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ABSTRACT Driven by the/'dual carbon" goal, biomass liquid fuel has become an important solution to expand fossil fuel
reserves, reduce greenhouse gas\emissions and mitigate global warming and climate change because of its superior "carbon
reduction" characteristics."Fuel ethanol is the most widely utilized bio-liquid fuel globally. It is a green renewable fuel product
that is converted from €ellulose in biomass such as agricultural waste and wood through microbial fermentation. It has the
characteristics of high vaporization heat, high octane number and cleaner combustion, and can be commercially produced.
Therefore, the development of fuel ethanol is an important energy strategy to deal with energy bottleneck and ensure the
sustainable development of circular economy in China. The production process of fuel ethanol usually includes raw material
pretreatment, cellulase hydrolysis and microbial fermentation, but there are still many challenges that hinder the implementation
of large-scale production. This paper discusses the production processes of fuel ethanol and evaluates its lifecycle, with a
particular focus on its potential to reduce greenhouse gas emissions. It also summarizes the economic benefits of various ethanol
production technologies. In this study, the basic principles and current status of ethanol technology are first described, and some
challenges in the production of fuel ethanol from lignocellulosic biomass are pointed out, including cell wall stubbornness, multi-

step pretreatment process, extended hydrolysis time, degradation product generation, and high production costs. Future research
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endeavors will concentrate on the advancement of a comprehensive suite of technologies designed to optimize low-energy, high-
efficiency, and environmentally friendly pretreatment processes for raw materials. This includes the development of cost-
effective and high-performance hydrolases, which are critical for enhancing the efficiency of enzyme formulations used in
biomass conversion. Additionally, utilizing genetic engineering techniques, we aim to cultivate microbial strains that exhibit heat
resistance and resistance to inhibition. These engineered strains will be capable of efficiently utilizing both pentose and hexose
sugars, thereby significantly improving ethanol yields. By integrating these innovative approaches, we anticipate not only
elevating the overall efficiency of fuel ethanol production but also contributing to a more sustainable biorefining process. Life
cycle evaluation studies of fuel ethanol production technologies have shown that fuel ethanol plays an important role in mitigating
climate change and achieving net zero emission targets by sequestering carbon fixed during biomass growth compared to fossil
fuels. Among them, the second generation of fuel ethanol performed best, followed by the first and third generation of fuel
ethanol. And electricity is a major contributor to AP and GWP, that is, new technologies or alternative/power structures can be
developed to reduce the environmental load However, there are still some problems in the evaluation/process,/such as inconsistent
system boundary, insufficient data list and diversified evaluation models, so it is necessary t6 establish aunified standard to
further improve the life cycle evaluation system. In addition, a comprehensive analysis of the'costzeffectiveness of various ethanol
technologies was conducted through a comprehensive life cycle economic assessment. Currentpricing makes second-generation
fuel ethanol more expensive than gasoline, prompting a focus on improving the efficiencyand affordability of cellulase while
driving the production of high-value by-products. The purpose of this paper is to provide important reference for the research of
fuel ethanol refining technology in the future.
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Table 1 Pretreatment technology

Method Principle Advantage Shortcoming Reference
Physical Mechanical The particle size of the raw No harsh Chei€als are High energy consumption and 2]
pretreatment crushing material is reduced and the involvedyreducingtheimpact expensive equipment
pretreatment reaction contact area is on the/dnyifontent
increased
Microwave Molecular collisions promote Heéatidg tim¢ and better Expensive investment (13
irradiation the degradation of Peffoshanees instant stop and equipment, mostly in the lab
pretreatment hemicellulose and lignin Stapt o the raw material
Ultrasonic Break the hydrogen bond, The gtdin size of raw material High cost (4]
pretreatment between cellulose an@, i8 reduced, the conversion
increase the contact ratg/oft fate of enzymatic hydrolysis
enzymes and the yield of fermented
sugar are increased
Liquid hot water The cellulose part breaks Environmentally friendly, low  Environmentally friendly, low [1s]
pretreatment down into organic acids to sugar loss rate, simple process  sugar loss rate, simple process
facilitate subsequent reactions
Chemical Acid pretreatment Dissolying hemicellilose Inorganic acid has low cost Strong corrosion and high tie]
pretreatment incfeasts, the enzyme's and high sugar yield.Organic energy consumption
accessibiligy tathe cellulose acids are non-toxic,
portion recyclable and Mild
conditions, simple technology
and equipment
Alkali pretreatmeptt Tl eleavage of aryl ether Mild conditions, simple Long pretreatment time and 17
bond leads to lignin technology and equipment high alkali consumption
depolymerization
Organi¢/solyént Lignin and hemicellulose are Reduced inhibitor formation Recovery solvent is complex, [18,19]
pretréagment separated by penetrating and high lignin removal rate high cost, flammable and
internal linking bonds volatile
Tenie liquid: Destroy the structure between Green solvent with low The price is expensive, the [20]
pretrégatment cellulose, hemicellulose and toxicity, low melting point, process is complex, the
lignin high thermal stability and toxicity is not capable of
chemical stability large-scale production
Qxidative Hydroxyl radicals are High efficiency, less inhibitor High cost, high energy (211
pretreatment produced, which decompose formation consumption
the lignocellulosic structure
by oxidation
Deep eutectic Break the hydrogen bond in Environmental friendly, The viscosity is relatively (22)
solvent lignocellulose and promote biodegradable, low toxicity, high and the fluidity is poor
pretreatment the hydrolysis of lignin and simple synthesis process, low
hemicellulose cost
Physicochemical Steam blast The lignocellulose structure is Efficient, safe, green and High operating conditions are (23]
pretreatment pretreatment broken under high pollution-free required to form inhibitors

