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1. Introduction and literature review

1.1 Scope of the dissertation

The present doctoral dissertation belongs to the field of energy technology
with a focus on system level modeling and analysis of renewable fuels in
the transport sector. The scope includes on-road transport and aviation,
where the impact of alternative fuel properties was investigated for the
regular fleet of spark-ignition engines, flex-fuel engines, and aircraft jet
engines. The results introduce three state-of-the-art mathematical models
developed based on literature data for accurate end-use performance anal-
ysis of alternative liquid fuels with no limitations to engine characteristics.
The potential of renewable fuels to achieve improved performance, higher
energy conversion efficiency and lower emissions compared to their fossil
counterparts is revealed. The present dissertation consists of four journal
publications, whereas the following summary introduces the reader to the
topic and its relevance in a broader context.

The present dissertation was a part of the ADVANCEFUEL Horizon 2020
project (http://www.advancefuel.eu/) under grant agreement number 764799.
Aalto University was responsible for the task "5.4: Fuel and fuel blend
properties in end use". The scope of the current dissertation (Yuri Kroyan’s
work) was modeling the end-use performance of alternative fuels in regular
spark-ignition (SI) LDVs, FFV, and aircraft jet engines, while Michał
Wojcieszyk’s work addressed compression-ignition (CI) LDVs, heavy-duty
vehicles as well as marine engines. The developed models by Yuri Kroyan
and Michal Wojcieszyk along with recommendations are incorporated into
the user-friendly tool with free public access called End-Use Analyzer
(EUA), available under the following link: https://advancefuel.aalto.fi/.
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1.2 Background

Global warming driven by anthropogenic activities, including the burning
of fossil feedstocks as well as big-scale deforestation shows its clear impact
around the world already today. Earth’s temperature is on a constant
uptrend since the pre-industrial period reaching currently the level of
+1.2◦C compared to the baseline (1880-1900) [1]. Besides anthropogenic
contributors, it is worth noting that there are additionally natural pro-
cesses that impact global warming such as oceans’ cooling and warming
cycles, volcanic activity, changes in the Sun’s energy output or variations
in Earth’s orbit [2], [3]. However, when analyzing the global average
surface temperature and anomalies over the past 2000 years, it could
be noticed that human-induced greenhouse gas emissions (GHG) are the
main driver [4]. Human environmental footprint is directly linked to the
use of fossil feedstocks such as coal, crude oil, and natural gas, which
are converted under various processes to energy and materials satisfying
the needs of current societies worldwide. Utilization of fossil feedstocks
increases the concentration of GHG in the atmosphere trapping the heat
and in practice amplifying global warming. This, in the long run, turns
into climate change, with potentially severe consequences, such as loss of
land as a result of rising sea levels caused by the melting of glaciers ice.
Moreover, climate change affects the frequency, intensity, and duration
of extreme weather conditions such as hurricanes, heatwaves, wildfires,
droughts, floods, and precipitation [3]. This combined might lead to the
mass extinction of animal and plant species [5]. The chain of unfortunate
events finds its origin in GHG emissions, that consist of carbon dioxide
(CO2), methane (CH4), nitrous oxide (N2O), fluorinated gases, water vapor
(H2O), and ozone (O3). In 2019 anthropogenic GHG emissions reached
level of 31.4 Gt of CO2, where the biggest contributor was industry sector
with 39,17% share (12.3 Gt of CO2), then buildings 27.7% (8.7 Gt of CO2),
transport 27.07% (8.5 Gt of CO2), and all other sectors combined 6.05% (1.9
Gt of CO2)[6]. Carbon dioxide emission reflects itself in the continuously
growing yearly average concentration of atmospheric CO2, which in 2021
was 416.45 ppm of CO2, about 43% higher compared to levels from the
pre-industrial period (291 ppm) [7]. This portrays the fact that there is not
enough carbon sink available on Earth to absorb such quantities of carbon
dioxide. The situation is even worse when considering rapid and constant
deforestation reaching levels of 10 million hectares per year globally, while
the total world forest area covers 4.06 billion hectares [8].

The world needs swift and effective shifts from fossil feedstocks toward
sustainable solutions. The action has taken place on December 12th, 2015
at the Paris climate conference (COP21), where members of the United
Nations Framework Convention on Climate Change (UNFCCC) adopted
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the first-ever universal, legally binding global climate change agreement
known as the Paris Agreement. Currently, 192 states representing over
98% of world GHG emissions, have ratified or acceded to the agreement,
which aims to limit global warming to well below 2◦C and pursuing efforts
to limit it to 1.5◦C [9]. Achieving such an ambitious target requires globally
net-zero emissions by mid-century. This implies a reduction of 7.6 % of
GHG emissions every year for the next decade (2020-2030) [10], which
would lead to final yearly emissions of 9Gt CO2 for all sectors combined in
2050, a 71.3% decline in annual GHG emissions compared to the level from
2019 (31.4 Gt of CO2) [11]. By 2020 countries submitted their plans for
reductions of GHGs to reach the goals of the Paris Agreement (nationally
determined contributions - NDCs).

European Union (EU) has committed to reducing its GHG emissions by
55% by 2030 (compared to the level from the year 1990) and becoming
climate-neutral by 2050. To meet those targets on the 14th of July 2021
EU introduced a legislative package called "Fit for 55", which sets a new
framework for decarbonization as a part of the European Green Deal[12].
The package aims to increase the renewable energy target from 32% to
40% by 2030 and increase energy efficiency from 32.5% to 36% and 39%
for primary energy consumption. Renewable fuels are supported mainly
for aviation, marine, and heavy-duty road transportation, whereas for
light and medium duty road transport, the "fit for 55" package introduced
100% reduction of CO2 emissions by 2035 [13]. This means in practice
ban on the production of new internal combustion engine (ICE) cars and
vans from 2035 onward for the European market. EU strongly supports
electrification of the road transport by increasing the fleet of so-called
"zero-emission vehicles (ZEV)" as an ultimate solution for light-duty road
transport. In reality, although electric vehicles (EVs) have no tailpipe, elec-
tricity that has been supplied to the battery has its environmental impact
and that should be considered as well, such an approach is incorporated
into the well-to-wheel (WTW) assessments. Moreover, climate change is
indifferent to where emissions occur also concerning materials used for the
production of vehicles. Keeping that in mind, the production and recycling
of powertrains should be incorporated too, including batteries such as in
the case of the cradle-to-grave (CTG) approach. The current regulations
are considering only tailpipe emissions, or more precisely tank-to-wheel
(TTW) part of emissions, which is an origin of technologically-biased fu-
ture legislative frameworks. Numerous studies including the European
Commission’s Joint Research Centre [14] show that renewable fuels ap-
plied in internal combustion engines of LDVs for example hydrotreated
vegetable oil (HVO) can outperform EVs on a WTW GHG emissions basis,
which is a significantly more relevant approach for mitigating the climate
change than TTW. Figure 1.1, compares all three environmental impact

17



Introduction and literature review

assessment approaches (TTW, WTW, and CTG).

Figure 1.1. Environmental impact assessment methods: Well to Tank (WTT) includes
all elements contributing to the production and distribution of the energy
carrier (fuel or electricity), Tank-To-Wheel (TTW) incorporates parts from
absorption of energy carrier by the vehicle to its utilization for production of
propulsion. Well-To-Wheel (WTW) method incorporates all parts of both WTT
and TTW assessments, whereas the life cycle of the vehicle itself is included
in the Cradle-To-Grave (CTG) assessment.

When it comes to the decarbonization of the transport sector both electri-
fication and renewable fuels have their specific advantages and constraints.
Considering electrification, market penetration takes a significant amount
of time, and the share of renewables in the electricity mix has to increase
dramatically. In the meantime, renewable drop-in fuels can be utilized
in the existing fleets of vehicles, off-road machinery, ships, and aircrafts
reducing instantly GHG emissions. A combination of both solutions, mean-
ing hybrid powertrains operating with renewable fuels shows the best life
cycle emission reduction capabilities in the current case as well as in the
distant future (year 2050 with electricity emissions of 38 CO2-eq g/kWh)
[15]. The current dissertation contributes to the end-use of renewable fuels
in on-road transport (Publications 1 and 2), as well as aviation (Publication
3), whereas Publication 4 is highlighting challenges for the successful
market uptake and wider commercialization of renewable fuels.

1.3 The potential of renewable fuels in sustainable mobility

In 2018, the transport sector’s energy consumption of about 2.8 Gtoe [16]
was mainly covered by fossil-fuels (over 95% [17]). Road transport is con-
tributing the most to GHG emissions of the sector (74.5%), which could
be split into passenger vehicles and road freight vehicles with respec-
tively 45.09% and 29.45% shares of the sector’s total GHG emissions [18].
Aviation related emissions cover 12.17% (0.98Gt of CO2), marine 10,93%
(0.88Gt of CO2), rail 1.12% (0.09Gt of CO2), and all other transport modes
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combined 1.74% (0.14Gt of CO2) [19]. Currently, road transportation is the
largest in terms of fleet and word-wide utilization reflected by 1.4 billion
vehicles [20], [21], whereas before the COVID-19 pandemic aviation was
the fastest-growing sector compared to other modes of transportation. In
2019, over 4.5 billion passengers were carried, which is more than double
the number from 2006 [22]. According to the International Energy Agency
in the post-pandemic period between 2022 and 2025, aviation activity and
related GHG emissions are expected to rebound [23]. As presented in
Figure 1.2, the energy consumption of the transport sector accounts for
about 28.9% of the total final consumption (TFC) of energy (including all
sectors), which unfortunately is satisfied in the vast majority by fossil fuels
(oil products and natural gas). Renewable fuels (such as ethanol, HVO,
biodiesel, and others) together with electricity cover only about 4% of the
transport’s TFC, which shows that the magnitude of the decarbonization
challenge is so big that no single solution can manage to defossilize the
transport sector alone. Although some transport modes such as passenger
cars are easier to electrify compared to aircrafts [24], it is important to
consider that the vast majority of transportation is powered by internal
combustion engines. The average fleet age, and the typical life span of cars,
indicate that it will take a significant amount of time to electrify the fleet.
Therefore, both electrification and renewable fuels need to be deployed at
the fastest possible pace to meet climate targets.
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Figure 1.2. Global energy consumption in the transport sector compared to the total final
consumption (TFC) of all sectors and Total Primary Energy Supply (TPES)
in 2017 (made based on [25]). Additionally, the mix of energy carriers that
satisfied the TFC in the transport sector worldwide is presented along with
highlighting the percentage amount of energy that is consumed per each
transport mode (made based on [25] and [26]. Finally, the GHG emissions
of each transport sector (made based on [27] are shown together with the
lifespan and average fleet age of passenger cars (data for European Union
from [28], and [29]), trains (based on [30] in the example of Great Britain),
trucks (data for European Union from [29], and world from [31]), ships (based
on [32], and [33]) and aircrafts (based on [34], [35]).

When it comes to alternative fuels, their chemical composition affects fuel
properties, which are critical when thinking of application in existing fleets
of vehicles and aircrafts. Renewable components intended to substitute
petroleum counterparts as neat fuels or blendstocks can bring either a
positive or negative impact in end-use applications. Moreover, if the engine
has the ability to exploit attractive fuel properties, for example good resis-
tance to knocking combustion by enhancing the effective compression ratio
via advanced spark timing or/and increased boost pressure then such alter-
native fuel leads to increased energy conversion efficiency. A good example
is Flex-Fuel Vehicle (FFV) that allow the use of non-drop-in fuels such as
E85 (containing up to 85% of ethanol) or fuel-dedicated engines, which
can push the efficiencies even further if the fuel can resist the knocking.
The next sections are focused on alternative fuels, their properties, and
performance in end-use applications, where the most promising renewable
fuels for on-road transport and aviation are discussed.
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1.4 Renewable Spark-Ignition fuels

Regular spark-ignition (SI) engines are operating on gasoline, which is
normalized in Europe by the EN228 standard for unleaded petrol. Regu-
lar gasoline is produced from the refining of crude oil and in 2020, 1.38
trillion liters of gasoline were utilized worldwide [36]. In the same year,
about 0.1 trillion liters of ethanol fuel were produced globally [37], which
makes ethanol the most widely used alternative fuel. In comparison to
other renewable fuels of high commercialization status, ethanol production
volumes are higher than renewable diesel (HVO) and biodiesel (fatty acid
methyl ester - FAME) combined [38]. The most common alternative fuels
for spark-ignition engines are alcohols and ethers. Important fuel prop-
erties for SI engines are Research Octane Number (RON), Motor Octane
Number (MON), and Octane Sensitivity (S), which measure the resistance
of SI fuels to knocking combustion. The RON and MON are measured in
variable compression ratio, spark-ignition, single-cylinder Waukesha Co-
operative Fuel Research Engine (CFR) Octane Rating Unit [39] following
ASTM D2699 [40] procedure for RON testing and ASTM D2700 [41] for
measurement of MON. The octane rating of the sample fuel is determined
by matching knock intensity with various mixtures of Primary Reference
Fuel (PRF) including isooctane and n-heptane. The RON is being tested at
52◦C of intake air temperature and an engine speed of 600 RPM, whereas
MON is measured at 149◦C of intake mixture temperature and 900 RPM.
In that regard, RON indicates the fuel’s resistance to knocking combustion
over a milder type of driving, and MON represents the fuel’s resistance
against knocking combustion during more aggressive driving conditions.
The difference between RON and MON is known as Octane Sensitivity
(S), and it was found that higher sensitivity fuel has better resistance
to knocking combustion at boosted high-load conditions, in comparison
to fuels with lower S [42]. The following sections discuss the promising
alternative fuels for spark-ignition engines of light-duty vehicles.

