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significantly reduce reliance on fossil fuels and contribute to increased access to
clean and affordable energy as envisioned in sustainable development goal 7 (SDG
7). However, their effective utilization is constrained by challenges in combustion
kinetics, fuel property variability, and emission trade-offs arising from complex
reaction pathways compared to conventional fuels. The present study provides a
concise review of key aspects in combustion kinetics and mechanisms of
bioethanol, biodiesel and biogas. Comparative analysis is provided to highlight
inconsistencies in reported findings and limitations in current methodologies. The
study proposes ways to address these challenges through combining fundamental
research, computational modelling and experimental innovation to accelerate the
transition toward a cleaner energy future.
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1. Introduction
1.1. Background on Biofuels

Energy is a key enabler of development, however reliance on fossil fuels globally is detrimental to the
environment and accelerates climate change [1]. This has necessitated a global energy transition involves a shift
from fossil fuels to renewable energy sources. This shift is motivated by the need for sustainable development,
volatility in the supply of fossil fuel and concerns about fossil energy reserve depletion [2]. The main objectives
of this transition is to reduce greenhouse gas emissions that contribute to climate change and global warming [3]
as well as safeguard energy security by reducing reliance on finite fossil energy sources [4]. Biomass, an abundant
resource, has emerged as one of the most promising renewable energy source capable of contributing to this global
energy transition [5]. This versatile resource can be converted into a variety of biofuels through different direct
combustion, thermochemical, biochemical, and chemical conversion processes. Biofuels, are considered a clean
energy resource, derived from organic matter, agricultural waste, plants and algae. They present a significant
opportunity for the mitigation of problems associated with the utilization of fossil fuels. Biofuels emit less
greenhouse gases (GHG) and are in general more eco-friendly (non-toxic, sulfur-free, biodegradable) than their
fossil fuel predecessors. Consequently, the use of biofuels contribute to the realization of Sustainable Development
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Goal 7 (SDG 7) which aims to ensure affordable, reliable, sustainable and modern energy for all and SDG 13, that
calls for urgent action to combat climate change and its effects [6—8].

The predominant forms of biofuels are gaseous, solid or liquid depending on the biomass source and the
conversion process. Primary biofuels such as fuel wood, wood pellets and briquettes are organic materials used in
their unprocessed natural form whose energy is released through direct combustion while secondary biofuels such
as bioethanol, biodiesel and biogas are produced through the thermo-chemical or biochemical conversion of
biomass or other organic materials like wastes. The secondary biofuels can be categorized into four generations
based on the source of the biomass and production technology. First generation biofuels are biofuels produced
from food crops like corn and sugarcane for ethanol, and vegetable oils or animal fats for biodiesel. This type of
biofuels offers benefits such as high-octane ratings, reduced emissions and require simple biochemical treatments
for conversion to transportation fuels. Second-generation biofuels are fuels made from lignocellulosic or woody
biomass, or agricultural residues. Third-generation biofuels are algae-based biofuels, where algae are harvested to
produce oil, which is then converted into biodiesel. Algae grow quickly and do not require pretreatment, but
controlling the environment for optimal growth can be challenging and expensive. Fourth generation biofuels are
the latest biofuels from genetically modified organisms. They encompass combined advanced bioengineering to
increase the desired traits of organisms used in biofuel production. Fourth-generation biofuels offer significant
potential for the biofuel industry, but require further advancements in scaling up production and reducing costs for
their successful commercialization [9]. Biofuels are produced from a wide variety of feedstock sources thus
showcasing the diversity of biomass resources. This minimizes dependency on a single crop feedstock, hence
promoting agricultural sustainability.

Biofuels such as biodiesel, bioethanol and biogas have drawn attention from the world as viable alternative
sources of petroleum-derived fuels [10,11]. Biodiesel is a renewable, low-carbon, clean-burning fuel produced
through the transesterification process using feedstocks such as vegetable oil or animal fats. Biodiesel is a high
oxygen fuel that can be blended with diesel at any ratio (without the need of engine modifications) to improve its
octane rating, combustion efficiency and reduce green-house gas emissions [12]. This allows for a smooth
transition to cleaner energy without requiring complex engine modifications. The usage of biodiesel will therefore
minimise air pollutants such as hydrocarbons, carbon monoxide and particulate matter. Additionally, biodiesel has
a higher cetane number than petroleum diesel thus improving ignition and combustion efficiency when combined
with petroleum diesel. Biodiesel has the potential for carbon neutrality, due to balance between the amount of CO,
emissions and the amount of CO, absorbed by the plants producing vegetable oil being equal [13].

Biogas is a gaseous biofuel produced through fermentation of organic matter such as livestock manure,
municipal solid waste or weeds through anaerobic digestion using microorganisms. The raw materials are readily
available and cheap. Biogas which contains methane, carbon dioxide and traces of hydrogen sulphide, can be
refined into biomethane, which serves as a clean source for heat and power generation, as well as for producing
renewable fuels and chemicals. Biogas has traditionally been used for direct combustion in cooking and lighting.
In recent years, its use for electricity generation has grown in many countries. Biogas-powered electricity systems
can operate both off-grid and on-grid, making biogas a suitable option for decentralized energy production [9,14].

Although biogas is an important decentralized energy resource, its combustion chemistry is inherently complex
due to significant CO, dilution [15]. CO; acts both as a thermal diluent and influences the radical chemistry by
modifying radical concentrations and increasing ignition delay times. This underscores the need to systematically
assess chemical enhancement approaches, such as hydrogen enrichment, to improve combustion performance.

Bioethanol is another vital biofuel; it represents 82% of the total biofuels produced. Bioethanol is produced
from the fermentation of different feedstock such as sugar and starch crops such as corn. More recently, it is
produced from microalgae. It is one of the preferred biofuels to replace fossil fuels, because its sources are
renewable, it has high octane-number rating, it is environmentally friendly and it is like gasoline, so its use does
not require engine modification.

Unlike traditional hydrocarbon streams, the combustion chemistry of bioethanol is fundamentally dictated
by its high fuel-bound oxygen content and low energy density. While its elevated heat of vaporization improves
engine knock resistance, its chemical kinetic profile exhibits a highly unique, less pronounced negative temperature
coefficient (NTC) behavior in the intermediate temperature range (700-900K) compared to gasoline [16]. This
structural variance alters the intermediate radical pool during low-temperature oxidation, suppressing polycyclic
aromatic hydrocarbon (PAH) soot precursors but initiating a competing pathway that accelerates toxic aldehyde
and unburned oxygenate emissions. Consequently, guiding the field requires isolating the specific chemical kinetic
mechanisms that govern these non-linear radical interactions, particularly when bioethanol is blended with fossil
fuels, to optimize advanced low-temperature combustion (LTC) regimes.
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1.2. Current Challenges in Biofuel Utilization

Despite their significant potential, biofuels face major challenges relating to feedstock supply, production
economics, fuel properties, and emissions performance. Biofuels are in competition for raw materials also with other
industries [17]. From this viewpoint, a careful monitoring of biofuel demand impact on other markets is considered.

Production of biofuels from lignocellulosic biomass via biochemical and thermochemical pathways has its
own challenges. Major technical challenges and barriers to the biochemical pathway include dealing with the
variability of biomass feedstocks, general recalcitrance of lignocellulosic materials to chemical and/or biological
degradation, and the need for improved effectiveness of cellulose enzymes and fermentation organisms [18,19].
For thermochemical approaches (gasification and pyrolysis), pre-treatment of the biomass and physical feeding
into thermal processing units are challenging [20].

