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Abstract
More stringent emission norms are implemented all over the world to protect the environment from vehicular pollution. 
Biofuels are one of the best alternative solutions to reduce cost and environmental pollution. Among many alternate fuels, 
alcohol is a leading fuel used in automotive spark-ignition engines in pure or blended form. The capability of methanol 
to substitute gasoline has been known for a long time. This paper aims to systematically review methanol–gasoline blend 
with higher alcohol additives (ternary blends) as a transportation fuel in unmodified automotive spark-ignition engines. 
This review summarizes the previous research in methanol–gasoline blends with and without additives on spark-ignition 
engines’ performance and emission characteristics. Many researchers found that methanol–gasoline blended fuels improve 
engine performance and emissions. Generally, alcohols burn very effectively and produce only fewer emissions compared 
to gasoline. Still, lower alcohol may cause some problems such as increased specific fuel consumption, phase separation and 
corrosion. These problems are further optimized using higher alcohol additives through improved energy content, kinematic 
viscosity, corrosion resistance, water tolerance and phase stability. Several research studies have been carried out in the past 
years, which focused mainly on single alcohol blended fuels for spark-ignition engines. Thus, a comprehensive survey of 
performance, combustion and emission characteristics of methanol–gasoline blended fuel with higher alcohol additives is 
necessary to show the potential of ternary blends in automotive engines.
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Abbreviations
SI	� Spark ignition
SFC	� Specific fuel consumption
NOx	� Nitrogen oxides
SOx	� Sulfur oxides
PM	� Particulate matter
DME	� Dimethyl ether
BASF	� Badische anilin und soda fabrik
ICI	� Imperial chemical industries process
EU	� European Union
CCS	� Carbon capture and storage
CO2	� Carbon dioxide

CO	� Carbon monoxide
H2	� Hydrogen
HC	� Hydrocarbon
ATR​	� Autothermal reforming
SR	� Steam reforming
MTBE	� Methyl tertiary-butyl ether
GDI	� Gasoline direct injection
MON	� Motor octane number
RON	� Research octane number
NITI	� National Institution for Transforming India
ASTM	� American Society for Testing and Materials
LHOV	� Latent heat of vaporization
LHV	� Lower heating value
PST	� Phase separation temperature
TAME	� Tert-amyl methyl ether
VOC	� Volatile organic compounds
AIT	� Autoignition temperature
IEO	� International Energy Outlook
MT	� Million tons
CH3OH	� Methanol
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MPFI	� Multipoint fuel injection
iB	� Isobutanol
nB	� n-Butanol
BTDC	� Before top dead center
M15	� 15% concentration of methanol
M100	� 100% concentration of methanol
nBE	� n-Butanol–bioethanol–gasoline
iBM	� Isobutanol–biomethanol–gasoline
UHC	� Unburnt hydrocarbons
CR	� Compression ratio
BTE	� Brake thermal efficiency
EGT	� Exhaust gas temperature
BSFC	� Brake specific fuel consumption
ƞvol	� Volumetric efficiency
FP	� Friction power
IP	� Indicated power
BP	� Brake power
IMEP	� Indicated mean effective pressure
HRR	� Heat release rate

1  Introduction

Fossil fuels are considered finite, and the world may run 
out of crude oil by the near future. The petroleum reserves 
may not sustain beyond 2050 globally [1]. Concerns over 
energy efficiency and energy security have sparked interest 
in using efficient and economical alternative fuels produced 
from renewable feedstock. The depletion of fossil fuel sup-
ply, increasing petroleum prices, and strict pollution regula-
tions demand the synthesis of alternative renewable fuels for 
internal combustion engines [2–4]. At present, the transpor-
tation sector, mainly road transport, which uses petroleum 
fuel, accounts for most fuel and energy consumption and 
pollution around the world [5–8]. The aim to minimize the 
environmental effect of internal combustion (IC) engines has 
made many recent automotive industry changes. This is the 
right time to implement a sustainable development pathway 
to minimize its negative effect on nature. IC engines are 
considered obsolete, and EVs are emerging into the transport 
sector because they produce zero tailpipe emissions and are 
also expected to reduce dependence on petroleum fuels if 
electricity is produced from local or renewable resources 
[1, 9]. The present electricity generation capacity will not 
be sufficient to supply an entirely electric global fleet when 
considering the automobile transportation sector’s electri-
fication. Electric vehicles are not free from creating envi-
ronmental problems. The existing conventional automobiles 
with IC engines will continue for the next 10–20 years; 
therefore, establishing alternative fuels suitable for exist-
ing automotive engines is very important to reduce the use 
of fossil fuel, energy consumption, exhaust emission and 
environmental pollution [9–11]. The main pollutants from 

internal combustion engine vehicles are hydrocarbons (HC), 
carbon monoxide (CO), nitrogen oxides (NOX) and partic-
ulate matters (PM) [12]. It is essential to have significant 
advances in the technology of alternative renewable fuels 
for economic and environmental sustainability [9]. Biofuels 
such as alcohols produced from renewable resources using 
any biological processes or chemical conversion biomass can 
be considered an attractive solution in this scenario [13–16]. 
The alcohol fuels can be used in present automobiles with-
out much modification to the engine design because of the 
similar ignition and combustion characteristics of present 
fossil fuels [17, 18]. There are, however, several problems 
in the use of alcohol in compression ignition engines (CI). 
Low miscibility, high autoignition temperature, low amount 
of cetane, stability and weak lubricating properties are the 
key problems [19, 20]. So, alcohol fuels are more suitable 
for spark-ignition engines. Alcohols such as ethanol and 
methanol can improve spark-ignition engine performance 
with various properties such as high oxygen content, octane 
number, autoignition temperature, and knocking resistance 
[21]. Ethanol in small concentration (10% volume) is com-
monly used as a conventional gasoline additive for trans-
portation fuel in the USA and many other countries [22]. 
Biomass-derived alcohols (bio-alcohols) are considered as 
future sustainable fuel for internal combustion engines [14, 
23].

The automotive spark-ignition (SI) engine’s performance 
and emissions depend on engine conditions and fuel prop-
erties. One of the main properties of the fuel which affects 
the engine efficiency is the octane rating. Octane rating is a 
degree of the fuel’s resistance to knocking phenomena that 
lead to abnormal combustion. The alternative high octane 
rating fuels such as alcohols and ethers are the essential 
solution to improving energy efficiency and emission reduc-
tion of spark-ignition engines. Adding more oxygen to gaso-
line by adding oxygenate additives like alcohol allows com-
plete combustion of the fuel and finally leads to decreased 
engine emissions like HC, CO, etc., and improved efficiency 
[24–28]. Methanol is an efficient fuel with an octane number 
of 100 (approximate value), which rejects lesser amounts 
of NOx, sulfur oxides (SOx), and PM [29, 30]. Manoj et al. 
[31] conducted a detailed study on the importance of meth-
anol–gasoline blends in spark-ignition engines. They con-
cluded that the methanol–gasoline blend has the potential to 
substitute gasoline in upcoming days.

The two main application areas of methanol are the 
transportation sector and industries where methanol is an 
alternative fuel for internal combustion engines and sol-
vents in several processes, respectively [32]. China is the 
largest methanol producer globally and focuses more on 
methanol use in vehicles and the methanol economy [29, 
33]. China is partially running its public transport vehicle 
in alcohol blended fuels, and they are looking toward a 
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methanol economy. India is progressing on the development 
path, but the energy demand is anticipated to rise at a rate 
of 3.5% (Compounded Annual Growth Rate) up to 2040. 
According to the available data, India has imported 37% of 
its primary total energy demand in 2015–2016 [29]. Also, 
the import of crude oil and natural gas is increasing day by 
day. The rising imports can overcome by using methanol 
and its derivative dimethyl ether (DME) in different energy 
demand areas because methanol can be produced from vari-
ous feedstock present abundantly in India. The government 
promotes methanol as a transport fuel, seeing the chances 
of converting methanol from abundant coal reserves in India 
and exploring biomethanol production from the available 
resources. The Indian government has recently implemented 
emission norm Bharat Stage (BS)-VI to protect the environ-
ment and human health. These emission norms encourage 
low-carbon fuels in the existing automobiles and various 
after-treatment systems [1]. The European Union (EU) 
members have decided to work toward the growth of renew-
able energy resources so that it must be able to bear 10% of 
transportation fuels and 20% of energy supply before 2020 
[34–37]. Similarly, India has also fixed the target of decreas-
ing the import of crude oil by 10% by 2022. Figure 1 shows 
the global energy demand growth in leading regions in terms 
of fuel.

Even though methanol is the right fuel for the SI engine, 
there are some drawbacks to using it as an alternative fuel. 
Lower carbon alcohols like methanol are useful in enhanc-
ing octane value, but they have low heating value, cold start, 
corrosion and hygroscopic nature [39]. A practical problem 
of using lower order alcohol-based fuels is the low energy 
content and lower volumetric efficiency [21]. These lower 
alcohols and their blends can produce more power when 
used near their stoichiometric air–fuel ratios, but they may 
reduce the fuel economy. Moreover, the higher latent heat of 
vaporization (LHOV) of methanol than gasoline may cause 
cold start problems and low kinematic viscosity and flash 
point causes wear and safety problems [40]. The high LHOV 

of methanol and the Lower Heating Value (LHV) are the 
main factors behind the lower flame temperature of metha-
nol–gasoline blends [41, 42]. The methanol fuel may pro-
duce more NOx emissions than gasoline because of the high 
laminar flame speed and faster combustion. Still, the NOx 
emission rate may vary depending on the methanol concen-
tration in blends and the operating conditions [43, 44]. Addi-
tives such as oxygenates and octane enhancers are added to 
minimize the drawbacks of methanol blends [38]. Adding 
a higher order of alcohol additives in methanol–gasoline 
blends (ternary blends) is considered as a suitable solution 
for these problems [40, 45].

There exist other review works on methanol fuel and 
alcohol fuels: methanol as a fuel for IC engines [46]; over-
view of methanol as internal combustion engine fuel [47]; 
biomethanol as potential renewable energy [2]; methanol 
as a fuel for SI engines [48]; decomposed methanol as a 
fuel [49]; alcohol and ether as alternative fuels in SI engine 
[5]; and light alcohol fuels in diesel engine [50] overview 
of alcohol as alternative fuels [27]. However, most of these 
studies generally focus on alcohol fuel for internal combus-
tion engines. At the same time, reviews on methanol–gaso-
line blended fuel and higher alcohol additives for metha-
nol–gasoline blended fuels for unmodified spark ignition are 
very few. Hence, this paper focuses more on methanol–gaso-
line blended fuel and possible higher alcohol additive for 
unmodified SI engine based on the recent research studies. 
The primary structure of this paper is elaborated as follows:

The synthesis and applications of methanol for the basic 
understanding purpose are presented in Sect. 2. The usage 
of methanol as a transportation fuel with its advantages and 
disadvantages is explained in Sect. 3. The critical physico-
chemical properties of methanol as a fuel are explained in 
Sect. 4. The present methanol economy in India is briefly 
explained in Sect. 5. Methanol–gasoline blending is dis-
cussed in Sect. 6, followed by higher alcohol additives for 
methanol–gasoline blended fuel and important isobutanol 
higher alcohol additive in Sect. 7. The effects of metha-
nol–gasoline blended fuel with and without additives on 
the SI engine’s combustion, performance and emissions are 
discussed and compared through the Sects. 8–12. Finally, the 
conclusions and recommendations are presented in Sect. 13.

