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Abstract
The properties of butanol offer more promising results compared to those of lower chain alcohol such
as methanol or ethanol. However, butanol as a biofuel has not yet been commercially produced due
to its costly process. Butanol is generally produced via the process of Acetone-Butanol-Ethanol (ABE)
fermentation and can only be acquired after it was recovered from the ABE solvent. Despite the efforts
and recent developments, obtaining higher butanol concentration from ABE fermentation is still
relatively expensive and challenging. The idea of using ABE directly in internal combustion engines is
then proposed to eliminate the recovery process. Several preliminary studies have reported several
promising results of using ABE blends in both gasoline and diesel engines. However, researches in this
area are still in the early stages, and thorough investigations are required. This review paper aims to
provide essential findings from the latest development in the addition of ABE both with gasoline and
diesel fuel in Spark Ignition (SI) and Compression Ignition (CI) engines. A brief discussion on ABE
properties will be firstly given before the effects of its addition on SI and CI engine is comprehensively
reviewed. The end of this article highlights some possible contributions and research gaps.
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BA
BaPeq
BP
BSFC
BTE
Bu
CI
CO
CO2
DI
EGR
EGT
ø
FLoL
HC
LTC
ICD
ISFC
ITE
MCD
MFB
NOx
PFI
PM
SI
SINL
SMD
SOC
TINL
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butanol-ethanol
toxicity equivalent of phase
brake power
brake specific fuel consumption
brake thermal efficiency
Butanol
compression ignition
carbon monoxide
carbon monoxide
direct injection
exhaust gas recirculation
Exhaust gas temperature
equivalence ratio
flame-lift off length
unburned hydrocarbons
low temperature combustion
Initial Combustion Duration
indicated specific fuel consumption
indicated thermal efficiency
Main Combustion Duration
Mass Fraction Burnt
nitrogen oxides
port fuel injection
particulate matter
spark ignition
space integrated natural luminosity
sauter mean diameter
start of combustion
time integrated natural luminosity

1. Introduction
Modern engines face challenging targets to meet the increasing emissions regulation and to increase
the engine thermal efficiency [1, 2]. To address these two issues, the use of alcohol biofuels such as
methanol, ethanol, and butanol has attracted many attentions because of their physico-chemical
properties [3-7]. They can be produced using renewable sources and agricultural waste material [812]. Unlike bio-diesel that can only be used in CI engine, alcohol fuels can be used both in CI and SI
engines despite blending more easily with gasoline [13-15]. Ethanol is arguably the most successful
alcohol fuel that has been mass produced and used in large scale [16-19]. Brazil has developed ethanol
from sugarcane since 1975 with the PRO-ALCOOL programme and has reduced its dependency on
fossil fuel imports [20-25]. However, ethanol has several problems to solve. It can only be used in small
concentrations caused by its hygroscopicity and lower energy density than those of conventional fuel
[26, 27]. In terms of fuel properties, higher alcohol such as butanol is a more favourable alcohol fuel
compared to ethanol due to its higher heating value, good solubility and less corrosive to the existing
pipelines [28-32].
Butanol emerges as a promising biofuel to achieve a clean, efficient and affordable combustion engine
[33-35]. It is produced through Acetone-Butanol-Ethanol (ABE) fermentation process with a typical
ratio of 3:6:1 or known as bio-butanol [36-40], while that of produced from petrochemical process is
called petro-butanol [41, 42]. However, although butanol properties offer more promising results
compared to ethanol, its application as a biofuel has not yet been commercially mass-produced. While
2
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petro-butanol is strongly affected by the global oil prices, bio-butanol suffers from its low production
capacity. The use of butanol in the internal combustion engine is hindered by its low production
efficiency and high production cost [43-45]. The butanol quantity and productivity from the typical
ABE fermentation process are exceptionally low, only 12-18 g/l [46-49]. In addition to that, ABE
fermentation also produces large amounts of organic wastewater where one-ton ABE production
produces around 45 tons of wastewater comprising various organic acids [50]. Although several efforts
have been done, its production efficiency is still relatively low [29]. For comparison, the production
rate of yeast ethanol is 10-30 times higher than butanol [46]. Besides its low production, the
dehydration and recovery of butanol from ABE fermentation mixture requires a considerable amount
of energy [29, 51]. The conventional distillation of butanol from ABE is expensive since the boiling
point of butanol is 118 oC [52-54], which requires high-energy input in the distillation process caused
by different boiling points of each butanol’s isomers [55]. Several alternative recovery methods have
been proposed [56-58]. These include adsorption [59-62], gas stripping [63-67] and pervaporation [6879]. Despite being relatively efficient processes, such proposed recovery approaches are still not
widely implemented in large scale [52]. Therefore, butanol’s low productivity and expensive recovery
process have delayed its application as the next biofuel.
Upon requirements, the ABE ratio can be altered. Some straightforward non-in-situ ABE recovery
methods could modify ABE ratio at will. Liu et al. used a nonconventional method to generate an
optimised downstream process of ABE fermentation [80]. It was found that the optimal and nearoptimal flowsheets could be achieved using several separation techniques including gas stripping,
distillation and extraction. This study implied that in some cases, building new recovery process could
be less economically feasible than merely modifying the existing process. For instance, the direct
sequence of distillation columns could be simply modified to the indirect sequence, which would
increase its economic value by 33%. However, despite being more efficient compared to the simple
traditional distillation process, the energy required for recovery process was still significantly higher
than the energy content of butanol at a factor of 10%, a target for energy efficiency in the ABE recovery
process [55]. Moreover, gas striping may be a straightforward method compared to liquid-liquid
extraction, but the overall process could be less economically viable due to the expensive of azeotropic
systems to obtain pure ABE final products from stripped gas.
Liu et al. used a more complex biochemical production in their subsequent study [81]. The P-graph
was still used, due to its excellent insight, to retrofit the recovery process of ABE fermentation so that
its energy efficiency could be improved. This study combined the adsorption with conventional
recovery methods such as distillation, liquid-liquid extraction and gas striping. It was found that the
optimal flowsheet was comprised of a gas-stripper, two adsorption columns and two distillation
columns as illustrated in Fig. 1. This optimal flowsheet could reduce its total cost by 44% compared to
the group’s previous study. This is because the gas stripping was used before adsorption. As a result,
only a few fermentation broths were fed to the adsorption unit, thus significantly minimising the size
of the equipment as well as reducing its capital cost. Note that this study assumed that most of the
products were recovered by gas striping, while the excess water was removed by adsorption.
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Fig. 1. Optimal flowsheet for downstream processing of ABE fermentation with values in bracket
being on mass basis, reproduced from [81]
As the major by-product of ABE fermentation (the second metabolite after butanol), acetone plays an
important role in the economics of ABE industry due to its valuable chemical content. It can be
regulated and maximised during ABE fermentation. By using co-culturing Clostridium
acetobutylicum/Saccharomyces cerevisiae with the addition of exogenous acetate addition, Luo et al.
found that the survival of C. acetobutylicum in the cells was improved, while NADH synthesis rate was
successfully limited at moderately low level to increase acetone synthesis. Both acetone and butanol
concentrations increased from 5.86 g/L to 8.27-8.55 g/L and from 11.63 g/L to 13.91-14.23 g/L,
respectively [82]. In another study, Luo et al. reported that by using a glucose/acetone co-substrate
system combined with C. acetobutylicum/S. cerevisiae co-culturing with glucose limitation, the
acetone production was improved [83]. The acetone concentration and the ratio of acetone/butanol
could reach 11.74 g/l and 1.02 without sacrificing the production of butanol. The normal butanol
synthesis could be maintained; thus total ABE concentration could be improved by 38%-56%. This
finding indicates that the flexibility of ABE fermentation products could be achieved where bioacetone could be produced utilising renewable feedstocks.
Low production of butanol due to its culture toxicity has increased the cost and energy requirement
for the subsequent recovery process [84]. As a result, separation and purification of butanol contribute
14% of the total production cost, the second after feedstock cost (79%) [85, 86]. Also, Qureshi and
Blaschek found that major equipment for recovery processes such as distillation columns, boilers, heat
exchangers and storage tanks made up almost 80% of the initial investment cost of butanol production
from corn [87]. In terms of energy demand for the butanol recovery process, the well-established
conventional distillation requires 79.5 MJ/kg. Considering that the energy content of butanol is only
36 MJ/kg, the energy demand for the recovery process alone reach a factor of 220% of the energy
content of butanol itself [88].
Although several in situ and hybrid recovery techniques have been extensively studied to lower
recovery cost and energy requirement of butanol, a significant amount of energy is still required.
Huang et al. reported that by using a hybrid process gas-stripping/distillation, the energy demand
4
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could be reduced to 21 MJ/kg [89]. Kurkijärvi et al. found that by using a liquid-liquid
extraction/distillation, the energy consumption for the recovery process was as low as 3.76 MJ/kg
[90]. Furthermore, Águeda et al. investigated the use of an adsorption/drying/desorption and found
that only 3.4 MJ/kg was required for the recovery process [91]. Despite being able to reduce energy
demand for the butanol recovery process, achieving higher butanol production with lower energy
consumption is challenging, and a significant amount of energy is still required. Therefore, the idea of
using ABE solvent as biofuel instead of butanol would eliminate such process. The whole process of
ABE fermentation can be grouped into five main steps as illustrated in Fig. 2. The first process ABE
fermentation begins with the selection of feedstock and ends with acetone, butanol and ethanol being
produced. By using ABE directly, the fourth step (the downstream process) that typically requires high
cost and energy demand could be eliminated.

Fig. 2. Schematic overview of ABE process from raw material to final product
Given the challenges with bio-butanol production process mentioned above, using ABE directly as a
biofuel is considered as a promising approach as it can eliminate the recovery step resulting in
considerable cost and energy savings [92-94]. A slight difference between ABE’s molecular structure
and butanol’s may not significantly affect important combustion characteristics such as heat release
and the main combustion products [95]. Two review articles have been published on the use of ABE
as biofuel [95, 96]. However, the emphasis of its use as an alternative fuel on the internal combustion
engine was moderately discussed since some sections were devoted to ABE’s production process and
historical development. This review article aims to focus on the addition of ABE in an internal
combustion engine, both in SI and CI engines. The term of butanol and bio-butanol are used
interchangeably in this article. Discussion on ABE properties will be firstly given before the effects of
its addition on the engine is comprehensively reviewed.