1.4.1 Methanol

Methanol is the most basic alcohol, it has only one atom of carbon, which
results in the greatest possible oxygen content (49,9%) compared to other
alcohols. Presently, around 97 million tons annually of methanol are pro-
duced globally. High production quantities of methanol make it an attrac-
tive fuel candidate due to its good availability. The majority of methanol
produced worldwide (65%) is obtained from the steam reforming of natural
gas, 35% from coal gasification, and below 1% from renewable sources [43].
Renewable methanol could be produced from for example gasification of
biomass, while electro methanol (e-methanol) could be produced through
Power to X (PtX) paths utilizing renewable electricity (to produce hydro-
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gen) and CO2 from carbon capture. The neat methanol’s RON is 109, while
motor octane number (MON) is 89, which lifts the octane sensitivity (S) to
20 [44]. All of those values are significantly higher compared to standard
gasoline, that confirms the good resistance of CH4OH to knocking combus-
tion, which is highly desirable in SI engines. Despite having 5.6% higher
density than gasoline (786 g/L), methanol’s volume-based net calorific
value is 49.5% lower. Such difference in NCVvol reduces greatly the range
of the vehicle powered by high-concentration methanol blends. Another
challenge of methanol is its high heat of vaporization (HoV) of 1173.5 kJ/kg
at 25◦C and low reid vapor pressure (RVP) of 12.3 kPa at 37.8◦C. On one
hand, such high HoV and low RVP might cause cold start problems in SI
engines, while on the other hand because of that methanol provides an
additional cooling effect that improves efficiency by lowering pumping and
heat losses [45]. Moreover, because of lower temperatures in the combus-
tion chamber, methanol reduces NOx emissions [46]. In Europe methanol
is limited to 3% of volumetric concentration in gasoline by EN228 standard.

The application of methanol blends in the regular fleet of SI LDV engines
was tested in the full concentration spectrum with standard gasoline in
[47]. The results show that increasing methanol content in the blends
with standard gasoline increases volumetric fuel consumption (FCvol) dra-
matically. However, despite of high FCvol, high-concentration methanol
blends decrease energy consumption (EC) significantly and increase TTW
efficiency. The neat methanol utilized in regular SI LDV engines has 8.6%
lower EC, 14.3% lower CO2 emissions, and 9.41% higher TTW efficiency.

In FFV engines methanol performs with better fuel consumption, good
examples are M56 and M85 blends, which have respectively 10% and 3,7%
lower FCvol compared to the case when used in a regular SI engine as
presented in Publication 2. Moreover, neat methanol was tested in a dedi-
cated SI engine, which was converted Volkswagen 1.9L TDI engine with a
compression ratio of 19.5 (diesel injectors were replaced by spark-plugs,
whereas methanol was port-injected) [48]. An outstanding diesel-like brake
thermal efficiency (BTE) of up to 42% was achieved, while NOx emissions
were reduced to negligible levels. In comparison to standard gasoline,
efficiency improvements reaching up to 25.75% when using methanol in
direct-injection spark-ignition (DISI) engine with variable valve timing
(VVT) and boost control were reported [49].

Publication 2 investigates the end-use performance of methanol in FFV
engines. The results show attractive blending ratios that lead to effi-
cient energy consumption as well as a strong reduction in the TTW CO2

emissions.
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1.4.2 Ethanol

Ethanol C2H5OH, the most common gasoline blendstock, is the second
alcohol in the hydrocarbon chain. In contrast to methanol, ethanol is in
the vast majority produced from biomass where the dominant technology
is fermentation of sugars (about 95% of total global production) [50]. In
2020, around 0.1 trillion liters of ethanol fuel were produced globally [37].
Because of that, ethanol is the most available alternative fuel compared to
other options. When it comes to fuel properties, ethanol has a very high
RON of 109, MON=90, and S=19. Ethanol has higher calorific value than
methanol, however, still 32% lower compared to standard gasoline. The
density of ethanol is 789 kg/m3, which is very similar to methanol and
higher than gasoline. The high HoV of a neat component equal to 918.6
kJ/kg and low RVP of 18.55 kPa might cause cold start problems, espe-
cially for high ethanol concentration blends with gasoline. Nevertheless,
similarly as in the methanol’s case, due to the cooling effect of ethanol
higher efficiencies are observed together with lower NOx emissions.

Application of ethanol in the standard fleet of SI LDVs is currently lim-
ited by EN228 standard to 10% in the European market, meanwhile the
United States (US) Environmental Protection Agency (EPA) approved E15
(up to 15% of ethanol) for vehicles produced from 2001 forward [51]. Higher
ethanol blends are being sold in the Brazilian market where the current
standard allows from E18 to E25 for regular passenger vehicles [52]. In
that respect, E25 is the highest ethanol concentration blend commercially
dedicated to regular SI engine vehicles. Blends such as E85 or winter
conditions edition E70 are produced for FFVs.

When it comes to the end-use performance of ethanol blends, the volumet-
ric fuel consumption (FCvol) increases with the growing concentration of
ethanol, mostly due to the decreasing calorific content of the fuel. However,
improvements in EC and lower CO2 emissions in comparison to E0 (neat
gasoline) could be observed, especially for higher concentration blends.
These relations are further enhanced in FFV engines, while FCvol remains
lower in comparison to the regular fleet of SI LDVs.

Publication 1 investigates the impact of ethanol blends on FCvol and
CO2 emissions in regular SI LDVs, while Publication 2 extends the scope
to FFV engines, where end-use performance measures including FCvol,
FCmass, EC, and CO2 emissions for the entire concentration spectrum of
ethanol blends with gasoline are explored.
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1.4.3 Propanol

Propanol is an alcohol with three carbon atoms, which makes it heavier
and in turn more calorific (24.1 MJ/L) than ethanol. Propanol is produced
on a commercial scale through the hydration of propene or the hydro-
genation of acetone [44]. Renewable propanol could be produced through
microbial fermentation of cellulosic biomass [53]. In 2021, around 2.21
million metric tons of isopropanol were produced globally [54], which is a
significantly lower capacity compared to methanol or ethanol. There are
two isomers; isopropanol and n-propanol. Considering reactivity, more
branched molecules tend to have higher resistance for knocking, which in
the case of isopropanol is reflected with RON of 113, MON of 96.7 and S =
16.3. Isopropanol’s HoV (743.8 kJ/kg [55]) is more than double of gasoline’s
(around 350 kJ/kg [56]), which similarly like in the case of lighter alcohols
causes the low RVP of 14.55 kPa. In Europe, isopropanol is limited by
EN228 standard to 12% volumetric concentration in gasoline [57].

Although propanol has been used commercially as a gasoline additive
[44], the research related to the use of isopropanol and n-propanol is rel-
atively limited, especially when it comes to high-concentration blends
with gasoline over driving cycle conditions. When it comes to steady-
state conditions, low-concentration blends were reported to increase Brake
Thermal Efficiency (BTE) and reduce Brake Specific Fuel Consumption
(BSFC), while higher concentration blends increase BSFC mostly because
isopropanol is almost 23% less calorific than gasoline [58].

Publication 2 investigates the end-use performance of both isomers of
propanol in FFV engines over all possible blending ratios with standard
gasoline as well as a neat component. The results presented in the paper
reflect the effects over driving cycles.

1.4.4 Butanol

Butanol has four atoms of carbon as well as four isomers: isobutanol,
n-butanol, 2-butanol, and tetr-butanol. Renewable butanol could be pro-
duced from cellulosic biomass through the biotechnological paths using
microorganisms. It is estimated that in 2021, about 5.23 million metric
tons of n-butanol were produced globally [59]. Commonly used blendstocks
are isobutanol (RON = 105, MON = 90, S=15), and n-butanol (RON =
107, MON = 83, S=24). The calorific content of butanol (26.87 MJ/L) is
noticeably higher compared to lighter alcohols, which secures a longer
range of the vehicle. The HoV of isobutanol (685.37 kJ/kg at 25◦C) is
slightly lower compared to isopropanol, however, the RVP (7.65 kPa) is half
of the Isopropanol’s mark. Currently, the blending wall of 15% butanol’s
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volumetric concentration in gasoline is set by EN228 standard [57].

Butanol is performing well on regular SI engines, the addition of 16%
isobutanol increases FCvol by only 2%, whereas the blend consisting of 68%
isobutanol will elevate the FCvol by 12.2% as observed by P. A Stansfield
et al. [60]. Isobutanol similarly to lighter alcohols performs significantly
better in FFVs, G. Karavalakis, et al. observed that the blend consisting
of 55% isobutanol increased the FCvol by 5.2% in port fuel injection (PFI)
FFV, and only 1.9% in direct injection (DI) FFV [61].

Publication 1 investigates the fuel consumption and CO2 emission of
n-butanol and iso-butanol blends in regular SI LDVs, and publication 2
explores the performance benefits of butanol blends in FFV engines.

1.4.5 Prenol

Prenol is unsaturated alcohol that has 5 atoms of carbon and could be
produced via bio-synthetic routes using microorganisms. The global produc-
tion quantities of prenol are significantly smaller in comparison to lower
carbon number alcohols, which is a challenge when thinking of market
commercialization. The neat prenol has RON of 93 and MON 74, which
results in high octane sensitivity of 19. Prenol has a low HoV (512 kJ/kg)
compared to lighter alcohols, and a very low RVP of 0.19 kPa [44]. The
mass-based calorific content of prenol is very similar to butanol, however,
because of the high density 848 kg/m3 (13% higher than gasoline), the
volumetric NCV of prenol (28.83 MJ/L) is higher compared to butanol.
High calorific content is also associated with a low oxygen content of prenol
(18.6% mass-based).

Currently, the knowledge of the end-use performance of prenol blends is
very limited. Publication 2 performed the modeling of mass and volume-
based fuel consumption, energy consumption as well as CO2 emissions of
prenol blends with standard gasoline within the entire blending spectrum
used in FFV engines.

1.4.6 Di-isobutylene

An interesting renewable gasoline blendstock could be di-isobutylene
(C8H16). Di-isobutylene could be produced from lighter renewable alcohols
such as ethanol or isobutanol by first converting them into isobutylene.
Then, through the dimerization of isobutylene, di-isobutylene can be pro-
duced [44]. Di-isobutylene in some aspects is very similar to standard
gasoline, while it has an excellent anti-knocking characteristic (RON=106,
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MON=87, S=19), which is especially important for modern downsized
highly boosted SIDI engines. The HoV of DIB (318.2 kJ/kg) sets it very
near to the HoV of standard gasoline (350 - 400 kJ/kg[62]), however, RVP
of 11.02 kPa is significantly lower compared to gasoline. The volume-based
calorific content of DIB (31.67 MJ/L) is identical to gasoline, while a 3.94%
lower density of di-isobutylene results in slightly higher NCVmass for the
neat blendstock.

Similarly, as in the case of prenol the knowledge about the end-use per-
formance of di-isobutylene is highly limited. To that end, Publication 2
reveals the changes of FCvol, FCmass, EC, and CO2 emissions with the
growing concentration of DIB in the blend with standard gasoline applied
in flex-fuel vehicles.

The following Figure 1.3 compares fuel properties including RON, MON,
S, NCVmass, NCVvol, density, RVP, as well as C, O, and H composition of
each discussed above renewable fuel for spark-ignition engines.

Figure 1.3. Comparison of fuel properties characteristic for renewable gasoline blend-
stocks including methanol, ethanol, isopropanol, isobutanol, prenol, and di-
isobutylene. The comparison includes research octane numbers (RON), motor
octane numbers (MON), octane sensitivity (S), net calorific value volume-based
(NCVvol), net calorific value mass-based (NCVmass), reid vapor pressure
(RVP), density, and concentration of carbon (C), hydrogen (H) and oxygen (O).
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1.4.7 Vehicle fuel consumption models

There are many parameters influencing the fuel consumption or GHG
emissions of on-road vehicles. In general, such affecting aspects could be
divided into driving-specific (external factors) and vehicle-specific (internal
factors). External factors encompass driving routes, roadway characteris-
tics, traffic type, and intensity, weather conditions, etc., whereas internal
factors affecting the FC include the powertrain type and its characteristics,
fuel types their properties, and additives. Many existing fuel consumption
models are summarized in the extensive study in [63]. The following Fig-
ure 1.4 represents the published fuel consumption models in contrast to
the focus of the present dissertation.

Figure 1.4. The present dissertation’s research scope in contrast to published studies for
light-duty vehicles.

Considering fuel consumption, parameters such as traveled distance and
time involved with the route choice are evident variables. The influence of
route choice on fuel consumption was modeled in [64], while on local emis-
sions was studied in [65]. The impact of road grade on fuel consumption
was studied in [66], whereas environmentally friendly navigation (distance,
time, fuel consumption and emissions minimizing tool) was modeled in
[67]. The road network configuration plays an important role when think-
ing of fuel consumption as presented and modeled in [68]. The roadway
characteristics such as grade, curvature, and roughness influence FC as
well. To that end, based on road gradient conditions from digital road maps
a nonlinear model for economical vehicle drive that led to considerable fuel
savings was developed in [69]. The influence of road slope, vehicle load
(in terms of the number of passengers), and driving behavior on fuel con-
sumption and GHG emissions were assessed and quantified in [70]. Traffic
signals and vehicle-to-vehicle interaction influence FC and GHG emissions.
A detailed FC model called ARFCOM was developed, and dependent on
traffic-related variables the FC could be estimated for vehicles from the
size of passenger cars to 40-tonne trucks [71]. Additionally, the effect of
traffic lights on vehicle FC and GHG emissions were modeled in [72] and
[73]. Optimal driver and traffic lights interaction has the potential to
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save 25% of fuel consumption inside the range of urban areas as shown
in [74]. Subsequently, the influence of driving patterns including speed
oscillations, accelerations and decelerations stop and gear shifting on fuel
consumption and GHG emissions of the vehicle were investigated in [75].
Whereas, the impact of driving patterns on vehicle fuel consumption was
modeled in [76]. Weather and climate conditions influence not only the
fuel consumption of the vehicle but also the selection of the travel modes
as well as the intensity of the traffic. In that regard, the impact of air
pressure, temperature, and humidity on brake-specific fuel consumption
(BSFC) was modeled by applying multilayer perceptron (MLP) artificial
neural network (ANN) and regression technique in [77].