2 � Synthesis of Methanol and Applications

Methanol is the simplest alcohol with various utilizations in 
the production of chemicals, and also it has a high potential 
to become an alternative fuel and a renewable energy carrier 
[51]. Methanol or wood alcohol consists of a methyl group 
(CH3) linked with a hydroxyl group (OH). Methanol is a 
tasteless, colorless, and toxic alcohol with a very faint odor 
and biodegradable, clean-burning fuel. Methanol production 

67

21

36

20

20

19 12

2018

41

42
12

-12

5

-20

0

20

40

60

80

100

120

140

160

Gas Renewable Oil Coal Nuclear

M
to
e

Other

Europe

Japan

India

China

US

Fig.1   Global primary energy demand growth by fuel and leading 
regions [38]



7060	 Arabian Journal for Science and Engineering (2021) 46:7057–7085

1 3

offers a ‘future-proof’ transition to sustainable fuels and 
chemicals [52]. As mentioned earlier, the methanol is mainly 
manufactured from natural gas and fossil fuel or coal-based 
synthesis gas (syngas) [53–55]. Methanol has the advantage 
of ‘poly-generation’; that is, it can be manufactured from any 
feedstock, which is a source of synthesis gas which includes 
agricultural waste, municipal solid waste, biomass, CO2, 
and some other feedstock [56]. Methanol can also be made 
from different sources such as wood, municipal solid wastes, 
CO2 and even sewage [56]. Finding a suitable catalyst for 
the commercial production of methanol is the key focus of 
many researchers. The viable methanol production using dif-
ferent feedstock through innovative and efficient catalytic 
processes has got a lot of consideration nowadays [33, 57]. 
The synthesis of methanol from CO2 using catalysts is get-
ting the highest priority because it helps reduce greenhouse 
gases [33]. The world is looking toward carbon capture and 
storage (CCS) these days. Conversion of the captured CO2 
to methanol will help in avoiding carbon storage problems 
in CCS technology. The reduction of CO2 and water with the 
help of renewable energy is another method for methanol 
production [58]. The methanol synthesis is generally car-
ried out in three stages via the production of syngas, syngas 
to methanol conversion and the reactor effluent distillation 
[23, 56]. The technology known as gasification is used for 
the production of syngas. According to the data available 
in the methanol institute website [59], almost 138 billion 
liters or 36.6 billion gallons combined methanol production 
capacity is open from 90 methanol plants located in differ-
ent countries. The data available with HIS revealed that the 
world methanol demand touched 75 million metric tons in 
2015 and that 40% of methanol consumption was found in 
evolving energy applications. Approximately 200,000 tons 
of methanol is used as a transport fuel or chemical feedstock 
around the world every day [60]. Figures 2 and 3 show the 
worldwide methanol consumption and different forms of 
application of methanol.

2.1 � Methanol from Natural Gas

Natural gas is a combination of gases that are rich in hydro-
carbons occurring naturally, and natural gas reserves are 
found deep inside the earth and near hydrocarbon’s beds 
like crude oil or coal. The main component of natural gas 
is methane (about 70% to 90%), and some amounts of other 
higher alkanes, hydrogen sulfide, nitrogen, carbon dioxide, 
etc., are also present. It has been reported that most of the 
methanol production around the world is by steam reforming 
of natural gas (NG) [48, 62]. The first step in the synthesis 
of methanol from natural gas is the syngas or synthesis gas 
(a mixture of mainly CO, CO2 and H2) production [63]. The 
next step is the conversion of the synthesis gas into crude 
methanol. The final step is to distill the crude methanol to 
attain the desired purity [50, 64]. Figure 4 describes the 
steps in the conventional method of methanol production.

The methods used for the conversion of natural gas to 
synthesis gas are steam methane reforming (SMR) and auto-
thermal reforming (ATR), as shown in Eqs. (1.1), (1.2) and 
(1.3) [63].

The SMR consists of the steam methane reforming reac-
tion and the water gas shift (WGS) reaction:

In ATR, consists of lean combustion with the steam 
reforming reactions of Eqs. (1.1) and (1.2):

ATR needed less water than SMR. A high-pressure equi-
librium and the limited catalytic process were employed for 
the production of methanol through the methanol synthesis 

(1.1)
CH4 + H2O ⇄ CO + 3H2 (SMR) ΔHR = 206KJ∕mol

(1.2)

CO+H2O ⇄ CO2 + H2 (Water - gas shift)

ΔHR = −41.2KJ∕mol

(1.3)
CH4 +

1

2
O2 → CO + 2H2 (ATR) ΔHR = −35.6KJ∕mol

Fig. 2   Worldwide methanol consumption 2017 [61]

Fig. 3   Methanol Demand by derivative [59]
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reaction and the reverse WGS reaction [60, 61]. The main 
reactions involved in methanol synthesis are shown in Eqs. 
(1.4) and (1.5).

Hydrogenation of CO2 [63]:

Hydrogenation of CO [62]:

The composition of the syngas formed by methane 
reforming deviates from the stoichiometric composition 
of the syngas (i.e., (H2–CO2)/(CO–CO2) has an ideal value 
above 2), depending on the reforming technology and the 
operating parameters.

A methanol reactor operates at high pressure (50–100 bar) 
and comparatively low temperatures (200–300 ℃) [62]. The 
reaction requires a sturdy thermal sink to sustain constant 
temperature because it is highly exothermic [63]. Gener-
ally, higher conversion at equilibrium is achieved by lower 
temperatures but with slow kinetics [64]. The syngas con-
version in thermodynamic equilibrium restricts the process 
to low per-pass conversion. Therefore, it involves a broad 
unconverted gas recycling process. The investment costs of 
this process segment are primarily dependent on the result-
ing recycling and cooling duty [62]. The synthesis is usu-
ally conducted at 200−300 ℃ and in this temperature range, 
the maximum theoretical once-through conversion, which 
is limited by the reaction equilibrium, is 55–75% [65]. Over 
the years, several solid catalysts and different methods such 

(1.4)
CO2 + 3H2 ⇄ CH3OH + H2O ΔHR = −49.6KJ∕mol

(1.5)CO + 2H2 ⇄ CH3OH ΔHR = −100.46KJ ∕mol

as BASF process (high-pressure method), ICI method (high-
pressure method), Haldor-Topsoe methods, etc., have been 
developed in order to maximize methanol yield and selectiv-
ity and minimize by-product formation. It was reported that 
the BASF method could produce methanol at an approxi-
mate rate of 0.07896 t/day only. In contrast, Haldor-Topsoe 
and ICI methods can produce methanol at a rate of approxi-
mately 2400 t/day and 2500 t/day, respectively. As can be 
seen, the evolution of the processes from the high pressure 
(BASF) to the low pressure (ICI) led to an increase of 105 t/
day. A world-scale methanol plant produces 5000 metric 
tons per day or 2.3 billion liters per year (600 million gal-
lons/year) by natural gas steam reforming and converting the 
resulting synthesis gas [52].

2.2 � Methanol from Coal

The processes used for methanol production from coal are 
the same as the processes used in natural gas to methanol 
production. The coal-based methanol production processes 
generally have four phases via generation of syngas, the 
purification of syngas, synthesis of methanol and rectifica-
tion of methanol [66]. In the preliminary stage, the biomass 
is converted to gaseous products using gasifier equipment. 
The gaseous products comprise syngas, biogas (CH4 and 
CO2), alkaline gases and pure hydrogen. The thermochemi-
cal conversion technique, gasification, allows the conversion 
of solid biomass into gaseous mixtures with air, steam and 

Fig. 4   Methanol production 
(conventional) from natural gas 
[64]
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flue gases. Equations (1.6), (1.2), (1.1), (1.7) and (1.8) are 
the reactions occurring in the conversion of gaseous prod-
ucts [6, 62].

2.3 � Methanol from Biomass (Biomethanol)

Biomethanol is also known as ‘wood alcohol’ and is made 
from waste biomass such as old wood and biodegradable 
waste. Different methods are used for the production of 
biomethanol, such as biosynthesis, gasification, pyrolysis, 
photoelectrochemical processes and electrolysis [2, 67]. 
Biomethanol synthesis requires carbon-rich feedstock, 
H2 and a catalyst (Al2O3/ZnO/Cu catalyst). The synthesis 
process consists of three main steps, the first step is the 
reforming of biomass to bio-syngas with an optimal ratio 
of 2, and the second and third steps are the conversion and 
distillation of bio-syngas to obtain methanol, respectively 
[14, 23]. The common feedstock used for biomethanol pro-
duction is sawdust, Japanese cedar, rice bran, straw and 
husk, cow dung, banana peel, boiled rice, goats fed grass, 
soy pellets, plant biomass, forest residue, lignin, etc. The 
biomethanol production from biomass causes very low emis-
sions because the alcohol carbon content is resulting from 
the carbon content, which was collected and stored during 
the growth phase of the bio-feedstock from the atmosphere. 
The same stored carbon in the bio-feedstock is rereleased 

(1.6)
C + H2O → CO + H2 (Char gasification) ΔHR = 131.5KJ∕mol

(1.2)

CO + H2O ⇄ CO2 + H2 (Water - gas - shift)

ΔHR = −41.2KJ∕mol

(1.1)
CH4 + H2O ⇄ CO + 3H2 (SMR) ΔHR = 206KJ∕mol

(1.7)
C + CO2 → 2CO (Boudouard reaction) ΔHR = 172KJ∕mol

(1.8)
C + 2H2 → CH4 (Methanation reaction) ΔHR = −74.8KJ∕mol

into the atmosphere during the production of methanol [54, 
68]. So, the biomass-derived fuels also do not increase the 
total global CO2 because of combustion [56]. The biom-
ethanol can also be made from crude glycerin. The main 
advantage of this method is the reduction of greenhouse gas 
by recycling the by-product of biodiesel. Ghasemzadeh et al. 
[64] have reported that methanol production from biomass is 
occurring in four basic ways. Figure 5 shows the schematic 
diagram of methanol synthesis from biomass.

