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Renewable fuels and fuel-optimized engines play a key role in the time- and cost-effective decarbonization of
current mobility. The present work introduces a state-of-the-art mathematical model that allows for the first time
an accurate estimation of fuel consumption in flex-fuel vehicle engines by considering the impact of the most
significant fuel properties exclusively. These engines are optimized to a higher concentration of non-drop-in fuels
such as E85. Based on the literature data, a matrix was built with fuel properties as multiple independent var-
iables and fuel consumption as a response variable. A multilinear regression with quantitative analysis was
applied to develop a fuel consumption model for FFVs. The most significant fuel properties turned out to be
octane sensitivity, vapor pressure, lower heating value, and density. All properties in the final model have a
unique and important impact on fuel consumption, secured by extremely low p-values (P < 1 %). The model
reached very high accuracy represented by R-Square of 0.994, which turned into 1.41 % of the average absolute
error in internal validation and only 1.9 % in external validation. The present study shows that in all alternative
fuel cases, flex-fuel vehicles performed with better fuel economy than standard spark-ignition light-duty vehicles.
Moreover, high concentration alcohol blends reduce energy consumption as well as tank-to-wheel CO, emissions
despite their higher fuel consumption. The developed model can be applied to fuel consumption estimations in
FFVs from single chemical compounds to commercial fuel products including new fuel blends.

1. Introduction emissions. This could be further split into road passenger transport

(including cars, motorcycles, buses, and taxis) 3.7 Gt and road freight

Transport grows dynamically, in 2018, the sector’s energy con-
sumption of about 2.8 Gtoe [1] was mainly relying on fossil fuels (over
95 % [2]) which corresponded to emissions of about 8.2 Gt of CO5 ac-
counting for 24.6 % of total world CO; emissions [1]. The road mode
covers 74.5 % of transport emissions which translates to 6.1 Gt of CO5

(trucks and lorries) 2.4 Gt of CO, emissions [3]. Therefore, road pas-
senger transportation accounts for 45.1 % of transport emissions and
11.1 % of world energy sector emissions (33.5 Gt of COy) [1].
Currently, there are around 1.4 billion vehicles on roads worldwide
[4,5], where in Europe there are around 268 million passenger cars
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(10.8 years lifetime), 33.2 million vans (10.9 years lifetime), 6.6 million
trucks (12.4 years lifetime) and around 770 thousand buses (11.4 years
lifetime) [6]. Light-duty vehicles (cars and vans) constitute the vast
majority of the market (over 97 %), and when it comes to the share of
powertrains in Europe there were around 3.3 million electric vehicles
(EV) in use in 2020, which accounts for 1.12 % of European LDV fleet,
whereas remaining 98.88 % are internal combustion engine vehicles
(ICEVs) [7]. Global light-duty vehicle sales are expected to maintain
levels of over 80 million vehicles annually with an increasing tendency
toward 90 million in 2025[8]. In 2025 it is predicted that 84 % of global
vehicle sales will be ICEVs whereas EVs will account for the remaining
16 % [9]. Taking into the account lifetime of LDVs, and continuous sales
of new ICEVs, in 2040 there will be around 1.2 billion ICEVs on the roads
worldwide [10]. To meet the global climate targets the production of
renewable fuels has to increase dramatically. In 2018, road trans-
portation utilized 2Gtoe of crude oil, which is nearly half of the world’s
final consumption of crude oil including all sectors [11]. The electricity
use in transport was equivalent to 33.5 Mtoe [11], whereas the use of
renewable fuels to 88.4 Mtoe [12]. When comparing those figures, it
could be noticed that the magnitude of the decarbonization challenge of
road transportation is so high that all sustainable solutions are needed in
very high quantities to tackle climate change.

Currently, the majority of commercial renewable fuels are produced
from biomass, which according to M. F. Demirbas et al. could be
considered as the best option in sustainable energy development with
the large potential for securing the fuel supply in the future [13]. Recent
studies show that renewable fuels have a very low well-to-wheel (WTW)
and cradle-to-grave (C2G) environmental impact, which in some cases is
significantly lower compared to EVs [14,15]. Another important aspect
is that renewable fuels bring very efficient and immediate decarbon-
ization, especially when speaking of drop-in fuels that do not require
new powertrains or refueling infrastructure. Good examples are
hydrotreated vegetable oil (HVO) known also as renewable diesel or
renewable gasoline that could be used respectively in the existing fleet of
compression ignition and spark ignition engines. Although renewable
fuels are very often more expensive in production compared to their
fossil counterparts [16], they have a great potential to reduce not only
carbon dioxide emissions, but also regulated and unregulated emissions
[17,18,19]. In that respect, renewable fuels can reduce the costs of
exhaust after-treatment systems, where an extreme example is modern
hydrogen dedicated internal combustion engine, which eliminates the
vast majority of exhaust emissions while keeping NOx emissions at very
low levels [20].

An alternative to drop-in solutions, Flex-Fuel Vehicles (FFV) allow
the use of non- drop-in renewable fuels in high concentrations such as
ethanol in 85 % known also as E85. In Brazil, even neat ethanol (E100) is
available for FFVs, D. R. Cassiano et al. investigated the end-use per-
formance and emissions of E27 and E100 fuels in FFV during real traffic
conditions in Fortaleza city located in Brazil [21]. Such high-
concentration ethanol blends could be safely utilized in Flex-Fuel en-
gines thanks to the number of technical advantages over regular SI en-
gines. Ethanol attracts water which might accelerate the corrosion of
materials [22], this is why in FFVs ethanol compatible materials are
utilized in fuel tanks, fuel pumps, fuel injection systems, and other en-
gine components. Additionally, fuel pumps and injectors of FFVs are
designed to operate at higher flows due to the lower calorific content of
ethanol. Another aspects of high ethanol blends are related to cold start
issues which in modern FFVs are resolved by advanced injection stra-
tegies [23]. The technological advancements of FFVs lead to a signifi-
cant increase in energy conversion efficiency as well as to the reduction
of greenhouse gas emissions [24]. In practice, the Engine Management
System (EMS) of FFVs receives the signals from the lambda sensor as
well as from the sensor of ethanol concentration in the fuel tank. Based
on that data, EMS adjusts engine operating parameters including
boosting pressure, injection timing and quantity, ignition timing, intake
and exhaust flow handling systems, and Exhaust Gas Recirculation

Energy Conversion and Management 269 (2022) 116080

(EGR) system [23]. Such optimizations allow FFVs to utilize more effi-
ciently high ethanol content fuels (e.g. better resistance for knocking
combustion) compared to regular gasoline-calibrated SI engines. FFVs
become an even more attractive option when considering the
manufacturing cost of their engines, which is only 180 EUR higher
compared to the production cost of 2265 EUR for modern downsized
Gasoline Direct Injection (GDI) SI LDV engine [25]. FFVs have been
produced since the 1990s and it is estimated that by 2018 around 60
million FFVs were manufactured [26], this accounts for around 4.29 %
of the on-road vehicle fleet. Around half of the FFV fleet is concentrated
in Brazil (30.5 million LDVs). The second major market is the US with 21
million registered FFVs, subsequently Canada with 1.6 million, and
Europe with around 250 thousand vehicles (led by Sweden). In 2022,
FFVs are continuously produced by manufacturers, however, their
market share and penetration remain low. When looking at the devel-
opment trends of FFVs, G. Azhaganathan, and A. Bragadeshwaran
classified them into six generations (produced from 2003, 2006, 2008,
2009, 2013, and 2019) [23]. In general, progressively with FFV gener-
ations, higher ranges of compression ratios were introduced along with
improvements in engine power and torque. Cold start issues were
resolved by first auxiliary gasoline injection, then electrical heaters, and
finally through advanced injection strategies.

The future development trends are oriented toward hybrid solutions
combining Flex-Fuel Engine (FFE) with electrical motors and batteries,
that will increase further the energy efficiency of the modern hybrid
FFVs [27]. Bridging renewable fuels with hybrid powertrains in the FFVs
both with batteries but also with hydraulics allows harnessing the ki-
netic energy of the vehicle while braking, which in consequence im-
proves the fuel economy significantly [28]. When it comes to batteries,
O. Andersson et al. [29] investigated the Life Cycle Assessment (LCA) of
electrified vehicles with renewable fuels, and showed that such power-
train/fuel combinations can provide a substantial reduction of CO»
emissions, reaching levels well below the fully electrified vehicles both
in the current scenario (2020) as well as distant future (2050), even
despite very high share of sustainable electricity in the grid. The case is
similar with hydraulic hybrid vehicles (HHV), T. P. Barbosa et al. proved
that HHV has a potential of reducing up to 47.2 % the CO, emissions,
and 20.7 % NOy emissions levels in the real-world driving cycles [30].
Additional engine optimizations such as operation under lean burn
conditions can further reduce NO, emissions [31]. The reduction of NO,
emissions, as well as lower CO emissions with the growing percentage of
ethanol in blends with gasoline, was observed by C. Dardiotis et al. in
two FFVs over various driving cycles [32]. Moreover, alcohol fuels such
as methanol, ethanol and butanol increase thermal efficiency, reduce
total hydrocarbon (THC) and NO, emissions in the dual-fuel engines as
observed by Z. Chen et al. [33].

Fuel-dedicated engines can increase energy conversion efficiency to
much higher levels compared with FFVs and regular SI engines. A.
Boretti presented an optimized direct injection (DI) turbocharged engine
with a compression ratio (CR) of 13:1 powered by pure ethanol (E100)
that used 43 % less fuel energy when compared to regular SI engines
[34]. Moreover, for low knocking tendency fuels, the CR of dedicated
engines could be increased much further, which in turn will lead to
additional strong improvements in fuel economy and heavy reduction of
CO emissions. Such a case was investigated by X. Zhen et al. in a study
where knocking of methanol was tested in an SI engine of 17.5 CR [35].

1.1. Current fuel consumption models for light-duty vehicles

The vehicle engine performance represented by Fuel Consumption
(FC) or GHG emissions, could be influenced by many factors. Generally,
the FC influencing parameters could be divided into external factors
such as driving route, roadway characteristics, traffic type, and in-
tensity, weather, etc. and internal factors related to the engine of the
vehicle (powertrain), fuels [36] and additives [37,38]. In the extensive
study of M. Zhou et al. existing vehicle FC predicting models are
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summarized [39].

When it comes to external factors, K. Ahn et al. modeled the effect of
route choice on FC and demonstrated that the choice of a faster highway
route is not always the best in terms of FC and GHG emissions [40].
Besides fuel economy, H. C. Frey showed that the choice of route and its
duration affects significantly local emissions [41]. The effect of travel
route on FC was also investigated and modeled by K. Boriboonsomsin
et al. [42], M. Barth et al. [43] and B. Luin et al. [44]. Furthermore, the
type of roadway (road gradient such as up-down slopes) has a great
impact on fuel economy. M. A. S. Kamal et al. developed a nonlinear
model for economical vehicle drive based on road gradient conditions
obtained from digital road maps, which led to significant fuel savings
[45]. Additionally, the effect of road slope, driving behavior, as well as
vehicle load (passengers) on FC and GHG emissions was assessed and
quantified by S. Carrese et al. [46]. The next factor affecting the FC of
vehicles is the traffic. D. Biggs et al. developed the detailed fuel con-
sumption model called ARFCOM, which can estimate the FC from cars to
40-tonne trucks, dependent on traffic-related variables [47]. Modeling
the vehicle fuel consumption based on traffic variables was also per-
formed by J. Kropiwnicki [48] and S. Woiz et al. [49]. Whereas, Y.T.
Zhang et al. developed a fuel consumption model for hybrid vehicles
based on operation of ICE, electric machine (EM) and battery [50].

The influence of traffic lights on fuel consumption and GHG emis-
sions were modeled and simulated by T. Tielert et al. [51] and B. Asadi
et al. [52]. When it comes to the interaction between the driver and
traffic lights, M. Sanchez et al. presented that there are possibilities of
25 % savings in fuel consumption within the range of urban areas [53].
Driving pattern factors such as acceleration, deceleration, stops, speed
oscillations, gear shifting, etc. clearly influence both FC and GHG
emissions of LDVs as examined by E. Ericsson [54]. The impact of
driving patterns on vehicle fuel consumption was modeled by X. Zhou
et al. [55]. The effects of driving aggressiveness on vehicle performance
were studied by I. M. Berry [56], while J. Van Mierlo et al. highlighted
that technical solutions and educational programs are possible measures
to reduce the influence of driving style on emissions and fuel con-
sumption. Additionally, the importance of effective traffic management
in congested areas was highlighted by S. Zhang et al. [57] in the study
where fleet-total fuel consumption and CO, emissions were modeled for
Macao registered vehicles.

