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a b s t r a c t

Real data from dynamometric essays of electric and internal combustion engines motorcycles pointed
out a 3 times superior energy performance of electric driven vehicles (47.06% efficiency) compared to the
average value for liquid fueled engines (15.32%). That conclusion motivated a more comprehensive
assessment, based on a bottom-up methodology together with the Primary Energy Factor PEF, in order to
enlarge the energy chain by considering the Brazilian energetic matrix. Environmental impact is
considered through the evaluation of greenhouse gases. PEF is calculated for five motorcycles based on
2010 to 2016 production data, followed by a projection for the years 2021, 2025 and 2026. PEF average
values for electric and liquid fueled motorcycles are 3.5 and 7.1 respectively. The experimental tank-to-
wheel efficiency ratio of 3 to 1 from dynamometric essays turns to be a well-to-wheel 2 to 1 ratio
whenever the enlarged energy chain is considered. PEF method applied to dynamometric results shows
that electric driven motorcycles are still more energy efficient than liquid fueled similar vehicles for the
Brazilian matrix. Emissions from electric conversion are still less harmful, nevertheless battery impact
must be better studied.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Transportation is a major participant of the global primary en-
ergy, with an approximate share of 27% of energy demand [1] and
greenhouse gas emissions, with more than 90% coming from gas-
oline and diesel [2]. Moreover, studies show that most of the
growth (94%) in the transportation energy use occurs in developing
countries [3]. Renewable sources are 43.2% of the Brazilian energy
matrix [4], with a significant role of hydropower and ethanol.
Transport sector is responsible for 32.5% of the country's energy
consumption, with 44.0% from diesel, 29.4% from gasoline and
16.4% from ethanol.

Worldwide Electric Vehicles EV are gaining more attention
especially due to its environmental friendly character. Despite the
potentials and advantages of introducing electric transport in urban
areas, Electric-Two-Wheelers E2W, such as e-bikes, e-scooters, and
s Brasil Weber).
e-motorcycles are still untapped in Brazil. Weiss et al. [5] have
shown that E2W vehicles are generally more energy-efficient, less
polluting than conventionally-poweredmotor vehicles and also can
reduce traffic noise and road congestion. They also pointed out
some risks concerning environmental impact and the dependency
on the profile of the electric grid and its driven forces, and sug-
gested to perform case-specific assessments before drawing con-
clusions about their sustainability, as part of an integrated urban
mobility planning.

Slow uptake of EVS are reported to be due to their limited
driving range and the comparatively high prices, but policies, in-
centives, and the growth of charging infrastructure are helping to
make these vehicles more viable for consumers [6]. Main obstacles
for E2W market growth are strong demand for gasoline-powered
motorcycles, bans on E2Ws due to safety concerns in urban areas,
and growing support for public transit [7]. These authors concluded
that improvements in E2W and battery technology, strong local
regulatory support, flexible enforcement of E2W standards and
deteriorating of public transit services could increase E2W
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Nomenclature

CH4 Methane
CO Carbon Monoxide
CO2eq Carbon dioxide equivalent
E100 Ethanol 100%
E22 Ethanol 22% blend
E61 Ethanol 61% blend
EE Electric Motorcycle
EROI Energy Return on Investment
g km�1 Grams per kilometer
GHGblend;prod Greenhouse gases from liquid fuels production
GHGg Greenhouse gases from gasoline production
GHGeth Greenhouse gases from ethanol production
GHGblend;use Greenhouse gases from liquid fuels burning
GHGelec; prod Greenhouse gases from power generation plants
GHGsource Greenhouse gases from each energy source
GHGelec; use Greenhouse gases from motorcycle use
kWh Kilowatt Hour
kWh/km Kilowatt Hour per kilometer
Mc Internal Combustion Motorcycles
Mtoe Million Tons of Oil Equivalent
MWh Megawatt Hour
N2O Nitrous oxide
NOx Nitrogen oxides
THC Tetrahydrocannabinol
xi Energy Source

xg Gasoline ratio
xeth Ethanol ratio

Abbreviations
EV Electric Vehicle
E2W Electric Two-Wheeler
HEV Hybrid Electric Vehicle
PEF Primary Energy Factor
GHG Green House Gas
LCA Life-Cycle-Assessment
WTW Well-To-Wheel
ICE Internal Combustion Engine
PEC Physical Energy Content Method
TCE Technical Conversion Efficiencies Method
TTK Tank-To-Wheel
NG Natural Gas
LNG Liquefied Natural Gas

Greek symbols
helec Electricity generation efficiency
hoil;ext Extraction energy efficiency
hoil;ref Oil refining efficiency
hoil Gasoline production efficiency
heth Ethanol production efficiency
hblend Fuel blend efficiency
h;Mc Overall motorcycle efficiency
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penetration.
Market offers a wide option of electric driven motorcycles,

ranging from small and simple models, sometimes similar to bi-
cycles, up to sophisticated and powerful motorbikes, with
outstanding performances and disruptive design concepts. Even
considering distinct sizes and technologies, E2W displayed signif-
icant reductions in climate change contributions compared to ICE
motorcycles, with similar total ownership costs per kilometer [8].
That behavior concern E2W charged with electricity from fossil
fuels or not, and authors also pointed out that smaller motorcycles
presented much better environmental performance than larger
ones.

