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Abstract: The need for lowering the environmental impacts has incentivized the investigation of
biomass and biofuels as possible alternative sources for energy supply. Among the others, oxygenated
bio-derived molecules such as alcohols, esters, acids, aldehydes, and furans are attractive substances
as chemical feedstock and for sustainable energy production. Indeed, the presence of oxygen atoms
limits the production of aromatic compounds, improves combustion efficiency (thus heat production)
and alleviates the formation of carbon soot. On the other hand, the variability of their composition has
represented one of the major challenges for the complete characterization of combustion behaviour.
This work gives an overview of the current understanding of the detailed chemical mechanisms, as
well as experimental investigations characterizing the combustion process of these species, with an
emphasis on the laminar burning velocity and the ignition delay time. From the review, the common
intermediates for the most relevant functional groups and combustion of biofuels were identified.
The gathered information can be intended for the sake of core mechanism generation.
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1. Introduction

Fossil fuels are still the main feedstock for global energy production [1,2]. However,
sustainable sources like biofuels may offer many economic, technological, and environ-
mental advantages due to the significant reduction of particulate matter, soot formation,
unburned hydrocarbon, and NOx emissions [3]. On the contrary, their incomplete com-
bustion produces a small amount of harmful chemical components for the environment
and human health (e.g., acetic acid, aldehydes, and ketones) [1,2,4]. Recently, the use of
oxygenated bio-derived fuels (oxy-biofuels) such as alcohols, esters, acids, aldehydes, and
furans have attracted the attention of researchers worldwide [5-9]. This trend is due to their
positive answers to the environmental issues and also complying with the strict emission
regulations of transportation sectors [2,4]. Indeed, the existence of oxygenated functional
groups in the molecular arrangement changes the electronic structure of the fuel, thus
limiting the production of aromatic compounds, carbon soot [3,10,11]. Besides, the presence
of oxygen reduces the C-H bond strength being bond dissociation energies 80.6 kcal mol !
and 257.3 kcal mol~! in the absence and presence of oxygen, respectively [12]. In this
framework, the design and optimization of any combustion process based on oxy-biofuels
need the definition of a detailed chemical kinetic model. However, many experimental
studies are hindered by technical difficulties [13-15] related to the different functionality of
oxygen-rich biomass, intermediates, and products; to the temperature sensitivity of the
products [4,16]; to the short lifetime of intermediate products; and the product dependency
on the residence time of volatiles.

This work gathers the available information in the current literature on the progress
in experimental and modelling efforts geared towards the combustion of common primary
alcohols (methanol, ethanol, and butanol); organic acids (acetic acid and crotonic acid); and
other important oxygenated substances like acetaldehyde and furan.
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2. Research Metrics of Oxy-Biofuel

The International Energy Agency (IEA) released a report on the current state and
trends of renewable energy sources, including the global policies and market distributions.
As part of this, an increase in worldwide biofuel production by 9.84 - 10 tons to 1.5 - 10® tons
has been reported from 2018 to 2020. Based on the rising energy production, IEA forecasts
a consistent increase of up to 25% in the next five years, reaching 1.87 - 108 tons by 2024.
Figure 1 shows data collected from the most important scientific and patent database over
the past ten years (2009-2020). The following figure contains information on the number
of publications devoted to the production or consumption of liquid and solid biofuels
(Figure 1a), distinguished in terms of chemical class (Figure 1b), and authors” affiliations
(Figure 1c). Quite clearly, the high number of scientific articles per year is approximately
constant in recent years. Similarly, scientific research on oxygenated biofuels (such as
alcohols, furans, aldehydes, esters, phenols, and acids) is increasing [5,6,9,17]. Indeed,
most of the biofuel research is devoted to the investigation of these chemical classes, as
shown in Figure 1b, which reports data referring to 2020. Additional information can
be gained by the comparison of the share of published articles for countries, as shown
in Figure 1c. It is worth noting that Europe, the United States of America, and China
lead the innovation in this field, followed by India and Brazil, confirming the relevance
of local policies. In addition to their scientific contributions, the European Union set two
new policy directives in 2003 on biofuel [18]. The first policy aimed to make 20% of their
automobile fuel; biofuel, hydrogen, natural gas, and other renewable fuels by 2020, as
per the agreement by all EU member states in the Renewable energy Directives (RED)
2009/28/EC. The second EU directive was to put tax deductions on biofuels. Besides,
under the climate and energy framework of 2030, the EU member countries have agreed
to reduce greenhouse gas emissions by 40% by 2030 (compared to 1990), make 27% of
their energy from renewable sources, and increase in energy efficiency by at least 27% [18].
To achieve this and realize the EU bio-based economy beyond 2020, the member states
urged and prioritized detailed biofuel research, development of safe and environmentally
friendly combustors, financial incentives, and upgrading of biorefineries [18]. Given such
concerns from the EU Member States, the United States Energy Independence and Security
Act (EISA) of 2007 defined the Renewable Fuel Standard program known as RFS2.1 [19].
EISA directed the use of biofuels and established to attain a 50% reduction in greenhouse
gas emissions up to 2022. Despite the number of publications, some unsolved problems
limit the application of this technological solution yet. In this light, an extensive review
focused on the combustion mechanisms of oxygenated fuels could highlight the existing
gap of knowledge.
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Figure 1. Global research trends of oxygenated biofuels for the last ten years (a), for the chemical
classes (b), and countries (c).

3. Combustion Chemistry of Oxy-Biofuels

Oxygenated species as a potential replacement to conventional fuels must be strictly
reviewed from different practical viewpoints. In addition to the sustainability of the source,
the compatibility of the fuel within transportation sectors and combustion machinery
need to be analyzed [20]. In advance, it is worth knowing the common pyrolysis prod-
ucts and pathways of biomass degradation in general. Besides, the chemical behaviours
of flammable mixtures can be estimated by aggregating the kinetic mechanisms of each
component, in agreement with the hierarchical approach adopted for mechanism genera-
tions [21]. Biomass can be transformed into biofuel by using different processes, as recently
reviewed by Cossu et al. [22]. A schematic representation of alternative routes to produce
biofuels is given in Figure 2.