Based on the experimental campaigns E10-E40 fuel blends were tested
on various FFVs (different production years, mileages, displacements, CRs,
and various injection strategies) it could be noticed that both engine and
fuel affects considerably the fuel consumption and GHG emissions of the
vehicle [78]. On the other hand, when both parameters are constant (fuel
and engine), then engine operating conditions (speed and load) affect the
fuel consumption. However, it is worth mentioning that when it comes to
the real-life usage of the vehicle, LDV engines are not working at constant
steady-state (SS) points as marine engines do. Instead, the regular opera-
tion of the vehicle engine combines a large number of SS points including
the transient conditions. A fuel consumption model for vehicle cruising and
acceleration conditions based on powertrain parameters was developed
in [79]. Whereas, a model that takes into account vehicle type and its
instantaneous speed and acceleration for fuel consumption and emissions
calculations over urban driving conditions was developed in [80].

As the vast majority of the current fleet of vehicles is powered by ICE,
alternative fuels play a key role in the defossilization of the sector. Nev-
ertheless, as presented in the previous sections, alternative fuels differ
in their chemical composition from their fossil counterparts, which leads
to differences in fuel properties [81], [82]. Consequently, changes in fuel
properties affect the end-use performance metrics (FCmass, FCvol, EC,
CO2 emissions, etc.).

The present dissertation addresses the effect of fuel properties on the end-
use performance in ICE engines of the regular fleet of SI LDVs (Publication
1) and FFVs (Publication 2).

28



Introduction and literature review

1.5 Sustainable Aviation Fuels

Conventional Jet-A1 being a mid-distillate fuel is composed of hydrocarbon
molecules ranging from 7 to 18 carbons, when the majority of fractions vary
between 9-15 [83]. In addition, as the boiling points of jet fuel fluctuate
from 125◦C to around 290◦C, there are significant overlaps with gasoline
and diesel fractions [84]. 88% of the jet fuel is used for commercial pur-
poses (71% passengers and 17% freight transport), 8% military, and 4%
for private flights [85]. Unfortunately, out of 363 billion liters of jet fuel
used in commercial flights only a very small portion is covered by SAF (40
million liters) [86]. SAF are certified under the ASTM D7566 standard,
and currently 7 conversion pathways are approved [87]: Fischer-Tropsch
Synthesized Isoparaffinic Kerosene (FT-SPK), Hydroprocessed Esters and
Fatty Acids (HEFA), Renewable Synthesized Iso-Paraffinic Kerosene (SIP),
Synthetic Paraffinic Kerosene with Aromatics via Fisher-Tropsch (FT-
SPK/A), Alcohol-To-Jet Synthetic Paraffinic Kerosene (ATJ-SPK), Catalytic
Hydrothermolysis Jet fuel (CHJ), Hydroprocessed Hydrocarbons - Syn-
thesized Isoparaffinic Kerosene (HH-SPK or HC-HEFA). Presently, the
production cost of SAF is significantly higher compared to regular Jet-A1,
which is in the neighborhood of 0.4 euro/liter. The cheapest SAF option -
HEFA made out of used cocking oil costs around 0.87 euro/liter to produce,
FT-SPK made out of MSW costs 1.34 euro/liter, ATJ-SPK made out of
sugar cane 1.64 euro/liter, SIP made out of sugar cane 3.84 euro/liter and
Power-To-Liquid (PTL) SAF 2.4 euro/liter [88].

1.5.1 Fischer-Tropsch Synthetic Paraffinic Kerosene (FT-SPK)

In 2009 the first SAF Fischer-Tropsch Synthetic Paraffinic Kerosene (FT-
SPK) was certified under the ASTM D7566. Currently, about 49 million
liters of FT-SPK is produced annually worldwide, and by 2025, the ca-
pacity will grow by another 140 million liters [89]. FT-SPK could be
produced using for example municipal solid waste (WSW) or woody resid-
ual biomass. Neat FT-SPK does not contain aromatic compounds that is
why the blending of FT-SPK is limited to 50% with standard fossil Jet-A1.
This restriction allows meeting the minimum 8% of aromatics in the final
fuel necessary to keep the seals swollen and valves tight. The absence of
aromatic compounds lowers the density of FT-SPK by 4.2% compared to
Jet-A1, while only negligible changes in NCVmass and viscosity could be
observed respectively +0.94% and -1.8%. In aviation, the freezing point
plays an essential role when it comes to safety and fuel compatibility. A
sufficiently low freezing point prevents the formation of solid hydrocarbon
crystals at high altitudes where fuel is exposed to very low temperatures.
In that respect neat FT-SPK well exceeds the ASTM requirements of -47◦C,
by staying entirely liquid even below -80◦C [90].
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Publication 3 investigated the end-use performance of FT-SPK blends
within the entire concentration spectrum with standard Jet-A1. Only
small changes in FCvol were observed reaching +1,64% for FT-SPK50
(compatible with ASTM D7566), and +3,28% for neat FT-SPK. Slightly
higher FCvol is caused by the lower density of FT-SPK compared to Jet-A1.
Nevertheless, FT-SPK has negligibly lower energy consumption as well as
FCmass compared to Jet-A1.

1.5.2 Hydroprocessed Esters and Fatty Acids (HEFA-SPK)

In 2011, two years after FT-SPK, a new SAF known as hydroprocessed
esters and fatty acids (HEFA-SPK) was certified. HEFA-SPK is the most
widely used SAF globally, the current production capacity is 2732 million
liters and it is expected to grow by another 1685 million liters by 2025
[89]. The feedstocks such as vegetable oils used cooking oils, and tallow are
utilized in the process of HEFA production, therefore, it could be also called
Hydrotreated Vegetable Oil (HVO). HEFA consists mainly of n-alkanes and
iso-alkanes, and due to the lack of aromatic compounds similarly like in
the case of FT-SPK the blending wall of HEFA is 50% with Jet-A1. HEFA
has 4.8% lower density and 27% higher viscosity than standard Jet-A1.
When it comes to calorific content, HEFA has slightly lower NCVvol (33.41
MJ/L), and slightly higher NCVmass (44.15 MJ/kg) compared to its fossil
counterpart [90]. When it comes to the freezing point of HEFA of -54.4◦C,
it outperforms regular Jet-A1 and ASTM standard requirements.

Publication 3 revealed that HEFA utilized in the current fleet of aircraft
jet engines, has the potential to reduce tank-to-thrust (TTT) CO2 emissions
the most compared to other SAF as it reaches levels below -3% for the
neat component compared to Jet-A1. However, similarly as in the case of
FT-SPK blends, with the growing concentration of HEFA, FCvol increases,
while FCmass decreases.

1.5.3 Hydroprocessed Fermented Sugars to Synthetic
Isoparaffins (HFS-SIP)

In 2014 Hydroprocessed Fermented Sugars to Synthetic Isoparaffins (HFS-
SIP) were certified allowing blending max 10% with Jet-A1, due to the
composition of SIP, which relies only on a single component of a saturated
alkane called farnesane [90]. HFS-SIP is produced using various sugars
including sugar cane, and molasses (a viscous substance resulting from
refining sugarcane or sugar beets). SIP has a higher density (773.1 kg/m3)
than FT-SPK and HEFA, however still lower than Jet-A1. The volume-
based calorific value of SIP is lower than that of Jet-A1 and similar to
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other certified SAF, while the NCVmass is higher compared to its fossil
counterpart. SIP has the highest viscosity (14.13 mm2/s or cSt) compared
to other certified SAF, which is higher than ASTM D1655’s limit of 8 cSt
at -20◦C. Such a high viscosity might affect negatively the atomization of
the fuel that in consequence might result in a disadvantageous impact
on the jet-engine performance. Farnesane has an excellent freezing point
reaching below -100◦C, which is compatible with ASTM D7566 standard.

Publication 3 showed that in the case of SIP blends both FCvol and
FCmass are higher compared to the neat Jet-A1. This could be related
to the high viscosity of SIP leading towards slight inefficiencies in energy
conversion reflected also by higher EC compared to Jet-A1. It is worth
noting that despite higher fuel consumption, the TTT CO2 emissions of
SIP blends are below the values of their fossil counterpart.

1.5.4 Synthetic Paraffinic Kerosene with Aromatics via
Fisher-Tropsch (FT-SPK/A)

A year later in 2015 Synthetic Paraffinic Kerosene with Aromatics via
Fisher-Tropsch (FT-SPK/A or FT-SKA) was certified. Similar feedstocks
to those used for producing FT-SPK could be used for making FT-SPK/A.
Nevertheless, an alternative route is needed in the conversion step to
produce aromatics from non-fossil sources. Although, FT SPK/A has a
similar composition to regular Jet-A1 including at least 8% of aromatics
(typically around 16-18%), which meets the aromatic content requirement
of jet fuels, still, the blending wall of FT-SPK/A is limited to 50% [91].
Because of aromatic compounds in the composition of the FT-SPK/A, also
density of the fuel increases and meets the requirements of even ASTM
D1655 standard for regular Jet-A1. Furthermore, higher density increases
the NCVvol of FT-SPK/A to levels very similar or even higher compared to
Jet-A1. Moreover, higher NCVvol reduces the FCvol for blends of FT-SPK/A
as presented in Publication 3. FT-SPK/A has a relatively low viscosity of
around 4 mm2/s, while its freezing point meets the requirements of ASTM
D7566 standard.

1.5.5 Alcohol-to-Jet Synthetic Paraffinic Kerosene (ATJ-SPK)

In 2016 Alcohol-to-Jet Synthetic Paraffinic Kerosene (ATJ-SPK) produced
from isobutanol was certified, whereas from ethanol in 2018. The cur-
rent production volumes of ATJ-SPK are about 110 million liters and are
expected to grow by another 340 million liters by 2025 [89]. In general,
ATJ-SPK is produced in a two-step process, the first one aims to produce
either ethanol or isobutanol from for example agricultural waste prod-
ucts (stover, grasses, forestry slash, crop straws). Whereas the second
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step converts alcohol-type intermediate molecules to synthetic paraffinic
kerosene via for example dehydration, oligomerization, hydrogenation, and
fractionation. ATJ-SPK mainly consists of paraffins and isoparaffins, with
volume-based calorific content of 33.5 MJ/L. Similarly to other Synthetic
Paraffinic Kerosenes the density of ATJ is 4.76% lower compared to Jet-A1,
while the NCVmass of ATJ-SPK is 2.32% higher. The viscosity of ATJ-SPK
fluctuate around 4.8 mm2/s, which is compatible with the fuel standard,
while an excellent freezing point reaching below -80◦C was reported [90].
Currently, the Alcohol-To-Jet process with Aromatics (ATJ-SKA) is under
the phases of certification [92].

Publication 3 explored the end-use performance of ATJ-SPK blends with
Jet-A1. It was observed that despite the higher volumetric fuel consump-
tion, both FCmass as well as TTT CO2 emissions were lower compared to
regular Jet-A1.

The following Figure 1.5 compares fuel properties including NCVmass,
NCVvol, density, viscosity, as well as C and H composition of each discussed
above SAF.
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Figure 1.5. Comparison of fuel properties characteristic for ASTM D7566 certified SAF
including FT-SPK, HEFA, FT-SPK/A, SIP, and ATJ-SPK. The comparison
encompasses the Net Calorific Value mass-based (NCVmass), Net Calorific
Value volume-based (NCVvol), density, viscosity, as well as a concentration of
hydrogen (H) and oxygen (O).

1.5.6 Aircraft fuel consumption models

The published fuel consumption models for the aviation sector are focused
on the effects of flight structure, aircraft, and jet engine characteristics,
as well as the type of jet fuel. The following Figure 1.6 represents the
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published fuel consumption models in contrast to the focus of the present
dissertation.

Figure 1.6. The present dissertation’s research scope in contrast to published studies
related to jet engine fuel consumption.

Aircraft characteristics such as aerodynamics and weight play an essen-
tial role when thinking of fuel consumption. In that respect, a method to
increase the aerodynamic efficiency of an aircraft’s airfoil was patented
[93]. Considering an aircraft’s weight, the quantity of fuel that the aircraft
takes for the specific route is very important. Having excessive quantities
of fuel for a given route increases the weight of the aircraft and in turn,
raises the fuel consumption (more fuel needs to be burned in jet engines
to carry extra weight). To that end, a model for optimal fuel management
of the aircraft at each airport and route was developed in [94]. Flight-
related aspects such as cruising altitude and speed as well as flight path
and weather conditions influence the fuel consumption of the aircraft. A
self-organizing constructive neural network (CNN) for trip-specific fuel
consumption estimation was developed in [95]. The jet engine’s technical
characteristics (such as its max. power and speed, specifications of the
combustion chamber and injectors, compressor, turbine, etc.) are very
important in terms of efficiency and in turn FC. A mathematical model for
FC estimation based on the shaft power off-takes was developed in [96].
It was concluded that optimizations of the combustion chamber, as well
as compressor components, can increase the energy efficiency and lower
the fuel consumption of the jet engine [97]. Additionally, jet engine load
factors influence its performance. To that end, an energetic and exergetic
analysis on a small-scale jet engine at idle, two-part loads, and full load
conditions were carried out in [98].

As presented in the previous section SAF differ in their chemical com-
position from their fossil counterpart (Jet-A1), which affects factors such
as the spray and droplet characteristics including droplet diameter and
velocity [99]. Also, changes in chemical composition influence the combus-
tion efficiency and local emissions [100]. Such effects on a higher scale
translate to changes in the fuel consumption and GHG emissions of SAF
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when compared to their fossil counterpart. A good example is a study
where based on thermodynamic modeling the performance of alternative
jet fuels over various flight conditions was investigated [101]. Nevertheless,
it is essential to consider also the WTT part of the LCA to understand the
complete picture. To that end, a life cycle GHG model for environmental
impact assessments of various SAF was developed in [102].

The present dissertation addresses the effect of fuel properties on the end-
use performance represented by fuel consumption in aircraft jet engines
(Publication 3).