2. ABE properties
Since a typical of ABE is produced at a volumetric ratio of 3:6:1, the butanol content is the dominant
factor in ABE composition [29, 97, 98]. However, recent development in ABE fermentation technology
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has allowed the volumetric percentage of acetone, butanol, and ethanol to be controlled precisely
[99-102]. It is possible to designate a specific volumetric ratio such as 6:3:1, 5:14:1 and 0:10:0 to
achieve better engine performance, combustion and emission characteristics [103, 104]. By
eliminating the ethanol content, recent studies have also reported the use of BA (butanol-ethanol)
mixtures [105-107].
It is important to note that with the addition of multi-component fuels such as ABE into the
conventional petrol fuel, the physico-chemical of the fuel will also change. Table 1 shows the
properties of ABE components compared to conventional petrol fossil fuels. No information can be
found in the literature regarding the cetane number of acetone, but considering its high octane
number, it is speculated that the cetane number of acetone will be reasonably low [108-110]. This will
reduce the overall of ABE’s cetane number, particularly with the addition of ABE using high acetone
content such as 5:4:1 or 6:3:1. Besides its low cetane number, another noticeable characteristic of
ABE is its high latent heat of vaporisation. With higher latent heat compared to gasoline or diesel fuel,
it is expected that the engine volumetric efficiency will increase as the charge density increases with
the addition of alcohol fuel [111, 112]. High latent heat will also cause the charge cooling effect that
will retard the fuel vaporisation [113-117]. The fuel is vaporized in the compression stroke, and the
mixture will be more easily to compress.
In the diesel engine, the lower cetane number and higher latent evaporation are expected to retard
the start of combustion due to a longer ignition delay and charge cooling effect, respectively [118122]. Also, the lower density and viscosity of alcohol fuel ABE could enhance the spray characteristics
and improve the mixing process of air and fuel [123-126]. As a result, more fuel is burned at the
premixed stage, and higher maximum pressure is expected to occur [127-130]. Moreover, the
presence of oxygen content in ABE can increase the air-fuel ratio, improve the combustion efficiency
and increase the thermal efficiency [131-134]. As for gasoline engine, Van Geem et al. [135] found
that the ABE had relatively higher laminar flames speed. In fact, the laminar flame speed of ethanol
and butanol were found higher than iso-octane [136-140] and n-heptane [138]. Therefore, the higher
flame speeds of ABE will result in faster flame propagation and more complete combustion of a
gasoline engine, thus reducing the heat losses and increasing the thermal efficiency [30, 141].
However, the fuel consumption of both diesel and gasoline engine are expected to increase due to
ABE’s lower heating value [142-144].
Factors that can improve engine performance, combustion and emissions are expected to compete
with factors that can deteriorate them. Higher volatility characteristics represented by fuel’s low
viscosity, boiling point, and high saturation pressure, for instance, may lead to better fuel atomization
and air-fuel mixing, thus improving its spray and combustion characteristics [145-147]. However,
ABE’s higher latent heat may also result in evaporative cooling effect and will offset the improvement
caused by its higher volatility qualities. Further details on the impact of those factors will be discussed
in the following section. Table 2 shows the calculated properties of ABE based on their component
ratios. The use of ABE is expected to change the spray and flame characteristics; thus engine
characteristics will also be affected to some extent.
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Table 1. Properties of conventional fuels and ABE components
ABE*
Gasoline [148,
Acetone
Diesel [150]
149]
[151]
3:6:1
6:3:1
Chemical formula
C4 - C12
C12 - C25
C3.5H8.4O C3.2H7.2O
C3H6O
Octane number
88 - 99
20 - 30
102.7
109
117
Cetane number
0 - 10
40 - 55
C/H atom ratio
0.44 (octane)
0.44 (n-heptane)
0.42
0.45
0.50
Oxygen content (wt%)
24.73
26.52
27.59
Density at 288 K (g/mL)
0.77
0.82 - 0.86
0.80
0.80
0.79
Lower heating value (MJ/kg)
43.40
42.70
31.42
30.37
29.60
Energy density (MJ/l)
31.0 - 33.2
35.0 - 36.7
25.29
24.24
23.40
Viscosity at 413 K (mm2/s)
0.49
1.90 - 4.10
1.79
1.11
0.35
Stoichiometric AFR
14.70
14.30
10.49
9.99
9.54
Boiling point (°C)
38 - 204
200 - 400
94.95
76.80
55.5 - 57.5
Auto-ignition temp (°K)
300
210
389
425
465
Latent heat at 298 K (kJ/kg)
380 - 500
270
595
576
518
Saturation pressure (kPa) at 38 °C
31.00
1.90
18.51
33.57
52.50
Laminar flame speed (cm/s)
33a
34b
Solubility in water (g/l) at 25 °C
Immiscible
Immiscible
Miscible
*ABE properties are calculated based on components ratios and their chemical formulas are from [154].
a
p = 1 atm, T = 325 K. bp = 1 atm, T = 298 K. cp = 1 atm, T = 343 K
Properties
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Butanol [150,
152]
C4H9OH
96
25
0.40
21.62
0.81
33.10
26.90
2.63
11.21
117
343
582
2.30
48c
73

Ethanol [148,
153]
C2H5OH
100
5-8
0.33
34.78
0.80
26.80
21.30
1.08
9.02
78
434
904
13.80
39a
Miscible
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Table 2. Calculated ABE’s properties blends with a typical ratio of 3:6:1
Properties
Oxygen content (wt%)
Density at 288 K (g/mL)
Lower heating value (MJ/kg)
Stoichiometric AFR
Latent heat at 298 K(kJ/kg)

ABE20
4.95
0.83
40.44
13.54
335

ABE-diesel
ABE50
12.36
0.82
37.06
12.40
433

ABE80
19.78
0.81
33.68
11.25
530

ABE-gasoline
ABE20 ABE50 ABE80
4.95
12.36 19.78
0.77
0.78
0.80
41.00
37.41 33.82
13.86
12.60 11.33
471
518
564

3. ABE addition in gasoline engine
Table 3 summarises several novelties of recent studies using ABE-gasoline blends in SI engine.
Important findings are highlighted and detail discussions are presented in this section.

3.1 Performance
3.1.1 Torque
Due to ABE’s higher latent heat of vaporisation, the mixture temperature is expected to reduce due
to the charge cooling effect. This will lead to an increase in charge density and as a result, engine
torque will increase [155-157]. At a wide equivalence ratios region, the ABE-gasoline blends have the
potential to increase the engine torque. A small amount of water addition can also improve the engine
torque. With just 0.5% water addition, Li et al. [158] found that ABE29.5W0.5 increased the engine
torque by 9.6%-12.7% and 7.9%-10.9% compared to that of gasoline and ABE30 (ABE without water
addition) at various equivalence ratios. At stoichiometric condition, the engine torque of ABE29.5W0.5
increased by 12.7% and 10.9% than gasoline and ABE30, respectively. The ABE30 obtained its
maximum engine torque at the equivalence ratio of 1.11, while the ABE29.5W0.5 and gasoline
achieved its highest torque at the equivalence ratio of 1.0. Li et al. [159] found that the torque of
ABE30 and ABE85 increased by 3.1% and 4.6% compared to gasoline, but when 1% water is added,
the ABE29W1 increased the torque even further by 3.1-8.2%.
In general, torque will increase with the addition of ABE and water due to a higher charge density
resulted from its higher latent heat of vaporisation. The improvement in torque may also be caused
due to the higher octane number of ABE. Higher octane number will prolong the fuel ignition delay,
leading to a shorter flame and slower energy release rate [160]. The engine heat loss may reduce as
the heat does not have sufficient time to reach the coolant. However, this may affect the maximum
pressure and reduce the engine power and increase the fuel consumption, yet the extra oxygen
content of ABE may improve the combustion efficiency, thus producing a leaner mixture and achieving
complete combustion. Therefore, ABE’s higher latent heat, octane number, and extra oxygen
contribute to the increase of gasoline engine torque.
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Table 3. Contributions and main findings of recent studies using ABE-gasoline blends
Operating
Conditions
SI PFI, 1500 rpm,
20o BTDC, 3.5 bar
BMEP, wide open
throttle

Reference
ABE
fuel
Percentage
Gasoline
ABE20 (3:6:1),
ABE40

Contribution and
novelty
The first to investigate
ABE in SI engine without
major modifications

Main
Findings
> ABE20 shows higher and advanced in-cylinder peak pressure
ABE40 shows lower but advanced peak pressure
> ABE20 gives shorter ignition delay
ABE40 gives longer ignition delay
> BSFC ↑ with increasing ABE percentage
> CO: ABE20 --> ↑
ABE40 --> ↓
> HC: ABE20 --> ↑
ABE40 --> ↑
> NOx: ABE20 --> No changes
ABE40 --> No changes

SI PFI, 1200 rpm,
20o BTDC, 3 bar
BMEP, ø=0.83-1.2

Gasoline

One of the early studies
investigating ABEgasoline blends in SI
engine with various ABE
concentration; from low,
mid to a high percentage

> Lower ABE ratio gives a longer ignition delay & retarded 50%
MFB
> ABE80 has similar combustion phasing with gasoline
> BSFC ↑ with increasing ABE percentage
> ABE20 & ABE40 displayed ↑ efficiency than gasoline
> ↓ CO & HC & no major changes in NOx for all blends

ABE20 (3:6:1),
ABE40, ABE60,
ABE80

9
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SI PFI, 1200 rpm,
MBT, 3 and 5 bar
BMEP, ø=0.83-1.25

Gasoline

ABE30 (3:6:1),
ABE30 (6:3:1)

Investigating the effect
of acetone by increasing
its ratio from 30% to
60%

> Combustion phasing: ABE30 (6:3:1) --> similar to gasoline
ABE30 (3:6:1) --> advanced phasing
> BSFC: ABE30 (6:3:1) --> the lowest
ABE30 (3:6:1) --> the highest
> BTE: ABE30 (6:3:1) --> 1.6% higher than gasoline
ABE30 (3:6:1) --> 0.5% lower than gasoline
> CO: ABE30 (6:3:1) --> similar to gasoline
ABE30 (3:6:1) --> ↑
> HC: ABE30 (6:3:1) --> ↑ due to high evaporability if acetone
ABE30 (3:6:1) --> ↓
> NOx: ABE30 (6:3:1) --> No major changes
ABE30 (3:6:1) --> No major changes

[163]

SI PFI, 1200 rpm,
18o BTDC & MBT, 3
bar BMEP, ø=0.831.25

Gasoline

E85, B85, ABE85
(3:6:1)

Comparatively studying
higher ABE percentage
(ABE85) with
higher concentration of
ethanol (E85) and
butanol (B85)

> In-cylinder peak pressure:
The highest --> E85, the lowest --> B85
> Combustion phasing:
The most advanced --> E85, the most retarded: B85
> Ignition delay and combustion duration in the sequence of
B85>Gasoline>ABE85>E85
> All blends have ↓ BTE and ↑ BSFC
> All blends have ↓ NOx, but B85 gives the highest CO & HC

[164]

SI PFI, 1200 rpm,
MBT, 3 bar BMEP,
ø=0.83-1.25

Gasoline

ABE30 (3:6:1),
ABE29.5W0.5

The first to investigate
water-containing ABEgasoline blends

ABE29.5W0.5 performed better than ABE30
> Longer ignition delay & combustion duration
> Torque: ↑ 9.6-12.7%
> BTE: ↑ 5.2-11.6%
> BSFC: similar to gasoline
> ↓ CO, ↑ HC, ↓ NOx

[158]

SI PFI, 1200 rpm,
MBT, 3 and 5 bar
BMEP, ø=0.83-1.25

Gasoline

ABE30 (3:6:1),
ABE85,
ABE29.5W0.5,
ABE29W1

Investigating ABEgasoline blends up to 1%
water addition

ABE29W1 performed better with ↑ engine torque (3.1-8.2%),
↓ CO (9.8-35.1%), ↓ HC (27.4-78.2%) and ↓ NOx emissions
(4.1-39.4%) than those of gasoline

[159]
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SI PFI, 1200 rpm,
MBT, 3 and 5 bar
BMEP, ø=0.83-1.25

Gasoline

ABE100 (3:6:1),
ABE100 (6:3:1),
ABE100 (5:14:1)

Examining pure ABE
blends (100% ABE)

> The closest combustion phasing to gasoline --> ABE (6:3:1)
100
> ↑ CO & HC emissions with increasing butanol ratio
> ABE with higher acetone ratio, i.e. ABE (6:3:1) was preferred
ABE30 (3:6:1) performed better with ↑ BTE (0.2-1.4%), ↓ CO
(1.4-4.4%), ↓ HC (0.3-9.9%) and ↓ NOx emissions (4.2-14.6%)
compared to those of gasoline

[165]