Recalling that most of the species included in syngas, alkanes, and alkenes have been
widely studied as intermediates of traditional fuels as well, this review will be focused on
oxygenated compounds (i.e., alcohols, aldehydes, heterocyclic organic compounds, and
acids), which is pertinently a new topic. Due to the oxygenated functional groups, biofuel
combustion can result in different reaction sequences and primary reactions from that
of conventional fuel chemistry [23]. More specifically, the oxygen atom in the hydrocar-
bons affects the electronic structure and reactivity of the fuel, because it modifies the bond
dissociation energies and increases, hinders, and initiates various reaction pathways as com-
pared to the parent fuel molecule (e.g., alkane) [24]. To make it clear, the bond dissociation
energies of methane and methanol at room temperature are presented as 104.5 kcal mol !
and 96.1 kcal mol !, respectively [23]. To understand combustion behaviour and to iden-
tify their decomposition patterns, it is important to look at typical groups of potential
biofuels. The growing interest in biofuels from biomass pyrolysis has motivated systematic
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investigations of different chemical families such as alcohols [7,25], aldehydes [26-29],
acids [6], and oxygenated aromatics [30-32] to elucidate the effects of oxygenated groups
on combustion chemistry. In this regard, the accurate evaluation of the fuel decomposition
and oxidation reaction mechanisms of alcohols, acids, furans and aldehydes classes of
oxygenated fuels is a valuable step toward the awareness of the reaction paths ruling the
formation of relevant intermediates [20]. The shortlist of oxygenated species representative
for the most relevant functional groups is reported in Figure 1, together with some related
properties, which is provided in Table 1. More specifically, the lower heating value (LHV),
the heat of vaporization (A), and the autoignition temperature (AIT) were included as
macroscopic properties. Additionally, the most relevant chemical groups involved in the
H-abstraction reaction, referred to as abstracting agents from now on, were listed for each
species, since the H-abstraction rules the activation step of biofuels in a wide range of
conditions [33]. Other than the abstracting agent, the combustion behavior of flammable
species can be expressed in terms of the overall reactivity under the given initial conditions.
In this sense, an overview of the conditions used so far to collect either experimental (Exp)
or numerical (Mod) data for the ignition delay time (IDT) and laminar burning velocity
(Su) of these species is provided in Table 2, whereas a detailed analysis on the combustion
mechanisms will be provided in the following sections.

Biological Route )
] Biomass ———

High Temperature Route

. 4 ¥

Bio—Alcohols,
Biomethane & Biogas

Heterocyclic organic

compounds Syngas & Biochar

Chemical Route Low Temperature Route
U ¥

h 4 ¥ :
. Biodiesel & Bio—oil | /' .
Aldehydes (e.0.. esters) Biochar
Acids Alkanes & Alkenes

Figure 2. Simplified pathway representative of alternatives for biomass transformation toward
biofuels, adapted from Cossu et al. [22].

Table 1. Physicochemical properties of some promising oxygenated fuels: LHV = lower heating value; A = heat of

vaporization; AIT = autoignition temperature.

Fuel Structure LHV MJ L) AJ kg™ AIT Q) Abstracting Agents Ref.
Methanol H,C—OH 15.8 1103 465 H, OH, HO, [34,35]
Ethanol ~oH 214 904 420 H, OH, O,, HO, [20,35]
Butanol Z"oH 26.9 582 343 CHj3, OH, HO, [35,36]
0
Acetic acid )J\OH 10.1 700 485 H, OH, H O,, O,, CHj [30,37-39]
(o]
Crotonic acid /\/IQOH No data 649 396 No data [38]
Acetaldehyde ~=q 18.8 569 155 H, OH, HO,, CH;, O, [40]
(0]
Furan (\ /7 23.2 406 390 H, OH, CHj; [41,42]
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Table 2. Experimental and numerical study data of selected biofuel combustion. ¢ = equivalent ratio;
IDT = ignition delay times; Sy = laminar burning velocity.

Parameter Approach T (K) P (atm) o) Ref.
Methanol
1DT Exp/Mod 1545-2180 1.5-4.2 1 [43]
1IDT Exp/Mo 850-1100 7-30 0.25-1 [44]
IDT Exp/Mod 1070-1760 2,10,12 05,1,2 [45]
1IDT Exp/Mod 940-1540 1-14.9 05,1,2 [46]
IDT Exp 840-1000 12-24 1.0 [47]
Su Exp 300 1 0.7-14 [48]
Su Exp/Mod 340-450 0.02 0.8,1,1.2 [49]
Ethanol
1IDT Exp/Mod 1070-1760 2,10,12 05,1,2 [45]
IDT Exp/Mod 880-1150 3-10 1 [50]
IDT Exp/Mod 960-1580 17.8-23.9 05,1 [51]
IDT Exp/Mod 944-1589 1.3-53 05,1,2 [52]
IDT Exp/Mod 800-875 20 1.0 [53]
Su Exp/Mod 300-453 1 0.8-14 [54]
Su Exp/Mod 298-358 1 0.6-1.55 [55]
Su Exp 358 1 0.7-1.4 [56]
Su Exp 358 1-3 0.7-1.4 [57]
Su Exp/Mod 358 1 0.6-1.6 [58]
Su Exp/Mod 350-620 1 0.7-1.3 [59]
Su Exp 300 1 0.7-1.4 [48]
Butanol
IDT Exp/Mod 1070-1760 2,10,12 05,1,2 [45]
IDT Exp/Mod 1050-1600 1.5-43 05,1 [60]
1IDT Exp/Mod 1000-1800 1-4 05,1 [2]
1IDT Exp/Mod 700-1000 10-80 1.0 [61]
Su Exp/Mod 428 1,25,75 0.7-1.5 [62]
Su Exp/Mod 350-600 1 0.7-1.3 [63]
Su Exp 400 5 0.7-1.5 [64]
Su Exp/Mod 393 1 0.8-1.4 [65]
Su Exp/Mod 423 1 0.7-1.4 [66]
Su Exp/Mod 350 1 0.8-1.2 [67]
Acetic acid
1IDT Exp/Mod 1300-1950 0.3-0.7 - [68]
IDT Exp/Mod 700-2100 0.1-100 No data [37]
IDT Exp 1300-2000 No data No data [69]
Su Exp/Mod 423 1 0.7-14 [13]
Su Exp/Mod 673-973 0.05 0.77-1.05 [70]
Su Exp/Mod 298-358 1 0.6-1.8 [14]
Crotonic acid
IDT, Sy No data No data No data No data
Acetaldehyde
IDT Exp/Mod 1000-1700 1.2-2.8 1 [71]
IDT Exp/Mod 1295-1580 3-3.98 05,1,1.5 [72]
IDT Exp/Mod 1000-1100 10 1 [73]
Su Exp/Mod 298-358 1 0.6-1.8 [14]
Su Exp/Mod 460-900 0.7-0.71 0.5-4 [40]
Furan

