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Bioethanol is a renewable, sustainable fuel
derived from biological sources, such as plants,
primarily through the fermentation of sugars found
in crops like sugarcane, corn, wheat, and other
biomass materials. Bioethanol offers a promising
alternative to conventional fossil fuels, helping to
reduce greenhouse gas emissions and decrease
reliance on non-renewable energy sources. Produced
through biological processes, bioethanol can be
blended with gasoline for combustion engines
or used in its pure form for energy generation. It
represents a critical component in the transition
toward greener energy solutions, aligning with global
efforts to combat climate change and promote
sustainable development [1].

The benefits of bioethanol extend beyond

environmental aspects. It also stimulates rural

economies by creating demand for agricultural
products, supporting local farming communities,
and fostering technological innovation in the renew-
able energy sector. As a renewable energy source
derived from biomass, bioethanol aligns with several
Sustainable Development Goals (SDGs) established
by the United Nations [2], including SDG 2 (Zero
Hunger), SDG 7 (Affordable and Clean Energy), SDG 9
(Industry, Innovation, and Infrastructure), SDG 12
(Responsible Consumption and Production), SDG 13
(Climate Action), and SDG 15 (Life on Land) [3].
These goals aim to address global challenges,
promote sustainability, and improve the quality of
life worldwide.

However, despite its potential benefits, ethanol
production faces several challenges, ranging from

environmental and economic concerns to technical
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and socialissues. Major challenges include competition
for agricultural land, which can drive up food
prices and lead to deforestation; the high demand
for water and energy required for cultivation and
processing; and greenhouse gas emissions associated
with production [4]. Additionally, the efficiency of
converting biomass to ethanol is often limited by the
availability of suitable feedstocks and technological
constraints. Addressing these challenges is essential
for making ethanol a more sustainable and viable
alternative to traditional fuels.

Bioethanol production has evolved significantly
over time, with varying choices of feedstocks,
methods, and technologies across different eras.
Bioethanol production involves several steps,
from selecting suitable feedstocks to processing
and production. The production of ethanol can be
categorized into four generations: 1st Generation
(1G) bicethanol: This generation uses feedstocks
primarily composed of starches and sugars, such
as sugarcane, corn, wheat, and oilseeds [5], [6]. It
utilizes well-established fermentation technology
to convert the sugars in these crops into alcohol,
which can be used as a renewable energy source.
Althousgh 1G bioethanol offers an alternative to fossil
fuels and helps reduce greenhouse gas emissions,
it raises concerns about food security, land use,
and environmental impacts due to its reliance on
agricultural crops and intensive farming practices.

2nd Generation (2G) bioethanol production:
This generation involves producing ethanol from
non-food feedstocks such as agricultural residues
(e.g.,corn stover, wheat straw, bagasse), forest residues,
and dedicated energy crops (e.g., Napier grass).

Unlike 1G bioethanol, which relies on edible crops,

2G bioethanol uses lignocellulosic biomass, which is
abundant and does not compete directly with food
production. The process involves more complex
biochemical and thermochemical technologies
to effectively break down lignin and convert the
cellulose in biomass into fermentable sugars for
ethanol production [7]. Chemical processing is
crucial due to the challenging nature of the cell
walls in these feedstocks, which can be difficult to
break down. Incomplete pretreatment can lead to
reduced yields and lower ethanol production [8],
[9]. Although 2G bioethanol is a more sustainable
option by reducing reliance on food crops and utilizing
waste materials, it faces challenges such as high
production costs, complex processing technologies,
and lower overall conversion efficiency.

