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Introduction: The need for cleaner energy

"Clean energy" or "carbon-free energy" allows us to generate power without
greenhouse gas emissions, helping to combat climate change. Climate change, driven by human
activity, is causing dramatic shifts in Earth’s temperatures and weather patterns, leading to
droughts, severe fires, and other natural disasters. The burning of fossil fuels for energy is the
largest contributor to climate change, responsible for over 75% of global greenhouse gas
emissions. To avoid the worst impacts, emissions must be halved by 2030 and reach net zero
by 2050, necessitating a shift from fossil fuels to clean, renewable energy sources like solar,
wind, and hydropower, which emit little to no greenhouse gases [1]. While fossil fuels still
dominate global energy production, renewable energy is rapidly growing, with projections
showing it could supply 43% of global electricity by 2030. Although renewable energy is
currently supplemented by carbon-based sources due to its variability, advancements in energy

storage and infrastructure are expected to enable clean energy to fully replace fossil fuels [2].
Biofuels on the rise: The future of clean transportation

“Biofuels” typically refer to liquid fuels and blending components derived from
biomass feedstocks. They can also include methane from landfill gas, biogas, and hydrogen
produced from renewable resources. While most biofuels are used in transportation, they can
also serve as fuels for heating and electricity generation. Biomass-derived fuels may qualify

for government programs that promote or mandate biofuel usage [3].

The terminology for biofuels varies across government legislation, incentive programs,

and industry marketing. For instance, fuel names may include prefixes like "bio" (e.g.,
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biodiesel, biojet) or terms such as "advanced," "alternative," "clean," "green," "low-carbon,"
"renewable," or "sustainable" (e.g., sustainable aviation fuel). Definitions for these biofuels
may differ depending on the context, with government programs often having distinct criteria
compared to industry standards. Global demand for biofuels is set to grow by 41 billion litres,

or 28%, over 2021-2026 in the main case [4].

The U.S. Energy Information Administration (EIA) publishes data on four major
categories of biofuels that qualify for the federal RFS Program:

1. Ethanol - an alcohol fuel blended with petroleum gasoline for vehicles; accounted
for the largest share of U.S. biofuel production (82%) and of consumption (75%) in
2022 [5].

2. Biodiesel - a biofuel usually blended with petroleum diesel for consumption;
accounted for the second-largest share of U.S. biofuel production (9%) and of

consumption (9%) in 2022 [6].

3. Renewable diesel - a fuel chemically similar to petroleum diesel fuel used as a drop-
in fuel or a petroleum diesel blend; percentage share of total U.S. biofuel production

was about 8% and for consumption about 9% in 2022 [6].

4. Other biofuels - include renewable heating oil, renewable jet fuel (sustainable
aviation fuel, alternative jet fuel, and biojet), renewable naphtha, renewable
gasoline, and other emerging biofuels that are in various stages of development and

commercialization [7].
What is syngas?

Syngas or “synthesis gas” is generated after the gasification of carbon-rich biomass
and consists of a mixture of Hz, CO, and CO» that could be used as a potential intermediate in
the conversion of biomass into fuel. In some industrial settings (steel milling, petroleum

refining, etc.), large amounts of waste gas with syngas-like compositions are produced.

The production of fuels from syngas relies on the Fischer-Tropsch (FT) process, a series
of chemical reactions converting CO and H> into liquid hydrocarbon. The process is unpopular
because the equipment is expensive and has high operating and maintenance costs. However,
a more sustainable alternative is the use of microbes as catalysts for syngas conversion to

biofuels by a process termed syngas fermentation.
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The science of syngas fermentation

Syngas fermentation represents a breakthrough in biofuel production. It involves a
three-phase system: a gaseous syngas mixture, a liquid nutrient solution, and microbial cells
suspended in the fermentation broth. Microbes, particularly acetogenic bacteria, act as
biological catalysts, converting the CO and H: in syngas into valuable products such as ethanol,
butanol, acetic acid, and methane [8]. Some of the microorganisms involved include

Clostridium sp. P11, C. ljungdahlii, C. woodii, C. thermoaceticum, and C. carboxidivorans P7

[9].

However, syngas fermentation faces challenges such as poor mass transfer of gas into
the liquid phase, low microbial cell concentrations, and relatively low productivity. Recent
advancements, including genetic engineering of the microbes, are addressing these issues,

enhancing their efficiency and adaptability for large-scale biofuel production.
Waste to energy: The environmental benefits

The world faces two critical challenges: dwindling fossil fuel reserves and improper
waste management. As industrialization and population growth continue, the need for
sustainable waste-to-energy solutions becomes ever more pressing. Municipal solid waste
(MSW), forecasted to reach 2.6 billion metric tonnes by 2030, represents a continuous source
of combustible materials such as plastics, organics, and textiles. Gasification of MSW can
generate syngas and hydrogen, which can then be converted into biofuels, providing a

renewable energy source while simultaneously reducing landfill waste.

Waste-derived fuels are gaining attention as alternative energy sources in both
developed and developing countries, including the U.S., UK, India, Indonesia, and Thailand.
By converting waste into energy, these technologies align with the 7th Sustainable
Development Goal (SDG): affordable and clean energy. Processes like gasification, pyrolysis,
and combustion are being optimized to transform refuse-derived fuel (RDF) into cleaner
energy. Co-gasification, which combines RDF with biomass or biochar, has been shown to
improve gas yield and reduce tar formation, making it a promising solution for sustainable

energy production.

Conclusion: Paving the Way for Cleaner Energy
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Syngas fermentation stands at the forefront of the biofuel revolution. By harnessing
the power of microorganisms to convert waste into valuable biofuels, this technology not only
provides an alternative to fossil fuels but also addresses critical environmental challenges. As
advancements continue in microbial engineering and fermentation technologies, syngas
fermentation is poised to play a significant role in the future of clean energy, paving the way

for a more sustainable and carbon-free world.
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