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Abstract: The growth in the number of vehicles circulating has led to a proportional increase in
polluting gas emissions. Bioenergy can be used to help meet these increasing energy demands and
mitigate environmental impacts. This work verified the effect of the content of ethanol on the exergy
and exergoenvironmental analyses of a spark-ignition engine. Different gasoline–ethanol mixtures
were tested along with hydrous ethanol (4.6% water by volume). The thermodynamic data refer to
wide-open throttle conditions and variable engine speeds. The life cycle assessment methodology
quantified the environmental impacts associated with equipment and fuel using the Eco-indicator
99 method. Pollutants emitted during combustion were measured and included in the environmental
assessment (nitrogen oxides, carbon monoxide, and dioxide). Hydrous ethanol at 1500 rpm presented
the highest energy efficiency. The effects of the environmental impact rate of pollutant formation and
exergy efficiency were significantly higher than the environmental impact rate of fuel. The lowest
specific environmental impact of the product (brake power) was 24.39 mPt/MJ, obtained with the
fuel blend with 50% ethanol at 2500 rpm. The combined evaluation of the exergoenvironmental factor
and the relative difference in environmental impact indicated the optimization priorities and where
improvements should be directed.

Keywords: ethanol; life cycle assessment; internal combustion engine; gasoline; ethanol; exergoenvi-
ronmental analysis

1. Introduction

The ever-increasing vehicle fleet has led to higher demand and depletion of fossil fuels
and has increased the emission of pollutants. Internal combustion engines (ICE) are the
central propulsion systems in road transport [1], and estimates indicate that by 2040, there
will be more than 1.7 billion vehicles [2]. According to the International Organization of
Motor Vehicle Manufacturers [3], road transport is currently responsible for approximately
16% of global carbon emissions. Despite representing a smaller share compared with
electricity-related emissions, the carbon emissions associated with fuel oil consumption
in the transport sector have been growing continuously [4], increasing from 6,102 Mt in
2010 to 8040 Mt in 2017.

The combustion of fossil fuels has enhanced climate change and global warming [5],
and the consumption of these fuels, such as gasoline and diesel, represents a considerable
share of primary energy consumption in the world. One of the alternatives studied to
reduce ICE emissions is the use of alternative fuels, such as biofuels [6]. The global biofuel
market is dominated by ethanol, with more than 70% of the market, of which Brazil is
the largest producer, followed by the United States [7]. Ethanol (C2H5OH) is a liquid,
transparent, neutral, colorless, flammable, volatile, and oxygenated hydrocarbon, produced
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from biological material by fermentation processes; in Brazil, it is produced mainly from
sugarcane.

Ethanol has favorable properties compared with gasoline (but also has drawbacks) [6–10].
Its higher octane number enables higher compression rates in combustion, leading to higher
efficiency and power. Its high heat of vaporization causes a reduction in the maximum
temperature inside the cylinder, favoring higher volumetric compression rates. Higher
combustion temperatures are also obtained for ethanol due to its oxygen content. How-
ever, its lower heating value (LHV) is about one-third of gasoline’s LHV; therefore, more
fuel is required to achieve the same power. Moreover, its low vapor pressure can cause
cold starting issues, and the polarity and its hydrophilic nature can cause corrosion in
ferrous components.

In the search to reduce the levels of environmental pollution, studies have been carried
out focusing on the use of biofuels, either pure or mixed with conventional fuels, such as
the use of gasoline–ethanol blends. The addition of up to 10% ethanol results in a decrease
in carbon monoxide (CO) [11]. He et al. [12] indicated that in addition to reducing CO,
there is also a reduction in NOx in emissions and an increase in the number of octane
when a gasoline–ethanol blend is used. Zhao et al. [13] added ethanol to gasoline (20%
by volume) to increase antiknock performance, resulting in higher combustion efficiency
and 5% lower fuel consumption than gasoline in stoichiometric conditions. The effects
of C3 and C4 alcohols in gasoline in spark-ignition (SI) engines were investigated by [7]
regarding the characteristics of emissions and combustion, concluding that the addition
of alcohol potentially reduces soot, unburned hydrocarbons (UHC), and CO emissions
while increasing thermal efficiency. When a SI engine was tested at various speeds with
gasoline–ethanol blends (0–5% ethanol), better engine performance was obtained with the
addition of ethanol [14]. Ethanol–gasoline mixtures were used in the SI engine tested by
Iodice et al. [15], who obtained lower HC and CO emissions with the addition of ethanol.
A similar study was carried out by Chen et al. [16], who obtained significant decreases in
HC and CO emissions with 20–30% ethanol content.

There are also studies focusing on the performance of ethanol-fueled engines.
Costa et al. [17] investigated the combustion of hydrous ethanol in a SI engine, improving
fuel consumption and conversion efficiency for a 1.4 theoretical air ratio, with reductions
in NOx, total hydrocarbons (THC), and CO emissions. Lanzanova et al. [18] evaluated
the operation of a SI engine with direct injection of ethanol mixed with water (5–20% by
volume), in which the higher content of water affected the rate of heat released, increasing
the duration of combustion, reducing NOx emissions at the cost of higher UHC emissions.
Costa et al. [19] developed a methodology to design and experimentally characterize a
homogenous pre-chamber torch ignition system, fed with hydrated ethanol (6 to 7% water
by weight) with excess air for an SI engine. Fuel conversion efficiency increased by 5.4%,
with specific consumption decreasing by 22%, achieving a decrease in NOx emissions.
Ambrós et al. [20] developed a mathematical model to predict the performance of hydrous
ethanol (10–40% ethanol by volume) in an ICE, demonstrating that fuel with 30% water
showed better performance than commercial ethanol with 5% water by volume.