The major issue with biodiesel utilization is the limited availability and high cost of feedstocks, which
contribute up to 75% of total production costs [21]. Reliance on edible oils like palm or soybean raises the food
versus fuel debate, whereas using alternative feedstocks such as waste vegetable oil or non-edible oils from plants
such as jatropha, jojoba, algae and animal tallow castor can help lower production expenses [22]. However, many
of these alternative sources are still underdeveloped at a commercial scale. Technical challenges of biodiesel
include lower calorific value, higher viscosity, and density than that of conventional diesel, which lead to increased
fuel consumption and potential problems in engine injection and atomization systems. Slight reductions in engine
power and thermal efficiency have been reported with its use [23]. Additionally, biodiesel tends to cause slight
decreases in power output and increases in NOx emissions compared to fossil diesel.

Bioethanol has a lower energy content compared to fossil fuels. For example, one gallon of ethanol produces
less energy than one gallon of gasoline, resulting in reduced fuel efficiency [13]. Additionally, ethanol produced
from corn is neither cheaper nor extremely pure from the standpoint of environmental protection and requires
higher energy consumption to be processed.

The IEA Outlook for Biogas and Biomethane points out that while biogas has strong potential for
decarbonization and energy security, its utilization faces persistent challenges. These include feedstock variability
and unreliable supply chains, methane leakage risks that undermine climate benefits, and the high costs of
upgrading biogas to biomethane, which make it less competitive than fossil natural gas [24]. Biogas also faces
combustion challenges due to impurities and compositional variability [25].

1.3. Scope and Objectives of the Study

The present study provides a comprehensive overview of recent advancements in biofuel combustion
chemistry. The study provides a comprehensive review of the fundamental chemical properties of common
biofuels (biodiesel, bioethanol, and biogas), and an exploration of combustion mechanisms. It critically evaluates
the recent works in both experimental diagnostic tools and computational modeling techniques that have
significantly enhanced our ability to study these complex processes. The novelty of the present study lies in the
concise review of biofuels with a critical evaluation of the combustion kinetics and mechanisms. The potential of
various biofuels as well as blending of biofuels is critically reviewed. The study identifies challenges limiting the
application of biofuels and proposes solutions, highlights future areas of study and opportunities in this rapidly
evolving field. As such, the study synthesizes current knowledge to inform future research and development efforts
aimed at optimizing biofuel combustion for cleaner and more efficient energy conversion.

2. Fundamentals of Biofuel Combustion

Biofuel combustion is the thermo-chemical process through which bio-derived fuels such as bioethanol,
biogas and biodiesel combine with oxygen in a high temperature environment producing energy in the form of
heat, carbon dioxide and water vapour. The fundamentals of biofuel combustion are grounded in their different
chemical compositions such as the long-chain hydrocarbons in biodiesel, short carbon chain with high oxygen
content in bioethanol and the methane-carbon dioxide blend in biogas. These diverse chemical compositions in
biofuels determine their combustion characteristics.

2.1. Chemical composition of common biofuels

Biodiesel is primarily composed of monoalkyl esters of long chain fatty acid mainly methyl or ethyl esters
(FAMES), which are produced through the process of transesterification. This process involves a reaction between
renewable lipids such as plant oils or animal fats and methanol (or ethanol) in the presence of a catalyst (typically
sodium or potassium hydroxide). The general formula for biodiesel is R-COOCH3, where R is a long hydrocarbon
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chain (between Ci6—C»). The fatty acid composition such as the chain length and degree of unsaturation varies
depending on the feedstock used such as rapeseed, soybean or palm oils. Biodiesel mainly comprises five
components: methyl palmitate (C17H340,), methyl stearate (Ci9H330-), methyl oleate (Ci9H3605), methyl linoleate
(Ci9H340,), and methyl linolenate (Ci9H320,) [26].

The stoichiometric combustion equation for a representative biodiesel compound such as C;7H340,, which
approximates a common fatty acid methyl ester like methyl palmitate can be expressed as follows when reacting
with oxygen:

C17H340,4+25.50, — 17CO,+17H,0 (1)

The molecular structure of fatty acid esters, defined by carbon chain length, saturation level, and functional
groups in fatty acid esters directly affects biodiesel performance properties such as cold flow behavior (such as
pour and cloud points), density and viscosity, cetane number, oxidation stability, and calorific value [27,28].

Bioethanol, a simple alcohol with the chemical formula C,HsOH, consists of carbon (C), hydrogen (H), and
oxygen (O), and is typically produced through the fermentation of sugars or starches from biomass. The presence
of an oxygen atom within its molecular structure distinguishes bioethanol from many hydrocarbon fuels,
contributing to its relatively clean-burning nature. During combustion, bioethanol reacts with oxygen to form
carbon dioxide and water:

C,HsOH + 30, — 2C0O,+3H,0 2)

The oxygen content in ethanol facilitates more complete combustion, resulting in lower emissions of carbon
monoxide (CO), unburned hydrocarbons, and particulates compared to traditional gasoline. Additionally,
bioethanol has a high-octane number and vaporization heat, which enhances knock resistance in engines. However,
it has a lower energy density (around 50% that of gasoline), therefore more volume is required to produce the same
amount of energy [29].

Biogas is a gaseous mixture primarily composed of methane (CHs) and carbon dioxide (CO,), with small
amounts of hydrogen sulfide (H,S), hydrogen (H.), nitrogen (N>), and trace moisture. Its composition depends on
the feedstock and the anaerobic digestion process used. A typical biogas mixture contains 50-70% CH4 and 30-50%
CO; [30]. The methane component is the primary combustible element and is responsible for the energy content
of biogas while, carbon dioxide is the main non-combustible constituent of biogas that lowers its overall calorific
value through a dilution effect. This results to several operational challenges, including reduced flame stability,
higher flame extinction limits and poor combustion control. In addition, the presence of CO, complicates the
understanding of emission formation mechanisms[31,32].

The combustion of methane occurs via the reaction:

CH4+20; — CO,+2H,0 (3)

The high methane content allows biogas to burn efficiently with a clean blue flame when properly combusted.
The main impurities are carbon dioxide, which lowers the energy content of the gas and hydrogen sulphide which
could cause corrosion problems on engine parts and on human health. Therefore, biogas purification (upgrading)
is necessary especially when used in engines or for grid injection [33]. Purified biogas (biomethane), can then
mimic the combustion behavior of natural gas more closely, offering stable flame characteristics and higher
efficiency. The physical and chemical properties of biofuels are shown in Table 1.

2.2. Comparison with Traditional Fossil Fuels

Fossil fuels and biofuels represent distinct categories of energy sources with significant differences in their
origin, environmental impact, and sustainability. Fossil fuels, such as coal, oil, and natural gas, were formed from
the anaerobic decomposition of ancient organic matter over millions of years, making them finite, non-renewable
resources. Biofuels on the other hand are derived from renewable materials. Table 2 shows the main differences
between fossil fuels and biofuels.
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Table 1. Physical and chemical properties of biofuels [26-34].

