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Abstract

In the coming years, energy sources will play a vital role in global development. Bio-
fuels made from sustainable sources are essential for the global economy's long-term
viability and the reduction of greenhouse gas emissions. Clean, renewable, and sus-
tainable must be the watchwords for future energy strategy. Alcohol fuels are again
becoming a popular term in the context of green fuel usage in relation to climate
change mitigation and clean fuel technology. In this review, low alcohol synthesis,
applications and limitations as fuel and its catalytic conversion to fuel and petro-
chemicals were discussed, in addition to the techno-economic evaluation, environ-
mental implications and prospects for practical application of low alcohols as fuels
and petrochemicals. The study shows that lower alcohols have emerged as a funda-
mental feedstock for the synthesis of fuels and value-added chemicals due to the

increased accessibility of conversion technologies in recent years, but the cost of pro-
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1 | INTRODUCTION

The establishment of sustainable techniques that make use of renew-
ably synthesized feedstock to the greatest extent possible is a major
contemporary topic of interest in the fields of chemistry, engineering,
agriculture, and environmental policy.l'3 This discovery in the trans-
portation fuels industry is particularly pertinent, which relies heavily
on petroleum, a fossil fuel-based energy source. However, as the
world's availability of petroleum shrinks, it is getting highly costly and,
as a result, less competitive as a carbon-generating fuel. The utiliza-
tion of fossil fuels or their derivatives for generating heat and electric-
ity is also linked to an overall rise in greenhouse gas concentrations
worldwide.*"® Compared with the current scenario, where all the
demand is fulfilled by a particular source (i.e., petroleum), a more func-

tional approach that draws on various energy resources should be an

ducing lower alcohols affects their commercialization and availability.

biofuel, catalyst, ethanol, low alcohol, zeolite

attractive long alternative. Energy-efficient vehicles, solar-powered
transportation systems, hydrogen fuel cells, and biofuels are all being
investigated intensively to lessen our reliance on petroleum as an
energy source. Despite this, it will take time for these emerging inno-
vations to become commercially and technically feasible. As a conse-
quence of the shortage of facilities to assist cutting-edge techniques,
the transformation will come gradually to a market presently con-
trolled by interests and behaviors centered on the overall accessibil-
ity of liquid hydrocarbon fuels. In this regard, liquid biofuels created
from sustainable plant biomass are distinct in that they are chemi-
cally identical to the fuels that are now utilized. Due to their applica-
tion, they do not necessitate significant modifications to the
transportation systems or the internal combustion engine, especially
when blended with gasoline. As a result, the employment of biomass

as a renewable carbon source for the generation of transportation
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fuels is a potential substitute that may be realized in a relatively
short period.”

To combat rising oil prices, increasing build-up of greenhouse gas
emissions, and tight emission legal rules, it is vital to develop alterna-
tive fuels that are both renewable and eco-friendly rather than relying
on traditional fossil fuels to address these concerns. As a result of
their unlimited supplies, low emissions enhanced mixing and combus-
tion properties, the low alcohols, notably methanol, butanol and etha-
nol, have the opportunity to provide some answers to these
challenges. Low alcohols can be applied as a blending additive in
petroleum-derived gasoline and diesel fuels, now available on the
market or used as a renewable feedstock in the catalytic conversion
process for fuel and petrochemical synthesis. In the petrochemical
sector, crude oil is fractionated and processed to obtain several grades
of liquid transportation fuel, and hydrocarbon feedstocks are functio-
nalized to generate intermediates and speciality petrochemicals. Bioal-
cohols, particularly low alcohols, would be comparable in scale to the
petroleum refining approach. The primary distinction is that biomass—
rather than petroleum—would be exploited as a sustainable supply of
carbon that can be converted into fuels and valuable chemicals within
a single plant. The application of biomass derivatives in the generation
of heat and electricity helps reduce greenhouse gas (GHG) emissions
by utilizing phases of regeneration and burning, which reduce GHG
emissions of GHGs.®

Ennaert et al.” conducted a thorough review of zeolite chemistry,
potentials, and challenges of catalytic conversion of biomass into low
alcohols. The effect of using low alcohol content as a fuel additive has
been studied; Yusaf et al.2° focused on the impact of blending metha-
nol with diesel, while Yilmaz and Sanchez'? studied the effect of using
ethanol and methanol as additives for diesel fuel. The recent study by

Kianfar et al.1?

provided a thorough overview of the many zeolite-
based catalysts and the impact of modifying the surface or framework
of the zeolite on the selectivity, stability, and conversion of methanol
to gasoline. In addition, the effects of the operational reaction
parameters were also investigated. The limitation of these studies is
that they focus only on zeolite catalysts. Bin Samsudin et al.®
focused on recent advances in the catalytic transformation of etha-

1.1# addressed the production of

nol to butadiene, while Phung et a
biopropylene from bioethanol and the factors affecting the conver-
sion processes. On the other hand, Xiang et al.*> provide a compre-
hensive overview of the catalytic conversion of bioethanol into a
wide range of chemicals and fuels, focusing on the relationships
between the catalyst, the reaction process, and the catalytic activity
and stability of the catalyst. These studies did not include the eco-
nomic and environmental implications of low alcohol conversion.
Therefore, this review study provides a comprehensive overview of
the application and limitations of low alcohols as fuels and the vari-
ous catalysts for their transformation into fuel and petrochemicals,
while presenting an up-to-date techno-economic and environmental
assessment of the feedstock for the catalytic conversion process.
The challenges and prospects for effective conversion of low alco-
hols were also discussed to assist researchers in developing a viable

process for producing improved biofuels.