SI PFI, 1200 rpm,
MBT, 3 and 5 bar
BMEP, ø=0.83-1.25

Gasoline

Investigating ABE
concentrations with
different volumetric
ratios

1200 rpm, MBT, 3
and 5 bar BMEP,
ø=0.83-1.25

Gasoline

ABE10 (3:6:1),
ABE30 (3:6:1),
ABE60 (3:6:1), E30,
B30
ABE30 (1:8:1),
ABE30 (5:4:1),
ABE29.5W0.5
(3:6:1), ABE29W1
ABE30 (3:6:1),
ABE30 (6:3:1)

The first to examine
unregulated emissions of
ABE-gasoline blends in SI
engine

> ABE30 (3:6:1) gives the lowest ethylbenzene, ↓ toluene, and
↓ xylene
> ABE30 (6:3:1) gives the lowest CO, ↓ HC, ↓ benzene, similar
NOx to gasoline

[167]

SI, PFI, 1200 rpm,
each fuel's MBT,
3,4,5,6 bar BMEP,
ø=0.83-1.25

Gasoline

ABE30 (3:6:1),
ABE30 (6:3:1),
ABE30 (5:14:1),
E30, B30

Investigating
unregulated emissions
classified as air toxics by
USEPA

The lowest CO & HC --> ABE30 (6:3:1)
The highest acetaldehyde --> B30
The lowest acetaldehyde --> ABE30 (6:3:1)
The lowest BTEX --> ABE30 (3:6:1)

[168]
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3.1.2 Fuel consumption
Brake specific fuel consumption (BSFC) represents the ratio of mass fuel consumption to the brake
power. The use of oxygenated fuel, including the ABE, may increase the BSFC due to its low heating
values as shown in Table 1. As a result, the amount of ABE should be increased to obtain the same
energy output of gasoline, thus increasing the BSFC. Zhang et al. [164] reported that the ABE85 had
higher BSFC (543 g/kWhr) compared to gasoline (382 g/kWhr) and 85% Butanol (509 g/kWhr), but still
lower than 85% Ethanol (584 g/kWhr) as shown in Fig. 3. Nithyanandan et al. [162] found an increasing
trend of BSFC with the increase of ABE ratio. The increase in BSFC was around 5% for ABE20 and 25%
for ABE80 compared to gasoline. Also, Li et al. [159] found that ABE30 and ABE85 increased the
indicated specific fuel consumption (ISFC) by 10.1% and 29.4% compared to gasoline. Moreover, Li et
al. [166] compared ABE30 with different volumetric ratio and it was found that the ABE30 (3:6:1) gave
the lowest BSFC compared to that of ABE (1:8:1) and ABE (5:4:1) due to its relatively shorter
combustion duration and higher thermal efficiency.

Fig. 3. (a) BSFC of ABE compared to other alcohol fuels at ø = 1, reproduced from [164] and (b) BSFC
of various percentage ABE [162]

One crucial factor that may increase BSFC is less fuel conversion efficiency. The start of combustion
may be changed with the addition of ABE. In this case, the fuel conversion efficiency may be
deteriorated due to altered combustion phasing, thus increasing the BSFC. Nithyanandan et al. [161]
found that the centre combustion of ABE20 and ABE40, represented by 50% MFB, were advanced
about 1.2o and 0.3o, respectively. Therefore, to achieve the maximum brake torque, the spark timing
should be adjusted to avoid the reduction in fuel conversion efficiency that would later increase the
BSFC. Li [167] found that equivalence ratio also influenced the BSFC. At lower stoichiometric air/fuel
ratio, the ABE-gasoline blends required more fuel, thus increasing the BSFC. Also, Li et al. [158] found
that the addition of water was found to reduce the BSFC. It was observed that the BSFC was around
12.1% higher with ABE30 compared to that of gasoline, but with 0.5% water addition, the
ABE29.5W0.5 only increased it by 1.4% or similar with that of gasoline, resulted from its higher
combustion and thermal efficiency.
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3.1.3 Thermal efficiency
Brake thermal efficiency (BTE) shows how efficient the fuel was converted into mechanical energy.
BTE may increase with the increasing ABE ratio. Three main factors may contribute to the increase in
BTE using ABE in SI engine; (1) its higher latent heat of vaporisation, (2) oxygen content and (3) higher
laminar flame speeds compared to those of gasoline fuel. When 0.5% and 1% water was added into
the ABE blends, an improvement in BTE was observed, Li et al. [158] reported that ABE29.5W0.5 gave
higher BTE by 5.2%-11.6% and 10.7%-12.4% compared to gasoline and ABE30, respectively. Also, Li
[167] found that equivalence ratio affected the BTE. At higher stoichiometric air/fuel ratio, it was
found that the ABE-gasoline bends gave higher BTE than that of a lower ratio. Nithyanandan et al.
[161] reported a slight increase in the BTE for ABE20, while a decrease was observed for ABE40.
Nithyanandan et al. [163] found an increase by 1.6% and a reduction by 0.5% in BTE for ABE30 (6:3:1)
and ABE30 (3:6:1), respectively. ABE with higher acetone content, i.e. ABE30 (6:3:1) gave higher BTE
due to its improved combustion compared to ABE with less acetone and higher butanol i.e. ABE30
(3:6:1). This is because blends with lower carbon number (less butanol ratio) have more oxygen, thus
enhancing its combustion and increasing its thermal efficiency. However, although its enhanced
combustion resulted from extra oxygen, Li et al. [166] found a BTE reduction in ABE addition. The
reduction was because the engine was operated at the spark timing of gasoline’s Maximum Brake
Torque which was 18o BTDC at 310.33 kPa BMEP and 15o BTDC at 524.07 kPa BMEP. Therefore, the
ABE reduction was attributed to improper combustion phasing. Among the tested fuels, ABE30 (3:6:1)
gave a marginal BTE reduction by 0.2-1.4% than gasoline, but it still offered a higher BTE compared to
ABE30 (1:8:1) and ABE30 (5:4:1).
3.1.4 Exhaust gas temperature (EGT)
EGT represents the cylinder temperature and an indicator of combustion efficiency and NOx
emissions. The use of ABE blends is expected to lower the exhaust gas temperature, and this is caused
by its lower heating value and higher latent heat. Higher latent heat means that ABE will generate a
significant temperature drop during the intake stroke, thus reducing the temperature at the end of
the compression stroke. As a result, for the same heat release, the EGT will be lower after the
combustion. Nithyanandan et al. [161] reported a slight decrease in EGT with the addition of ABE. It
was found that gasoline gave the highest EGT with 429.5 oC, while ABE20 and ABE40 showed a slight
decrease which stood at 426 oC and 420.6 oC, respectively. Nithyanandan et al. [163]observed no
significant changes in exhaust gas temperature. The EGT of ABE30 (3:6:1) and ABE30 (6:3:1) had a
similar temperature of around 430 oC with gasoline.

3.2 Combustion
Since each ABE component has higher laminar flame speed compared to gasoline, the combustion
duration is more likely to be faster. Nithyanandan et al. [161] found that the ABE20 gave a shorter
ignition delay and an advanced 50% Mass Fraction Burnt (MFB) location compared to the ABE40,
resulted from the higher laminar flame speed of ABE. However, the ABE40 showed deteriorated
combustion quality because of improper combustion phasing and high latent heat of vaporisation. In
another study, compared to higher ABE ratio, Nithyanandan et al. [162] reported that lower ABE ratio
gave a longer ignition delay and retarded 50% MFB location caused by the reduction in laminar flame
speed resulted from ABE’s evaporative cooling effect. Therefore, higher ABE ratio such as ABE80 was
found to have similar combustion phasing with gasoline with shorter ignition delay because of its
higher laminar flame speed. Li et al. [166] found that the use of ABE30 (3:6:1) and ABE60 (3:6:1)
displayed a relatively early combustion phasing with a shorter Initial Combustion Duration (ICD) and
Main Combustion Duration (MCD) than those of gasoline. Comparable results were found by Li et al.
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[159] when comparing ABE30 and ABE85 with gasoline. Fig. 4 shows that the ICD and MCD reduce
with increasing ABE concentration. However, when water was added, the ICD and MCD were
increased for 0.5% water addition but decreased for 1% water. At equivalence ratios (ø=0.83-1.25)
and engine loads (3 and 5 bar BMEP), the ABE29 with 1% water addition gave a faster combustion rate
than gasoline for leaner mixtures, while the opposite trend was observed for richer mixtures. Also, Li
et al. [158] found that ABE29.5W0.5 displayed a longer ignition delay and combustion duration. Water
addition was believed to reduce the combustion temperature and led to a lower combustion rate. It
is important to note that at higher engine loads, faster combustion duration is expected due to the
faster heat release rate.

Fig. 4. Comparisons of combustion characteristics between ABE (a and b) and water-containing ABE
(c and d) at ø = 1 and 3 bar BMEP, reproduced from [159]

3.3 Emission
3.3.1 CO and HC emission
ABE has the potential to reduce both the CO and HC emissions. Oxygen content found in ABE will
generate the leaning effect, improve the combustion efficiency, reduce HC emissions and allow in
greater conversion of CO to CO2, resulting in higher CO2 emissions of ABE than gasoline. Also, the
higher laminar flame speed of ABE can help to achieve complete combustion. However, the lower LHV
of ABE may avoid the blends achieving complete combustion. Various operating conditions may also
affect the CO and HC emissions.
Li et al. [166] found that ABE30 (3:6:1) gave a lower CO and HC emissions by 1.4-4.4% and 0.3-9.9%,
respectively compared to gasoline. Li et al. [167] found that acetone’s higher volatility and improved
post-flame oxidation are beneficial to reduce CO and HC emissions. It was found that ABE30 (6:3:1)
gave lower CO and HC emissions compared to ABE30 (3:6:1) and gasoline as shown in Fig. 5. Also, Li
et al. [168] found the lowest CO and HC emissions were achieved at higher acetone content, i.e. ABE30
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(6:3:1), compared to ABE30 (3:6:1), and ABE30 (5:14:1). Nithyanandan et al. [163] found decreased
HC emissions for ABE30 (3:6:1) due to incomplete combustion. However, when the acetone content
was increased to ABE30 (6:3:1), an increased in HC emissions was reported, believed to be from high
evaporability of acetone that increased the unburned hydrocarbons in the crevice. Moreover,
Nithyanandan et al. [165] found that by increasing the butanol content from ABE (6:3:1) to ABE (3:6:1)
and ABE (5:14:1), the CO and HC emissions were found to increase due to incomplete combustion.
Nithyanandan et al. [161] found higher CO emission for ABE20 as some fuels were only partly oxidized.
Regarding water containing ABE, Li et al. [158] found reduced CO emissions with ABE29.5W0.5 but
increased HC emissions due to a retarded HC oxidation resulted from reduced combustion
temperature caused by water addition. When water was added up to 1%, Li et al. [159] found that
ABE29W1 displayed a more significant reduction of CO and HC emissions by 9.8-35.1% and 27.478.2%, respectively.

Fig. 5. CO and HC emissions at 3 bar BMEP at different equivalence ratios, reproduced from [167]

In general, the addition of ABE could decrease the CO and HC emissions compared to gasoline fuel
due to its leaning effect. It is important to note that different engine operating conditions may also
affect such emissions. In a gasoline engine, at high engine loads, the lack of oxygen in the richer region
may increase the CO and HC emissions. However, at low engine loads, higher emissions can also still
be observed since the mixture is too lean to burn and it is difficult to maintain the flames because of
low flame propagation speed. This is where the extra oxygen and higher flame speed provided by the
addition of ABE play a vital role to reduce CO and HC emissions at various engine loads. At high engine
speeds, although the engine does not have sufficient time to complete combustion, the higher flame
speed of ABE is expected to help achieve complete combustion. Moreover, the mixture at high engine
speed may be more homogeneous leading to improve combustion and higher in-cylinder
temperature. As a result, both CO and HC will reduce at high engine speeds. The trend may be the
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opposite for low engine speed as the higher latent heat of ABE may reduce the in-cylinder
temperature, thus increasing CO and HC emissions.

