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Abstract

The urgent need for alternative solutions mitigating the impacts of human activities on the
environment has strongly opened new challenges and opportunities for the energy supply chain,
in view of the energy transition. Indeed, the automotive industry is going through a
revolutionary moment in its quest to reduce its carbon footprint, with biofuels being one of the
viable alternatives. The use of different classes of oxygenated biofuels, such as alcohols,
carboxylic acids, aldehydes, and esters as fuel additives or standalone fuel components has
attracted the attention of many researchers worldwide. Despite their beneficial effects, biofuel’s
combustion can also result in the production of undesirable pollutants such as aldehydes and
organic acids. Hence, the use of these fuels requires a complete characterization of the
phenomena that occur during their production and consumption. Industrial scale-up of biomass
conversion is challenging owing to the complexity of its chemistry and transport phenomena
involved in the process, thereby affecting yield distributions and product compositions. In this
view, the role of solid-phase and gas-phase chemistry is paramount for a complete
understanding of energy recovery processes, undesired pollutants formation and consumption,
and in general for several industrial sectors. Thus, this study is devoted to a detailed analysis
of physical-chemical phenomena characterizing biomass pyrolysis and biofuel oxidation
aiming at the realization and implementation in real systems of a kinetic mechanism. The solid-
phase kinetics is dedicated to how the pyrolysis kinetic mechanism is constructed and
implemented in process simulation software (i.e. Aspen Plus) to be able to simulate pyrolysis
process. The pyrolysis mechanism has been represented by 20 first order decomposition
reactions. In the gas-phase, predictive chemical kinetic models have been constructed
following two approaches; manually upgrading the existing mechanism (i.e. KiBo_MU) and
automatically generating a new mechanism using RMG (i.e. KiBo_AG). The former comprises
141 species and 453 reactions, while the latter contains 631 species and 28329 reactions. The
accuracy of the pyrolysis kinetic mechanism has been tested against the experimental
pyrolyzed product distributions from different biomass sources while, the combustion kinetic
models have been evaluated through the investigation of fundamental combustion parameters
(i.e. laminar burning velocity, species profile and ignition delay times) under wide range of
reaction conditions and fuel compositions. Formic acid, acetic acid, acetaldehyde, methanol
and ethanol were considered for validation of the combustion mechanisms. Under the

investigated conditions, the kinetic mechanisms captured the experimental trends well and in
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particular, KiBo_MU and KiBo_AG showed better accuracy when compared to the well-
validated existing kinetic models. The overall agreement between experimental measurements
and numerical estimations allowed for the use of KiBo_MU and KiBo_AG kinetic models to

unravel the chemistry of the investigated species.

Although the development and validation of detailed kinetic mechanisms suitable for the
evaluation of the chemistry of biomass-based fuels represent the main deliverable of this
project, the realized procedure integrating schematic classifications with methodologies for the
identification of common decomposition pathways and intermediates represents an additional
source of novelty in this study. Besides, the fundamental-oriented nature of the adopted
approach has allowed for the identification of the most relevant reactions and species under
operative conditions of interest in different industrial applications, paving the way for the
reduction of the kinetic mechanism. Eventually, the resulting skeletal version of a detailed
kinetic mechanism can be intended for its integration with more complex models accounting

for the fluid dynamics to accurately reproduce the behaviour of real systems and reactors.
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Chapter 1: Introduction

Fossil fuels are still the main feedstock for global energy production [1, 2]. These petroleum
derivatives are inherently expensive, declining with time and upon combustion, they release
large amounts of greenhouse gas emissions (GHG) and other pollutants (i.e., both regulated
and unregulated). With the advent of the industrial revolution, the levels of greenhouse gases
in the atmosphere began to rise. Over the last century, global temperatures have increased due
to greenhouse gas emissions [3]. Coal-based power plants account for approximately 40% of
the total amount of greenhouse gases entrapping heat in the atmosphere [4]. To alleviate these
problems, rapid decarbonization of the power supply chain is required to achieve the target of
2 °C warming, in line with the goals discussed in the Paris Agreement [5, 6]. To go along with
this plan, the use of renewable energy such as biomass, wind, solar, hydrothermal, geothermal

etc., is critical.