Most performance analyses are based on the First Law of Thermodynamics, in which
the concepts of mass and energy balances are applied. Going a step further, exergy as-
sessments are carried out to fill this gap. SI engines [21–24] and compression ignition
engines [25–28] have been the focus of exergy assessments, where irreversibilities are
quantified (mainly due to combustion) along with exergy losses associated with heat trans-
fer to the environment and exhaust gases [23,29–32]. Exergy can also be used within a
sustainability perspective to determine the environmental impacts of energy conversion
systems. In this sense, exergoenvironmental analysis [33] combines exergy analysis with
the Life Cycle Assessment (LCA) methodology to quantify the environmental damage
associated with manufacturing the engine and producing the fuels and helps identify
where the environmental impacts are produced and how these are distributed throughout
the system. The LCA is a state-of-the-art methodology, internationally consolidated, that
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quantifies the potential environmental impacts associated with a process or component [34].
Exergoenvironmental assessments can identify the main sources of environmental impacts
in energy conversion systems and how these are allocated to internal flows and products,
guiding the decision-making process towards environmental sustainability. Exergoenvi-
ronmental and exergoeconomic assessments were developed for a compression ignition
engine powered with biodiesel–diesel blends, where the environmental impacts decreased
with the addition of biodiesel [35]. The addition of 1-heptanol to diesel was studied by [36]
for compression-ignition engine applications, with the development of energy, exergy,
exergoeconomic, enviroeconomic, and sustainability analyses.

Recognizing the knowledge gap regarding the introduction of bioenergy in current
fossil-based energy schemes, this work is based on experimental data obtained a priori for
engine operation at wide-open throttle conditions and varied engine speeds. The objective
was to verify the impacts of different ethanol contents on the exergy and exergoenviron-
mental assessments of a flex-fuel SI engine. Different gasoline–ethanol mixtures (25%, 50%,
and 75% ethanol by volume) are tested, along with hydrous ethanol (4.6% water by volume,
in line with Brazilian standards). Emissions were taken into account in the combustion step
of the assessment. The environmental impacts of manufacturing the engine and producing
the fuels were considered, yielding specific environmental impacts (per unit of exergy). To
this end, LCAs were developed and are presented in detail herein.

The main contribution of this study is to verify the behavior of the specific environ-
mental impact associated with the production of power by an ICE as the proportion of
ethanol is increased in fuel mixtures.

2. Materials and Methods
2.1. Engine and Fuel Specifications

The theoretical assessment carried out herein was based on data from [37] on a flex-fuel
SI engine, which was analyzed via a dynamometer bench test. Table 1 shows the engine’s
specifications as presented by [37], and Table 2 shows the properties of pure gasoline and
ethanol as presented by [8].

Table 1. Engine specifications [37].

Engine GM Powertrain- Econoflex 8V

Cylinders 4 in line
Stroke volume 1389 (cm3)

Compression ratio 12.4:1
Max. power: gasohol/ethanol 72.8/77.2 (kW)
Max. torque: gasohol/ethanol 129/131 (Nm)

Idle/max. speed 800/6000 (rpm)
Weight 103 (kg)

The description of the tests and experimental procedures followed Carvalho [37], who
used a Schenck model D-210E (maximum torque capacity of 600 Nm and 200 kW power).
Fuel consumption was verified using the gravimetric method with a 3-decimal resolution
scale (Toledo model). A Pitot tube-type anemometer was utilized to measure the flow of
intake air, and a K-type temperature sensor was placed in the exhaust pipe to measure
the temperature of the exhaust gases. A Telegan Tempest 50 gas analyzer determined the
composition of the exhaust gases, which provided readings of NOx, CO, CO2, and O2. After
the engine reached its working temperature, operation data at wide-open throttle (WOT)
conditions were obtained for engine speeds of 1500, 2000, and 2500 rpm. The temperature
and pressure of the inlet air and fuel were considered as ambient conditions: 25 ◦C and
101.15 kPa. The pressure of exhaust gases was considered to be 101.15 kPa.
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Table 2. Properties of fuels [8].

Properties Gasoline Ethanol

Chemical formula C5 to C12 C2H5OH
Density (kg/m3) 760 785

Molecular weight (kg/kmol) 114.15 46.07
Composition, weight % - -

Carbon 87.4 52.2
Hydrogen 12.6 13.1

Oxygen 0 34.7
Adiabatic flame temperature (K) 2270 1920

Higher heating value (MJ/kg) 47.3 29.7
Lower calorific value (MJ/kg) 44.0 26.9

Stoichiometric air fuel ratio 14.2–15.1 8.97
Research octane number 95 108

Enthalpy of formation (kJ/kmol) - -
(a) Liquid −259,280 −224,100

(b) Gas −277,000 −234,600

The assessment carried out herein considers gasohol E25 (25% anhydrous ethanol,
by volume, in gasoline), a gasohol E50 mixture (50% anhydrous ethanol, by volume, in
gasoline), a gasohol E75 mixture (75% anhydrous ethanol, by volume, in gasoline), and
hydrous ethanol E100 (4.6% water by volume).

2.2. Combustion and Energy Analysis

The combustion that occurred in the engine is shown by Equations (1) and (2), which
describe the burning molar percentage of each fuel with moist atmospheric air. The
volumetric composition of the moist atmospheric air is 20.59% O2, 77.48% N2, 1.9% H2O(g),
and 0.03% CO2. Equation (1) describes the combustion of a mixture based on the molar
percentage of gasoline (ygas) and ethanol (yeth) according to their volumetric proportion.
The chemical formula of gasoline, considering the molecular weight and the mass ratios
of carbon and hydrogen as shown in Table 2, is C8.31 H14.27. Equation (2) describes the
combustion of hydrous ethanol (E100), in which a molar portion of the fuel is composed of
water in a liquid state mixed with ethanol (C2H5OH).[

ygas ·C8.31H14.27 + yeth ·C2H5OH
]
+ λ · XO2

[
O2 + 3.763 ·N2 + 0.092 ·H2O(g) + 0.0015 ·CO2

]
→ β1 ·CO2 + β2 ·H2O + β3 ·O2 + β4 ·N2 + β5 ·NO + β6 ·CO

(1)