IDT Exp/Mod 1320-1880 1.2-10.4 05,1,2 [74]
IDT Exp/Mod 850-1050 18-33 05,1,2 [75]

Su Exp/Mod 300400 0.046 14,18,2.2 [76]
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3.1. Light Alcohols

The energy production via alcohols is primarily satisfied by using them as alternative
fuels or additive in blends [7,25]. However, in the kinetic field, alcohols are commonly
adopted as per the definition of a surrogate to mimic the combustion behaviour of more
complex mixtures characterized by flexible compositions (e.g., biodiesels) [77]. Among
them, the primary alcohols (such as methanol, ethanol, and butanol) are ideal for engine
combustion [78]. These fuels have no negative temperature coefficient (NTC) behaviours
and are all water-soluble [78]. Additionally, their moderate tendency to form soot and
elevated octane rating make the light alcohols (i.e., <Cs) good aspirants for lean to rich
stratified combustion [79] and low-temperature combustion [7,80]. Moreover, in homo-
geneous charge compression ignition, methanol and ethanol have limited sensitivity to
the equivalent ratio but high sensitivity to the temperature, while n-butanol has similar
reactivity to equivalent ratios and temperatures like that of gasoline [81,82]. The average
bond dissociation energies of alcohol fuels are around 105 kcal mol~!. Due to the good
electron losing the ability of the hydroxyl functional group, the bond dissociation energies
of the secondary C—H bond in the a-position largely decreases to ~95 kcal mol ! and that
of B-position to ~100 kcal mol~? [7]. In addition, the location of the hydroxyl group (~OH)
attached to the carbon atom in alcohol plays a crucial role in the physical-chemical prop-
erties. Further, this functional group acts as a radical chain terminating group following
H-abstraction, which ends up hindering the cool flame reactivity [83,84]. The presence of
the ~OH functional group also helps them to suppress the NTC bearing of other fuels [78].

3.1.1. Methanol

The high H/C ratio, the lack of C—C bonds, and the high latent heat of methanol help
to reduce the peak temperature and, ultimately, result in low NOy emissions. Besides, the
low molecular weight and high oxygen content of methanol result in a high combustion
speed and high-octane number, thereby providing an elevated thermal efficiency [47].
Bowman [43] conducted both experimental and numerical studies of methanol-air mixture
behind reflected shockwaves over the temperature range of 1545-2180 K and pressures of
1.5-4.2 atm. The times required to obtain the maximum concentrations of CO and O-atom
were taken as ignition delay times. Fieweger et al. [85] reported the self-ignition features
of various fuel species, including stoichiometric methanol/air mixtures at pressures of
13 and 40 bar and a temperature range of 800-1200 K. The point at which the CH band
emission and maximum change in the rate of pressure occurred was defined as the ignition
delay time. Moreover, the high-temperature ignition delay time of C;—C4 primary alcohols
under pressures of 2, 10, and 12 atm were studied by Noorani et al. [45], and CH emissions
were considered as a measure of the ignition delay time. Methanol oxidation under a rapid
compression machine (RCM) was hardly reported in the literature, and the most commonly
used data was reported by Kumar and Sung [44] and was performed at an equivalence ratio
of 0.25-1.00, a pressure of 7-30 bar, and temperature range of 850-1100 K. The maximum
rate of the pressure increase was used to define the ignition delay time. Cathonnet et al. [86]
performed pyrolysis experiments of methanol using a static reactor at a pressure of 0.3-0.5
atm and a temperature range of 875-975 K. Additionally, methanol oxidation in a stirred
reactor at nearly atmospheric pressure and a temperature range of 650-700 K was studied
by Aniolek and Wilk [87]. Recently, a comprehensive study on the ignition phenomena of
a stoichiometric methanol/oxygen/argon mixture was reported at the pressure range of
12-24 bar and temperature range of 840-1000 K under a rapid compression machine (RCM)
by Wang et al. [47]. On the other hand, a flame speciation study was reported by Akrich
et al. [34]. From the study, several species such as CH30H, O,, H,O, Hy, CO, and CO, were
measured as a function of the distance from the burner, and H, OH, and HO, were found
to be responsible species for H-abstraction during methanol oxidation. A laminar flame
speed study of methanol at atmospheric pressure and a temperature range of 298-368 K
using a counter-flow twin flame method was reported [88]. Furthermore, Liao et al. [89]
studied the laminar burning velocity of methanol-air mixtures at 358 K using the spherical
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combustion bomb technique. This study emphasized the decrease in Markstein lengths
with an increasing equivalence ratio. Veloo et al. [8] experimentally reported the laminar
flame speed of methanol using the counter-flow configuration technique at atmospheric
pressure and an unburned mixture temperature of 343 K. From the study, CH,O, HCO, and
H were reported to be the dominating radical species. Additionally, the laminar burning
velocity of methanol-air mixtures at atmospheric pressure and a temperature ranging from
298 to 358 K was reported using the heat flux method [90].

Having robust experimental data, the need for a detailed kinetic model has been
growing, and Mech 15.34 is the first kinetic mechanism model available to predict the
experimental data during engine-relevant conditions [91]. Westbrook and Dryer [92]
developed the first comprehensive detailed methanol kinetic model that accounted for
both high and intermediate temperatures. Besides, many important rate constants for
the thermal decomposition of methanol and hydroxymethyl (CH,OH) and the abstract
reaction rate constants for H and OH were estimated. However, the lack of elementary
rate constants, methoxy radical (CH30O) formation, and reaction path information hindered
this work. Later, Norton and Dryer updated the kinetic model using more reliable rate
constants and a coherent set of thermochemical parameters [93]. Similarly, a model that
was applied to both a premixed laminar flame speed [94,95] and autoignition in a spark-
ignition engine [95] was developed, and a good agreement with the experimental data
was observed. Besides, HO, + H— products and the decomposition of hydroxymethyl
(CH,O0H) were identified as important steps for the determination of the flame speed. The
OH abstraction reaction was reported to be a predominant fuel consumption route in the
methanol mechanism. Decades later, Aranda et al. [96] developed a detailed kinetic model
for methanol oxidation and validated it with experimental data reported at high pressure
(20-100 bar) and intermediate temperatures (600-900 K). As well, the rate constants of
important reactions (Equations (1)—(4)) were obtained by ab initio calculations. Similar
oxidation pathways with those of high temperature and low-pressure reactions were
revealed, while model predictions at a high pressure for onset reactions were particularly
sensitive to H-abstraction by a hydroperoxyl radical, as shown below (5).