Biomass is one of the most promising feedstocks to meet the growing demand for clean energy
while satisfying strict environmental regulations [7]. It is a carbon-neutral energy source that
can be converted into various energy forms such as heat, electricity, transportation fuels etc.
[8], which can be used in current applications from small-scale (i.e., cooking, lighting) to large-
scale (i.e., transportation, industry). Depending on the processing method and feedstock used,
biomass-derived fuels can be solid fuels (biochar), liquid fuels (bioethanol, biodiesel and bio-
oil) and gaseous fuels (biohydrogen, biogas, syngas) [9]. For instance, gaseous or liquid fuels
can be obtained via gasification or pyrolysis, respectively [10]. Pyrolysis is one of the main
thermochemical conversion pathways for converting biomass into different chemical
components [11]. Biomass fuels account for 10-14% of the world's energy use, with
approximately 90% of the energy generated using biomass fuels in rural areas and 40% in urban
areas [12]. Overall, biomass accounts for more than one-third of all primary energy use and
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thus, the world's energy needs can be met using biomass and other clean, renewable energy
sources [13, 14]. Bio-fuels, which are typically known as oxy-biofuels are one of the bioenergy
components predominantly derived from biomass and widely used in different sectors more
specifically, the application of these fuels in the transportation sector is attracting attention at
both national and international levels because this sector is significantly contributing to the

global warming [15].

1.1 Oxy-biofuels for transportation

As we all know, internal combustion engines (ICEs) have been the target of a heated debate
about the future of clean transportation, and in general, two routes stand out. Some affirm that
ICEs are primarily responsible for environmental pollution and argue that the transition to fully
electric vehicles (so-called "zero" emission vehicles - ZEVs) is a matter of time [16, 17].
Conversely, some defend the persistence of ICEs in the market, claiming that their development
is the fastest way to reduce the carbon footprint of cars [18, 19]. In this perspective, research
on advanced vehicle technologies such as fuel cells, hybrid vehicles, solar technology, and pure
electric vehicles has accelerated in the past three decades [20-24]. However, most of them are
still in the development process, and due to several issues, it seems impossible to find a broad
field of use in the short to medium term. Therefore, the power demand of the vehicle will be
provided by the internal combustion engine for a long time. This necessitates the use of cleaner
fuels in internal combustion engines. Oxygenated fuels are the most popular alternative fuels
because their oxygen content improves combustion in the cylinder and reduces emissions at
the source [25-27]. Another attractive aspect of this oxyfuel is, most of them are produced from
renewable bio-based resources [28-34] thus, they are considered CO,-free as the CO get

absorbed back by the plants for photosynthesis.
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These types of fuels can be used in ICEs either in full or in combination with petroleum fuels
[35, 36]. Ethanol and biodiesel were among the first motor fuels in use in recent years [37]. A
small amount of alcohol fuel can be used in gasoline engines, and a small amount of biodiesel
can be added to diesel fuel. Several studies have considered the use of alcohol in compression
ignition (CI) engines, although alcohol presents challenges compared to diesel due to lower
cetane number, lubrication and viscosity, and higher auto-ignition temperature [38]. In this
view, dual-fuel combustion, using a small amount of diesel fuel combined with alcohol, seems
to be a viable alternative to alter exhaust emissions and operating costs, particularly when low-
cost local fuels are used [39, 40]. For instance, from the study conducted by the California
Energy Commission on buses using diesel and methanol dual-fuel engines, similar road
performance and cleaner exhaust emissions than using diesel alone are observed [41]. In the
same way, from the study reported by Costal et al. [40] on the investigation of two biofuels
(i.e., biogas, ethanol) in dual-fuel spark ignition engines, it has been observed that biofuels can

potentially be used in internal combustion engines to achieve net-zero pollutant emissions.