1.6 Challenges towards the market uptake of renewable fuels

Renewable fuels play a key role in the decarbonization of present and
future transportation. Nevertheless, various challenges within the value-
chain need to be addressed to accelerate their market uptake and commer-
cialization. The value chain consists of feedstock production and supply,
fuel production, vehicle and powertrain manufacturing, end-use, and reg-
ulations. The present dissertation is focusing on barriers related to the
end-use of renewable fuels (as a part of Publication 4) with attention to
aspects related to fuel economics and quality, engine compatibility, and
infrastructures.

In Europe, a large portion of the fuel prices for end consumers are charges
such as value added tax, excise duties, carbon tax, and so on. In 2018
(European Union), the average share of taxes and duties was 60% for
unleaded petrol and 54% for diesel [103]. Such high taxation leaves room
for potential price adjustments to break-even the higher production prices
of renewable fuels. This in practice could be achieved by for example in-
creasing the carbon tax for fossil fuels and reduction of the VAT and excise
duties for renewable fuels. Publication 4 highlights the current absence
of a highly needed regulatory mechanism to bridge the price gap between
renewable and fossil-based fuels.

Technical challenges related to fuel characteristics and quality as well
as compatibility with engines play an essential role in the end-use appli-
cations as presented in the previous sections. However, it is important to
highlight the aspects related to infrastructure as well. In times of techno-
logical transition, long-term investments in new fuel production, storage,
and refueling stations or retrofitting the existing ones carry a high risk
especially when regulations are still adjusting and changing. The shortage
of infrastructure inhibits the uptake of new fuels, which in the case of
fuels for dedicated powertrains that are not yet available or popular in
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the market is even more challenging. In the case of drop-in fuels, their
market deployment is easier, because they are compatible with existing
infrastructure. However, Publication 4 suggests that more ambitious tar-
gets than those provided in the Renewable Energy Directive II (REDII) for
advanced biofuels should be introduced. Additionally, REDII introduced
double and multiple counting mechanisms for renewable energy contri-
bution to the targets of the European Union. As an example, renewable
fuels produced from feedstocks specified in annex IX of the REDII may
be considered twice (according to article 27) their energy content towards
the target of min. 14% by 2030 (set in article 25) [104]. Moreover, article
27 of REDII introduces the multiplier for renewable electricity for elec-
tromobility counting four times its energy content and 1.5 times when
supplied to rail transport. Publication 4 recommends the reconsideration
of double and multiple counting as it does not reflect the real share of
advanced biofuels or renewable electricity in the market, and it might
lead to increased dependency on fossil fuels that will cover "real" energy
needs [105]. Furthermore, for commercially most promising renewable
fuels, new fuel standards should be introduced along with the support to
retail station owners for upgrading the infrastructure and obligation to
provide new fuel products into the market.

Considering on-road transportation, Original Equipment Manufacturers
(OEMs) are not willing to change existing automotive production lines as
there is no profit for them to make such investments of high risk. From the
regulatory perspective, there is an EU fleet-wide specific emission target
for OEMs aiming for new cars to emit 95g CO2/km. Unfortunately, no
credits are granted for renewable fuels including advanced biofuels, which
hampers new investments in ICE developments. Publication 4, addresses
this issue stressing that FFVs as well as optimized engines can signifi-
cantly reduce the TTW CO2 emissions and increase the efficiency of the
fleet.

On top of all, end-users choose the most beneficial fuel-powertrain com-
bination based on their financial possibilities and geographical-specific
convenience. Therefore social acceptance is a very important factor for the
market uptake of renewable fuels. Currently, there are lower taxes and
various incentives for EVs but a lack of support for powertrains intended
for renewable fuels. Publication 4, suggests a policy intervention aiming to
equalize the price difference between powertrains for alternative fuels and
regular fuels through the introduction of tax exemptions. Such incentives
would target for example mid and high-level ethanol blend compatible
vehicles such as FFVs.

One of the biggest obstacles to the successful market uptake of renewable
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fuels is an unfair way of environmental impact assessment by current
regulations that count solely tank-to-wheel emissions or so-called tailpipe
emissions. As presented in the Figure 1.1, the TTW part does not con-
sider the vast majority of technology-specific emissions, which in principle
benefits EVs as emissions related to electricity production as well as manu-
facturing and recycling of batteries are not included. In fact, recent studies
show clearly that, ICEs and hybrid powertrains powered by renewable
fuels, not only have the potential to provide a very competitive solution for
decarbonization compared to EVs but also in some cases even outperform
the EVs in lowering the life-cycle environmental impact both in current
electricity mix and in distant future scenario [106], [107], [15]. Publication
4 suggests policy intervention aiming to replace the current TTW assess-
ment approach for the EU LDVs fleet-wide average emission calculations
with more sophisticated methods such as WTW and CTG.

An important fact is that feedstocks for renewable fuel production are
limited, which might lead to competition between various transport seg-
ments (e.g. aviation vs on-road) for raw materials necessary for their
decarbonization. Such competition should be reduced by enabling equal
chances for decarbonization, which in practice could be achieved by both
regulatory mechanisms and optimizations in fuel production. Addition-
ally, Publication 4 highlighted the lack of coordination, cooperation, and
synergies between parties involved in the renewable fuels value chain
suggesting an introduction of a communication platform for the energy
industry, which would enable fast and effective feedback on regulations,
accelerate collaborations and open new possibilities for decarbonization.

1.7 Research questions and objectives

The present dissertation investigates the effect of alternative fuel proper-
ties on end-use performance in the on-road transportation and aviation
sector. The objective was to develop accurate mathematical models that
will link directly the collective impact of the most significant fuel proper-
ties with fuel consumption in regular SI-LDVs, FFV-LDVs, and aircraft jet
engines. To achieve those objectives the following research questions (RQ)
are arising:

RQ1. As the present work relies on the literature sources of data, is there
a sufficient amount of observations to perform modeling?

RQ2. Once the desired amount of data is secured, the second question
concerns the trends in relations between fuel properties and their per-
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formance in end-use applications. Are there continuous trends visible
between the data coming from various sources, and what end-use perfor-
mance metrics should be used?

RQ3. Subsequently, what modeling techniques should be applied to de-
velop accurate fuel consumption models based on the collected data?

RQ4. What fuel properties are the most important for fuel consumption in
SI-LDVs, FFV-LDVs, and aircraft jet engines?

RQ5. Is there any difference in end-use performance when using the same
fuels in regular SI engines vs FFV engines? Do FFV engines utilize
alternative fuels more efficiently?

RQ6. Based on the end-use performance analysis of various alternative
fuels, what are the best fuel candidates for on-road and aviation applica-
tions?

RQ7. What are the applicabilities and limitations of the developed models
and how they can be further improved?

RQ8. What are the challenges towards the market uptake of renewable
fuels from the end-use perspective?

Those research questions are addressed in Publications 1-4, but also the
methodology and conclusions sections of the present dissertation refer to
them and provide answers.

1.8 Novelty and contribution

As presented in sections 1.4.7 and 1.5.6 the present dissertation addresses
the niche related to the effect of fuel properties on internal combustion
engine performance with a focus on on-road transportation and aviation.
The studies of Y. Kroyan developed and introduced three state-of-the-art
mathematical models applicable to fuel consumption estimations in SI-
LDVs, FFVs, and aircraft jet engines based on the collective impact of
the most significant fuel properties exclusively. The mathematical models
presented in Publications 1,2, and 3 allow fast and cost-free estimations of
FC in all mentioned sectors for all kinds of liquid fuels.

The outline of the present work is as follows:

• Chapter 1: introduces readers to the subject by firstly presenting the
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importance and role of renewable fuels in the defossilization of the trans-
port sector and reduction of global warming. Subsequently, promising
renewable fuels for light-duty vehicles (SI-LDVs, and FFVs) as well as
aircraft jet engines are discussed. Furthermore, existing studies on fuel
consumption are presented, where the focus and novelty of the present
doctoral dissertation are highlighted.

• Chapter 2: shows the objectives of the present dissertation and criteria
that targeted models were aimed to meet. Subsequently, the method-
ology paths are presented for developed models together with detailed
explanations in subsequent sections.

• Chapter 3: summarizes the work and results that were achieved by
Y.Kroyan in Publications 1-4. At the end of the chapter the application of
the developed models as well as their limitations are discussed.

• Chapter 4: concludes the achievements and outcomes of the disserta-
tion work of Y.Kroyan as well as provides recommendations for further
research.
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2. Methodology

2.1 The aim and criteria

The present dissertation aims to develop end-use performance models
for on-road transport focused on light-duty passenger vehicles (SI-LDVs
and FFVs) and aircraft jet engines. The target is to develop a single
mathematical model for each engine type and transport segment, which
leads to three mathematical models in total. The developed models should:

• Bridge accurately fuel properties with fuel consumption in SI-LDVs,
FFVs, and aircraft jet engines.

• Apply to the entire fleet of its kind, regardless of the engine size and
specification.

• Work well with all kinds of liquid fuels, from single chemical compounds
to ready commercial fuel products across the entire spectrum of TRL.

• Represent the impact from the end-use perspective.

2.2 Methodology paths

The present section summarizes the methodology paths chosen for the de-
velopment of the fuel consumption models for SI-LDVs, FFVs, and aircraft
jet engines. The subsequent sections motivate the choices and explain in
detail the methodology at each stage. To find the accurate link between fuel
properties and fuel consumption in various transport segments, a proper
methodology path has to be developed. The measurements of the end-use
performance metrics of various alternative fuels differ in each transport
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segment. This affects the methodology path that should be carefully de-
signed to achieve high accuracy of final models as well as wide applicability
and scalability of results. Figure 2.1 summarises the methodology path
for all three developed models in Publications 1,2, and 3. All models are
developed for fuel consumption, where for on-road transport (SI-LDVs and
FFVs) driving cycles approach was selected. This decision was driven by
the sufficient availability of consistent data where trends between fuel
properties and fuel consumption were visible. For the aircraft jet engines
FC model development, aircraft cruising conditions as well as landing and
take-off (LTO) cycle data were selected, due to the consistency of the data
coming from various sources and the presence of trends. Another option
was related to the steady state approach, nevertheless as presented in
Figure 2 of Publication 1 as well as Figure 11 of Publication 3, there are no
trends visible between fuel properties and fuel consumption. Hence, such
an approach is very limiting, as neither on-road ICE engines nor aircraft
jet engines are operating on a single speed and load point. Instead, they
operate under many steady-state engine operational positions including
transient conditions.

Figure 2.1. Methodology pathway designed to develop mathematical models that repre-
sent the impact of fuel properties on end-use performance in SI-LDVs and
FFVs represented by the yellow line, while for aircraft jet engines by the blue
line.

42



Methodology

In all cases, sources of data are coming from literature, where for on-road
transport only experimental data were considered for modeling. While
for aircraft jet engines, both empirical and simulation data were collected.
The chosen modeling approach was linear with the quantitative analysis
described more in section 2.5. All models were validated against the data
that was used for model development (internal validation) as well as data
that the model has never seen (external validation).

2.3 Selection of the approach

The present section explores the pros and cons related to the type of
end-use performance data that the current work is aiming to collect for
modeling purposes. In general, fuels can be tested in the steady-state
engine operational conditions, or during the specific driving or flight cycle
including their specific phases. All of those options are possible to inves-
tigate based on either real experimental testing or through simulations
using for example zero-dimensional (0D) thermodynamic models.

2.3.1 On-road transport

In the steady state approach, engine performance could be represented
by the brake specific fuel consumption (BSFC) or brake thermal efficiency
(BTE). In order to understand if steady-state approach could be applied
to develop the FC model for SI-LDVs, four sources of data were taken
into comparison (1SR[108], 2SR[109], 3SR[110], 4SR[111]). The experi-
mental campaigns were carried out using 4-stroke, multi-port fuel injec-
tion (MPFI), SI-LDV engines under the Wide Open Throttle (WOT) and
3000rpm. The BSFC was measured for fuel blends consisting of various
ethanol concentrations ranging from neat gasoline to neat ethanol. The
results are presented in the Figure 2.2, where the vertical axis represents
BSFC percentage change relative to the reference gasoline used in each
source, while the horizontal axis represents the increasing concentration of
ethanol. The results show a significant inconsistency between the steady
state measurement outcomes coming from different sources despite the
comparison of the fuel consumption over the same engine operating con-
ditions. The reason behind this can be assigned to the influence of the
test engine characteristics over the FC results. While adding the fact of
strong BSFC and BTE dependency on engine operation conditions (en-
gine speed and load), it excludes the possibility to create a single uniform
fuel consumption model applicable to the entire fleet of SI-LDVs based on
steady-state measurement data.
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Figure 2.2. The impact of ethanol concentration on BSFC at steady state engine oper-
ational conditions (WOT and 3000RPM). The present Figure is a part of
Publication 1.

An alternative to steady-state operation are driving cycles such as World-
wide Harmonised Light Vehicles Test Procedure (WLTP), New European
Driving Cycle (NEDC), or the US Environmental Protection Agency (EPA)
Federal Test Procedure (FTP-75) that include many engine speed and load
points together with transient conditions. As the present work aims to
represent fuel effects from an end-use perspective, the driving cycles are a
significantly more suitable option as they are standardized procedures that
measure the end-use performance metrics in an accurate, repetitive, and
comparative way. Each driving cycle has its own velocity profile (evolution
of the speed of the vehicle over time) consisting of a large number of steady-
state points as well as transient conditions. As an outcome, there is one
well-describing average number of FC per entire driving cycle expressed
in L/100km. Hereby, such an approach is much more attractive when
comparing the FC of various alternative fuels, due to the more apparent
presence of continuous trends between fuel properties and fuel consump-
tion when comparing data from different origins. The vast majority of
publicly available driving cycle data for SI-LDVs and FFVs are related
to the NEDC or FTP-75 driving cycles. Figure 2.3 represents the velocity
profile of the NEDC driving cycle, whereas Figure 2.4 shows the speed/time
data for FTP-75.
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Figure 2.3. The velocity profile of New European Driving Cycle (NEDC).