Technical development is on the run, and constructors already
identified the worldwide tendency to go electric, but state policies
must follow and support the accomplishment of this change and
guarantee the consolidation of a new electric chain. India displayed
more than 400,000 E2W in 2014, most of them (95%) low speed
electric scooters that do not require registration and license, and a
few thousand electric cars. The Indian Government launched the
Faster Adoption and Manufacturing of Hybrid Electric Vehicles HEV
and EV scheme to provide incentives for two and four-wheelers,
expected to provide support over a two-year period [9].

Motorcycles have become a major source of urban air pollution
in Taiwan, which led the government to implement carbon emis-
sion controls by stabilising energy performance and emission
standards for motorcycles [10]. In addition, the government has
launchedmeasures such as: exemption of excise tax and fuel tax for
electric motorcycles and price subsidy for buyers. Authors also re-
ported that the benefits of the subsidy policy had a large and
positive effect on the diffusion of electric motorcycles in Taiwan and
have two folds: allowing consumers to receive positive investment
benefits through the purchase of an alternative transportation
mode, and to enhance production scale economy.

On the opposite way, Chinese authorities had signed out since
2011 that e-bikes were not welcome on urban environment but
only light ones, powered by Li-Ion batteries [11]. Government
claimed that E2W were not safe, contributed to traffic congestion
and were not environmentally friendly as they carried lead acid
batteries. The same author alerted to further social, economic and
environmental impacts of that restriction, that can cause car sales
to increase, followed by air pollution growth and a negative impact
on everyday life of low-income population, that relayed on low
quality public transport.

Since 2017, a national ecological bonus for low emission vehicles
in France (Decree number 2016-1980) came into force to stimulate
the purchase of two or three-wheel motor vehicles and electric
motor quadricycles. The decree provides a 27% acquisition cost aid
limited to V 1000 [12].

In Brazil, electric, hybrid or hydrogen-powered four-wheel ve-
hicles benefit from a 35% import tax release since 2015 [13]. Un-
fortunately, alternative propulsion motorcycles were not included
in this exemption, although motorcycles represent approximately
27% of the registered fleet of vehicles in 2017 [14]. Most of them are
factory tuned to be fueled with a gasoline and ethanol mixture,
called flexible or dual-fueled motors, capable to run with a mini-
mum 25% addiction of ethanol to regular gasoline, which can go up
to 100%.

Brazil benefits from a diversified renewable energy matrix, if
compared to the global average, with a growing introduction of
intermittent sources, as solar and wind power. The role of EV in the
Brazilian fleet, and in particular E2W, led to perform dynamometric
tests [15] with Brazilian market motorbikes fueled with different
gasoline to ethanol mixtures and submitted to a standard traffic
routine, in order to evaluated and assess their energy efficiency and
pollutant emissions. The present paper is based on that report and
extends the assessment by a proposed bottom-up method to take
into account the energetic chain performance for electric and liquid
fueled motorcycles, committed to greenhouse gas emission



Fig. 1. Scheme for the PEF assessment of motorcycle efficiency fueled by electricity or
liquid fuels.
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standards. It aims to identify the most suitable methodology for the
Brazilian scenario, also adapted to other developing countries.

2. Methods for energy performance analysis

Top-down and bottom-up models [16e19] are two paradigms
that reflect different approaches to analyze system energy flow.
Top-down model starts from aggregate data and disaggregates
them down as much as possible in an attempt to provide a
comprehensivemodel, connecting production processes alongwith
economic sectors. On the other hand, the bottom-up approach
starts with highly disaggregated data and ends up aggregating as
much as possible. Each of the production pathways are modeled as
a series of technological processes which exchange mass and en-
ergy with each other and with the environment [20]. It can be said
that while the first approach is rather built on an engineering
philosophy, the later one tends to represent the view of economists
[19]. Besides their particular strengths and weaknesses, model
choice comes from the assessment priority point of view for a given
system.

Top-down approach is commonly employed to compare and
evaluate vehicles and motorcycles, such as Life-Cycle-Assessment
LCA and Well-To-Wheel WTW [8,21,22]. LCA is characterized by
covering the entire life cycle of a product, process or activity [23],
and it is a product-oriented approach, based on estimated in-
ventories and uniform conditions of processes. The LCA performed
by the Asian Development Bank [22] for the Chinese market
concluded that “E-bikes can provide very environmentally efficient
transport for short distances to access transit stations. Depending
on load factors, they can be much more environmentally friendly
and cost-effective than feeder bus service and provide better
service”.