3.3.2 NOx emission
Higher in-cylinder temperature is considered as the significant reason of thermal NOx formation in a
gasoline engine [155]. The oxygen content in ABE fuel may increase the in-cylinder temperature, but
the charge cooling effect from ABE’s high latent of heat vaporisation may outweigh such effect, thus
reducing the in-cylinder temperature. No major changes in NOx emissions were observed by Li et al.
[167] for ABE30 (3:6:1) and ABE30 (6:3:1). Comparable results were also observed in [161], [162],
[163] and [167] where ABE blends gave nearly similar NOx emissions compared to gasoline. However,
some studies reported reductions in NOx emissions. Li et al. [166] reported a reduction in NOx
emissions by 4.2-14.6% using ABE30 (3:6:1) than gasoline. However, Fig. 6 shows the highest NOx
emissions are found at ø between 0.9 and 1.0 due to more complete combustion close to the
stoichiometric region that leads to a higher peak combustion temperature. Regarding watercontaining ABE blends, Li et al. [158] found lower NOx emissions resulted from reduced combustion
temperature caused by 0.5% water addition into the ABE blend. With 1% water content in the ABE
blend, Li et al. [159] found that ABE29W1 displayed a more significant reduction of NOx emissions by
4.1-39.4%. In general, NOx formation from ABE addition can be reduced or maintained at the same
level as that of a gasoline engine. This is attributed to ABE’s higher latent heat that results in the
cooling effect inside the combustion chamber.

Fig. 6. NOx emissions of ABE30 in comparison with other alcohol fuels at different equivalence ratios
and engine loads; (a) 60 kPa and (b) 90 kPa, reproduced from [166]
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3.3.3 Particulate matter (PM) emission
No studies can be found in the literature examining the effect of ABE on PM emissions of a gasoline
engine. It is known that conventional port-fuel injection (PFI) gasoline engine produces less soot
emission than diesel engine thus more attention to investigate PM emission is directed towards diesel
engine. However, gasoline direct injection (GDI) engine may produce higher PM emissions compared
to traditional PFI gasoline engine, as a result of its fuel-rich regions and local high temperature from
incomplete combustion [169]. Therefore, more researches are needed to examine PM emissions of
the GDI engine.
Although previous studies have not yet examined the effect of ABE on PM emissions of a gasoline
engine, the effect of its individual component i.e. ethanol and butanol could be found in the literature.
Luo et al. found that ethanol/gasoline blend could reduce PM emissions of GDI engine effectively
[170]. It was observed that the soot activity was enhanced, and particle number concentrations were
successfully decreased. Furthermore, a study by Graves et al. [171] found that particle number
concentration reduced with the increase of ethanol fraction. By using 20% ethanol, Peña et al. [172]
found reductions in the rate of soot production, the sizes of polycyclic aromatic hydrocarbons and
primary particles in soot, and its aromatic character resulting in higher soot oxidative reactivity.
Similar to the combustion of other oxygenated fuels such as ethanol, butanol could decrease the
particulate production due to the involvement of the oxygenated compound in the particulate
formation. Russo et al. [173] found that a substantial reduction of the soot particles’ total amount and
size were achieved using butanol isomers. Of four isomers, t-butanol was found as the most effective
to reduce particle formation. Furthermore, Hergueta et al. [174] investigated 33% of butanol
containing 5% of ethanol (B33) in a gasoline engine. It was found that the gaseous and particle
emissions were successfully decreased with primary particle diameter being unaffected. Yu et al. [175]
also reported reductions of gaseous emissions using n-butanol/gasoline blends in SI engine. N-butanol
could decrease the accumulation mode of particle number, while at the same time increasing its
nucleation mode. The lowest total particle number was achieved under a rich mixture with 20% nbutanol.
Despite lacking some fundamental studies, the use of ABE is expected to lower the particle production
in gasoline engine due to its oxygen content. Generally, the presence of oxygen atoms in ABE is
expected to alter the oxidation pathway by enhancing carbon oxidation to the growth pathways, thus
forming high molecular mass compounds [176, 177]. However, it is important to note that fuels with
comparable oxygen content may affect particle production differently such as found in diesel engine
[178, 179]. This is because other factors may affect fuels’ properties such as the oxygenated functional
groups.

4. ABE addition in diesel engine
Table 3 summarises several novelties of recent studies using ABE-diesel blends in CI engine. Important
findings are highlighted, and detail discussions are presented in this section.

4.1 Performance
4.1.1 Power and torque
Engine power represents the amount of work produced by the engine per unit time, while torque
measures rotational work by the piston on the engine crankshaft. ABE may reduce both the engine
power and torque due to their lower LHV compared to diesel fuel. Lee et al. [180] found that the use
of ABE (3:6:1) in CI engine was found to reduce engine power by 5% at 1200 rpm as shown in Fig. 7.
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When the acetone content was increased, and the butanol was decreased from a typical ratio of 3:6:1
to 6:3:1, the ABE (6:3:1) reduced the engine power even further up to 8%. According to table 1, the
heating value of ABE (3:6:1) is not much different from ABE (6:3:1), but boiling point of ABE (6:3:1) is
far higher than ABE (3:6:1) due to increased acetone and reduced butanol content. Therefore, the
reason ABE (6:3:1) gave lower power was not only caused by its lower heating value (3.3% lower) but
it was also caused by its far lower boiling point (19.1% lower). The lower boiling point may lead to
faster evaporation and better fuel efficiency [105, 181], but it may also result in less penetration, thus
reducing the power output. It is important note that the extra oxygen of ABE may improve combustion
at higher speeds and offset the power loss caused by its lower heating value and boiling points.

Fig. 7. Engine power of different ABE volumetric ratio at various engine speed, reproduced from [180]

Algayyim et al. [107] compared the use of n-butanol and iso-butanol in butanol-acetone (BA) mixture.
For 10% and 20% concentrations of BA, the iso-BA and n-BA reduced the brake power (BP) and torque
at all engine speeds; 1400, 2000 and 2600 rpm, except for iso-BA with 10% concentration at the
medium speed where 4% increase was observed than those of diesel. In another study, the same
author also found comparable results in which 20% and 30% BA mixtures gave lower BP and torque
[106]. Only BA with 10% concentration increased the BP and torque. The torque increased slightly,
while BP rose by 5% compared to that of diesel at all engine speed.
Reduction of engine power using ABE may be attributed to its lower LHV and boiling points, but other
factors may also worsen such power loss. Lower cetane number of ABE for example. Low cetane
number will prolong the ignition delay and achieve better fuel-air mixing with stronger premixed
combustion. This may result in higher maximum in-cylinder pressure [182], but the mean effective
pressure is expected to decrease, thus reducing the overall engine power and torque. Furthermore,
lower viscosities of ABE may result in more leakage in the injector where fuel delivery may be affected
and decrease the power output [183-186]. More results are required in terms of engine power or
torque, but only a few studies reported these two parameters using ABE blends. This is because when
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the injection is based on the equal-mass instead of equal-energy, the engine performance is given in
efficiency for better comparison.
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Table 4. Contributions and main findings of recent studies using ABE-diesel blends
Operating Conditions
Direct Injection CI engine,
(1) Generator 1.6 & 3.2 kW,
(2) Dynamometer: 1500 & 1800 rpm,
40 & 80 Nm

ABE%
ABE10 (5:14:1),
ABE20, ABE30
ABE10W0.5,
ABE20W0.5,
ABE30W0.5
ABE20W1,
ABE30W1

Contribution and novelty
The first to investigate watercontaining ABE-diesel blends
in CI engine

Main Findings
> Clear stable phase of ABE with 0.5-1.0% water addition
> ABE20W0.5 shows superior results:
↑ BTE by 3.26-8.56%
↓ PM by 5.82-61.6%
↓ NOx 3.69-16.4%
↓ PAHs by 0.699-31.1%
↓ BaPeq by 2.58-40.2%

Refs.
[103]

Constant volume chamber
Ambient temperature: 900 & 1100 K,
Ambient oxygen concentration: 21%

ABE20 (6:3:1),
ABE20 (3:6:1),
ABE20 (0:10:0)

Exploring the optimal ABE
ratio by changing its
volumetric ratio

> Ignition delay and the combustion duration are ↓ with
↑ acetone content
> ABE20 (6:3:1) has the shortest combustion duration,
may ↑ fuel efficiency in real CI engine
> ABE20 (6:3:1) has the same ignition delay and
premixed combustion with diesel
> At 900 K, soot is ↓ due to ↑ soot lift-off length (SLoL)
and ↑ ignition delay for all the tested fuels
> At 900 K, max combustion pressure is ↑, may ↑ ITE
> Natural luminosity is ↓ for ABE20 (3:6:1) and ABE20
(6:3:1)

[104]

Direct Injection CI engine,
Speed: 1500 & 2000 rpm,
Load: 40 & 80 Nm

Biodiesel25,
B50, B75
ABE25B25
(5:14:1),
ABE25B50,
ABE25B75

Investigating the mix of watercontaining ABE (2% water)
with biodiesel.

> Water containing ABE lead to ↑ BSFC
> ABE-biodiesel-diesel blends result in ↑ BTE by 0.3727.88% compared to biodiesel and diesel
> ABE-biodiesel-diesel blends shows ↓ PM by 10.963.1%, ↓ NOx by 4.30-30.7% and ↓ PAH emissions by
26.7-67.6%

[187]
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Constant volume chamber
Ambient temperature: 800, 1000, &
1200 K, Ambient oxygen: 11, 16 & 21%

ABE100 (3:6:1),
B100

Investigating the spray and
combustion of pure ABE in
both conventional and low
temperature combustion (LTC)
with various oxygen
concentration to represent
the variations of EGR

> ABE100 shows:
↑ flame lift-off length
↓ liquid penetration
↓ local equivalence ratio
↓ flame luminosity
↓ combustion duration with ↓ ambient temperature
because of stronger premixed combustion
↑ combustion duration with ↓ ambient oxygen as a
result of a dilution effect retarded combustion
phasing like butanol under LTC with ↑ EGR

[188]

Constant volume chamber
Ambient temperature: 700, 800, 900,
1000, 1100 & 1200 K, Ambient oxygen:
11, 16 & 21%

ABE20 (3:6:1)

Investigating LTC of the spray
and combustion of ABE-diesel
blends

> Under all test conditions, ABE20 shows longer ignition
delay and soot lift-oft length compared to diesel
> At low ambient temperature of 800 K and ambient
oxygen of 11%, ABE20 shows flameless combustion with
almost zero soot luminosity
> The multi-component of ABE blends with different
volatilities produce micro-explosion that lead to better
atomization and air-fuel mixing, thus achieving improved
combustion efficiency

[109]

Constant volume chamber
Ambient temperature: 800 K
Ambient oxygen: 11, 16 & 21%

ABE20 (6:3:1),
ABE20 (3:6:1),
ABE20 (0:10:0)

Examining the effect of
acetone in ABE blends by
changing the volumetric ratio
from typical fermentation
ratio of 3:6:1 to 6:3:1 and
0:10:0 in LTC

> SOC retarded with decreasing ambient oxygen
concentration for all fuels, but ABE20 (6:3:1) is similar to
that of diesel
> ABE20 (6:3:1) shows similar combustion to diesel with
shorter ignition delay due to higher acetone content
> ABE20 (6:3:1) shows ↓ natural flame luminosity (soot
formation) compared to diesel due to its ↓ combustion
duration and stronger premixed combustion

[189]
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Various ambient temperatures (423823K) under normal gravity and
atmospheric pressure