The following are the steps involved in the biomethanol 
production from biomass.

	 i.	 The biomass is biochemically transformed into sugar 
by the help of microorganisms and enzymes.

	 ii.	 Utilizing heat energy and chemical catalysts, conver-
sion of biomass to fuels (thermochemical conversion).

	 iii.	 Gasification of the biomass in an oxygen-starved envi-
ronment with high temperature to produce synthesis 
gas [70].

	 iv.	 Pyrolysis process to boost the decomposition of bio-
mass.

Yadav et al.[60] studied the environmental impact and 
cost assessment of methanol production from wood biomass 
with respect to both the conventional and novel methods. 
They found that both the novel and the conventional biom-
ethanol production methods had much lower global warm-
ing potential (GWP) (48.2 and 63.1 kg CO2, respectively) 
when compared to methanol production from fossil-based 
resources. The renewable methanol cuts CO2 emissions by 
up to 95%, reduces NOx emissions by up to 80% and com-
pletely eliminates SOx and PM emissions compared to con-
ventional fuels [71]. The cost of biomethanol will always 
be comparable to that of methanol derived from fossil fuels. 
This analogy is not optimistic at this time, but it is fair to 
conclude that it would be more favorable in the coming years 
due to the anticipated rise in the price of natural gas and the 
decreased supply of fossil fuels [56].

Fig. 5   Biomethanol synthesis 
from biomass [69]
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2.4 � Methanol Synthesis from Biogas

The low efficiency and toxic emissions are the main prob-
lems that restrict the direct use of biogas in IC engines. One 
alternative method of using biogas effectively in internal 
combustion engines is to convert biogas into alternative fuels 
like methanol. So, the synthesis of methanol from biogas is 
getting more importance these days [72]. Biogas is mainly 
comprised of methane (CH4) and CO2. The primary step in 
converting methanol from biogas is the production of syngas 
using tri-reforming or oxy-steam reforming. Tri-reforming 
combines the following processes (1) steam reforming, (2) 
dry reforming, and (3) partial oxidation either in autother-
mal or isothermal conditions. Tri-reforming process allows 
producing syngas from a mixture of CH4, H2O, CO2, and O2 
[72, 73]. Some biological methods are also used for direct 
conversion of methanol from biogas using some aerobic bac-
teria like methanotrophs [74]. According to vita et al. [72], 
the steam reforming of biogas at S/CH4 = 1 and T = 700 ℃ 
in the absence of carbon deposits and lower consumption 
of energy is the most suitable path for the production of 
syngas for direct methanol synthesis. This method avoids 
the steps such as WGS) and/or pressure swing adsorption 
(PSA) installed between reforming reactor and methanol 
synthesis reactor. So this method results in more compact 
design, lower operating and maintenance costs and lower 
investment than the conventional methanol synthesis pro-
cess. Approximately, more than 80% CH4 conversion was 
achieved using this method.

2.5 � Methanol Synthesis from CO2

The methanol production from atmospheric CO2 is an effi-
cient and environmentally friendly process. This method is 
considered to be one of the most significant research fields 
since the reaction helps prevent greenhouse gases and thus 
control global warming [56]. The industries such as power 
plants, steel industries, cement factories and distilleries gen-
erate more CO2, which could be used as a source for metha-
nol production. Carbon Recycling International takes 5600 
metric tons of carbon dioxide every year, which is reacted 
with renewable hydrogen to synthesize 4000 metric tons of 
renewable methanol [71].

2.5.1 � Methanol from Electrofuels

Electrofuels are future carbon-based fuels produced from 
CO2 and water using water with electricity as the primary 
energy source. This fuel is also called synthetic fuel, and 
the process is called the power-to-fuels (P2F) process 
[75, 76]. This process begins with separating water (H2O) 
into hydrogen (H2) and oxygen (O2) with the use of elec-
tricity. The produced hydrogen is then synthesized with 

co-feed CO2 to form a range of liquid fuels (methanol, 
fuel oil, diesel, biodiesel, etc.) and gaseous fuels (CH4, 
DME, LNG, etc.) [76]. Methanol from electrofuels is a 
new effective way to utilize CO2 and to reduce GHG in the 
atmosphere or to achieving a neutral CO2 balance across 
the entire mobility chain. Methanol is the simplest of all 
liquid energy carriers suitable as a transport fuel and hav-
ing the highest hydrogen to carbon ratio (four hydrogens 
to each carbon atom).

2.5.2 � CO2 Hydrogenation

The concept of methanol economy and CO2 hydrogena-
tion to methanol depends on the combination of CCS with 
chemical recycling. Carbon dioxide is the main cause of 
global warming. Still, it can also be used as a potential 
source of carbon to produce other compounds such as alco-
hols, aldehydes and hydrocarbons [77]. Different reactions 
of CO2 to methanol are the following: (1) direct methanol 
synthesis and (2) methanol synthesis from CO (hydrogena-
tion of carbon monoxide), which is formed as a by-product 
of WGS reaction. Equation (1.9) shows the hydrogenation 
of carbon dioxide to methanol. Equations (1.10) and (1.11) 
show the WGS reaction and hydrogenation of carbon mon-
oxide, respectively [62].

The CO2 capturing may be done from any industrial 
source, natural source, or air by absorption and human activ-
ities. The required hydrogen for the reaction is produced 
from water by electrolysis, reforming biomass-derived prod-
ucts, and biomass pyrolysis [78–80]. Blumberg et al. [81] 
reported that an inlet fraction of 10 mol% CO2 is recom-
mended for a Pareto-optimal operation with a high product 
yield and a large conversion rate for CO2. The findings show, 
that a maximum methanol yield of 15.2 mol% in the product 
gas is obtained for a CO2-fraction of 11 mol% decreasing 
with an increasing CO2-inlet fraction. High CO2 conversion 
of more than 80% are only achieved for CO2-inlet fractions 
below 3 mol%. Bellotti et al. [82] carried out a low-carbon 
footprint production of methanol from CO2. The technique 
involves CO2 sequestration and utilization for mixing it with 
H2 (produced by water electrolysis) to produce methanol.

(1.9)
CO2 + 3H2 = CH3OH + H2O (Directmethanol synthesis)

(1.10)
CO2 + H2 = CO + H2O (Reversewater - gas - shift)

(1.11)
CO + 2H2 = CH3OH (Hydrogenation of CO tomethanol)
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2.5.3 � Photoreduction of CO2

The photoreduction of CO2 in light irradiation and water 
with the help of different heterogeneous semiconductors 
is an attractive way to produce methanol. Photoreduction 
is a photocatalytic reaction that occurs once the catalyst is 
treated with suitable light energy such as visible or UV with 
charge carrier’s formation [17]. The formed charge carri-
ers are then separated on a semiconductor and reacted with 
the adsorbed molecules [28]. Artificial photosynthesis has 
reduced conversion effectiveness. The key issues with this 
technology are the low solubility of carbon dioxide in water 
and the poor separation performance of the catalyst, which 
uses only a small portion of the solar spectrum which is 
appropriate for semiconductor activation. Besides, the 
mechanism results in poor selectivity due to several reac-
tions taking place concurrently in the photoreactor [83]. 
However, modern photoreactors are suitable for working 
under pressures up to 20 bar allowing a significant increase 
in the solubility of CO2 in water, which increases the pro-
cess’s efficiency.

Owing to the competitive prices of methanol for fuel and 
affordable infrastructure, the methanol economy is entering 
other parts of the world [84]. The rate at which methanol 
is replacing oil is maintained due to the low prices of natu-
ral gas. However, a good basis for environmental pollution 
control can be provided by the use of CO2 for methanol 
processing. In order to reduce global warming by recycling 
CO2, methanol production from CO2 using carbon capture 
technology and its use as fuel for automobiles are therefore 
of long-term significance.

2.6 � Important Applications of Methanol

The important applications of methanol are described below 
[2, 49, 62, 85]. Figure 6 shows the main areas where it is 
used as energy sources.

•	 Methanol is a clean-burning fuel used in IC engines in 
pure form, blended form, or as an additive to increase 
engine performance and reduce emissions. It is one of the 

main components in the renewable biodiesel fuel produc-
tion process.

•	 Dimethyl ether (DME), an integral derivative of metha-
nol, can be successful as an alternative home heating fuel 
along with liquefied petroleum gas (LPG).

•	 Methanol plays a significant role in municipal and pri-
vate waste treatment facilities to clean wastewater and 
eliminate ’dead zones’ in waterways caused by dangerous 
nitrates.

•	 Methanol is very suitable for fuel cell-powered vehicles 
because it can be degraded to hydrogen and CO2.

•	 Methanol is a useful carrier storage compound for 
organic liquid hydrogen.

3 � Methanol as a Renewable and Alternative 
Transportation Fuel

All over the world, methanol has found its use as a fuel 
for automotive engines in a blended form with motor spirit. 
Among alcohols, methanol is considered the most suitable 
blending agent for petrol and is a potential alternative fuel 
for transportation because of its excellent combustion prop-
erties [87–89]. Compared to gasoline, methanol has high 
oxygen content, supporting the efficient burning of fuel in 
automotive SI engines. High performance, lower regulated 
emissions, lesser risk of flammability, environmental and 
economic advantages are some of the good qualities of 
methanol fuel compared to gasoline [48, 90]. Soheil et al. 
[91] have studied the effect of oxygenated additives in a 
gasoline engine and concluded that the Reid vapor pressure 
(RVP) of gasoline increases with the addition of methanol. 
It also improves both MON and RON. Many countries like 
India are moving toward EVs; however, methanol-fueled 
vehicles seem to be an eco-friendly and economical solution 
compared to EVs because of the following reasons: (1) the 
existing electricity production capacity in India could not be 
able to afford large scale use of EVs in the transport sector, 
(2) absence of necessary resources for EVs production, (3) 
methanol can be produced in India economically and it helps 
in reducing petroleum import bill and (4) methanol blends 
can be used as an alternative fuel without any significant 
alterations in the existing engines [1].

Liu et al. [92] have concluded from their study that meth-
anol in lower concentrations can be blended with gasoline to 
use as an alternative fuel for SI engines without any engine 
modifications. They found that the addition of methanol 
to gasoline improves the cold start emissions by consider-
ably lowering CO and HC emissions. Nowadays, passenger 
cars are widely equipped with a gasoline direct-injection 
(GDI) engine because of its high power delivery and low 
fuel consumption. Due to nonhomogeneous air/fuel mix-
ing, there could be more soot emission [93]. Liu et al. [94] Fig. 6   The main uses of methanol as an energy source [86]
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studied the soot formation of methanol–gasoline blend fuel 
and concluded that methanol significantly reduced the soot. 
Danaiah et al. [89] observed a reduction in CO, CO2, HC, 
and NOX emissions with the use of methanol in gasoline up 
to a concentration of M15.