Chemical Properties

Physical Properties
(zel";‘:(y:) Blf(:li'n“tg Viscosity ~ Flash Point  Heating Value Chemical Formula Molecular Weight ~ LHV HHV 131 clﬁ';‘:r l\ﬁf;fl')‘:r ?e“nt]‘:f;‘;fr‘;

1.2-1.5cSt

Bioethanol 789 kg/m? 78.4 °C (or mm?/s) 12°C 6380kcal/kg C,HsOH 46.07 g/mol 26.3 MJ/kg 29.1 MJ/kg 108-110 5.8 425°C
(at 20 °C)

L 3.6-6 mm?/s Approx.
Biodiesel ~ 860-900 kg/m? >300 °C o >147 °C 39-41MlJ/kg C16CisH3360, 270-319 g/mol 39 MJ/kg 42 Ml/kg N/A 48-65 256-330 °C
(at 40 °C)
(FAMEs)
Biogas 1.2 ke/m? - “;tl?) t‘ga's 188 °C 220MJ/m? %j‘sng ggj 226g/mol  2MIm’  25MJm®  120-130 <5 540-600 °C
Table 2. Characteristics of fossil fuels and biofuels.
Characteristic Fossil Fuels Biofuels Ref
Carbon neutrality Increases the concentration of carbon dioxide in the atmosphere Releases net zero carbon dioxide into the atmosphere [35]
. High efficiency levels in internal combustion engines, particularly in ~ The efficiency of engines running on biofuels can vary depending on factors such as fuel
Efficiency - - . - o . - - o [36]
well-optimized gasoline and diesel engines. composition, engine design, and operating conditions
Energy density Produces a high amount of energy per unit mass Produces a low amount of energy per unit biomass [37]
Toxicity Toxic ingredients, chemicals and by-products Non-toxic [37,38]
No due to high emissions of CO, nitrogen oxides (NO,), and volatile Yes. Bioethanol and biodiesel typically produce lower levels of carbon monoxide (CO),
Environmentally friendly organic compounds (VOCs) compared to biofuels. This leads to air particulate matter (PM), and sulfur oxides (SOy) during combustion, contributing to [39]
pollution and smog formation cleaner air quality and reduced environmental impact.
Extracted from fossil reserves through drilling, mining, Bioethanol through fermentation, biodiesel through transesterification, biogas through [40]

Production methods

or extraction processes

anaerobic digestion of organic matter

Affordability

Expensive due to non-renewability of the sources

Biomass raw materials are readily available hence cheap
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2.3. Basic Combustion Mechanisms and Kinetics

Biodiesel, composed mainly of fatty acid methyl esters (FAMEs), undergoes combustion in compression
ignition engines through a series of physical and chemical processes. The combustion pathway is complex due to
the molecular structure of FAMESs, which includes long hydrocarbon chains and oxygen-containing ester groups.
The combustion mechanism of biodiesel involves the following four steps: Fuel pyrolysis, radical formation, chain
branching to final combustion [41]:

Pyrolysis occurs at temperatures above 600—1000 °C where biodiesel molecules start to thermally break down
into smaller hydrocarbons, aldehydes, alkenes, and radicals.

C17H340, (Methyl palmitate) — CgHi6 + CoHis + CO + CO; + H,O + radicals (4)

Radicals (Re) react with O, to form intermediate species (alkylperoxy radicals) (ROO¢). These species further
undergo isomerization and chain branching, especially at low temperatures. In the high-temperature combustion zone,
the remaining intermediates are fully oxidized to carbon dioxide and water as represented in Equation (1), with minor
emissions of NOy and CO.

The combustion characteristics of biodiesel and its blends with petroleum diesel are strongly governed by
feedstock-dependent FAME composition, oxygen content, and blend ratio. At the droplet scale, the steady
combustion rate increases linearly with biodiesel concentration due to biodiesel’s oxygenated nature, which
enhances oxidation efficiency. Lower blends (B5-B25) behave more like diesel but show strong puffing and
micro-explosions that improve atomization, while higher blends (B50-B75) burn more steadily due to higher
oxygen content but evaporate more slowly and have longer ignition delays. Saturated-rich biodiesels from waste
cooking oil and animal fats tend to form more soot and ignite later, whereas unsaturated-rich biodiesels burn
cleaner with better atomization [42]. Optimizing biodiesel blends is essential to balance ignition stability,
combustion efficiency, and emissions control.

Bioethanol combustion follows these general steps: Fuel decomposition, Radical reactions, chain branching
to final combustion [43]. Equations (5) and (6) represent the initial and final combustion reactions.

C,Hs0H — CHj3e + CH,OHe (5)

CO+O0OH — CO,+H (6)

Ethanol has a shorter ignition delay than gasoline, due to its oxygen content, which facilitates faster
combustion reactions. It also promotes cleaner combustion with significantly less soot formation compared to
gasoline, although it produces aldehydes as intermediate species during the oxidation step [44]. Ethanol has a
higher laminar flame speed, making it suitable for use in spark-ignition engines [45].

Figure 1 shows the combustion mechanisms for biofuels.

¢85 A ghlyoy o

Bioefhanol Biodiesel (Methyl Biogas
decanoate) (Biomethane)
CO:+H0

€0,+H,0 C0,+H,0

Figure 1. Combustion mechanisms of biofuels.

The combustion characteristics of biogas are dependent on the methane content which provides the energy
for combustion. CO; acts as a diluent which lowers the flame temperature. The low calorific value of biogas can
be improved through addition of hydrogen. Combustion of biogas follows radical chain reactions as follows: Initial
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reactions; At high temperatures stable methane molecules begin to break to form free radicals. Propagation
reactions: These initial free radicals attack the fuel and oxidant molecules, creating more products and radicals, thus
propagating the chain reaction. Chain branching and termination; These are reactions that produce more radicals
which are highly reactive, leading to an exponential increase in the reaction rate and the phenomenon of ignition.

In the analysis of biogas combustion, researchers mainly focus on its two primary components. The
combustion of a methane and carbon dioxide mixture serves as a representative model for the overall process. A
mixture of 60% CH,4 and 40% CO, reacting with air is assumed to depict typical biogas combustion. Equations (7)
and (8) represent the combustion of pure methane in oxygen and biogas in air, respectively [46,47]:

CH4 + 20, — CO;, + 2H,0O )

0.6CH; + 0.4CO, + 1.2(05 + 3.76N,) — CO, + 1.2H,0 + 4.512N, ®)

Biogas combustion kinetics examine the rate at which chemical reactions occur and the variables that
influence these reaction rates. The main factors affecting combustion rates include temperature, pressure, and
reactant concentrations [48]. The relationship between temperature and reaction rate is commonly described by
the Arrhenius equation:

k — ArEa/RT (9)

where £ is the rate constant, 4 denotes the pre-exponential factor, E, is the activation energy, R is the universal gas
constant, and 7 is the absolute temperature.
Table 3 show a comparison of the combustion and kinetic parameters of bioethanol, biodiesel and biogas.

Table 3. Comparative analysis of fundamental combustion and kinetic parameters for bioethanol, biodiesel, and biogas.

Fuel Property Bioethanol Biodiesel Biogas References
Laminar High (40-50 cm/s at Low to Moderate Low (21-29.5) cm/s at 0.28 atm, 295 K [49-51]
Flame speed latm, 360 K (21-25 cm/s at latm, 400 K heavily suppressed by dilution
Exhibits distinct Negative Short IDT; highly reactive at Lo
Leniti . . low temperatures; NTC Significantly prolonged IDT due to
gnition Delay Time Temperature Coefficient (NTC) S . .
: . . . behaviour is heavily the thermal and chemical [52-54]
(IDT) Regimes behavior at intermediate .
suppressed due to third-body effects of CO,
temperatures (700-900 K) .
long alkyl chains
Dominant Formaldehyde (HCHO) Alkyl r.adlcals, . Methyl radicals (CH3), Formyl radicals
Intermediate Species Acetaldehyde (CH;CHO) and  Ester-group intermediates, (HCO), Carbon monoxide (CO) [55-57]
Ethene (C;H,) Propene, Olefins ’
Focuses on radical driven Fuel oxidation shifts from
- low-temperature peroxy CH,4 + OH — CH; + H,0 followed by
L decomposition where, OH, H, . : .
Key Kinetic Pathways . . .7 radical to high-temperature f3- slow, rate-limiting CO [58,59]
and O radicals react by stripping . . L
- scission of long hydrocarbon oxidation CO + OH — CO, + H
hydrogen atoms (H-abstraction) . ; R
chains; (RO,) isomerization
Low soot and Polycyclic ~ High Soot-NOj trade-off; due Lower flame temperatures generally reduce
Primary Emission ~ Aromatic Hydrocarbon (PAH) to higher combustion thermal NOy due to reduced peak flame [60]
Trade-offs formation; risk of unburned temperatures and temperatures; elevated incomplete CO
aldehyde emissions oxygen availability emissions under lean conditions

3. Advances in Experimental Techniques
3.1. Development of Advanced Diagnostic Tools

The development of sustainable and efficient combustion systems for biofuels demands a deep understanding
of their underlying chemical kinetics and reaction pathways. Traditional diagnostic techniques often lacked the
resolution, sensitivity, or temporal fidelity required to track fast, transient species in combustion environments. In
recent years, spectroscopy and mass spectrometry have emerged as indispensable tools in combustion diagnostics,
enabling researchers to probe the complex chemistry of biofuels at molecular levels [61]. Table 4 shows the
comparative analysis of different diagnostic techniques, their strengths and limitations.