In its turn, theWTWapproach allows for assessing the impact of
a given fuel by adopting specific energy pathways, based on sets of
assumptions. It refers to the entire process of energy flow and its
GHG emissions, from the mining of the energy source to the driven
vehicle [24]. Differently from LCA, the preliminary and decom-
missioning phases are not counted in WTWanalysis, considered as
externalities [23].

The bottom-up approach allowsmodeling the impact of distinct,
well defined technologies on the long-term development of energy
consumption. It enables to assess the effects of technology-oriented
policies, the evolution of the end-uses consumption, and their
energy efficiencies over time. These capabilities led the bottom-up
approach to be chosen in the present work to assess the energy
efficiency of motorcycles driven by different fuels in the Brazilian
context.

2.1. Analysis overview

Energy efficiency of motorcycles driven by different fuels was
performed based on a bottom-up approach, by assessing effi-
ciencies of direct transformations.

The Primary Energy Factor PEF was chosen as the efficiency
parameter to compare motorcycle energy consumption. PEF esti-
mates the amount of primary energy needed to satisfy the final
demand, either electricity, gas, gasoline or heat [25]. PEFs are
widely used by the European Union in legislation [25,26], standards
[27], and scientific publications [28]. Its strength relies on the
ability to describe complete energy systems, from generation to
final consumption [28]. Its weaknesses are the factor variability
according to the method, the chosen period, as well as the selection
of system boundaries. Its accuracy depends on defining variables
that reflect reality [26].

PEF aims to reduce primary energy consumption, by
encouraging end-users to switch to energy carriers with lower
conversion factors. Whenever the switch is made to fossil fuels,
GHG emissions will increase simultaneously, and PEF must be fol-
lowed by indicators as CO2 emissions factor (CO2eq/MWh), energy
cost and radiative emission [26].

3. Methodology

A bottom-up approach based on the PEF was chosen to compare
motorcycle efficiencies when fueled either by electricity or liquid
fuels, willing to represent the country's energy system for a given
period, as depicted in Fig. 1.

Assessment starts at Point 1, a common spot or border to all
further energy paths, with data collected along the dynamometric
essays reported by Daemme et al. [15]. The electricity, gasoline and
ethanol paths are presented as follows:

� Electricity: Point ELEC-2 is the one used to calculate the E2W
efficiency, and it was placed outside the motorcycle border,
where the vehicle was charged. Electricity distribution and
transmission efficiency throughout the electric network were
estimated from points ELEC-2 to ELEC-3, followed by power
generation through points ELEC-3 to ELEC-4, where the pro-
posed energy chain ends up. Point ELEC-4 corresponds to the
primary energy source conversion.

� Gasoline: Data collected at point GAS-2 allows for the calcula-
tion of the internal combustion motorcycle efficiency. The con-
version of petroleum into gasoline and other products takes
place at GAS-3, followed by oil extraction at GAS-4.

� Ethanol: Point ETH-2 also accounts for the motorcycle efficiency
and point ETH- 3 for the losses related to all the processes
involved in ethanol production.
3.1. Motorcycle efficiency

Indoor dynamometric tests reported by Daemme et al. [15] for
four internal combustion (Mc#) and one electric (EE) motorcycles
(Table 1) were taken as base data for the energy assessment pro-
posed in the present work. All motorcycles were submitted to a
common driving cycle routine and a simultaneous acquisition of
flue gas emission.

Liquid fueled motorcycles Mc1 to Mc3 run on a blend of 78%
gasoline to 22% anhydrous ethanol volume ratio, called E22. Mc4
was the only flex fuel engine, fed with different gasoline/ethanol
blends: E22, E61 (50% E22 and 50% hydrous ethanol) and E100
(100% hydrous ethanol). The Mel motorcycle was equipped with
four 12 V lead acid batteries, delivering 35 Ah at 48 V, and the
engine develops 2 kW, with 50 km autonomy and 60 kmh�1

maximum speed.
Next section presents the methodology for efficiency calcula-

tion, applied to the three energy paths. They correspond to energy
conversion processes that took place starting from point 2 in Fig. 1.



Table 1
Technical details for Internal Combustion Engines (ICE) and Electric motorcycles.

Motorcycle Emission regulation Engine Injection fuel system

Mc1 Euro I ICE/125 cc Carbureted
Mc2 Euro II ICE/100Ccc Carbureted
Mc3 Euro III ICE/125 cc EFI
Mc4 Euro III IEC/150 cc EFI/flex fuel
Mel n/a Electric/2 kW n/a

EFI ¼ Electronic Fuel Injection.
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3.2. Electrical grid efficiency

Losses along the Brazilian electrical grid were reported by
ANEEL [29] as 4.0% for energy transmission and 13.5% for distri-
bution, corresponding to the path ELEC2 to 3 in Fig. 1.