As far as methanol consumption is concerned, India is the 
third-largest energy consumer and a significant importer of 
methanol. So, the Indian government promotes the produc-
tion of biomethanol and bio-butanol for their application 
in the transport system from the surplus biomass availabil-
ity [95]. Turner et al. [58] examined the effect of gasoline, 
ethanol, and methanol (GEM) blended in a flex-fuel vehicle 
and concluded that considering the low price of methanol, 
and using it as a ternary blend, could create an approach to 
economic and profitable fuel.

China has been focusing more on gasohol (low volume 
concentration less than or equal to 50% of methanol with 
gasoline). The gasohol can be used as fuel in existing IC 
engines without modifying the control unit and engine parts. 
It also helps in lowering the risks of carbonyl pollution and 
corrosion [85]. NITI Aayog (a policy-making body of India) 
promotes methanol as an alternative fuel because of its dif-
ferent qualities like easy availability, reduced pollution, 
and higher efficiency and electrical mobility. It will help 
in reducing India’s dependence on fossil fuels. The world 
is moving toward electric vehicles that run on lithium-ion 
batteries. According to NITI, lithium is not an abundant 
resource, and the world will face the problem of scarcity if 
all shift over to lithium-ion batteries for running vehicles. In 
India, it requires much effort in setting up extensive infra-
structure, primarily charging stations across the country, 
and it would put an additional burden on the already grow-
ing demand for electricity. Hence, electric vehicles are not 
a sustainable and cost-effective solution for fuel scarcity. 
Since road transport makes up almost two-thirds of overall 
transport emissions, widespread adoption of vehicles pow-
ered by renewable methanol would dramatically lower CO2 
emissions in transportation [71].

3.1 � Advantages of Methanol Fuel

•	 Methanol can be produced from any carbon-based feed-
stock such as coal, biomass and natural gas so that metha-
nol fuel will reduce dependence on imported petroleum.

•	 Higher combustion efficiency, lower sulfur, and aromatic 
content, renewability and biodegradability are the main 
features of methanol fuel [27, 68, 69, 96].

•	 Methanol has a high latent heat of vaporization (LHOV) 
and is combined with the low stoichiometric air to fuel 
ratio leading to high degrees of intake charge cooling 
[68, 97].

•	 Methanol has a high knock-resistant capacity, and the 
considerable cooling effect can be one reason for this. 

Its higher LHOV causes a lower mixture temperature and 
lower compression temperature near TDC, which sup-
presses knock [88, 94, 98].

•	 The use of methanol fuel improves power and efficiency 
by applying optimal spark timing and higher compression 
ratios [68, 97].

•	 Compared to gasoline, methanol is less flammable and 
safer than gasoline while transporting and storing [47, 
96].

•	 Methanol fuel can improve engine thermal efficiency 
because of the advanced laminar flame propagation, 
which helps combustion to finish early [99, 100].

•	 Methanol offers better power and decent acceleration to 
any vehicle engine because of the high octane value [17, 
48].

•	 The methanol fuel’s higher octane number gives an 
improved antiknock performance to the internal combus-
tion engine [88, 94, 101]

•	 Methanol fuel is considered economical in the sense that 
it could be reached at low prices compared to petroleum 
[29, 94].

Growing awareness of the danger faced by human-made 
climate change has inspired government agencies, industry 
and research to discover renewable fuels to power economic 
activity. In this sense, as a sustainable alternative to fos-
sil fuels, renewable methanol has grown, providing a direct 
route to dramatically reducing pollution in power generation, 
overland transport, shipping and industry. Renewable metha-
nol cuts carbon emissions by 65 to 95% compared to fossil 
fuels, depending on the feedstock and conversion process. 
It is one of the most considerable possible reductions for 
gasoline, diesel, coal, and methane to be substituted by any 
fuel currently being produced. Besides, no SOx, and PM and 
low NOx, emissions are created by the combustion of pure 
methanol. The roads will be packed not with methanol cars 
but with electric vehicles charged with clean energy in a 
perfect low-carbon environment. However, we are still well 
short of the target. In every country where they are sold, 
EVs today make up a tiny fraction of vehicles. Even under 
the most ambitious expectations, it could be midcentury 
until the bulk of vehicles on the road are all-electric. In the 
meantime, methanol is among the most promising options to 
reduce our vehicle’s carbon footprint dramatically. The total 
carbon emitted into the environment is halved if a metha-
nol plant is fueled using a green energy source and collects 
the CO2 from the exhaust and converted into methanol. So 
even though burning methanol in a car’s internal combus-
tion engine does release CO2, along with some water vapor, 
basically there is a carbon recycling happens (carbon capture 
and utilization) and extracting some useful work before it 
gets released. Even though EVs can solve climate problems, 
there are many hurdles related to EV technology in many 
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countries. In this scenario, compared to EV’s, methanol 
fuel is feasible. Methanol can be stored, transported, and 
distributed using the same necessary infrastructure used for 
petroleum fuels and there is no need to build an entirely new 
infrastructure from scratch.

Increasingly, methanol is being used worldwide in sev-
eral innovative applications to meet the growing energy 
demand, particularly in transport. It is possible to mix low 
levels of methanol with gasoline and use it in the existing 
vehicles. Mid-level methanol blends as high octane fuels, 
substantially greater than traditional 25–30% gains from 
turbocharged diesel engines or hybrid vehicles, can pro-
vide potential performance gains of 40–45%, and at a much 
more affordable rate [102]. Neat methanol can also be used 
as a replacement for either gasoline or diesel fuel in both 
spark-ignition and combustion-ignition engines in modified 
automobiles.

3.2 � Reformed Methanol Fuel for IC Engines

Fuel reforming is a conversion process in which fuels are 
converted to gases rich in hydrogen. Lower alcohols such as 
methanol, ethanol can be used for fuel reforming processes. 
Steam reforming, autothermal reforming, and partial oxida-
tion are three different processes to convert alcohol fuels to 
hydrogen‐rich gas [103]. Methanol can be used in fuel cells 
and as an alternative liquid fuel, which allows running the 
IC engine with gaseous H2-rich reformate produced onboard 
by fuel reforming. The process of converting liquid fuels to 
hydrogen onboard a vehicle is ‘onboard reforming’ [104]. 
Methanol is an excellent primary fuel for thermochemical 
recuperation (TCR). It can be reformed at relatively low tem-
peratures (250–300 °C) to produce hydrogen-rich reformate 
[104, 105]. Thus, the major issues such as H2 fueling infra-
structure and risk in the storage of H2 onboard a vehicle can 
be reduced [103, 104, 106, 107]. The ‘methanol reformate’ 
helps improve the efficiency of internal combustion engine 
operation compared to gasoline, and a gain of 50% efficiency 
can be achieved at mid-load or city driving conditions [104]. 
About 30% of the fuel energy is wasted with the hot exhaust 
gas coming out of the IC engines [108]. Thus, reforming 
methods, which partially utilize this waste energy, may 
contribute significantly to the IC engine’s overall efficiency 
and also known as waste heat recovery (WHR) methods. 
The experimental results of Tartakovsky et al. [106] showed 
that a reduction in pollutant emissions and improvement in 
energy efficiency could be achieved when an H2-rich refor-
mate like methanol is used as a fuel for ICE. In exhaust gas 
reforming, fuels are reformed catalytically by direct contact 
with the hot products of combustion a certain quantity of 
steam. The generated fuel gas contains quantities of hydro-
gen, carbon monoxide and nitrogen, and these components 
provide the potential for lean combustion leading to lower 

emissions and higher engine thermal efficiency than con-
ventional fuel [109].

3.3 � The Adverse Effect of Methanol as a Fuel

3.3.1 � Phase Separation

The quantity of water that can congregate by gasoline is defi-
cient because of the low water solubility. Low water content 
in gasoline will not affect the performance of the engine 
[110]. The major trouble with alcohol fuels is its hydrophilic 
nature and the phase separation tendency due to the solubil-
ity of the alcohol–water–gasoline blend system [17]. The 
phase separation may cause engine damage and engine func-
tioning problems. Even though a small quantity of water pre-
sent in a methanol–gasoline blend at lower temperature cre-
ates phase separation because of the direct hydrogen bonding 
between alcohol and water, the level of phase separation 
depends on the alcohol concentration in the blend, water 
contamination, the ambient temperature and the chemical 
composition of the base gasoline fuel (especially aromatic 
content) [5, 110, 111]. In phase-divided state, the lower 
phase consists of methanol, water and the aromatic compo-
nents of gasoline, while the upper phase is rich in gasoline 
and contains paraffinic hydrocarbons. An important factor 
that is to be considered while selecting alcohol fuel is water 
tolerance, which is the percentage volume of water that fuel 
can bear at a certain temperature without any phase separa-
tion [112]. This phase separation may cause difficulties like 
low-quality fuel, damage to storage containers and metal-
lic parts of the engine due to corrosion [111]. The phase 
separation temperature (PST) is one of the main parameters 
used for calculating methanol–gasoline blend stability. PST 
is the temperature at which an alcohol–gasoline divided into 
two phases. Suitable additives such as nonionic surfactants, 
higher alcohols like isomers of butanol, propanol and fusel 
oil can be used in gasoline–alcohol-blends fuels to avoid 
these problems [5, 113, 114]. The fusel oil is a by-product 
of alcohol manufacture via fermentation and distillation. It 
comprises iso-amyl (55–60%), n-propyl (15–20%), iso-butyl 
(6–8%) alcohol, and bits of n-butyl alcohol and ethanol [115, 
116]. It is essential to note that the fusel oil cannot be used 
directly into the internal combustion engine because of the 
water content present. So, the fusel oil water content should 
be removed before use in IC engines [117]. Karaosmano-
glu et al. [113] have introduced a novel, effective blending 
agent molasses fusel oil for methanol–gasoline blend fuel for 
reducing the phase separation problem. Lojkisek et al. [118] 
have found that methanol in gasoline blends increases the 
stability of the fuel blend. They proved that water tolerance 
increased after the addition of isobutanol to methanol–gaso-
line blend. The improvement is three times higher than the 
addition of methyl tert-butyl ether (MTBE) and tert-amyl 
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methyl ether (TAME). Zhang et al. [119] have synthesized 
phase stabilizers and saturation vapor pressure depressors 
for methanol–gasoline blend fuels. They have concluded that 
tartaric esters are excellent bifunctional additive for reducing 
phase separation tendency.