3rd Generation (3G) bioethanol production:
This represents a significant advancement in biofuel
technology, focusing on the use of algae feedstocks.
Unlike 1G and 2G bioethanol, which rely on plant
biomass and agricultural residues, 3G bioethanol
leverages the unique properties of algae, which
can produce high quantities of biomass from CO,,
sunlight [10], and water. Algae typically lack cell
walls, making them easier to process. The primary
appeal of using algae and microorganisms for 3G
bioethanol production lies in algae's rapid growth
rates, their ability to be cultivated on non-arable
land where other crops cannot grow, and their
potential to utilize CO, from industrial processes.
The production process involves cultivating algae
in photobioreactors or open ponds, harvesting the
biomass, and then converting it into bioethanol
through fermentation or other biochemical

processes. Additionally, algae can produce fats
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that can be converted into biodiesel, making 3G
bioethanol a versatile biofuel option. The advantages
of 3G bioethanol include higher bioethanol yields
per unit area compared to terrestrial plants,
reduced competition with agricultural crops for
arable land, and CO, absorption, which helps to
mitigate greenhouse gas emissions. Ongoing research
and development efforts focus on improving the
efficiency and economic feasibility of this advanced
biofuel, while also addressing the potentially higher
costs associated with the production equipment
compared to 1G and 2G bioethanol.

4th Generation (4G) bioethanol production:
it represents the latest evolution in biofuel
technology, combining advanced techniques and
renewable resources to create a more sustainable
and efficient bioethanol production process. 4G
bioethanol aims to overcome the limitations of
previous methods by incorporating a variety of
new strategies and technologies. By using non-food
biomass, such as agricultural waste, municipal waste,
and specialized energy crops that do not compete
with food supplies, 4G bioethanol helps resolve
the food vs. fuel debate and reduces competition
for land and resources. Advanced technologies,
such as synthetic biology, genetic engineering, and
novel fermentation processes, are employed to
increase the efficiency of bioethanol production
[11]. These technologies allow the use of a wider
variety of feedstocks and improve the processing
methods, resulting in higher yields and lower
production costs. A key feature of 4G bioethanol is
its focus on Carbon Capture and Utilization (CCU),
which involves capturing CO, emissions from the

production process and reusing them as feed-

stocks for bioethanol production or other industrial
applications, thereby reducing the overall carbon
footprint and aligning with SDGs. Additionally, 4G
bioethanol production aims to optimize every
stages of the process from the initial processing
of raw materials to fermentation and distillation
by enhancing enzyme technologies, fermentation
microorganisms, and separation techniques to
improve overall efficiency and sustainability.

The increasing energy demand has driven
research aimed at developing and improving
biofuel production methods that have minimal
environmental impact and align with the principles
of the SDGs. The choice of feedstock for etha-
nol production is crucial, and the selection of
materials in each generation has sparked debates
about the use of agricultural products, competition
in agriculture, and the demand for natural resources.
This has led to the evolution of ethanol production
methods from 1G to 4G, each with its advantages
and disadvantages. The challenges in bioethanol
production are multifaceted. Third-generation
biofuel technology has yet to be fully commercialized
due to its relatively high costs. Therefore, there is
a need to explore more cost-effective and efficient
conversion technologies. Fourth-generation biofuels
require further study in areas such as biology, genetic
engineering, pretreatment processes, and efficient
fermentation. Research is also needed to identify
microorganisms capable of effectively fermenting
both C5 and C6 sugars [12]. Strains resistant to
inhibitors are critical for the process, and if natural
feedstocks are studied and found compatible with
natural processes, the biofuel production process

may be considered successful.

N. Kitiborwornkul and M. Sriariyanun, “Ethanol Production from First-Generation to Fourth-Generation Technologies for

Sustainable Development.”



MFEANTIVINTNSLIBUNAMTEUATIILD U 35 aUUR 3 n.A.—n.8. 2568
The Journal of KMUTNB., Vol. 35, No. 3, Jul.-Sep. 2025

References

[1]

N. Kitiborwornkul and M. Sriariyanun, “Bio-
circular-green economic model BCG and
lignocellulose biorefinery: Advancing
sustainable development and climate change
mitigation,” The Journal of KMUTNB, vol. 34,
no. 13, pp. 1-3, ID. 241-007308, 2024 (in Thai).
M. Sriariyanun and B. Dharmalingam, “From
waste to wealth: Challenges in producing
value-added biochemicals from lignocellulose
biorefinery,” Journal of Applied Science
and Emerging Technology, vol. 22, no. 3,
ID. €900001, 2023 (in Thai).