[
0.86 ·C2H5OH + 0.14 ·H2O(L)

]
+ λ · XO2

[
O2 + 3.763 ·N2 + 0.092 ·H2O(g) + 0.0015 ·CO2

]
→ β1 ·CO2 + β2 ·H2O + β3 ·O2 + β4 ·N2 + β5 ·NO + β6 ·CO

(2)

where λ is the theoretical amount of air, XO2 is the minimum consumption of oxygen moles
per fuel mole for complete combustion in a stoichiometric reaction without excess air, and
β represents the stoichiometric coefficients of gaseous combustion products evaluated by
chemical species balance, which are the input data related to specific pollutant gas emissions.
The conversion of specific pollutants (g/kWh) to stoichiometric coefficients β can be found in
Cavalcanti [38]. The unburned hydrocarbon in exhaust gases was not considered. For each
fuel mixture, the molar percentages in Equation (1) were: E25, 0.54 gasoline/0.46 ethanol; E50,
0.28 gasoline/0.72 ethanol; and E75, 0.12 gasoline/0.88 ethanol.

The control volume considered for the energy analysis included the engine (Figure 1).
Steady-state conditions were assumed.
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Figure 1. Energy balance in the SI engine.

The mass flows of the fuel and atmospheric air used for combustion were measured
and considered at ambient temperatures and pressures, at Points 1 and 2, respectively. The
temperature of the exhaust gases was measured and considered to be released at ambient
pressure at Point 3. The engine power was measured using the dynamometer at Point 4.
The heat losses, represented by Point 5, include losses within the coolant and lubricating
oil, and heat losses to the environment.

The First Law of Thermodynamics for systems and reagents [39] was used to carry
out the energy balance and to quantify the heat losses to the environment, as shown in
Equation (3).

.
QCV + ∑R nin

(
h

0
f + ∆h

)
in

.
.
n f uel = ∑P nout

(
h

0
f + ∆h

)
out

.
.
n f uel +

.
WCV (3)

where n is the number of moles of the reactant and products in the combustion reaction

per kmol unit of fuel, h
0
f is the enthalpy of the formation of each substance, and ∆h is the

variation in the formation enthalpy concerning the dead state. The subscripts R and P
correspond to the reagent and the product, respectively. The formation enthalpy values
for gasoline and ethanol follow those in Table 2.

.
n f uel is the flow rate of fuel (in moles),

used to convert the enthalpy on a molar basis into kW. The units of n·
(

h
0
f + ∆h

) .
n f uel are

kmol/kmolfuel.(kJ/kmol).kmolfuel/s = kJ/s.

2.3. Exergoenvironmental Analysis

The exergoenvironmental methodology was developed by Meyer et al. [33], who indi-
cated that understanding the formation of environmental impacts is essential for improving
the ecological performance of energy conversion systems. The method identifies the sources
of environmental impact and tracks the formation of pollutants throughout the system.

Exergoenvironmental analysis consists of three steps:

(i) Exergy analysis of the energy conversion system;
(ii) LCA of the energy conversion equipment and of all associated input and output

energy streams;
(iii) Allocation of environmental information obtained via the LCA to all exergy flows of

the system.

2.3.1. Exergy Analysis

The exergy analysis was based on the SPecific Exergy COsting methodology (SPECO),
as reported by Lazzaretto and Tsatsaronis [40]. SPECO defines and calculates exergy
efficiencies related to exergy costs in thermal systems, based on the records of all additions
and removals of exergy flows, establishing a direct link between the definitions of fuel (

.
EF)

and the product (
.
EP) for a component. The balance also considers losses of exergy due to
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heat transfers (
.
EL). The exergy balance followed Bejan, Tsatsaronis, and Moran [41], as

described in Equation (4).
.
EF =

.
EP +

.
ELoss +

.
ED (4)

where
.
ED is the rate of exergy destruction. The exergy rate of the product (

.
EP) is the axis

power measured at Point 4 (
.
EP =

.
E4). The exergy rate of the ICE fuel (

.
EF) is

.
E1 +

.
E2 −

.
E3.

The exergy rate of atmospheric air is zero (
.
E1 = 0). The exergy rate of the liquid fuel

injected into the engine (
.
E2) is calculated by multiplying the flow of fuel by its chemical

exergy (eCH), calculated according to Appendix C of Kotas [42] for liquid fuels, as shown
in Equations (5) and (6).

eCH = βF · LHV (5)

βF = 1.0401 + 0.1728 ·
(

H
C

)
+ 0.0432 ·

(
O
C

)
(6)

where βF is the ratio of chemical exergy to net (low) heat value (LHV). C, H, and O are the
mass fractions of carbon, hydrogen, and oxygen contained in the fuel, respectively. The
accuracy of this expression is estimated to be ± 0.38%.

The chemical exergy of a gaseous mixture can be calculated by Equation (7) [41].

eCH
g = ∑i yi · e

CH
0 + R · T0 ·

(
∑i yi · ln(yi)

)
(7)

where yi is the molar fraction of the mixture component, R is the universal gas constant
(8.3145 kJ/(kmol.K)), and eCH

0 is the standard chemical exergy of each substance [43].
The rate of loss of exergy due to heat transfer (

.
EL) is calculated according to

Equation (8) [41].
.
EL =

.
QCV ·

(
1− T0

Tsurf

)
(8)

where
.

QCV is the heat rate, T0 is the ambient temperature [K], and Tsurf is the surface
temperature of the engine, which can also be considered the thermodynamic average
temperature (in Kelvin).

The exergy efficiency (ε) for the engine according to the SPECO methodology [40] is
calculated by Equation (9).