3.3.2 � Vapor Lock

The vapor lock occurs when the liquid fuel changes its state 
to gas while in the delivery system due to high vapor pres-
sures and relatively low boiling points of methanol. This 
problem will affect engine performance adversely. The vapor 
lock problem increases, particularly on warm summer days 
and at high altitudes, because vapor pressure varies with 
seasons [27]. Vapor pressure is a critical property that affects 
the cold-start drivability, and the standard range of vapor 
pressure for fuel is 7–15 psi as per ASTM. Vapor lock and 
other hot fuel handling problems can be avoided by select-
ing low vapor pressure value fuels. On the other hand, the 
high values of vapor pressure result in improved cold-start 
engine performance, so we need to consider both conditions 
[69, 111]. The excessive volatility of the blended fuel could 
also result in a vapor lock in the fuel supply system [120]. 
Among the alcohols used in fuel applications, the butanol 
is least likely to cause vapor lock because of its low vapor 
pressure [121].

3.3.3 � Corrosion

In all proportions, alcohols are completely miscible with 
water, but gasoline is immiscible with water. So the pres-
ence of water in the alcohol blended gasoline fuel may result 
in corrosion problems on the engine components made of 
aluminum, copper and brass [122]. The severity of the prob-
lem depends on the type of alcohol and the concentration 
of alcohol in the fuel, so it is better to avoid the materials 
mentioned above in the fuel delivery system to minimize 
this problem [7]. There is a chance that the higher concen-
tration of alcohol in the blended fuel may react with rubber 
fuel pipe. But the use of fluorocarbon rubber avoids this 
problem [10]. There are rarely some chances of splitting the 
gasoline-methanol mixture into two phases at low tempera-
tures due to the lower miscibility of alcohol with gasoline 
[123]. These problems can be avoided to certain extent by 
the use of higher alcohol blends.

3.3.4 � Engine Modifications

Engine modification is needed to use 100% methanol fuel in 
automotive SI engines. Sometimes these engine modifica-
tions are needed to the higher volume percentage of methanol 
blend fuels. The main engine alterations include changes in the 
material of the fuel system and engine management system. 

Certain modifications are needed to convert the modern vehi-
cle engines to run on pure or high-level methanol blends [5, 
21, 27]. The following are some of the modifications.

•	 The intake manifold design should be modified to evapo-
rate more by providing more heating facilities because 
alcohol does not evaporate readily as gasoline.

•	 The fuel pump and injector should be compatible metha-
nol to handle higher flow rates.

•	 Use of improved compression ratios or turbochargers for 
better fuel efficiency and to have a smaller sized engine.

•	 The use of improved cold starting approaches needed to 
eliminate cold start problems.

•	 Use methanol-compatible material for the fuel tank and 
provide flame arrestors in the fill and vent tubes to pre-
vent ignition by an external source. Teflon fuel hoses and 
stainless fuel lines also work well with alcohol.

•	 Use methanol-resistant potentiometers float level with a 
circuit that protects against corrosion.

3.3.5 � Unregulated and Evaporative Emission

Conventional fossil fuels hardly produce unregulated emis-
sions because of the compositional properties, but alterna-
tive fuels may produce unregulated pollutants. Many stud-
ies have done by the researchers in evaporative emissions 
or unregulated pollutants from alternative-fueled vehicles. 
The volatile organic compounds (VOCs) from evaporative 
emissions of engines contribute much to air pollution [124]. 
From the studies, it was clear that one of the main reasons 
for carbonyls emissions to the atmosphere is combustion 
in IC engines. The evaporative emissions are depending on 
many factors such as ambient temperature, fuel volatility, 
the material of fuel tank and fuel system, etc. [69, 125]. The 
carbonyls can be treated as toxic air contaminants, mutagens 
and carcinogens. Some of the research studies have reported 
that the most abundant carbonyls found in exhaust emissions 
are formaldehyde and can be produced from engines that 
work in methanol blended gasoline fuels [87, 126]. Among 
the HC emissions from methanol–gasoline blends, the car-
bonyls and the volatile organic compounds are harmful to 
human health [126, 127]. The methanol fuel is less reactive 
than gasoline in the atmosphere and produces the only one 
toxic component that is formaldehyde. Still, the emission of 
gasoline fuel contains lots of formaldehyde and carcinogenic 
components [128].

4 � Physicochemical Properties of Methanol

The use of methanol in SI engines is advantageous because 
of the high oxygen mass percentage, higher octane value, 
high latent heat of vaporization and improved antiknock 
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characteristics, etc. These properties lead to increased charge 
density, volumetric efficiency and sometimes improved 
torque and performance [3, 25, 129, 130]. The boiling point 
and storage stability of methanol are high compared to gaso-
line because of the formation of hydrogen bonds between 
molecules. The comparatively higher octane number of 
methanol fuel makes it usable in the engine with a higher 
compression ratio [131]. Table 1 shows the physicochemical 
properties of gasoline and methanol.

The octane number signifies the fuel’s capability to resist 
knocking and characterizes the ignition quality of the fuel. 
The two categories of the specification of octane number are 
MON and RON [91]. Methanol has a higher octane number 
than so it is considered a functional alcohol additive used 
to improve the octane number of conventional gasoline fuel 
[42, 68]. The research and motor octane numbers of metha-
nol–gasoline blends were found to rise with the increase in 
the concentration of methanol in the fuel blend. That way, 
engine performance is also improved by a higher level of 
methanol in the blended fuel [133]. Methanol is an excellent 
blending agent used for improving octane distribution in the 
base gasoline fuel, improving cold-start performance of the 
engine. Blending octane value (BOV) range of methanol 
is 97–104 and 129–134, respectively, for MON and RON. 
The actual blending value can be calculated using MON or 
RON values of methanol blend fuel and gasoline fuel using 
Eq. (1.12) [8, 134]:

ON MON or RON of the gasoline blended fuel, ONbase 
MON or RON of the base fuel gasoline, Y   Blending com-
ponent’s volume fraction.

Methanol has a higher LHOV compared to gasoline. It 
leads to a more cooling operating condition in the combus-
tion chamber since more heat is required to vaporize the 
fuel [5, 17]. The heating value or calorific value of methanol 
is lower than gasoline, and the reason for the poor heating 
value of methanol is related to the high oxygen and less 
carbon content in the composition [5, 17]. The boiling point 
is connected to fuel volatility, the ability of the fluid to evap-
orate at a comparatively low temperature. Gasoline has a 
variable boiling point (27–225 °C), but methanol or, in gen-
eral, alcohol has a single boiling point, which helps increase 
energy release. Methanol has a considerably lower single 
boiling point that evaporation becomes faster compared to 
gasoline, and spillage chances are less [5]. The autoigni-
tion temperature (423 °C) of methanol is almost two times 
higher than gasoline (221–257 °C). So, methanol is safer for 
storage and transportation [5]. Lan et al. [135] found that a 
binary mixture having different components shows a gradu-
ally increasing AIT trend with the increase in the higher AIT 
content and rapidly growing AIT trend corresponding to an 
improvement in the volume ratio of the component [135]. It 
has been reported that fuel blends with different autoignition 
tendencies can be used for knocking control [136]. Methanol 
and ethanol inhibit the autoignition reactivity of the blended 
fuels because of their high AIT [137].

The oxygen content in the methanol fuel helps in cleaner 
complete combustion and improved combustion and thermal 
efficiency [121, 138]. The addition of higher alcohols like 
butanol enhances the combustion utilizing more oxygen for 
combustion, and the effect is known as ’leaning effect’ [121, 
138, 139]. Because of the leaning effect, the chances of the 
reduction in CO emissions are high. But this extra oxygen 
for combustion will lead to an increase in the rate of com-
plete combustion, and there may be an increase in the high-
est value of temperature in the combustion chamber. Since 
NOx emission is mainly related to the higher temperature 
produced during combustion, there are chances of significant 
NOx emission [140].

5 � Methanol Economy in India

According to the current status, India is the sixth-highest 
consumer of fossil fuel around the world. It is anticipated 
that the country will become the third-largest consumer 
shortly. Currently, India needs approximately 2900 cr lit-
ers of petrol and 9000 cr liters of diesel per year. This large 

(1.12)BOV =
{

ON −
(

ONbase × (1 − Y)
)}

/

Y

Table 1   Comparison of physicochemical properties gasoline and 
methanol [5, 46, 132]

Properties Unit Gasoline Methanol

Chemical formula – Various CH3OH
Molecular weight g/mol 95–120 32.04
Oxygen mass% 0 49.93
Hydrogen mass% 14 12.5
Carbon mass% 87.5 37.5
Density g/mL 0.737 0.792
Autoignition tem-

perature
°C 257 423

Boiling point °C 27–225 78
Freezing point °C − 40 − 97.5
Flashpoint °C − 45 to − 13 11
Reid vapor pressure kPa 53–60 32.4
Motor octane no – 82–92 88.6
Research octane no – 90–100 108.7
Latent heat of vapori-

zation
kJ/kg 349 920–1109

Low heating value MJ/kg 44 20.1
Viscosity mm2/s 0.29 0.596
Stoichiometric AFR kg/kg 14.7 6.5
Solubility in water at 

25 °C
ml/100 ml H2O < 0.1 Fully miscible
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requirement accounts for the six lakh crore of crude oil 
imports in a year [141]. By careful planning and by adopt-
ing the right technology, India can produce methanol at a 
regular price of 19 rupees per liter (30% cheaper than fossil 
fuel) from local coal and other feedstock. By running the 
current SI engine vehicles on methanol–gasoline blended 
fuels, India can reduce the fuel cost by approximately 5000 
cr/year annually. Figure 7 shows that methanol imports in 
India, from the year 2010–2011 to 2015–2016, were contin-
uously increasing and became almost double in 2015–2016. 
India has been exporting methanol for a long time but only 
in small amounts compared to imports [29]. The consump-
tion of gasoline in India in the year 2015–2016 was 22 MT; 
still, India has not yet started the use of methanol–gasoline 
blended fuel for transportation even though the country has 
enough potential for the production of methanol from plenty 
of feedstock available. Recently, Methanol Institute (MI) is 
supporting India’s effort to increase the use of methanol as 
a vehicle fuel. MI is working with the Automotive Research 
Institute of India (ARAI) and Indian Institute of Petroleum 
to facilitate the rollout of methanol blends [142].