In this regard, the use of different classes of oxygenated biofuels, such as alcohols, esters, acids,
aldehydes, and furans, as fuel additives or standalone fuel components has attracted the
attention of many researchers worldwide [42-46]. Alcohols are biofuel products that are
obtained from second and third-generation biomass and have become increasingly in use with
the growing energy demands [47]. They are alternative transportation fuels because of their
properties that allow them to be used in existing engines with minor modifications to the
hardware. Alcohols have a higher-octane rating than gasoline. Fuels with a higher-octane
number can tolerate a higher compression ratio before the engine starts to knock, allowing the
engine to deliver more power efficiently and economically [48]. Alcohol burns cleaner than

regular gasoline and produces less carbon monoxide, HC, and nitrogen oxides [49, 50]. They
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have a higher heat of vaporization; have a lower peak temperature in the combustion chamber,
which reduces NOx emissions and increases engine power. However, aldehyde emissions,

which are a precursor for photochemical smog increase significantly.

The ignition propensity (i.e. knock resistance, octane rating) of alcohols is perhaps their most
attractive feature for internal combustion engine applications [51]. This feature of them boosted
applications in ICEs and the adoption of higher volumetric compression ratios [52], resulting
in improved fuel conversion efficiency and performance parameters. They can be used in
spark-ignition engines (SI) in pure form and/or in blends with only minor modifications to the
engine and fuel system [53]. Undoubtedly, of the other alcohol types, ethanol is widely in use
in transportation sectors, especially in passenger cars as an alternative to petroleum-based fuels
in minimizing CO2 emissions worldwide [54, 55]. It has a high H/C ratio, high flame
propagation speed, high research octane number, safe storage, low volatility and transportation
features also make it a reliable fuel, especially for spark-ignition engines [56-61]. It can easily
be blended with conventional fuels such as gasoline or diesel or can be employed as a 100%
renewable transportation fuel [55]. For instance, the U.S. Environmental Protection Agency
reported a reduction in greenhouse gas emissions by an average of 57 — 86% compared to
conventional diesel fuel [62]. Stump et al. [63] studied tailpipe and evaporative emissions from
three passenger motor vehicles using ethanol (9% v/v) and non-oxidative fuel. A general
reduction in hydrocarbon, carbon monoxide, benzene and 1,3-butadiene emissions were
observed when ethanol fuel was used. However, both formaldehyde and acetaldehyde

emissions from ethanol mixtures increased (almost doubled) [63].

Moreover, following the 1973 oil crisis, methanol was extensively studied by automakers such
as Volkswagen and Ford, either in pure form or blended with gasoline [64], the most common

ratios being M10 (10% methanol and 90% gasoline) and M85 (85% methanol and 15%
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gasoline) [65]. Methanol offers higher engine efficiency and is less flammable than gasoline,
but because of its lower energy density and calorific value, methanol-fueled vehicles have half
the mileage, requiring a larger fuel tank [66]. The organic emissions (ozone precursors) from
the combustion of methanol are less reactive than gasoline fuels and therefore less likely to
form ozone. Very low benzene and PAH emissions have been reported when pure methanol is
used [67]. Besides, methanol fuel is a carrier for Hz, which can be easily converted into other
fuels, fuel additives and fuel production feedstocks [68]. Overall, according to Europe’s
transport sector report, by 2030, alcohol fuels are one of the top listed renewable fuels to be

used due to their carbon emission-reducing tendency [69].