ε =

.
EP
.
EF

(9)

2.3.2. Life Cycle Assessment (LCA)

LCA has been standardized by the International Organization for Standardization
(ISO) in its standards ISO 14,040 [44] and ISO 14,044 [45], and enables the assessment
of the environmental impacts associated with all the stages of a product (or process).
The environmental impact assessment method selected herein was the Eco-indicator 99
(EI99) [46] with hierarchical (H) perspective and average (A) weighting factors, which
include damages to human health, ecosystem quality, and the use of resources. EI99 in-
cludes normalization and weighting steps in the LCA, and assigns a single score to each
product or process, calculated on the basis of the relative environmental impact. The score
is represented in points, in which each point represents the annual environmental load
(i.e., overall production/consumption undertakings in the economy) of an average Euro-
pean citizen [47].

The LCAs of gasoline and ethanol were developed with SimaPro 9.0.0.49 [48] using
the database Ecoinvent [46] and the EI99 method [49].

The process for gasoline considered the production of unleaded gasoline at an oil refinery.
Operation of storage tanks and refinery facilities was considered, along with transportation of
the product from the refinery to the end-user. Operation of storage tanks and petrol stations
was included, as well as emissions from evaporation and treatment of effluents.
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For ethanol, the process was modeled with ethanol production from sugarcane in
Northeast Brazil. This dataset included sugarcane production, transportation to the refinery
(in 32-tonne trucks), and its processing into ethanol (95% w/w), bagasse (79% dry matter,
excess), and vinasse. Although the refinery can produce sugar and ethanol, sugar has
not been produced because of the higher price of ethanol. The system boundary is at the
refinery. Treatment of waste effluents was not included (most wastewater is spread over
the fields nearby).

Sugarcane was considered as 94% sugarcane stalks, 5% vegetable matter (straw), and
1% mineral (dirt) impurities (yield, inputs, and emissions are related to the average consid-
ering the varieties Romeu e Julieta, Treminhão, and Rodotrem). The dataset represented
the production of 1 kg of sugarcane (fresh matter). Production encompassed one harvest of
plant cane and four harvests of ratoon cane (with declining yields from year to year). Inputs
of mineral fertilizers were included, along with transportation of fertilizers, lime, and
gypsum to the field. No input of seedlings was considered (sugarcane used as seedlings
was considered by reducing sugarcane yield). All machine operations were included,
considering 40% mechanized planting and 56% mechanical harvesting (typical conditions
for Northeast Brazil, due to the rugged landscape and availability of labor). Infrastructure
for machinery storage and maintenance was included in the dataset of these operations.

The environmental impact related to the SI engine was determined from its material
composition and is shown in Table 3 [35,50].

Table 3. Environmental impacts of the engine (construction phase).

Material Weight Composition
(%)

Specific Impact
(mPt/kg)

Overall Impact
(mPt/kg)

Steel 18.52 86 15.93
Iron 60.60 240 145.43

Aluminum 19.76 780 154.16
Polypropylene 0.75 330 2.46

Rubber 0.37 360 1.34
Total 100.00 319.32

2.3.3. Exergoenvironmental Assessment

The exergoenvironmental assessment allocated environmental impacts to the respec-
tive k-th exergy flows [33], according to Equation (10).

.
BK = bK ·

.
EK (10)

where
.
Bk is the rate of environmental impact, in points per unit of time (mPt/s); bk is the

specific environmental impact (per unit of exergy) of the same flow (mPt/GJ); and
.
Ek is the

exergy rate of the corresponding flow.
The environmental impact rates associated with exergy loss rates (

.
EL) and work

produced (
.
EP) are described by Equation (11) [33,41].

.
BL = bF ·

.
EL (11)

where
.
BL is the environmental impact rate of loss of exergy (mPt/s), bF is the specific

environmental impact (per unit of exergy) of the fuel for the component (mPt/kJ), and
bF = (

.
B2−

.
B3)/(

.
E2−

.
E3). Based on the fuel principle (F), the specific environmental impacts

related to the exergy rates of the engine fuel (
.
EF) are equal, and thus b2 = b3.

Equation (12) shows the environmental impact rate of the product:

.
BP = bP ·

.
EP (12)
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where
.
BP is the environmental impact rate of the product, which is the brake power

(mPt/s), and bP is the specific environmental impact (per unit of exergy) of the brake power

(mPt/kJ). The environmental impact rates associated with the formation of pollutants (
.
B

PF
)

is calculated by Equation (13).

.
BPF = ∑ bPF

i ·
( .
mi,out −

.
mi,in

)
(13)

where
.

mi,out and
.

mi,in are the mass flows of pollutants that exit and enter the engine,
respectively; bPF

i is the specific environmental impact (per unit mass) of the corresponding
type of polluting gas. The environmental impacts of each polluting gas produced by the
combustion considered in Equations (1) and (2) are 8.36 mPt/kg for CO, 5.45 mPt/kg for
CO2, and 4217.74 mPt/kg for NO [46].

The exergoenvironmental balance, described by Equation (14), encompasses the spe-
cific environmental impacts of the input associated with the respective exergy flows, plus
the environmental impact rate related to the engine (

.
Y) (considering a lifetime of 20 years

with 2200 operation hours per year.). This is equal to the sum of the specific environmental
impacts of the associated output to all respective flows of exergy [41]. Equation (14) aims
to determine the environmental impact rates related to the engine’s product, in this case,
the brake power.

.
BF +

.
Y +

.
B

PF
=

.
BP +

.
BL (14)

The environmental impacts per unit of exergy of the engine’s product consider real-
location of the environmental losses associated with the rate of heat losses [33], shown in
Equation (15).

bP,f =

( .
BP +

.
BL

.
EP

)
(15)

where bP,f is the environmental impact rate per unit of exergy of the brake power produced
by the engine (mPt/GJ).

