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Abstract: Several countries have set ambitious targets for the transport sector that mandate a gradual
increase in advanced biofuel content in the coming years. The current work addresses this transition
and indicates two promising gasoline bio-blendstocks: anisole and isobutanol. The whole value
chains of these bio-components were considered, focusing on end-use performance, but also analyz-
ing feedstock and its conversion, well-to wheel (WTW) greenhouse gas (GHG) emissions and costs.
Three alternative fuels, namely a ternary blend (15% anisole, 15% isobutanol, 70% fossil gasoline on
an energy basis) and two binary blends (15% anisole with fossil gasoline and 30% isobutanol with
fossil gasoline), were tested, focusing on their drop-in applicability in spark ignition (SI) engines.
The formulated liquid fuels performed well and showed the potential to increase brake thermal
efficiency (BTE) by 1.4% on average. Measured unburned hydrocarbons (HC) and carbon monoxide
(CO) emissions were increased on average by 12–29% and 17–51%, respectively. However, HC and
CO concentrations and exhaust temperatures were at acceptable levels for proper catalyst operation.
The studied blends were estimated to bring 11–22% of WTW GHG emission reductions compared
to base gasoline. Additionally, the fleet performance and benefits of flexi-fuel vehicles (FFV) were
modeled for ternary blends.

Keywords: anisole; isobutanol; renewable gasoline; fuel blends; spark ignition engine
performance; emissions

1. Introduction

Transportation is a hard-to-abate sector that emitted roughly a quarter of global
energy-related carbon dioxide (CO2) emissions in 2019 [1]. On the European Union (EU)
level, it accounted for 32% of EU-28 GHG emissions in 2017, while passenger cars were
responsible for around 44% of transport emissions [2]. The light-duty vehicle (LDV) fleet in
the EU is growing and cars fueled with gasoline or diesel cover over 95% of the market [3].
Moreover, the new sales are dominated (over 60% in EU) by powertrains equipped with
spark ignition engines using gasoline [4]. Consequently, currently sold vehicles [5,6] will
make up an average fleet in 2030 and beyond, meaning that gasoline-fueled engines will
still be highly represented on roads within the coming decades. Therefore, it is evident
that renewable gasoline bio-blendstocks will be needed to meet ambitious energy and
climate targets. In the EU, provisions for the year 2030 are included in National Energy and
Climate Plans [7]. In Finland, for instance, the renewable energy in transport should reach
30% by 2030 [8], with a separate 10% sub-target for advanced biofuels [9]. The advanced
biofuels are defined by a recast of the Renewable Energy Directive (RED II), while Part A
of Annex IX lists suitable types of feedstock which can bring substantial GHG emissions
savings [10]. On the other hand, in RED II, a great deal of attention has been paid to electric
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vehicles (EV), which are seen as a promising solution for the LDV sector [11]. However,
the complete electrification of the passenger car fleet is not an immediate process [12] and
will require a great deal of resources [13]. It needs to be complemented by other solutions,
preferably compatible with the current infrastructure [14], to meet GHG reduction goals.
Hence, sustainable bio-derived drop-in fuel components are appealing options that could
help to decarbonize the transport sector in the mid-term perspective.

This work addresses challenges related to the decarbonization of light-duty road
transport. Even though there is a solution for replacing fossil diesel by using renewable
high-quality diesel [15], gasoline-like drop-in fuels with high bio-content are still under
development. Hence, this study examines anisole and isobutanol as chemicals exhibiting
the potential to be direct bio-blendstocks for gasoline fuel used in spark ignition engines.
The present knowledge about the SI engine performance of anisole and isobutanol fuels
is limited to a few demonstrations of low/medium-concentration blends of isobutanol or
low-concentration anisole binary blends. This study investigates medium-concentration
blends of anisole and isobutanol. The experimental part focuses on tests of three selected
blends, including a ternary blend, in the SI engine of a regular LDV, over steady-state
conditions. The modeling part extends the scope to the variable composition of ternary
blends, where the end-use performance is simulated over the whole fleet of FFV.

2. Research Background
2.1. Biocomponents in Gasoline

Gasoline, as a balanced mixture of multiple components, offers an opportunity to
blend new chemical compounds stemming from renewable feedstock instead of crude
oil. In the Co-Optima initiative, which focuses on the simultaneous co-optimization of
fuels and engines, the top blendstocks for turbocharged spark ignition engines were
identified [16,17]. Various alcohols and other chemical groups, such as olefins, furans,
and ketones, were examined, whereas the screening was done by assessing critical fuel
properties [18]. The initiative resulted in the merit function indicating bio-blendstocks
with the potential to enhance the performance of modern SI engines [19,20]. Another
study was conducted at Aachen University, where the multiproduct biorefinery concept
was developed based on supply chain and final product selection [21]. In this research,
biofuel blends were formulated by the model, which simultaneously took into account fuel
product and conversion pathway design [22]. The formulated fuel blends were evaluated
according to the production cost and global warming impact [23]. The study proposed
tailor-made fuels containing isobutanol, among a few other compounds [24].