Literature indicates five different approaches to calculate con-
version efficiency of primary into secondary sources, which corre-
sponds to the step ELEC-3 to 4 [25e27,30e32]. Their differences
rely on how the conversion efficiency of primary energy sources are
accounted fromnuclear power and renewable energy (hydropower,
solar power, geothermal power, etc.). Two distinct methods were
applied in this study, as they can lead to a significant impact on the
PEF estimation: The Physical Energy Content Method and the
Technical Conversion Efficiencies Method [31].

The Physical Energy Content Method is based upon the defini-
tion that primary energy should be the first energy form down-
stream in the production process for which multiple energy uses
are practical. Wind, solar photovoltaic and hydro sources, including
storage, run-of-river, tide, wave and ocean, are primarily used for
electricity conversion, and 100% efficiency is assumed. Biomass
energy conversion can be directly accounted for by the product of
input mass to heat value, although it can be used in multiple forms,
like conversion to bio-fuels, food, and firewood. Therefore, even
though biomass is a renewable source, in this method its conver-
sion losses are considered.

The Technical Conversion Efficiencies Method considers pri-
mary energy to be the one that have not been subjected to any prior
conversion. As a consequence, this method uses the technical
conversion efficiency between energy source and generated elec-
tricity or heat, to calculate the primary energy demand per unit of
energy generated [31].

Electric generation efficiency helec along the steps ELEC-3 to 4 is
then calculated by Eq. (1)

helec ¼
X

xihi (1)

After possessing these data, a weighted sum is proposed to es-
timate the electricity generation efficiency helec between points 3
and 4, based on the ratio of the energy provided by each source xi
and its conversion efficiency hi.
Table 2
Energy efficiency summary according to motorcycle type.

Motorcycle Energy efficiency Equation

Mc1 h;Mc1 ¼ hblendhMc1 6
Mc2 hMc2 ¼ hblendhMc2 7
Mc3 hMc3 ¼ hblendhMc3 8
Mc4 hMc4 ¼ hblendhMc4 9
EE hEE ¼ helechEE 10
3.3. Liquid fuel efficiency

The energy conversion pathway for gasoline and sugarcane
ethanol only concerns direct energy losses, disregarding their
distribution.

Gasoline conversion chain starts with crude oil extraction and
ends up with as a final product on refineries. Almost half of the
Brazilian oil fields are placed off-shore in the pre-salt layer, with oil
layers at 7 km depth, 2 km water layer and high CO2 content [33],
with important technical and operational challenges and high cost
of production. The Energy Return on Investment (EROI) was chosen
to estimate the gross amount of required energy to deliver one unit
of the available energy [34]. Its classic definition is the ratio of the
amount of usable exergy delivered from a particular energy
resource to the amount of exergy used to obtain that energy
resource, but also the gross amount of energy required to deliver
one unit of the energy available. Therefore, the extraction energy
efficiency hoil;ext is defined in the present paper by Eq. (2)

hoil;ext ¼
EROI � 1
EROI

(2)

Production data concerning gasoline refining are available in the
annual IEA balance, allowing to calculate the oil refining efficiency
hoil;ref . Overall production efficiency for gasoline can be found ac-
cording to Eq. (3)

hgas ¼ hoil;exthoil;ref (3)

Data for the amount of fossil energy invested to produce Bra-
zilian sugarcane ethanol can be found in Refs. [35e39], as the ratio
between the total energy contained in the biofuel to the total fossil
energy invested throughout its production, including agricultural
and industrial processes. That energy balance can be seen as an
analogue number to the EROI and the production efficiency heth (Eq.
(4)) can be used

heth ¼ EROI � 1
EROI

(4)

Regular Brazilian gasoline is actually blended with sugarcane
ethanol, starting with 22% on volume basis. A weighted average is
proposed (Eq. (5)) to express the fuel efficiency hblend.

hblend ¼ xghgas þ xethheth (5)

with xg and xeth the ratio of gasoline an ethanol.

3.4. Motorcycle energy efficiency

The energy efficiency for each motorcycle tested under labora-
tory conditions was estimated according to the equations on
Table 2, summarizing the energetic losses pointed in Fig. 1.

PEF for each of them can be calculated as the inverse of their
correspondent energy efficiency.

3.5. Emissions

The evaluation of Greenhouse Gases GHG emissions gives a
counterpoint to the PEF analysis, regarding an environmental
perspective. Assessment concerned fuel production and its emis-
sions after burned.