2 | APPLICATION AND LIMITATIONS OF
LOW ALCOHOL AS FUEL AND ADDITIVE
2.1 | Application of low alcohol as fuel additive

The use of additives for fuel improvement has recently attracted
much attention due to the positive effects of these chemicals on the
overall fuel quality and the associated economic consequences. Like
gasoline, diesel fuel is also widely used in various machines, especially
in the engines of vehicles, which are recognized as a significant source
of pollution.?” This pollution negatively impacts the health of all living
beings and the environment.*® Therefore, it is imperative to develop a
cost-effective strategy to improve diesel and gasoline fuel to reduce
emissions. The introduction of these additives should aim to reduce
emissions while ensuring optimal fuel performance, which should con-

I*? studied a com-

tribute to adequate engine efficiency. Gad and Ismai
bination of waste cooking oil biodiesel with gasoline and kerosene in
a diesel engine to evaluate combustion and emissions and compare
the results with those of fossil diesel. They found that peak cylinder
pressure, CO, hydrocarbon, and smoke emissions decreased signifi-
cantly.’? However, the experimental studies on blending biodiesel
with kerosene did not receive sufficient attention due to several
undesirable factors, such as decreased kinematic viscosity, as Baral

1.21 revealed that this mix-

and Raine?® reported. Moreover, Yadav et a
ture (diesel and kerosene) decreased the opacity value. On the other
hand, Bergstrand22 provided information on the cetane number of
kerosene, which is lower than that of diesel, and the increase in igni-
tion delay, both of which are considered detrimental, although the
study also found some positive characteristics, including a reduction
in soot emissions at low load. Other researchers examined the effects
of kerosene on spark-ignition engines (Sl) used to generate electricity.
They reported that kerosene is less expensive than gasoline and pro-
duces far less noise than diesel.?®

Several studies have investigated the feasibility of using low alco-
hol as a fuel additive in Sl engines, with and without engine modifica-
tions.?* The study by Turner et al.?®> on gasoline-ethanol blends
showed significant CO, and NOx emissions reductions at all loading

conditions. Kang et al.2®

studied the dual-fuel ethanol-gasoline engine.
They found that increasing the ethanol content led to an improve-
ment in the combustion phase, which promoted combustion and
resulted in a more significant improvement in the engine's thermal
efficiency. Yusaf et al. studied the effects of combining methanol and
diesel in different proportions (10%, 20%, and 30%) and evaluated the
engine efficiency at speeds between 1000 and 2000 RPM. The study
evaluated the effects of blending methanol with diesel on a number
of characteristics such as input and output power, brake specific fuel
consumption (BSFC), torque, brake thermal efficiency (BTE) and
exhaust gas temperature. According to the results, the optimal blend
ratio that improves engine performance is 10% methanol.2® Cenk
Sayin also evaluated combining methanol with diesel in volume ratios
of 5% and 10% on engine performance and exhaust emissions. In
addition, the study used a single-cylinder, four-stroke diesel engine to

compare the results of blending methanol with diesel and diesel with
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ethanol at the same ratios. The results showed that smoke opacity,
emissions of CO, and total HC content decreased with increasing
BSFC for each fuel blend.?” Nevertheless, there is still too little infor-
mation on using a methanol-diesel combination in a four-stroke diesel
engine with different blend ratios. Due to the lower heat evaporation
and heating value of methanol than diesel fuel, blending methanol
with diesel fuel could lower the temperature in the engine cylinder.?8
A study on the effects of blending biodiesel with methanol and
biodiesel with ethanol was conducted by Yilmaz and Sanchez.*! In this
case, a 2% castor was added to counteract the disadvantages of low
alcohols, which include poor lubrication, problematic evaporation, and
increased temperature for auto-ignition. According to the results, the
brake-specific fuel consumption (BSFC) of biodiesel-methanol was
higher than that of biodiesel-ethanol. However, the BSFC of both
fuels is higher than that of pure diesel. Biodiesel-alcohol produces
more CO and HC than pure diesel at full load but emits less NOXx,
smoke, and soot. In another study, Yilmaz?’ compared biodiesel-etha-
nol-diesel and biodiesel-methanol-diesel blends and found that the
ratio of biodiesel-methanol-diesel resulted in higher levels of BSFC
and NO than the ratio of biodiesel-ethanol-diesel. On the other hand,
biodiesel-methanol-diesel shows a decrease in CO, NOx and exhaust
gas temperature. It can be inferred that the addition of low alcohol
promotes engine efficiency while reducing emissions. For effective
performance, however, an optimum blending ratio is necessary.