In this study, anisole and isobutanol were selected as potential blending candidates by
considering the entire value chain. This includes sustainable feedstock and its conversion
methods, engine compatibility, end-use performance, GHG emission reduction potential,
and estimated price. Important raw materials for the production of both selected com-
pounds could be forest residues [25], lignin [26], agricultural waste [27], and lignocellulosic
herbaceous biomass [28]. The use of these feedstock types in biochemical and thermo-
chemical conversion processes offers substantial WTW GHG savings compared to fossil
gasoline [29]. Additionally, anisole and isobutanol exhibit favorable end-use properties
and could be used in optimized SI engines in the LDV sector [30].

2.2. Anisole

Anisole is an aromatic ether which consists of an aromatic ring and a methoxy-
group. Renewable anisole can be found in bio-oil from fast pyrolysis [31] or biocrude
from hydrothermal liquefaction (HTL) [32]. Both pyrolysis and HTL are thermochemical
processes of biomass conversion into liquids. Low-moisture-content feedstock can be used
for the production of bio-oil [33]. As an example, residual lignin from the pulping process
is seen as a viable raw material [34]. Furthermore, wet feedstock can be subject to the HTL
process, whereas the resulting biocrude can be further upgraded into drop-in biofuel [35].
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Anisole has favorable properties to become a gasoline bio-blendstock. It improves the
stability and storability of gasoline, unlike other promising components, such as alkylated
furans [36]. Gschwend et al. [37] concluded that anisole is no more toxic than base gasoline.
In the same study, modeling results showed a decrease in volumetric fuel consumption for
neat anisole, whereas CO2 and particulate emissions increased compared to fossil gasoline.
McCormick et al. [18] mentioned the positive effect of anisole blending on research octane
number (RON) but also reported a negative effect on the distillation curve, especially
the 50% evaporation temperature (T50), for blends with gasoline. Anisole is seen as a
promising SI fuel component primarily due to its high RON [38] and octane sensitivity [39],
low reactivity [40], and high laminar flame speed [41]. Despite this, few engine tests with
anisole blends have been reported in the literature so far. Tian et al. [39] concentrated on
the anti-knock quality of lignin-derived compounds. Among various aromatic oxygenates,
a 10% volumetric blend of anisole with gasoline was also tested on a boosted LDV SI
engine with port fuel injection (PFI). The addition of anisole increased the octane number
of the fuel and, because of this, it was possible to operate the engine with an earlier knock-
limited spark advance. In another study, Szybist et al. [42] tested an anisole blend in a
single-cylinder SI engine with a direct injection (DI) system. The authors investigated a
25% molar blend of anisole with gasoline in the context of the knock effect and highlighted
that the anisole blend consistently overperformed based on its expected knock propensity.
In another experimental study, Ratcliff et al. [43] tested a 20% volumetric blend of anisole
with gasoline in a DI single-cylinder LDV engine, where RON was an adequate measure to
predict the knock-limited performance.

2.3. Isobutanol

Isobutanol, an isomer of butanol, is a branched four-carbon alcohol with a hydroxyl
group attached to the first carbon atom. It can be produced from fossil resources but
also from biomass, often sharing feedstocks with ethanol [44]. Renewable isobutanol
is obtained in a biochemical conversion process, in which sugars originating from corn,
sugar cane, or wheat are subjected to fermentation [45]. The production of isobutanol
starting from herbaceous biomass has also been demonstrated [30,45]. Other lignocellulosic
feedstocks (i.e., corn stover), after a suitable pretreatment, can be subjected to a fermentation
process, performed by genetically engineered microorganisms such as Escherichia coli and
Saccharomyces cerevisiae strains [27]. Isobutanol is toxic for the microorganisms and it
limits the sugar concentration in the fermentation broth [46]. Therefore, Roussos et al. [27]
suggested integrated isobutanol removal in the fermentation stage to ensure the proper
functioning of microorganisms. Baez et al. [47] have shown a similar solution and applied
gas stripping to separate the product and lower the energy consumption. In another
example, Gevo Integrated Fermentation Technology was used to continuously remove the
product during the fermentation process [48].

Isobutanol, compared to other alcohols such as ethanol or methanol, has the closest
lower heating value (LHV) to gasoline [37]. It is recognized as a good gasoline blending
component due to its high RON and lower solubility in water [29]. This, in turn, allows the
use of isobutanol in unmodified SI engines in higher concentrations than ethanol [49,50].
The EN228 standard for gasoline allows a maximum 15% volume-based content of isobu-
tanol in the fuel blend with commercial gasoline. Among isomers of butanol, isobutanol
has the highest RON of 105.5 and a synergistic blending effect with base gasoline [16].
Isobutanol has much lower Reid Vapor Pressure than gasoline (approximately 3.1 kPa
at 37.8 ◦C [51]) along with a significantly higher heat of vaporization (508 kJ/kg), and
roughly 20% lower LHV [16]. In the Co-Optima study, McCormick et al. [18] highlighted
isobutanol as one of the most promising biomass-derived SI fuel compounds. Moreover,
isobutanol performs well in SI engines. According to the studies by Stansfield et al. [52]
on a regular passenger car SI engine, 16% and 68% blends of isobutanol increase the vol-
umetric fuel consumption by 2% and 12%, respectively. On the other hand, both blends
bring reductions in tailpipe CO2 emissions, by 0.18–1.05% compared to base gasoline.