6 � Methanol–Gasoline Blended Fuel

As explained earlier, almost all the vehicles manufactured 
today are not compatible with pure methanol (100%) fuel. 
So, the alcohol biofuels are used in the blended form with 
gasoline. Methanol–gasoline blends have been using suc-
cessfully since 1980. Methanol blends are the best possible 
solutions to fight with the growing gasoline demand and 
to extend the gasoline supply by meeting all the environ-
mental regulations [134]. The high blending octane value of 
methanol provides a cost-effective means of improving the 
low octane value of gasoline. Methanol is an efficient blend-
stock for all grades of gasoline. Blending vapor pressure is 

one of the factors which affect the fuel blend performance 
adversely. Methanol may form nonideal (azeotropic effect) 
blends with gasoline, and there are chances of the increas-
ing Reid vapor pressure in the range 200–800 kPa. Higher 
alcohol added to the methanol–gasoline blends can reduce 
the increase in Reid vapor pressure. Methanol blends at 15 
volume percent are successfully used in modern engines 
having fuel injectors with the feedback control system and 
the engine developing a satisfactory performance with the 
blend fuels.

7 � Higher Alcohol Additives for Methanol–
Gasoline Blended Fuel

Generally, additives are added to blend fuel to reduce the 
adverse effects or drawbacks, thereby achieving emission 
reduction and performance improvement. The additives 
include oxygenates, corrosion inhibitors, octane enhancers, 
antiknock compounds, dyes and detergents [68]. Most issues 
by adding alcohol may be avoided by low amounts of alcohol 
or by using another cosolvent [144]. Higher alcohol (higher 
molecular and higher carbon alcohol) with specific chemical 
and physical properties is added to the methanol–gasoline 
blend to reduce its adverse effects. These three-component 
(alcohol + higher alcohol + gasoline) fuels are also known as 
ternary blend fuels. Alcohol with a higher carbon number, 
such as isobutanol, has high energy content and can displace 
more petroleum gasoline than methanol–gasoline blended 
fuel [121]. Factors such as oxygen content, heating value, 
flame speed and octane number affect combustion efficiency 
and increase these factors, which would help boost combus-
tion and minimize engine emissions [145]. The dual alco-
hol blends of higher alcohol and lower alcohol are a viable 
option to alleviate the limitations associated with the vola-
tilities of single alcohol–gasoline blends [22]. The combined 
properties of both methanol and higher alcohol can improve 
the blended fuel’s performance because the disadvantages 
of methanol and higher alcohol would be limited mutually.

Alcohols such as pentanol, butanol and propanol have 
gained more attention in recent years because of their 
advantages over low-carbon alcohols. These alcohol fuels 
are called next-generation biofuels [146]. Shirazi et al. 
[147] found that dual alcohol blends could achieve RVP 
values near gasoline. Elfasakhany [148] has done an exper-
imental study on the emissions and performance of both 
n-butanol–methanol–gasoline and isobutanol–biometha-
nol–gasoline blend fuels in an SI engine. They concluded 
that ternary blend fuels at a lower rate would decrease the 
performance and inversely affect the emissions. Still, a 
higher percentage of blended fuels will improve perfor-
mance and reduce emissions. Geo et al. [149] investigated 
the effect of the addition of alcohol in the SI engine with 
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a 10% volume of n-pentanol, n-butanol and isobutanol in 
gasoline. They found that all the oxygenate blends exhib-
ited better performance except for n-butanol blends. Emis-
sions also low compared to gasoline except for NOx, which 
varied concerning the latent heat of vaporization. Geo 
et al. [150] have observed that the higher alcohol–gaso-
line blends’ emission parameters were lower in higher load 
conditions and in-cylinder pressure. However, heat release 
rates were increased compared to gasoline.

Yilmaz et al. [151] studied the effects of hydrogen addi-
tion in methanol–gasoline blends on an SI engine’s perfor-
mance and emission characteristics. They found that the 
addition of H2 improves the combustion process but caused 
increasing CO2 and NOx emission. On the other hand, CO 
and HC emissions were reduced due to the leaning effect 
caused by the methanol addition. Gong et al. [152] stud-
ied the influence of added hydrogen in methanol engines. 
They concluded that CO and HC emissions decrease by 
using H2 at low engine speeds and various ignition tim-
ing but increases NOx and soot emissions. Even though 
the hydrogen addition to the methanol–gasoline blend has 
some advantages, it is very costly and complicated to store 
and use onboard [153]. It needs some significant modifica-
tions to the engine design to use hydrogen in the existing 
SI engines. According to Hosseini et al. [107], internal 
combustion engines attain only 20–25% efficiency and low 
power output when using hydrogen fuel compared to fossil 
fuel. The running costs of hydrogen vehicles could be one-
third higher than for existing gasoline vehicles because of 
the high price of hydrogen. Also, the hydrogen addition 
may increase NOx emissions. So it is better and easy to use 
higher alcohol in methanol–gasoline blended fuel. Butanol 
is an excellent biofuel, and advancements in biotechnology 

applications can make butanol production cost less and 
easier [13].

7.1 � Isobutanol (Isomer of Butanol) as Additives 
of Methanol–Gasoline Blended Fuel

Experimental studies on the use of methanol and butanol 
isomers in SI engines either as a pure form or as blended 
with gasoline have been reported in several articles. Still, the 
idea of ternary blends of these additives with gasoline has 
come recently [146, 154–157]. Generally, the butanol iso-
mers help reduce emissions because of the low hydrocarbon 
fractions and high oxygen levels [154]. Most used butanol 
isomers are n-butanol (CH3–CH2–CH2–CH2OH) and isobu-
tanol (CH3 (CH2)3OH). Their production methods are more 
familiar than other isomers. Some of the research findings 
revealed that isobutanol is a suitable methanol–gasoline 
blendstock than n-butanol [158]. Isobutanol is consisting of 
four carbon atoms, which is also represented as i-BuOH with 
the IUPAC nomenclature of isobutanol is 2-methylpropan-
1-ol. The other names of isobutanol are isobutyl alcohol, 2 
methyl-1-propanol, 2-methylpropyl alcohol, and isopropyl 
carbinol. The energy content of isobutanol is high compared 
to methanol and is almost 80% of gasoline’s energy con-
tent. It has low Reid vapor pressure compared to ethanol 
and methanol, making it a more suitable gasoline blend-
stock [159]. Table 2 shows the functionalities of methanol 
and isobutanol relevant to automobile applications. Table 3 
shows the comparison of the physicochemical properties of 
isobutanol, n-butanol and methanol.

Recent researchers identified bio-butanol as promising 
next-generation eco-friendly alternative fuel because of 
its capability to reduce the amount of carbon escape to the 

Table 2   Comparison of functionalities of methanol and isobutanol relevant to automobile application [132, 157, 158, 160–162]

Methanol Isobutanol

Less carbon and hydrogen atom—Low energy content and higher fuel 
consumption

More carbon and hydrogen atom—High energy content and lower fuel 
consumption

High saturation pressure (Higher volatilities)—More chances of cavita-
tion and vapor lock problems

Low saturation pressure (Lower volatilities)—fewer chances of cavita-
tion and vapor lock problems

The high heat of vaporization—difficult engine starting in cold atmos-
pheric conditions

Low heat of vaporization (half of methanol)—Relatively light engine 
starting in cold atmospheric conditions

Lower kinematic viscosity—It may become a source of wear problems 
in the fuel line

Higher kinematic viscosity—avoids potential wear problems in the fuel 
line

Corrosive in large doses Less corrosive
Low flashpoint—unsafe while using in hot environmental conditions High flash point—much safer fuel in hot environmental working condi-

tions
Low Stoichiometric A/F ratio—comparatively less compatible with 

present automobile engine design
Relatively high Stoichiometric A/F ratio—more consistent with current 

automobile engine design
Low water tolerance—comparatively more chances of separation from 

base fuel
Comparatively high water tolerance—fewer chances of separation from 

base fuel
Toxic in large doses Moderate toxic
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atmosphere during combustion and which further reduces 
greenhouse gases and global warming [164]. Bio-butanol 
is mainly produced using an anaerobic biological process 
called ABE (acetone, butanol and ethanol) fermentation. It is 
the process of converting sugar to acetone, butanol and etha-
nol in the ratio of 3:6:1, respectively, with genus clostridia 
[160, 164–168]. Bio-butanol offers an alternative fuel for 
spark-ignition engines and has superior fuel properties than 
lower alcohols, which are conventionally used in fuel blends 
[169]. The butanol can be derived from fossil fuels known 
as petrobutanol. Both bio-butanol and petrobutanol have the 
same physical and chemical properties [170]. Elfasakhany 
[158] has done experiments on an unmodified SI engine 
with different ternary blend fuels. He observed that adding 
isobutanol to methanol–gasoline blended fuel can lead to a 
significant reduction in exhaust emissions. The performance 
is comparable to gasoline fuel and higher than n-butanol-
added ethanol–gasoline blend fuels.

8 � Combustion Characteristics of Alcohol 
Blended Fuels

The cylinder pressure and heat release rate (HRR) are essen-
tial combustion characteristics used to collect information 
about the engine’s combustion behavior. Ignition, develop-
ment of flame, propagation and termination of the flame 
are the main combustion processes [44]. The parameter 
flame speed is the most important among other combus-
tion parameters since it influences the rate of fuel burning 
and combustion duration [171]. The physical and chemical 
properties of the fuel used in internal combustion engines 
are among the main parameters that affect HRR [172]. The 

alcohol–gasoline blends can improve the HRR with increas-
ing alcohol concentration in the blended fuel. A high HRR 
indicates that the combustion is adequate. The addition of 
alcohols to gasoline increases the blended fuel’s oxygen 
content, which makes the fuel burn more fully and the HRR 
increases [173]. Methanol is superior to ethanol and butanol 
in improving the HRR of the engine in the range of speeds 
2000–2500 rpm; still, at higher engine speeds (greater than 
2500 rpm), the HRR of methanol and ethanol blends begins 
to decrease.

On the other hand, butanol–gasoline blends can burn bet-
ter and release more heat at high speeds and full-load opera-
tion. Butanol is more suitable for running at higher engine 
speeds and full-load conditions than methanol and ethanol 
[173]. Qi et al. [44] have observed increased peak cylinder 
pressure with the rise in methanol level in the blended fuel. 
But these peak cylinder pressures for all the test fuels were 
almost identical at lower engine loads. Eyidogan et al. [172] 
compared combustion characteristics of alcohol blended 
fuels and gasoline with cylinder gas pressure and HRR. They 
observed that the cylinder gas pressure using pure gasoline 
started increasing earlier than fuel blends and Pmax of all the 
test fuels occurs near the top dead center (TDC). Because 
of the longer combustion duration, gasoline’s cylinder gas 
pressure is wider than methanol–gasoline fuel blends. At the 
vehicle speed of 80 km/h, Pmax was obtained from M10 at 
5 kW, whereas with the use of pure gasoline, the same wheel 
power was obtained at 10 kW, 15 kW and 20 kW.