211 | Engine modifications and tolerance for
biofuel blends

A blend ratio of approximately 14.6 air:1 fuel is required for complete
combustion when using 100% gasoline. This means that 14.6 kg of air
is necessary to completely combust 1 kg of oxygen-free gasoline. The
oxygen concentration in an ethanol-E10 fuel blend is typically 3.5%.
The amount of oxygen contained in bioethanol can affect the air-fuel
ratio at which the engine operates.30 Therefore, for some vehicle
engines, it is often necessary to adjust the air-fuel ratio to compensate
for the oxygen concentration of the bioethanol blend. When ethanol
(oxygenated) fuels are added to the engine, the engine control compo-
nents in most current motor vehicles electronically detect the air/fuel
mixing ratio and modify it to maintain the stoichiometric ratio. Since
biodiesel is also an oxygenated fuel, the effect described above can be
applied to it. The highest oxygen level that can be adjusted on certain
vehicles is 3.5% of the total oxygen content (E10 ethanol fuel
blends).®! In most cases, older vehicles do not have an engine man-
agement system but use a more conventional carburetor system.
Therefore, the carburetor air-fuel mixture must be modified to
account for the high oxygen concentration in ethanol fuel blends. The
engine modifications required to run conventional internal combus-
tion engines on biofuels are discussed below.3? The fuels under con-
sideration are bioethanol, used in spark-ignition engines, and
biodiesel, used in compression-ignition engines. In the 1970s, when
cars in Brazil ran on bioethanol blends between 14% and 24% ethanol,

Brazilian automakers made the following engine modifications:
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FIGURE 1 The correlation between oxygen content and heating
value of gasoline and low alcohols (Adapted from Awad et al.%%).

i. Modifications to the cylinder walls, cylinder heads, valves, and
valve seats

ii. Adjustments to the intake manifolds, carburetors, pistons, and
piston rings

iii. Coating of the steel fuel lines and gasoline tanks with nickel to
prevent corrosion from ethanol E20

iv. Injectors with a higher fuel flow rate to account for the oxygen-
ated properties of ethanol

v. Since bioethanol blends can loosen solid deposits within gasoline
tanks and fuel lines, it is recommended that vehicles' fuel filters

be changed more often.

Vehicle owners who use bioethanol blends should follow the
manufacturer's guidelines. As for the maximum amount of ethanol
that may be blended into gasoline, most automobile manufacturers in
the United Kingdom recommend a maximum of 5% by volume. In the
United States of America, virtually all car manufacturers stipulate that
the maximum amount of ethanol that can be blended into gasoline
must not exceed 10%.3* Thus, if the owner of a vehicle chooses to
blend ethanol at a higher level than recommended by the manufac-
turer, in most cases, the vehicle's warranty will be voided. Most car
manufacturers warn that using a higher-than-recommended ethanol
concentration in the fuel can damage the vehicle and impair its

roadworthiness.

2.2 | Limitations of low alcohols as
transportation fuel

Due to their high-octane number, low alcohol can be used in their
pure form or blended with gasoline in an automobile engine, but its
application is faced with some challenges. Ethanol has a calorific
value of 27 MJ/kg, which is about 65% of that of gasoline (44 MJ/
kg). The fundamental distinction between gasoline and low alcohol
is that the latter are strong solvents and highly corrosive to the

metal components of automobile engines. Low alcohol in fuel results
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in detrimental corrosion owing to the significant water content and
the organic acids produced in commercial oxygenates. As a result of
the low viscosity of alcohols, conventional fuel injection systems
often have lubrication issues which translate to engine corrosion. In
addition to that, alcohol fuels are vapor locked as a result of high
pressure and low boiling points. The miscibility of low alcohols with
gasoline is very limited, owing to the phase separation caused by
the water content in the low alcohols. Compared to methanol, etha-
nol has a lesser vapor pressure, enhanced water tolerance, a higher
heating value and better solubility with hydrocarbon liquids, which
makes ethanol fuels better than blended methanol fuels. It has been
shown that the increased oxygen concentration of alcohols can
result in a better complete and cleaner combustion and that this
can also lower the temperature inside the combustion chamber.®>¢
Methanol has a greater oxygen concentration than ethanol (approxi-
mately 50 and 35 by weight, respectively, as shown in Figure 1).
Hence, methanol will provide less diluting power than other oxy-
genates. Due to the apparent oxygen and carbon contents in low
alcohol and ether fuels,®” their caloric value is less than that of
gasoline.®® The greater the oxygen concentration of the fuel, the
lower the heating value; on the other hand, the higher the carbon
level, the higher the heating value. As a result of these challenges,
finding sustainable substitute energy sources is critical. However,
some attempts are being made to explore and develop novel tech-
niques for producing transportation fuels using non-petroleum
resources (bioethanol feedstock) to replace the conventional
method. Hence, the catalytic conversion (upgrading) of low alco-
hols offers the opportunity to transform low alcohols into value-
added chemicals and higher hydrocarbons that can serve as petro-
chemicals and transportation fuels for industrial and automobile
engine applications, respectively. The synthesis, properties and
other applications of low alcohols are presented in Supplementary

section 8.1.

3 | CATALYSTFORLOW ALCOHOL
CONVERSION

Numerous catalysts have been applied in converting low alcohols,
often classified based on their reaction phase. That is, systems in
which the reactants and the catalyst are of the same phase are
known as homogeneous.? In contrast, systems in which the reac-
tant phase differs from that of the catalyst are known as heteroge-
neous.*® Irrespective of the reaction phase, catalysts have
significantly contributed to the production of chemicals in industry,
and this has invoked interest in researchers to synthesize novel cat-
alysts through various methods such as metal doping,** complex
composites*? and catalyst supports.*® Interestingly, heterogeneous
catalysts produce 85% of industrial chemicals, whereas homoge-
neous catalysts account for almost 15%.%>%* As such, optimizing
these catalysts has proved beneficial in the catalytic conversion of
safe, renewable and readily available materials such as low alcohols

(methanol, ethanol and propanol).