Sustainability 2021, 13, 8729 4 of 19

Isobutanol, as well as other alcohols, performs much better in the fleet of flexible fuel
vehicles. Karavalakis et al. [53] tested a 55% isobutanol blend in an FFV and the results
showed slightly higher volumetric fuel consumption of 1.7% and nearly 4% lower tailpipe
CO2 emissions compared to gasoline.

2.4. Merits of FFV

The optimization of internal combustion engines (ICE) is gaining higher importance
when thinking about premium biofuels. A good justification for this statement could
be found for fuels that have RON beyond 95 (base gasoline). Higher RON means that
fuel can resist auto-ignition at higher compression ratios (CR) [54]. In this case, applying
higher CR results in a better thermal efficiency of the ICE [55]. The CR could be increased
via geometric configuration or by changing the effective compression ratio via advanced
ignition timing, boosting the intake pressure, and variable valve timing [56]. Vehicles
equipped with flexible-fuel engines allow them to operate with high-concentration alcohol
fuels such as E85 but also with regular gasoline. FFVs have fuel feedback control systems
that adjust fuel delivery and ignition timing according to the given fuel that the engine
is operating with [57]. This allows FFVs to operate more efficiently with fuels of good
anti-knocking characteristics (including bio-butanol [58]) compared to regular SI engines,
and thus improve the fuel economy.

3. Materials and Methods

This paper provides a complete assessment of anisole and isobutanol, the selected SI
fuel blending components, looking at their whole value chains, with the main focus on
end-use performance. The consecutive steps of this research, together with the resulting
key outcomes, are presented in Figure 1. In the first step, anisole and isobutanol were
considered based on the available literature. The study focused on feedstock, production
pathways, and compatibility with SI engines. In the next step, four selected fuels were
experimentally tested on an SI engine and the results analyzed in the context of efficiency
and emissions. Additionally, the end-use performance of ternary blends was modeled for
FFVs. In the final step, the tested fuels were assessed from an environmental perspective,
focusing on GHG emissions and costs.

Figure 1. Consecutive steps and key outcomes resulting from this study.

3.1. Tested Fuels

Four fuels, prepared for experimental tests, are described in Table 1. The anisole
binary blend meets the oxygen limits of the EN228 standard, whereas the isobutanol binary
and ternary blends address the 30% energy content target for biofuels. Base gasoline was
blended for research purposes by Neste. Neat anisole with 99% purity and neat isobutanol
also with 99% purity were provided by Thermo Fisher Scientific. The blending was done
with the use of volumetric and beaker glasses, fuel pump, and scale. Obtained fuels were
stored in canisters in cold conditions (5 ◦C) before the engine tests.
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Table 1. Specification of experimentally tested fuels.

Base
Anisole Isobutanol

Anisole Isobutanol Ternary
Gasoline Binary Blend Binary Blend Blend

Energy content [%]

Gasoline 100 0 0 85 70 70
Anisole 0 100 0 15 0 15

Isobutanol 0 0 100 0 30 15

RON 95 103 105 96.4 99.2 98.5

LHVmass [MJ/kg] 43.6 32.7 33.4 41.5 39.9 39.8

LHVvol [MJ/L] 32.6 32.4 26.8 32.5 30.5 31.5

Density [kg/m3] 747 990 802 784 764 791

Molecular Weight [g/mol] 95.9 108.1 74.1 98 86.8 92.9

Oxygen [wt. %] 0.1 14.8 21.6 2.9 7.8 6.6

For each blend presented in Table 1, GHG emissions based on the conversion pathways
were calculated. For anisole, the emission factor of 27.2 g CO2-eq/MJ from the study
by Tews et al. [25] was selected, representing the hydrothermal liquefaction of forest
residues. For isobutanol, the emission factor of 25.9 g CO2-eq/MJ is based on a study by
Cai et al. [30] and it includes lignocellulosic biomass supply chain, biorefinery operations,
and combustion. For the base gasoline, the emission factor of 93.3 g CO2-eq/MJ was
used according to the European Commission [59]. Additionally, the prices of anisole and
isobutanol originating from emerging conversion pathways were compared based on
literature sources.

3.2. Experimental Engine Set-Up and Measurements

The experimental tests of selected fuels were performed on a spark ignition engine—
Volvo B4204—with specifications shown in Table 2. This 4-cylinder 2.0-liter engine with a
compression ratio of 10.2:1 was turbocharged and equipped with a port fuel injection system.

Table 2. Specifications of the engine used in the study.