CH,0OH = CH,O+H )
CH;0 = CH,O+H @)

CH;0 = CH,OH 3)

CH;0 + 0, = CH,O + HO, (4)
CH;OH + HO, = CH,OH + H,0, ()

To better illustrate the works being reported, some experimental data for the ignition
delay time and laminar burning velocity of methanol oxidation reported in the current
literature is shown below in Figure 3. The most relevant steps involved in the oxidation of
methanol are reported in Figure 4.

3.1.2. Ethanol

Due to its high demand in the gasoline engine, ethanol combustion has been widely
studied using different experimental systems (e.g., shock tubes [97-99], rapid compression
machines [50,100,101], plate burner [102,103], counter-flow twin flames [104,105], and
constant volume chambers [106,107]. In addition, the oxidation of ethanol under several
conditions has been experimentally investigated in flow reactors as well [39]. Barraza-Botet
et al. [50] reported that the H-abstraction by HO, (Equation (6)) significantly affected the
overall reactivity of ethanol in ethanol oxidation.

C,Hs0H + HO, < sC,HsOH + H,O, 6)
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Figure 3. Ignition delay time (a) and laminar burning velocity (b) of the methanol/air mixture under different conditions.
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Figure 4. A simplified reaction pathway for methanol oxidation.

The oxidation of ethanol under shock tubes was investigated by Mathieu et al. [52]
by measuring the ignition delay times and water time history profiles of the species at
a temperature of 944-1580 K; a pressure range of 1.3-53 atm; and equivalence ratios of
0.5, 1, and 2. From the study, it has been revealed that most of the models used were not
accurately reproduced the experimental data at temperature < 1300 K. Similarly, recent
studies performed by Laich et al. [51] have shown that the CO time-histories and ignition
delay times behind reflected shockwaves under elevated pressures are fairly predicted by
the existing mechanisms at elevated temperatures, whereas significant deviations were
observed at low temperatures. Bimolecular methyl radical and hydroperoxide radical
reaction (Equation (7)) and H-abstraction reaction at the o position of ethanol (Equation
(6)) were identified as the reactions significantly affecting the low-temperature chemistry.

CH; + HO, — CH;0 + OH @)

Xu et al. [58] conducted an experimental study on premixed laminar combustion
with laser-induced spark ignition (LISI) and electric spark ignition (SI) at a low initial
temperature and atmospheric pressure. Similar conditions were investigated by using
the counterflow flame. Veloo et al. [8]. Katoch et al. [59] performed an experimental
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study of laminar burning velocities of ethanol-air mixtures at different initial temperatures.
Moreover, laminar burning velocities of ethanol-water-air mixtures studied using the heat
flux method under adiabatic conditions has been reported [56]. From the study, C,Hy,
CH3;CHO, CH,0O, CHy4, and CH3, were revealed as major intermediate species. Besides,
three H-abstraction sites (at CH3z, CHj,, or OH) were observed where the abstraction from
CHj3 led to C;Hy and OH production, from where the CH; site led to the production
of CH3CHO and H, and finally, abstraction from the OH group led to the formation of
CH3CH,0O. With the extensive experimental data present in the literature, the demand
for the relevant detailed kinetic model for the prediction of the combustion parameters
is growing and attracting attention. Given this, Dunphy and Simmie [108] developed a
kinetic mechanism for ethanol comprising 30 species and 97 reactions. The authors used the
detailed mechanism previously reported for methanol, assembled with additional reactions
that accounted for ethanol combustion, obtaining satisfactorily predictions for the shock
tube experimental data at high temperatures and pressure of 2-3.4 bar. Marinov [109] de-
veloped a kinetic model for ethanol oxidation by assembling the sub-mechanisms reported
in the literature for methane, hydrogen, ethane, ethylene, and propane oxidation. The
model was validated using numerous experimental data of ignition delay times, laminar
flame speeds, and species concentrations in the temperature range of 1000-1700 K and the
pressure of 1-4.5 atm and was in excellent agreement with the experimental data. Decades
before, ethanol kinetic mechanisms were developed basing mostly on a shock tube ignition
delay analysis [108,110,111] and validated with limited experimental conditions. Using the
mechanism developed by Marinov as a base, Li et al. [112,113] updated the kinetic model.
A new mechanism model called AramcoMech1.3 was developed [114] for the combustion
of C1—C; hydrocarbons (methane, ethane, ethylene, acetylene, and acetaldehyde) and oxy-
genated species such as methanol and ethanol. Mittal et al. [101] validated the model with
experimental ignition delay time data and confirmed the higher accuracy of the model than
other reported kinetic models. A detailed kinetic mechanism developed by the University
of San Diego is comparatively small, yet detailed; however, it has been widely used in
research works [115]. Alternatively, reduced mechanisms were produced [56,116] based
on the one developed by LLNL, resulting in a significant reduction in computational time
with a poor impact on the accuracy of the estimations. Recently, a mechanism on ethanol
pyrolysis at high pressures was published by Hashemi et al. [117], whereas a new detailed
mechanism was produced by Zyada and Samimi-Abianeh [118] through automated tools,
i.e., a reaction mechanism generator (RMG). Several kinetic mechanisms have been re-
ported in the literature [36] at different operating conditions for ethanol. Through the
improvement in computational methods, numerically generated mechanisms are becoming
more powerful. However, it is still hard to make a comprehensive mechanism suitable for
all operating ranges based on the information available in the current literature [109,116].
Roy and Askari [119] developed a new ethanol detailed kinetic mechanism called PCRL-
Mech1 (with 67 species and 1016 reactions) at the engine-relevant conditions based on
RMG. The important reactions were selected by a sensitivity and path flux analysis, and
the rate parameters of these reactions were adjusted during the development of the new
mechanism. The model showed an excellent agreement with experimental results of the
laminar burning velocity (obtained at temperature (300-600 K), pressure (1-10 atm); equiv-
alence ratio (0.6-1.4); and ignition delay time (at a temperature within the range 820-1450
K, pressures included in 3.3-80 atm, and equivalence ratio ranging from 0.3-2). Besides, H,
OH, O,, and HO, were reported to be the radicals responsible for H-abstraction during
ethanol oxidation. The experimental ignition delay time and laminar burning velocity data
available for the ethanol/air mixtures reported in the current literature are shown below in
Figure 5. As well, a reduced reaction pathway is presented in Figure 6.
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Figure 5. Ignition delay time (a) and laminar burning velocity (b) of the ethanol/air mixture under different conditions.
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Figure 6. A simplified reaction pathway for ethanol oxidation.