ABE10 (3:6:1),
ABE20, ABE30

Investigating the evaporation
characteristics of ABE-diesel
droplets

> The droplet lifespan of ABE and diesel are ↓ with ↑
ambient temperature
> ABE's droplet lifespan is ↓ than diesel with no bubble
nucleation, but the difference is smaller at↑
temperature
> ABE droplets evaporate faster than diesel but vary
with ambient temperature; two-phase at ↓
temperature and three-phase at ↑ temperature
> ABE droplets show bubble formation and rupture at ↑
temperature with strong puffing being observed at 823 K

[190]

Constant volume chamber
Ambient temperature: 800, 1000 &
1200 K, Ambient oxygen: 11, 16 & 21%

ABE20 (3:6:1),
ABE50, ABE80

Investigating the spray and
combustion of ABE-diesel
blends in both traditional and
LTC with heavy EGR condition

> Spray characteristics are influenced by competing
factors between volatility and latent heat with ABE20 =
diesel and ABE50 = ABE80. Therefore, critical ratio
occurs between ABE20 and ABE50
> Except for ABE50, ignition delay ↑ with ↓ ambient
temperature, ↓ oxygen concentration, and ↑ ABE%
> Combustion characteristics ABE50 = diesel with the
shortest combustion duration of all blends --> may lead
to ↑ ITE
> Soot (natural flame luminosity) ↓ with ↑ ABE%

[108]

Constant volume chamber
Ambient temperature: 1000 K, Ambient
oxygen: 11, 16 & 21%

ABE100 (3:6:1)

Investigating a
phenomenological soot model
for ABE both experimentally
and numerically

> Ignition delay retarded and temperature become more
homogeneous with ↓ ambient oxygen
> Compared to 21% ambient oxygen, the 16% gives ↑
total soot mass due to the ↓ soot oxidation --> ↑ soot
> At 11% ambient oxygen, both soot formation and
oxidation are ↓, with more ↓ for the soot formation -->
↓ soot

[191]
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Direct Injection CI engine,
Speed: 1200, 1500, 2000 rpm,
Load: 15, 20, 25 mg fuel/cycle
Equivalence ratio: 0.323, 0.431, 0.539
Injection timing 8, 4, 0, -4 oCA BTDC
Fuel rail pressure: 600 bar

ABE10 (3:6:1),
ABE20 (3:6:1)

Focusing on the HC emissions
and on the improvement of
efficiency with ABE addition
that has not yet reported in
the previous paper

> ABE retard the start of auto-ignition
At premixed mode: ↓ combustion duration
At mixing-controlled mode: ↑ combustion duration
> ABE blends have ↑ thermal efficiency due to ↑
pressure rise rate during CA10-CA50 leading to a
dominant premixed combustion
> ABE have ↓ polytrophic & ↑ HC

[192]

Constant volume chamber
Ambient temperature: 800 K
Simulation with KIVA-3V Release 2 code

ABE20 (6:3:1),
ABE20 (3:6:1),
ABE20 (0:10:0)

Investigating fundamental
numerical methods and
chemical kinetic mechanisms
for ABE-diesel blends

> ↑ acetone content leads to advanced combustion
phasing
> ↑ butanol content leads to retarded combustion
phasing

[193]

Direct Injection CI engine,
Speed: 1200, 1500 & 2000 rpm,
Load: 15, 20 & 25 mg fuel/cycle
Equivalence ratio: 0.323, 0.431 & 0.539
Injection timing 8, 4, 0, -4 oCA BTDC
Fuel rail pressure: 600 bar

ABE10 (3:6:1),
ABE20 (3:6:1),
ABE10 (6:3:1),
ABE20 (6:3:1)

The first to investigate ABE
with volumetric ratio of 6:3:1
in CI engine (not in volume
constant chamber) and
compare it with ABE with a
3:6:1 ratio

> ABE (6:3:1) have retarded combustion, ↑ ignition
delay & ↓ emissions compared to ABE (3:6:1)
> Small amount of ABE (10%) results in ↑ ITE by 12%
> ABE addition cause ↑ heat release during CA10-CA50
as a result of ↑ premixed combustion
> NOx is ↓ with ABE addition and can be reduced even
further by tuning the injection timing

[180]

Constant volume chamber
Ambient temperature: 800 & 1200 K
Ambient oxygen: 16 & 21%

ABE100 (3:6:1)

The first to study the different
soot formation between diesel
and ABE using
phenomenological soot model
simulated by KIVA-3V Release
2 code

> ABE100 gives ↓ soot generation compared to diesel
> At 800 K and 21% oxygen concentration, soot mass
peak of ABE is 1/12 of diesel's, but when oxygen
concentration ↓ to 16%, the soot mass peak ↑ by 25%

[194]
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Direct Injection CI engine,
Speed: 1400, 2000 & 2600 rpm,
Full loads

(1) n-butanol:
n-BA10,
n-BA20
(2) iso-butanol:
iso-BA10,
iso-BA20

Comparing the use of nbutanol and iso-butanol in BA
(1:2.9) mixtures on the spray,
combustion, performance and
emission characteristics

> Spray penetration: ↑ with n-BA and iso-BA
n-BA is slightly ↑ than iso-BA
> BSFC: ↑ with increasing n-BA and iso-BA
> BP: iso-BA10 shows slight ↑ at low & medium speeds
> In-cylinder pressure: iso-BA shows ↑ peak led to ↑
HRR
> CO: ↓ with increasing n-BA and iso-BA
iso-BA has a lower NOx than n-BA
> HC: n-BA: ↓ or the same with diesel
iso-BA: ↑
> EGT: ↓ with increasing n-BA and iso-BA
> NOx: ↓ with increasing n-BA and iso-BA
n-BA has a lower NOx than iso-BA

[107]

Wick-fed burner --> to produce a stable
diffusion flame
47 mm filter assembly --> collect the
soot particles

ABE10 (3:6:1),
ABE20, ABE30

Investigating the soot
oxidation reactivity of ABEdiesel blends

With increasing ABE concentration, the size of primary
particles ↓, nanocrystallites length ↓, and amount of
aromatic C=C functional groups in the soot ↓, while
nanocrystallites tortuosity ↑, amount of oxygenated
functional groups ↑, and atomic O/C and H/C ratios ↑

[195]

Direct Injection CI engine,
Speed: 1400, 2000 & 2600 rpm,

BA10 (1:2.9),
BA20, BA30

Investigating the BA-diesel
blends without ethanol
content

> Advanced combustion phasing with increasing BA
content
> BP: BA10 --> ↑ 5% than diesel
BA20 --> no change
BA20 --> no change
> BTE: BA10 --> no change
BA20 --> ↑ 6% than diesel
BA20 --> ↑ 8%
> CO: ↓ 64.5% (maximum)
> HC: ↑ 37.3% (maximum)
> NOx: ↓ 10% (maximum)
> EGT: ↓ 15.6% (maximum)

[106]
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4.1.2 Thermal efficiency
The improvement in thermal efficiency may be attributed to the factors that help the completeness of the
combustion, shorten the combustion process and improve combustion efficiency. Changing the operating
condition will also affect the characteristics of engine thermal efficiency. The thermal efficiency is
expected to increase with increasing engine load due to the higher gas temperature inside the cylinder,
thus increasing its combustion and thermal efficiency. This is because more fuel is burned and combusted
at high engine loads; thus a higher in-cylinder gas temperature is observed.
Slight increase in thermal efficiency can be achieved with a small amount of ABE addition to diesel fuel
due to ABE’s oxygen content and low boiling points. Extra oxygen of ABE is expected to lower its
equivalence ratio, while the low boiling points will enhance its spray characteristics, thus more complete
combustion can be achieved in the fuel-rich zone. As a result, engine thermal efficiency will improve. Lee
et al. [180] found that with ABE10 (3:6:1), the indicated thermal efficiency (ITE) increased by 4-6% than
diesel as shown in Fig. 8. The ITE increased even further up to 7% higher when ABE ratio was increased to
20%. Its nearly similar engine power compared to diesel fuel as discussed in 4.1.1 may also explain the
increase in thermal efficiency from the addition of ABE blends. That ABE with its lower heating value can
achieve engine power comparable to diesel fuel indicates that there is some improvement in its thermal
efficiency. However, by changing the volumetric ratio of ABE from a typical of 3:6:1 to 6:3:1, the ITE was
found to reduce. The authors believed that the longer ignition delay of ABE (6:3:1) resulted in a retarded
start of combustion. As a result, the SOC extended into expansion stroke and the combustion did not burn
to completion, thus reducing ITE.

Fig. 8. ITE of different ABE volumetric ratio, reproduced from [180]