Proceeding with significant factors, weather conditions influence the
FC and GHG emissions of LDVs, M. Rahimi-Gorji et al. applied a
multilayer perceptron (MLP) artificial neural network (ANN) and
regression technique to develop two mathematical models showing the
impact of air pressure, temperature and humidity on brake specific fuel
consumption (BSFC) of the LDV engine [58]. It is important to note that
climate conditions shift also travel modes in traffic and affect activity
levels as presented by S. Saneinejad et al. [59]. One of the most
important internal factors affecting the vehicle FC is related to the en-
gine, J. Yanowitz et al. studied the FC and GHG emissions of 6 FFVs of
different production years (different millage), displacements, CR, with
direct and port injection of the fuel. All vehicles were powered by both
E10 and E40, the results show clearly that both engine itself and the type
of fuel have a great impact on fuel economy [60].

When the engine and fuel are constant, engine operating conditions
influence the FC. LDV engines are not operating at the one steady-state
(SS) point of load and speed (as in the case of marine engines), but
combine a large number of SS points and transient conditions. Optimi-
zation of engine-fuel maps is therefore essential to improve FC and GHG
emissions [61,62]. An analytic model for fuel consumption estimations
based on powertrain variables over vehicle cruising and accelerating
conditions was developed by M. Ben-Chaim [63]. R Joumard et al.
developed a model for FC and emissions estimation during urban driving
as a function of the vehicle type and its instantaneous speed and ac-
celeration [64]. Similar studies and modeling work was performed by I.
El-Shawarby et al. [65], whereas S. Park et al. developed the FC and
GHG emission model for not only LDVs, but also HDVs [66].
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Besides the powertrain effects, fuel type plays a very important role
when thinking of the end-use performance. Standard fossil fuels have
their regulated norms such as EN228 for European market gasoline,
therefore their FC is very similar. Currently, while the sustainable en-
ergy transition gains momentum, the importance and role of alternative
fuels are dynamically rising. Such fuels differ in their chemical compo-
sition when compared to standard fossil EN-228 gasoline, which in
consequence affects also fuel properties [67,68]. Different fuel proper-
ties translate into variations in fuel consumption [69], which for the
standard fleet of spark-ignition and compression ignition engines was
modeled by Y. Kroyan, et al. [70]. A similar methodology was applied by
M. Wojcieszyk et al. in the development of the FC model for marine
engines [71].

Taking into consideration the lack of a model for end-use analysis of
alternative fuel properties in the fleet of SI engines optimized more to-
wards renewable fuels than regular SI-LDVs as well as the high impor-
tance of co-optimization of fuels and engines to explore better the
potential of alternative fuels in achieving higher performance, reduce
the energy consumption and lower the environmental impact [72]. The
present work aims to contribute to that niche by developing a state-of-
the-art mathematical model that will allow for the first time accurate
estimations of fuel consumption in FFV engines based on alternative fuel
properties exclusively.

1.2. Outline of the novelty

As it was presented in the previous chapter, there is no mathematical
model available in the literature that represents the direct impact of fuel
properties on fuel consumption in FFV engines. The current work de-
velops and introduces an accurate mathematical model that will allow
fast and cost-free estimations of fuel consumption in FFV engines for all
kinds of liquid fuels from single chemical compounds to ready fuel
products (consisting of thousands of molecules).

The outline of the present work is as follows:

Section 3.1: Analyzes the collected data from published experimental
campaigns of alternative fuels, their properties and performance in
FFV engines.

Section 3.2: Introduces a state-of-the-art mathematical model called
FFV- FC that allows for the first time accurate estimations of FC in
FFV engines using solely fuel properties. Additionally, based on the
developed database, it shows which fuel properties are the most
significant for the performance in FFV engines.

Section 3.3: Explores the performance differences between FFVs and
regular SI-LDVs when operating on alternative fuels.

Section 3.4: Applies the FFV-FC model to simulate the end-use per-
formance metrics for top gasoline blendstocks. This section discovers
attractive blending ratios of alternative fuels with regular gasoline,
leading to improved energy consumption and reduced CO,
emissions.

2. Methodology

The objective of this work is to develop a mathematical model that
will accurately link the collective impact of the most significant fuel
properties of alternative fuels with their end-use performance in opti-
mized spark-ignition engines of LDVs such as flex-fuel vehicles (FFV).
The target model should represent the impacts from the end-user
perspective, apply to the entire fleet of SI FFVs and work well for all
kinds of fuels, including single chemical compounds, refinery streams,
and ready fuel products. The careful selection of a proper methodology
is a key part to meet such objectives.

2.1. Selection of the approach

Engine performance represented by fuel consumption could be
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experimentally measured during the Steady-State Operation (SSO) of
the engine or Driving Cycles (DC). The main difference is that during
SSO tests the performance is defined for a single point of engine speed
and load at a time. In SSO there are no transient engine operation
conditions, which are essential when speaking of real-life use of vehi-
cles. On contrary, DC such as Worldwide Harmonised Light Vehicles Test
Procedure (WLTP), New European Driving Cycle (NEDC), or the US
Environmental Protection Agency (EPA) Federal Test Procedure (FTP)
include a significant part of the engine speed and load points together
with transient con- ditions. Therefore, when the target is the represen-
tation of fuel effects from an end-use perspective, the driving cycles
approach is significantly more suitable. Y. Kroyan et al. [70] proved that
by comparing the SSO measurement data from various sources, the SSO
results were lacking any visible trends. Hence, the driving cycles
approach is selected in the present work for further analysis.

Driving cycles are standardized procedures that aim to measure the

Fuel
properties
A

Fuel
blending
A

Alternative |
fuel '

New blend

Gasoline

Black-Box

Multilinear regression

Energy Conversion and Management 269 (2022) 116080

vehicle engine performance (fuel consumption) and/or tailpipe emis-
sions in an accurate, repetitive, and comparative way. They include a
series of data points that represent the speed of a vehicle versus time,
which is called a velocity profile, and each driving cycle has its type of
velocity profile. As mentioned before, driving cycles include a large
number of steady-state points as well as transient conditions. The final
result of DC is one average number of for example FC per entire driving
cycle expressed in L/100 km that describes well the end-use perfor-
mance. In that sense, the DC approach is much more attractive when
comparing FC of various alternative fuels, as DC produces much clearer
trends when comparing the data from different origins. When it comes to
FFVs the vast majority of DC data available in the literature are related
to the NEDC or FTP-75 driving cycles. Fig. 1 represents the velocity
profile of the NEDC driving cycle, whereas Fig. 2 shows the speed/time
data for FTP-75.

The NEDC cycle consists of Urban Driving Cycle (UDC) and The
Extra-Urban Driving Cycle (EUDC). UDC known also as ECE-15 was
introduced in 1970, and is intended to reflect driving in the busy Eu-
ropean cities (low engine load, and maximum speed of 50 km/h) [73].
Whereas, EUDC introduced in 1990 represents high-way driving, char-
acterized by high speeds (max. 120 km/h, and for low power vehicles
max. speed 90 km/h) [74]. The entire NEDC includes 4 UDC phases
(from 0 s to 780 s) and 1 EUDC (from 780 s to 1180 s). The FTP-75 cycle
consists of a cold start transient phase with an ambient temperature of
20-30 °C from 0 to 505 s, stabilized phase from 506 s to 1372 s, and a hot
start transient phase from 1372 s to 1877 s. However, after the stabilized
phase, the engine is turned off for around 10 min (min 540 s, max 660 s).
That period is known as a hot soak, and right after it, the hot start
transient phase begins. The FTP-75 cycle is presented in the Fig. 2.

When comparing the NEDC to FTP-75, it could be noticed that NEDC
tests are usually performed in cold start conditions, whereas FTP-75
investigates both cold and hot start. The duration of NEDC (the 1180
s) is shorter than FTP-75 (1877 s), also the distance driven in NEDC
(11.03 km) is 6.74 km shorter compared to FTP- 75 (17.77 km). Average
velocities are similar, for NEDC 33.6 km/h and FTP-75 34.12 km/h,
whereas the maximal velocity of NEDC 120 km/h is higher than that of
FTP-75 91.25 km/h.

2.2. Data

The FC driving cycle data for various alternative fuels tested in FFVs
are coming from 13 different sources marked in the paper as: A [75], B
[60],C[76],D[77],E[78],F [32],G [79],H[80],1[81],J[82],K[83],
L [84], M [85]. All sources include empirical data, where measurements
were taken while running driving cycles using real vehicles (no simu-
lation data involved). Based on inputs the database of 85 observations of

Modeling
procedure
A

Engine GHG
performance emissions
A A

CO2

Input-Output

Fig. 3. The research problem - letters” y,{,n, u” represent fuel properties such as RON, MON, density, viscosity, calorific content, etc. The fuel consumption (FC)
relative to standard gasoline is estimated based on the FFV-FC model that uses fuel properties as inputs. The carbon dioxide emissions are subsequently calculated

based on the carbon content of the fuel and results of FC.
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FC for various fuels was constructed. The FTP-75 driving cycle was
performed in 7 sources (A, B, C, D, I, J, K, and L), whereas the NEDC in 5
sources (E, F, G, H, and M). When it comes to differences in terms of
relative changes of fuel consumption when using the same fuels but
different driving cycles, A. Olmos et al. [86] showed in the case of E22
and E100 that those relative differences of FC when comparing FTP-75
with NEDC are negligible. Therefore, FTP-75 and NEDC results could be
compared to each other. Information about FFVs and their engines used
in each source for alternative fuel testing is provided in the Appendix A.

2.3. Model development and validation

Alternative fuels such as methanol or ethanol differ in their fuel
properties from standard EN228 gasoline. The same applies to blends of
renewable fuels with gasoline, the new blend will differ in its fuel
properties compared to the base fossil counterpart. The difference in fuel
properties is reflected subsequently in the engine performance measures
including FC and CO2 emissions. The Fig. 3 visualizes the research
problem where fuel properties such as Research Octane Number (RON),
Motor Octane Number (MON), density, viscosity, calorific content, etc.
are represented by letters” y,{,n,u”. The target of this work is to develop
a model that will find the direct relationship between fuel properties and
fuel consumption in FFVs.

Many individual fuel properties influence the FC to a certain degree.
In the modeling procedure, all fuel properties are taken in as Indepen-
dent Variables (IV). As the modeling problem includes multiple IVs (fuel
properties) and a single dependent variable (fuel consumption), multi-
linear regression (MLR) was selected for the development of the
model. As fuel properties are interrelated and affect the performance of
engines collectively, the modeling procedure incorporates quantitative
analysis, to find the ultimate combination of the most significant fuel
properties, where each of them has its unique influence on FC. Addi-
tionally, all variables (input and output) are represented as percentage
changes relative to standard fossil gasoline. This step allows to better
observe trends based on data coming from various sources (different
FFVs, fuels, measurement equipment, etc.). Additionally, the relative
changes approach makes the final model more universal and applicable,
as when such changes are known they could be easily calculated and
extrapolated to all kinds of FFV engines. The following equation (1)
represents the function of the step-wise Best Multiple Linear Regression
(BMLR) that was applied in the modeling part.

YO =0 () By + ot @, (%) B, + €(x) M

where y - dependent variable, x - independent variable, ¢;(x) - explan-
atory variable, ; parameter of explanatory variable, &(x) - error.
Referring to Fig. 3, the Equation (1) could be expressed as follows:

a= a,v(Xz) + a:{(Xz) + ayn(Xe) + ay-p(Xz) (2)

where a - relative change of fuel consumption [% change in reference to
1/km], Xg - The volumetric concentration of the alternative fuel in the
blend with standard gasoline, y(Xz),{(Xr), n(Xr), #(Xr)- relative change
of fuel property y, {, 7, u [% change relative to standard gasoline], a, ¢, -
coefficients of property y,{,n, u.

As mentioned before, all variables are represented as changes rela-
tive to standard gasoline (expressed in %), and they are calculated in the
following way:

r(Xz) = (rr — 76)/76-100% 3)

where y(Xg)- the value of specific fuel property [y] for alternative fuel
blend dependent on the concentration of alternative fuel [Xz], y; - value
of specific fuel property [y] for standard gasoline, y, - value of specific
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fuel property [y] for neat alternative fuel.
The least-squares method is used to approximate the solution during
the regression analysis in the modeling stage [87] - Equation (4).

N

Jo = Zez = Z(y(x) *@T(x)'g) C)]

x=1

where Jj - least-squares objective function.