Ammonia fiber
blasting
pretreatment

Acid gas blasting
pretreatment

temperature and high pressure
Liquid ammonia removes
lignin under high pressure
and destroys the
polymerization structure of
cellulose

Acid gas is injected into the
steam blasting process to

No inhibitors are produced,
sugar recovery is high, and
ammonia can be recycled

Carbonic acid is less harmful;
SO, blasting treatment has the

High cost of investment
equipment, high energy
consumption

There are few experimental
studies and fermentation

[24]

[25,26]




promote enzymatic hydrolysis best treatment effect on cork inhibitors are formed
raw materials
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Fig.1 Integration of lignocéllulosicethanol production 3]
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Table 2 Carbon emission reduction analysis of ethanol from different raw materials

Biomass raw Production Model/method conclusion Reference
material technology
Aspen Dilute acid TRACI2.1 Life Cycle The net GWP of poplar bioethanol was (501
pretreatment, enzymatic Impact Assessment method —1.05g CO,eq/MJ, and its carbon

hydrolysis, fermentation, sequestration capacity was higher than that of




distillation and wastewater willow and eucalyptus
treatment

Corn, wheat straw, Pretreatment and IMPACT World+ Compared with gasoline, forest straw has (51
switchgrass, corn straw, biorefining facilities Midpoint v1.02 the best GHG emission reduction effect,
forest straw and followed by switchgrass, wheat straw, corn
municipal solid waste straw, and corn
Bark, sawn timber Acid pretreatment, ReCiPel.1Hierarchist With CCS technology, more than 85% of 1521
and wood residues enzymatic hydrolysis, Method the ethanol/gasoline mixture is driven per 100
fermentation, distillation km
recovery
Grapevine bud Pretreatment, ReCiPe Midpoint H and Fuel ethanol will reduce greenhouse gas 133]
delignification, Endpoint H methods emissions compared to gasoline

simultaneous
saccharification and
fermentation (SSF)

Switchgrass High gravity ionic DayCENT and RUSLE Ethanol production cost and carbon [54]
liquid pretreatment, models footprint can be reduced (126~223¢/gge) and
fermentation, ethanol 13~20 gCO,eq/MI to achieve significant
recovery, wastewater emission reduction
treatment
Bagasse, molasses Pretreatment, GREET model Emissions of 15.33gC@,¢q/MJ, an (531
and yam shells simultaneous 82.5%GHG reduction compatrédfo’saseline,
saccharification and meet the EPA's target for advahecddbiofuels

fermentation (SSF),
distillation, purification

125
3 [ First generation raw material
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Figure 3 Carbon”emissign reduction analysis of ethanol from different raw materials>%>7]
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Table 3 Cost analysis of fiber ethanol fromidifferént raw materials

Species Obtain product Ability Minimum selling Payback Internal rate of Net present Reference
price period return value

Wheat straw and Ethanol, 60 tons per 0.65 $/L 6,7 years 13.33% 18.7M$ 165
bagasse electricity hour

Wheat straw Ethanol, 13 tons per 1.43 $/Ls 10 years 5.05 M$ (681
electricity hour

Bagasse Ethanol 0.8 tons per 1.08 $/L 4.14 years 18.98% 325M$ 1671
hour

Switchgrass Ethanol 14 tons per L.7$d 10% 169]
hour
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