Engine Volvo B4204

Engine type 4 cylinders, 4 valves per cylinder

Displacement volume 1.95 dm3

Bore × stroke 83 × 90 mm

Compression ratio 10.2:1

Power 120 kW

Injection system Port fuel injection (PFI)

Charge cooling Air-cooled

Boosting system Turbocharger Garret Gt3071

EGR No

The engine on the test bench was coupled to the Schenk W260 eddy-current dy-
namometer. The engine control unit (ECU) used was Vipec V88, and all of the sensors were
connected to the computer and parameters were monitored via LabView software. The
schematic of the experimental test bed is presented in Figure 2. The test strategy was to
apply stoichiometric combustion, while lambda was controlled by the engine sensor. The
main focus of blend testing was to check drop-in applicability in engines optimized for base
gasoline. Therefore, the spark timing was chosen for the highest torque in the base gasoline
case and, afterward, it was treated as a fixed parameter. Engine operation was performed
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at six steady-state points with various engine speeds and loads. The selected steady-state
points try to mimic the real driving conditions in urban and also highway conditions for
Volvo S40 at a constant speed in the selected gear (engine operating conditions including
engine speed and load, are calculated based on the vehicle speed, tire radius, gear ratio,
and total running resistance of the car, following guidelines in [60]). Therefore, the load
sweep represents actual engine operating conditions for regular use in the passenger car.
Each selected steady-state operation can be associated with specified brake mean effective
pressure (BMEP) in range 1.5–4.6 bars—see Table 3.

Figure 2. Schematic diagram of the engine test bed.

Table 3. Engine operating conditions for selected test points.

Steady Engine Speed Load Load BMEP Corresponding Vehicle Speed
State [rpm] [Nm] [% of max] [bar] and Gear Number

1 1550 23 10 1.5 50 km/h, 4th
2 1470 33 14 2.1 60 km/h, 5th
3 1700 38 16 2.4 70 km/h, 5th
4 2000 43 18 2.7 80 km/h, 5th
5 2500 54 23 3.5 100 km/h, 5th
6 3000 70 29 4.6 120 km/h, 5th

All the test results were averaged over time. For the emissions monitoring (HC,
CO), AVL DiGas 480 sensor (AVL 1000) was used. Emissions were measured before
three-way catalyst (TWC). No PM emissions were monitored as the engine was equipped
with a PFI system and increased PM emissions are rather expected for direct injection
systems [61]. The fuel flow was obtained from the electronic scale. Moreover, the exhaust
manifold temperature was monitored. The CO2 emissions were calculated based on the
fuel consumption and carbon balance method.

3.3. Modeling Performance of Ternary Blends in FFV

In this section, the end-use performance of ternary blends was simulated for flexi-
fuel vehicles. Ternary blends composed of base gasoline, anisole, and isobutanol with
a volumetric concentration of renewable compounds up to 40% were analyzed. The
modeling methodology demonstrated by Kroyan et al. [62] showed that fuel consumption
over the driving cycle could be simulated with high accuracy, using a significant set of
fuel properties. Properties of ternary blends were estimated based on the interpolation of
values related to neat components characterized in Table 4. All properties were interpolated
linearly and volumetric LHV and density were calculated using the volumetric composition
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of blends. The mass-based LHV and concentrations of hydrogen, carbon, and oxygen
were calculated based on the mass composition of the blends. The RON, motor octane
number (MON) values, and average molecular weights were estimated based on the molar
contribution of the blending components [63].

Table 4. Summary of properties for neat gasoline, isobutanol, and anisole used in modeling procedure (‘S’—octane
sensitivity, ‘AMW’—average molecular weight).

Fuel RON MON S
LHVvol LHVmass Density O C H AMW

MJ/L MJ/kg g/L % wt. % wt. % wt. g/mol
Gasoline 95.0 84.8 10.2 32.6 43.6 747.3 0.1 86.4 13.6 95.9

Isobutanol 105.0 90.0 15.0 26.8 33.4 802.0 21.6 64.8 13.6 74.1
Anisole 103.0 91.0 12.0 32.4 32.7 990.0 14.8 77.7 7.5 108.1

The FFV model selected for engine performance analysis (Wojcieszyk et al. [64]) was
developed based on experimental data coming from both NEDC and FTP test cycles for
light-duty vehicles. The model takes RON (A), density (B), and volume-based LHV (D) for
estimation of fuel consumption (α)—see Equation (1). All parameters (α, A, B, D) are taken
as changes relative to the standard EN228 gasoline.

α = −0.418 · A − 1.223 · B − 1.674 · D (1)

The CO2 emissions (β) were calculated based on the carbon balance using modeled
volumetric fuel consumption (α), the carbon content of the fuel (C), and fuel density (ρ),
according to Equation (2), where 44.01

12.0107 is a molar mass ratio between CO2 and carbon.

β[
g

km
] = α[

L
km

] · ρ[
g
L
] · C[%wt.] · 44.01

12.0107
(2)

4. Results and Discussion
4.1. Lignocellulosic Biomass as a Precursor of SI Fuel Component

Lignocellulosic biomass, composed of cellulose, hemicellulose, and lignin, can be
used to produce alcohols but also other organic compounds and gasoline-like fuels [65].
The chemical composition of forest or agriculture residues, and their physical properties
such as moisture, ash, and inorganic content, are non-negligible parameters in biofuel
production [66]. These variables increase the difficulty of utilizing all fractions of ligno-
cellulosic biomass in a single conversion process. In Figure 3, a unique value chain is
illustrated as a preliminary concept for a biorefinery design tailored to produce renewable
gasoline components from each biomass fraction. Therefore, an integrated and flexible
route for both anisole and isobutanol, as well as gasoline-like fuels, offers an interesting
and novel approach to biofuel production.