Greenhouse gases from liquid fuels production
GHGblend;prodwere calculated by a weighted average of individual
emissions from gasoline and sugarcane ethanol as shown in the Eq.
(11):

GHGblend;prod ¼ xgGHGg þ xethGHGeth (11)
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The same procedure was employed to calculate greenhouse
gases from liquid fuels burning along their use GHGblend;use, with
data collected at the exhaust of each motorcycle.

Emissions related to the power generation plants that compose
the electric matrix GHGelec;prod were calculated from a ratio of
emissions from each energy source, as shown in the Eq. (12):

GHGelec;prod ¼
X

xiGHGsource i (12)

Emissions coming from motorcycle use were not accounted
(GHGelec;use ¼ 0).

4. Case study: Brazil

PEF and GHG were calculated for the five motorcycles presented
in Table 1, with energy data from 2010 to 2016, followed by a
projection for the years 2021, 2025 and 2026.

4.1. Motorcycle efficiency: dynamometric tests

The energetic efficiency of each of the motorcycles displayed in
Table 1 was calculated with experimental data acquired on an in-
door dynamometric bench [15], following a tank to wheel e TTW
approach, shown in Fig. 2.

It is worth recalling that the flex fuel motorcycle (Mc4) was
fueled with three concentration levels of ethanol. According to
these results, the E2Wmotorcycle (Mel) showed the highest energy
efficiency, 47.1%, in contrast to the internal combustion engine
(Mc2) fueled with E22 gasoline, with an efficiency of 13.36%.

4.2. Electrical efficiency

Steps for electric overall efficiency calculation is depicted in
Fig. 1, starting in ELEC-1 to 2, with data from dynamometric tests
performed for motorcycle Mel, followed by transmission and dis-
tribution energy loss (ELEC-2 to 3), and finishing with the efficiency
of primary energy conversion (ELEC-3 to 4). Table 3 summarizes
data for the overall chain efficiency for Mel in respect to 2016 data
of the Brazilian electrical matrix, calculated by the Technical Con-
version Efficiencies TCE.

Data in the first column represents the conversion efficiency of
each primary source as seen in point 4 to 3 of Fig. 1, retrieved from
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Fig. 2. Measured energy efficiency for blended gasoline and electric fueled motorcy-
cles, as a tank to wheel TTW approach.
previous studies of Brazilian conversion technologies.
According to Câmara [40], Brazilian hydroelectric powerplant

efficiency was estimated to reach 80%, after a wide study regarding
unit size and age, water level difference, company ownership and
geographic location. Wind mills displayed an average efficiency of
around 35% [41]. Average efficiency of photovoltaic powerplant was
found to be around 15% [42]. Biofuel powerplants are mainly fueled
by sugarcane bagasse, followed by several types of residues, as rice
hull and wood sawdust, estimated in an overall efficiency of 20%
[42].

The non-renewable sources of the Brazilian matrix are pre-
dominantly natural gas, followed by oil, and finally by coal and
nuclear. Half of the natural gas powerplants in the country operates
under high efficiency combined cycles, but the remaining half
weights down the average efficiency to approximately 42% [43]. Oil
fueled power plants are diesel moto generators, with average 40%
efficiency [44]. Coal-fired powerplants are subcritical cycles, and
operate with efficiencies below 34%, like nuclear power plants [42].

The overall grid efficiency was calculated by combining trans-
mission and distributions losses [29] (points 3 to 2) to the Brazilian
electric matrix share. The measured efficiency of the motorcycle
found in the dynamometer tests, point 2 to 1 in Fig. 1, is then
accounted in order to reach the final overall efficiency of the elec-
trical motorcycle. That final overall efficiency was found to be
25.5%, practically half of the one measured in the indoor dyna-
mometric test.

Table 4 follows the same prior reasoning but displays the overall
chain efficiency for Mel in respect to 2016 data of the Brazilian
electrical matrix based on the Physical Energy Content method PEC.

According to the PEC method, the overall efficiency of the
electric motorcycle was found to be 32.2%, in opposition to 25.5%
from the latter method. The difference between the overall effi-
ciencies relies on the consideration of 100% efficiency for the con-
version of hydro, wind and solar power into electricity with PEC,
whereas the TCE method employed the actual system value. PEC's
approach favors results from renewable electric matrixes, like the
one from Brazil.

4.3. Liquid fuels

4.3.1. Gasoline and ethanol
Pre-salt oil extraction efficiency was calculated to be 94.3%, ac-

cording to Eq (2), using the energy balance value found by Clasen
and Agostinho [45]. According to the mass balance released by IEA
[46], refineries received 110.1 Mtoe of crude oil, including national
production and imports, with an output of 106.5Mtoe, a conversion
efficiency of 96.73%. Energy losses related to gasoline production
account for both pre-salt extraction and crude oil conversion in the
refineries, leading to an overall efficiency of 91.2%.