The modeling which includes quantitative analysis aims to ensure
the statistical significance of all independent variables. It means that
their p-values have to be lower than the significance level of 5 % (P-
value < 0.05) in the final model while achieving the highest possible R-
Square. The p-value is a data-based measure that oscillates between
0 and 1 and represents the probability of observing the results outside
the range of statistical significance. In practice, the lower p-value the
less interrelated is given independent variable from other variables that
co-exist in the model. Low p-values ensure that each variable has its
unique and particularly important impact, which in consequence leads
to more accurate and stronger models. The p-value is calculated based
on the t-value (result of the Student’s t-test - statistical hypothesis test)
and probability density function (PDF). More details about the p-value
calculation are described by Y. Kroyan et al. [70]. The step-wise BMLR
method has an iterative approach where IV is added or removed after
each iteration. The modeling begins with no variables in the model, then
each possible variable is being added to the model, and the respective p-
value calculated (statistical significance testing). In case the variable has
a p-value greater than 0.05 (5 %) it is rejected from the model, however,
when the p-value remains below 0.05 level that variable stays in the
model. The process is continued and repeated for each possible IV until
all variables are tested and the model is completed. This specific itera-
tion is known as forward stepwise regression, where the final model
reaches the highest possible R-square while including the most signifi-
cant independent variables. The coefficient of determination (R-square)
and standard error control the accuracy during the modeling.

There are three options to evaluate carbon dioxide emissions of any
fuel-powertrain combination: Tank-To-Wheel (TTW), Well-To-Wheel
(WTW), and Cradle-To-Grave (CTG). TTW CO- emissions take into
consideration only tailpipe (exhaust) emissions, without considering the
environmental impact related to feedstock production, conversion into
fuel, and logistics involved in the process. Meanwhile, the WTW
approach counts carbon dioxide emissions from feedstock to tailpipe, by
taking into account all the steps mentioned above. However, the most
robust approach is known as Cradle-To-Grave (CTG) which besides
including all the assessments of the WTW part, it counts also carbon-
dioxide emissions involved with the production and recycling of the
vehicle and powertrain.

Once the fuel consumption model for FFV is completed, it is used to
calculate the TTW carbon dioxide CO5 emission. For that purpose, the
outputs of the FC model are utilized together with density, the carbon
content in the fuel, and the coefficient (44.01/12.0107) which repre-
sents the molar mass relation between carbon dioxide and carbon.
Equation (5) represents the calculation methodology:
o= w3500 ®
where 6 - CO, emissions [g/km], asps - absolute value of fuel con-
sumption [I/km], p - density of the fuel [g/dm3], 2 - mass-based carbon
content in the fuel [%], 44.01/12.0107 - molar mass ratio between
carbon dioxide (44.01 g/mol) and carbon (12.0107 g/mol).

The mass-based concentration of carbon in gasoline can be calcu-
lated in the following way:
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Fig. 4. The end-use performance results for alternative fuels relative to standard gasoline. Chart based on the data sources specified in Section 2.2.

Table 1

Average end-use performance measures (EC, FCvol, FCmass, tailpipe or TTW CO, emissions) of alternative fuel blends tested in data sources (A [75], B [60], C [76], D

[77], E [78], F [32], G [79], H [80], I [81], J [82], K [83], L [84], M [85]).

Alternative fuels Symbol Nr of observations EC Average values of FCvol FCmass Co2 Data from sources
E10 8 0.1 3.0 3.6 0.2 D,G H KL G
E20 2 -1.7 4.4 5.9 -1.2 K, L
E30 3 —-2.4 8.8 10.5 —-2.8 D,G K
Ethanol E40 7 -1.2 10.4 13.1 -0.8 B, K
E50 3 —6.3 14.5 16.8 —-5.5 A K L
E70 9 -1.0 28.0 34.9 —-2.5 B,H
E85 14 -4.3 33.6 40.9 —-5.4 AE,F,GHILJKLM
Methanol M85 2 -7.7 59.3 68.4 —-13.3 G I
M56 1 2.7 35.1 41.4 -3.5 M
iBu55 1 -2.7 1.7 7.7 -3.9 A
Isobutanol iBul4 1 -3.7 -1.8 0.9 —-2.5 G
iBu21 1 -3.8 0.9 2.5 -3.0 G
Nbutanol nBul5 1 -0.1 1.8 5.0 1.2 G
Ethyl tert-butyl ether ETBE7 1 -0.5 1.8 4.5 1.1 G
Renewable component R14 1 -1.7 -1.8 -1.2 -1.1 G
iBu + ETBE20 1 -3.0 3.5 5.5 —-2.4 G
R + E22 1 -3.4 0.0 1.8 -1.5 G
Binary blends R + iBu29 1 -3.4 0.0 1.2 -1.1 G
R + ETBE21 1 -1.9 0.9 3.1 -0.9 G
E + ETBE19 1 -5.1 5.3 7.7 —4.7 G
Tertiary blends G37 + E21 + M42 1 -1.7 36.4 43.5 —2.6 M
G40 + E10 + M50 1 -0.5 38.8 45.7 —-1.4 M
2= (X-zg-pr + (1 = X)-z6-pg)/p (6) The final model is validated against the internal data (used for

where X - volumetric fraction (concentration) of alternative fuel [%], pg
- density of neat alternative fuel [g/dm®], pg - density of neat gasoline
[g/dm3], zg - carbon content in alternative fuel [%], 2z - carbon content
in gasoline [%].

The energy consumption (EC) is calculated on a basis of FC and
calorific content:

)

€ = aaps-LHV sps

where ¢ represents the energy consumption in [MJ/km] and LHV 55 is a
lower heating value of a given fuel expressed in [MJ/L].

modeling) as well as external data coming from multiple sources that
were not taken into the modeling process.

3. Results and discussion

This section focuses on the results of the current work, with special
attention to:

1. Analysis of the FFV performance data represented by volumetric and
mass- based fuel consumption, energy consumption, and CO,
emissions.
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Fig. 5. The change of fuel properties against the change of fuel consumption in FFVs.

Table 2

Modeling results, the most important fuel properties for FCvol in FFV engines are
LHVvol, S, Density and VP (P-values much bellow 1% in all cases). The FFV-FC
model has very high accuracy represented by the R-Square of 0.994.

Variable Coefficient Std. Error T-value P-value
LHVvol —1.653 0.064 —25.842 0.000
S —0.061 0.014 —4.470 0.000
Density -1.575 0.285 —5.528 0.000
VP —-0.079 0.023 —-3.467 0.001
R-Square 0.994

2. Presentation of the developed model for fuel end-use analysis in FFVs
as well as its internal and external validation.

Simulation of the fuel consumption in FFvs vs regular spark-ignition
engine vehicles for various renewable fuels. The analysis and dis-
cussion about the performance benefits in fuel-optimized engines in
comparison to regular SI engines designed for standard fossil
gasoline.

3.

3.1. The FFV performance data

Based on 13 independent sources 85 rows of data were collected, 65
rows of data (about 76 %) coming from 9 sources were used for model
development, whereas 20 rows (about 24 %) of data from 4 sources for
external validation of the model. Different alcohol-based alternative
fuels were tested, such as ethanol, methanol, isobutanol, n-butanol, and
ethyl tert-butyl ether (ETBE) in various concentrations with standard
gasoline as well as combinations of their binary and tertiary blends. All
fuels were tested in FFVs produced from the year 1993 up to 2017, in
engines with displacements ranging from 1.6 to 5.71 (4-8 cylinders),
power oscillating between 92-381HP (148-544Nm torque), compression
ratios from 9.0:1 to 11.7:1, both with port- and direct- injection of the
fuel, as well as naturally aspired and turbocharged. Therefore, the data
that were collected represent a wide range of FFV engine types, more
details can be found in the Appendix A.

The end-use performance data of tested alternative fuels are plotted
as volumetric and mass-based fuel consumption (FCvol and FCmass),
energy consumption (EC), and CO; emissions in the Fig. 4. The dataset
contains 62 tests of alternative fuels and 23 runs with standard gasoline.
The most commonly tested fuel in the dataset was ethanol in
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concentrations ranging from 10 % (E10) to 85 % (E85) with gasoline. It
could be noticed that with the growing concentration of ethanol the fuel
consumption notably increases compared to gasoline, reaching on
average 33.6 % higher FCvol and 40.9 % higher FCmass for E85. The
reason for such difference in FC is the calorific content LHV of ethanol
(21.1 MJ/L or 26.7 MJ/kg) which is significantly lower compared to
gasoline (about 32 MJ/L or 43 MJ/kg). However, despite the higher FC,
ethanol blends provide better energy conversion efficiency (partially
because of the higher RON), which is reflected in the 4,3% lower EC of
the E85 blend. All other ethanol blends have lower EC compared to their
fossil counterpart as well. Because of ethanol’s significantly lower car-
bon content compared to gasoline, tank-to-wheel (TTW) CO; emissions
of ethanol blends are also lower, even despite their much higher fuel
consumption. In the case of E85 CO, emissions are 5.4 % lower.

Methanol blends reach even further with the reductions of EC and
CO, showing values respectively 7.7 % and 13.3 % lower for M85
compared to gasoline. On the other hand, methanol has even lower LHV
(15.8 MJ/L or 19.9 MJ/kg) than ethanol, which translates into an
average of 59,3% higher FCvol and 68.4 % higher FC- mass. Among
tested alcohols, butanol has the highest calorific content LHV (27.9 MJ/
L or 34.4 MJ/kg) which yielded lower differences in FC compared to
lighter alcohols, while decreasing both EC and TTW CO;, emissions.
Ether ETBE in a concentration of 7 % with Gasoline performs similar to
neat gasoline, just with negligibly higher FCvol and CO, emissions, in
both cases, the changes are bellow 2 %.

In source G [79] unknown renewable component (R) was tested in
14 % blend with gasoline and binary blends (no gasoline involved) with
22 % ethanol, 21 % ETBE, and 29 % isobutanol. Based on results, it could
be noticed that blending of 14 % R improved negligibly end-use per-
formance measures, and in binary blends with isobutanol and ETBE,
values are close to gasoline. An only binary blend of R with 29 % iBu
achieves 3.4 % better EC. In other binary blends (iBu + ETBE20 and E +
ETBE19) as well as tertiary blends (G37 + E21 + M42 and G40 + E10 +
M50) the end-use relations are similar to classical alcohol blends,
meaning higher FC measures while lower EC and TTW CO,. Average
values of the end-use performance measures are summarized in the
Table 1.

The Fig. 5 represents the change of single fuel properties against the
change of FCvol. The figure was built based on fuel properties and FCvol
reported in data sources. When thinking of the energy content of the
fuel, which is essential in energy conversion processes, the higher the
energy content (both LHVvol and LHVmass), the lower fuel consumption
should be. That relation could be easily observed in the Fig. 5. It could be
also noticed that the lower the carbon content and the higher the oxygen
content the higher the fuel consumption. However, low reactivity (high
RON, and MON) and high-density fuels that were tested are in the vast
majority alcohols that also have lower calorific content compared to
gasoline. That affects and makes it difficult to observe the specific
impact of RON, MON, S, and density separately. As fuel properties are
interrelated, it is extremely difficult to draw conclusions when looking
at each fuel property individually. This is why the next section focuses
on the collective impact of fuel properties, aiming to address the ques-
tion of which fuel properties together matter the most for fuel con-
sumption in FFVs.

3.2. Modeling results

In this section, the modeling results related to the collective impact
of the most significant fuel properties on FCvol in FFV engines are
presented and discussed. Based on the gathered data that were earlier
specified in sections 2.2 and 3.1 a modeling matrix was built that
included: RON, MON, Sensitivity (S), Density, Vapor Pressure (VP),
LHVmass, LHVvol, carbon content (C), oxygen content (O), and
hydrogen content (H) as multiple independent variables (fuel proper-
ties), whereas volumetric fuel consumption was selected as a single
response variable. The modeling matrix is included in the Appendix B.
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The results of performed modeling are presented in the Table 2.

Based on the data and modeling the most significant fuel properties
for FCvol in FFV engines turned out to be S, LHVvol, Density, and VP. It
is worth noticing significantly lower than 1 % P-values of each fuel
property which, confirms the unique and important impact of every
individual fuel property as well as good strength of the final model.
Additionally, R-Square of 0.994, reflects the high accuracy of the
developed FFV-FC model. The final form of the FFV-FC model is repre-
sented in the following equation:

Arry_re = — 0.061-y — 1.653-5 — 1.575:C —0.079-u (8)
where y stands for sensitivity, 5 for lower heating value volume-based, ¢
for density, and u for vapor pressure.