The total environmental impact rate (
.
BTot) is therefore the sum of the environmental

impacts [33], as given by Equation (16).

.
BTot =

.
BL +

.
Y +

.
B

PF
+

.
BD (16)

The environmental impact rate related to the destruction of exergy (
.
BD) is

.
BD = bF ·

.
ED.

Considering the environmental impacts produced by the engine, it is possible to
determine the contribution of each environmental impact (y∗i ) to the overall environmental
impacts (

.
BTot), according to Equation (17).

y∗i =

( .
yi

.
BTot

)
· 100% (17)

The relative difference (rb) accounts for the average environmental impacts rate per
exergy unit of the product (bP) and of the fuel (bF) of a component, and indicates the poten-
tial for reducing the environmental impact with less effort; rb represents the environmental
quality of an element, as given by Equation (18) [33].

rb =

(
bP − bF

bF

)
(18)



Energies 2022, 15, 1422 9 of 19

The exergoenvironmental factor (fb) assesses the relative contribution of the environ-
mental impact related to the component (

.
Y) concerning the sum of the environmental

impacts [33], considering the formation of pollutants, as presented by Equation (19):

fb =

 .
Y +

.
B

PF

.
BTot

 (19)

A low value of fb indicates that the rate of exergy destruction is dominant in relation
to the environmental impact rate associated with the component. A component with a low
fb value should improve its efficiency to reduce the exergy destruction rate, thus improving
its environmental performance.

3. Results

Regarding combustion, gasoline was evaluated using the carbon and hydrogen mass
composition and by considering its molar mass, resulting in C8.31H14.27 = 12.011 × 8.31 +
1.008 × 14.27 = 114.15 kg/kmol.

The stoichiometric air–fuel ratio (mass base) was calculated for the fuel mixtures
E25, E50, and E75, resulting in 13.09, 11.72, and 10.38, respectively. For ethanol, the
stoichiometric air–fuel ratio (mass base) was 8.53.

With an increase in ethanol, the stoichiometric requirements reduced, as ethanol is an
oxygenated fuel and already has oxygen molecules in its composition.

Table 4 shows the data used in the models and the results of the combustion balance
calculation. The mass fuel flow (

.
mF), mass airflow (

.
mair), and exhaust gas temperature

(Tg) follow Carvalho [37]. The pollutants and lambda factor (λ) were evaluated using the
stoichiometric balance of the combustion equation, Equations (1) and (2).

Table 4. Combustion analysis and thermodynamic data.

Speed Fuel λ

CO2
(kg/

kg fuel)

CO
(kg/

kg fuel)

NOx
(kg/

kg fuel)

.
mF

(kg/s)
[37]

.
mair

(kg/s)
[37]

Tg
(◦C)
[37]

1500

E25 1.121 2.726 0.0933 0.03740 0.00128 0.01883 630
E50 1.138 2.459 0.0559 0.04428 0.00130 0.01734 616
E75 1.123 2.130 0.0618 0.03264 0.00152 0.01769 604

E100 1.159 1.665 0.0865 0.01931 0.00178 0.01761 550

2000

E25 1.131 2.827 0.0287 0.05640 0.00158 0.02344 717
E50 1.138 2.494 0.0336 0.04897 0.00177 0.02356 681
E75 1.113 2.176 0.0324 0.03765 0.00190 0.02196 677

E100 1.138 1.704 0.0617 0.02663 0.00247 0.02392 618

2500

E25 1.049 2.513 0.2284 0.00780 0.00247 0.03387 670
E50 1.047 2.249 0.1898 0.00620 0.00265 0.03250 669
E75 1.033 1.959 0.1707 0.00614 0.00303 0.03252 656

E100 1.075 1.566 0.1493 0.00341 0.00370 0.03392 615

λ is the ratio between the actual air–fuel ratio (measured experimentally) and the
stoichiometric air–fuel ratio. An engine operating with a higher ethanol content increases
its mass flow. Consequently, with a reduction in the volume of gasoline, the temperature
of the exhaust gases was lower. CO2 emissions decreased with an increase in ethanol at
all speeds. For CO, at 1500 rpm, the emissions reduced by almost half from E25 to E50,
but increased for E75 and E100. For 2000 rpm, CO emissions increased from E25 to E50,
but then decreased for E75 and increased significantly for E100. For NOx emissions at
1500 rpm, there was an increase from E25 to E50, but then a progressive decrease for E75
and E100. At 2000 and 2500 rpm, NOx emissions progressively decreased with the content
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of ethanol. Figure 2 shows the variation in emissions per mass of fuel with the different
fuels and engine speeds tested.

Figure 2. Emissions of pollutants vs. fuels and engine speeds.

Figure 3 shows the variation in energy efficiency with the different fuels and engine
speeds tested.

Figure 3. Energy efficiency vs. fuels and engine speeds tested.

From Figure 3, it can be seen that as the content of ethanol increased, the energy
efficiency also increased. The maximum energy efficiency values were obtained at 2000 rpm,
followed by 1500 rpm and 2500 rpm.
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3.1. Life Cycle Assessment

The environmental impact associated with the production of 1 kg of ethanol is 0.214 Pt,
of which 87.27% are due to sugarcane cultivation; 0.102 Pt relates to damage to human
health, 0.102 Pt to damage to ecosystems, and 0.010 Pt is due to the use of resources.
Land use contributed significantly to the overall single score within the ecosystem dam-
age category, along with the emissions into water and soil, mostly related to pesticides
and fertilizers.

For gasoline, the environmental impact of 1 kg of fuel is 0.264 Pt, of which 0.045 Pt
corresponds to damage to human health, 0.007 Pt to ecosystems, and 0.212 Pt to resources.
Of the overall impact, gasoline production itself accounts for 0.235 Pt, with the majority
of the remainder associated with pipelines and transportation. The use of non-renewable
energy (damage to resources) contributes the most to gasoline’s single score.