Isobutanol production starting from lignocellulosic biomass is typically carried out
via a biochemical conversion route involving fermentation [29]. Biochemical routes based
on sugars exhibit lower yields when compared to thermochemical processes due to the
inability of utilizing the lignin fraction of lignocellulosic biomass [28]. Therefore, the
integration of thermochemical and biochemical conversion routes allows better yields
of biofuel production by the simultaneous use of cellulose, hemicellulose, and lignin.
This hybrid conversion route, presented in Figure 3, could be optimized for different
types of feedstock depending on availability and costs while producing both isobutanol
and anisole, as well as a gasoline-like fuel derived from hydrothermal liquefaction or
fast pyrolysis processes followed by appropriate catalytic upgrading [67,68]. The pro-
duction of isobutanol via fermentation [30,48], bio-oil from fast pyrolysis [33,69], and
biocrude from HTL [70,71] has already been demonstrated. However, the extraction of
anisole from both bio-oil and biocrude is not proven yet. Nevertheless, anisole, due to its
molecular structure, can represent phenolic groups commonly found in pyrolysis oil [72]
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and is frequently used as a bio-oil surrogate [73,74]. Anisole can be considered a direct
gasoline bio-blendstock [39,42,43] or a precursor for further upgrading to gasoline-like
products [26,75–78].

Figure 3. Conversion pathways of lignocellulosic biomass to renewable bio-blendstock components,
including isobutanol and anisole.

4.2. Experimental Results

All three fuel components (base gasoline, anisole, isobutanol) were completely miscible
and no phase separation was observed in the analyzed blends in the concentration range
studied. Moreover, no deposits or solid precipitates were found in the samples. The color
of the isobutanol binary blend under cold storage conditions changed to orange. This
behavior could be explained by a thermochromic phenomenon, which is a reversible change
in the color and occurs when the compound is heated or cooled [79]. After one day at
room temperature, the sample reverted to a normal yellow color. Additionally, no material
compatibility issues were detected for the tested fuel blends. This is in conformity with the
literature studies which revealed that higher (55%) isobutanol binary blends exhibit similar
material compatibility to E10 gasoline [80]. Although the 15% anisole binary blend did not
show any material compatibility issues during the study, it is expected that such issues
may arise at higher concentrations, as observed for other oxygenated bio-blendstocks [81].

The results of local emissions measurements (HC, CO) from the PFI spark ignition
engine are presented in Figure 4a,b. The trend shows that the higher the engine load,
the lower the emissions of unburned hydrocarbons and carbon monoxide. In the case
of fuel blends containing oxygenated compounds, local emissions measured without
TWC turned out to be elevated. The isobutanol binary blend exhibits the highest HC
emissions, especially under lower engine load conditions (Figure 4a). For 1.5 bar engine
load, the concentration of HC in exhaust gases reached almost 130 ppm for the isobutanol
binary blend, compared to 90 ppm for base gasoline. All tested blends have increased
emissions of HC under engine loads between 1.5 and 2.7 bar, while they perform similarly
to base gasoline at the highest engine load (4.6 bar), with an HC emission value of 50 ppm.
Moreover, there is potential for the anisole blend to slightly decrease HC emissions at
higher engine loads. The CO emissions, as in the case of HC, were lowest for the base
gasoline (Figure 4b). Again, the largest differences in CO emissions were visible under low-
load engine conditions. The ternary blend was characterized by the highest CO emissions,
regardless of the engine operating conditions, and the volumetric concentration of CO in
exhaust gases exceeded 2% for BMEP in the range 1.5–2.7 bar, whereas the corresponding
emissions of base gasoline were around 1.5%. Only at the highest engine load (4.6 bar)
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were the CO emissions of all studied fuels on the same level (around 1% concentration in
the exhaust).

(a) (b)

Figure 4. (a) The measured HC and (b) CO emissions before TWC for studied fuels.

Measured CO and HC emissions are bringing new insights into anisole blends’ per-
formance in SI engines with the PFI system. In general, the addition of anisole leads to an
acceptable increase in both CO and HC emissions. The increase in HC could be attributed to
the lower vapor pressure [82] and higher molecular weight of anisole, while the lower H/C
ratio could lead to higher CO emissions [83]. The changes for the ternary blend are more
visible, especially for CO emissions. However, one could expect a decrease in HC emissions
with an increase in isobutanol concentration due to the presence of an oxygen atom in the
alcohol molecule [84]. In the current study, only for the highest engine load were the HC
and CO emissions very close for the isobutanol binary blend and base gasoline. Such an in-
crease might be caused by significant difference in fuel properties, mainly the higher heat of
evaporation and lower vapor pressure of isobutanol, especially at lower engine load/speed
conditions [85]. In multiple studies focused on alcohol blends used in SI engines, lower
HC and CO emissions were reported [86,87]. However, those results are highly dependent
on the experimental set-up and operating conditions. In many cases, full-open throttle
engine tests were conducted, which was not the case in the current study. For instance,
Elfasakhany [88] reported slightly higher CO and HC emissions for two steady states and
the opposite trend for another steady-state test condition. In driving cycle test procedures,
no definitive trends in HC or CO emissions were observed for increased alcohol content
in the blends [89]. When looking at engine set-ups similar to the present study with the
PFI injection system, Regalbuto et al. [90] demonstrated differences in the emissions of
butanol isomers, with the lowest HC emissions for a 30% isobutanol binary blend at higher
engine loads. However, the authors noted a higher concentration of CO in the exhaust
gases being over 2% for the isobutanol blend. In another study, Nithyanandan et al. [91]
reported an increase in HC emissions while testing 20 and 40% alcohol blends including
butanol but observed a drop in CO emissions. Dernotte et al. [92] presented a significant
increase in CO emissions when operating an engine with slightly richer conditions and
a higher concentration of an n-butanol blend. This phenomenon, besides fuel properties
(oxygen content, chemical structure, vapor pressure), might be one of the main reasons
behind the increase in local emissions.