Agarwal et  al. [174] examined an MPFI automotive 
engine’s combustion characteristics using gasoline-methanol 
blends (gasohol). They observed that the combustion char-
acteristics of methanol–gasoline blend were similar to gaso-
line. There was a decrease in combustion duration because 

Table 3   Comparison of the 
physicochemical properties 
of isobutanol, n-butanol, and 
methanol [14, 146, 158, 163]

Properties Unit Isobutanol n-butanol Methanol

Chemical formula – C4H9OH C4H9OH CH3OH
Molecular weight g/mol 74.12 74.12 32.04
Oxygen mass% 21.62 21.62 49.93
Hydrogen mass% 13.5 13.5 12.5
Carbon mass% 64.8 64.8 37.5
Density g/ml 0.81 0.802 0.792
Autoignition temperature °C 415.6 343 423
Boiling point °C 108 117.7 78
Flashpoint °C 28 37 11
Reid vapor pressure kPa 2.3 2.27 32.4
Motor octane no – 105 98 88.6
Latent heat of vaporization kJ/kg 686.4 919.6 920–1109
Lower heating value MJ/kg 33.1 33.19 20.1
Viscosity at 20 °C mm2/s 1.36 5.38 0.596
Stoichiometric AFR kg/kg 11.20 11.20 6.5
Solubility in water at 25 °C ml/100 ml H2O 10.6 7.7 Miscible
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of the faster combustion of gasoline-methanol blends. They 
concluded that methanol and gasohol could be used as good 
alternative fuel for unmodified engines. Gravalos et al. [175] 
have experimentally studied the influence of various alco-
hol–gasoline blended fuels in an SI engine. They found that 
the methanol–gasoline blend has achieved good combus-
tion efficiency, and the high NOx emissions can be regulated 
using a catalytic converter. Ozsezen et al. [176] investigated 
the combustion characteristics of methanol/ethanol–gasoline 
blends (E5, E10, M5, M10). They observed reduction in 
HC and CO emission when using alcohol blends than gaso-
line. Celik et al. [177] have done experiments on a single-
cylinder, four-stroke SI engine using methanol and gasoline 
under different compression ratios 6:1–10:1 at an engine 
speed range of 1500–3500 rpm. They observed a knock 
phenomenon at CR of 8:1 when fuel was gasoline and no-
knock when methanol was used at CRs of 8:1 and 10:1. So, 
methanol addition will surely reduce the knocking tendency.

From the literature studies, the authors observed the 
following effects of methanol–gasoline blends. Metha-
nol–gasoline blends help to improve the overall combus-
tion efficiency of the SI engine. Advances in laminar flame 
speed, decreased combustion duration, rise in peak cylinder 
pressure, higher HRR and reduced knock tendency. Many 
researchers found increased BSFC due to the addition of 
methanol in gasoline. The reason for this effect may be the 
low heating value of alcohol compared to gasoline.

9 � Effect of Methanol–Gasoline Blended 
Fuels on SI Engine Performance

Methanol is coming up as a favorite alternative fuel all over 
the world because of the compatible properties. Methanol 
can be blended with gasoline easily, and researchers have 
done mixing up to a concentration of 85% [5, 178, 179]. 
Many researchers observed some significant positive engine 
performance changes, fuel economy and emissions when 
using blended methanol fuel compared to regular gasoline 
[139, 175, 180]. Methanol fuel can suppress knocking and 
improve the thermal efficiency of the engine [88, 93, 181].

Tian et al. [173] used GT-Power software to simulate 
the working of a turbocharged direct-injection four-cylin-
der engine. For achieving better convergence and reduc-
ing the simulation error, the simulation used 200 cycles. 
They observed that when the engine speed is between 2000 
and 2500 rpm, alcohol fuels can significantly increase its 
brake torque (BT). Methanol can increase the BT of the 
engine than ethanol and butanol. An increase of 6.41% 
and 6.42% in BT is exhibited by M10 and M20, respec-
tively, at 2000–2500 rpm. However, a higher BSFC can 
be observed by the methanol blends in the SI engine. The 
increased BSFC is mainly because of the relatively low 

LHV of methanol. They also observed that at a speed of 
3000 rpm, the addition of alcohol fuels has little effect on 
engine torque, but the BSFC increases.

Eyidogan et al. [172] have examined the performance 
of alcohol blends methanol–gasoline and ethanol–gasoline 
in an MPFI SI engine using a chassis dynamometer setup 
at different speeds. They have found the following effects: 
(1) increased brake specific fuel consumption, (2) delay in 
rising cylinder gas pressure compared to gasoline fuel and 
(3) the lowest heat release rate attained by the gasoline fuel 
in all test conditions. M10 exhibited increased BTE of 4.7 
and 2.5% at 100 km/h and 80 km/h, respectively, because of 
the better combustion due to more oxygen content of M10. 
BSFC of M10 is 1.2% higher than gasoline at 100 km/h; 
however, this increase is normal due to the lower energy 
content of alcohols. Elfasakhany [158] had done a com-
parative study among five different fuel blends via metha-
nol (M), ethanol (E), isobutanol (iB), n-butanol (nB) and 
acetone (AC) in gasoline to find the best alternative fuel 
among them. He used an unmodified SI engine test setup and 
found that the methanol blend showed the maximum volu-
metric efficiency and increased output torque. Simeon Iliev 
[182] investigated a four-stroke SI engine’s emission and 
performance using ethanol and methanol blends. He devel-
oped a one-dimensional model of a four-stroke SI engine for 
finding the effect of various fuel types on a four-stroke SI 
engine at different operating conditions. His study revealed 
that the usage of blend fuels causes decreased brake power 
and increased fuel consumption. Abu-Zaid et al. [101] have 
studied the impact of methanol–gasoline blends on an SI 
engine’s performance. The tests were conducted under dif-
ferent engine speeds varying from 1000 to 2500 rpm and in 
the condition of wide-open throttle (WOT) using different 
methanol–gasoline blend fuels. The results showed increased 
BSFC for all blend fuels compared to pure gasoline. Dan-
aiah et al. [89] have done experiments on the carburetor-type 
four-cylinder SI engine using gasoline–methanol blends (5% 
to 15% volume) and changing the ignition timing 10° to 30° 
BTDC. They observed an increased thermal efficiency and 
decreased BSFC for a 15% volume concentration of metha-
nol (M15). Table 4 shows a brief description of research 
findings on the use of methanol–gasoline blended fuels 
without additives on unmodified SI engine performance 
and emission.

Li et al. [53] had done a comparative analysis on perfor-
mance and emissions of butanol–gasoline, methanol–gaso-
line and ethanol–gasoline in the PFI engine. They concluded 
that the butanol, methanol and ethanol and gasoline blends 
showed improved combustion and increase with the rise in 
volume ratios of methanol, ethanol and butanol in blends due 
to the superior laminar flame speed of alcohols. When the 
volume ratio of butanol increased to 60%, the tendency was 
reversed due to the low vapor pressure and charge-cooling 
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effect. Wu et al. [187] have studied the impact of pure meth-
anol on the emission and combustion performance of an 
SI engine working under idle conditions. The study results 
showed that methanol had played a useful role in refining 
engine economy and performance under lean-burn condi-
tions. A higher indicated thermal efficiency value of 24.7% 
was obtained at lambda 1.4, which is comparatively higher 
than the value obtained when using gasoline in the same 
condition. It was found that methanol has improved combus-
tion rate and has decreased flame development and flame 
propagation periods.

Only a few researchers observed a significant decrease 
in BSFC for a low dose of methanol blends. Most of the 
researchers observed higher volumetric and brake thermal 
efficiency (BTE) for methanol–gasoline blends. The brake 
torque (BT) showed an increasing trend, but the engine’s 
brake power is decreasing by using methanol–gasoline 
blends. Suppose the alcohol cost is lower than the conven-
tional fossil fuel and considering methanol as a renewable 
fuel. In that case, the adverse effect of higher brake specific 
fuel consumption (BSFC) can be neglected.

10 � Effect of Methanol–Gasoline Blends 
with Higher Alcohol Additives on SI 
Engine Performance

Additives are generally used in methanol–gasoline blend 
fuels to improve the blends’ properties, thereby enhancing 
engine performance. Higher alcohol can be used as a poten-
tial additive for this purpose as gasoline’s miscibility is bet-
ter than other additives like alkanes and hydrogen.

Elfasakhany [40] has studied the effect of ternary 
blends of n-butanol–bioethanol–gasoline (nBE) and isobu-
tanol–biomethanol–gasoline (iBM) on the performance and 
emissions of an SI engine. The blended fuel showed a slight 
decrease in performance because of the lack of engine tun-
ing. The engine performance of iBM was lower than gaso-
line as 2.6%, 0.43%, 2.4% and 2.5%, and for BP, Torque, 
VE, EGT, respectively, while the ICP of iBM was found 
to be higher by about 1.2%. He also found that the perfor-
mance of iBM is better than nBM blends and is comparable 
to gasoline. In another study, Elfasakhany [154] performed 
experimental investigations in a spark-ignition engine using 
n-butanol/isobutanol dual alcohol–gasoline blends. He found 
that at a higher volume percentage of alcohols, the volumet-
ric efficiency exceeds the gasoline value because the heat 
of evaporation starts to dominate the saturation pressure in 
higher concentrations. At all engine speeds, torque using 
dual alcohols/gasoline blends is decreased relative to that 
of the pure gasoline by about 3.6%, 4% and 2.1% for niB3, 
niB7 and niB1. The engine power also reduced by 5.9%, 
7.2% and 4.6% for niB3, niB7 and niB10, respectively, 

compared to pure gasoline. The reduction in performance 
is due to the lower energy content of alcohols. However, 
the performance can be improved by proper selection of 
blends and concentrations. Elfasakhany [186] studied an 
SI engine’s performance and emission characteristics using 
ethanol–methanol–gasoline blends. He observed an approxi-
mately 33% and 27% increase in volumetric efficiency for 
methanol and methanol ethanol blends than base gasoline 
because of the higher latent heat of vaporization of ethanol 
and methanol. Sharudin et al. [121] studied the isobutanol 
additive effect in the methanol–gasoline fuel of unmodi-
fied spark-ignition engines. They have used a lower ratio of 
methanol–gasoline blends (M5) with the isobutanol addi-
tive (5–15% with 5% increment) than base gasoline fuel. 
The results showed a 10.1% and 19.3% increase in BP and 
BTE achieved by M5B15 blended fuel compared to base 
fuel at 2500 rpm. Siwale et al. [179] compared the combus-
tion, emission and performance characteristics of metha-
nol–gasoline blend with methanol–n-butanol–gasoline blend 
with gasoline at steady state. The dual alcohol–gasoline 
blend (M53b17) was selected according to gasoline fuel’s 
vapor pressure requirement. The use of M53b17 was pre-
ferred over M70 due to the lower EGT benefits, leading to 
improved volumetric efficiency and consequently reducing 
the compression work. Besides, its combustion efficiency 
also improved due to better energy content when using the 
M53b17 blend. Elfasakhany [155] has studied the effect of 
ternary blends of n-butanol–isobutanol–gasoline, isobu-
tanol–ethanol–gasoline and ethanol–methanol–gasoline on 
a single-cylinder, four-stroke SI engine. The results showed 
betterment in brake power, torque and volumetric efficiency 
for ethanol–methanol–gasoline blends compared to other 
combinations. Yilmaz et al. [151] investigated the perfor-
mance and emissions characteristics of a methanol–gasoline 
blend with the addition of hydrogen in an SI engine. They 
observed a decrease in thermal efficiency and an increase 
in the SI engine’s brake specific fuel consumption due to 
the homogeneous air–fuel mixture and better combustion 
properties of hydrogen. Table 5 shows a brief description of 
research findings on the use of methanol–gasoline blended 
fuels with additives on unmodified SI engine performance 
and emission.