Table 5 shows the composition and environmental impacts of the fuels used here. It
must be highlighted that although the environmental impacts obtained for ethanol and
gasoline (0.214 and 0.264 Pt/kg) do not seem too far apart, these values do not include
combustion. Combustion is addressed separately within the exergoenvironmental analysis.

Table 5. Composition and environmental impacts of the gasoline–ethanol mixtures.

Fuel Overall Impact
(Pt/kg)

E25 0.251
E50 0.239
E75 0.226

E100 0.214

3.2. Exergy Analysis

Table 6 shows the results of the exergy analysis for each fuel, showing the related
exergy rates: fuel (

.
E2), exhaust gases (

.
E3), heat losses (

.
E5), and brake power (

.
E4). These

flows have been shown in Figure 1.
The fuel exergy rate (

.
EF) of the engine combines the exergy rate at Point 2 (the fuel inlet)

minus the exergy rate of the exhaust gases at Point 3, according to the SPECO methodology.
The exergy rates at Point 2 only represent chemical exergy. There were no clear trends
observed for variations in

.
E2 with speed or ethanol content.

The exergy rate of the exhaust gases (
.
E3) depends on the mass flow of gases and the

temperature at the outlet. With an increase in ethanol content, there was a reduction in the
temperature of the gases (Table 4), but there was no direct proportionality to the exergy
rate of gases (

.
E3).

.
E3 followed the behavior of

.
E2.

The exergy rate of the product (
.
EP) represents the brake power produced by the engine

at Point 4, according to Figure 1, which presented a progressive increase with speed and
ethanol content.

The rate of exergy destroyed (
.
ED) was calculated by the exergy balance (Equation (4)),

which presented a slight reduction as the concentration increased. The fuel exergy rate
(

.
EF) is a result of the chemical exergy of the fuel and its mass flow. As the ethanol content

increased, the chemical exergy of the fuel reduced and its mass flow increased. The behavior
of

.
EF follows

.
E2.

The rate of exergy losses associated with heat transfer (
.
E5) is a function of the rate of

heat loss and the surface temperature of the engine, according to Equation (8).
The exergy efficiency was estimated by Equation (9). The ethanol content seemed to

improve the exergy efficiency. The highest exergy efficiency at 1500, 2000 and 2500 rpm
was for hydrous ethanol (E100), and the 75% and 50% ethanol blends (E75 and E50).
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Table 6. Exergy analysis results.

Speed Fuel
.
E2

(kW)

.
E3

(kW)

.
E4

(kW)

.
E5

(kW)

.
EP

(kW)

.
EF

(kW)

.
ED

(kW)

.
EL

(kW)
ε (%)

R1500

E25 54.58 9.175 14.14 14.96 14.14 45.41 16.31 14.96 31.14
E50 49.72 8.011 14.45 13.09 14.45 41.71 14.17 13.09 34.64
E75 51.65 8.314 14.61 14.26 14.61 43.34 14.47 14.26 33.71

E100 50.22 8.091 15.17 13.24 15.17 42.13 13.72 13.24 36.01

R2000

E25 67.32 12.44 19.90 16.21 19.90 54.88 18.77 16.21 36.26
E50 67.58 11.97 20.21 16.84 20.21 55.61 18.56 16.84 36.34
E75 64.71 11.40 19.69 16.53 19.69 53.31 17.09 16.53 36.93

E100 69.46 12.10 20.94 18.11 20.94 57.36 18.31 18.11 36.51

R2500

E25 104.9 21.01 24.87 28.30 24.87 83.89 30.72 28.30 29.65
E50 101.4 20.08 25.13 27.46 25.13 81.32 28.73 27.46 30.90
E75 103.3 20.23 25.39 29.11 25.39 83.07 28.57 29.11 30.56

E100 104.2 20.20 25.92 29.50 25.92 84.00 28.58 29.50 30.86

3.3. Exergoenvironmental Analysis

Table 7 shows the results of the exergoenvironmental balance calculation. The values
of the specific environmental impacts were calculated: fuel (b2), exhaust gases (b3), brake
power (b4), and exergy losses (b5).

Table 7. Exergoenvironmental results.

Speed Fuel b2
(mPt/MJ)

b3
(mPt/MJ)

b4
(mPt/MJ)

b5
(mPt/MJ)

.
BP

(mPt/s)

.
BF

(mPt/s)

.
BL

(mPt/s)

.
BD

(mPt/s)

.
B

PF

(mPt/s)

1500

E25 5.908 5.908 28.49 5.908 0.403 0.268 0.088 0.096 0.223
E50 6.237 6.237 30.41 6.237 0.439 0.260 0.082 0.088 0.261
E75 6.643 6.643 28.78 6.643 0.421 0.288 0.095 0.096 0.227

E100 7.152 7.152 24.35 7.152 0.369 0.301 0.095 0.098 0.163

2000

E25 5.908 5.908 31.68 5.908 0.630 0.324 0.096 0.111 0.402
E50 6.237 6.237 31.24 6.237 0.631 0.347 0.105 0.116 0.389
E75 6.643 6.643 28.91 6.643 0.569 0.354 0.110 0.114 0.325

E100 7.152 7.152 27.79 7.152 0.582 0.410 0.130 0.131 0.301

2500

E25 5.908 5.908 18.02 5.908 0.448 0.496 0.167 0.181 0.120
E50 6.237 6.237 17.58 6.237 0.442 0.507 0.171 0.179 0.106
E75 6.643 6.643 18.65 6.643 0.474 0.552 0.193 0.190 0.115

E100 7.152 7.152 18.50 7.152 0.479 0.601 0.211 0.205 0.089

The environmental impact rate related to engine production (
.
Y) had a constant value

of 0.554 mPt/h, considering the environmental impact of the material composition (Table 3)
and the weight of the engine, 103 kg.