Urquiaga and Boodey [39] performed an energy balance for
sugarcane ethanol production under Brazilian conditions. They
found a picture number of 8.06, analogous to the EROI number,
which was assumed here as the ethanol fuel production efficiency
of 87.6%, according to Eq. (4).

4.3.2. Internal combustion motorcycles efficiency
Table 5 brings the overall energy efficiency per liquid fueled

motorcycle, as the result of a chain calculation, following a Tank-to-
Wheel analysis.

4.4. Motorcycle Primary Energy Factor

Table 6 summarizes data from overall efficiency per motorcycle
presented in Tables 3e5, and calculates the respective PEF.



Table 3
Electric Motorcycle Mel overall efficiency in the Brazilian context according to the Technical Conversion Efficiencies method TCE.

Technical Conversion Efficiencies method

Primary source Point 4 to 3 Point 3 to 2 Point 2 to 1 Point 1

Conversion Transmission Distribution Total losses % Brazilian electrical
matrix 2016

Overall grid efficiency Measured
efficiency

Overall efficiency

Hydropower 80% [40]

96% 86.5%

66.4% 68%

54.1% 47.1% 25.5%

Wind 35% [41] 29.1% 5.4%
Solar 15% [42] 12.5% 0.01%
Natural Gas 42% [43] 34.9% 9.1%
Biomass 20% [42] 16.6% 8%
Oil 40% [44] 33.2% 3.7%
Nuclear 35% [42] 29.1% 2.6%
Coal 34% [42] 28.2% 2.9%

Table 4
Electric Motorcycle Mel overall efficiency in the Brazilian context according to the Physical Energy Content method PEC.

Physical Energy Content method

Primary source Point 4 to 3 Point 3 to 2 Point 2 to 1 Point 1

Conversion Transmission Distribution Total grid losses % Brazilian electrical
matrix 2016

Overall grid efficiency Measured
efficiency

Overall efficiency

Hydropower 100% [31]

96% 86.5%

83% 68%

68.4% 47.1% 32.2%

Wind 100% [31] 83% 5.4%
Solar 100% [31] 83% 0.01%
Natural Gas 42% [43] 34.9% 9.1%
Biomass 20% [42] 16.6% 8%
Oil 40% [44] 33.2% 3.7%
Nuclear 35% [42] 29.1% 2.6%
Coal 34% [42] 28.2% 2.9%

Table 5
Liquid fueled motorcycle (Mc) overall efficiency in the Brazilian context.

Fuel
production
efficiency
Eq. (5)

Measured
efficiency
Fig. 2

Overall
efficiency
Eqs. (6)
e(9)

Mc1 (E22) 94.1% 13.9% 13.1%
Mc2 (E22) 94.1% 13.4% 12.6%
Mc3 (E22) 94.1% 17.2% 16.1%
Mc4 (E22) 94.1% 16.0% 15.0%
Mc4 (E50) 89.4% 15.8% 14.1%
Mc4 (E100) 87.6% 15.8% 13.8%
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Losses along the fuel chain made all overall energy efficiencies
to decrease, with a stronger effect over the electric system. PEF
shows how many units of primary energy were consumed to
deliver a single unit of converted energy by each of the tested
motorcycles. Results show that motorcycles Mc1 and Mc2, fueled
with E22 displayed highest energy penalties, with the worst per-
formance found for Mc2, equipped with a simple carbureted fuel
feed system (PEF of approximately 8).

E2W motorcycle Mel showed the best performance among all
tested vehicles, with a 47.1% measured efficiency, but that result
dropped down dramatically when energy losses along the chain
were taken into account. Nevertheless, electric motorcycle Mel still
is the best option regarding energy performance, with a PEF of 3.1
calculated by the PEC method and 3.9 by the TCE method.
4.5. PEF evolution from 2010 to 2016

The methodology described in this work was extended to take
into account the evolution of the Brazilian energymatrix from 2010
to 2016 [47], and results for PEF are displayed in Fig. 3.
PEF of the e-motorcycle expressed the variation in the efficiency
of the electric matrix along the years, but remained unchanged for
the internal combustionmotorcycles as the production efficiency of
liquid fuels was considered to be constant throughout the analyzed
years. This last value was calculated from Table 6 and represents all
Mc results, enabling to associate error bars to the average.
4.6. Motorcycle PEF time projection

Changes on the PEF value for a 10 years long forecast was
assessed here for three scenarios. The reference scenario, according
to [48], is based on the assumptions presented in the 10-year en-
ergy expansion plan made by the Brazilian Energy Research Com-
pany EPE. It is based on the startup from 2021 on of new fast-
starting thermoelectric plants, the additional hydro powerplant
motorization, reversible plants, batteries and answer on the de-
mand side. The second scenario admits the photovoltaic option to
became cost competitive in 2013, reaching approximately US$ 800/
kW [48].