1.2 Chemistry of oxy-biofuels oxidation

1.2.1 Alcohols

Alcohols with various molecular structures (i.e., carbon number and substitution) can be used
in today's Sl and CI engines with only minor modifications to the engine design. However, the
details of the combustion chemistry of alcohol fuels, including pathways of potential
contaminants, are less well understood than the hydrocarbons that make up today's petroleum-
derived transportation fuels [70]. Some aspects of concern regarding their perceived "cleaner
combustion” image are the emissions of carbonyls such as formaldehyde (CH20), acetaldehyde
(C2H40), acetone (C3Hs0), acrolein (acrolein, C3H4O). These compounds present air quality
problems because they are toxic and irritating, and are precursors of urban smog (e.g. free
radicals, ozone, and peroxyacetyl nitrates) [71-73]. Pang et al. [74] studied carbonyl emissions
from ethanol-gasoline and ethanol-biodiesel-diesel mixtures in Cl and Sl engines. Ethanol
blending reduced tailpipe emissions of CO and PM, but increased total tailpipe carbonyl
emissions particularly, acetaldehyde. Besides, from the study performed by He et al. [75] the

use of the increased amount of n-butanol in gasoline fuel in HCCI engines was seen to
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significantly influence formaldehyde and acetaldehyde emissions. The emission of
acetaldehyde was nearly independent of engine speed under the investigated conditions. The
authors suggest that aldehyde emission levels are the result of different reaction mechanisms
that may contribute to their formation, in addition to the type of engine used, load and
combustion mode. Furthermore, the oxygenated nature of primary alcohols can result in
additional chemical reaction pathways as compared to the well-studied alkane fuels [76],
eventually, the importance and nature of alcohol-specific reactions may vary from one alcohol
to another which suggests the need for studying combustion properties of different primary
alcohols that lies a foundation for the larger alcohols fuels. In this regard, the combustion
chemistry study of alcohols is the area that requires great attention and insight into the kinetic
study of alcohols can help to determine the importance of oxygenated emissions by elucidating

the role of fuel-bound oxygen during combustion.

1.2.2 Organic acids

Organic acids, in particular, acetic acid [77-79] and formic acid are widely produced through
molecular dehydrogenation reactions during the pyrolysis and partial oxidation of alcohols
[80], ethers [81], esters [82], and other oxygenated biofuels. They are not common constituents
of conventional fossil fuels but can be present as intermediates in biodiesel production and
thermochemically processed biomass (i.e., bio-oil/bio-crude). They are one of the main
pollutants in the atmosphere that leads to the formation of acid rain [83, 84]. Currently, this
class of compounds can be derived from the emission of exhaust gas from internal combustion
engines [85, 86] or wildfire [87], thus involving both urban and rural atmospheres [83]. Among
organic acids, formic acid and acetic acids have been largely detected within exhaust gas [86,
88, 89]. Formic acid is an intermediate product during the oxidation of oxygenated biofuels

[90] such as methanol [91], ethyl acetate [92] and dimethyl ether [93]. In addition, it is mainly
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obtained from cellulose pyrolysis through ring opening and fragmentation reactions of
levoglucosan (i.e. the main intermediate product of cellulose pyrolysis) and 1,6-
anhydroglucofuranone in the temperature range of 400 — 500 °C and 300 — 400 °C, respectively
[94]. As a result, the chemistry of formic acid plays a determining role in the sustainable
production of energy from several oxygenated species being included in several kinetic models
[43, 78, 95, 96]. From a chemical Kkinetic perspective, the interest in industrial processes
directly producing formic acid from carbon dioxide has been largely increased as they can be
considered for the carbon capture utilization and storage (CCUS) as well as for the production
of hydrogen carrier components through the reaction CO2 + H» < HOCHO [97, 98]. One litre
of formic acid can have the same amount of hydrogen as in a compressed hydrogen storage
tank at 700 bar [99]. On the other hand, it contains 53 g I"* hydrogen at room temperature and
atmospheric pressure, which is twice as much as compressed hydrogen gas can attain at typical
storage conditions [100]. Thermodynamically, dehydrogenation of formic acid has low
reaction enthalpy which leads to hydrogen production at a lower temperature (lower than 100
°C) [100]. Since number of C — C bonds in a fuel structure is related to soot formation tendency
[101], the lack of C — C bonds in the chemical structure of formic acid, coupled with its high
energy density, can favour its application within fuel blends in advanced engine technology

[101].