3.1.1. Spectroscopy

Spectroscopy entails the study of the interaction between electromagnetic radiation and matter. In combustion
chemistry, spectroscopy is used to identify and quantify reactive intermediates, stable products, and radicals formed
during fuel decomposition and oxidation. These measurements are essential for validating chemical kinetic models and
optimizing combustion conditions. Biofuels like ethanol, butanol, biodiesel, and other oxygenated fuels tend to have
unique decomposition pathways that produce oxygenates, aldehydes, and radicals not commonly observed in
hydrocarbon fuel combustion. Spectroscopic diagnostics enable the capture of these unique signatures and support the
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development of fuel-specific kinetic models. Examples of spectroscopic diagnostics include Laser-based spectroscopy,
UV-VIS absorption spectroscopy and Raman spectroscopy. Their operations are discussed further below.

(a) Laser-Based Spectroscopy

Techniques such as Laser-Induced Fluorescence (LIF) and Raman/Rayleigh scattering have become very useful
diagnostic tools. LIF allows for the highly sensitive detection of specific, short-lived radical species like hydroxyl
(OH) and formaldehyde (CH,0), which are crucial intermediates in combustion. By exciting a target molecule with
a laser and measuring the emitted fluorescence, researchers can map its concentration in both space and time within
a flame or reactor [62]. This is useful for characterizing complex biofuel mixtures, such as fuel/water emulsions with
ethanol [63]. A study done by [64] developed a technique that uses a single femtosecond laser pulse to simultaneously
detect NOy, O, and O, in flames. The method delivered accurate, interference-free results that matched with
simulation data, providing valuable insights for species distribution and the pathways of NOx formation in both lean
and rich combustion environments. Advanced techniques like two-photon LIF enable the detection of atoms like
hydrogen and oxygen. Raman and Rayleigh scattering are used to measure the temperature and the concentration of
major species (like O», N», CO,, H>O) by analyzing how light scatters off molecules [65].

(b) Ultraviolet and Visible Absorption Spectroscopy

UV-Vis absorption spectroscopy operates on the principle that specific molecules absorb light within the
ultraviolet (100400 nm) and visible (400-700 nm) regions of the electromagnetic spectrum as their electrons
transition to higher energy levels. The extent of this absorption is directly proportional to the concentration of the
absorbing species. In the context of biofuel combustion, this technique is particularly effective for detecting and
quantifying gaseous pollutants such as nitric oxide (NO) and nitrogen dioxide (NO,), both are significant contributors
to NOx emissions [66]. By monitoring their characteristic absorption bands, researchers can assess the effectiveness
of different combustion strategies in mitigating these harmful byproducts. Furthermore, UV-Vis spectroscopy plays
an important role in identifying and quantifying aromatic intermediates and soot precursors, like polycyclic aromatic
hydrocarbons (PAHs), which are formed during incomplete biofuel combustion [67]. Many of these aromatic
compounds absorb strongly in the UV region thus allowing for their identification and analysis. Beyond the
combustion process itself, UV-Vis can also be employed for biofuel quality assessment, such as determining blend
levels of biodiesel in conventional diesel or monitoring the oxidative degradation of biofuels [68]. While relatively
simple and cost-effective, limitations include potential interferences from overlapping absorption spectra in complex
combustion environments and the inability to directly detect non-absorbing major species like oxygen or nitrogen.

(c) Raman spectroscopy

Raman spectroscopy, a non-intrusive vibrational spectroscopic technique, complements UV-Vis by providing
information on the molecular vibrations of a sample [69]. It is an effective tool in optimizing combustion processes that
works by analyzing the inelastic scattering of monochromatic light (typically from a laser) from molecules, revealing a
unique spectral fingerprint for each species. A significant advantage of Raman spectroscopy in biofuel combustion is its
ability to detect major species that are often transparent to UV-Vis, including homonuclear diatomic molecules like
hydrogen (H>), oxygen (O-), and nitrogen (N>), as well as heteronuclear molecules such as carbon dioxide (CO») and
methane (CH») [70]. This capability is fundamental for understanding the overall stoichiometry and progression of
reactions within biofuel flames, allowing for quantification of these critical components. Moreover, Raman spectroscopy
is a powerful tool for measuring temperature fields within combustion zones. The sensitivity of Raman band intensities
and distributions to temperature allows for precise local temperature determinations, which are vital for understanding
reaction kinetics and optimizing combustion efficiency. The technique also excels at characterizing fuel-air mixing, an
essential parameter for clean and efficient combustion, by measuring the concentrations of fuel and oxidizer components.
Recent advancements have significantly improved signal-to-noise ratios and acquisition speeds, enabling real-time
diagnostics even in highly turbulent biofuel flames [71]. This breakthrough is critical for deciphering the intricate
interactions between turbulence and chemical reactions, paving the way for more accurate combustion models.
Furthermore, Raman spectroscopy is widely used for characterizing the structure and defects of soot, providing insights
into particulate matter emissions from biofuels [72]. Despite its power, Raman spectroscopy faces challenges such as
the inherent weakness of the Raman signal, potential fluorescence interference, and the relatively higher cost and
complexity of the instrumentation.

3.1.2. Mass Spectrometry

Mass spectrometry (MS) is a powerful diagnostic tool in combustion research, offering high sensitivity and
specificity for detecting a wide range of species, including transient intermediates and stable products. In the
context of biofuels combustion, MS plays a crucial role in unraveling complex reaction mechanisms, especially
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given the diverse chemical structures and oxygenated nature of many biofuels [73]. The two major MS techniques
are: Molecular beam mass spectrometry (MBMS) and Photoionization mass spectrometry (PIMS). Molecular
beam mass spectrometry (MBMS) is widely used to sample combustion gases directly from flames or shock tubes.
By rapidly expanding the sample into a vacuum, MBMS minimizes secondary reactions and allows for real-time
detection of reactive intermediates such as radicals, aldehydes, and hydroperoxides. This is particularly important
for studying ignition behavior and pollutant formation in alcohols, esters, and other biofuel types. Photoionization
mass spectrometry (PIMS) has further advanced combustion diagnostics by using soft ionization methods that
reduce molecular fragmentation. This enables the identification of larger and more fragile species, including
isomers and complex intermediates found in the combustion of lignocellulosic or furan-based biofuels. PIMS
offers rapid, high-resolution detection across a broad mass range [74]. Overall, mass spectrometry has become
essential for investigating the combustion chemistry of biofuels. It supports the validation of reaction mechanisms,
optimization of combustion systems, and reduction of emissions, making it a key component in the development
of cleaner and more efficient biofuel technologies [75].

3.2. Microkinetic Experiments and Reactor Studies

Microkinetic experiments and reactor studies are crucial in the development and optimization of biofuel
production processes. The microkinetic experiments enable understanding fundamental reaction mechanisms by
determining the reaction intermediate and rate-determining steps. As such, they are essential for catalyst design
and optimization by identifying the optimal catalyst composition and structure to maximize reaction rate and
selectivity. The microkinetic studies are done using Shock Tubes and Rapid Compression Machines (RCMs) or
Flow and Jet-Stirred Reactors (JSRs).