S. Singh, A. Adak, M. Saritha, S. Sharma,
R.Tiwari,S.Rana, A. Arora, and L. Nain, “Bioethanol
Production Scenario in India: Potential and
Policy Perspective,” in Sustainable Biofuels
Development in India, A. Chandel and
R. Sukumaran, Cham: Springer International
Publishing, 2017, pp. 21-37.

W. Pongprayoon, M. Sanyapeung, N. Kitiborwornkul,
and M. Sriariyanun, “The impact of rice
cultivation on greenhouse gas emissions and
mitigation strategies,“ The Journal of KMUTNB,
vol. 34, no. 3, pp. 1-4, ID. 242-007385, 2024 (in Thai).
M. Aron, N. Syahirah, K. Kuan Shiong, C. Kit
Wayne, S. Pau Loke, C. Wei-Hsin, and N. The
Hong, Sustainability of the four generations of
biofuels-a review,” International Journal of
Energy Research, vol. 44, no. 12, pp. 9266-
9282, 2020 (in Thai).

H. A. Alalwan, A. H. Alminshid, and H. A. S.
Aljaafari, “Promising evolution of biofuel
generations. Subject review,“ Renewable

Energy Focus, Focus. vol. 28, pp. 127-139, 2019.

(7]

[11]

[12]

V. Phakenuya and N. Ktibonwornkul, “Recent
progrogress in bicrening process for production
of blofuels, blochemicals and blomaterials
from lignocellulosic blomass,” The Joumal of
KNUTN, vol. 34 no. 4, pp. 1-18, ID. 244-246490,
2024 (in Thai).

M. N. F. Norrrahim, R. A. Ilyas, N. M. Nurazzi,
M. S. A. Rani, M. S. N. Atikah, and S. S. Shazleen,
“Chemical pretreatment of lignocellulosic
biomass for the production of bioproducts: An
overview,” Applied Science and Engineering
Progress, vol. 14, no. 4, pp. 588-605, 2021.

T. Phusantisampan, N. Wisuthichaet, and N.
Kitbonwornkul, “Pretreatment of lignocellulosic
biomass by using deep eutectic solvent for
biorefning process,” The Joumol of KMUTNB,
vol. 35, no. 2, pp. 1-15, ID. 252-186974, 2025
(in Thai).

B. Abdullah, S. Muhammad, Z. Shokravi, S. Ismail,
K. A. Kassim, A. N. Mahmood, and M. Aziz,
“Fourth generation biofuel: A review on risks
and mitigation strategies renew,” Renewable &
Sustainable Energy Reviews, vol. 107, pp. 37-50,
2019.

M. Sriariyanun, M. P. Gundupalli, V. Phakeenuya,
T. Phusamtisampan, Y. S. Cheng, and P.
Venkatachalam, “Biorefinery approaches for
production of cellulosic ethanol fuel using
recombinant engineered microorganisms,”
Journal of Applied Science and Engineering,
vol. 27, no. 2, pp. 1985-2005, 2023.

K. Robak and M. Balcerek, “Review of second
generation bioethanol production from residual
biomass,” Food Technol Biotechno, vol. 56,

no. 2, pp. 174-187, 2018.

N. Kitiborwornkul and M. Sriariyanun, “Ethanol Production from First-Generation to Fourth-Generation Technologies for

Sustainable Development.”



MIEANFIVINTNSLIDUNAMTEUATINLD U 35 aUUR 3 n.A.—n.8. 2568

The Journal of KMUTNB., Vol. 35, No. 3, Jul.-Sep. 2025

Dr. Nichaphat Kitiborwornkul Assoc. Prof. Dr. Malinee Sriariyanun

Doctoral Researcher Editorial Board

N. Kitiborwornkul and M. Sriariyanun, “Ethanol Production from First-Generation to Fourth-Generation Technologies for

Sustainable Development.”