On the other hand, acetic acid is an abundantly available substance in the environment [84] and
the main acidic component of bio-oils [102] and one of the major volatile primary pyrolysis
products from cellulose degradation [103]. It is the reference substance representing the
carboxylic acid components in the conversion of biomass residues to heat by fast pyrolysis of
bio-oils [103]. For instance, in the flames of hydrocarbon fuels and oxygenated fuels [104] and

low-temperature oxidations [105], very high concentrations of carboxylic acids are formed,
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most of which is acetic acid. The C—CO bonds of acetic acid split into methyl and carboxyl
radicals, whereas the carboxyl radical decomposes to CO and H radical through B-scission and
to CO and hydroxyl radical through a-scission [106]. Overall, given their poor low-temperature
performance, as well as their high solubility in water, high relative oxygen content, and acidity
(which can lead to corrosion of materials used in engines), carboxylic acids may have a more
detrimental effect on overall fuel performance. However, some problems can be alleviated by

esterification [107].

1.2.3 Light aldehydes

Aldehydes are hydrocarbons with additional embedded oxygen atoms. They are present in bio-
oil vapors and can be obtained from the chemical transformation of bio-derived molecules.
Besides, aldehydes such as acetaldehydes can also be sustainably produced from fast pyrolysis
of bio-oil, especially from the lignin component of the biomass [108], xylan, cellulose and
further decomposition of intermediate pyrolyzed products (e.g. 3,4-altrosan, levoglucosan and
levoglucosenone) [94]. These O—H—C compounds are mainly produced during the combustion
of fuels with high oxygen content, such as alcohol [109]. Under cold-start conditions, alcohols
crack to produce aldehydes, principally formaldehyde in the case of methanol and acetaldehyde
in the case of ethanol. Among the most important, acetaldehyde has an unusually weaker C—C
bond in the acetyl (CH3CO) group [110], which makes it readily decompose to methyl (CHs)
and carbon monoxide (CO), thus indicating the strong relation between acetaldehyde chemistry
and methyl chemistry. Overall, due to the hierarchical nature of combustion modelling [111,
112], all reactions associated with lower carbon chain fuels shall be included to investigate
larger carbon chain fuels. Notably, in high-temperature combustion of fuels, reactions leading
to C1 and C» fragments are too fast to limit the overall combustion rate, and it is the oxidation

rate of these smaller hydrocarbons that control the most observed combustion properties [111,
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113, 114]. Similarly, in the low-temperature oxidation process of alkanes, aldehydes are the
key components in the pre-ignition stage of hydrocarbon combustion [115]. From the recent
studies reported on diethyl ether (DEE) and dimethyl ether (DME) mixtures with ethanol [116],
it has been concluded that the formation of acetaldehyde is the leading intermediate step for
the improved reactivity of these blends. Therefore, from the pure chemical kinetics perspective,
aldehydes are the main stable intermediate products of biofuel oxidation and pyrolysis, which
affect the reaction pathway and important combustion characteristics, thus cannot be ignored

for the design of more efficient and environmentally friendly combustion systems [117].

Overall, due to the presence of oxygen in the molecular structure of oxygenated fuels, oxy-
biofuel combustion reduces the emission of CO, which is mostly formed by the incomplete
combustion of fuels most readily from petroleum fuels, which contain no oxygen in their
molecular structure. Studies have shown a 30% reduction in CO emissions depending on the
type and age of the engine/vehicle, the emission control system used, and the atmospheric
conditions in which the vehicle is operating when using one of the widely used oxygenated
fuels, ethanol. Due to health concerns about CO, the U.S. Clean Air Act Amendments of 1990
required the use of oxygenated gasoline in major urban centers during the winter months (when
atmospheric CO levels are at their highest) to reduce this pollution [118, 119]. Thus, biofuels
can safely be part of a diverse energy portfolio that can potentially replace fossil fuel

consumption.