The Shock Tubes and Rapid Compression Machines (RCMs) are the primary tools for studying gas-phase
chemical kinetics at high temperatures and pressures relevant to internal combustion engines. A shock tube uses a
shock wave to nearly instantaneously heat a gas mixture, allowing for the measurement of ignition delay times and
species concentration profiles over very short timescales. RCMs compress a gas mixture to simulate compression
stroke of an engine. Both methods provide high-quality data for fundamental kinetic parameters, such as the
ignition delay of fuels like rapeseed oil and ethanol emulsions [76], under conditions where the complexities of
fluid dynamics are minimized.

The Flow and Jet-Stirred Reactors (JSRs) are used for studying kinetics over longer timescales and at more
moderate conditions and flow reactors and JSRs are employed. In a JSR, reactants are continuously fed into a vessel in
which intense mixing creates a uniform environment. By analyzing the composition of the outflowing gas at steady state,
researchers can obtain data on the reaction rates and the formation of various intermediate products and pollutants. These
reactors are crucial for understanding the low-to-intermediate temperature chemistry that governs phenomena like
autoignition and the formation of soot precursors from various biofuel candidates [77].

3.3. Flame Characterization Techniques

Flame characterization techniques for biofuels involve various methods to understand their combustion
properties and emissions. Key aspects include temperature, species distribution, soot formation, and pollutant
emissions. The main flame characterization techniques include:

(a) Flame Speed Measurements

The laminar flame speed is a fundamental property of a fuel-air mixture that quantifies its reactivity.
Techniques for measuring it, such as the counterflow flame and spherically expanding flame methods, have been
refined for higher accuracy. These measurements provide key validation targets for chemical kinetic models of a
wide range of biofuels, including gasoline/alcohol blends [78].

(b) Species and Temperature Mapping in Flames

Combining laser diagnostics with various flame setups allows for detailed mapping of flame structure. For
example, using LIF to measure OH concentration across a flame front provides insight into the primary reaction
zone. Coherent Anti-Stokes Raman Spectroscopy (CARS) is an advanced technique used for making precise,
spatially resolved temperature measurements within flames. Particle Image Velocimetry (PIV) is used to measure
the velocity field of the unburned and burned gases, providing crucial information about the fluid dynamics and
its interaction with the flame chemistry [79].
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Table 4. Comparative analysis of advanced experimental techniques, strengths and weaknesses.

Experimental Key Measured

Technique Principle Outputs Bioethanol Relevance Biodiesel Relevance Biogas Relevance Strengths Limitations Ref
Laser-based Laser excitation Radical species ox}:ir:tcil;fl et;?lr\l;; s reIc(ilerrslf)lere:ns(;);)(;[cal Captures flame High spatial/temporal Expensive: requires
spectroscopy of molecules (OH, CH, CH:0), Hon pathways - precurs . stability in CH4/CO2- resolution; P > requil [80,81]
. and intermediate oxidation zones in . . - . complex calibration
(LIF/PLIF) fluorescence emission flame structure . . . diluted mixtures non-intrusive
species formation ~ FAME combustion
UV-_Vis absorption Absorption of CO, NO, NOz and Useful for CO/NOx fo;rnrlzﬁ{osnl\llgéer Measures CO; dilution Simple setun: Limited species
spec troscorp UV/visible light by formaldehyde formation trends during oxveenated and incomplete real- timIf): moni tl()),rin selectivity; line-of-  [82]
P Py gas-phase species concentrations alcohol combustion ygenat combustion products & sight averaging
fuel conditions
. . Temperature, Maps temperature and Tracks oxygenated Strong for CH+—CO2 . . .
Inelastic scattering . . . fuel breakdown . o Simultaneous species Weak signal;
Raman spectroscopy . major species fuel decomposition S mixture composition .. ; [83]
of laser light and oxidation temperature data sensitive to noise
(CHg, O2, CO2, H20) pathways and temperature fields
completeness
Ionization and
Mass spectrometry . . . Captures ethanol, Resolves complex . . .
(MBMS, molecular separation of gas-phase Intermediates, radicals, acetaldehyde and biodiesel (FAME) Detects methane Highly detailed Expensive; [84]

species by reaction products oxidation intermediates chemical speciation  intrusive sampling

beam MS) mass/charge ratio

COz pathways breakdown chemistry

Microkinetic/reactor  Controlled reactors Reaction rates, Validates alcohol Essential for multi- USAed for m.etha.ne Strong for model L1m1ted flame
. o . rate constants, R . step FAME oxidation kinetics realism (compared to  [85]
studies and kinetic modelling . L oxidation mechanisms L o development
mechanism validation oxidation networks under dilution effects real flames)
. . . Moderate flame . . .
Laminar flame speed Observation of planar  Flame speed, flame  High flame speed due speeds influenced by Low flame speed Direct combustion Sensitive to [86,87]

measurements flame propagation stability limits to oxygen content due to COz dilution  performance indicator conditions (T, P, ¢)

heavier molecules
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4. Advances in Computational Modeling

Alongside experimental progress, computational modeling has become an essential tool for interpreting
experimental data and predicting combustion behavior. Advances in computational modeling have enabled the
accurate prediction of key processes such as atomization, and combustion of biofuels.

4.1. Factors Affecting Computational Modeling of Biofuels

Detailed kinetic models are the cornerstone of predictive combustion simulation. They consist of a comprehensive
set of elementary chemical reactions, their corresponding rate constants, and the thermochemical and transport properties
of all species involved. This section presents factors affecting computational modeling of biofuels.

(a) Mechanism complexity

One of the main challenges in computational modelling of biofuel combustion is the complexity of the
chemical kinetic mechanisms of biofuels. While conventional hydrocarbon fuels are often represented using
relatively compact reaction schemes, biofuels contain oxygenated functional groups and diverse molecular
structures that substantially increase the number of reaction pathways. For example, a model for methane might
contain a few hundred reactions, whereas a model for a biodiesel surrogate can involve thousands of species and
tens of thousands of reactions. Identifying the key kinetic steps in these large mechanisms is a major focus of
modern research [88]. Increasing mechanism complexity improves predictive accuracy for ignition delay, flame
speed, and pollutant formation but at the expense of computational efficiency [89].

(b) Automated mechanism generation

To handle mechanism complexity, researchers increasingly rely on automated reaction mechanism
generation software. These programs use a set of predefined reaction family rules to systematically build a network
of all possible reactions starting from the initial fuel molecules. This automates the previously painstaking manual
process and helps ensure that no important reaction pathways are overlooked [90]. Despite these advances,
automated mechanisms frequently produce excessively large reaction networks, creating challenges in model
validation and computational manageability. Furthermore, generated mechanisms often depend on estimated
thermodynamic and kinetic parameters, introducing uncertainties that propagate into combustion simulations.
Several recent studies have emphasized the need for uncertainty quantification frameworks alongside automated
generation procedures [91].

(¢) Quantum chemistry for parameterization

The accuracy of a kinetic model depends entirely on the accuracy of its input parameters, namely reaction
rate constants and thermochemical properties. For many biofuel-specific intermediates, this data does not exist
experimentally. Modern computational chemistry, particularly high-level quantum mechanical calculations, has
become the primary source for this data [92]. These first principles calculations can predict the energetic barriers
of reactions and the properties of molecules with high accuracy, providing the essential data needed to build
reliable models [93].

(d) Model reduction

While detailed models are essential for accuracy, their large size makes them computationally too expensive
for use in complex fluid dynamics simulations. Therefore, a critical step is mechanism reduction, where systematic
techniques are used to eliminate unimportant species and reactions. This creates a smaller, computationally
tractable model that still accurately reproduces the key combustion targets such as ignition delay and flame speed
of the detailed mechanism [94].