In the internal validation the high R-Square (0.994) of the FFV-FC
model translated into the average absolute error of 1.41 % of FCvol.
The visual comparison of the model outcomes to the data used for
modeling is presented in the Fig. 6.

The FFV-FC model is validated also against the external data that the
model has never seen in the training procedure. Four independent
sources of data (J [82], K [83], L [84], M [85]) were used, where both
ethanol and methanol as well as their tertiary blends with gasoline were
tested in FFVs. It could be noticed that the FFV-FC model performed very
well in the external validation, by predicting the changes of FCvol very
accurately and close to the measured values. That good accuracy is also
reflected in a very low average absolute error of 1.90 % FCvol in the
external validation (see Fig. 7).

The present analysis is based on limited number of observations
related to solely liquid renewable fuels. In that respect the model was
not tested against unconventional fuels in a gaseous phase such as
hydrogen or ammonia. Nevertheless, the current analysis is valid and
applicable to liquid alternative fuels including different alcohols, ethers
and their blends with paraffins, isoparaffins, cyclic hydrocarbons and
aromatic compounds.

The developed FFV-FC model allows instant, cost-free, and accurate
analysis of fuel consumption in FFVs for alternative liquid fuels. More-
over, as the explanatory variables of the model are fuel properties, the
FFV-FC model could be applied to end-use performance assessments
from single chemical compounds, groups of molecules, refinery streams,
to ready fuel products consisted of large number of chemical molecules.
Therefore, the FFV-FC model could be applied for analysis from labo-
ratory scale to industrial across the whole spectrum of Technology
Readiness Levels (TRL).

3.3. Performance differences between FFVs and regular SI-LDVs

This section is focused on the comparison of the fuel consumption
between regular SI-LDvs vs FFvs for various alternative fuels. The aim is
to investigate whether FFvs are operating more efficiently with alter-
native fuels than regular SI-LDVs. FFV powered by high RON fuels can
achieve higher effective CR through advanced ignition timing, Variable
Valve Timing (VVT), and boosting the intake pressure (feedback control
of FFV engines adjusts fuel delivery and ignition timing to achieve
higher CR) [88]. To make that comparison, the fuel consumption for
alternative fuel blends with gasoline at various concentrations was taken
into analysis. The FC data for regular SI LDvs were taken from the
following three sources; X [89] (blends of n-butanol with gasoline), Y
[90] (blends of ethanol and isobutanol with gasoline), Z [91] (blends of
ethanol with gasoline), where in all cases end-use performance was
tested over the NEDC. The fuel properties (S, LHVvol, Density, and VP)
of tested blends were taken as inputs to the FFV-FC model to simulate
their performance in flex-fuel vehicles. The comparison is presented in
the Fig. 8, where the difference in FC for alternative fuels in regular SI-
LDvs vs FFvs is revealed.

It could be noticed that in all cases renewable fuels perform with
better fuel economy in FFVs. When it comes to ethanol blends with
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gasoline, high ethanol concentration blends (E85) show the biggest
difference in FC while comparing regular SI vehicles with FFVs. FFVs
powered by up to 20 % blends of n-butanol or isobutanol with gasoline
show rather small changes in FC, nevertheless still they perform slightly
better in FFVs than regular SI-LDVs. Despite 10 % lower LHVvol of fuel
blend containing 68 % isobutanol with 32 % gasoline (iBu68), the fuel
consumption in FFVs is only 4.66 % higher compared to neat gasoline.
At the same time, iBu68 performs with 7.53 % better fuel economy in
FFVs compared to regular SI-LDVs. In European Union, the EN228
standard sets the blending wall of max 10 % ethanol with gasoline for
regular SI-LDVs [92]. Based on the data from sources Y and Z, it could be
noticed that E10 blends perform on average with 2.47 % higher FC in
regular SI LDVs, whereas in FFVs with almost 1 % lower. On the other
hand, ethanol blends between E22-E25, perform with higher FC both in
regular SI vehicles and FFVs compared to neat gasoline, nevertheless
still on average 2.29 % of FC could be saved when using such blends in
FFVs.

The 50 % ethanol blend with gasoline was tested in source Z using
two vehicles, one naturally aspirated with port fuel injection (PFI), while
the second vehicle was equipped with a turbocharged direct-injection
(DI) engine. In FFVs, the E50 fuel performs with 2.66 % and 0.91 %
lower FC compared to respectively vehicle 1 and vehicle 2. This result is
indicating that modern regular SI-LDVs (DI and turbocharged) are uti-
lizing more efficiently ethanol blend fuels compared to their older
generations (PFI and naturally aspirated).

3.4. Simulation of the end-use performance for renewable gasoline
blendstocks

The FFV-FC model was applied to simulate the end-use performance
(FCvol, FC- mass, EC, and CO, emissions) of renewable gasoline
blendstocks in their entire blending spectrum with standard fossil gas-
oline. The following fuels were chosen for analysis: methanol, ethanol,
isopropanol, n-propanol, isobutanol, prenol, and di-isobutylene. The
selection of components was motivated by the Co-Optima project which
highlighted them as the best blendstocks for turbocharged spark- igni-
tion engines [72]. For the simulation purpose, fuel properties of selected
gasoline blendstocks were obtained from the Co-Optima project
including the fuel properties database from the National Renewable
Energy Laboratory (NREL) [93].

Ethanol is the most widely used gasoline blendstock worldwide, it
has almost 14.7 % higher RON than gasoline, and around 6 % higher
density. However, ethanol is 32 % less calorific (on a volume basis) than
gasoline, which results in about 41 % higher FCvol for E100. Never-
theless, E100 has about 39 % less carbon than fossil gasoline, which
leads to noticeable reductions in TTW CO, emissions (-8.7 % for E100
compared to gasoline). Additionally, improved EC could be observed
when operating FFV engines with high ethanol concentration blends,
reaching a maximum of 4.47 % energy savings for E100. Among
analyzed blendstocks, the highest resistance for knocking combustion
has isopropanol with the RON rating of 113 and MON 97. Both iso-
propanol and n-propanol have higher FC than gasoline, yet lower when
compared to lighter alcohols such as methanol or ethanol. Fuel blends
with propanol isomers have similar EC to standard gasoline, with a slight
reduction for very high concentration blends (-2.7 % EC for neat iso-
propanol). Isobutanol is more calorific than propanol, it has 14 % lower
LHVvol than gasoline, which yields 12.53 % higher FCvol for iBul00.
However, energy conversion for isobutanol is more efficient when
compared to gasoline, which could be noticed on the plot of EC.

The most reactive fuel among tested blendstocks is prenol (RON = 93
and MON = 74). Prenol has also the highest density (848 g/L), which
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combined with very high LHV translated into the lowest values of FCvol
and EC for blends with gasoline as well as for neat component. On the
other hand, prenol has the lowest vapor pressure of 0.19 kPa at 37.8 °C
which from the practical perspective might cause cold-start problems in
SI engines. The highest fuel consumption is observed for methanol and
its blends with gasoline, because of the low values of their calorific
content. Despite that methanol leads to the greatest reductions in TTW
CO- emissions driven by the lowest carbon content (37.48 % mass-based
for neat CH3OH) when compared to other blendstocks. Moreover, a great
reduction in energy consumption could be observed for blends con-
taining more than 60 % of methanol, reaching a maximum of over 12 %
energy savings while running the engine with M100 compared to fossil
gasoline. The curve of EC for methanol blends has a strongly nonlinear
character, which is caused mainly by the fact that FCvol grows steadily
while calorific content decreases fast with increasing concentration of
methanol in the blends with gasoline. The same character of the plot
could be observed for methanol’s CO, emissions, where similarly FC
increases while carbon content drastically decreases for blends con-
taining gradually higher methanol content.

The most similar to gasoline in terms of calorific content is di-
isobutylene with LHVvol of 31.675 MJ/L, no oxygen content, and very
comparable MON of 87. However, di-isobutylene has a much higher
RON value of 106 for the neat component, which lifts octane sensitivity
to the value similar to ethanol. The density of di-isobutylene is about 4 %
lower compared to gasoline, while vapor pressure for the neat compo-
nent shows 11.02 kPa at 37.8 °C. When looking into the end-use per-
formance of di-isobutylene, it is almost identical to gasoline fuel
consumption both in volume and mass-based comparison. Moreover, the
FC similarity is kept across the full concentration spectrum. However,
slightly higher energy consumption could be observed that reaches a
maximum of + 3.4 % EC for neat di-isobutylene, while TTW CO,
emissions are slightly lower (—1.74 % for the neat component). Fuel
properties taken for the simulation of the end-use performance of
renewable gasoline blendstocks are in Appendix D, while the Fig. 9
represents the FCvol, FCmass, EC, and CO; emissions for all blendstocks
across the entire concentration range with standard gasoline.

4. Conclusions

Based on the literature data the present study investigated the end-
use performance of alternative fuels in a wide range of FFV engines.
The present work developed a state-of-the-art mathematical model
(FFV-FC) that accurately predicts the FC in FFV engines based on a
known set of fuel properties. The results show that:

The most significant fuel properties for FCvol in FFV engines are
octane sensitivity(y), LHVvol (1), density (), and vapor pressure(u):

Apry_re = —0.061-y — 1.653- — 1.575-C — 0.079-4

All independent variables in the model have p-values significantly
lower than 1 % which confirms their unique and important impact on
FCvol. The high accuracy of the model represented by an R-Square of
0.994, translated into an average absolute error of 1.41 %FCvol during
internal validation and 1.90 % FCvol against the data that the model has
never seen (external validation).

e The FFV-FC model applies to end-use performance analysis of
alternative fuels from single chemical compounds, groups of mole-
cules, and refinery streams, to ready fuel products in FFV engines.

e Growing ethanol concentration in blends with gasoline leads to an
increase of FCvol that in the case of E85 reaches on average 33.6 %
higher values compared to neat gasoline. However, despite higher
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fuel consumption, E85 operates more efficiently than gasoline in FFV
engines, which could be concluded based on 4.3 % lower energy
consumption. As the carbon content of ethanol is lower compared to
standard gasoline, TTW CO, emissions of E85 are 5.4 % lower as
well. The same relation is observed for methanol, isobutanol blends,
as well as binary (iBu + ETBE20, E + ETBE19) and tertiary blends
(G37 + E21 + M42, and G40 + E10 + M50).

The FFV engines perform noticeably better with low reactivity
alternative fuels of high knocking resistance when compared to
regular SI-LDV engines. The largest fuel savings (FFV vs regular SI-
LDV) are observed for high concentration ethanol and isobutanol
blends (E85 and iBu68).

The end-use performance simulations for renewable gasoline
blendstocks show that methanol markedly increases FC while dras-
tically reducing the TTW CO, emissions for high concentration
blends with gasoline. The most efficient energy conversion could be
observed for prenol with 16.7 % savings in EC, and the second-best
reduction (after methanol) in TTW CO, emissions. On the other
side, di-isobutylene blends with gasoline show slightly higher EC,
while their FC vol and mass are almost identical compared to stan-
dard gasoline. Ethanol, propanol isomers, and isobutanol blends in-
crease FC such that the lighter alcohol the higher FC (strongly
influenced by their calorific content). High concentration alcohol
blends reduce CO; emissions, as well as EC.

FFV technology is mature, economically feasible, and relatively easy
to increase its market penetration. As it was presented in the current
work FFVs utilize more efficiently alternative fuels then regular SI-LDVs.
Fuels like ethanol are also relatively easy in production which is an
important factor when thinking of the scalability aspects and in turn
enhancements of energy security. Moreover, hybridization of the FFVs
powered by renewable fuels, as well as advancements in fuel dedicated
technologies, can strongly contribute to time and cost-effective
decarbonization.

Table 3
Specification of flex-fuel vehicles used for fuel testing in each source.
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Appendix A. FFV information

Refer Table 3.