11 � Effect of Methanol–Gasoline Blends on SI 
Engine Emission

The engine emission depends on many factors such as fuel, 
combustion characteristics, cylinder temperature, cylinder 
pressure, etc. Simeon Iliev [147] observed the following 
results during his experimental study. The CO and HC emis-
sions decrease when methanol and ethanol concentration 
increases. The blends M50 show the lowest HC and CO 
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emissions, but there was a significant increase in NOx emis-
sions when increasing the volume percentage of alcohols up 
to 30%, and then it decreases.

Canakci et al. [139] have done experiments on an SI 
engine fueled with methanol–gasoline fuel blends and pure 
gasoline. They observed a decrease in HC and CO at the 
vehicle speed of 80 km/h due to methanol–gasoline blends. 
Siwale et al. [180] studied the effects of blend fuel on com-
bustion, performance and emission characteristics of single 
alcohol and dual alcohol–gasoline blends (methanol–gaso-
line and methanol–n-butanol–gasoline). The result revealed 
that M70 (70% methanol and 30% gasoline) produced low 
NOx emissions than ternary blends, and the NOx emission 
increases with the increase in spark timing. The blend M20 
(20% methanol and 80% gasoline) produced more NOx 
emissions. Liu et al. [88] have studied the engine emissions 
and cold-start performance with the methanol–gasoline 
blend in a three-cylinder SI engine with port fuel injec-
tion. They observed a reduction in CO emissions during the 
warming-up and cold start. Varol et al. [183] have experi-
mentally proved that methanol–gasoline fuel (M10) can 
decrease CO emissions. Zervas et al. [188] have examined 
the effect of equivalence air–fuel ratio and fuel composi-
tion on NOx emissions. They have concluded that blends of 
2-propanol, methanol, ethanol and MTBE with gasoline (by 
5% and 20% volume) could reduce NOx emission up to 60% 
at the stoichiometric condition. Tian et al. [173] studied the 
emission characteristics of methanol, ethanol and butanol 
in the TISI engine. They found that compared with ethanol 
and butanol, methanol can better increase engine BTE, but 
it also increases BSFC.

Li et al. [53] have observed an increased CO emission 
by adding ethanol, methanol and butanol, at stoichiometry 
and decreased CO emission at the rich condition. Unburned 
hydrocarbon emission was found to be increased for a metha-
nol–gasoline blend while decreased for the butanol–gasoline 
blend. But methanol–gasoline blends showed a lesser NOx 
emission compared to gasoline. Liu et al. [92] studied the 
effect of methanol–gasoline blend in a three-cylinder port 
fuel injection engine. They concluded that methanol reduces 
HC emissions throughout the cold-start and warming-up 
process at 5 °C. In the first few seconds, HC reduction was 
more than 50% and decreased to 30% in the final warming-
up period. Also, there was a nearly 25% reduction in CO 
when using M30 fuel. Zhen et al. [189] have done numerical 
analysis on emissions in an SI engine and concluded that the 
CO emission could be reduced by increasing compression 
ratios and delaying spark timings. Still, there is a chance 
of increased CO emission in higher engine speeds. Zhao 
et al. [87] have examined the effect of methanol blend and 
100% methanol fuel on passenger cars’ emission character-
istics. They concluded that methanol–gasoline blended fuels 
caused a 9–21% reduction in CO and a 1–55% reduction Ta
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in THC emissions. They have observed four and two times 
higher formaldehyde emissions for M100 and M15, respec-
tively, compared to gasoline. Tian et al. [173] observed that 
alcohol fuels to gasoline could reduce CO and CO2 emis-
sions, along with a slight increase in HC and NOx emission. 
Adjusting the ignition time and flame kernel radius can effi-
ciently enhance engine torque and reduce fuel consumption 
and exhaust emissions, especially NOx emissions. Rifal et al. 
[190] found that methanol–gasoline fuel blend reduced HC 
and CO emissions by 45% and 33.25%, respectively; how-
ever, the CO2 emissions increased by 10.3% for all engine 
speeds.

12 � Effect of Methanol–Gasoline Blends 
with Higher Alcohol Additives on SI 
Engine Emission

The higher alcohol additives are generally added to metha-
nol–gasoline blends to improve their blend properties and 
to enhance combustion, performance and emission charac-
teristics. The methanol–gasoline blended fuel with higher 
alcohol additives is also called ternary blend fuels. The 
higher alcohols will work as a property enhancer for the 
methanol–gasoline blend fuels without any miscibility issues 
since the additives are also from the alcohol family.

Elfasakhany [40] has studied the effect of 
n-butanol–bioethanol–gasoline (nBE) and isobutanol–biom-
ethanol–gasoline (iBM) on emissions of a SI engine. He 
found that all the fuel blends (iBM and nBE) showed low 
UHC, CO2 and CO emissions than the regular gasoline and 
emissions decrease with an increase in the concentration of 
the additive in blends. Bharath et al. [8] studied the noise, 
vibration and emission characteristics of methanol-based 
ternary blends on a four-cylinder automotive SI engine. 
They observed significant reduction in HC and CO emis-
sions without any modification to the engine. Sharudin 
et al. [121] have investigated the effect of volume percent-
ages of isobutanol (B5, B10, and B15) on an unmodified SI 
engine fueled with methanol–gasoline blended fuel (M5). 
He proved that isobutanol–methanol–gasoline signifi-
cantly improved the performance of the engine compared 
to the methanol–gasoline blend. Siwale et al. [180] studied 
the emissions of a spark-ignition engine using methanol 
(53%)–n-butanol (17%)–gasoline (30%) blended fuels and 
compared results with biomethanol (70%)–gasoline (30%), 
biomethanol (20%)–gasoline (80%) and neat gasoline. The 
results showed lower emissions and higher performance of 
blended fuels than those of neat gasoline and ternary blends 
showed lower UHC emission, more elevated CO, NOx and 
CO2 emissions and lower brake thermal efficiency than 
those of dual fuel blends. Elfasakhany [155] has observed 

reductions in CO and UHC emissions for the ternary blend 
of ethanol–methanol–gasoline, compared to other blends.

13 � Conclusions and Recommendations

In this review, the authors enlightened the influence of 
higher alcohol additives in methanol–gasoline fuel (metha-
nol-based ternary fuel) on an SI engine’s performance and 
emissions. The paper explains the different methods used for 
the production of methanol and its applications. The ben-
efits of using ‘isobutanol’ in methanol–gasoline blended 
fuel and its properties were discussed concerning auto-
mobile applications. The addition of higher alcohol could 
resolve some of the adverse effects of methanol blended fuel 
in an unmodified SI engine. Most of the test spark-ignition 
engines described in the literature review are without engine 
modifications, which shows that methanol can be a possible 
alternative fuel for existing gasoline engines. Methanol, as 
an alternative fuel, can considerably reduce fuel import and 
transportation costs since methanol can be produced from 
the locally available feedstock. The following are the general 
conclusions:

1.	 Many research studies have reported that alcohol as an 
alternative fuel has a more substantial part in satisfying 
the existing energy demand mainly in the transport sec-
tor and in fighting against the fossil fuel crisis because of 
the feasibility and its economic aspects. The methanol–
gasoline blended fuel of optimum concentration can be 
used directly in SI engines without engine modifications.

2.	 The majority of researchers reported that methanol has 
specific chemical and physical characteristics, which 
increases the brake torque (BT), heat release rate (HRR) 
and overall brake thermal efficiency (BTE) of the engine 
and helps to reduce emissions of CO, HC, etc.

3.	 Performance studies using methanol–gasoline blended 
fuel indicated that increasing the dose of methanol will 
lead to higher BSFC compared to gasoline because of 
the low energy content. Still, the use of higher alcohol 
additives can control this adverse effect. Ignition time 
and flame kernel radius tuning can efficiently reduce fuel 
consumption and exhaust emissions, especially NOx, 
and also improve engine torque.

4.	 Studies revealed that higher alcohol additives such 
as isobutanol could be used with methanol–gasoline 
blended fuel to improve blend fuel properties. It also 
helps to avoid phase separation problems and enhance 
the stability of the blended fuel.

5.	 Production of methanol from CO2 and electrofuels can 
reduce greenhouse gases and global warming. Waste 
biomass or even sewage can work as the feedstock for 
biomethanol. Conversion of biogas to methanol is also 
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significant because, through this process, the biogas can 
be effectively utilized in internal combustion engine 
operations.

6.	 Methanol in pure form (100%) can be used directly in 
modified spark-ignition engines. The increased compres-
sion ratio at higher blending concentration or methanol 
fuel in the pure form will increase the engine’s power 
and torque because of the high octane rating of metha-
nol.

Based on the study mentioned above, it can be concluded 
that a lot many researchers have made great attempts and 
efforts in exploring, understanding and experimenting 
methanol’s ability to fight against the energy crisis. The 
researchers are also promoting it as a future alternative fuel, 
but there are still spaces for advancement in many coun-
tries like India. Further investigation is needed to determine 
methanol production from different biomass (biomethanol) 
and to find more easy production methods. The selection 
criteria and selection methods for higher alcohol additive to 
methanol–gasoline blended fuel should be explained well. 
The concentration of higher alcohol additives added to the 
methanol fuel needs optimization for economic aspects 
and efficient performance of the engine. The authors have 
a strong opinion that the researchers should focus more on 
bio-alcohol, production of electrofuels from CO2 and con-
version of the same to methanol to reduce carbon in the 
atmosphere. Other areas of focus should be on storage, 
stability and conveyance of methanol–gasoline blend fuel. 
Also, It is needed to concentrate more on the modification 
or conversion of the present automobiles in minimum efforts 
to work efficiently in higher percentage methanol blends and 
conform to the current emission standards.
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