3.1 | Homogeneous catalyst
Biorefining of low alcohols has sparked interest recently due to their
application as fuel blends for diesel engines, where blends can consist
of alcohols as high as 30%.*°> The application of these low alcohols as
blends have drawn criticism due to their low lubricating properties,
which negatively affect the durability of internal combustion
(IC) engines. Proposed solutions to overcome this bottleneck involve
the catalytic conversion of low alcohols, such as bio-ethanol, into
higher alcohols or hydrocarbons that are both linear and branched.*
Homogeneous catalysts with high catalytic activity and selectively
have been applied in upgrading ethanol into advanced biofuels.
Among these, ruthenium, iridium and manganese are the commonly
used homogeneous catalysts to control yields and selectivity better.*>
These homogeneous catalysts use the Guerbet reaction to convert
low alcohols into biofuels. They can be applied to various alcohol con-
versions; this reaction is also known as borrowed-hydrogen chemistry.
An interesting study by Black et al.*¢ used the Guerbet reaction to
catalytically convert an alcohol substrate through the carbon-to-
carbon bond formation to produce longer-chain alkanes. Although the
Guerbet process has shown potential in the conversion of alcohols,
the transformation of ethanol through homogeneous catalysts has
faced challenges due to two drawbacks: (1) low alcohols (ethanol) tend
to resist the dehydrogenation step. However, Carlini et al. (2003) have
recommended creating alcohol mixtures (methanol/ethanol and meth-
anol/ethanol/n-propanol) to alleviate this problem; (2) controlling the
based-catalyzed aldol condensation of acetaldehyde is challenging,
which leads to the formation of oligomeric and polymeric species.*” It
should be noted that these homogeneous catalysts require mild reac-
tion conditions. Compared to the heterogeneous catalyst, they
achieved higher control on selectivity and yield towards advanced bio-
fuels.*> A review of the homogenous catalysts for low alcohol conver-

sion is presented in Supplementary section 8.2.

3.2 | Heterogeneous catalyst

The use of heterogeneous catalytic reactions in catalysis has enabled
researchers to effectively and economically convert low alcohols into
valuable chemicals and biofuels without any adverse environmental
impacts.*®*’ Due to their traditional usage in the chemical industry,
these heterogeneous catalytic reactions have shown potential in the
application of biotechnology, nanotechnology and green chemistry.>°
Furthermore, compared to homogeneous catalysts, heterogeneous
catalysts are responsible for producing the majority of chemicals and
over 20% of all industrial products (°; Wang et al., 2021). Heteroge-
neous catalysts are water-insoluble, environmentally friendly, non-
corrosive to equipment and reusable. Thus, they are considered a
green sustainable alternative due to their ability to avoid using harm-
ful substrates and producing toxic wastes (>?; Zhang et al., 2019). The
most commonly used heterogeneous catalysts include transition metal
oxides, rare earth metals, supported metal catalysts, hydroxyapatites
(HAP) (Wang et al., 2018°%;) and zeolites (°*°°; Y.>¢>”). The choice of
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FIGURE 2 Global ethanol production from 2007 to 2021
(Source: References [58,59]).

catalyst used depends on the targeted products since each heteroge-
neous catalyst will have a specific reaction pathway to produce the
targeted product. Various studies have been conducted to upgrade
low alcohols into other valuable chemicals catalytically. For instance,

1.%° reviewed the economic benefits of using low alcohol as

Dagle et a
a potential renewable feedstock for producing biofuels and chemicals.
In contrast, (2020) used an ethanol steam reforming (ESR) reaction
mechanism to develop a sustainable, carbon-neutral hydrogen pro-
duction process. On the other hand, Eagan et al.®* looked to address
the growing demand for middle distillate fuels (diesel and jet fuel) by
reviewing the technologies for upgrading low alcohols and their
respective reaction chemistries. The Supplementary section 8.3
reviews the common heterogeneous catalysts used to upgrade low
alcohols into fuels and petrochemicals, including metal oxides, zeolites

and hydroxyapatite.

4 | TECHNO-ECONOMIC EVALUATION OF
LOW ALCOHOL: CURRENT PRODUCTION,
COSTS, AND ECONOMIC IMPACT

Due to the increasing depletion of the world's fossil-fuel reserves,
there has lately been a surge in research in utilizing biofuel in
compression-ignition engines. Environmental issues have indeed
increased in the price of fossil fuels and regulations on exhaust emis-
sions from internal combustion (IC) engines. Various nations, including
the United States, have switched from fossil fuels to sustainable
fuels.®? As a result, low alcohol is essential to substitute fuels that can
be employed in conjunction with gasoline in internal combustion
engines, either as a blend or as an additive. The cost of producing low
alcohols can vary significantly depending on the feedstock used, the
transformation approach used, the production level, and the region in
which the fuel is produced.®® For this study, bioethanol production

and cost will be discussed. Figure 2 illustrates global ethanol

2006 2008 2010 2012 2014 2016 2018 2020 2022

Time (Years)

FIGURE 3 Comparison of the average retail fuel prices of
Gasoline, Brazil ethanol and US ethanol in liter per gasoline-equivalent
(LGE) from 2007 to 2021 (Source: Reference [63]; Brazil®*%>).

production by nation or area from 2007 to 2021. It can be observed
that production climbed rapidly from 2007 to 2010, with the highest
output occurring in 2019 after a dip in 2011 and 2012 and a further
decline in 2020 due to the COVID-19 outbreak. The United States is
the world's greatest manufacturer of ethanol, having synthesized over
13.7 billion gallons (BG) in 2020 despite the pandemic and 15.1BG in
2021, which represents 52% and 54% of the world's ethanol produc-
tion, respectively. Brazil ranks second in world ethanol production
with 7.9 and 7.5BG, representing 30% and 27.5% of world ethanol
production in 2020 and 2021, respectively. The United States and
Brazil manufacture 83% of the world's ethanol, while the European
Union produced the remaining 17% (EU), 1.3BG and other countries
in 2021.