The New European Driving Cycle includes Urban Driving Cycle (UDC)
and The Extra-Urban Driving Cycle (EUDC). UDC is intended to reflect
driving in busy European cities, which is reflected by low engine load, and
a maximum speed of 50km/h [112]. Whereas EUDC represents driving in
high-way, which is characterized by high speeds (max. 120 km/h, while for
low power vehicles max. speed 90 km/h) [113]. The entire NEDC consists
of 4 phases of UDC (from 0 s to 780 s) and one phase of EUDC (from 780s
to 1180s). The FTP-75 cycle consists of a cold start transient phase with an
ambient temperature of 20-30 ◦C taking place from 0 to 505s, subsequently,
stabilized phase from 506s to 1372s, and finally a hot start transient phase
from 1372s to 1877s. However, after the stabilized phase, the engine is
turned off for around 10 minutes (min 540s, max 660s), which is known
as a hot soak, and right after it, the hot start transient phase begins. The
FTP-75 cycle is presented in Figure 2.4.

Figure 2.4. The velocity profile of US Environmental Protection Agency (EPA) Federal
Test Procedure (FTP-75).

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

2.3.2 Aviation

In jet engines the case is similar to reciprocating engines (SI-LDVs and
FFVs), when comparing the test results of steady-state operation from
various sources, it could be noticed that the influence of a test engine at a
specific laboratory is greater than the influence of fuel and its properties.
Additionally, at one specific steady-state point relations between the tested
group of fuels in terms of the produced engine thrust differ from another
steady-state point (for example at higher revolutions per minute (RPM) of
the jet turbine). Such limitations associated with testing fuels at steady-
state conditions make it very difficult to find trends for modeling when
combining results from different sources. As an example, based on the
three independent sources 1SA[114], 2SA[115], 3SA[116], the relations
between fuel properties (density, viscosity, NCVmass, and NCVvol) and
thrust specific fuel consumption (TSFC) were compared and presented in
the Figure 2.5. The tests were performed in real jet engines under 60000
RPM, and as it could be noticed no clear trends are visible when analyzing
the results of steady-state operation. In some cases, even contrary behavior
could be observed when analyzing the points from different sources.
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Figure 2.5. The impact of aviation fuel properties (density, viscosity, NCVmass, and
NCVvol) on jet engine performance represented by the thrust-specific fuel
consumption (TSFC). The present Figure is a part of Publication 3.

Due to the discussed limitations of the steady-state approach, it was not
selected for the modeling. The two remaining options are specific flight
conditions or a full flight cycle, which are better in terms of repeatability
and reliability of tests and results. To that end, there is a standardized
flight cycle known as a landing and take-off cycle (LTO), which was in-
troduced by International Civil Aviation Organization (ICAO) [117]. Just
like driving cycles in on-road transport, flight cycles or their phases are
much better approaches when the aim is to reveal the performance from
the end-use perspective. One of such flight phases are cruising conditions
where aircraft spends most of its time (power around 82% [118], altitude
10000m - 14000m, speed of 0.8 Mach (980 km/h) [119]). The phases of a
regular flight are presented in Figure 2.6.
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Figure 2.6. Phases of the regular flight with a typical commercial aircraft.

The sources of data report either full LTO cycle results with the speci-
fication of FC for each phase take-off (100% power), climb (85% power),
approach (30% power), idle (7% power), or the outcomes of FC for cruising
conditions (82% power). In order to increase the number of observations
for modeling and validation procedure the data taken to the matrix include
the FC results of both cruise and climb conditions.

2.4 Modeling data

Once the type of fuel consumption data for the development of each model
is clarified (over driving cycles for SI-LDV and FFV engines, cruising and
climbing conditions for aircraft jet engines), the next step is related to
the collection of publicly available data from literature sources. When
it comes to on-road transport for SI-LDVs three sources of data ([120],
[121], [122]) supplied 20 observations for model development, whereas
two sources of data ([123], [124]) provided 9 observations for the external
validation of the SI-LDVs FC model. Blends of ethanol, n-butanol, and
iso-butanol were tested over the NEDC procedure. The ready modeling
matrix for SI-LDVs is presented in Table 4 of Publication 1. For the FFV-
FC model development 9 sources of data ([125], [78], [126], [127], [128],
[129], [130], [131], [132]) supplied 65 rows of observations from both NEDC
and FTP-75 procedures, whereas four sources of data ([133], [134], [135],
[136]) provided 20 experimental measurements for the external valida-
tion of the FFV-FC model. The modeling and validation matrix for the
FFC-FC model combines the data for fuel blends containing methanol,
ethanol, isobutanol, n-butanol, and ethyl tert-butyl ether (ETBE) in var-
ious concentrations with standard gasoline as well as combinations of
their binary and tertiary blends. More details about tested fuels and
characterization of the flex-fuel vehicles used in each source are provided
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in the section "3.1. The FFV performance data", Figure 4, Table 3, 4,
and 5 of Publication 2. For the aircraft jet engines model development
seven sources of data ([137], [118], [138], [139], [140], [119], [141]) gave
48 observations, which combine both aircraft cruising and climb condi-
tions from mostly simulations. Additionally, for model validation three
sources of data ([142], [143], [144]) provided 21 observations from empiri-
cal tests exclusively. Tested fuels include catalytic hydro-thermolysis with
hydrodeoxygenation-based synthetic kerosene (HDO), hydroprocessed es-
ters and fatty acids (HEFA) based renewable diesel (HEFA-RD), synthetic
aromatic kerosene (SKA), SKA made by catalytic hydro-thermolysis (CH-
SKA) hydro-deoxygenated Synthesized Aromatic Kerosene (HDO-SAK),
hydro-processed camelina based renewable jet (C-HRK), catalytic hydro-
thermolysis based synthetic kerosene (CH-SK), camelina SPK (C-SPK),
jatropha SPK (J-SPK), camelina HEFA (C-HEFA), and microalgae SPK
(M-SPK). All SAF were tested under various blending concentrations with
standard Jet-A1. More information related to the tested fuels as well as
testing details can be found in section "2.2. Data", Figure 6, Table 2, 4, and
5 in the Publication 3. Whereas below presented Table 2.1 summarizes the
sources used for model development and validation.
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Table 2.1. Summary of the data sources and their quantity for development and validation
of the SI-LDVs, FFVs, and aircraft jet engines fuel consumption models.

Publication 1 2 3

Transport sector SI-LDVs FFVs Jet engines

Model development

[120] [125] [137]

[121] [78] [118]

[122] [126] [138]

[127] [139]

[128] [140]

[129] [119]

[130] [141]

[131]

[132]

Total number of observations 20 65 48

Model validation

[123] [133] [142]

[124] [134] [143]

[135] [144]

[136]

Total number of observations 9 20 21

Test cycle NEDC NEDC and FTP-75 Cruise and climb

Reported fuel properties

RON RON Viscosity

RVP MON Density

NCVvol S NCVvol

NCVmass Density NCVmass

Density RVP C

C NCVmass H

O NCVvol

C

O

H

Referring to the RQ1, the data used for development of the FC model
for regular SI-LDVs, had the lowest number of observations (only 20).
Although it would be desired to have more data, their availability in the
literature is a limitation. Nevertheless, based on those 20 observations the
developed FC model for regular SI-LDVs achieved high accuracy both in in-
ternal and external validation as presented in the Publication 1. Therefore
the answer is yes, the amount of data was sufficient to perform model-
ing, nevertheless, it would be very beneficial to have more rows of data
especially for unconventional fuel blends. The quantity of data taken for
development of the FFV-FC model was three times higher compared to
regular SI-LDVs, while for jet engines more then double (however mostly
simulations data).

Fuel properties reported commonly in data sources used for the develop-
ment of spark-ignition engine models (SI-LDVs and FFVs) were research
octane number, motor octane number, octane sensitivity, net calorific con-
tents (mass and volume-based), density, vapor pressure and carbon, hydro-

50



Methodology

gen, oxygen mass-based concentrations. Other fuel properties for modeling
fuel consumption in spark-ignition engines could be the heat of vaporiza-
tion and auto-ignition temperature which might bring additional effects
on fuel consumption. As discussed in the background section, higher
heat of vaporization provides a better cooling effect (reduction of heat
losses through cylinder walls), and additionally, it might improve efficiency
through the mitigation of knocking combustion. The autoignition tem-
perature of the fuel is the lowest temperature at ambient conditions that
fuel will spontaneously ignite without any source of ignition such as a
spark. In spark-ignition engines, it is desired that the fuel-air mixture
ignites from the source of ignition (spark) and should not ignite by itself
(this could cause either regular knocking combustion or in worse case low-
speed-pre-ignition, which could further develop into severe effect known
as super-knock).

In the case of jet engines viscosity, density, net calorific contents (mass
and volume based), and carbon/hydrogen mass concentrations were taken
into the modeling matrix based on literature sources. Other fuel prop-
erties that might bring additional impact on the end-use performance of
alternative fuels could be thermal stability, surface tension, and derived
cetane number. Poor thermal stability of the jet fuel might cause fuel to
degrade under the heat stress in the engine and fuel injectors. A high
surface tension can restrain the proper atomization and spray break-up,
while derived cetane number in jet fuels is a relevant fuel property for
stable combustion (flame stability).

It is important to remember, however, that the current dissertation is
relying on literature sources of data, and such additional fuel properties
would need to be reported in all sources of data commonly to include them
in the modeling matrix.

2.4.1 Representation of the data

It is important to highlight that engine characteristics of experimental
vehicles were different in the data sources. Also the reference fossil fuel
differs between regions. These variations cause a difficulty to model the
effect of fuel properties on FC when considering raw (absolute) values
of for example L/100km. The reason comes from the possibility that for
example different engine parameters such as displacement, CR or aspira-
tion technology might affect much stronger the FC then the variation in a
fuel itself. To minimize such influence, all variables in the final modeling
matrix (input and output) are converted to percentage changes relative
to standard fossil fuel used in each source (gasoline for SI-LDVs and FFV,
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while Jet-A1 for aircraft jet engines). Such step allowed to observe much
clearer trends based on data coming from various sources (different en-
gine characteristics, reference fuels, measurement equipment, and etc.).
The benefit of modeling based on relative percentage changes makes the
final model more universal, scalable and applicable. As when percentage
changes of FC for each given fuel are known they could be easily calculated
and extrapolated from a single vehicle to the fleets of vehicles of its kind.

When it comes to RQ2, the conversion of absolute values of fuel properties
and fuel consumption to percentage changes relative to standard fossil
fuel used in each source allowed to find much clearer trends for modeling.
Therefore the answer is yes, there are continuous trends visible between
data coming from various sources, which was presented in the Figure
5 from Publication 1, Figure 5 from Publication 2, and Figure 5 from
Publication 3.

2.5 Model development and validation

As discussed in the sections 1.4 and 1.5 alternative fuels differ in their
properties compared to their fossil counterparts, which is the case concern-
ing all transport fuels including on-road and aviation. These differences
come from the variations in chemical composition of the fuel, where also
the new blend of renewable fuel with fossil fuel differ in its properties
compared to the reference fossil counterpart or renewable fuel alone. In
consequence, differences in fuel properties impact the engine performance
measures including FC and CO2 emissions. The Figure 2.7 visualizes the
research problem where fuel properties such as density, viscosity, calorific
content, RON, MON, octane sensitivity, carbon content, hydrogen content,
and oxygen content are represented by letters "γ,ζ,η,µ. The target of the
current dissertation is to develop a model that will find the direct relation-
ship between fuel properties and fuel consumption in SI-LDVs, FFVs and
aircraft jet engines.
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Figure 2.7. The research problem - letters "γ,ζ,η,µ" represent fuel properties that affect
the FC of the on-road vehicles and aircrafts. The target of the present disser-
tation is modeling the direct impact of fuel properties exclusively on FC in
SI-LDVs, FFVs, and aircraft jet engines. Based on the fuel consumption and
carbon content the TTW and TTT CO2 emissions are calculated.

Fuel properties affect the performance of engines collectively, which is
the reason why the designed modeling methodology aims to investigate the
collective impact of the most significant fuel properties. To that end, fuel
properties are taken in the modeling procedure as explanatory variables,
while fuel consumption is treated as a single response variable. Consid-
ering that the modeling problem includes multiple independent variables
and a single dependent variable, multi-linear regression (MLR) was se-
lected for the development of the model (answer to the RQ3). The modeling
procedure incorporates quantitative analysis to ensure the statistical sig-
nificance of fuel properties in final models.

The following equation 2.1 represents the function of the multiple linear
regression (MLR) that was applied in the modeling part for SI-LDV, FFV-
FC, and jet-model’s development [145].

y(x)=φ1(x) ·β1 + ...+φn(x) ·βn +ϵ(x) (2.1)

where, y - dependent variable, x - independent variable, φi(x) - explana-
tory variable, βi parameter of explanatory variable, ϵ(x) - error.

Referring to Figure 2.7, the Equation (2.1) could be expressed as follows:

α= aγ ·γ(XR)+aζ ·ζ(XR)+aη ·η(XR)+aµ ·µ(XR) (2.2)

where, α - relative change of fuel consumption [% change of L/km in refer-
ence to standard fossil fuel], XR - The volumetric concentration of the alter-
native fuel in the blend with standard fossil fuel, γ(XR),ζ(XR),η(XR),µ(XR)
- relative change of fuel property γ,ζ,η,µ [% change relative to standard
fossil fuel], aγ,ζ,η,µ - coefficients of property γ,ζ,η,µ.

As mentioned before, all variables are represented as changes relative
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to standard fossil fuel (expressed in %), and they are calculated in the
following way:

γ(XR)= (γR −γG)/γG ·100% (2.3)

where, γ(XR) - the value of specific fuel property [γ] for alternative fuel
blend dependent on the concentration of alternative fuel [XR], γG - value of
specific fuel property [γ] for standard fossil fuel, γR - value of specific fuel
property [γ] for neat alternative fuel.