3.1.3. Butanol

Due to its high octane number, high energy density, hydrophobicity, and compatibility
with existing internal combustion engines, the use of butanol as a fuel source has attracted
the attention of many researchers [120]. In light of this, Feng et al. [121] and Gu et al. [122]
studied the laminar burning velocity of butanol-air mixtures at various temperatures,
pressures, and equivalence ratios. The latter article concluded that functional groups
and branching are the main factors affecting the laminar burning velocity of butanol/air
mixtures, and the molecular structure has the least effect on flame instability. The laminar
flame speed of n-butanol was experimentally measured at atmospheric pressure in the
counterflow configuration by Veloo et al. [8] and Veloo and Egolfopoulos [123]. The results
showed that the propagation of n-butanol/air flame is slightly faster than that of sec-
butanol/air flame and iso-butanol/air flame, and the propagation speed of tert-butanol/air
flame is significantly slower than that of the other three isomers. Wu and Law [124] studied
the laminar flame speed and flame chemistry of butanol isomers at a pressure range of
1-5 bar.

From the computational study, the designed kinetic model was found to accurately
predict the laminar burning velocity of n-butanol and sec-butanol, whereas the mecha-
nism overestimated and underestimated this parameter for iso-butanol and tert-butanol,
respectively. On the other hand, Moss et al. [125] studied the ignition delay times for all
four isomers of butanol under reflected shockwaves and showed hydrogen abstraction by
OH as the most responsible radical for alcohol consumption. The reaction mechanisms
of all isomers of butanol were developed and validated with various experimental data:
tert-butanol pyrolysis in a shock tube [126], butanol and tert-butanol oxidation products in
the flow reactor [127], n-butanol oxidation in the jet stirring reactor [36], and iso-butanol
counterflow non-premixed flames [128]. Moreover, Stranic et al. [60] measured the igni-
tion delay times of butanol isomers containing 4% O, diluted in argon by using shock
tube machines under a wide range of reaction conditions. To evaluate the effect of n-
butanol/heptane mixtures, Zhang et al. [129] studied the experimental and numerical
study of n-butanol/heptane auto-ignition behind reflected shock tubes. Recently, Pelucchi
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et al. [80] performed an experimental and modelling study on the combustion of C3—Cg
linear alcohols at temperature ranges of 550-1100 K; the pressure of 10; 30 bar; and equiva-
lence ratio of 0.5, 1.0, and 2.0. Good agreement between the experimental and modelling
results and no NTC behaviour was observed for ethanol and propanol at both pressures
and for n-butanol at P = 10 bar. Furthermore, as indicated in the study conducted by
Dagaut et al. [36] on the detailed combustion chemistry of n-butanol, it has been observed
that, for the comparable experimental conditions, the partition between different reaction
channels mostly depends on the equivalence ratio (flame stoichiometry). Based on that, the
authors recommended a similarly detailed combustion analysis for the other typical biofuel
families and intermediate species. From this, one can understand that to accurately predict
the combustion of a particular fuel, providing global parameters such as octane number or
ignition delay is not enough, since combustion is a complex process where different free
radicals and reactive intermediates play a key role. Besides, it has been reported that the
combustion process sensitively depends on the molecular properties of the corresponding
fuel [130]. Many signs of progress have also been made in the development of kinetic
models describing the chemical kinetics of butanol oxidation. Dagaut et al. [36] studied the
chemical kinetic modelling of n-butanol oxidation at a pressure of 10 atm and wide ranges
of equivalence ratios in a jet stirred reactor. CO, CO,, Hy, H,O, C;-C4 hydrocarbons, and
C1—C4 oxygenated compounds were the main decomposition products. The proposed
kinetic mechanism indicated H-atom abstraction from «, 3, and 'y carbon atoms as the
dominant decomposition pathway for n-butanol oxidation. Similarly, Sarathy et al. [67]
performed the kinetic modelling of n-butanol combustion at atmospheric pressure and
equivalence ratios of 0.5, 1, and 2 in a jet stirred reactor. Considering the laminar flame
speeds and species concentrations, the authors modelled the oxidation mechanism using
an improved detailed chemical kinetic mechanism containing 118 species and 878 reac-
tions. H-atom abstraction and (3-scission were shown as the key reaction pathways of the
combustion process. Grana et al. [131] conducted kinetic modelling for the combustion
of butanol isomers (n-C4H9OH, sec-C4HgOH, iso-C4H9OH, and tert-C4H9OH) using a
hierarchal approach and validated it with the burning velocity experimental data. The
flame structures and overall combustion characteristics of the four butanol isomers were
found to be similar. Moreover, to better understand the combustion chemistry of both linear
and branched-chain alcohols, Sarathy et al. [132] performed a comprehensive chemical
kinetic model study on the combustion of four butanol isomers. A model accounting for the
high- and low-temperature chemistry of linear and branched alcohol has been proposed.
The reaction of 1-hydroxybutyl radical with O, to formaldehyde/ketone and water was
reported to be the key step under low pressure. The model implicated H-atom abstraction
reactions as a prevalent reaction in the oxidation of butanol for premixed flames under
low pressure, while 3-scission reactions were revealed to be an important factor for higher
temperature reactions (above 800 K). Experimental data available in the current literature
on the overall reactivity of n-butanol in the oxidative environment has been reported in
terms of IDT and S, under several initial conditions (Figure 7), whereas simplified reaction
pathways were produced for all the isomers (Figures 8 and 9).

3.2. Carboxylic Acids

Oxygenated fuels with carboxylic acid functionality, especially acetic acid, are the
dominant fractions in the tar released from biomass pyrolysis [133-135], and an accurate
description of biofuel combustion must take into account the formation of these relevant
intermediates. Most importantly, on top of their use as fuel surrogate components [134],
oxygenated species can be intended as intermediates formed through the decomposition of
hydrocarbon. Hence, they are essential in the hierarchical nature of kinetic models [7].
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Figure 7. Ignition delay time (a) and laminar burning velocity (b) of the n-butanol/air mixture under different conditions.
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Figure 9. A simplified reaction pathway for iso-butanol (a) and tert-butanol (b) oxidation.