The third scenario evaluates the extreme situation of unfeasi-
bility of hydropower projects in a decade time horizon (2028),
based on the actual licensing restrictions for new projects, mainly
due to socio-environmental impacts. Energy demand would be
supplied by new coal-fired powerplants, that display some ad-
vantages over NG/LNG fuels because they have low Unit Variable
Cost, fuel price indexed only to the national currency, and the ex-
istence of huge proved reserves.

Fig. 4 shows the PEF forecast based on the PEC method for a 10
years long horizon.

Reference and photovoltaic scenarios displayed an inverse
trend, almost symmetric, but with little differences at the end of the
period. The coal-based scenario implied on a significant increase on
PEF in the long term.



Table 6
Primary Energy Factor PEF per motorcycle, calculated after data from Tables 3e5.

Measured
efficiency

Overall
efficiency

Relative efficiency
reduction

PEF

EE1(PEC
method)

47.1% 32.2% 34.6% 3.1

EE1(TCE
method)

47.1% 25.5% 47.1% 3.9

Mc1 (E22) 13.9% 13.1% 5.8% 7.6
Mc2 (E22) 13.4% 12.6% 6.0% 7.9
Mc3 (E22) 17.2% 16.1% 6.4% 6.2
Mc4 (E22) 16.0% 15.0% 6.2% 6.7
Mc4 (E50) 15.8% 14.1% 10.8% 7.1
Mc4 (E100) 15.8% 13.8% 13.0% 7.2
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Fig. 3. Evolution of the PEF in the Brazilian energy matrix context from 2010 to 2016.
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PEC method.
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Fig. 5 brings the same assessment based on the TCE method.
Reference and photovoltaic scenarios displayed a similar trend

and close PEF values. Energy related to the coal-based scenario was
once again higher compared to the other scenarios. Photovoltaic
scenario seems to lead to a smaller PEF value because it is based on
continuously evolving technologies, in opposition to the former
ones. All scenarios discard the possibility of overcoming 70% of
electricity from hydro sources and point out the need for diversi-
fication of the Brazilian matrix.

4.7. Emissions

Emission assessment was developed following the same
sequence proposed in Fig. 1.
4.7.1. Motorcycle emissions
Regulated emissions, namely CO, THC and NOx from ICE mo-

torcycles and greenhouse gases emissions were measured by the
indoor dynamometric tests reported by Daemme et al. [15] for four
internal combustion motorcycles (Mc# in Table 1). Results for
greenhouse gas emissions are shown in Fig. 6 along the path
limited by 1e2 in Fig. 1.

CO2 emissions were quite similar for the set of engines Mc1, Mc2
and Mc3, but displayed a higher value for MC4, when fueled with
E22 or E61. Mc4 motorcycle fueled with E61 presented CH4 emis-
sions without statistical differences compared to Mc3 and very
similar when compared to itself fueled with E22.

Regarding N2O emissions, there was a change in the emission
level related to Mc1 and Mc2 that can be explained due to the
presence of a three-way catalytic converter in Mc3 and Mc4
motorcycles.

It is observed a significant reduction in CO and THC in Mc3 and
Mc4 motorcycles equipped with electronic fuel injection and
catalyst compared to Mc1 and Mc2.

The electric motorcycle was considered to by a zero emission
vehicle during its use.
4.7.2. Electrical grid
Emissions of CO2 equivalent due to electricity generation of the

Brazilian electric matrix from the years 2010e2016 [47] are pre-
sented in this section and were used to calculate the emissions of
the electric motorcycle tested previously. The input data for the
electrical matrix composition is the same as in Fig. 3 used for PEF.

The total emissions of the electric motorcycle are presented in g/
km in Table 7:

The first column presents emissions from generation sources
and concerns the path along points 3 to 4 of the electricity chain in
Fig. 1. Emissions from individual sources that compose the electric
matrix were based in the previous study performed by Miranda
[49] where GHG emissions from the life cycle of Brazilian genera-
tion technologies were identified. Total emissions of end-use con-
sumption considered were computed after those data with a 17%
surplus due to transmission and distribution average losses [29],
points 2 to 3 in Fig. 1. In order to account the total emissions from
themotorcycle point of view, the emissions per kWh in the end-use
consumption must be converted to grams per rolled km, using the
conversion factor of 0.0556 kWh/km [15] of the E2W studied. As
shown in Table 7, E2W emissions follow the electric matrix time
fluctuation.
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Fig. 6. Measured emissions for blended gasoline fueled motorcycles.

Table 7
Total equivalent CO2 emissions in the Brazilian energy matrix context from 2010 to
2016 in gCO2eq/kWh.