The least-squares method is used to approximate the solution during the
regression analysis in the modeling stage [145] - Equation 2.4.

Jθ =
N∑︂

x=1

ϵ2 =
N∑︂

x=1

(y(x)−φT (x) ·θ) (2.4)

where, Jθ - least-squares objective function.

The modeling procedure including quantitative analysis aims to ensure
the statistical significance of all independent variables. In practice, it is
accomplished by setting the modeling criteria such that the p-values of
independent variables have to be lower than the significance level of 5%
(p-value ≤ 0.05) in the final model, while aiming at the highest possible
R-square. The p-value stands for probability value, it is a data-based
measure that fluctuates between 0 to 1. P-value describes the likelihood
of obtaining an effect as extreme (or more extreme) as the result actually
observed, while assuming that the null hypothesis is true. The null hy-
pothesis assumes that there is no real effect detected in the data. The
alternative hypothesis states that there exists a significant relationship
in the data (meaning that there is an effect detected). The p-value by
default assumes that the null hypothesis is true, which means that high
p-values indicate that the obtained effect in the data is due to chance alone
or random noise. At the same time, low p-values, help to establish if there
is enough evidence to reject the null hypothesis. A cut-off level to reject a
null hypothesis is called a significance level (usually set at p-value ≤ 0.05)
[146]. The result of the Student’s test called the t-value from statistical
hypothesis testing together with the Probability Density Function (PDF)
is applied in calculation of the p-value (the description of the p-value calcu-
lation is given in Appendix A of Publication 1).

The applied MLR method proceeds in an iterative manner where inde-
pendent variables are added or removed after each iteration [145]. The
modeling begins with adding the first variable to the model, then each
consecutive variable is added to the model and the statistical significance
of variables is assessed (calculation of the t-value and p-value). When the
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variable has a p-value lower than 5% (0.05), which is below the significance
level, it stays in the model, while variables with a p-value higher than
5% are rejected from the model. The process is continued and repeated
for the remaining independent variables until all variables are tested and
the model is completed. This specific modeling method is called forward
stepwise regression, where the final model achieves the highest possi-
ble R-square, while including the most significant independent variables.
Besides the coefficient of determination (R-square), the accuracy of de-
veloped models is being controlled also by the standard error. Once the
fuel consumption models for SI-LDVs, FFVs, and aircraft jet engines are
completed, the carbon dioxide CO2 emissions for alternative fuels are cal-
culated based on the FC results together with density, the carbon content
in the fuel, and the coefficient 44.01/12.0107, which represents the molar
mass relation between carbon dioxide and carbon. Equation 2.5 represents
the calculation methodology:

δ=αABS ·ρ · z · 44.01
12.0107

(2.5)

where, δ - CO2 emissions [g/km], αABS - absolute value of fuel consump-
tion [l/km], ρ - density of the fuel [g/dm3], z - 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 the gasoline or Jet-A1 can be
calculated in the following way:

z = (X · zR ·ρR + (1− X ) · zG ·ρG)/ρ (2.6)

where, X - volumetric fraction (concentration) of alternative fuel [%], ρR -
density of net alternative fuel [g/dm3], ρG - density of net gasoline/Jet-A1
[g/dm3], zR - carbon content in alternative fuel [%], zG - carbon content in
gasoline/Jet-A1 [%].

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

ϵ=αABS ·NCVABS (2.7)

Where, ϵ represents the energy consumption in [MJ/km] and NCVABS is
a net heating value of a given fuel expressed in [MJ/L].

The validation of the final models is proceeding in two steps, the first
one is validation against the data used for modeling (internal validation),
while the second step is validation against the data that the model has
never seen (external validation). The accuracy of the model in validation
is measured by the average absolute error.
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3. Summary of results

The present chapter provides a summary of the most important outcomes
from Publications 1-4 as well as their contribution to the field of Energy
Technology and System Level analysis of end-use implications related
to renewable fuels considered for on-road transport and aviation. The
following sections focus on each publication, highlighting their objectives
and main achievements.

3.1 Publication 1

The scope of the first publication has covered the investigation and mod-
eling of the impact of alternative fuel properties on fuel consumption in
spark-ignition engines of light-duty vehicles. The focus was both on spark-
ignition and compression-ignition LDVs. Y. Kroyan’s work was related
to the SI-LDVs part, which is included in the current dissertation, and
Michał Wojcieszyk was responsible for analysis and modeling related to
the CI-LDVs part.

The objective of the studies was to develop the first mathematical model
that would link fuel properties with fuel consumption in SI-LDVs. To
achieve this, the approach presented in the 2.1 methodology chapter was
selected; which in brief consists of 1. collection of the NEDC-based FC and
fuel properties data for alternative fuels and their blends with gasoline
from literature sources, 2. conversion of the raw data into percentage
changes relative to gasoline (motivation given in the section 2.4.1), 3.
mathematical modeling using the multilinear regression with quantitative
analysis, 4. internal and external validation of the model. Based on 3
sources of data [120], [121], [122] 20 observations were collected for the
modeling purpose, whereas 9 observations from 2 sources [123], [124] were
devoted for the external validation of the model. After the conversion of the
matrix to percentage changes relative to gasoline, each fuel property that
was reported in the sources was plotted against the related changes of FC
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(Figure 3.1). The results show that increasing calorific content (NCVvol,
and NCVmass) reduces the FCvol, while increasing the oxygen content
of the fuel increases the fuel consumption (which could be explained by
lower calorific content of high oxygen-containing fuels). When looking into
the reid vapor pressure (RVP) no clear trends are visible, however, the
results indicate that higher RVP blends are in the neighborhood of lower
FCvol values. In the case of RON and density, it could be noticed that
higher values increase fuel consumption, which in reality shouldn’t be the
case assuming that calorific content would stay constant for tested fuels.
Higher RON indicates better resistance for knocking combustion, which
in turn is beneficial for the end-use performance of SI-LDV engines. The
reason for such FCvol relation between RON and density is the influence
of calorific content. Tested fuels were alcohols that have higher RON and
density than gasoline but significantly lower NCVvol and NCVmass, which
in turn for higher alcohol concentration fuels increases significantly fuel
consumption. This result indicates the impact of fuel properties on fuel
consumption should be considered collectively (by their combined effect)
rather than analyzing each single fuel property separately.

Figure 3.1. The relations between fuel properties and fuel consumption in SI-LDVs.

The main result of Publication 1 is the developed FC model for SI-LDVs,
which takes into consideration the collective impact of the most significant
fuel properties. The developed model has high accuracy confirmed by an
R-square value of 0.989, where the most important fuel properties turned
out to be RON, density, NCVvol, and oxygen content (answer to the RQ4).
Additionally, each fuel property in the model has a p-value lower than
3%, which indicates their significant effect on FC. Modeling outcomes are
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summarized in the Table 3.1.

Table 3.1. The modeling results for FC model dedicated to SI-LDVs.

Variable Coefficient Std. Error t-value p-value

O2 -0.613 0.253 -2.419 0.028

Density 1.883 0.661 2.847 0.012

NCVvol -2.220 0.179 -12.382 0.000

RON -0.771 0.170 -4.538 0.000

The developed FC model for SI-LDVs is presented in the following equa-
tion 3.1:

αSI =−0.771 · A−2.220 ·B+1.883 ·C−0.613 ·D (3.1)

Where, all variables (input and output) are represented as percentage
changes relative to gasoline. αSI - fuel consumption, A - RON, B - NCVvol,
C - density, D - oxygen content.

Validation results of the developed model against the data that the model
has never seen (external validation) right graph of Figure 3.2 confirms the
good accuracy of the model by the average absolute error of 1.1% against
the data from source [123] (in the original paper cited as a source 58), and
2.23% of average absolute error against the data from source [124] (in
the original paper cited as a source 59). The distribution of residuals is
supplied in the Appendix B.

Figure 3.2. Internal validation presented on the left chart against the following sources
of data [120], [121], [122]. External validation (right chart) of the FC model
for SI-LDVs against the two sources of data ([123], [124]).

An interesting result is related to CO2 emissions of tested fuels. As it
could be seen on the left chart in Figure 3.2, despite higher FCvol blends
such as E10, E22, E25, E50, E85 iBu16, iBu68 have lower TTW CO2

emissions (addresses RQ6). The main reason for lower CO2 emissions
is associated with the lower carbon content of those fuels compared to
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gasoline and their higher RON that leads towards good performance in
SI-LDV engines.

3.2 Publication 2

The second publication is focused on modeling the impact of alternative
fuel properties in flex-fuel vehicle engines. The objective of this work was to
develop an accurate FC model for FFVs and subsequently apply that model
to simulate the end-use performance metrics (volumetric FC, mass-based
FC, energy consumption, and CO2 emissions) for the promising gasoline
blendstocks. Additionally, the FCvol in FFVs for various alternative fuels
was compared to FCvol in regular SI-LDVs.

Based on literature data coming from 9 sources ([125], [78], [126], [127],
[128], [129], [130], [131], [132]) the matrix consisting of 65 rows of ob-
servations (FCvol and fuel properties) was constructed for the modeling
procedure. The Figure 5 in the Publication 2, shows the changes of single
fuel properties reported in the data sources against the change in fuel
consumption. The FCvol used for the development of the FFV-FC model
was based on literature data that were measured in both the NEDC and
FTP-75 driving cycles. The final fuel properties (included in the model)
that turned out to be the most important for FCvol in FFVs are octane
sensitivity (S), NCVvol, density, and vapor pressure (VP) (answer to the
RQ4). All with p-values much below 1%, which confirms the significant
influence of each fuel property on FCvol in FFVs. The modeling results are
presented in the Table 3.2.

Table 3.2. The modeling results for FC model dedicated to FFVs.

Variable Coefficient Std. Error t-value p-value

NCVvol -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

The developed FFV-FC model is presented in the following equation 4.1:

αFFV−FC =−0.061 ·γ−1.653 ·η−1.575 ·ζ−0.079 ·µ (3.2)

Where, αFFV−FC - volumetric fuel consumption, γ - octane sensitivity, η -
NCVvol, ζ - density, and µ - vapor pressure.

The developed FFV-FC model has a high accuracy indicated by the R-
square of 0.994 and average absolute error of 1.41% FCvol in internal
validation (against the data used for modeling), presented in Figure 3.3.
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The distribution of residuals is supplied in the Appendix B.

Figure 3.3. Internal validation of the FFV-FC model against the data from sources [125],
[78], [126], [127], [128], [129], [130], [131], [132].

This outcome extends also to the external validation of the FFV-FC model,
where four independent sources of data ([133], [134], [135], [136]) provided
20 experimental observations for comparison with FCvol simulated using
the developed FFV-FC model. The results are presented in Figure 3.4,
where the average absolute error is only 1.9% of FCvol.

Figure 3.4. External validation of the FFV-FC model, against four sources of data [133],
[134], [135], [136].

The next part explored whether FFVs perform with better fuel economy
than regular SI-LDVs when powered by alternative fuels. In order to
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do that comparison, the developed FFV-FC model was used to simulate
the FCvol for alternative fuels tested experimentally in regular SI-LDVs
in the following sources [120], [121], [122]. The results are presented
in Figure 3.5. It could be noticed that FFV engines operate better with
low reactivity alternative fuels characterized by high knocking resistance
when compared to regular SI-LDV engines. The greatest differences in
FCvol when comparing FFV to regular SI-LDV could be observed for high-
concentration ethanol and isobutanol blends (E85 and iBu68).

Figure 3.5. The performance of alternative fuels in FFVs vs regular SI-LDVs.

Therefore, the answer to the RQ5 is yes, based on the obtained results,
FFV engines turned out to utilize more efficiently alternative fuels than
regular SI-LDVs. This was further confirmed in the reverse case when
developed in the first publication model for regular SI-LDVs was used to
simulate the FC of the same fuel blends that were tested experimentally
in FFVs (presented in the Appendix A).

The final analysis of the second publication utilizes again the developed
FFV-FC model to simulate the end-use performance metrics (volumetric
FC, mass-based FC, energy consumption, and CO2 emissions) for promising
renewable gasoline blendstocks including ethanol, methanol, isopropanol,
n-propanol, isobutanol, prenol, and di-isobutylene.

62



Summary of results

Figure 3.6. The end-use performance of renewable gasoline blendstocks in FFV engines.

The results (presented in the Figure 3.6) show that methanol significantly
increases FC but at the same time strongly reduces the TTW CO2 emissions
and energy consumption, especially for high-concentration blends with
gasoline. Nevertheless, the greatest reduction of energy consumption for
investigated blendstocks is observed for prenol (16.7% savings in EC for the
neat component). On the contrary side, the highest energy consumption
show blends of di-isobutylene with gasoline (+3.4% of higher EC for the
neat compound). At the same time, the FC of di-isobutylene is almost
identical to standard gasoline. When it comes to ethanol, propanol isomers,
and isobutanol blends with gasoline, they increase FC in an order of the
lighter alcohol the higher FC, which is strongly dictated by their calorific
content. It was also observed that high-concentration alcohol blends reduce
both CO2 emissions and energy consumption (addresses RQ6).

3.3 Publication 3

The third publication is concentrated on the aviation sector, where the
target was the development of a mathematical model for predicting the
impact of Sustainable Aviation Fuel properties on fuel consumption in
aircraft jet engines. Similarly like in the case of Publications 1 and 2, the
modeling was relying on data from literature sources where multilinear
regression with quantitative analysis was applied to the developed matrix.
The collected data were representing the changes in fuel consumption over
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aircraft cruise or climb conditions for various SAF tested in each source
(mostly simulation data). Based on the 7 sources ([137], [118], [138], [139],
[140], [119], [141]) 48 observations of fuel consumption and fuel properties
were incorporated into the matrix for the modeling purpose. The results
presented in the Table 3.3 show that viscosity, density, and NCVmass are
the most important fuel properties for FCvol in aircraft jet engines (answer
to the RQ4). All independent variables have p-values well below 1%, which
confirms the specific influence of each final fuel property in the developed
jet-model.