3.2.1. Acetic Acid

The experimental research of acid combustion poses a huge challenge to the com-
bustion community due to issues related to adsorption [136], corrosion [14], and dimer-
ization [137]. Indeed, only a few experimental studies in the literature are available, as
reviewed in recent works [14,15]. Many researchers have measured and reported organic
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acid emissions from spark-ignition engines [138] and rapid compression engines [139]. The
studies indicated that, out of the total hydrocarbon emissions from the combustion engines,
organic acid emissions measured in spark-ignition engines are 4-27%, with acetic acid
being the most important. Numerical and experimental studies of acetic acid combustion
in laminar premixed flames were reported by Leplat and Vandooren [70]. Apart from its
combustion chemistry, the study also reported ketene as an intermediate product. Mackie
and Doolan [68] studied the thermal decomposition kinetics of acetic acid and its products
in a single pulse shock tube within the temperature range of 1300-1950 K. As part of this,
decomposition kinetics having 21 species and 46 reactions were modelled and simulated
using experimental data. From the decomposition kinetics, decarboxylation and dehy-
dration were confirmed to be the two key decomposition reactions producing methane
and carbon dioxide, on the one hand, through (Equation (8)) and ketene and water, on the
other, through (Equation (9)), respectively. Ketene further decomposed to a methyl radical
and CO,, followed by a further reaction of the methyl radical with CH to form C,H4 and
CO. Besides, methyl radicals were revealed to play an important role in determining the
main products.

CH3COOH — CHy + CO, ®)

CH3;COOH — CH,CO + H,O )

Similarly, Gg. Wagner and Zabel [69] studied the further decomposition kinetics of
ketene (CH,CO) behind reflected shocks at low pressure and reported the degradation
rate constant-coefficient K = 3.6 x 10> exp (248 k] mol~! K1) cm® mol~! s~1. In the
same way, the gas-phase reactivity analysis of acetic acid, rate constant estimation, and
kinetic simulation were studied by Cavallotti et al. [37]. The 1D master equation was also
integrated on the potential energy surface (PES) to determine the rate coefficient of acetic
acid degradation under a wide range of temperatures (700-2100 K) and pressures (0.1-100
atm). The simulation showed a gradual decrease in the reaction rate at a temperature
above 1200 K and a pressure of smaller than 10 atm. Besides, H-abstraction by H, OH,
OOH, O, and CHj3 was reported to be the responsible radicals in the decomposition of
acetic acid [37]. Lately, Zhang et al. [13] studied the laminar flame propagation and kinetic
modelling of acetic acid at a low initial temperature and atmospheric pressure. The authors
indicated the pathway related to ketene consumption (Equation (10)) as the main in the
propagation of acetic acid flames.

CH,CO + H — CH; + CO (10)

The laminar burning velocity measured by Christensen and Konnov [14] of acetic
acid at different initial temperatures are reported in Figure 10. Based on the reported
observations, a simplified reaction pathway representative of the oxidation of acetic acid is
produced and reported in Figure 11.

3.2.2. Crotonic Acid

Crotonic acid is the major intermediate product from bioplastic (e.g., polyhydroxy-
butyrate, PHB) degradation, as reported by many researchers demonstrating the conversion
of PHB to 3-hydroxybutyric acid (3HBA) and crotonic acid. However, the degradation
kinetics and reaction mechanisms of these monomers have been largely overlooked. As a
result, reliable combustion parameter data (such as ignition delay time, laminar burning
velocity, or species profiles) are lacking. For instance, Li and Strathmann [16] studied the
hydrothermal degradation and kinetic mechanism of PHB conversion to 3HBA and crotonic
acid and, further, the decomposition of crotonic acid to carbon dioxide and propylene. From
the developed kinetic network model, it was found that crotonic acid is mainly generated
by hydration to 3HBA, followed by a synergistic dehydration—decarboxylation route to
propylene and CO,. Additionally, the rate constants for each reaction were determined [16].
Nevertheless, the ignition delay and laminar flame speed of crotonic acid have not been
reported so far.
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Figure 11. A simplified reaction pathway for acetic acid oxidation.

3.3. Light Aldehydes

Acetaldehyde is a key intermediate in the oxidation of hydrocarbons and alcohols,
especially ethanol, which is increasingly being used as a fuel for automobiles. How-
ever, it is one of the most abundant toxic oxidative emissions from the combustion
of biofuels [140,141], and its atmospheric reaction generates several secondary pollu-
tants [142,143]. Thus, the pyrolysis mechanism study of this intermediate at various
reaction conditions can help to understand the overall combustion mechanism of hy-
drocarbons and alcohol-based fuels [71]. In this regard, several authors reported on the
degradation kinetics and combustion chemistry of acetaldehyde. For instance, Sivara-
makrishnan et al. [144] conducted a study on the theoretical calculations of acetaldehyde
(CoH40) and ethoxide (C,H50) potential energy surfaces (PES) and updated the kinetic
model of acetaldehyde pyrolysis. The study revealed C—C bond fission with a minor
contribution from the roaming mechanism to form CHy and CO as the main decomposition
pathway of acetaldehyde during high-temperature processing. The model developed by
the author incorporates a master equation for the analysis of H + CH,CHOH as a primary
reaction mechanism for the removal of CHyCHOH. The governing H-abstraction route at
the aldehydic site was found to form a carbonyl radical (Rn,—CO), which quickly further
decomposes to an alkyl radical (R,) and CO. Based on that, there is a general implication
that the low-temperature oxidation of the generic C,, aldehyde degraded to C,_; alkyl
radicals [26].
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To better understand the combustion parameters, the ignition delay times of acetalde-
hyde behind shock tube waves under ranges of reaction conditions were reported by Mével
et al. [72]. additionally, a sensitivity analysis, energy release, and rate of production were
conducted, indicating four important elementary reactions (Equations (11)—(14)) taking
place during acetaldehyde pyrolysis and oxidation:

CH3CHO — CH; + HCO (11)
CH3CHO + CH; — CH;CO + CHy (12)
CH3CHO + H — CH5CO + Hy (13)
CH,3CHO + CH; — CH,HCO + CH, (14)

In the end, due to the huge differences observed during the research, the authors rec-
ommended the need for new experimental and detailed numerical studies. Tao et al. [145]
reported nearly 40 species in laminar and premixed flames of acetaldehyde. Christensen
et al. [146] studied the laminar burning velocities at atmospheric pressure and different
initial temperatures. Similarly, Christensen and Konnov [147] reported the laminar burning
velocity of diacetyl and the updated sub-mechanism model of acetaldehyde and CH3CO
in their model. Halstead et al. [148] studied the kinetic development of acetaldehyde in the
perspective of the cool flame feature and suggested models containing 14 steps. From the
study, acetyl was found to play a significant role in the chain-branching process through
CH3CO — CH3CO3 — CH3CO3H — CH3CO; + OH. The theoretical work reported by Fel-
ton et al. [149] and the detailed kinetic model developed by Cavanagh et al. [150] supported
the result of Halstead et al. [148].