The results of brake specific fuel consumption (BSFC) and brake thermal efficiency
(BTE) are presented in Figure 5a,b. The BSFC decreases with higher engine loads, rep-
resenting driving at higher vehicle speeds (from 606 g/kWh at 1.5 bar to 338 g/kWh at
4.6 bar for base gasoline). The ternary blend has the highest BSFC at higher engine loads
and the increase is around 5–10% compared to base gasoline (Figure 5a). The anisole binary
blend performs well in the context of fuel savings, especially for lower engine loads—for
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BMEP of 2.4 bar, up to a 10% decrease in BSFC compared to base gasoline is observed. On
average, the BSFC decreased by 3.2% in the case of anisole blend while it increased by
1.2% for the two other blends containing isobutanol. From the end-user perspective, the
volumetric fuel consumption was observed to slightly decrease for anisole binary (1.8%)
and ternary (1.4%) blends, while it increased, on average, by 4.6% for the isobutanol binary
blend. These trends are in-line with the previous simulations by Geschwend et al. [37].
The changes in BSFC compared to base gasoline could be explained by differences in LHV.
However, all studied blends overperformed based on LHV prediction, which could be
attributed to other important fuel properties such as oxygen content, RON, and density,
as demonstrated in a previous study [62]. When looking at engine efficiency, the BTE
increased from 13.6% up to 24.4% while shifting the engine operation from low to high
loads for base gasoline. An improvement in BTE—on average, of 1.4%—was observed
for all studied fuel blends when compared with base gasoline (Figure 5b). At the highest
engine load, the increase in BTE was 1% for all studied blends, whereas the highest BTE
gains (over 2%) were observed at 2.1 and 2.4 bars of BMEP. The current results are in line
with other experimental data from the literature. In many studies, the addition of alcohol
components positively affects BTE, but leads to an increase in BSFC [86,87,91,93]. For a
10% volumetric blend of anisole, Tian et al. [39] obtained a modest decrease (around 1.5%)
in volumetric fuel consumption and no significant changes in BTE. The higher BTE for the
studied blends can be attributed to other important fuel properties, mainly higher oxygen
content, RON, and heat of evaporation [87]. The engine optimization for higher RON fuels
(>95), based on adjusting the spark timing [39,94] or increasing the compression ratio [95],
could bring further reductions in BSFC as well as in HC and CO emissions and, in turn, an
increase in BTE and lower CO2 emissions.

(a) (b)

Figure 5. (a) Changes in BSFC and (b) in BTE for studied fuel blends.

The CO2 tailpipe emissions for the studied fuel blends, presented in Figure 6a, were
calculated based on BSFC and carbon balance. The lowest CO2 values were found for
the isobutanol binary blend in the whole spectrum of engine operating conditions and an
average reduction of 7.9% has been achieved. This significant drop is a direct consequence
of the lower carbon content compared to base gasoline. The anisole binary and ternary
blends also decreased tailpipe CO2 emissions—both, on average, by 5.1%—compared to
base gasoline, mainly due to the decrease in BSFC.
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(a) (b)

Figure 6. (a) Changes in tailpipe CO2 emissions for studied fuel blends compared to base gasoline.
(b) Exhaust temperature after turbine for all tested fuels (catalyst light-off temperature set as 300 ◦C).

Additionally, the temperature of the exhausts after turbine was measured for the
studied blends and compared with base gasoline—see Figure 6b. The results were checked
against the catalyst light-off temperature. The operation of TWC needs elevated temper-
atures above 300 ◦C [96]. All fuels in the full spectrum of operating conditions fulfilled
this requirement. The isobutanol blend exhibited the lowest temperature after turbine,
especially at the lowest engine load (325 ◦C), but still above the TWC light-off limit. The
lower exhaust temperature for alcohol blends was also found in other studies [87,91].
Besides exhaust temperature, the HC and CO emission levels were also recognized to be
within the acceptable range for proper catalyst operation for all studied blends.

4.3. Modeling Results for the FFV Fleet

This part focuses on the end-use performance of anisole–isobutanol–gasoline ternary
blends in the fleet of FFVs via modeling. The end-use performance of ternary blends
over the fleet of FFVs was analyzed in terms of volumetric fuel consumption (FC) and
carbon dioxide emissions, in both cases relative to base gasoline, which is presented in
Figure 7. The FFV modeling results indicate that blends with a high concentration of
anisole show a strong reduction in volumetric FC. Moreover, the CO2 emissions of anisole
blends are lower compared to gasoline. Due to the low LHV volume-based of isobutanol,
its high-concentration blends represent the highest FC among analyzed ternary blends.
However, due to the lowest carbon content, high-concentration isobutanol blends have
lower CO2 emissions compared to base gasoline.