Table 3.3. The modeling results for FC model dedicated to aircraft jet engines.

Variable Coefficient Std. Error t-value p-value

Viscosity 0,0039 0,0007 5,3819 >0,0001

Density -0,9030 0,0323 -27,9778 >0,0001

NCVmass -0,6101 0,0977 -6,2449 >0,0001

The final version of the jet-model is represented by the following equation.

αJET = 0,0039 ·γ−0,9030 ·ζ−0,6101 ·η (3.3)

Where, independent variables represent percentage changes relative to
the standard Jet-A1; γ - viscosity, ζ - density and η - NCVmass. The internal
validation presented in Figure 3.7 reflects the high R-square (0.993) of the
developed jet-model, where the average absolute error is only 0.21%. The
distribution of residuals is supplied in the Appendix B.

Figure 3.7. Internal validation of the jet-model against the data from sources [137], [118],
[138], [139], [140], [119], [141].

The external validation was performed against the 21 experimental-
only observations (jet engine tests) collected from three sources [142],
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[143], [144]. The developed jet-model predicted well the changes in fuel
consumption compared to experimental data, the average absolute error
was 0,68% of FCvol. The biggest error (3,63% of FCvol) was observed
for SPK tested in the jet engine TRS-18-046-1 from source [142] (in the
original paper source I). However, it is worth mentioning that the same
fuel (SPK) and engine (TRS-18-046-1) were used in a source [143] (in
original paper source H) and the jet-model’s prediction was very close to
the observed experimental result, with a very small error of 0,37%.

Figure 3.8. External validation of the jet-model against three sources of data I[142],
H[143], and J[144].

The developed jet-model was applied to simulate the end-use performance
of ASTM D7566 certified SAF including FT-SPK, HEFA, FT-SPK/A, SIP,
and ATJ-SPK. The results show that among tested SAF the most similar
end-use performance to standard Jet-A1 has FT-SPK/A (addresses RQ6).
The reason could be associated with the presence of aromatic compounds,
which increases the density of FT-SPK/A compared to other tested SAF.
This additionally makes FT-SPK/A have the highest NCVvol as well as
carbon content (lowest hydrogen content). The FT-SPK is a completely
paraffinic version of synthetic kerosene, which has the lowest NCVvol
as well as low density that leads towards the increase in FCvol. How-
ever, FT-SPK has the lowest carbon content (highest hydrogen content)
among tested SAF, which decreases the Tank-To-Thrust CO2 emissions.
SIP blends with Jet-A1 turned out to increase the most fuel and energy con-
sumption. The reason behind those trends could be related to challenges
associated with fuel flow due to the exceptionally high viscosity of SIP.
That in turn, could lead to inefficiencies in energy conversion. However,
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SIP has still lower carbon content than Jet-A1, which despite higher FC,
decreases the TTT CO2 emissions. While the strongest reductions of TTT
CO2 emissions are observed for the blends of HEFA and ATJ-SPK with
Jet-A1, both fuels increase volumetric FC (but reduce FCmass).

Figure 3.9. End-use performance of five ASTM D7566 certified SAF (FT-SPK, HEFA,
FT-SPK/A, SIP, ATJ-SPK), predicted by the jet-model.
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3.4 Publication 4

The fourth publication identifies the challenges hampering the market
uptake of renewable fuels with a focus on advanced biofuels. It is a col-
laborative work where the scope includes the entire value chain (from
feedstocks, through conversion to end-use and regulations). The part as-
sociated with the current dissertation was responsible exclusively for the
review related to the end-use challenges for on-road and aviation segments
of transport. The objective was to 1. identify the challenges that restrict
the flexible, reliable, and cost-efficient market uptake of sustainable ad-
vanced biofuels, 2. highlight policy interventions that have strong potential
to overcome those challenges.

The following challenges and policy-relevant gaps were identified (which
also address the RQ8):

• Vehicle producers (OEMs) are not willing to change or upgrade the
existing manufacturing lines, as there is no incentive for them to produce
dedicated engines/vehicles (lack of support for OEMs producing ICE-
based vehicles). There is a specific emission target for manufacturers of
95g of CO2/km, however, no credits are accounted for advanced biofuels,
which limits the investments in ICE development.

• End-users are willing to choose a cheaper option of fuels and engine types,
while rich consumers tend to buy oversized vehicles. The associated policy
gap is related to the fact that currently there are lower taxes for EVs but
a lack of concrete support for powertrains intended for advanced biofuels.

• A very important challenge that influences other policy gaps is related
to the way that emissions of vehicles are considered. Currently, Euro-
pean regulations take into account only tank-to-wheel emissions, which
neglects the environmental impact associated with the production of elec-
tricity or fuel, as well as the manufacturing and recycling of the vehicle
and powertrain.

• Double-counting does not reflect the real share of advanced biofuels in
the European fuel mix, where the difference is covered by fossil fuels.

• Certification of new fuels (even drop-in) takes a considerable amount of
time, during which separate standards are issued. Additionally, retail
stations have no obligation to provide renewable fuels at a higher concen-
tration such as E20, E85, or HVO. There is a lack of support for retail
stations for infrastructure upgrades dedicated to renewable fuels.
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• There is a significant price difference between renewable fuels (including
advanced biofuels) compared to their fossil counterparts. Unfortunately,
there is no effective regulatory mechanism that would equalize and
bridge the price gap between renewable and fossil-based fuels.

• Aviation is the most difficult sector to electrify, therefore it will be de-
pendent on liquid fuels even in the very distant future. The challenge
is that there is competition between transport segments for feedstocks
necessary for renewable fuel production.

• Finally, there is a weak/insufficient level of communication between
decision-makers and entities involved in the value chain of the energy
sector.

The proposed following policy mechanisms are aiming to support the
commercialization of renewable fuels and mitigate some of the end-use
related challenges that inhibit their market uptake (end-use part from the
Appendix B of the Publication 2):

• Fuel cost and taxation, the aim is to reduce the final cost of renewable
fuels for end-users and make them competitive with fossil fuels.

Relevant mechanism Added value

Higher carbon taxes for fossil fuels. Renewable fuels cheaper or at least of
the same price as fossil fuels.

Elimination of the carbon tax for 1st gen-
eration biofuels.

Price drop will trigger the higher de-
mand for renewable fuels, which will
consequently drive the investments in
fuels production facilities.

Optionally; reduction of the excise duties
and VAT for renewable fuels.

Accelerated growth of the refuelling in-
frastructure for renewable fuels.

Each retail station obliged to provide at
least one renewable fuel batch (E20, E85
or BTL100) + support for infrastructure
up-grade for retail station owner.

Economic growth in agriculture branch
and new jobs for local communities.

• Cost of the novel powertrains: the aim is to equalize the price differ-
ence between new, more efficient, and clean powertrains intended for
renewable fuels with current SI and CI engine-based powertrains.
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Relevant mechanism Added value

Introduction of tax exemptions and incen-
tives to reduce the cost of alternarnative
powertrain dedicated to renewable fuels
(no purchase tax and VAT, lower annual
road tax, no registration tax, purchase
grants, no parking fees)

Novel, more efficient and clean power-
trains especially those compatible or
dedicated to renewable fuels price com-
petitive to regular SI and CI engine
based powertrains.

Support for OEMs aimed on downsizing
vehicles and engines, which should bring
significant CO2 emission reductions from
the fleet perspective.

Accelerated market uptake of tech-
nologies with significantly lower WTW
based GHG emissions than electric ve-
hicles and regular ICE vehicles.

Higher road taxes for larger cars such as
SUVs equipped with regular diesel/gaso-
line powertrains.

Improvement of local air quality (much
lower emission levels), positive impact
on human health

• Environmental impact assessment method: the current outdated tank-
to-wheel (TTW) approach does not consider the majority of the emissions
produced within the value chain, and misleads the assessment of the real
environmental impact of the technologies. TTW approach drives unfair
taxation, punishes and inhibits the progress and commercialization of
other clean and sustainable technologies on the WTW and CTG basis.

Relevant mechanism Added value

European cliamte targets will not be
achieved relying on the current TTW ap-
proach. There is a clear need to change it
towards WTW or even CTG.

Real reduction of the GHG emissions.

New targets for EU fleet-wide average
emission for new cars should take into
account also the average fuel intended
for the vehicle and changes over time in
the standard fuel mix.

Honest comparison, taxation and incen-
tives for various alternative and sus-
tainable technologies competing on the
market.

Emissions related to the production of the
powertrains and related compounds in-
cluding batteries should be incorporated
in the assessments.

New clean technologies emerging on the
market.

• Feedstock for all transport branches: the aim is to support the defos-
silization of hard-to-abate transport sectors such as aviation by enabling
equal profitability for channeling the feedstocks towards the aviation
sector and on-road transport.

Relevant mechanism Added value

Introduction of incentives similar to those
for on-road transport to aviation industry
and SAF producers.

Reduction of the competition for feed-
stock within the transport sector.

Investiments in larger renewable fuel
production plants, which would bring
reductions in fuel costs.
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3.5 Applicability

The present work developed three mathematical models allowing to per-
form the estimations of fuel consumption for alternative fuels applied in
the regular fleet of SI-LDV engines, FFVs, and aircraft jet engines. The
advantage of developed models is that independent variables are fuel prop-
erties, which when thinking of applicability allows performing simulations
from single chemical compounds, through groups of molecules to ready com-
mercial fuel products. Which is especially important, when considering the
fact that new conversion pathways at low TRL, usually are not producing
sufficient quantities of fuel for end-use experimental tests. The developed
models allow instant, cost-free and accurate analysis of FC for liquid fuels
from laboratory to industrial scale. The applicability of developed models
could be summarized as follows (answer to the RQ7):

• Estimations of FC for liquid renewable fuels applied in the regular fleet
of SI-LDV engines, FFVs, and aircraft jet engines.

• Early end-use performance insight for fuels from new conversion path-
ways.

• Optimization of fuel’s volume, mass, or energy consumption in targeted
end-use sectors and support in the selection of best fuel options based on
user’s criteria.

• Reduction of time and costs involved with experimental tests including
expensive driving and flight cycles, by performing preliminary analy-
sis with developed models and selection of the best fuel candidates for
subsequent experimental campaigns.

• Estimations of TTW and TTT part of CO2 emissions for alternative fuel
candidates.

The developed models were incorporated into the user-friendly tool called
End-Use Analyzer (EUA) with free public access under the following web-
site: https://advancefuel.aalto.fi/. The users are able to choose the trans-
port mode (on-road, marine, or aviation) subsequently the sort of engine,
and finally the type of fuel. There are predefined fuels as well as the option
to choose a custom fuel. The custom fuels window has three variants,
the raw values-based prediction, relative changes-based prediction, and
selection of the alternative fuel concentration with its fossil counterpart.
The layout of the EUA tool is presented in the following Figure 3.10
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https://advancefuel.aalto.fi/
The front page Selection of the transport mode Selection of the fuel

Figure 3.10. The developed models are incorporated into the user-friendly tool called
End-Use Analyzer (EUA) tool, available under the following url: https://

advancefuel.aalto.fi/.

3.6 Limitations

The present section focuses on the limitations of the work presented in
the current dissertation (Publications 1-3). The potential limitations are
discussed in relation to the data taken for the modeling, the developed
models, and their applicability constraints (answer to the RQ7).

• Data sources. The data that incorporate fuel properties and fuel con-
sumption taken for modeling are coming from literature sources from
various institutions around the world. To that end, the measurement
experimental setup could slightly differ in different locations, which as a
consequence might cause small deviations in their observations. Addi-
tionally, the standard fuel (gasoline or Jet-A1) differs quite significantly
in different regions, which also could affect the results, nevertheless,
such impacts were mitigated by the conversion of absolute values of all
variables to relative percentage changes compared to standard fuel used
in each source. Furthermore, a significant constraint was the number of
fuel properties reported by each source as well as the limited quantity
of publications where driving or flight cycle data are available. It is also
worth mentioning that all sources of data have to report the same set of
fuel properties, otherwise the lack of data points in the modeling matrix
would reduce the accuracy of the final model.

• Modeling procedure. The applied modeling technique was relying on
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multilinear regression where very high R-squares were achieved. Nev-
ertheless, applying in future non-linear approaches including machine
learning algorithms could potentially improve even further the accuracy
of developed models. Nevertheless, a higher number of observations
would be needed to perform such an analysis.

• Developed models. The limitation of the developed regular SI-LDVs
FC model from Publication 1 was that it was relying only on 20 ob-
servations where solely alcohol-based blends with gasoline were tested.
Although alcohol-containing fuels are the most common blendstock for
gasoline, still it would be desired to include in the training set of the
model observations for other types of chemical compounds and their
blends with gasoline. However, the data availability is a key restriction.
In Publication 2, significantly more sources of data and observations
were found, as the focus was on FFVs, which are designed for higher con-
centrations of alternative fuels such as ethanol. Nevertheless, similarly
like in the previous case only alcohols and ethers as well as their binary
and tertiary blends with gasoline were tested in literature sources. It
would be desired to include more unconventional compounds for example
such that do not contain oxygen, while having high RON. In the third
publication focused on aircraft jet engines, most of the data used for
model development were coming from simulations, which is a limitation
considering that simulations always rely on some assumptions as it is
extremely difficult to capture all the real-life effects and phenomena.
Unfortunately, the availability of experimental flight cycle data is very
limited, which is why it was used for the validation of the developed
jet-model.

