48]
bioethanol .
across categories crop-based ethanol
1G-pure bioethanol showed The literature reports that crop-based
Land/water/ ) pathways are more affected by land use,
. higher burdens for land use, . .. . [48]
agrochemical burdens water use, fertilizers, and pesticides, while
WDP, and HTP .
waste materials are more favorable
The literature notes that transport/logistics
Transport hotspot in Pomace transport was the main  of low-density lignocellulosic residues can [56]
2G hotspot for 2G-pure bioethanol  significantly affect environmental
performance
Fuel consumption +6-16% fuel consumption vs. E85 generally reduces. fuel economy because
. . of lower energy density energy/gal, up to [28,55]
with E85 gasoline over 22 km o . .
+25% fuel consumption for E80 vs. gasoline
Overall lower GWP E85 often lowers GWP; however, emission
Emissions with E85 o trends vary across vehicle types and test [57,58,60]
contribution

conditions

4. Conclusions

Two technological scenarios to produce advanced ethanol from corn and lignocellu-
losic material, which serve as alternatives to fossil gasoline in a motor race, have been
delineated. The reference scenario, gasoline, was modeled on background data, as was
1G-pure bioethanol, based on current ethanol production in the United States. In contrast,
the 2G bioethanol product from grape pomace was constructed based on primary data pro-
vided by CAVIRO. As demonstrated in this study, the 2G bioethanol scenario has distinct
advantages across all the analyzed environmental impact categories, particularly in terms
of GWP, ARD, HTP, WDP, and land use. These impacts, conversely, impose significant
burdens to varying degrees on both gasoline and 1G-pure bioethanol. Nevertheless, certain
optimizations in the waste supply chain of the 2G-pure bioethanol system are warranted,
particularly concerning the transportation of raw materials, which accounts for over 95%
of all impacts. Such optimizations could lead to further enhancements in environmental
performance. In the context of practical application during the race, 2G-pure bioethanol
confirmed superior environmental performance compared with that of 1G-pure bioethanol,
despite requiring 12% more fuel than gasoline.

Moreover, the air emissions from the E85 fuel blend were lower than those from
gasoline alone. Despite being obtained on limited data referring to a single motor race, the
findings of this study could help to inform strategic decision-making processes for future
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transport energy policy and contribute to identifying key areas for further technological
research and development within the EU biofuel system. The well-to-wheel analysis of
biofuels is a valuable tool, offering flexibility in system parameterization and facilitating
the integrated evaluation of environmental impacts and overall performance. The use of
LCA can significantly alter the approach planners take in making strategic and operational
decisions by more effectively identifying improvement opportunities that may not have
been previously apparent.

Overall, these findings support the development of more sustainable fuel strategies
and contribute to the advancement of waste-based biofuels within future decarbonization
pathways. Furthermore, the advancement of 2G-pure bioethanol production in the EU is
anticipated to optimize the entire supply chain of bioethanol production, thereby enhancing
its competitiveness in the EU fuel market. The novelty of this manuscript lies in the
integrated experimental and well-to-wheel LCA comparison of first- and second-generation
bioethanol under real racing conditions; future research should broaden the analysis to
additional races, vehicle configurations, and waste-derived feedstocks to confirm the
robustness and wider applicability of these findings.
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