25

Postprint

https://doi.org/10.1016/j.fuproc.2019.106179

The use of water containing ABE can be considered as a favourable approach as it will remove the
dehydration process and eliminate the need to add surfactant [103, 187, 190]. Chang [103] found that the
addition of 20% ABE with 0.5% water increased higher BTE compared to diesel fuel when running both on
engine dynamometer and generator. At dynamometer load of 40 and 80 Nm, the BTE of ABE20W0.5
increased by 3.26-4.52% and 13.0-14.7%, respectively. However, when it was operated on engine
generator, while the ABE20W0.5 and ABE30W0.5 were found to increase the BTE, the ABE10W0.5
decreased it. Also, when the water concentration was further increased up to 1%, the ABE20W1 and
ABE30W1 gave significant reductions of BTE. The inhomogeneity of the fuel from 1% water addition
resulted in a cooling effect and misfiring that caused the unstable condition of the mixtures and
incomplete combustion. Based on the fuel stability results conducted in this study, ABE10W0.5 was at the
edge between stable and unstable condition.
Only few studies were found investigating ABE with biodiesel addition. Biodiesel is considered a promising
biofuel, but its high viscosity may deteriorate engine thermal efficiency [196]. The kinematic viscosity of
biodiesel at 40 oC is 4.41 mm2/s, compared to 2.63, 0.35, 2.22 and 1.08 mm2/s for diesel, acetone, butanol,
and ethanol, respectively [187]. An et al. [197] have reported the decrease of BTE with biodiesel at low
load conditions. They believed that the high viscosity of biodiesel caused poor combustion resulted from
less efficient atomization and as a result, decreased BTE was observed. However, the BTE of biodiesel
blends may be improved with the addition of ABE due to its extra oxygen content. Chang et al. [187] mixed
ABE containing 2% of water with biodiesel in the diesel engine. At various loads and engine speeds,
biodiesel addition of 25, 50 and 75% increased the BTE by 0.372-2.74, 3.54-7.88, and 2.44-4.96%,
respectively. These results indicate that the extra oxygen content of the ABE and its low viscosity were
found to outweigh the negative effect of biodiesel addition.
As for the BA mixtures, the BA-diesel blends gave higher BTE compared to diesel fuel. Algayyim et al. [107]
found that the increase BTE of BA with n-butanol was higher than BA with iso-butanol. Higher cetane
number and density of n-butanol than those of iso-butanol were believed as the reasons. The cetane
number of n-butanol is 25 [198] compared to <15 of iso-butanol [119], while the density of n-butanol is
0.810 compared to 0.802 kg/m3 of iso-butanol [4]. Higher cetane number of n-butanol may decrease the
BTE due to deteriorated air/fuel mixing as a result of shorter ignition delay. However, it is important to
note that the lower cetane number may also decrease the BTE. The longer ignition delay of iso-butanol
caused by its low cetane number may result in the retarded start of combustion. This would extend the
SOC into expansion stroke, and the combustion would not burn to completion, thus reducing BTE. In
another study by the same authors using BA mixture with n-butanol [106], the BA20 and BA30 increased
the BTE by 6% and 8%, while BA10 show similar results with diesel fuel. This time, the authors believed
that lower cetane number as the reason higher BTE was observed with BA-diesel blends. Lower cetane
number caused longer ignition delay; thus more fuel was burned in the premixed combustion mode,
leading to shorter combustion and higher BTE.
The combustion characteristic can provide valuable information regarding engine thermal efficiency. Wu
et al. [108] reported that ABE50 had the shortest combustion duration and better thermal efficiency
compared to ABE20 and ABE80 due to its similar combustion characteristics with diesel fuel. The microexplosion may answer why ABE50 had more similar combustion characteristics to diesel as Shen et al.
[199] reported that the micro-explosions would be more likely to occur when the blends consist of a 50%
high and low boiling point. Therefore, the shorter combustion of ABE50 and better thermal efficiency was
observed in [108].
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In general, the thermal efficiency of ABE blends is expected to increase due to three significant reasons.
The first reason is due to more complete combustion resulted from its oxygen content and low boiling
points of each ABE components. Extra oxygen will lower its equivalence ratio, while the low boiling points
will improve its spray quality, thus more complete combustion can be achieved. As a result, the
combustion efficiency will improve and so will the thermal efficiency. The second reason is caused by its
strong premixed combustions due to a longer ignition delay resulted from ABE’s low cetane number. Such
a lower cetane number is expected to prolong the ignition delay and improve the air/fuel mixing and
allowing rapid energy release. Therefore, combustion efficiency will increase. The third reason is due to
micro-explosions that can accelerate the combustion rate of ABE blends. As ABE is a multi-component
fuel, the different boiling point between each fuel components triggers micro-explosions. Furthermore,
higher thermal efficiency may also be caused by the reduction in heat losses. This is because of the cooling
effect resulted from ABE’s high latent heat, thus reducing the flame temperature. However, the effect of
the charge cooling effect may deteriorate the combustion characteristics of the ABE blends and decrease
the engine thermal efficiency. The lower heating value of each ABE components compared to diesel may
also lower the thermal efficiency. As the ABE concentration increases, the effects from its high latent heat
and lower heating value will be more significant.
4.1.3 Fuel consumption
Most results have agreed that the addition of ABE will increase fuel consumption due to its lower calorific
values. Chang et al. [103] investigated the BSFC of ABE at two generator engine loads; 1.6 and 3.2 kW.
They found that the addition of 20 and 30% ABE increased the BSFC by 4.25-5.71% and 5.47-7.03%,
respectively. The BSFC was reported to increase with increasing ABE concentration. This is because the
heating value of the blend will decrease with more addition of ABE. However, when water was added into
the ABE and ran on a dynamometer engine, the fuel consumption was found to decrease. The BSFC of
ABE20W0.5 reduced by 1.76-3.39% and 7.28-8.56% compared to diesel at an engine load of 40 and 80
Nm, respectively. However, the effect of water containing ABE did not seem to give the same effect when
blended with biodiesel. Chang et al. [187] reported that the use of 25% water containing ABE with 25, 50
and 75% of biodiesel increased the BSFC by 9.52-13.2, 12.8-15.1 and 20.3-23.0%, respectively. Similar
results were shown with BA-diesel blends where the BSFC increased with the increasing BA ratio due to
its reduced calorific values [106, 107]. At higher engine loads, the fuel consumption is expected to
improve; thus BSFC is more likely to decrease because of high in-cylinder gas temperature.
Overall, several factors may influence the BSFC of ABE. These include higher latent heat, lower heating
values, cetane number, viscosity and molecular weight of ABE components compared to diesel fuel. The
higher latent of ABE blends may deteriorate the combustion due to its cooling effect. Its lower heating
value also means that more fuel is required to match the power output of using diesel fuel, while its lower
cetane number indicates that longer ignition delay may cause incomplete combustion. As for ABE’s lower
viscosity and molecular weight, improved fuel atomization and high volatility are expected, respectively.
The lower viscosity will reduce the droplet’s Sauter Mean Diameter (SMD). Therefore, the droplets surface
area will increase, thus affecting the evaporation time [200, 201].

4.2 Spray and combustion
4.2.1 Spray
ABE may improve the spray characteristics of the ABE-diesel blends. The spray is predicted to become
shorter and narrower as the ABE ratio increases, caused by the high volatility of the ABE components. The
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properties of ABE as shown in Table 1 show that each component ABE has a higher saturation pressure,
lower boiling point and lower viscosity compared to diesel fuel. The saturated vapour of acetone is far
higher, 52.5 kPa compared to merely 1.9 kPa of diesel. As the ABE ratio increases, the difference in those
values becomes more significant. As a result, the overall volatility increases and its evaporation rate will
be faster than diesel fuel. As a result, the size of the ABE spray becomes shorter and narrower. Several
studies have confirmed this finding, but some reported that this effect is not linear with the increase of
ABE.
Wu et al. [108] used ABE-diesel blends from ABE20, ABE50, ABE80 in a constant volume chamber and
compared the results with pure diesel. They found that the ABE50 offered better spray characteristics
(shorter and narrower) compared to ABE20. The improvement in spray quality of ABE50 than the ABE20
was believed due to enhanced fuel droplet evaporation rate and spray atomization with the increase ABE
ratio, resulted from its higher volatility characteristics as mentioned in the previous paragraph. However,
when the ratio of ABE was further increased up to 80%, the spray of ABE80 exhibited a similar
characteristic with ABE50. One of the reason might be attributed to the high latent heat of ABE
component. As shown in Table 1, each ABE component has a far higher latent heating value (Acetone–
518 kJ/kg, Butanol–582 kJ/kg, Ethanol–904 kJ/kg) compared to diesel fuel whose value is just 270 kJ/kg. It
is known that high latent heating value will result in a cooling effect inside the combustion chamber.
Increasing ABE ratio to a high ratio will reduce the local temperature and decrease the evaporation rate,
thus deteriorating spray qualities. Therefore, the factors that improve the spray quality (higher volatility)
are competing with the factors that deteriorate it (higher latent heat). This finding showed that there
seems a critical ratio of ABE concentration between 20% and 50%. Less than 20% of ABE did not
significantly improve its spray characteristics, while more than 50% ABE did not further improve its spray
characteristics.
The spray is the evaporation of large droplets and considering the difficulty to examine the evaporation
of ABE droplets in a spray, investigating its single droplet is considered a more realistic approach. Ma et
al. [190] examined the droplet evaporation of ABE-diesel fuel in a non-combusting droplet chamber at
ambient temperatures ranging from 423 to 823 K. The results showed that adding ABE could increase the
evaporation speed of droplet, thus decreasing its lifespan. The ABE-diesel blends droplets evaporate
faster than diesel but vary with temperature. With increasing ambient temperature, the droplet lifespan
of ABE and diesel were decreasing, and smaller different was observed at a higher temperature. At 623 K,
the normalised square droplet diameter of ABE-diesel blends gave comparable results with diesel fuel,
and at 823, various ABE-diesel blends also had similar droplet lifespan with diesel fuel. This study did not
observe the micro-explosions with the addition of ABE-diesel blends. This is in contrast with the finding
found in [109] where micro-explosion was reported with the addition of multi-components fuel such as
ABE. However, the addition of water may be the reason for such micro-explosion due to water-in-oil
droplets phenomena in the combustion chamber [103].
4.2.2 Combustion
The lower cetane number and higher latent evaporation of ABE are expected to retard the start of
combustion due to a longer ignition delay and charge cooling effect. As a result, more fuel is burned at
the premixed stage, and higher maximum pressure is expected to occur. Also, the lower density and
viscosity of ABE could enhance the spray characteristics and improve the mixing process of air and fuel.
Consequently, the maximum pressure and premixed heat release rate will increase. Lin et al. [192] found
that the start of auto-ignition was retarded with shorter premixed combustion duration and longer
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mixing-controlled duration being observed. ABE-diesel blends had higher pressure rise rate during CA10CA50 compared to diesel, showing more premixed-dominant combustion [180]. This is because higher
oxygen content in the spray is known to decrease the pyrolysis and increase the oxidation, thereby
reducing the combustion duration at premixed mode. However, the increase in pressure rise rate may
result in increased engine noise and vibration. Also, with faster premixed combustion rate, higher
combustion temperature will increase the NOx emissions. While the premixed combustion duration was
shortened, the mixing-controlled duration was longer. The duration of CA50-CA90 was higher at all
speeds, showing a slower heat release rate in mixing-control combustion stage. This will cause higher
combustion inefficiency leading to increased HC emissions. Under LTC conditions and high EGR, the
retardation of combustion phasing was also observed, Wu et al. [188] reported a retarded combustion
phasing with the use of neat ABE. However, at 800 K and ambient oxygen of 11%, Zhou et al. [109] found
that ABE20 gave improved combustion efficiency than diesel fuel.
Due to its higher volatility, increasing the acetone content can be considered as a promising approach to
overcome the ABE’s retarded combustion phasing. This would enhance the vaporisation of the fuel
mixture and shorten the ignition delay. ABE component ratios could be controlled during the fermentation
process, thus allowing the acetone content to be controlled. To get the optimized volumetric ratio for
ABE-diesel blends, Wu et al. [104] investigated the various volumetric ratio of ABE (6:3:1; 3:6:1; 0:10:0,
vol.%) in a constant volume chamber. The results showed that an increased acetone percentage resulted
in an advanced combustion phasing, while butanol would do the opposite. With higher acetone ratio, the
ignition delay reduced and the combustion duration become shorter. Faster combustion duration is
beneficial to increase the fuel efficiency of diesel engines. The ABE20 (6:3:1) had the shortest combustion
duration of all tested fuels with the same ignition delay and premixed combustion with diesel fuel [104].
To understand the combustion characteristic of ABE-diesel blend, both the dynamic of spray and
chemistry reaction needs investigating. Similar to their previous study [104], Wu et al. [189] changed the
ratio of ABE components ratios to investigate the effect of acetone and single components of ABE in the
blends. They focused on the effect of acetone and altered the ABE volumetric ratio from 3:6:1 to 6:3:1
and 0:10:0. The investigation was performed under LTC conditions with optical access. Heat release rate
showed that ABE (6:3:1) gave similar combustion characteristics to pure diesel but with a much shorter
ignition delay than that of ABE (3:6:1) and ABE (0:10:0), resulted from its higher acetone content. High
evaporability of acetone, as well as its low viscosity, accelerated the mixture formation. ABE (6:3:1) gave
the shortest combustion duration, whereas the ABE (0:10:0) gave the longest. The start of combustion
(SOC) retarded and the peak heat release rate decreased with decreasing ambient oxygen concentration.
The ABE (6:3:1) and diesel fuel gave comparable SOC and heat release rate curve, but both fuels were less
influenced by the ambient oxygen concentration. ABE with lower acetone ratio such as ABE (3:6:1) and
ABE (0:10:0) were more affected by the effect of oxygen concentration.
Zhang et al. [193] constructed a semi-detailed chemical mechanism to model ABE-diesel spray combustion
in a constant volume chamber. Results from the literature were used to validate the mechanism
comprising ABE and n-heptane as surrogate fuel species. KIVA-3V program combined with the validated
mechanism was used to simulate the spray dynamic and combustion characteristics inside the chamber.
The results of ignition delay, cylinder pressures and heat release rates from both the simulation in a shock
tube and constant volume chamber showed reasonable agreements between the experimental and
calculated. The proposed semi-detailed chemical mechanism in this study could maintain the kinetic
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behaviour of ABE-diesel blends. It was found that with the increasing of acetone percentage; the
combustion phasing advanced significantly, while butanol would offset the advancing effect.