To determine the market costs of biofuels, the most important
factors to consider are labor and land expenses, feedstock, the oil
market, and agricultural incentives. As of 2020, the cost of ethanol
from sugar cane and corn is approximately US$0.60-US$0.70 per
LGE (liter per gasoline equivalent), which is significantly higher than
the cost of gasoline, with an average cost price of US$ 0.58/ L (US
$2.40/gallon), making ethanol less competitive in the market
(Figure 3).>° Likewise, sugar beet or wheat ethanol may cost between
US$ 0.6 and US$ 0.8 LGE. However, in 2021 the cost of sugarcane
ethanol showed an appreciable competitive average cost of US$ 0.66
compared to corn ethanol and gasoline (US$ 0.80 and US$ 0.84 aver-
age cost, respectively), which shows that sugarcane ethanol can com-
pete with gasoline in the fuel market. Considering the energy cost,
ethanol is more costly than gasoline in all countries. Only ethanol gen-
erated in Brazil comes close to competing with gasoline in terms of
price and performance. A significant price difference exists between
the cost of ethanol from corn in the United States and that of sugar
cane in Brazil, with ethanol made from grain and sugar beet in Europe

being even more costly.®® Owing to the significant production of corn

85U0| SUOLILLIOD SA IR0 3|dedl|dde ay3 Aq paueAob afe S3o1e O (88N JO S3INJ 04 Akeid178U1UO /8|1 UO (SUORIPUOD-PUR-SLURILIY" A 1M ALRIq | BU1|UO//SdNY) SUORIPUOD PUe SWid | 8U3 39S *[£202/.0/6T] Uo Akiqiauluo Ao |IM ‘Uoreesay [eoIpe Nl Ued LY YINos AQ G/ T1T 'de/200T 0T/I0p/Wod" A8 | AReig 1 puluo sy fe//Sany wouy pepeojumod ‘0 ‘0SrLyY6T



ANEKWE ET AL

60of 12 I ENVIRONMENTAL PROGRESS

& SUSTAINABLE ENERGY
(USA) ethanol, its comparatively expensive cost is a considerable bar-
rier to its widespread use and commercialization as an alternative
energy source and gasoline additive. Consequently, ethanol has not
been economically competitive with gasoline; however, with govern-
ment subsidies, the cost of ethanol manufacturing will be reduced sig-
nificantly.®” Moreover, when compared to fossil fuels, the use of
biofuels will reduce the net cost of fuel. The most significant difficulty
is that increasing the use of biofuels will, in the short term, increase
the overall fuel cost, making it more expensive than fossil fuels. On
the other hand, the long-term savings in fuel expenditures may assist
in mitigating this challenge.

These discrepancies in the cost of ethanol result from various
parameters, including scale, operational efficiencies, biomass costs,
capital and labor expenses, co-product accounting, and the form of
estimates.>® These parameters influence the cost, pricing, and profit-
ability of biofuel synthesis. The price of biomass resources remains a
significant factor in determining the cost of biofuel synthesis. The
wide majority of U.S. ethanol is generated from corn, Brazil mainly uti-
lizes sugarcane, while the EU employs wheat and sugar beet for etha-
nol production. The costs of these agricultural products are
determined by factors such as planted area, outputs, harvest variables,
and market characteristics, all of which are prone to year-to-year vari-
ations. The technological complexity of manufacturing facilities and
the price of the fuels utilized for process energy have an impact on
the cost of biofuel production. In Brazil, the cost of sugar cane ethanol
varies according to the harvest period, with prices increasing during
the inter-harvest season from January to March. Other factors
influencing biofuel pricing include frequent modifications of current
gasoline and diesel prices. The expense of commercial-scale bio-based
product synthesis is now prohibitively expensive in developed nations.
For instance, the price of producing biofuels may be three times
greater than that of producing petroleum fuels without considering
the non-market advantages. In contrast, the costs of manufacturing
biofuels in developing nations are far lower than in Organization for
Economic Co-operation and Development (OECD) countries and are

quite close to the world market cost of petroleum fuel.®®

5 | CHALLENGES OF LOW ALCOHOLS AS
FEEDSTOCK FOR FUEL AND
PETROCHEMICALS SYNTHESIS

Despite the potential of low bioalcohol as a renewable energy source,
its production, conversion to higher hydrocarbons (for fuels and pet-

rochemicals), and applications still face some challenges.