Source Make Model Year Displ. [L] Config. Injection Power [HP] Torque [NM] CR VVT Aspiration Milage [km]

A [75] Ford F-150 2013 3,7 V-6 Port 302 377 10.5:1 Yes Natural 22,027
Chevrolet Silverado 2014 5,3 V-8 Direct 380 416 11:1 Yes Natural 1646
Nissan Titan 2009 5,6 V-8 Port 320 533 9.8:1 Yes Natural 33,796
Toyota Tundra 2010 5,7 V-8 Direct 381 544 10.2:1 Yes Natural 27,359
Dodge Caravan 2002 3,3 V-6 Port 180 285 9.3:1 - Natural 177,027

B [60] GMC Terrain 2011 3,0 V-6 Direct 264 222 11.7:1 Yes Natural 16,093
Ford Taurus 2002 3,0 V-6 Port 155 251 9.3:1 - Natural 185,074
Ford Fusion 2011 3,0 V-6 Port 250 309 11.0:1 Yes Natural 17,703

C[76] Ford Taurus 1993 3,0 V-6 Port 223 271 9.8:1 - Natural -

D [77] Chevrolet Equinox 2017 2,4 1-4 Direct 182 233 11.2:1 Yes Natural -

E [78] - - 2009 1,8 - Port 92 - - - - -
- - 2010 2,0 - Direct 132 - - - - -

F [32] - - 2009 1,8 - Port 92 - - - - -

G [79] - - 2006 2,0 1-4 Port 132 280 - - - 62,000
Ford Focus 2003 1,6 1-4 Port 103 148 11.0:1 Yes Natural 38,200

H [80] Ford Focus 2003 1,6 1-4 Port 103 148 11.0:1 Yes Natural 48,700
Ford Focus 2002 1,6 1-4 Port 103 148 11.0:1 Yes Natural 29,800

1[81] Ford Taurus 1993 3,0 V-6 Port 223 271 9.8:1 - Natural 27,352
Chevrolet Lumina 1993 3,1 V-6 Port - - - - - 28,485

J [82] Saab 9-5 BioPower 2007 2,0 1-4 Port 180 280 9.0:1 - Turbo -

K [83] Mercury Grand Marquis 2006 4,6 V-8 Port 224 369 9.38:1 - Natural -

L [84] Chevrolet Silverado 2007 5,3 V-8 Direct 380 416 11:1 Yes Natural -

12
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Appendix B. Modeling matrix

Refer Table 4.
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Table 4
The matrix containing the data used for FFV-FC model development.
Source Driving cycle Fuel blend RON MON S Density VP LHVmass LHVvol C (0] H FCvol
% change %mass % change
E10 0,00 0,00 0,00 0,00 0,00 0,00 0,00 82,54 0,00 17,46 0,00
A [75] FTP-75 E51 13,02 5,08 95,12 3,02 1,43 -16,97 —14,46 68,28 14,83 16,89 11,21
E83 14,10 6,85 89,02 5,00 —-12,14 —31,03 —27,58 57,05 26,01 16,94 29,35
Iso-Bu55 7,21 3,31 47,56 2,22 0,00 -9,65 -7,65 73,61 8,49 17,90 1,71
E10 0,00 0,00 0,00 0,00 0,00 0,00 0,00 82,00 0,00 18,00 0,00
E40 9,68 5,11 52,81 2,43 —5,87 —-12,03 -9,90 72,00 10,38 17,62 10,86
E76 9,25 7,02 30,34 5,75 -30,92 —-27,11 —22,93 59,00 23,00 18,00 29,18
E10 0,00 0,00 0,00 0,00 0,00 0,00 0,00 82,00 0,00 18,00 0,00
E40 9,68 5,11 52,81 2,43 —5,87 —-12,03 -9,90 72,00 10,38 17,62 10,17
E76 9,25 7,02 30,34 5,75 -30,92 —-27,11 —22,93 59,00 23,00 18,00 28,23
E10 0,00 0,00 0,00 0,00 0,00 0,00 0,00 82,00 0,00 18,00 0,00
E40 9,68 5,11 52,81 2,43 —5,87 —-12,03 -9,90 72,00 10,38 17,62 12,27
B [60] FTP-75 E76 9,25 7,02 30,34 5,75 -30,92 —-27,11 —22,93 59,00 23,00 18,00 29,71
E10 0,00 0,00 0,00 0,00 0,00 0,00 0,00 82,00 0,00 18,00 0,00
E40 9,68 5,11 52,81 2,43 —5,87 —12,03 -9,90 72,00 10,38 17,62 10,19
E76 9,25 7,02 30,34 5,75 —30,92 —-27,11 —22,93 59,00 23,00 18,00 28,38
E10 0,00 0,00 0,00 0,00 0,00 0,00 0,00 82,00 0,00 18,00 0,00
E40 9,68 5,11 52,81 2,43 —5,87 -12,03 -9,90 72,00 10,38 17,62 9,96
E76 9,25 7,02 30,34 5,75 —30,92 -27,11 —22,93 59,00 23,00 18,00 28,37
E10 0,00 0,00 0,00 0,00 0,00 0,00 0,00 82,00 0,00 18,00 0,00
E40 9,68 5,11 52,81 2,43 —-5,87 —-12,03 -9,90 72,00 10,38 17,62 9,03
E76 9,25 7,02 30,34 5,75 —30,92 -27,11 —22,93 59,00 23,00 18,00 28,08
C [76] FTP-75 MO 0,00 0,00 0,00 0,00 0,00 0,00 0,00 86,40 0,00 13,60 0,00
M85 20,00 12,78 93,72 6,21 —18,39 —46,81 —43,51 44,29 41,10 14,61 59,32
EO 0,00 0,00 0,00 0,00 0,00 0,00 0,00 86,58 0,00 13,42 0,00
D [77] FTP-75 E10R —-2,34 -1,76 -7,87 -1,21 21,43 -3,50 —4,66 82,13 4,07 13,80 5,79
E10P 4,78 3,29 19,10 0,78 15,48 —4,78 —4,04 82,90 3,82 13,28 4,58
E27 4,68 1,06 39,33 0,25 15,48 10,95 -10,25 75,86 10,48 13,66 10,48
E5 0,00 0,00 0,00 0,00 0,00 0,00 0,00 84,80 0,00 15,20 0,00
E [78] NEDC E85 11,25 2,77 82,52 6,48 —45,26 -31,11 —26,65 57,40 27,70 14,90 32,33
E5 0,00 0,00 0,00 0,00 0,00 0,00 0,00 84,80 0,00 15,20 0,00
E85 11,25 2,77 82,52 6,48 —45,26 -31,11 —26,65 57,40 27,70 14,90 30,76
F [32] NEDC E5 0,00 0,00 0,00 0,00 0,00 0,00 0,00 84,80 0,00 15,20 0,00
E85 11,25 2,77 82,52 6,48 —45,26 -31,11 —26,65 57,40 27,70 14,90 31,00
Gasoline 0,00 0,00 0,00 0,00 0,00 0,00 0,00 84,63 0,00 15,37 0,00
Fossil he 6,32 3,49 33,33 2,04 —11,94 -1,61 0,40 83,68 0,00 16,32 —3,54
E10 2,11 0,00 22,22 2,45 2,99 —5,05 —2,72 81,68 3,60 14,72 0,00
Ibul4 2,11 0,00 22,22 2,72 2,99 —4,59 -1,99 81,76 3,70 14,54 -1,77
nBul5 0,00 0,00 0,00 3,13 2,99 —4,82 -1,84 81,64 3,90 14,46 1,77
ETBE7 6,32 3,49 33,33 2,72 4,48 —4,82 -2,23 81,83 3,40 14,77 1,77
R14 -3,16 0,00 -33,33 0,54 0,00 —0,46 0,08 84,72 -0,10 15,38 -1,77
G [79] NEDC R + E22 0,00 0,00 0,00 1,77 2,99 —5,05 -3,37 81,93 3,90 14,17 0,00
R + iBu29 2,11 2,33 0,00 1,22 2,99 —4,59 —3,42 82,67 3,30 14,03 0,00
R + ETBE21 —1,05 0,00 -11,11 2,17 2,99 —4,82 -2,75 81,34 3,70 14,96 0,88
E85 9,47 2,33 77,78 7,07 —49,25 —33,72 —29,03 54,23 29,70 16,07 39,82
E30 8,42 4,65 44,44 2,45 1,49 -12,39 —10,24 74,95 11,20 13,85 6,19
E + ETBE19 11,58 6,98 55,56 2,31 4,48 —11,93 -9,89 74,89 10,20 14,91 5,31
iBu + ETBE20 6,32 3,49 33,33 1,90 5,97 —8,03 —6,28 78,31 7,20 14,49 3,54
iBu21 2,11 1,16 11,11 1,63 4,48 —6,19 —4,66 80,04 5,70 14,26 0,88
E5 0,00 0,00 0,00 0,00 0,00 0,00 0,00 84,48 0,00 15,52 0,00
E10 1,36 0,41 11,76 0,65 —-2,99 -1,95 -1,71 82,40 1,73 15,86 0,00
E70 9,54 2,84 82,36 4,58 —38,93 —24,74 —22,23 61,67 22,50 15,82 24,90
E85 11,58 3,45 100,00 5,56 —47,92 -30,23 —27,36 56,73 27,69 15,57 32,17
E5 0,00 0,00 0,00 0,00 0,00 0,00 0,00 84,48 0,00 15,52 0,00
H [80] NEDC E10 1,36 0,41 11,76 0,65 —-2,99 -1,95 -1,71 82,40 1,73 15,86 4,83
E70 9,54 2,84 82,36 4,58 —38,93 —24,74 —22,23 61,67 22,50 15,82 26,99
E85 11,58 3,45 100,00 5,56 —47,92 —30,23 —27,36 56,73 27,69 15,57 36,51
E5 0,00 0,00 0,00 0,00 0,00 0,00 0,00 84,48 0,00 15,52 0,00
E10 1,36 0,41 11,76 0,65 -2,99 -1,95 -1,71 82,40 1,73 15,86 0,88
E70 9,54 2,84 82,36 4,58 —38,93 —24,74 —22,23 61,67 22,50 15,82 28,30
E85 11,58 3,45 100,00 5,56 —47,92 —30,23 —27,36 56,73 27,69 15,57 35,78
Gasoline 0,00 0,00 0,00 0,00 0,00 0,00 0,00 86,40 0,00 13,60 0,00
1[81] FTP-75 M85 20,00 12,78 93,72 5,28 4,29 —40,11 —40,58 44,68 43,10 12,22 59,20
Gasoline 0,00 0,00 0,00 0,00 0,00 0,00 0,00 86,40 0,00 13,60 0,00
E85 11,00 3,08 91,86 5,80 2,15 —25,99 —26,20 56,77 29,44 13,79 29,08
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Appendix C. Validation matrix

Refer Table 5.

Table 5
The matrix containing the data used for FFV-FC model validation.
Source Driving cycle Fuel blend RON MON S DensityVP LHVmass LHVvol C (o) H FCvol
% change Y%mass % change

Gasoline 0,00 0,00 0,00 0,00 0,00 0,00 0,00 86,40 0,00 13,60 0,00

J [82] FTP-75 E85 ORNL 9,96 3,08 80,23 5,80 —-7,61 —33,02 —29,14 57,40 29,33 13,27 31,98
E85 TRC 9,96 2,51 86,05 5,80 -17,39 —33,02 —-29,14 57,30 29,44 13,26 31,21
Gasoline 0,00 0,00 0,00 0,00 0,00 0,00 0,00 87,00 0,00 13,00 0,00
E10 1,36 0,47 11,03 0,67 21,82 —4,16 -3,51 83,33 3,47 13,20 5,35
E20 2,72 0,95 22,06 1,61 18,18 —8,55 -7,07 79,57 6,94 13,49 4,98

K [83] FTP-75 E30 4,09 1,42 33,09 2,02 18,18 —-12,24 —10,47 76,39 10,41 13,20 9,70
E40 5,45 1,89 44,12 2,55 16,36 -16,17 —14,03 75,81 13,88 10,31 10,51
E55 7,49 2,60 60,66 3,63 12,73 —21,02 —-18,15 66,88 19,09 14,03 16,73
E80 10,90 3,79 88,23 5,38 —3,64 -32,10 —28,45 58,46 27,76 13,78 35,43
Gasoline 0,00 0,00 0,00 0,00 0,00 0,00 0,00 82,09 0,21 17,70 0,00
E10 2,29 1,14 14,29 0,42 7,95 —2,51 -2,10 80,41 2,07 17,52 2,31

L [84] FTP-75 E20 4,99 2,28 33,33 1,22 3,75 —-5,87 —4,72 78,12 4,77 17,11 3,91
E50 5,20 4,44 13,10 4,44 -1,50 —-21,13 -17,63 68,53 15,03 16,44 15,65
E85 5,72 5,35 9,52 8,48 -17,69 —36,74 -31,38 57,72 27,47 14,81 36,18
Gasoline 0,00 0,00 0,00 0,00 0,00 0,00 0,00 86,50 0,00 13,50 0,00
E85 12,70 5,53 71,84 6,84 -57,07 —32,54 —27,95 57,26 29,50 13,25 38,45

M [85] NEDC G37 + E21 + M42 11,65 5,06 66,02 5,20 —28,50 —-31,45 —-27,95 58,70 28,29 13,02 36,39
M56 11,33 4,71 66,02 4,65 —19,20 —-31,22 —28,01 59,06 28,00 12,94 35,10
G40 + E10 + M50 10,81 4,71 61,17 4,92 —23,86 —31,68 —28,30 58,56 28,47 12,97 38,84
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Appendix D. Fuel properties of renewable gasoline blendstocks

Refer Fig. 10.
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Fig. 10. Fuel properties of renewable gasoline blendstocks in the entire concentration spectrum with standards fossil gasoline.