4.3 Emission
4.3.1 CO emission
CO emission is mainly formed as a result of incomplete combustion due to lack of oxygen. ABE may provide
extra oxygen content to help the completeness of combustion, but Chang et al. [103] found that CO
emissions increased with increasing ABE concentration. For 0.5 and 1% water addition, CO emissions
skyrocketed by 34.1-117% and 64.2-197%, respectively. ABE addition may achieve complete combustion
resulted from its higher combustion efficiency from extra oxygen [202]. However, most of this oxygen
reduced the gross heating value of the mixture. The combustion temperature will decrease and retard the
oxidation reaction, thus increasing CO emissions. While the study by Chang et al. reported an increase of
CO emissions, Algayyim et al. [106] found a significant decrease of CO emission with BA10, BA20, and
BA30 by 18.5-41%, 39.8-64.5%, and 35.6-39.9%, respectively, compared to diesel fuel. The higher oxygen
content of BA mixtures was believed to promote the oxidation of CO and assist the completeness of the
combustion, thus decreasing CO emissions. The same reason was also attributed to the decrease of CO
emissions with the addition of iso-BA and n-BA conducted by the same authors in another study [107].
Higher BA ratio would reduce the CO emissions at all engine speeds. Iso-BA gave lower reduction
compared to n-BA with the addition of 20% of iso-BA achieving maximum reduction of CO emission by 3560% compared to regular diesel. The CO2 emission was also reported to be higher at medium and high
engine speeds compared to diesel, resulted from the enhanced conversion of CO to CO2. However, at low
speed, CO2 emissions were lower for both iso-BA and n-BA compared to diesel due to their leaner mixture.
In general, the incomplete combustion takes place in locally rich conditions, have inadequate oxidizers
and have low combustion temperatures [203]. Conventional diesel fuel, containing zero oxygen in their
molecular structure, is therefore expected to produce CO emissions. The oxygen content of ABE blends
could improve the combustion and assist its completeness. Furthermore, lower viscosity and density of
ABE will lead to better spray thus a faster and better combustion process could be achieved. As a result,
the CO emissions will reduce where leaner combustion is expected to occur resulting from the partially
oxidized nature of ABE compared to diesel. This will lead to enough oxygen to allow a higher conversion
of CO to CO2.

4.3.2 HC emission
HC emission is mainly caused by the engine configuration, fuel structure, combustion temperature,
oxygen availability and residence time [204, 205]. Lin et al. [192] found that HC emissions increased with
the addition of ABE. As the ABE percentage from 10% to 20%, the HC emissions increased even more. The
authors believed that such an increase was caused by the charge cooling effect leading to combustion
incompleteness resulting in retarded combustion phasing. The increased HC emissions can be an
indication of combustion inefficiency. However, the increase was still at a relatively low level with the
highest being around 64 ppm for ABE20 at low engine speed. Chang et al. [103] also reported an increase
when using 20% ABE that contained 0.5% water. The increase was believed to be caused by a higher latent
heat value and a lower cetane number of ABE20W0.5 that led to higher HC emissions [150, 206]. However,
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despite the increase with ABE addition, the HC emissions were still at a low level and can be eliminated
using conventional catalytic converters.
Compared to diesel fuel, Algayyim et al. [106] found that the BA10, BA20, and BA30 increased HC
emissions by 8-16.3%, 11.4-37.3%, and 3-12%, respectively at 1400 and 2600 rpm. The lower cetane
number of BA was responsible for the longer ignition delay, thus allowing more time for the blends to
evaporate. However, the higher latent heat caused slower evaporation that resulted in less time available
to complete the reaction. Algayyim et al. also found the same trends with BA addition using n-butanol and
iso-butanol [107]. While the iso-BA increased the HC emission, the n-BA gave comparable or fewer HC
emissions compared to diesel. This is an interesting finding as the latent heat of n-butanol (582 kJ/kg) is
higher than iso-butanol (566 kJ/kg). Therefore, the addition of n-BA was supposed to result in a more
cooling effect that will slow the evaporation process and increase the HC emission. There are several
possible reasons for the HC emission reduction with n-BA despite its higher latent heat of vaporisation.
The higher cetane number of n-butanol could be one potential reason for its lower HC emission. Also, the
viscosity of n-butanol (2.22 mm2/s) is lower than iso-butanol (2.63 mm2/s) [4, 46, 198]. This led to a longer
and deeper spray penetration resulting in relatively smaller droplets and more contact surface compared
to iso-butanol. As a result, improved air-fuel mixing and higher overall reaction rate were achieved for nBA. However, the authors believed that it was the different molecular chain structure between n-butanol
and iso-butanol that influenced the HC emissions. N-butanol is a straight chain isomer with the most inner
C-H bonds, while iso-butanol is a branched isomer with the most terminal C-H bonds [119, 207]. The
reaction rate is influenced by the C-H bond as different bonds need different energy to crack the bonds
[208]. Inner C-H bonds have less energy than terminal bonds [209]. Also, the H-abstraction reaction is
higher for a less bond energy leading to a higher overall reaction rate [208, 209]. Therefore, the reaction
rate of n-BA is higher with enough time to complete the reaction, thus decreasing the overall HC emission.
Overall, higher latent heat of ABE is expected to lower the combustion temperature, thus lowering the
chemical reaction and making it difficult for the fuel to react with the oxygen. However, the change in
operating conditions may also affect the HC emissions. At high speeds, the fast combustion with its high
temperature characteristics will improve the combustion process so that the reduction in HC emissions
may be observed.

4.3.3 NOx emission
The NOx formation is mainly affected by the combustion temperature, local oxygen concentration and
residence time in the high temperature zone [210]. Lin et al. [192] reported higher NO emissions with ABE
addition. They believed that the higher volatility or lower boiling points of ABE components resulted in
premixed-dominant combustion that led to faster combustion rate and higher combustion temperature.
As a result, higher NOx emission was reported despite better oxidation resulted from extra oxygen of ABE
where reduced local equivalence ratio was observed at the flame front area. Higher NOx emissions when
using ABE was also reported by Lee et al. [180]. However, with retarded injection timing, NOx was
successfully decreased. At 0oCA BTDC, the ABE blends had higher NOx than diesel, but from 4oCA and
8oCA, a significant reduction of NOx emissions started to occur. Findings from this study show that by
tuning the injection timing, fewer NOx emissions can be achieved.
Besides tuning the injection timing, using water-containing ABE is also considered as an effective way to
reduce NOx emissions. The actual ABE fermentation product contains a small amount of water [187].
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Despite its water content, a study conducted by Chang et al. [103] showed that a stable fuel blend using
ABE was achieved without separation. ABE20W0.5 was found to reduce NOx emissions by 3.69-16.4%.
Three factors were attributed to the NOx reductions; (1) micro explosion resulted from the water-in-oil
droplets, (2) extra oxygen content of ABE and (3) evaporative cooling effect. In another study by the same
author, water-containing ABE-diesel blends were also investigated and mixed with biodiesel.
Even though biodiesel has a higher NOx emission, but the addition of 25% water containing ABE showed
a significant NOx reduction [187]. It is worth discussing here that the increase in NOx emissions of
biodiesel may not solely be caused by its higher thermal NOx resulted from longer ignition delay due to
its low cetane number [211]. This is because the ignition timing of biodiesel was found to be similar to the
diesel fuel and its in-cylinder temperature was only marginally higher. This finding shows that other NOx
mechanisms increased its overall NOx emissions other than thermal NOx. Prompt NOx formation and N2O
pathway were believed to be the reasons. Prompt NOx was enhanced since biodiesel produces more fuelderived radical compared to regular diesel [212], while the N2O pathway was enhanced for NOx formation
as the experiment was conducted in lean condition with equivalence ratio lower than 0.4 [213]. However,
since the addition of biodiesel increased the equivalence ratio, the thermal NOx may still contribute to
the increase of overall NOx emissions. Therefore, several mechanisms were responsible for the increase
in NOx emissions with biodiesel addition; thermal, prompt NOx, and N2O. With the addition of 25% water
containing ABE to biodiesel blends, Chang et al. [187] found that NOx emissions were reduced significantly
by 15.6-22.7, 10.1-21.3 and 9.50-19.3% with biodiesel addition of 25, 50 and 75%, respectively. Given that
ABE is similar to biodiesel in terms of high oxygen content, low cetane number and more fuel-derived
radical, higher NOx emissions were supposed to be observed. However, high latent heat and low heating
value of ABE caused significant evaporative cooling effect, thus reducing the combustion temperature
[214]. Moreover, ABE-biodiesel’s leaner combustion can reduce the thermal, intermediate and prompt
NOx. Also, water-containing ABE was beneficial to decrease the NOx formation region, i.e. the resident
time at high temperature. Therefore, these factors outweighed those that increased NOx. As a result,
overall NOx reduction was achieved with the addition of water-containing ABE to biodiesel blends.
Since NOx emission is formed at high temperature combustion, it is essential to investigate the exhaust
gas temperature (EGT). Compared to diesel at three engine speeds, Algayyim et al. [106] found that the
EGT reduced by 2.1–3.5%, 3.4–7.3%, and 4.6–15.6% for BA10, BA20, and BA30, respectively. This
reduction was consistent with the reduction of NOx emission. The BA10, BA20, and BA30 gave similar
decreases by 2.2–10%, 2.2–7.5% and 2.64–6.6%, respectively. The EGT and NOx emission were decreasing
with the increase of BA ratio. This is because the latent heat of n-butanol (585 kJ/kg) is more than double
compared to diesel (250 kJ/kg) [203]. Furthermore, the ratio of butanol used in the BA mixture for this
study was 75%. Therefore, further reduction of EGT and NOx was expected with the increase BA ratio. In
another study investigating BA mixture, the same trends were also reported. This time, Algayyim et al.
[107] compared the use of n-butanol and iso-butanol for BA mixture. However, the n-BA gave lower EGT
and NOx compared to iso-BA due to a higher latent heat of n-butanol. Moreover, n-butanol has a higher
cetane number than iso-butanol, thus decreasing EGT and NOx emission even more [208, 215].
In general, the addition of ABE, the extra oxygen from each of ABE components is expected to achieve
complete combustion, increase the combustion temperature and increase the NOx emissions. The low
cetane number of ABE blends will also prolong the ignition delay; thus more fuel is burned at the premixed
combustion stage. However, ABE’s lower calorific value and higher latent heat may reduce the NOx
emissions and balance the effects resulted from its extra oxygen content and low cetane number.
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Therefore, both factors are competing with each other, and the dominant one will determine the overall
NOx emissions. If the effect of oxygen content and low cetane number outweigh the high latent heat of
ABE, the temperature of the cylinder will be higher; thus more NOx emissions will be produced. Also, given
that the temperature will increase with the increase in the engine loads and speeds, it is therefore
expected that the NOx will increase at higher engine loads and speeds.