The specific environmental impact of the fuel (b2) became higher as the ethanol content
increased. Although gasoline has a higher environmental impact per unit of mass (pure
gasoline: 264 mPt/kg) than ethanol (214 mPt/kg), the increase in the fuel mass flow
rate (Table 4) generated the higher specific environmental impact of fuel (b2). It must
be highlighted that this environmental impact was from “cradle to gate”, and did not
include combustion (there was a high contribution to the environmental impacts due to the
formation of pollutants during combustion).

The specific environmental impact of the exhaust gases (b3) and exergy losses (b5)
were equal to that of the fuel (bf = b2), according to the fuel principle within the SPECO
methodology.

The specific environmental impact of the brake power (b4) comprised the environ-

mental impact rates of fuel (
.
BF) and pollutant formation (

.
B

PF
). As the ethanol content

increased, the environmental impact rate of fuel increased, and the environmental impact
rate associated with the formation of pollutants decreased.
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The low environmental burden of pollutant formation dominated the formation of the
specific environmental impacts associated with brake power (b4) at lower speeds. Hydrous
ethanol (E100) had the lowest specific environmental impact (b4) at 1500 and 2000 rpm.
At 2500 rpm, the contribution of the formation of pollutants reduced and the effect of the
environmental impact rate of fuel became more significant. The 50% ethanol blend (E50)
had the lowest specific environmental impact for the brake power (b4) at 2500 rpm. Similar
performance can be found in the environmental impact rate of the product (

.
BP).

The rates of environmental impact related to the exhaust gases (
.
B3) and exergy losses

(
.
BL) increased with higher ethanol contents due to the increase in the specific environmental

impact of the fuel (b2) due to its higher mass flow rate of fuel.
Table 6 also shows the average environmental impact rate per exergy unit of the

products (power (
.
BP) and fuel (

.
BF)) of the engine. A reduction in the average environmental

impact rate per exergy unit of power (
.
BP) occurred due to a reduction in the specific

environmental impact of the power produced (b4), according to Equation (12). Compared
with (

.
BP), the behavior of the average environmental impact rate per exergy unit of fuel (

.
BF)

was the opposite:
.
BF increased along with the specific environmental impact of fuel (b2).

The rate of environmental impacts related to the destruction of exergy (
.
BD), also shown

in Table 6, showed a slight increase. This resulted from the exergy destruction rate and the
specific environmental impact of fuel (b2). As the ethanol content increased, the exergy
destruction rate reduced and the specific environmental impact of fuel increased. The effect
of the specific environmental impact of fuel predominated over the exergy destruction rate.

With an increase in ethanol content, there was a general reduction in the environmental

impact rate related to the formation of pollutants (
.
B

PF
) at all speeds. NOx emissions were

the main contributor to the environmental impact rate associated with the formation of
pollutants, calculated by multiplying the mass flow rate of NOx by its specific environmen-
tal impact per mass of pollutant (bPF

NO, 4217.74 mPt/kg). NOx represented approximately
60–90% of the overall environmental impact rate of pollutant formation.

Figure 4 shows the specific environmental impact of brake power for different ethanol
contents and engine speeds.

The specific environmental impact of brake power was evaluated by considering real-
location, according to Equation (15). As the ethanol content increased, the environmental
impact rate of brake power reduced at low speeds such as 1500 and 2000 rpm. However,
this behavior was the opposite at high speeds. The specific environmental impact of brake
power comprised the environmental impact rate of the fuel (

.
BF), the environmental impact

rate of exergy loss (
.
Bloss), and the environmental impact rate of pollutant formation (

.
B

PF
).

As the ethanol content increased, there was an increase in the environmental impact rates
associated with fuel and exergy losses, with a decrease in the environmental impact rate of
pollutant formation.

The environmental impact rates of pollutant formation were evaluated by considering
each polluting gas and its specific environmental impact per unit of mass (CO2, CO and
NOx) according to Equation (13). Melo et al. [51] tested a SI engine with different mixtures
of Brazilian gasoline (25% ethanol by volume) and ethanol, and the progressive addition of
ethanol resulted in lower CO and HC emissions, but increased emissions of CO2.

Figure 5 shows the effect of fuel and environmental impact rates of pollutant formation.
The increase in the environmental impact rate of fuel (

.
BF) and the reduction in the

environmental impact rate of pollutant formation (
.
B

PF
) when the ethanol content increased

can be seen in Figure 5.
Figure 6 shows the exergoenvironmental factor (fb) on the primary y-axis (left) and

the relative difference in environmental impact (rb) on the secondary y-axis (right).
In Figure 6, the relative difference in the environmental impact (rb) values decreased

as the ethanol content decreased for 2000 and 2500 rpm. For 1500 rpm, rb increased from
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E25 to E50 then decreased for E75 and E100. As rb represents the environmental quality of
a component, the addition of ethanol improves the engine’s environmental quality.

Figure 4. Environmental impact of brake power per exergy unit vs. ethanol contents and engine speeds.

Figure 5. Variation in the environmental impact rates with ethanol content.
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Figure 6. Exergoenvironmental factors and relative differences in environmental impact vs. ethanol
content.

The exergoenvironmental factor (fb) also decreased with increased ethanol content.
Pollutant formation should be reduced to improve the environmental performance at 1500
and 2000 rpm. However, at 2500 rpm, the exergy efficiency was lower, which should be
increased to reduce the environmental impact rate of exergy destruction and thus improve
the environmental performance.