Electric generation Electric consumption E2W

2010 146.29 176.26 9.80
2011 133.56 160.92 8.95
2012 156.46 188.51 10.48
2013 189.56 228.39 12.70
2014 221.33 266.66 14.83
2015 218.83 263.64 14.66
2016 174.65 210.42 11.70

10.60 10.49 8.28 9.70 11.96 14.13

31.74 31.64 32.84
39.09

20.37
1.4
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Fig. 7. CO2 equivalent emission from fuel production and motorcycle use.
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4.7.3. Liquid fuels
CO2 equivalent emissions for the complete chain in Fig. 1 can be

calculated by combining fuel production and motorcycle end use,
whose separate contribution is presented in Fig. 7.

According to Walter et al. [50], gasoline emissions due to oil
extraction, transport and refinery were estimated as 12.5 kgCO2eq/
GJ, corresponding to points 2 to 4 in the gasoline chain in Fig. 1.
Sugarcane ethanol emissions were restricted to its production,
estimated as 20.47 kgCO2eq/GJ, points 2 to 3 in ethanol chain in
Fig. 1. A weighted average relation was proposed in this paper for
each fuel blend, shown in the second column of appendix A-1.1

Emissions from gasoline and ethanol production and distribu-
tion chainwere added on the top of the measured tailpipe emission
on the dynamometric tests [15]. Conversion data to expand the fuel
production analysis of CO2 equivalent per kWh to CO2 equivalent
per km sent to the atmosphere from the motorcycle's point of view
can be found at the appendices A-1 and A-2.

It should be noted that due to ethanol's renewable character, the
emission of CO2 from its combustion was not considered. This lead
the motorcycles fueled with a greater blend of ethanol to be less
1 Walter et al. [50] values for gasoline and ethanol production emissions were
converted to 45 gCO2eq/kWh and 73.69 gCO2eq/kWh, respectively.
pollutant.

4.7.4. Overall emissions
The estimated emissions in Table 7 and Fig. 7 are presented in

Fig. 8 as a historical analysis of the overall emissions of each
motorcycle.

Mc4 fed with E100 competes with EE1 for the 2014 and 2015
period because there was a lower share of hydroelectric plants in
the electric matrix, and therefore resorting to more pollutant en-
ergy sources. Battery emissions were not accounted in the present
work, it is fair to admit that EE1 curve would actually step up and
decrease its attractiveness in respect to Mc4 fed with E100. It is
worth noticing that the electric motorcycle displayed lower energy
consumption and equivalent CO2 emissions when compared to the
set of tested vehicles.

5. Conclusion

This article provided an analysis of the energy efficiency of
motorcycles driven by different fuels, by assessing the Brazilian
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Fuel Emission factor [gCO2/kWh] Lower Heat Value [kJ/kg] Density [kg/L]

E22 51.32 24,940 0.8098
E61 62.50 32,615 0.7765
E100 73.69 39,054 0.7430

Motorcycle Fuel economy [km/L]

MC1 (E22) 39.0
MC2 (E22) 39.4
MC3 (E22) 49.9
MC4 (E22) 42.6
MC4 (E61) 36.7
MC4 (E100) 29.2
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energy chain for electricity and liquid fuels, starting from the
motorcycle use to finish all the way up to primary source conver-
sion. Along this chain it was evaluated energy losses and GHG
emissions for the motorcycles tested previously.

Results from dynamometric essays of electric and internal
combustion engines motorcycles pointed out a large advantage in
energy consumption for electric driven vehicles, but without
considering a more comprehensive analysis. Essays showed 47.06%
efficiency for electric driven motorcycles and 15.32% in average for
liquid fueled engines vehicles, a 3 to 1 ratio in energy conversion
efficiency.

A preliminary discussion on existing methodologies was
addressed and showed that the bottom-up methodology was the
most suited for the present case, with the Primary Energy Factor
PEF as assessment parameter. Direct energy losses were estimated
to every step throughout the energy pathway, concerning elec-
tricity, gasoline and ethanol.

PEF for electric driven motorcycles was found to be 3.1 and 3.9,
whenever calculated by the Physical Energy Content PEC or the
Technical Conversion Efficiencies Method TCE. The average PEF for
liquid fueled motorcycles was found to be 7.1, and the ratio of 2 to 1
in favor of electric driven engines. Results showed that electric
driven motorcycles are still more energy efficient for the Brazilian
matrix, but a sensitive reduction was found whenever a more
comprehensive approach was used to assess the fuel chain.

The Mc4 presented a higher PEF than the EE1. However, from an
environmental point of view, the Mc4 fueled with E100 can be an
interesting alternative. In 2014 and 2015, the electric motorcycle
presented higher emissions due to the lower share of hydroelec-
tricity and consequently the higher insertion of fossil sources. In
these years, the Mc4 fueled with E100 and the e-motorcycle have
very competitive emissions.

The case study showed that electric driven motorcycles are a
viable option in the Brazilian scenario, but it's worth to notice that
results are only valid within the specific period and the tested
motorcycles. It's though recommend to take into account different
scenarios, motorcycles and their test conditions.
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