4.3.4 Soot emission
Soot is an important emission characteristic of a diesel engine. The natural flame luminosity is often used
to quantify soot emissions. This is because both chemiluminescence and soot incandescence contribute
to the natural luminosity, but the effect from soot incandescence is much significant to the luminosity
than that of from chemiluminescence. Therefore, the soot is characterised by broadband luminosity.
Although the oxygenated fuels tend to produce less soot emission than diesel, the soot formation
mechanism of ABE blends is still not comprehensively understood. However, most of the results found in
the literature seem to agree that ABE-diesel blends can reduce soot emissions.
Three factors play significant roles in the soot reduction of ABE-diesel blends. First, it may be contributed
to the oxygen content in ABE blends that accelerate soot oxidation during combustion. Second, compared
to diesel fuel, the physical properties of ABE as shown in Table 1 show that each ABE component has a
higher volatility (lower boiling point, higher saturated vapour, lower viscosity) and lower stoichiometric
ratio, thus leading to leaner combustion and as a result, the diffusion combustion will be significantly
reduced. Third, the combustion region may affect the soot emissions. If the flame takes place far from the
injector tip, the fuel is more likely to mix with the ambient oxygen and reduce the local equivalence ratio.
The general trends show that natural flame luminosity decreases with the increase of ABE concentration.
With the increase of ABE ratio, Wu et al. [108] reported that natural flame luminosity was reduced. It was
also found that with the addition of 80% ABE ratio, the initial flame was seen farther from the injector tip.
The soot reduction was believed not only resulted from the oxygen content that accelerates the soot
oxidation but also from the longer flame lift-off length (FLoL) which reduces the local equivalence ratio.
Longer FLoL is thought to be from ABE’s low cetane number. Table 1 shows that each ABE component has
relatively a lower cetane number compared to diesel fuel. The FLoL itself is controlled by cetane number
and represents the overall equivalence ratio. Lower cetane number tends to give longer FLoL and lower
equivalence ratio [216]. Therefore, by adding fuel with a low cetane number, the equivalence ratio can be
reduced, thus suppressing the soot formation. When the overall equivalence ratio was reduced to around
two near the lift-off area, soot-free combustion would be achieved [217]. Hence, with the addition of ABE,
the ignition delay is expected to be longer due to its low cetane number, and this will result in a longer
flame lift-off length. It was also found that longer FLoL was observed with decreasing ambient oxygen
concentration and temperature, resulting from longer ignition delay. As longer FLoL allows fuel droplet to
mix with ambient air in an extended period and prominent space, soot emission was significantly reduced.
Similar results regarding the FLoL was reported by Wu et al. [188] when comparing 100% ABE and pure
butanol to investigate the spray and combustion characteristics on an optical constant volume chamber.
Although ABE and butanol have similar characteristics on spray and combustion performance, ABE
provided better soot reduction with a longer FLoL and shorter liquid penetration. Longer FLoL and shorter
liquid penetration led to a longer gap between the liquid spray and the flame, allowing more time and
space for the fuel droplets to evaporate and mix with the ambient air, thus reducing the local equivalence
33

Postprint

https://doi.org/10.1016/j.fuproc.2019.106179

ratio. As a result, reduced natural flame luminosity was observed for ABE. Another study investigating the
soot formation process using 100% ABE was conducted by Fu et al. [194], focusing on the soot generation
of ABE and diesel. They found that ABE has a lower tendency of generating soot than diesel fuel. Initial
temperature and oxygen concentration have a negligible impact on their soot due to the fuel composition,
molecular structure and physicochemical characteristics. However, ambient conditions affected the soot
mass peak of ABE. At 800 K and 21% oxygen concentration, the soot mass peak was a 1/12 of the diesel’s,
but it soared by 25% when the oxygen concentration was reduced to 16%. Zhao et al. also found the same
trends where the soot generation mass of ABE increased with decreasing oxygen concentration [191]. At
16% oxygen concentration, high total soot mass was higher compared to that of 21% due to the inhibited
soot oxidation. However, at 11% oxygen concentration, although both soot formation and oxidation were
suppressed, the soot formation was inhibited more. As a result, soot reduction was achieved at a diluted
oxygen condition.
By changing ambient oxygen concentration from 21% to 11%, Zhou et al. [109] found that ABE20 offered
lower soot emission with better combustion efficiency compared to the diesel at low ambient
temperatures and low ambient oxygen concentrations. This study found that the ignition delays of ABE20
were longer than those of D100 (pure diesel) at low ambient temperatures with longer soot lift-off length,
providing more air entrainment of the spray and achieving improved air-fuel mixing, thus lowering soot
emissions. At a low ambient temperature of 800 K and ambient oxygen of 11%, ABE20 showed flameless
combustion with almost zero soot luminosity. Although previous studies have shown the potential of ABE
to reduce soot emissions, it is necessary to examine the variation in the soot oxidation reactivity of ABEdiesel blends. A recent study by Luo et al. [195] has confirmed that the average soot activation energies
of the ABE were lower than diesel. The soot particles of ABE blends were more prone to oxidize by oxygen.
Different acetone content and temperature combustion may affect soot emissions. Lower natural
luminosity with ABE addition was reported by Wu et al. [104] when examining the optimal ratio of ABE by
changing its volumetric ratio. It was found that both the Space Integrated Natural Luminosity (SINL) and
Time Integrated Natural Luminosity (TINL) were lower for ABE20 (3:6:1) and ABE20 (6:3:1), but slightly
higher for ABE (0:10:0) (Fig. 9). This is because the extra oxygen from ABE addition cause the equivalence
ratio to decrease in the diffusion combustion area. The same results were also reported by Wu et al. in
another study [189]. The ABE20 (6:3:1) was found to give far lower natural flame luminosity than diesel.
Shorter combustion duration and stronger premixed combustion were believed to be the reasons.
Furthermore, Wu et al. [104] found that ABE with higher acetone ratio, i.e. ABE20 (6:3:1) had narrow
plateau SINL because of its short combustion duration. This is because the low viscosity, low boiling point
and high vapour pressure of acetone led to better fuel atomization and air-fuel mixing. At low ambient
temperature (900 K), ABE blends gave longer soot lift-off length (SLoL) compared to that of high
temperature (1100 K) as shown in Fig. 10. This finding shows that using ABE mixture on LTC can be an
effective way to reduce its soot emission. However, Luo et al. [218] found that acetone could deteriorate
sooting tendency due to its unsaturation degree, while butanol and ethanol may have a positive effect to
reduce soot emissions due to their higher H/C ratio and oxygen content.
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Fig. 9. Time integrated natural luminosity of three ABE with different volumetric ratios compared to
diesel fuel at two ambient temperatures, reproduced from [104]

Fig. 10. Soot lift-off length of three ABE with different volumetric ratios compared to diesel fuel at
ambient temperature of (a) 1100 K and (b) 900 K, reproduced from [104]
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Micro-explosions may reduce the soot emission by improving the fuel atomization, increasing the reaction
contact area, achieving complete combustion and suppressing the soot formation. Chang et al. [103]
found that the use of ABE20 with 0.5% water addition reduced the particulate matter (PM) emission
factors by 5.82-61.6% at various operating conditions. At 3.2 kW generator engine load, the PM emission
reduced with the increasing percentage of ABE and water. However, at 1.6 kW, higher PM emission was
observed when the water was increased to 1%. This can be explained by the cooling effect of ABE and
water addition that retarded the oxidation of the soot and stimulated the condensation of PM emission.
Despite an increase at some conditions, but in general, the PM was successfully reduced with increasing
ABE ratio. It is important to note that the addition of ABE alone may not lead to the micro-explosions
[190]. It is the addition of small water in the ABE mixture than can cause micro-explosions, thus achieving
complete combustion and decreasing PM emissions [219, 220].
Although the effect of micro-explosions needs further investigating, three main reasons for PM formation
are attributed to soot nucleation, unburned hydrocarbons condensation and sulphuric acid interaction
with soot [221]. Several studies have reported fewer PM emissions using oxygenated fuels in diesel engine
[222-225]. Additional oxygen content found in ABE can suppress the major precursor of PM nuclei [226]
which are the aromatic rings formation and the C2-species interaction [227]. Both extra oxygen and oxygen
radicals into the pyrolysis zone can oxidize the fuel and decrease PM where CO partially substitutes C2H2
in the pyrolysis reactions [228]. Also, since the interaction between sulphuric acid and soot can increase
PM emission, adding ABE without sulphur content may help to reduce the PM formation. However,
sulphuric acid condensation may not be affected as the sulphur content of diesel fuel is already low to
meet the regulations.
Biodiesel can reduce PM emission, and with the addition of ABE into biodiesel, a further reduction can be
achieved. For biodiesel without ABE content, Chang et al. [187] found that the B25, B50, and B75 reduce
PM emissions by 5.86-17.6, 11.5-27.7 and 18.6-32.5%, respectively. These findings are consistent with
other findings where two reasons are attributed to this reduction. First is the high oxygen content of
biodiesel that results in complete combustion [224, 229, 230]. Second is the lower aromatic content of
biodiesel that inhibits the soot formation as aromatic compounds are known to work as a soot precursor
[231]. However, the high viscosity of biodiesel can deteriorate the atomization of the fuel, thus assisting
the PM formation [230, 232]. Therefore, the PM reduction was not increasing with higher biodiesel ratio
because a factor that helps to reduce soot formation (low aromatic content) is outweighed by a factor
that helps to increase soot formation (higher viscosity). However, adding 25% water-containing ABE into
biodiesel may help to improve PM emissions [187]. It was found that B25ABE25, B50ABE25 and B75 ABE25
reduced PM by 11.6-15.8, 16.2-22.7 and 10.9-18.5%, respectively as shown in Fig. 11. This is because ABE
has a lower cetane number, thus delaying the ignition and as a result, leaner conditions are achieved due
to strong premixed combustion resulted from longer ignition delay [233, 234]. Given aromatic rings is the
main precursor for PM nuclei, with the addition of water-containing ABE, its higher content assists the
complete oxidation of the aromatic rings. Moreover, the soot precursors and black carbon can be oxidized
by OH radicals that are normally produced by alcohol fuel [235]. The OH radicals can convert hydrogen
atoms to molecular hydrogen. With reduced hydrogen atoms, the propagation of aromatic rings and the
growth of soot will be slower [235]. Therefore, a significant reduction in PM emission was achieved.
Considering the study by Chang et al. [187] also gave lower NOx emissions as discussed in 4.3.3, the use
of ABE-biodiesel is, therefore, a promising approach to solve the NOx-PM trade-off in the diesel engine.
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Fig. 12 shows the NOx-PM trade-off emissions for the tested fuels. However, more in-depth studies are
required because soot can serve as an effective heat radiator. Therefore, with lower soot resulted from
the oxidation by extra oxygen content of ABE, higher in-cylinder temperature and NOx emissions may be
observed [236, 237].

Fig. 11. Comparisons of PM emissions between diesel, biodiesel and biodiesel-ABE blends, reproduced
from [187]
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Fig. 12. Trade-off between NOx and PM emissions for two different engine speeds and loads,
reproduced from [187]

Overall, the addition of ABE into petrol diesel has the potential to lower its soot emissions. Lower natural
flame luminosity is observed due to shorter combustion duration and stronger premixed combustion of
ABE blends. Strong premixed combustion rate is attributed to the retarded ignition timing caused by the
increase of heat release rate in the premixed combustion stage. As a result, the soot formation is
successfully reduced. Moreover, since each component of ABE produces OH radicals and contains less
aromatic than diesel, less soot may also be attributed to the fewer soot precursors from the production
of OH radicals and the dilution of aromatics of ABE. Furthermore, the addition of ABE may decrease the
soot precursors from the initial radicals for the aromatic rings to be formed by reducing the carbon
amount for precursor species formation. Also, with the addition of ABE, the formation of rich zones with
the high local fuel-air ratio is more likely to reduce, thus improving the soot oxidation of soot nuclei.

5. Research gaps
Fig. 13 generally outlines the next possible contribution of using ABE as a biofuel. In addition to the issues
addressed in the figure, several specific contributions are plausible to be conducted in gasoline and diesel
engine. In a gasoline engine, the anti-knock ability of ABE has not yet been investigated. The knock
resistance may be improved due to significant cooling effect resulting from higher ABE’s higher latent
heat. With better knock resistance, further improvement in power and efficiency can be achieved using
higher compression ratios, optimal spark timing, and significant downsizing. Moreover, despite its
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promising role in mitigating knock, studies conducted using EGR have not yet been found using ABE as a
biofuel in gasoline engines. In a diesel engine, most studies investigating ABE were conducted on a
constant volume combustion chamber to represent a real compression ignition engine characteristics.
Also, by changing the ambient temperature and oxygen, the low combustion technology and EGR can be
represented. However, direct application of ABE on a real engine is required. In addition to that, more
researches are needed to examine the effect of ABE on unregulated emissions.

Fig. 13. Future research directions
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