No similar work was found in the scientific literature focusing on an Otto cycle
ICE. Cavalcanti et al. [35] carried out an exergoenvironmental analysis of diesel–biodiesel
blends in a direct injection engine at variable loads and verified that a higher biodiesel
content reduced the environmental impact of fuel and the specific environmental impact
of electricity. Figure 7 shows a comparison of the environmental impacts per exergy rate
of power: Blend D-B (blends studied by [35]), followed by the ethanol–gasoline blends
studied here. Figure 7 presents the ranges of values obtained, where the solid bars denote
the lowest value encountered and the dotted bars depict the highest value.

In the work of Cavalcanti et al. [35], diesel–biodiesel blends were studied, ranging
from 5 to 100% biodiesel (D95B5 to B100). Pure biodiesel had the lowest environmen-
tal impact, 55.8 mPt/kg, while pure diesel had the highest value, 240 mPt/kg. Pure
biodiesel produced the lowest specific environmental impact (15.4 mPt/MJ, the lowest
value in Figure 7), at the expense of a slight decrease in exergy efficiency from 33.09%
(D95B5) to 32.59% (B100). Here, the environmental impacts of ethanol and gasoline were
214 mPt/kg and 264 mPt/kg, respectively, which had the lowest specific environmental
impacts in the range of 24.4–26.4 mPt/MJ (solid bars in Figure 7), while the highest were
34.0–36.5 mPt/MJ (dotted bars in Figure 7).

Another critical parameter to consider is the number of yearly operation hours:
here, 2200 h/year was considered for the flex engine, while Cavalcanti et al. [35] uti-
lized 4380 h/year for the diesel engine. The higher capacity and weight of the diesel
engine (95 kW and 940 kg), compared with the flex engine studied here (77 kW and 103 kg),
enabled the longer lifetime of the diesel engine, reducing the environmental impact rate of
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the engine. Cavalcanti et al. [35] presented an upper limit of 22.6 mPt/MJ due to the low
environmental impact per mass of biodiesel and the higher operation hours of its engine.

Figure 7. Range of environmental impacts per exergy unit for different fuels and blends.

Cavalcanti [38] reported a gas–diesel marine engine where diesel was replaced by
natural gas. Although the efficiency decreased, the emission of pollutants was reduced,
reducing the environmental impact of the power rate per exergy unit. The effect of fuel, the
environmental rate of pollutant formation, and exergy efficiency should be evaluated for
each situation to improve environmental performance.

Different types of bioenergy are currently available and can be integrated within the
existing infrastructure, such as the case of ethanol, which was explored here. Going a step
further than utilization in ICE, ethanol bioenergy is sufficiently flexible to be redirected
to other sectors such as industrial process heat, with the benefits of providing carbon
removal from the atmosphere when combined with carbon capture and storage. Brazilian
sugarcane ethanol is one of the least carbon-intensive biofuels commercially available, as
its production process taps only one-third of the energy the plant can offer (the remainder
is contained in leftover fiber and straw) [52]. This means that cellulosic ethanol has the
potential to double its yield.

More efforts are required to develop (and deploy) clean energy technologies, which
are important for meeting international energy and climate goals, especially regarding the
reduction of pollutants associated with transportation. Although the energy transition has
slowed down due to the COVID-19 pandemic [53], it must include the power sector and be
extended to the transport, industry, and building sectors. According to the International
Energy Agency [54], these sectors today account for 55% of carbon emissions from the
energy system, and biofuels can be vital solutions. During this transition, ethanol can be a
renewable fuel option in ICEs, and the disadvantages can be tackled by adding hydrogen
to ethanol, enabling SI engines to achieve lower brake-specific energy consumption, better
performance, and lower emissions [55].

However, there is still debate on bioenergy in several countries, and its role in the
energy transition is often underestimated [56] despite its importance in moving the global
energy system towards carbon neutrality.

Finally, in the aftermath of the COVID-19 pandemic, bioenergy must be incorporated
into the recovery plans of the countries, with added benefits such as the promotion of jobs.
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Measures to advance the transition through 2030 and beyond, according to the International
Renewable Energy Agency [57], include blending mandates for ethanol and biodiesel and
offering customized loans for biofuel production. Energy transition and post-pandemic
recovery are the following challenges to be faced.

4. Conclusions

From the Life Cycle Assessment, when combustion was not considered, it was ver-
ified that the environmental impacts of gasoline and ethanol were not too far apart:
0.264 and 0.214 Pt/kg, respectively. Most of the environmental impacts associated with
gasoline production were due to the depletion of resources, while land use dominated the
environmental impacts of ethanol.

Exergy and exergoenvironmental analyses were developed for a four-stroke spark-
ignition engine with maximum power of 77.2 kW. The engine is fueled with gasoline-ethanol
mixtures (25%, 50%, 75% ethanol by volume) and hydrous ethanol (4.6% water by volume)
and operates at variable speeds: 1500, 2000, and 2500 rpm. Hydrous ethanol presented
the highest CO2 and CO emissions when combustion was considered. The highest NOx
emissions were obtained for the mixture with 25% ethanol at 2000 rpm.

The highest exergy efficiency (36.93%) was reached with the 75% ethanol blend at
2000 rpm. The highest specific environmental impact related to fuel (b2) was 7.152 mPt/MJ
for hydrous ethanol, followed by the 75% ethanol blend with 6.643 mPt/MJ. Although the
environmental impact of ethanol is lower than gasoline, the highest environmental impact
rate associated with the formation of pollutants was obtained for 25% ethanol blend at
2000 rpm.

The lowest specific environmental impact of product (brake power) was achieved
for the 25% ethanol blend at 1500 rpm. This condition presented the best environmental
impact performance.

The work presented herein contributes to experience and good practice, and provides
scientific evidence of the benefits associated with the utilization of exergoenvironmental
assessments to raise awareness of the potential of adding ethanol to gasoline. Future
research could focus on deploying this type of bioenergy and scale it up sustainably,
connecting it with economic aspects so that its potential does not remain untapped. Other
research could be to analyze the engine under conditions of intermediate throttle mode, if
performance and emissions data are available.
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