Nevertheless, Gibson et al. [151] came up with another cool flame phenomena of
acetaldehyde to be processed by CH;OOH (CH3; — CH300 — CH3;O0H — CH30 +
OH). On the other hand, the study conducted by Kaiser et al. [152] revealed the radical
decomposition reaction (Equation (15)) and O, addition to acetyl (Equation (16)) as the
main determining step of the chain-branching process.

CH3CO — CH3 + CO (15)

CH3CO + 0, — CH3CO3 (16)

Recently, researchers [27,153] have developed a kinetic model for the low-temperature
oxidation of acetaldehyde, as well as C3 and C4 aldehydes. Zhang et al. [40] studied
the oxidation of acetaldehyde under a wide range of conditions and revealed CH300,
CH300H, and HOOCOCHO as the main oxidation products. Besides, H-abstracting
agents were found to be processed by H, OH, HO,, CH3, O,, CH3COOO, CH500, and
CH30. At the lean condition, OH was found to be the most important H-abstracting agent.
It was concluded that CH3COOOH and CH3OOH are the main decomposition pathways
of acetaldehyde oxidation via the chain-branching reaction, and the reactions related to
methyl oxidation were reported to be very sensitive to CH3OO and CH3OOH under the
studied conditions [40]. Bentz et al. [154] studied the shock tube thermal decomposition of
CH3;CHO and CH3CHO + H at a temperature within 1250-1650 K and a pressure range
of 1-5 bar. Combining their results and the low-temperature data from other studies,
the authors reported the acetaldehyde rate constant expression as K = 6.6 x 10718 exp
(—800 K/T) cm® s~! for the temperature range of 300-2000 K. Moreover, Hidaka et al. [155]
studied the pyrolysis of acetaldehyde oxidation behind reflected shockwave tubes using
single-pulse methods. The study considered different fuel concentrations (2.0% CH3;CHO,
4.0% CH3CHO, and 5.0% CH3CHO) diluted with Ar under the temperature range of
1000-1700 K and pressure of 1.2 and 3.0 atm. The (Equations (17)—(19)) reactions were
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mentioned to be the most important initiation reactions and (Equations (20) and (21)) as
the most crucial reactions responsible for acetaldehyde pyrolysis.

CH3CHO — CH; + CHO (17)
CH3CHO — CHy + CO (18)
CH;CHO— CH,CO + H, (19)
CH;CHO + H — CH,CHO + H, (20)
CH,3CHO + CH; — CH,CHO + CHy (1)

Similarly, Ernst et al. [156] conducted acetaldehyde pyrolysis behind reflected shock-
waves under a temperature range of 1350-1650 K. The results revealed the decompo-
sition as a first-order reaction with a rate constant expression of K = 1.2 x 10!® exp
(—81.74 kcal /RT) s~!. The experimental ignition delay time and laminar burning ve-
locity data of acetaldehyde oxidation reported in the current literature are shown below
in Figure 12. Furthermore, Figure 13 reports a simplified schematization of the oxidation
pathway of acetaldehyde.
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Figure 12. Ignition delay time (a) and laminar burning velocity (b) of the acetaldehyde/air mixture under different conditions.
Note that laminar burning velocity measurements refer to the data reported by Christensen and Konnov [14] exclusively.

Figure 13. A simplified reaction pathway for acetaldehyde oxidation.
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3.4. Heterocyclic Organic Compounds