References

[1

—

[2

—

[3]

[4]
[5]
[6]

[7

—

[8]

International Energy Agency. IEA, Energy balances for world - data and statistics.
URL https://www.iea.org/data-and-statistics/data-tables?country=WORLD&ener
gy=Balances&year=2017.

International Energy Agency. IEA, Final consumption by sector and source, 2018.
URL https://www.iea.org/data-and-statistics/charts/final-consumption-by-sect
or-and-source-oecd-2018.

H. Ritchie, Our World in Data, Cars, planes, trains: where do co2 emissions from
transport come from? 2020. URL https://ourworldindata.
org/co2-emissions-from-transport#.

The Hedges Company, How many cars are there in the world in 2021? URL htt
ps://hedgescompany.com/blog/2021/06/how-many-cars-are-there-in-the-world/.
WardsAuto, The problem with cars. URL https://nordeamarkets.com/wp-content/
uploads/2017/10/WardsAuto.pdf.

Automotive World, Vehicles in use — Europe 2019. URL https://www.automotive
world.com/news-releases/report-vehicles-in-use-europe-2019/.

International Energy Agency, Global ev outlook, 2021. URL https://www.iea.org/r
eports/global-ev-outlook-2021.

G. Conway, A. Joshi, F. Leach, A. Garcia, P.K. Senecal, A review of current and
future powertrain technologies and trends in 2020, Transport. Eng. 5 (2021)

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

100080. doi: https://doi.org/10.1016/j.treng.2021.100080. URL https://www.sci
encedirect.com/science/article/pii/S2666691X21000361.

BloombergNEF, Electric vehicle outlook 2021. URL https://about.bnef.com/electr
ic-vehicle-outlook/.

BloombergNEF, Electric vehicle outlook 2019. URL https://legacy-assets.ecenews.
net/open_files/assets/2019/05/15/document_ew_02.pdf.

International Energy Agency, Key world energy statistics 2020 - world total final
consumption (tfc) by source. URL https://www.iea.org/reports/key-world-energ
y-statistics-2020/final-consumption.

International Energy Agency, Renewable energy in transport 2018 and 2024. URL
https://www.iea.org/reports/renewables-2019/transport.

M.F. Demirbas, M. Balat, H. Balat, Potential contribution of biomass to the
sustainable energy development, Energy Convers. Manage. 50 (7) (2009)
1746-1760. doi: 10.1016/j.enconman.2009.03.013. URL https://www.
sciencedirect.com/science/article/pii/S0196890409000946.

M. Prussi, M. Yugo, L. De Prada, M. Padella, R. Edwards, JEC well-to-tank report
V5: JEC well-to-wheels analysis: well-to-wheels analysis of future automotive fuels
and powertrains in the European context, Publications Office, 2020. doi: 10.2760/
100379.

C. Ternel, A. Bouter, J. Melgar, Life cycle assessment of mid-range passenger cars
powered by liquid and gaseous biofuels: Comparison with greenhouse gas


https://www.iea.org/data-and-statistics/data-tables?country=WORLD%26energy=Balances%26year=2017
https://www.iea.org/data-and-statistics/data-tables?country=WORLD%26energy=Balances%26year=2017
https://www.iea.org/data-and-statistics/charts/final-consumption-by-sector-and-source-oecd-2018
https://www.iea.org/data-and-statistics/charts/final-consumption-by-sector-and-source-oecd-2018
https://ourworldindata.org/co2-emissions-from-transport%23
https://ourworldindata.org/co2-emissions-from-transport%23
https://hedgescompany.com/blog/2021/06/how-many-cars-are-there-in-the-world/
https://hedgescompany.com/blog/2021/06/how-many-cars-are-there-in-the-world/
https://nordeamarkets.com/wp-content/uploads/2017/10/WardsAuto.pdf
https://nordeamarkets.com/wp-content/uploads/2017/10/WardsAuto.pdf
https://www.automotiveworld.com/news-releases/report-vehicles-in-use-europe-2019/
https://www.automotiveworld.com/news-releases/report-vehicles-in-use-europe-2019/
https://www.iea.org/reports/global-ev-outlook-2021
https://www.iea.org/reports/global-ev-outlook-2021
https://doi.org/10.1016/j.treng.2021.100080
https://www.sciencedirect.com/science/article/pii/S2666691X21000361
https://www.sciencedirect.com/science/article/pii/S2666691X21000361
https://about.bnef.com/electric-vehicle-outlook/
https://about.bnef.com/electric-vehicle-outlook/
https://legacy-assets.eenews.net/open_files/assets/2019/05/15/document_ew_02.pdf
https://legacy-assets.eenews.net/open_files/assets/2019/05/15/document_ew_02.pdf
https://www.iea.org/reports/key-world-energy-statistics-2020/final-consumption
https://www.iea.org/reports/key-world-energy-statistics-2020/final-consumption
https://www.iea.org/reports/renewables-2019/transport

Y. Kroyan et al.

[16]

(171

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

emissions of electric vehicles and forecast to 2030, Transport. Res. Part D: Trans.
Environ. 97 (2021) 102897. doi: 10.1016/j.trd.2021.102897. URL https://www.
sciencedirect.com/science/article/pii/$1361920921001978.

P. Cazzola, G. Morrison, H. Kaneko, F. Cuenot, A. Ghandi, L. Fulton, Production
costs of alternative transportation fuels. Influence of crude oil price and technology
maturity, International Energy Agency, 2013. URL https://www.iea.org/report
s/production-costs-of-alternative-transportation-fuels.

Ghadikolaei MA. Effect of alcohol blend and fumigation on regulated and
unregulated emissions of IC engines—a review. Renew. Sustain. Energy Rev. 2016;
57:1440-95. https://doi.org/10.1016/j.rser.2015.12.128. https://www.
sciencedirect.com/science/article/pii/S1364032115015117.

Pirjola L, Kuuluvainen H, Timonen H, Saarikoski S, Teinila K, Salo L, et al. Potential
of renewable fuel to reduce diesel exhaust particle emissions. Appl. Energy 2019;
254:113636. https://doi.org/10.1016/j.apenergy.2019.113636. https://www.sci
encedirect.com/science/article/pii/S0306261919313236.

Gren L, Malmborg VB, Falk J, Markula L, Novakovic M, Shamun S, et al. Effects of
renewable fuel and exhaust aftertreatment on primary and secondary emissions
from a modern heavy- duty diesel engine. J. Aerosol Sci. 2021;156:105781.
https://doi.org/10.1016/j.jaerosci.2021.105781. https://www.sciencedirect.com/
science/article/pii/S$0021850221005139.

Takagi Y, Oikawa M, Sato R, Kojiya Y, Mihara Y. Near-zero emissions with high
thermal efficiency realized by optimizing jet plume location relative to combustion
chamber wall, jet geometry and injection timing in a direct-injection hydrogen
engine. Int. J. Hydrogen Energy 2019;44(18):9456-65. https://doi.org/10.1016/j.
ijhydene.2019.02.058. https://www.sciencedirect.com/science/article/pii/
$0360319919306421.

D.R. Cassiano, J. Ribau, F.S.A. Cavalcante, M.L.M. Oliveira, C.M. Silva, On-board
monitoring and simulation of flex fuel vehicles in Brazil, Transport. Res. Procedia
14 (2016) 3129-3138, transport Research Arena TRA2016. doi: 10.1016/j.
trpro.2016.05.253. URL https://www.sciencedirect.com/science/article/pii/
§2352146516302599.

L. Matéjovsky, J. Macak, M. Pospisil, P. Baros, M. Stas, A. Krausova, Study of
corrosion of metallic materials in ethanol-gasoline blends: Application of
electrochemical methods, Energy Fuels 31 (10) (2017) 10880-10889. arXiv:
https://doi.org/10.1021/acs.energyfuels. 7b01682, doi: 10.1021/acs.
energyfuels.7b01682. URL https://doi.org/10.1021/acs.energyfuels.7b01682.

G. Azhaganathan, A. Bragadeshwaran, Critical review on recent progress of ethanol
fuelled flex-fuel engine characteristics, Int. J. Energy Res. 46 (5) (2022)
5646-5677. arXiv: https://onlinelibrary.wiley.com/doi/pdf/10.1002/er.7610,
doi:https://doi.org/10.1002/er.7610. URL https://onlinelibrary.wiley.com/doi/
abs/10.1002/er. 7610.

0. de Salvo Junior, M.T. Saraiva de Souza, F.G. Vaz de Almeida, Implementation of
new technologies for reducing fuel consumption of automobiles in brazil according
to the brazilian vehicle labelling programme, Energy 233 (2021) 121132. doi:
10.1016/j.energy.2021.121132. URL https://www.sciencedirect.com/science/
article/pii/S0360544221013803.

R. Berger, Integrated fuels and vehicles roadmap to 2030 and beyond, Roland
Berger GmbH, 2016.

C.C. Mariordo, M.M.R.D. Ortiz, Flexible-fuel vehicle, WikiFox. URL https://www.
wikifox.org/en/wiki/Flexible-fuel vehicle.

TOYOTA MOTOR CORPORATION, Toyota reveals world-first flexible fuel hybrid
prototype in Brazil — corporate — global newsroom. URL https://global.toyota/
en/newsroom/corporate/21633112.html.

C. Silva, M. Ross, T. Farias, Analysis and simulation of “low-cost” strategies to
reduce fuel consumption and emissions in conventional gasoline light-duty
vehicles, Energy Convers. Manage. 50 (2) (2009) 215-222. doi: 10.1016/j.
enconman.2008.09.046. URL https://www.sciencedirect.com/science/article/pii/
S0196890408003920.

Oivind Andersson, P. Borjesson, The greenhouse gas emissions of an electrified
vehicle combined with renewable fuels: Life cycle assessment and policy
implications, Appl. Energy 289 (2021) 116621. doi: 10.1016/j.
apenergy.2021.116621. URL https://www.sciencedirect.com/science/article/pii/
S0306261921001562.

T.P. Barbosa, J.J. Eckert, V.R. Roso, F.J.P. Pujatti, L.A.R. da Silva, J.C. Horta
Gutiérrez, Fuel saving and lower pollutants emissions using an ethanol-fueled
engine in a hydraulic hybrid passengers vehicle, Energy 235 (2021) 121361. doi:
10.1016/j.energy.2021.121361. URL https://www.sciencedirect.com/science/
article/pii/S0360544221016091.

A.A. Al-Harbi, A.J. Alabduly, A.M. Alkhedhair, N.B. Alqahtani, M.S. Albishi, Effect
of operation under lean conditions on NOx emissions and fuel consumption fueling
an SI engine with hydrous ethanol-gasoline blends enhanced with synthesis gas,
Energy 238 (2022) 121694. doi: 10.1016/j.energy.2021.121694. URL https://
www.sciencedirect.com/science/article/pii/S0360544221019423.

C. Dardiotis, G. Fontaras, A. Marotta, G. Martini, U. Manfredi, Emissions of modern
light duty ethanol flex-fuel vehicles over different operating and environmental
conditions, Fuel 140 (2015) 531-540. doi: 10.1016/j.fuel.2014.09.085. URL
https://www.sciencedirect.com/science/article/pii/S0016236114009545.

Z. Chen, L. Wang, K. Zeng, A comparative study on the combustion and emissions
of dual-fuel engine fueled with natural gas/methanol, natural gas/ethanol, and
natural gas/n-butanol, Energy Convers. Manage. 192 (2019) 11-19. doi: 10.1016/
j.enconman.2019.04.011. URL https://www.sciencedirect.com/science/article/
Ppii/S0196890419304091.

A. Boretti, Towards 40% efficiency with bmep exceeding 30bar in directly injected,
turbocharged, spark ignition ethanol engines, Energy Convers. Manage. 57 (2012)
154-166. doi: 10.1016/j.enconman.2011.12.011. URL https://www.sciencedirect.
com/science/article/pii/S0196890411003657.