1.3 Combustion model

Combustion in an internal combustion engine is a complex process involving fuel atomization,
vaporization, fuel-air mixing, ignition, and combustion. In the field of combustion, three
distinct states are commonly observed for most fuels, namely low temperature, intermediate

temperature and high temperature [120]. As reported by Dec [121] on the phenomenological
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description of the diesel combustion model, the low-temperature reaction spontaneously ignites
part of the premixed fuel and air within fuel-rich conditions, resulting in a rapid release of heat.
The remaining fuel spray is then consumed in a high-temperature diffusion flame. This
unstable, heterogeneous, three-dimensional process is challenging to model, and it is difficult
to separate the physical mixing process from the chemical kinetic process. To accurately
describe this phenomenon, an investigation into the thousands of elementary reactions and their
rate parameters governing the complete combustion of a given fuel is indispensable. In this
regard, computer simulations can combine fluid dynamics, spray dynamics, chemical kinetics,
and heat and mass transfer to reproduce ignition behavior, flame propagation, pollutant
formation, energy release, and other characteristics of engine operation. This simulation is
widely used in the automotive industry to improve fuel economy and reduce emissions.
Westbrook et al. [122] conducted a comprehensive review of computational combustion
methods and their application in SI, Cl, and HCCI engine combustion simulations. From the
later study reported by Westbrook et al. [123, 124], an understanding of engine-relevant
phenomena can be obtained using detailed chemical kinetic models in simpler reactive flow

simulations, under defined boundary conditions.

Developing a detailed chemical kinetic model follows the hierarchical nature of combustion
modelling [111, 112], which should include all reactions associated with lower carbon chain
fuels to study larger carbon chain fuels. To this aim, the chemical kinetic mechanisms study of
lower carbon chains from each class of oxygenated fuel category (e.g. methanol and ethanol
from primary alcohols, formic acid and acetic acid from organic acids, acetaldehyde from
aldehydes) are considered. Due to the lack of properly guided theoretical or experimental
studies, key reaction classes affecting the oxidation of these fuels are not well studied in detail,

and some main pathways remain unknown. Besides, the inherent uncertainties corresponding
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to the input parameters (i.e. thermodynamics and rate coefficients) and their complex

temperature, pressure and fuel composition dependencies remain challenging [125, 126].

Combustion chemistry of a given fuel component can be studied through the evaluation of the
fundamental combustion parameters such as laminar burning velocity, ignition delay time,
reaction paths, species profile from jet-stirred reactor, etc. These properties can be analysed as
a function of time t, temperature T, pressure P, or composition [127]. Ignition delay time (IDT)
is an important macro information about the reactivity of fuels (i.e. in intermediate and high
temperatures) and can be correlated with fuels octane rating [128, 129]. It defines the time that
a specific fuel mixture takes to oxidize and release heat when exposed to specific
thermodynamic conditions of pressure and temperature, thus, it is a critical parameter for
engine design and operation. It has been noted that octane ratings are primarily determined by
chemical kinetics rather than physical fuel effects (e.g. latent heat of vaporization, density,
viscosity, physical mixing effects, etc.) [130]. Furthermore, premixed laminar burning velocity
is a fundamental indicator of fuel reactivity (i.e. especially in low-temperature combustion)
and a critical parameter for determining complex combustion phenomena occurring in engines,
such as the turbulent flame speed, flame stabilization, flame structure and extinction [127, 131].
It is a measure of how a flame propagates into a quiescent unburned mixture at a specific
temperature, pressure and fuel composition. In general, the emissions formed upon fuel
oxidation and/or pyrolysis in ideal reactors are indicative of the species formed in engines
under similar temperature, pressure, and equivalence ratio conditions. Thus, understanding
combustion in idealized systems can offer insights into a fuel's performance in practical

engines.
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1.4. Research Questions