• Applicability limitations. The FC models (for SI-LDVs, FFVs, and
aircraft jet engines) were developed based on the observations (fuel prop-
erties, and FC) for liquid fuels exclusively. Therefore, developed models
should be applied to calculate the end-use performance of liquid fuels, as
they were not trained for gaseous fuels such as ammonia, hydrogen, or
methane. Additionally, FC models were built based on the data from the
existing fleet of commercial powertrains. To that end, developed models
were not tested for fuel-dedicated engines for example with unusually
high geometrical compression ratios, as well as other powertrains such
as fuel cells or hybrid propulsion.
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4.1 Conclusions

The studies involved in the present doctoral dissertation investigated and
modeled the impact of alternative fuel properties on end-use performance
in on-road transportation and aviation. Based on the data acquired from
the literature sources, three mathematical models were developed for fuel
consumption estimation in regular spark-ignition light-duty vehicles, flex-
fuel vehicles, and aircraft jet engines based on fuel properties exclusively.
The multilinear regression with quantitative analysis was applied for the
development of models, where all variables (fuel properties and FC) were
converted into percentage changes relative to standard fossil fuel used in
each source.

The alternative fuels tested for on-road SI LDVs including FFVs were
mostly alcohols such as methanol, ethanol, propanol, and butanol as well
as ethyl tetr-butyl ether (ETBE) in their binary and tertiary blends with
fossil gasoline. For the regular fleet of SI LDVs, the most important fuel
properties affecting the volumetric FC turned out to be RON (θ), density (ζ),
NCVvol (ηvol), and oxygen content (ϵ). The developed model in Publication
1 represents the changes of FC over NEDC, with an R-square of 0.989:

αSI−LDV =−0.771 ·θ−2.22 ·ηvol +1.883 ·ζ−0.613 ·ϵ
Meanwhile, in the case of FFVs (Publication 2), the developed FFV-FC

model incorporates the effects of octane sensitivity (γ), density, NCVvol,
and vapor pressure (µ). The FFV-FC model shows the changes of FC
over NEDC and FTP-75 driving cycles also with a very high R-square of
0.994, which turned into an average absolute error of 1.9% in an external
validation:

αFFV−FC =−0.061 ·γ−1.653 ·ηvol −1.575 ·ζ−0.079 ·µ
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The FC model developed for aircraft jet engines (Publication 3) incorpo-
rates the impact of viscosity(φ), density, and NCVmass (ηmass) of the fuel.
The model represents the changes of FC over cruise/climb conditions of the
aircraft, where the achieved R-square of 0.993 turned into 0.68% error in
external validation:

αJet = 0.0039 ·φ−0.6101 ·ηmass −0.9 ·ζ
The achieved results indicate the following:

1. The collective impact of fuel properties could be successfully applied
to model and simulate fuel consumption for various alternative fuels in
end-use sectors.

2. Density and calorific content had the highest coefficients and appeared
in all developed models among the most important fuel properties. When
it comes to on-road transport also properties showing the resistance for
knocking combustion (RON and S) turned out to be significant for FC
along with oxygen content and vapor pressure. In case of jet-model, the
viscosity turned out to play an important role in the end-use performance
of SAF.

3. The coefficients of the developed models as well as the type of fuel prop-
erties that survived in the final models are dependent on the modeling
matrices used for training the models. In that respect, both coefficients
and the final set of fuel properties can vary when more observations are
provided for the training set of the models.

4. When it comes to on-road transport, the calorific content of alcohols
is lower compared to gasoline, which increases the FC of fuel blends
composed of ethanol, methanol, propanol, and butanol. However, those
alcohols have significantly lower carbon content compared to gasoline,
which strongly reduces their TTW CO2 emissions. The improvement in
energy consumption is also observed for higher-concentration alcohol
blends. It was also observed that FFV engines perform more efficiently
(with lower FC) when powered by alternative fuels compared to regular
SI-LDVs.

5. Sustainable Aviation Fuels are composed of synthetic paraffins, isoparaf-
fins, and aromatics. The lack of oxygen in SAF helps to keep their NCV
higher compared to alcohols. However, a slightly lower density of FT-SPK,
HEFA, SIP, and ATJ-SPK increases their volumetric FC compared to
Jet-A1. Nevertheless, the lower carbon content of those fuels reduces
their TTT CO2 emissions. The most similar to Jet-A1 in terms of fuel
properties is FT-SPK/A due to the presence of aromatic compounds, which
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in consequence leads to almost identical end-use performance measures
(FCvol, FCmass, EC, and TTT CO2 emissions) of FT-SPK/A compared to
Jet-A1.

6. Among all alternative fuels, ethanol is produced in the highest quantities
worldwide. It is an excellent renewable gasoline blendstock for modern
downsized SI-LDVs, as well as FFVs, while at the same time it can be
used in the ATJ conversion pathway for the production of Synthetic
Paraffinic Kerosene (SPK) for aircraft jet engines (good reductions of TTT
CO2 emissions).

The current market conditions where fuel prices keep increasing gradu-
ally improve the profitability of investments in renewable fuel production.
Nevertheless, still there are other challenges to their successful market
commercialization related to the end-use that were highlighted in Publica-
tion 4. The current European regulatory framework, which considers only
TTW part of emissions strongly favors electrification. However, in order to
meet the climate targets, all sustainable solutions are needed. Therefore it
is very important to advance towards more robust environmental impact
assessment methods such as WTW for energy carriers and include the
lifecycle of the vehicle itself as well in life cycle assessments (cradle-to-
grave). Such change, would significantly accelerate the defossilization of
the transport sector, and boost the market uptake of novel more efficient
powertrains, which can exploit better the beneficial properties of alterna-
tive fuels such as better resistance for knocking combustion.

The current work could be extended to WTW emissions comparison
of alternative fuels and CTG emissions of their powertrains (including
hybridizations) as well as analysis of the total cost of ownership (TCO) and
cost of decarbonization in different geographical locations.

4.2 Recommendations for further research

The studies involved in the present dissertation were related to the model-
ing of the end-use performance (fuel consumption) of alternative fuels and
their properties in SI-LDV engines, FFVs, and aircraft jet engines. The
environmental impact was considered in terms of tank-to-wheel carbon
dioxide emissions. The following areas of further studies are recommended
to extend the knowledge related to the potential of alternative fuels in the
transition toward sustainable mobility:

• Improvement of current models: as discussed in the section 3.6, the
number of observations used for training of models could be increased
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especially towards the unconventional renewable fuels. Additionally, the
developed jet-model in Publication 3 was relying mostly on simulation
data. It would be beneficial to perform experimental flight tests with
various SAF, for further improvement of the model and deeper validation.

• Development of new models: investigation and modeling the impact
of fuel properties and composition on the formation of NOx and PM emis-
sions over WLTP. The focus could cover also fuel dedicated powertrains
such as methanol or hydrogen-powered internal combustion engines.

• Increasing the scope: the present TTW (and TTT) analysis could be ex-
tended to the WTW (WTT) and CTG studies of the environmental impact
and efficiencies of various alternative fuel and powertrain combinations
including hybridized options and their comparison to the full electric
solutions. An additional layer could be the total cost of ownership and
cost of decarbonization per each option for various geographical regions.
The focus could be further extended to analysis related to the dynam-
ics of technological transition, and evolution of environmental impact
reduction over time designed for each specific region.

• Development of scenarios: once the above-mentioned studies are
completed, regional and global techno-economical and environmental
scenarios could be developed and presented to decision-makers together
with recommendations for time and cost-effective paths towards the
climate targets.
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A. Appendix

The present appendix aims to cross-check the outcomes presented in Figure
8 of Publication 2, which compares the fuel consumption between regular
SI-LDVs and FFVs for various alternative fuels. To perform such analysis,
the experimental values of fuel consumption for alternative fuels used in
FFVs presented in Table 1 of the Publication 2 were compared to simulated
values of fuel consumption for a standard fleet of SI-LDVs using the FC
model developed in Publication 1. Similarly, as in the case of the FFV-FC
model, the input parameters for a regular fleet of SI-LDVs model were fuel
properties (RON, density, NCVvol, and O2 content) that are listed in detail
in Appendix B and C of the Publication 2. The comparison is presented
below in Figure 1.1, which includes FC for alternative fuels in regular
SI-LDVs and FFVs as well as differences between both.

Figure 1.1. The performance of alternative fuels in FFVs vs regular SI-LDVs.

The results show that in all cases renewable fuels perform with better
fuel economy in FFVs. When it comes to ethanol blends with gasoline,
high ethanol concentration blends (E85) have the biggest difference in FC
when comparing regular SI vehicles with FFVs. FFVs powered by blends
between E80 and E85 operate on average with over 14 percent lower FC
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compared to standard SI-LDVs. In the case of methanol blends, a higher
concentration of methanol (M85) has a slightly lower difference in FC (FFV
vs regular SI-LDV) compared to the M56 blend. An interesting behavior
could be noticed in low concentration isobutanol blend (iBu14) that in
FFV powertrains gives nearly 2 percent lower FC compared to standard
gasoline, whereas in regular SI-LDVs that blend performs with much
over 5% higher FC. Higher concentration butanol blends iBu21 and iBu55
have respectively 7.4% and 8.7% better fuel economy in FFVs. ETBE is a
common octane booster for gasoline, and the blend ETBE7 shows a slightly
lower FC in FFVs (1.3%) compared to regular SI engines. Higher ETBE
concentration binary blends iBu+ETBE20, R+ETBE21 and E+ETBE19
show stronger improvements in fuel economy (compared to regular SI-
LDVs). The tertiary blends G37+E21+M42 and G40+E10+M50 perform
respectively 9.1% and 7.5% better in FFVs than in regular spark-ignition
engines.
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The present appendix compares the model predicted fuel consumption
values against measure ones. Subsequently the distribution of residuals
based on models developed in Publication 1,2, and 3 is presented. The aim
is to review whether the prediction accuracy of developed models is con-
stant across values when comparing model predictions vs measured values.

The figure 2.1 represents the distribution of residuals from the fuel
consumption model developed in the Publication 1 for regular fleet of light
duty spark ignition vehicles. There were 20 observations in total for model
development, and the model resulted in R-Square of 0.989 (more details
in the section 3.1). The residuals look relatively consistent across the
progressive changes in volumetric fuel consumption. The distribution of
residuals resembles normal distribution, where the mean value is close to
zero.

Figure 2.1. The SI-LDVs model predicted fuel consumption values vs measured values
and the distribution of residuals.
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In the case of fuel consumption model developed for FFVs (Publication
2) the Figure 2.2 shows the distribution of residuals. In the case of FFVs,
there were significantly more data available for modeling (65 rows) com-
pared to the case of regular SI-LDVs (20 rows). The achieved R-Square
of the model is 0.994 (more details in the section 3.2) and similarly as
in the case of SI-LDVs model, the shape of histogram resembles normal
distribution of residuals (the largest count is located around zero). It could
be also noticed that the error of predictions is relatively consistent across
the growth of volumetric fuel consumption.

Figure 2.2. The FFV-FC model predicted fuel consumption values vs measured values
and the distribution of residuals.

Residuals of the jet-model presented in the Figure 2.3 have shape cor-
responding to natural distribution with the greatest count of residuals
around zero. Additionally, the magnitude of residuals in case of jet-model is
significantly smaller compared to the cases of SI-LDVs model and FFV-FC
model. The reason of that could be associated with the considerably smaller
changes in volumetric fuel consumption when comparing alternative fuels
for on-road transport (such as alcohols) versus sustainable aviation fuels
(synthetic hydrocarbons). In case of jet model there were 48 rows of data
used for training of the model, which resulted in R-Square of 0.993 (more
details in the section 3.3).
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Figure 2.3. The jet-model predicted fuel consumption values vs measured values and the
distribution of residuals.
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Renewable fuels have a significant potential to reduce greenhouse 

gas emissions of most passenger vehicles and aircrafts. However, 

it is important to carefully assess their impact on end-use sectors 

to ensure effective decarbonization and facilitate their market 

commercialization. The present dissertation studied the performance 

of alternative fuel candidates in the transport sector and developed 

three mathematical models for fuel consumption estimations using 

fuel properties exclusively. The targeted sectors are a regular fleet 

of spark-ignition light-duty vehicles, flex-fuel vehicles, and aircraft 

jet engines. The developed models could be applied to estimate fuel 

consumption of alternative liquid fuels (from single chemical compounds 

to multimolecular fuels) and in turn, support the industry in the 

development of new fuels dedicated to the transport sector.


	Aalto_DD_2022_201_Kroyan_verkkoversio
	Aalto_DD_2022_201_Kroyan_verkkoversio.pdf
	Abstract
	Preface
	Contents
	List of Publications
	Author's Contribution
	Nomenclature
	1. Introduction and literature review
	1.1 Scope of the dissertation
	1.2 Background
	1.3 The potential of renewable fuels in sustainable mobility
	1.4 Renewable Spark-Ignition fuels
	1.4.1 Methanol
	1.4.2 Ethanol
	1.4.3 Propanol
	1.4.4 Butanol
	1.4.5 Prenol
	1.4.6 Di-isobutylene
	1.4.7 Vehicle fuel consumption models

	1.5 Sustainable Aviation Fuels
	1.5.1 Fischer-Tropsch Synthetic Paraffinic Kerosene (FT-SPK)
	1.5.2 Hydroprocessed Esters and Fatty Acids (HEFA-SPK)
	1.5.3 Hydroprocessed Fermented Sugars to Synthetic Isoparaffins (HFS-SIP)
	1.5.4 Synthetic Paraffinic Kerosene with Aromatics via Fisher-Tropsch (FT-SPK/A)
	1.5.5 Alcohol-to-Jet Synthetic Paraffinic Kerosene (ATJ-SPK)
	1.5.6 Aircraft fuel consumption models

	1.6 Challenges towards the market uptake of renewable fuels
	1.7 Research questions and objectives
	1.8 Novelty and contribution

	2. Methodology
	2.1 The aim and criteria
	2.2 Methodology paths
	2.3 Selection of the approach
	2.3.1 On-road transport
	2.3.2 Aviation

	2.4 Modeling data
	2.4.1 Representation of the data

	2.5 Model development and validation

	3. Summary of results
	3.1 Publication 1
	3.2 Publication 2
	3.3 Publication 3
	3.4 Publication 4
	3.5 Applicability
	3.6 Limitations

	4. Conclusions and outlook
	4.1 Conclusions
	4.2 Recommendations for further research

	A. Appendix
	B. Appendix
	References