4.2. Quantum Chemical Calculations for Reaction Pathways

Beyond providing parameters, quantum chemistry is used to explore entire reaction pathways for biofuel
molecules. By mapping the potential energy surface (PES) for the decomposition and oxidation of a fuel [95],
researchers can identify novel, previously unknown reaction channels. This is especially important for oxygenated
biofuels, whose functional groups (like esters, alcohols, or furans) introduce reaction pathways that are not present
in traditional hydrocarbon fuels. For example, detailed PES studies have revealed unique decomposition routes for
methyl esters (a key component of biodiesel) and have clarified the complex chemistry of furanic compounds,
which are promising second-generation biofuels. These theoretical insights guide the development of more
accurate and comprehensive kinetic mechanisms [96].
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4.3. Large-Scale Simulations

To bridge the gap between fundamental chemical kinetics and real-world combustion devices, large-scale
computational fluid dynamics (CFD) simulations are employed. Some of the major CFD simulations are discussed further.

(a) Direct Numerical Simulation (DNS)

DNS is the most detailed type of CFD simulation, as it resolves all scales of turbulent motion and directly
incorporates detailed chemical kinetic models. While computationally prohibitive for full-scale engine
simulations, DNS is an invaluable research tool. It provides a ‘numerical experiment’ that yields complete, time-
resolved data for velocities, temperatures, and species concentrations throughout the simulation domain. DNS of
turbulent flames fueled by biofuels like ethanol have provided fundamental insights into turbulence-chemistry
interactions [97], pollutant formation, and autoignition phenomena under engine-relevant conditions.

(b) Large Eddy Simulation (LES)

LES is a more practical approach for simulating realistic combustors. It directly computes the large, energy-
carrying turbulent eddies while modeling the effects of the smaller, more universal scales. When combined with
reduced chemical kinetic mechanisms, LES can predict the performance and emissions of internal combustion
engines, gas turbines, and industrial burners. Recent advances in computing power and modeling techniques have
enabled high-fidelity LES of biofuel combustion in complex engine geometries, helping to optimize engine design
and control strategies for alternative fuels [98].

4.4. Machine Learning Applications in Combustion Chemistry

The vast amount of data generated from both experiments and high-fidelity simulations has paved the way
for the application of machine learning (ML). As such, there is an increasing application of ML in combustion
chemistry aimed at improving the accuracy and efficiency of experimental studies and simulations. Typical
applications and benefits of ML techniques are discussed in this section.

(a) Accelerating Quantum Chemistry

ML models can be trained on datasets of quantum chemical calculations to predict molecular properties and
reaction energies at a fraction of the computational cost. This accelerates the process of parameterizing kinetic models
for new biofuel candidates [99]. It therefore reduces the computational cost of complex combustion simulations.

(b) Mechanism Reduction and Optimization

ML techniques, such as neural networks and genetic algorithms, are being used to automate and improve the
process of chemical mechanism reduction. These methods can identify the most important reactions and species
more efficiently than traditional techniques, leading to compact and accurate models suitable for computational
fluid dynamics [100]. This also accelerates chemical kinetics calculations.

(¢) Surrogate Model Development

For complex real-world simulations, machine learning (ML) can be used to create surrogate models, also
known as response surfaces, that emulate the behavior of a detailed combustion simulation. These fast-running
surrogates can then be used for large-scale design optimization and uncertainty quantification studies, significantly
reducing the computational turnaround time [101]. In addition, the application of ML aids the development of
more accurate models for turbulent combustion. This further helps to analyze large datasets, identify hidden
patterns and relationships under various conditions. Data availability remains a major drawback since many
surrogate models are trained on synthetic datasets that may not adequately represent practical combustion
conditions [102].

5. Assessment of Biofuel Combustion

In this section, the combustion kinetics and mechanisms of various biofuels are evaluated.

5.1. Biodiesel Combustion

Recent studies have focused on unravelling the fundamental chemical kinetics governing biodiesel
combustion, as shown below.
(a) Detailed Chemical Kinetic Models

Significant progress has been made in developing detailed chemical kinetic models for biodiesel surrogates
such as methyl decanoate, methyl oleate [103]. These models, often comprising of thousands of reactions, are
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crucial for accurately predicting ignition delay, flame speed, and the formation of key intermediates. They reveal
that the initial breakdown of the ester moiety and the long hydrocarbon chain proceeds through hydrogen
abstraction, leading to the formation of alkyl and ester radicals.

(b) Low-Temperature Combustion (LTC) Chemistry

The presence of the ester group influences the low-temperature oxidation pathways. Recent studies in engines
operating in LTC modes, such as Homogeneous Charge Compression Ignition, show that the two-stage ignition behavior
of biodiesel is distinct [ 104]. The first stage is governed by the formation and decomposition of hydroperoxy-alkyperoxy
species, a process influenced by the double bonds in unsaturated FAMEs. This understanding is vital for controlling
ignition timing and reducing NOx and soot formation in advanced combustion strategies.

(c¢) Soot Formation and Oxidation

While biodiesel’s oxygen content generally reduces soot emissions by promoting the oxidation of soot
precursors (like polycyclic aromatic hydrocarbons, PAHs) and soot particles themselves, recent findings show that
the type of FAME plays a critical role [105]. Unsaturated FAMEs such as methyl oleate and methyl linoleate may
have a higher tendency to form soot precursors because of the presence of C=C double bonds, which can serve as
sites for radical addition and subsequent cyclization reactions. Nevertheless, the embedded oxygen still tends to
lead to lower overall soot production compared to diesel.

(d) NOx Formation Mechanisms

The long-standing issue of slightly increased Nitrogen Oxide (NOx) emissions with biodiesel remains a focus.
Recent insights confirm that the higher cetane number and the presence of oxygen in biodiesel can cause a shorter
ignition delay and more advanced combustion timing, leading to higher peak cylinder temperatures, which promote
the thermal Zeldovich mechanism for NOx formation [106]. Some studies also suggest that the prompt NOx
mechanism, involving the reaction of hydrocarbon radicals with atmospheric nitrogen, might be affected by the
specific radical pool generated during biodiesel combustion.

5.2 Bioethanol Combustion

Although bioethanol has been widely used and studied, recent studies have provided new insights into
bioethanol combustion focusing on the following aspects:

(a) Laminar Flame Speed and Blending Effects

The laminar flame speed of bioethanol exceeds that of gasoline, which can result in faster combustion and
better thermal efficiency. Recent research on bioethanol-gasoline blends has shown a non-linear pattern in flame
speed as ethanol content increases [107]. This is due to the complex chemical interactions between ethanol and
the various hydrocarbon components of gasoline, impacting the overall radical pool and heat release rate.

(b) Aldehyde Emissions in Advanced Engines

A significant new insight concerns the formation of aldehydes, particularly formaldehyde and acetaldehyde,
during bioethanol combustion, especially in advanced engines like Gasoline Direct Injection (GDI) and HCCI
engines [108]. While bioethanol combustion produces fewer PAHs and soot than gasoline, the partial oxidation of
ethanol can lead to higher concentrations of these toxic aldehydes. Research is now focused on understanding the
kinetic pathways leading to their formation and developing strategies to mitigate them, such as optimizing injection
strategies and combustion chamber design.

(¢) Cool Flame and Negative Temperature Coefficient (NTC)

Bioethanol exhibits a less pronounced NTC behaviour compared to gasoline, meaning its ignition delay does
not increase as significantly with temperature in the intermediate temperature range [109]. This has implications
for engine knock and the operational window of HCCI engines. Understanding the specific reactions that govern
this behaviour is crucial for developing accurate predictive models for engine control.