16

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Energy Conversion and Management 269 (2022) 116080

X. Zhen, Y. Wang, Y. Zhu, Study of knock in a high compression ratio SI methanol
engine using les with detailed chemical kinetics, Energy Convers. Manage. 75
(2013) 523-531. doi: 10.1016/j.enconman.2013.07.001. URL https://www.
sciencedirect.com/science/article/pii/S0196890413003725.

D. Gschwend, P. Soltic, A. Wokaun, F. Vogel, Review and performance evaluation
of fifty alternative liquid fuels for spark-ignition engines, Energy Fuels 33 (3)
(2019) 2186-2196. arXiv:https://doi.org/10.1021/acs. energyfuels.8b02910, doi:
10.1021/acs.energyfuels.8b02910. URL https://doi.org/10.1021/acs.
energyfuels.8b02910.

A. Fayyazbakhsh, V. Pirouzfar, Investigating the influence of additives-fuel on
diesel engine performance and emissions: Analytical modeling and experimental
validation, Fuel 171 (2016) 167-177. doi: 10.1016/j.fuel.2015.12.028. URL
https://www.sciencedirect.com/science/article/pii/S001623611501282X.

M. Tanco, M. Aresti, J. Villalobos, D. Moratorio, D. Jurburg, J. Holguin-Veras,
Assessment of the effectiveness of a fuel additive to reduce fuel consumption of
HDVs highlights the importance of verification programs, Energy 189 (2019)
116269. doi: 10.1016/j.energy.2019.116269. URL https://www.sciencedirect.co
m/science/article/pii/S0360544219319644.

M. Zhou, H. Jin, W. Wang, A review of vehicle fuel consumption models to
evaluate eco-driving and eco-routing, Transport. Res. Part D: Trans. Environ. 49
(2016) 203-218. doi: 10.1016/j.trd.2016.09.008. URL https://www.sciencedirect.
com/science/article/abs/pii/S1361920916306009.

K. Ahn, H. Rakha, The effects of route choice decisions on vehicle energy
consumption and emissions, Transport. Res. Part D: Trans. Environ. 13 (3) (2008)
151-167. doi: 10.1016/j.trd.2008.01.005. URL https://www.sciencedirect.com/
science/article/pii/S1361920908000047.

Frey HC, Zhang K, Rouphail NM. Fuel use and emissions comparisons for
alternative routes, time of day, road grade, and vehicles based on in-use
measurements. Environ Sci Technol 2008;42(7):2483-9. https://doi.org/10.1021/
es702493v.

Boriboonsomsin K, Barth M. Impacts of road grade on fuel consumption and carbon
dioxide emissions evidenced by use of advanced navigation systems. Transp Res
Rec 2009;2139(1):21-30. https://doi.org/10.3141/2139-03.

M. Barth, K. Boriboonsomsin, A. Vu, Environmentally-friendly navigation, in: 2007
IEEE Intelligent Transportation Systems Conference, IEEE, 2007, pp. 684-689. doi:
10.1109/ITSC.2007.4357672.

B. Luin, S. Petelin, F. Al Mansour, Modeling the impact of road network
configuration on vehicle energy consumption, Energy 137 (2017) 260-271. doi:
10.1016/j.energy.2017.06.138. URL https://www.sciencedirect.com/science/artic
le/pii/S0360544217311386.

Kamal MAS, Mukai M, Murata J, Kawabe T. Ecological vehicle control on roads
with up-down slopes. IEEE Trans. Intell. Transport. Syst. 2011;12(3):783-94.
https://doi.org/10.1109/TITS.2011.2112648.

S. Carrese, A. Gemma, S. La Spada, Impacts of driving behaviours, slope and
vehicle load factor on bus fuel consumption and emissions: A real case study in the
city of rome, Procedia - Social Behav. Sci. 87 (2013) 211-221, sIDT Scientific
Seminar 2012. doi: 10.1016/j.sbspro.2013.10.605. URL https://www.
sciencedirect.com/science/article/pii/S1877042813040500.

D. Biggs, ARFCOM: Models for Estimating Light to Heavy Vehicle Fuel
Consumption, no. 152, 1988.

J. Kropiwnicki, A unified approach to the analysis of electric energy and fuel
consumption of cars in city traffic, Energy 182 (2019) 1045-1057. doi: 10.1016/j.
energy.2019.06.114. URL https://www.sciencedirect.com/science/article/pii/
S0360544219312460.

S. Worz, H. Bernhardt, A novel method for optimal fuel consumption estimation
and planning for transportation systems, Energy 120 (2017) 565-572. doi:
10.1016/j.energy.2016.11.110. URL https://www.sciencedirect.com/science/artic
le/pii/S0360544216317650.

Y.-T. Zhang, C. G. Claudel, M.-B. Hu, Y.-H. Yu, C.-L. Shi, Develop of a fuel
consumption model for hybrid vehicles, Energy Convers. Manage. 207 (2020)
112546. doi: 10.1016/j.enconman.2020.112546. URL https://doi.org/10.1016/j.
enconman.2020.112546.

Tielert T, Killat M, Hartenstein H, Luz R, Hausberger S, Benz T, et al. The impact of
traffic-light-to-vehicle communication on fuel consumption and emissions. Internet
of Things (I0T), IEEE 2010;2010:1-8. https://doi.org/10.1109/
10T.2010.5678454.

Asadi B, Vahidi A. Predictive cruise control: Utilizing upcoming traffic signal
information for improving fuel economy and reducing trip time. IEEE Trans
Control Syst Technol 2010;19(3):707-14. https://doi.org/10.1109/
TCST.2010.2047860.

M. Sanchez, J.-C. Cano, D. Kim, Predicting traffic lights to improve urban traffic
fuel consumption, in: 2006 6th International Conference on ITS
Telecommunications, IEEE, 2006, pp. 331-336. doi: 10.1109/ITST. 2006.288906.
E. Ericsson, Independent driving pattern factors and their influence on fuel-use and
exhaust emission factors, Transportation Research Part D: Transport and
Environment 6 (5) (2001) 325-345. doi: 10.1016/51361-9209(01)00003-7.URL
https://www.sciencedirect.com/science/article/pii/S1361920901000037.

X. Zhou, J. Huang, W. Lv, D. Li, Fuel consumption estimates based on driving
pattern recognition, in: 2013 IEEE International Conference on Green Computing
and Communications and IEEE Internet of Things and IEEE Cyber, Physical and
Social Computing, IEEE, 2013, pp. 496-503. doi:10.1109/GreenCom-iThings-
CPSCom.2013.99.

LM. Berry, The effects of driving style and vehicle performance on the real-world
fuel consumption of us light-duty vehicles, Ph.D. thesis, Massachusetts Institute of
Technology, 2010. URL https://dspace.mit.edu/handle/1721.1/58392.


https://www.sciencedirect.com/science/article/pii/S1361920921001978
https://www.sciencedirect.com/science/article/pii/S1361920921001978
https://www.iea.org/reports/production-costs-of-alternative-transportation-fuels
https://www.iea.org/reports/production-costs-of-alternative-transportation-fuels
https://doi.org/10.1016/j.rser.2015.12.128
https://doi.org/10.1016/j.apenergy.2019.113636
https://www.sciencedirect.com/science/article/pii/S0306261919313236
https://www.sciencedirect.com/science/article/pii/S0306261919313236
https://doi.org/10.1016/j.jaerosci.2021.105781
https://doi.org/10.1016/j.ijhydene.2019.02.058
https://doi.org/10.1016/j.ijhydene.2019.02.058
https://doi.org/10.1021/acs.energyfuels.7b01682
https://www.wikifox.org/en/wiki/Flexible-fuel_vehicle
https://www.wikifox.org/en/wiki/Flexible-fuel_vehicle
https://global.toyota/en/newsroom/corporate/21633112.html
https://global.toyota/en/newsroom/corporate/21633112.html
https://www.sciencedirect.com/science/article/pii/S0196890408003920
https://www.sciencedirect.com/science/article/pii/S0196890408003920
https://www.sciencedirect.com/science/article/pii/S0306261921001562
https://www.sciencedirect.com/science/article/pii/S0306261921001562
https://www.sciencedirect.com/science/article/pii/S0360544221019423
https://www.sciencedirect.com/science/article/pii/S0360544221019423
https://www.sciencedirect.com/science/article/pii/S0016236114009545
https://www.sciencedirect.com/science/article/pii/S0196890419304091
https://www.sciencedirect.com/science/article/pii/S0196890419304091
https://www.sciencedirect.com/science/article/pii/S0196890411003657
https://www.sciencedirect.com/science/article/pii/S0196890411003657
https://www.sciencedirect.com/science/article/pii/S001623611501282X
https://www.sciencedirect.com/science/article/pii/S0360544219319644
https://www.sciencedirect.com/science/article/pii/S0360544219319644
https://www.sciencedirect.com/science/article/abs/pii/S1361920916306009
https://www.sciencedirect.com/science/article/abs/pii/S1361920916306009
https://www.sciencedirect.com/science/article/pii/S1361920908000047
https://www.sciencedirect.com/science/article/pii/S1361920908000047
https://doi.org/10.1021/es702493v
https://doi.org/10.1021/es702493v
https://doi.org/10.3141/2139-03
https://www.sciencedirect.com/science/article/pii/S0360544217311386
https://www.sciencedirect.com/science/article/pii/S0360544217311386
https://doi.org/10.1109/TITS.2011.2112648
https://www.sciencedirect.com/science/article/pii/S0360544216317650
https://www.sciencedirect.com/science/article/pii/S0360544216317650
https://doi.org/10.1016/j.enconman.2020.112546
https://doi.org/10.1016/j.enconman.2020.112546
https://doi.org/10.1109/IOT.2010.5678454
https://doi.org/10.1109/IOT.2010.5678454
https://doi.org/10.1109/TCST.2010.2047860
https://doi.org/10.1109/TCST.2010.2047860
https://www.sciencedirect.com/science/article/pii/S1361920901000037
https://dspace.mit.edu/handle/1721.1/58392

Y. Kroyan et al.

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

S. Zhang, Y. Wu, P. Un, L. Fu, J. Hao, Modeling real-world fuel consumption and
carbon dioxide emissions with high resolution for light-duty passenger vehicles in a
traffic populated city, Energy 113 (2016) 461-471. doi: 10.1016/j.
energy.2016.07.067. URL https://www.sciencedirect.com/science/article/pii/
S0360544216309926.

Rahimi-Gorji M, Ghajar M, Kakaee A-H, Ganji DD. Modeling of the air conditions
effects on the power and fuel consumption of the si engine using neural networks
and regression. J. Braz. Soc. Mech. Sci. Eng. 2017;39(2):375-84. https://doi.org/
10.1007/s40430-016-0539-1.

S. Saneinejad, M. J. Roorda, C. Kennedy, Modelling the impact of weather
conditions on active transportation travel behaviour, Transport. Res. Part D: Trans.
Environ. 17 (2) (2012) 129-137. doi: 10.1016/j.trd.2011.09.005. URL https://
www.sciencedirect.com/science/article/pii/S1361920911001143.

Yanowitz J, Knoll K, Kemper J, Luecke J, McCormick RL. Impact of adaptation on
flex-fuel vehicle emissions when fueled with e40. Environ. Sci. Technol. 2013;47
(6):2990-7. https://doi.org/10.1021/es304552b.

H. Guang, H. Jin, Fuel consumption model optimization based on transient
correction, Energy 169 (2019) 508-514. doi: 10.1016/j.energy.2018.12.067. URL
https://www.sciencedirect.com/science/article/pii/S0360544218324332.

Y. Li, X. Duan, J. Fu, J. Liu, S. Wang, H. Dong, Y. Xie, Development of a method for
on-board measurement of instant engine torque and fuel consumption rate based
on direct signal measurement and RGF modelling under vehicle transient operating
conditions, Energy 189 (2019) 116218. doi: 10.1016/j.energy.2019.116218. URL
https://www.sciencedirect.com/science/article/pii/S0360544219319139.

M. Ben-Chaim, E. Shmerling, A. Kuperman, Analytic modeling of vehicle fuel
consumption, Energies 6 (1) (2013) 117-127. doi: 10.3390/ en6010117. URL
https://www.mdpi.com/1996-1073/6/1/117.

R. Joumard, P. Jost, J. Hickman, Influence of instantaneous speed and acceleration
on hot passenger car emissions and fuel consumption, Tech. rep., SAE Technical
Papers, 1995. doi: https://doi.org/10.4271/950928.

1. El-Shawarby, K. Ahn, H. Rakha, Comparative field evaluation of vehicle cruise
speed and acceleration level impacts on hot stabilized emissions, Transport. Res.
Part D: Trans. Environ. 10 (1) (2005) 13-30. doi: 10.1016/j.trd.2004.09.002. URL
https://www.sciencedirect.com/science/article/abs/pii/S1361920904000604.