51 |
security

Biomass and land availability; food and water

Technologies for producing biofuels will only be effective and benefi-
cial to the general public if there is an adequate supply of biomass

feedstock available in a sustainable manner, taking into consideration

ecological implications and the “food versus fuel” controversy.®?~7? A

sustainable and environmentally favorable approach to developing oil
crops has been proposed in one of the reviews by Groom et al.”® They
also urge that zero-carbon, more sustainable, and virtually entirely
non-fodder feedstock are promoted so that biodiversity and the pres-
ervation of critical and native food crops are not jeopardized or com-
promised in any way. The issues associated with the long-term supply
of biomass resources for biofuel synthesis have also been discussed in

other publications,”*”°

in which the authors have specifically empha-
sized the dispute between food and biofuel. The need for food and
water will continue to rise with the world's increasing population, and
it is among the reasons that food costs have risen substantially world-
wide. Historically, there was no substantial relationship between bio-
fuel costs and food prices; however, the amount of food crops
(sugarcane, maize, soybean, and rapeseed) used to make biofuels has
increased, and this relationship has become stronger as well. The con-
stant rise in and generation of biofuel, as well as the increased com-
petitiveness of the biofuel industry, results in a spike in the costs of
raw materials used to manufacture biofuel. In light of these rising ten-
dencies, the food and biofuel industries will become increasingly inter-
twined in the coming years, which will almost probably impact food
costs.”®

As a result, the focus of biofuel study is changing away from fod-
der raw material and advancing biofuel synthesis from non-fodder
biomass (like Jatropha, Karanja, Polanga oils etc., for biodiesel produc-
tion and agro and forestry residue cellulosic biomass for bio-ethanol
synthesis). For this purpose, much of the study on biofuel generation
concentrates on the possible consequences on food security, land use
variations, and water sources.”®”2 Farmers, especially in developing
countries such as India, have begun to adjust their farming practices
away from cultivating food crops and towards producing biofuel crops
on agricultural land to increase their profit and job opportunities in
the agricultural sector, even though humans do not consume the new
crops. Consequently, food accessibility and security would deterio-
rate, while the price of food would rise.”®’! Furthermore, several
other impediments to the long-term development of present biofuel
technology exist. The energy density of biomass-derived fuels is low,
and the feedstock is expensive to gather and transport. Furthermore,
increasing the development of biofuel-based crops without consider-
ing the quality and accessibility of water in each location could burden
water resources, particularly in developing nations. Such agricultural
transitions towards the production of biofuel crops can alter the sup-
ply of clean and potable water while drastically increasing the burden
on regional water resources.”%’? Aside from that, the high input
requirements for biofuel synthesis (land use, water use, crops, energy
use, etc.) are primarily fully liable for the poor economics related to
these biomass-derived fuels, which is recognized as one of the signifi-
cant barriers in their long term development.”*”778

The above impediment can be summed up as follows:

1. Because biomass production is always dependent on various con-
ditions, the development of biofuel synthesis may necessitate the

acquisition of additional land to ensure long-term viability.
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2. Increased water resource demand is due to the expansion of bio-
fuel feedstock synthesis.

3. Biomass preservation has proven to be a significant challenge, as
storage costs have reduced cost efficiencies.

4. Technological advancements in manufacturing equipment result in
a cleaner, more consistent, and smoother output.

5. The applications of by-products should be adequately delineated
and categorized.

6. The utilization of organic chemicals, which are damaging to the
ecosystem, in the majority of procedures and green process devel-
opment with substantial output has become an issue of great

concern.

5.2 | Effect of low alcohol water content and
catalyst deactivation in catalytic transformation

15,7980 showed that water and contaminants that are

Several studies
possibly present in low alcohols might influence the catalytic activity
and stability of catalysts during the bioalcohol transformation into
different chemicals and fuels. With bioethanol (10 wt% ethanol in
water) as a substrate, it was discovered that water substantially
impacted the ethanol's dehydration on alumina-based catalysts.
Kochar and colleagues®? found that the existence of water, mainly
when the water level is substantial, considerably reduces the rate of
ethanol transformation. Chen et al. discovered that in a microchan-
nel reactor and at reduced temperatures (i.e., 380°C), ethanol trans-
formation reduced from 86% to 65% as water content rises from
5 to 90 wt% over TiO,/-Al,O3, while diethyl ether specificity
improved at the cost of ethylene transformation. However, extreme
temperatures (greater than 420°C) might completely remove the
impact of water.®? Several years of comprehensive research have
revealed that the process temperature on alumina-based catalysts
should be set high (>400°C, particularly in the presence of increased
water content)®?®° to prevent the synthesis of diethyl ether and
obtain excellent ethylene selectivity.81-82:84

The distinct pore structure and acidic properties of H-ZSM-5
make it one of the most suitable catalysts for transforming ethanol
into gasoline. On the other hand, coke formation (preventing active
site accessibility) and dealumination lead to rapid deactivation (loss
of acidity) of H-ZSM-5. The existence of water in the system has a
complicated impact on the deactivation of the catalyst. Because
water reduces the acid strength of the catalyst by hydrating
Brgnsted acid sites, since water and coke precursors compete for
adsorption on the acid sites during coke accumulation, water can
limit coke deposition at mild temperatures.®> However, the presence
of water at higher temperatures (above 450°C) can trigger the dealu-
mination of the zeolite, leading to a significant reduction in the
active sites of the catalyst.24~8® |t is suggested that catalyst develop-
ment and tuning should focus on adjusting acidity and mesoporosity
and incorporating metal promoters to develop ethanol conversion
catalysts with excellent specificity and hydrothermal stability at