(d) Impact on Particulate Matter

While ethanol is generally considered to reduce particulate matter (PM) emissions, recent studies using

sensitive measurement techniques have shown that even low-level ethanol blends can influence the size, number,

and composition of nanoparticles emitted [110]. The formation of these ultrafine particles is an area of active
investigation, with implications for human health and air quality.
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5.3 Biogas Combustion

Biogas, primarily a mixture of methane (CH4) and carbon dioxide (CO,), presents unique combustion
challenges due to the high dilution and lower energy density compared to natural gas. Emerging research is focused
on improving its combustion stability, efficiency, and understanding its unique chemical kinetics.

(a) Chemical Kinetic Modelling of Diluted Flames

The high CO, content in biogas acts as a diluent, significantly affecting the flame speed, flammability limits,
and heat release rate. Emerging research involves the development and validation of detailed chemical kinetic models
that accurately account for the third-body effects of CO, on key reactions in the methane oxidation pathway [111].
These models are essential for designing efficient biogas combustors and engines.

(b) Combustion Instabilities and Lean Blowout

Biogas flames are more susceptible to instabilities and lean blowout, especially in gas turbines and industrial
burners. Current research is investigating the coupling between fluid dynamics, acoustics, and chemical kinetics
that drives these instabilities [112]. Understanding the chemical kinetic response of biogas flames to pressure and
velocity fluctuations is crucial for developing robust and reliable combustion systems.

(¢) Hydrogen Enrichment

A significant area of emerging research is the enrichment of biogas with hydrogen (H»). Even small amounts
of hydrogen can drastically improve the combustion characteristics of biogas [113], including increasing the flame
speed, extending the lean flammability limit, and enhancing flame stability. Researchers are actively studying the
chemical kinetic interactions between the CH4, CO», and H; to optimize the blending strategy and maximize the
benefits. [114] reported that enrichment of methane with hydrogen on a mass basis up to 6% reduces CO emission
considerably and increases NOx emission moderately.

(d) Pollutant Formation in Diluted Flames

The presence of CO, and the typically lower combustion temperatures in biogas flames influence pollutant
formation. While NOy emissions are generally lower due to reduced peak temperatures, the formation of carbon
monoxide (CO) can be a concern, especially under lean conditions. Research is focused on understanding the CO
burnout reactions in the presence of high CO, concentrations and developing strategies for complete combustion [115].

5.4. Combustion of Other Advanced Biofuels

Advanced biofuels, such as bio-oils produced from the fast pyrolysis of biomass, represent a promising but
challenging frontier in renewable energy. These fuels are complex mixtures of hundreds of organic compounds,
including water, acids, aldehydes, ketones, furans, and phenols, which makes their combustion chemistry
incredibly intricate. Recent studies have focused on the following aspects:

(a) Combustion of Individual Components

Researchers have studied detailed kinetic models for compounds like levoglucosan (a sugar derivative),
furfural, and various phenolic compounds [116]. This bottom-up approach helps to identify the key reaction
pathways and intermediate species that are important in the overall combustion process.

(b) Challenges of High Water and Oxygen Content

Bio-oils typically contain a significant amount of water (15-30%) and oxygen (35-40%). This high water
content can lead to ignition difficulties and lower flame temperatures [117]. The high oxygen content, while
potentially beneficial for reducing soot, is present in various functional groups (hydroxyl, carboxyl, etc.), each
with a different impact on the combustion chemistry. Research is focused on understanding how these oxygenated
species break down and interact during combustion [118].

(c) Droplet Combustion and Micro-explosions

The multicomponent nature of bio-oil leads to interesting droplet combustion phenomena. As a bio-oil droplet
heats up, the more volatile components vaporize first, which can lead to a build-up of pressure inside the droplet
and subsequent ‘micro-explosions [119]. These events enhance fuel-air mixing and combustion efficiency but also
pose challenges for predictable and controlled combustion.

(d) Catalytic Combustion and Upgrading

Due to the challenges of direct combustion, significant research is being directed towards the catalytic
upgrading of bio-oils to improve their properties before combustion [120]. Furthermore, catalytic combustion,
where a catalyst is used to facilitate the oxidation of the fuel at lower temperatures, is being explored to burn low-
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quality bio-oils and pyrolysis products more efficiently and with fewer pollutants. This includes investigating
catalysts that are resistant to coking and poisoning from the complex components of bio-oils [121].

6. Challenges and Future Directions

Combustion of biofuels face challenges arising from varying chemical and physical properties compared to
fossil fuels. This variation results in complexities such as lower energy yields and increased emissions. Future
directions involve developing advanced biofuels from non-food sources, improving combustion technologies for
higher efficiency and lower emissions, and optimizing biofuel production processes for sustainability. Figure 2
shows a link in the recent advances, current challenges and the future directions in biofuel combustion chemistry.

e Combustion chemistry
e Experimental Diagnostics

e Computational Modelling
BIOFUEL COMBUSTION RECENT ":> e Advanced biofuels such as Sustainable
CHEMISTRY ADVANCES Aviation Fuels (SAFs), Biodiesel-
alcohol blends, Nano-additive
o ) enhanced biofuels

e Kinetic Mechanism Limitations
e Emission Formation
cw wi e Fuel Variabilit
CHALLENGES S
e Modelling Challenges

e Emerging Biofuels such as biofuel-
hydrogen blends and waste-derived
FUTURE advanced biofuels
DIRECTIONS e Advanced Diagnostics
e Cleaner Combustion Strategies
e Next Generation Kinetic models

Figure 2. Recent advances, current challenges and future directions.

6.1. Emissions Reduction Strategies

One of the main challenges in biofuel combustion is the control of emissions of NOx, CO and particulates
and unburnt hydrocarbons. Generally, biofuels emit less harmful by-products compared to conventional fuels.
However, due to their incomplete combustion, biofuels such as biodiesel show higher NOy emissions, which could
become a serious concern if their usage becomes more widespread [122]. Emissions from biofuel (biodiesel and
bioethanol blends) combustion can be significantly mitigated by implementing low-temperature combustion
(LTC) strategies such as PCCI (Premixed Charge Compression Ignition), HCCI (Homogeneous Charge
Compression Ignition) and RCCI (Reactivity-Controlled Compression Ignition). These advanced methods lower
peak combustion temperatures, which in turn substantially reduce nitrogen oxides (NOy) and particulate matter
(PM) emissions often by about 90% [123]. By better mixing fuel and air and carefully controlling ignition timing
(especially in RCCI), these systems ensure cleaner combustion process. While they may require additional
oxidation catalysts to handle elevated levels of CO and unburned hydrocarbons, they offer a promising route to
cleaner internal combustion engines when used with biofuels.

A study evaluated a low-cost emission reduction system for biogas combustion, which included a chemical
scrubber and thermophilic biofilter, as an alternative to traditional oxidative catalysts. The research proved that
the chemical scrubber moderately decreased emissions of NOx (28-39%), CO (19-31%), and VOCs (22-24%).
The scrubber eliminated over 95% of formaldehyde when air and hydrogen peroxide were added. While the
biofilter had a minor impact on VOC and odour reduction, the combined system enabled biogas engines to function
at high efficiency while staying within emission limits for most of the regulated substances [124]. Emission
problems associated with the direct use of biodiesel in internal combustion engines can be mitigated by making
blends with biodiesel using diesel fuel in different ratios and incorporating fuel additives [125]. The emission
characteristics of biofuels are provided in Table 5.
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Table 5. Emission characteristics of biofuels.