S. Park, H. Rakha, M. Farzaneh, J. Zietsman, D.-W. Lee, Development of fuel and
emission models for high speed heavy duty trucks, light duty trucks, and light duty
vehicles, in: 13th International IEEE Conference on Intelligent Transportation
Systems, IEEE, 2010, pp. 25-32. doi: 10.1109/ITSC. 2010.5624972.

L. M. Rodfiguez-Anton, F. Gutiérrez-Martin, M. Hernandez-Campos, Physical
properties of gasoline-ETBE-isobutanol (in comparison with ethanol) ternary
blends and their impact on regulatory compliance, Energy 185 (2019) 68-76. doi:
10.1016/j.energy.2019.07.050. URL https://www.sciencedirect.com/science/artic
le/abs/pii/S0360544219313775.

S. Correa Gonzalez, Y. Kroyan, T. Sarjovaara, U. Kiiski, A. Karvo, A. I. Toldy, M.
Larmi, A. Santasalo-Aarnio, Prediction of gasoline blend ignition characteristics
using machine learning models, Energy & Fuels 35 (11) (2021) 9332-9340. arXiv:
https://doi.org/10.1021/acs. energyfuels.1c00749, doi:10.1021/acs.
energyfuels.1c00749. URL https://doi.org/10.1021/acs.energyfuels.1c00749.

J. Fagundez, D. Golke, M. Martins, N. Salau, An investigation on performance and
combustion characteristics of pure n-butanol and a blend of n-butanol/ethanol as
fuels in a spark ignition engine, Energy 176 (2019) 521-530. doi: 10.1016/j.
energy.2019.04.010. URL https://www.sciencedirect.com/science/article/abs/pii
/50360544219306292.

Y. Kroyan, M. Wojcieszyk, O. Kaario, M. Larmi, K. Zenger, Modeling the end-use
performance of alternative fuels in light-duty vehicles, Energy 205 (2020) 117854.
doi: 10.1016/j.energy.2020. 117854. URL https://www.sciencedirect.com/
science/article/pii/S0360544220309610.

M. Wojcieszyk, Y. Kroyan, M. Larmi, O. Kaario, K. Zenger, Effect of alternative
fuels on marine engine performance, 2019 JSAE/SAE Powertrains, Fuels and
Lubricants, SAE International, 2019. doi: 10.4271,/2019-01-2230. URL https://doi.
org/10.4271/2019-01-2230.

D.J. Gaspar, B.H. West, D. Ruddy, T.J. Wilke, E. Polikarpov, T.L. Alleman, A.
George, E. Monroe, R.W. Davis, D. Vardon, A.D. Sutton, C.M. Moore, P.T.
Benavides, J. Dunn, M.J. Biddy, S.B. Jones, M.D. Kass, J.A. Pihl, J.A. Pihl, M.M.
Debusk, M. Sjoberg, J. Szybist, C.S. Sluder, G. Fioroni, W.J. Pitz, Top ten
blendstocks derived from biomass for turbocharged spark ignition engines: Bio-
blendstocks with potential for highest engine efficiency. doi: 10.2172/1567705.
URL https://www.osti.gov/biblio/1567705.

R. Gong, P. Waring, Investigation of emission behaviour in an urban driving cycle
with a remote sensing system, Vol. 26, WIT Press, 1970.

United Nations, Agreement Concerning the Adoption of Uniform Technical
Prescriptions for Wheeled Vehicles, Equipment and Parts which can be fitted and/
or be used on Wheeled Vehicles and the Conditions for Reciprocal Recognition of

17

[75]

[76]

[771

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

Energy Conversion and Management 269 (2022) 116080

Approvals Granted on the Basis of these Prescriptions., UN, 2013. URL https://une
ce.org/fileadmin/DAM/trans/main/wp29/wp29regs/2015/R101r3e.pdf.
Karavalakis G, Short D, Vu D, Russell R, Asa-Awuku A, Durbin T. A complete
assessment of the emissions performance of ethanol blends and iso-butanol blends
from a fleet of nine PFI and GDI vehicles. SAE International Journal of Fuels and
Lubricants 2015;8(2):374-95. https://doi.org/10.4271/2015-01-0957.

R. Vaughan, J. William, D. Jack, et al., Emissions with reformulated gasoline and
methanol blends in 1992 and 1993 model year vehicles, SAE Technical Paper
941969. doi: https://doi.org/10.4271/941969.

W. Yuan, H.C. Frey, T. Wei, N. Rastogi, S. VanderGriend, D. Miller, L. Mattison,
Comparison of real-world vehicle fuel use and tailpipe emissions for gasoline-
ethanol fuel blends, Fuel 249 (2019) 352-364. doi: 10.1016/j.fuel.2019.03.115.
URL https://www.sciencedirect.com/science/article/pii/S0016236119305009.

M. Clairotte, T. Adam, A. Zardini, U. Manfredi, G. Martini, A. Krasenbrink, A. Vicet,
E. Tournié, C. Astorga, Effects of low temperature on the cold start gaseous
emissions from light duty vehicles fuelled by ethanol-blended gasoline, Appl.
Energy 102 (2013) 44— 54, special Issue on Advances in sustainable biofuel
production and use - XIX International Symposium on Alcohol Fuels - ISAF. doi:
10.1016/j.apenergy.2012.08.010. URL https://www.sciencedirect.com/science/
article/pii/S0306261912005806.

P. Aakko-Saksa, P. Koponen, J. Kihlman, M. Reinikainen, E. Skyttd, L. Rantanen-
Kolehmainen, A. Engman, Biogasoline options for conventional spark-ignition cars,
VTT Technical Research Centre of Finland, Finland. URL https://www.vttresearch.
com/sites/default/files/pdf/workingpapers/2011/W187.pdf.

C. De Serves, Emissions from flexible fuel vehicles with different ethanol blends,
Report n AVL MTC 5509. URL http://korridor.se/aryan/acadiane/e85/Etanolra
pport.pdf.

Black F, Tejada S, Gurevich M. Alternative fuel motor vehicle tailpipe and
evaporative emissions composition and ozone potential. J. Air Waste Manage.
Assoc. 1998;48(7):578-91. https://doi.org/10.1080/10473289.1998.10463715.
B.H. West, A.J. Lopez, T.J. Theiss, R.L. Graves, J.M. Storey, S.A. Lewis, Fuel
economy and emissions of the ethanol-optimized saab 9-5 biopower, SAE Technical
Papers (2007) 1191-1200.doi:https://doi. org/10.4271/2007-01-3994.

Hubbard CP, Anderson JE, Wallington TJ. Ethanol and air quality: Influence of fuel
ethanol content on emissions and fuel economy of flexible fuel vehicles. Environ.
Sci. Technol. 2014;48(1):861-7. https://doi.org/10.1021/es404041v.

G. Karavalakis, T.D. Durbin, M. Shrivastava, Z. Zheng, M. Villela, H. Jung, Impacts
of ethanol fuel level on emissions of regulated and unregulated pollutants from a
fleet of gasoline light-duty vehicles, Fuel 93 (2012) 549-558. doi: 10.1016/j.
fuel.2011.09.021.URL https://www.sciencedirect.com/science/article/abs/pii
/50016236111005710.

J. Turner, R. Pearson, E. Dekker, B. Iosefa, K. Johansson, K. ac Bergstrom,
Extending the role of alcohols as transport fuels using iso-stoichiometric ternary
blends of gasoline, ethanol and methanol, Appl. Energy 102 (2013) 72-86, special
Issue on Advances in sustainable biofuel production and use - XIX International
Symposium on Alcohol Fuels - ISAF. doi: 10.1016/j.apenergy.2012.07.044. URL
https://www.sciencedirect.com/science/article/pii/S0306261912005661.

A. Olmos, R. Banhara, C. M. Engler Pinto, M. R. R. Georges, Emissions, fuel
economy and energy consumption of a flex fuel vehicle in different driving cycles:
2018 SAE Brasil Congress Exhibition, SAE International, 2018. doi: https://doi.
org/10.4271/2018-36-0225. URL https://saemobilus.sae.org/content/2018
-36-0225/.

K.J. Keesman, System identification: an introduction, Springer Science & Business
Media, 2011.

International Energy Agency. IEA, Advanced motor fuels (AMF) technology
collaboration programme - e85 / FFV cars. URL https://www.iea-amf.org/content
/fuel_information/ ethanol/e85.

M. Kalita, M. Muralidharan, M. Subramanian, M. Sithananthan, A. Yadav, V.
Kagdiyal, A. K. Sehgal, R. Suresh, Experimental studies on n-butanol/gasoline fuel
blends in passenger car for performance and emission, Tech. rep., SAE Technical
Paper (2016). doi: 10.4271/2016-01-2264.

P. A. Stansfield, A. Bisordi, D. OudeNijeweme, J. Williams, M. Gold, R. Ali, The
performance of a modern vehicle on a variety of alcohol-gasoline fuel blends, SAE
Int. J. Fuels Lubricants 5 (2) (2012) 813-822. doi: 10.4271/2012-01-1272. URL
http://www.jstor.org/stable/26272710.

P. Bielaczyc, A. Szczotka, J. Woodburn, Regulated emissions, unregulated
emissions and fuel consumption of two vehicles tested on various petrol- ethanol
blends, Tech. rep., SAE Technical Paper, 2014. doi: 10.4271/2014-01-2824.

The Analiit OU laboratory, En 228:2012 automotive fuels — unleaded petrol —
requirements and test methods. URL http://www.analiit.ee/index.php/en/service
s?id=24.

National Renewable Energy Laboratory (NREL), Co-optimization of fuels engines:
Fuel properties database. URL https://www.nrel.gov/transportation/ fuels-prop
erties-database/.


https://www.sciencedirect.com/science/article/pii/S0360544216309926
https://www.sciencedirect.com/science/article/pii/S0360544216309926
https://doi.org/10.1007/s40430-016-0539-1
https://doi.org/10.1007/s40430-016-0539-1
https://www.sciencedirect.com/science/article/pii/S1361920911001143
https://www.sciencedirect.com/science/article/pii/S1361920911001143
https://doi.org/10.1021/es304552b
https://www.sciencedirect.com/science/article/pii/S0360544218324332
https://www.sciencedirect.com/science/article/pii/S0360544219319139
https://www.mdpi.com/1996-1073/6/1/117
https://www.sciencedirect.com/science/article/abs/pii/S1361920904000604
https://www.sciencedirect.com/science/article/abs/pii/S0360544219313775
https://www.sciencedirect.com/science/article/abs/pii/S0360544219313775
https://doi.org/10.1021/acs.energyfuels.1c00749
https://www.sciencedirect.com/science/article/abs/pii/S0360544219306292
https://www.sciencedirect.com/science/article/abs/pii/S0360544219306292
https://doi.org/10.4271/2019-01-2230
https://doi.org/10.4271/2019-01-2230
https://unece.org/fileadmin/DAM/trans/main/wp29/wp29regs/2015/R101r3e.pdf
https://unece.org/fileadmin/DAM/trans/main/wp29/wp29regs/2015/R101r3e.pdf
https://doi.org/10.4271/2015-01-0957
https://www.sciencedirect.com/science/article/pii/S0016236119305009
https://www.vttresearch.com/sites/default/files/pdf/workingpapers/2011/W187.pdf
https://www.vttresearch.com/sites/default/files/pdf/workingpapers/2011/W187.pdf
http://korridor.se/aryan/acadiane/e85/Etanolrapport.pdf
http://korridor.se/aryan/acadiane/e85/Etanolrapport.pdf
https://doi.org/10.1080/10473289.1998.10463715
https://doi.org/10.1021/es404041v
https://www.sciencedirect.com/science/article/abs/pii/S0016236111005710
https://www.sciencedirect.com/science/article/abs/pii/S0016236111005710
https://www.sciencedirect.com/science/article/pii/S0306261912005661
https://doi.org/10.4271/2018-36-0225
https://doi.org/10.4271/2018-36-0225
https://saemobilus.sae.org/content/2018-36-0225/
https://saemobilus.sae.org/content/2018-36-0225/
https://www.iea-amf.org/content/fuel_information/+ethanol/e85
https://www.iea-amf.org/content/fuel_information/+ethanol/e85
http://www.jstor.org/stable/26272710
http://www.analiit.ee/index.php/en/services?id=24
http://www.analiit.ee/index.php/en/services?id=24
https://www.nrel.gov/transportation/+fuels-properties-database/
https://www.nrel.gov/transportation/+fuels-properties-database/