appropriate temperatures.*®

& SUSTAINABLE ENERGY

5.3 | Environmental and health impact

Global acknowledgement of the severe long-term consequences of
climate change offers a critical premise for using low alcohol fuels,
which implies that alcohol fuels should be ready to embrace opportu-
nities to reduce greenhouse gas emissions (CO,, CH,4, N,O, etc.). Low
bioalcohols have proven to be quite successful in lowering green-
house gas emissions. Compared to pure gasoline, bioethanol derived
from corn emits 43% fewer greenhouse gases than the latter. From a
completely scientific perspective, ethanol can be manufactured from
biomass generated from the CO, absorbed by plants during photosyn-
thesis. As a consequence, it can be considered carbon neutral. In con-
trast to fossil fuels, which release a large quantity of CO, from their
internal carbon atoms during combustion, ethanol can be considered
carbon-neutral since it does not release nearly as much CO, from its
internal carbon atoms during combustion. However, the growth of
biomass crops and the production of alcohol fuels are responsible for
many greenhouse gas emissions, both directly and indirectly. When
alcohol fuels are employed, there is a wide range of potential CO,
reduction. According to Alckmin-Governor and Goldemberg-Secre-
tary,®’ the values range between 0.5 kg CO,-equivalent/liter of etha-
nol for wheat-derived ethanol and as high as 2.24 kg CO,-equivalent/
liter of sugar cane-derived ethanol. Natural environments disintegrate
ethanol at an alarmingly fast rate. Biodegradation of ethanol is quick
in soil, groundwater and surface water, which can be retrieved within
10 days at most. As a result, it poses little threat to the environment
and living organisms. However, there have been a few isolated
instances in which the degradation of oxygen in surface water due to
large amounts of ethanol has resulted in the death of fish in surface
water. On the other hand, ethanol is not assimilated by soil particles.”®
Furthermore, it has been asserted that ethanol enhances air quality by
assisting ozone formation.”*

Methyl alcohol (methanol), on the other hand, is a toxin that is
colorless and flammable. It is employed as a solvent, an alternative
fuel for motors, as a feedstock for catalytic processes or as a primary
fuel for picnic stoves, as an antifreeze (by decreasing the freezing
point of water) for automobile radiators, and as a pesticide.”??% Meth-
anol is a low-toxicity compound for aquatic and most terrestrial spe-
cies, and adverse consequences from exposure to methanol in the
environment are unlikely to be noticed except in the event of a spill-
age. Non-primate animals have low acute toxicity when exposed to
methanol. However, methanol is associated with several health haz-
ards, including blindness, mobility difficulties, and mortality.”® The
intake of 10 mm of methanol results in lifelong visual impairment,
while the intake of 30 mm of methanol leads to death when con-
sumed as part of a beverage. Methanol toxicity in humans (methanol
poisoning) is a result of its metabolism (in the liver) via alcohol dehy-
drogenase which triggers the formation of formaldehyde,”* and sub-
sequently converted to formate (formic acid), a highly poisonous
substance responsible for metabolic acidosis and end-organ toxicity.”>
These transformations cause damaging impacts on the central nervous
system. Methanol can be absorbed into the human body through vari-

ous routes (ingestion, inhalation, eye or skin contact). To be classified
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as renewable, a fuel or its source must be biologically recycled, which
combines CO, and H,0 in photosynthesis. However, while H,O and
CO, are necessary for methanol production, a mechanism can be
developed to supply CO, (a GHG) from the atmosphere or flue gases,
both needed for methanol production. Because H is required for initi-
ating synthesis, water electrolysis is carried out to kick-start the
renewable energy system. A substantial quantity of CO, is needed to
synthesize methanol from various resources such as natural gas, coal,
biomass, and flue gas. To generate methanol, natural gas and coal

need less CO, ¢

6 | PROSPECTS AND FUTURE WORK
CONSIDERATIONS

The use of low alcohols as a transportation fuel can enhance the
reduction of greenhouse gas emissions. The effective exploitation of
lignocellulose is anticipated to benefit the bioalcohol manufacturing
sector. Technological improvements in this developing sector, espe-
cially the excellent performance of metabolically modified microbes at
the pilot scale, are credible for optimistic predictions in the industry.
Meanwhile, metabolic engineering (in combination with conventional
methods including random mutagenesis) is being used to resolve the
additional advancement of microbe functionality by incorporating
attributes including tolerance to ethanol and inhibitors, hydrolysis of
cellulose/hemicellulose, thermotolerance, a limited requirement for
nutrient supplementation, and advancement of sugar transport.97
Maintaining a reasonable viewpoint, on the other hand, is critical. The
enhancement in the fermentation phase achieved with metabolic
engineering is only one of the components of an incorporated proces-
sing system. To achieve an effective industrial design, certain ele-
ments must be assembled appropriately (and optimized) before
completing the rest. Once in operation, it is predicted that the existing
model techniques will require numerous cycles of enhancement and
study before they will be optimized and competitive, as with other
technologies.

Low alcohol valorization has become more appealing and promis-
ing due to bioethanol's growing supply and competitive price. It is
possible to generate a wide variety of fuels and commodity chemicals
by catalytically upgrading low alcohols, which reduces reliance on fos-
sil fuels and, consequently, the environmental consequences of this
reliance. In addition to process factors (including reaction tempera-
ture, feed component, and residence time), catalysts are critical in low
alcohol transformation because they influence product specificity and
distribution during the processes. In the 21st-century liquid fuel sec-
tor, several contenders have evolved that are directly competing with
low-alcohol fuels. The most significant participants in this field are
green hydrogen and green electricity. Suppose alcohol fuels can con-
tend with these two players in the future. In that case, it will be deter-
mined by how far they have progressed in addressing the significant
objectives of CO, decrease, environmental cleanness, ease in current
facilities, and cost competitiveness, among others. Also of note are

sustainability topics, eligibility for carbon-free (green energy) status,

and the reduction of polluting elements such as fine dust, mainly
emerging and ecologically significant areas in the energy sector today.
The substitution of fossil fuels with viable, clean fuels will ultimately
result in a sustainable society based on green energy. Although the
technologies presently utilized can meet the economically viable cri-
teria for public approval in terms of CO, emissions and fine dust,
among other things, the existing state of the art must be improved
substantially.