Figure 7. Modeled fuel consumption and CO2 emission changes for FFV fleet for ternary blends in
comparison to base gasoline (based on volumetric composition).

The results presented in Figure 7 are in line with the experimental analysis presented
in the previous section. The modeled volumetric FC increases by 6.2%, whereas the
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increase in average volumetric FC from all steady states equals 4.6% for the isobutanol
binary blend. The decrease of 6.1% and 4.1% is modeled for anisole binary and ternary
blends, respectively. In comparison to experimental results, the average volumetric FC
from all steady states for anisole binary and ternary blends decreases by 1.8% and 1.4%,
respectively. Blends of gasoline with anisole and isobutanol have higher RON, which
means that they can better resist knocking combustion than base gasoline itself, and this
translates to better engine efficiency if the combustion system is optimized. Therefore, one
could explain the better performance in the modeled cases compared to the experimental
results. Nevertheless, the modeling results refer to driving cycle simulations that include
transient operating conditions. It is also important to compare the modeling results with
engine or vehicle tests published in the literature. The FFV model shows 4.9% and 7.1%
higher FC for the 21% and 55% volumetric binary blends of isobutanol, respectively. The
external experimental data for the 55% volumetric binary blend of isobutanol represent
an increase of 5.4% in volumetric FC compared to base gasoline [53]. On the other hand,
a 21% isobutanol binary blend tested by Aakko-Saksa et al. [49] shows an increase of
0.9% in volumetric FC. The results might differ slightly due to variations in base gasoline
properties and the type of engine (size, power, fuel injection strategy, etc.), but, overall,
one can conclude that the modeling prediction preserves the experimental result trends for
isobutanol binary blends. However, there are no data publicly available on anisole tests in
FFV engines for comparison with modeling results.

4.4. GHG Emission Reductions and Cost Estimation
4.4.1. Anisole, HTL Biocrude, and Pyrolysis Bio-Oil

Reductions in GHG emissions could be achieved by fast pyrolysis and hydrothermal
liquefaction with the use of lignocellulosic biomass. Anisole can be found in products of
both thermochemical processes; however, its extraction has not been proven yet. Therefore,
upgraded biocrude and bio-oil are investigated, instead. Table 5 summarizes the avail-
able literature knowledge on GHG emission reductions for gasoline-like products from
HTL and pyrolysis. It can be concluded that the HTL process could bring higher GHG
emission reductions than fast pyrolysis. HTL biocrude could reduce WTW GHG emissions
by 71–82%, while fast pyrolysis bio-oil could reduce them by 55–72%, as compared to
fossil gasoline.

Table 5. Comparison of WTW GHG emissions for fast pyrolysis and HTL processes to obtain gasoline-like products
including anisole.

Conversion Process Feedstock
GHG Emissions

Reference
[g CO2-eq/MJ]

Logging residues
33.8 Tews et al. [25]and forest thinnings

Fast pyrolysis with Strand board 26.1

Meyer et al. [97]

upgrading of bio-oil Corn stover 29.9
Clean pine 42.4

Switchgrass 36.9

Hydrothermal liquefaction Forest residues
27.2 Tews et al. [25]process with upgrading (small branches)

to HTL gasoline Forest residues 17–20.5 Nie et al. [98]

The prices of upgraded HTL biocrude and fast pyrolysis bio-oil can be compared.
Cai et al. [30] reported that the production of aromatic-rich hydrocarbons via the thermo-
chemical conversion of lignocellulosic biomass would result in a minimum fuel selling price
(MFSP) of 1.16 e/L. The MFSP of upgraded HTL bio-crude from forest residues, according
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to a study by Tews et al., [25] turned out to be approximately 0.45 e/L. Zhu et al. [99]
reached the price of 1.10 e/L for the upgraded HTL biocrude based on a state-of-the-
technology case including the HTL process, hydrotreating, and the production of hydrogen.
For upgraded fast pyrolysis bio-oil, Tews et al. [25] obtained a price of 0.69 e/L. The
upgrading process is more expensive for pyrolysis than for the HTL.

4.4.2. Isobutanol

Cai et al. [30] studied WTW GHG emissions of isobutanol and found that a 72%
reduction (25.9 g CO2-eq/MJ) in GHG emissions is possible to achieve compared to crude
oil gasoline (93.3 g CO2-eq/MJ) [59]. However, this reduction requires a higher conversion
of sugars to isobutanol, lower enzyme loading, and a shorter fermentation time. Moreover,
Tao et al. [29] investigated the WTW GHG emissions of isobutanol. In their study, a 56%
reduction in GHG emissions (41.2 g CO2-eq/MJ) could be obtained if the excess electricity
was sold to the grid.

When assessing the production costs of isobutanol, the focus needs to be placed on ge-
netically engineered microorganisms and integrated product removal. Consequently,
feedstock cost becomes the largest concern, followed by capital costs. The available
techno-economic assessment reached MFSP values of 1.90 e/L [27] and 1.24 e/L [30]
for neat isobutanol. Cai et al. [30] obtained around 0.94 e/L as MFSP by increasing the
yield of isobutanol, decreasing enzyme loading, and hydrolysis and fermentation times.
Tao et al. [29] managed to obtain a lower MFSP of isobutanol, 0.81e/L, for the fermentation
process combined with continuous vacuum stripping.