Emission Bioethanol Biodiesel Biogas Reference
0 3 B 0 N
co 20-40% reduction gompared 10-30% reducthn Very low (efficient oxidation) [126]
to neat gasoline compared to pure diesel
CO, Slightly lower per MJ Slightly higher than diesel High at combustion point but [127]
than gasoline (but lower lifecycle) low lifecycle emissions
Variable: low to moderate
Neutral to slight o . depending on CH4/COz ratio
NOx decrease (0-10%) 10-30% reduction (28-39%) emission reduction 21281
using a low-cost scrubber
509 i
PM (soot) (40-50%) redu.ctlon (20-60%) reduction Near-zero soot formation [129]
compared to diesel
Eycdr(:)lélg;g:sc)l Moderate reduction 19.3% reduction Me?g;teeinhizgg:l)ble [130]
SOx Almost zero 90% emission reduction Very low [131]

6.2. Improving Combustion Efficiency and Stability

Biodiesel degrades over time due to the presence of unsaturated fatty acid methyl esters (FAMEs), oxygen,
heat, and trace metals. Antioxidants are a proven and widely used method to delay or prevent this degradation.
The oxidative stability of biodiesel can be improved with antioxidants that interrupt free radical chain reactions.
As highlighted by [132], synthetic antioxidants like butylated hydroxyanisole (BHA), butylated hydroxytoluene
(BHT), and tert-butyl hydroquinone (TBHQ) are effective but may raise cost and toxicity concerns. Natural
antioxidants, such as flavonoids and phenolics from plant extracts, provide eco-friendly alternatives with strong
antioxidative properties and better solubility. Their effectiveness depends on factors like concentration and
chemical structure, although excessive amounts can act as pro-oxidants. Synergistic blends and emerging
nanotechnology-based antioxidants also show promise for enhancing biodiesel stability.

Biodiesel combustion efficiency can be improved by optimizing blend ratios such as B10 or B20, which
enhance combustion by balancing viscosity, density, and oxygen content. The naturally higher cetane number and
oxygen content of biodiesel promote shorter ignition delay and more complete combustion. Although biodiesel
has a lower calorific value than diesel, its combustion efficiency improves under higher engine loads and
temperatures. Engine tuning such as adjusting injection timing and pressure also plays a critical role in maximizing
thermal efficiency and reducing fuel consumption [106]. Biogas has low calorific value and high CO, content
which presents significant challenges in maintaining stable combustion, particularly in excess air conditions. These
issues can be solved by upgrading biogas to remove CO, and H,S, controlling the air-fuel ratio, using
turbocharging to improve intake conditions, and employing pilot diesel injections or advanced ignition systems to
ensure reliable ignition. Engine design modifications across all three fuels such as optimizing combustion chamber
geometry and swirl also play a vital role in enhancing turbulence, mixing, and flame propagation, ultimately
leading to more efficient and stable

6.3. Expanding the Range of Viable Biofuels

Biofuels such as ethanol and biodiesel derived from food crops have raised concerns over food security and
land use. Therefore, research is currently geared towards exploring a wider variety of non-food and waste derived
feedstocks. These include lignocellulosic biomass such as crop residues, agricultural and forest residues, algae,
municipal solid waste, and carbon-rich gases like CO and CO,, which can be converted into fuels using
thermochemical, biochemical or catalytic processes. Apart from feedstock diversification, there is a growing
interest in producing advanced biofuels with enhanced combustion characteristics and energy density. These
include furan-based compounds for high-performance applications [133]; oxygenated fuels like dimethyl ether
(DME) that offer soot-free combustion [134] and butanol which has a higher energy content and better
compatibility with petrol engines that that of ethanol [135].

Integrating biofuel production with the generation of high value bioproducts like bioplastics or specialty
chemicals improves the economic sustainability of biorefineries and enhance holistic utilization of feedstocks.
Together, these strategies are paving the way for a more diverse and resilient biofuel landscape that supports carbon
neutrality and clean energy access [136]. Finally, hybrid conversion methods that combine biological and
thermochemical processing enable the efficient transformation of complex structured biomass into a broader
spectrum of fuels, including aviation biofuels and other alternatives that can replace petroleum-derived fuels.
These fuels can be tailored to enhance engine performance, cut emissions, and serve specific sectors, such as in
shipping, aviation, or heavy-duty transport.
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6.4. Research Needs and Opportunities

The field of biofuel combustion chemistry is increasingly becoming pivotal as global efforts are directed towards
seeking cleaner and more sustainable energy alternatives. One major challenge in this area is the development of
detailed and validated chemical kinetic mechanisms for a broader variety of biofuels. These include the common
options like biodiesel, bioethanol, and biogas, as well as emerging fuels such as furan-based and algae-derived
biofuels. Majority of these fuels contain oxygenated molecular structures with complex and less understood reaction
pathways, particularly under real engine conditions involving high pressures and variable temperatures.

Accurate modelling and prediction of combustion behavior relies on high-quality experimental data.
Advanced diagnostic tools such as laser-based imaging, shock tube experiments and Raman scattering play a
critical role in capturing complex processes and intermediate species that define combustion chemistry. These data
are important in refining kinetic models and improving their predictive capabilities. Additionally, the oxygen
content and molecular structure of biofuels largely determine pollutant formation, which is a key concern,
particularly emissions of nitrogen oxides (NOy), aldehydes and particulate matter. Understanding and mitigating
these emissions is essential to ensure that biofuels deliver genuine environmental benefits. Research into catalytic
combustion and the use of additives such as nanoparticles or metal-based compounds offers promising pathways
to enhance combustion efficiency and reduce harmful byproducts.

Another critical area of research is the performance behavior of biofuels in advanced low-temperature
combustion modes, such as Homogeneous Charge Compression Ignition (HCCI) and Reactivity Controlled
Compression Ignition (RCCI). These modes offer the potential for high combustion efficiencies and lower emissions
but require a deeper understanding of autoignition chemistry and the formation of intermediate species [137]. More
research, experimental and modeling studies are needed to address the limitations of these combustion modes [138].
Emerging opportunities in the field include the application of artificial intelligence to optimize chemical reaction
mechanisms and identify reaction pathways. Investigating fuel blends and multi-fuel strategies also offer potential
for improving engine performance and operational flexibility. Ultimately, achieving meaningful progress in
biofuel combustion chemistry will depend on a multidisciplinary effort, combining fundamental research,
computational modelling and experimental innovation, a modeling to accelerate the transition toward a cleaner
energy future.

7. Conclusions

The combustion chemistry of biofuels, particularly biodiesel, bioethanol, and biogas has undergone
significant advances in recent years, because of the global transition toward clean and sustainable energy resources.
This review has explored the fundamental mechanisms of biofuel combustion and compared them with
conventional fossil fuels. The chemical properties and performance characteristics of each biofuel type have been
highlighted. Recent advances in experimental diagnostics, such as advanced spectroscopy and flame
characterization, along with microkinetic studies, have substantially enhanced observation and quantification of
combustion processes. Computational modeling, including factors affecting kinetic modeling, quantum chemical
calculations, and emerging machine learning techniques, has expanded our predictive capabilities, enabling
improved insight into complex reaction mechanisms and pollutant formation pathways. Comparative analysis of
the diagnostic techniques has been done. Bioethanol, biodiesel, and biogas each offer distinct advantages and
challenges in terms of ignition properties, flame stability, and emissions. Despite offering promising results (high
combustion efficiency and lower emissions), particularly in low-temperature combustion regimes and fuel
blending strategies, significant challenges remain. These include minimizing NOx and soot production, improving
combustion stability under variable conditions, and extending the range of viable, sustainable biofuel feedstocks.
Progressive approaches, such as catalyst-aided combustion, rational fuel design based on structure-performance
relationships, provide interesting opportunities for future research. The study envisions that future work involving
a multidisciplinary approach that combines experimental research, computational modeling, and applied
engineering will be significant to overcoming the remaining hurdles and realizing the full potential of biofuels in
a decarbonized energy landscape.
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