Due to their high energy density (~30 MJ L~1), better resistance to undesired ignition,
high research octane number, better engine efficiency, and lower emissions, furans and
their derivatives are a focus of the current research expertise [42]. Furan, a promising
biofuel candidate catalytically produced from second-generation biofuels, has attracted
the attention of many fuel researchers. Oxygenated fuels like furan were reported to have
significantly lower HC, NOy, PM, and CO emissions than their corresponding conventional
fuels without compromising their performances [157]. Despite these benefits, some of them
have a low energy density, water miscibility, and lower vapour pressure. In addition to
their higher octane number and knock-resisting tendency, in recent times, furan-based
fuels are progressively emerging because of their high energy density and non-miscibility
in water compared to alcohols such as ethanol [74]. The thermal decomposition reaction of
furan has been extensively studied because furan and its derivatives play an important
role in understanding the combustion of coal and the biomass [158], and also, it is an
interesting model compound that helps us to understand the vibrational relaxation and
unimolecular decomposition of molecules [159]. The auto-ignition behaviour of furan and
other biofuels was studied under a rapid compression machine, and the results revealed
2-methylfuran (2-MF) and ethanol to have an analogous knock inhibition capacity [160].
Wang et al. [161] and Wu et al. [162] compared the combustion and emissions of 2-MF
with ethanol, gasoline, and 2-dimethylfuran (2-DMF) in a single-cylinder spray engine
and found a higher efficiency, excellent combustion stability, antiknock ability, and lower
aldehyde emissions for 2-MF than gasoline. For a better understanding, the laminar flame
speed of furan-based fuel combustion has been studied at elevated temperatures and in
the presence of an air mixture [163]. The same author reported the flame structure of
the DMF/Ar/O; mixture premixed at low pressure [162], showing that furan and 2-MF
are stable intermediates in DMF flames. Tian et al. [76] studied the species distribution
measurements for premixed furan/oxygen/argon flames at low pressure. Moreover,
the decomposition chemistry of furan has been studied in shock tubes [164] and flow
reactors [165]. Similarly, Cullis and Norris [166] investigated the decomposition of furan at
1173-1323 K and atmospheric pressure. Methane (CHy), acetylene (C,Hy), ethylene (CoHy),
and benzene (C¢Hg) were found to be the main products observed during the degradation.
Besides, the decomposition of furan over the temperature range of 1050-1460 K and a
pressure range of 2.6-3.6 atm was studied by Lifshitz et al. [167]. The two main furan
decomposition pathways were reported to be CO + pCsHy and C;H; + CH,CO. Grela
et al. [165] conducted a low-pressure (10~3 Torr) pyrolysis of furan over the temperature
range of 1050-1270 K and revealed the occurrence of C3Hy (allene, aC3Hy /propyne, and
pCsHy) and CO. As well, the author proposed the high-pressure Arrhenius expression
for furan pyrolysis to be Koo = 101 exp (—73.5 kcal mol~!/RT) s~!. In the same way,
recently, the degradation of furan over the temperature range of 960-1085 K and pressure
of 1 Torr was reported [168]. The study revealed CO and C3Hy as the main products of the
degradation and rate coefficient expression of K = 1029 exp (—65.7 kcal mol~! /RT) s~ 1.
From the experimental investigation of the premixed furan/oxygen/argon flames, the
H-abstractions were confirmed to be mainly by H, OH, and CHj radicals [76]. The authors
also developed a kinetic mechanism that can predict their experimental work and obtained
good agreement between the two results. Later on, Wei et al. [74] studied the ignition delay
times of furan behind reflected shockwaves over the temperature range of 1320-1880 K and
pressure of 1.2-10.4 atm. In addition to these experimental studies, a theoretical study of
furan decomposition kinetics was conducted through quantum chemical methods [169,170].
Besides, furan also proved to be an important component of tobacco smoke [171] and was
selected as a model to burn fuel, which can reduce NO formations [172]. The study modified
the chemical kinetic mechanism developed by Tian et al. [76] to justify their results and
showed that the model produced a reasonable agreement with the experiment. The authors
concluded that the most important fuel consumption path under these conditions was
triggered by unimolecular decomposition. Lately, Liu et al. [9] studied the combustion
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chemistry and flame structure of furan group biofuels (furan, methyl-furan, and dimethyl-
furan) using molecular-beam mass spectrometry and gas chromatography at low pressures
(20 and 40 mbar) and two equivalence ratios (1 and 1.7). Coming to the computational part,
despite the abundant experimental investigations of furan decomposition, the theoretical
calculations concerning these degradation reactions were hardly reported in the literature.
For instance, Liu et al. [173] and Tian et al. [76] revealed the thermal degradation of furan
with a density functional B3LYP for geometries and QCISD(T) for energies. However,
the study did not mention information about the decomposition rate constants of furan.
Additionally, Sendt et al. [169] came up with parameters of numerous crucial reactions
associated with furan calculated at the CASSCF, CASPT2, and G2-(MP2) levels. The author
accordingly presented a kinetic mechanism and validated it with measurements by Organ
and Mackie [164]. They concluded that the formation of cyclic intermediates caused by
the 1,2-H transfer and the formation of decomposition products (CO + pCsHy) are the
main ways of furan pyrolysis reactions. Although there is an abundancy of information
on the thermal degradation of this species, very poor understandings have been reported
on its combustion, so far. Thus, the detailed combustion chemistry of furan at engine-
relevant conditions is lacking. Figure 14 reports the experimental data available in the
current literature for the ignition delay time of the furan/air mixtures. The mechanism
determining the oxidation of furan is reported, in a simplified version, in Figure 15.
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Figure 15. A simplified reaction pathway for furan oxidation.

4. Future Challenges

This review showed that more experimental data on the key combustion characteristics
are needed to verify the model performance. As an example, methanol may show random
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preignition during compression—ignition, causing the ignition delay time to be much
shorter than expected. The source of this preignition is still unknown. Moreover, the
relationship between methyl chemistry and acetaldehyde chemistry due to the weak C-
C bond in the acetyl group (CH3CO) that eventually leads to the decomposition of the
acetyl group to CHj and CO is limited in the literature. From the species profile of CHy
and HCO, the amount of CHy produced in ethanol/air flames is higher than that of the
methanol/air flames. This is because the amount of CH3CHO produced in ethanol is
higher than that of methanol, while a higher production of CH,O was observed from
the methanol/air flames that favoured the formation of HCO under fuel-rich conditions.
However, no clear information is available on these species under lean conditions. The
kinetic study of furan, which is one of the primary structures of coal, is hardly reported.
Since furan and its derivatives are unsaturated species, the accurate prediction of the
branching ratios of pyrolysis and combustion products relies on the detailed analysis of
the addition reactions of the H and OH radicals. It should be emphasized that almost
no information is available in the literature for these types of reactions. Besides, the low-
temperature oxidation mechanism of furan and its derivatives is still unknown. Moreover,
assessing the possible consequent harmful emissions during the combustion of oxygenated
fuels, especially alcohols and furans, needs further research efforts. Not to mention, the
laminar burning velocity data of furan combustion is very limited in the literature. Due to
technical difficulties, the number of experimental studies characterizing the combustion of
acid-based fuels has been considerably limited in the literature, ultimately hindering the
numerical study of the species. It has also been observed that additional experimental data
on the high-temperature pyrolysis and oxidation of high molecular weight acid-based fuels
are needed for the in-depth understanding of the kinetic effects of carboxylic functional
groups. More specifically, to the best of our knowledge, no ignition delay time and laminar
flame speed data have been reported so far on crotonic acid combustion. Similarly, the
ignition delay time data for acetic acid combustion is not reported. In the end, for the
accurate prediction of chemically sensitive low-temperature combustion systems, detailed
knowledge on the fuel-specific reaction kinetics is very crucial and hardly reported in
the literature.

5. Conclusions

The goal of this review was to analyze the recent research trends on the combustion
and modelling of common intermediates derived from the decomposition of biofuels.
To this aim, several experimental and numerical studies on the ignition behaviours and
reactivity of oxygenated species such as alcohols, aldehydes, furans, and acids were
reviewed to make them commercially beneficial. The important intermediate radicals and
the main reactions affecting the combustion parameters were discussed. As part of this,
data on the basic combustion parameters (laminar burning velocity, ignition delay times,
and pyrolysis species profiles) under a wide range of reaction conditions were extensively
investigated. The detailed modelling efforts were also considered. Generally, the distinctive
chemical structures of these fuels concerning their intermediate and product species matter
in their kinetic modelling and, thus, in-depth knowledge of how these intermediates are
formed/consumed are criteria for a better understanding of bio-derived fuel combustion
and emissions.
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