4.4.3. Experimentally Tested Fuel Blends

Figure 8 shows reductions in GHG emissions for the experimentally tested fuel blends.
In this context, all oxygenated gasoline blends perform better than base gasoline. Due to
the high energy content of renewable components, the largest GHG reductions could be
obtained with the tested isobutanol blends: 21.7% and 21.5% for the isobutanol binary
and ternary blends, respectively. In the calculations, the emission factor for neat anisole
is 27.2 g CO2-eq/MJ [25], and for isobutanol, it is 25.9 g CO2-eq/MJ [30]. If the emission
factor of anisole decreased to 20.5 g CO2-eq/MJ, according to the study by Cai et al. [30], the
GHG reductions of anisole binary and ternary blends would be 11.7 and 22.5%, respectively.
On the other hand, if the emission factor of isobutanol is increased to 41.2 g CO2-eq/MJ,
according to the study by Tao et al. [29], the emission reductions for the isobutanol binary
blend and ternary blend would be 16.8 and 19.0%, respectively.

Figure 8. Reductions in well-to-wheel GHG emissions for experimentally tested fuel blends.

5. Conclusions

Anisole and isobutanol are very attractive SI fuel blending components, especially
taking into account their potential to reduce GHG emissions if produced from lignocellu-
losic feedstock. From the end-use perspective, both chemical compounds have attractive
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properties for SI engine applications, such as high RON, octane sensitivity, or an LHV
close to that of gasoline. In conclusion, the proposed blends of anisole and isobutanol with
base gasoline showed good potential as replacements for neat fossil gasoline. Engine tests
enabled the validation of the formulated fuels in the intended environment. All tested fuels
performed well in the SI engine and were recognized as drop-in solutions for a regular SI
engine. The main conclusions of the study are the following:

• All selected blends performed well during experimental tests on the SI engine. No
compatibility issues were detected, confirming the drop-in characteristic of all consid-
ered fuels. Fuels were stable and no phase separation was observed.

• In contrast to expectations, CO and HC emissions increased for oxygenated fuels,
especially for alcohol blends. Nevertheless, the emissions of HC and CO and exhaust
temperature were concluded to be in the range that can be accepted by TWC operation.

• Significantly higher BTE was observed for formulated blends when compared with
base gasoline—on average, by 1.4%—which is in conformity with other studies.

• The potential of the anisole binary blend to decrease BSFC was reported. The estimated
volumetric fuel consumption change (−1.8% for anisole binary, −1.4% for ternary and
4.6% in the case of the isobutanol binary blend) was better than expected based on
LHV considerations.

• Tailpipe CO2 emissions from engine tests were reduced on average by 5.1% for anisole
binary and ternary blends and 7.9% for the isobutanol binary blend when compared
to base gasoline.

• From a fleet perspective, modeled FC and CO2 results were in line with experiments.
An FFV with an optimized engine could benefit from the superior properties of anisole
and isobutanol (high RON, oxygen content, heat of evaporation).

• The formulated blends can bring a decrease in GHG emissions, especially when look-
ing at the WTW assessment. Significant reductions in GHG emissions were reported,
ranging from 9.9 g CO2-eq/MJ for the anisole binary blend to 20.2 g CO2-eq/MJ
for the isobutanol binary blend. These savings require sustainable lignocellulosic
feedstock as well as advanced conversion processes such as hydrothermal liquefaction,
fast pyrolysis, or fermentation.

• Further emission studies are needed to monitor particulates in exhaust gases from
turbocharged direct injection SI engines. Additionally, extended compatibility studies
are recommended, especially focusing on tests with elastomers.
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Abbreviations
The following abbreviations are used in this manuscript:

BMEP Brake mean effective pressure
BSFC Brake specific fuel consumption
BTE Brake thermal effciency
CO Carbon monoxide
CO2 Carbon dioxide
CO2-eq Amount of carbon dioxide equivalent emissions
CR Compression ratio
DI Direct injection
E10 EN228 compliant gasoline with up to 10% ethanol vol. content
E85 High ethanol content gasoline for FFV
ECU Engine control unit
EGR Exhaust Gas Recirculation
EU European Union
FC Fuel consumption
FFV Flexi-fuel vehicle
GHG Greenhouse gases
HC Unburned hydrocarbon emission
HTL Hydro-thermal liquefaction
ICE Internal combustion engine
LDV Light-duty vehicle
LHV Lower heating value
MFSP Minimum fuel selling price
MON Motor octane number
NECP National Energy and Climate Plans
PFI Port fuel injection
RED Renewable Energy Directive
RON Research octane number
rpm Revolutions per minute
SI Spark ignition
T50 Temperature at which 50% of the sample is evaporated
TWC Three-way catalyst
wt. Weight
WTW Well-to-wheel

Greek letters
α Volumetric fuel consumption
β CO2 emissions
ρ Fuel density

Subscripts
mass On mass basis
vol On volumetric basis

Symbols
A RON
B Density
C Carbon content
D Volume-based LHV
H Hydrogen content
O Oxygen content
S Sulfur content
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