The synthesis of highly effective catalysts will be critical in the
long-term manufacture of viable fuels and value-added chemicals
from sustainable low-alcohol resources.?® In recent years, basic study
on bioethanol conversion to fuels and petrochemicals has been
heavily focused on less expensive zeolite and metal-based catalysts,
which have demonstrated interesting performance and selectivities at
comparatively low temperatures. Because of their distinct structure
and variable acidity, zeolite-based catalysts have demonstrated poten-
tial applicability in low-temperature environments. It has been claimed
that using support with high oxygen mobility (e.g., CeO,) can improve
the gasification of carbon residues and, as a result, reduce the devel-
opment of coke on some metal-based catalysts to tackle the deactiva-
tion problem.”® CeO,, on the other hand, has the potential to
accelerate the oxidation of metals, resulting in decreased catalytic
activity.?® To develop longer chain hydrocarbon fuels/chemicals
while reducing unwanted side reactions, it is necessary to devote
more attention to the nature and degree of acidity, process tempera-
ture, pressure, and residence duration. Moreover, by varying the cata-
lyst Si/Al ratios, doping the surface, the surface acidity of the catalyst
may be modified to ensure high selectivity of target products. Gener-
ally, reduced temperatures (<573 K) favor the generation of ethyl
ether and ethylene, while higher temperatures (573-723 K) enhance
the production of C3 and C4 hydrocarbons under moderately acidic
conditions. The synthesis of heavy hydrocarbons, such as aromatics, is
typically accompanied by the production of strong acidic sites and the
application of increased temperatures (623-723 K).>® This shows that
product selection and specificity can be achieved by adjusting the
operational parameters of the catalytic conversion process of the low
alcohols.

Due to the high concentration of water in low alcohols (bioetha-
nol crude), the effect of water on the framework and activity of cata-
lysts and catalytic processes must be tackled with great care and
attention. The fabrication of catalysts that is effective at water disso-
ciation and carbon species oxidation while also enhancing the process
pathways is still needed for high product specificity and catalyst sta-
bility, notwithstanding thorough research into the basic knowledge of
process mechanisms and advances in catalytic development.*®* How-
ever, although significant research has been carried out extensively to
improve low alcohol transformation and specificity towards a pre-
ferred product, as also the catalyst stability, additional studies into
catalyst structure-activity interactions and the associated process
operations are still needed for the logical development of active cata-
lysts and the effective conversion of low alcohols to value-added che-

15

micals and fuels.”” It is also necessary to constantly study and

evaluate bioethanol valorization's economic and environmental
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consequences in contrast to alternative synthesis techniques to facili-
tate the transfer and commercialization of the newly established low
alcohol conversion technologies. The use of life-cycle analysis (LCA)
for any industrial output process that begins with biomass and ends
with the generation of biofuels or bioproducts is strongly suggested.
The economic and environmental impact assessment will enhance the
establishment a list of all the inputs and outputs of a manufacturing
system and analyzing their environmental impact (resource use,
human health, and ecological effects) throughout the product's life
cycle (cradle to grave) to ensure economic viability and, environmental
compliance and sustainability. However, quantitative LCA is difficult
to perform due to the extensive inventory needed and possible incon-
sistency in the impact assessment. It is recommended that LCA be
used as a decision-making instrument at the beginning of the product

design, and it may even be beneficial at the laboratory level.

7 | CONCLUSION

In the most advanced production routes, techno-economic analyses
have revealed that additional reductions in manufacturing costs are
required to design and actualize cost-competitive substitute produc-
tion paths. The reinforcing of fuel policies with strict requirements for
blending rates and sanctions for greenhouse gas emissions can spur
research and development to enhance the production processes of
renewable fuel substitutes. These policies will also serve as a vital
motivation for the fuel sector to invest in innovations that are not yet
competitive, thereby improving the relatively close feasibility of low
alcohols as fuel constituents. A comprehensive understanding of the
catalytic conversion process of low alcohols is required to facilitate
the design of an efficient tunable catalyst that will be active in the
conversion of low alcohols to fuels and petrochemicals. It has been
demonstrated that a wide variety of possible production costs exist
since several factors substantially impact the costs of low alcohol pro-
duction that can be achieved. Feedstock costs, pretreatment, realistic
yields, and capital constraints are the most important factors to con-
sider when determining profitability. However, due to the sensitivity of
specific technological and financial indicators, no single conversion
pathway will be the most reliable and cost-effective globally; instead,
the most suitable pathway must be selected and configured to fit the
structure of specific regional, economic, and infrastructural parameters.
Generally, low-alcohol fuels should be employed as an energy source
that has an environmental impact that is as low as natural gas in all uses
while offering more possibilities and making a cheaper liquid fuel that
can be utilized in large quantities, even in developing nations where

abundant but low-quality raw materials are available in abundance.
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