The growing interest in biofuels from biomass pyrolysis has motivated systematic
investigations of different chemical families such as alcohols [44, 132], aldehydes [133, 134],
acids [43], and oxygenated aromatics [135, 136] to elucidate the effects of the oxygen
functional groups on their combustion chemistry. In addition, the incomplete combustion of
biofuels produces a small amount of harmful chemical components for the environment and
human health (e.g., acetic acid, aldehydes, and ketones) [1, 2, 137]. The O atom present in
biofuels is bound in the form of alcohol (hydroxyl, —OH), ether (—O—), aldehydes and ketones
(C=0), acids, furans and ester (—COO-) groups. The existence of oxygen functional groups in
the molecular arrangement of biofuels changes the electronic structure of the fuel, thus limiting
the production of aromatic compounds and carbon soot. This difference in the structural
characteristics of biofuels will lead to differences in chemical reactivities, reaction pathways,
intermediates and unwanted by-products. In this regard, the accurate evaluation of the fuel
decomposition and oxidation kinetic mechanisms of alcohols, carboxylic acids, esters, furans
and aldehydes classes of oxygenated fuels is a valuable step toward the awareness of the
reaction paths ruling the formation of relevant intermediates [70]. The variations in the
chemical structure of biofuels will certainly affect the reaction pathways and eventually dictate

the combustion characteristics, such as autoignition and flame propagation.

A complete evaluation of fuel molecules requires a detailed analysis of their combustion
characteristics, which also requires an understanding of how these intermediates are produced
during biomass pyrolysis. The heat transfer and reaction rates during biomass conversion are
strongly influenced by biomass composition (i.e., cellulose, hemicellulose, and lignin) and
reactor configuration, thereby affecting yield profiles and product properties. Thus,

understanding how these chemical components decompose during biomass pyrolysis requires
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extensive studies, especially considering different compositions of cellulose, hemicellulose and
lignin.

Besides, experimental combustion studies are hindered by technical difficulties related to the
different functions of oxygen-enriched biomass, intermediates, and products; temperature
sensitivity to products, short lifetimes to intermediates; and product dependence on volatile
residence time. In this framework, the design and optimization of any combustion process
based on oxy-biofuels need the understanding of fundamental biomass pyrolysis and biofuel

oxidation kinetics through the definition of detailed chemical kinetic models.

For clarification, the current research aims at developing a chemical-physical model for the
quantification of the most relevant phenomena ruling the energy production from bio-based
fuels. However, the project can be also intended as a combination of different work packages
dedicated to the characterization of the behaviour of the biomass and possible lighter

intermediates, as discussed below.

Biomass pyrolysis: Being the first step in biofuel production and energy recovery, biomass
pyrolysis requires careful characterization and processing methods. Hence, the fate of the
successive biofuel processing methods relies on understanding how biomass decomposes,
intermediate species consumed, and desired species are produced with the help of robust kinetic
mechanisms. Due to the multi-phase nature of biomass, and the multi-step and multi-scale
nature of processing methods, developing an accurate kinetic model is however a challenging
step since the main efforts in biomass pyrolysis simulation lie in accurately capturing the
molecular conversion kinetics. Understanding fast pyrolysis for scale-up is then reported to be
a challenge, requiring careful examination of specific rate-determining steps and addressing
the question of whether the heat transfer mechanism is efficient and whether the residence time
of the two phases is sufficient. This needs to be reported along with the biomass properties and
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their sub-components. Thus, this work is devoted to the realization of a numerical
characterization of biomass pyrolysis which included a newly developed kinetic model

considering the recent improvements and updated kinetic schemes.

Formic acid combustion: monocarboxylic acids have been reported to be one of the main
pollutants detected from IC engines and an intermediate product of oxygenated biofuel
oxidation, including methanol and dimethyl ether. Formic acid is also considered one of the
most promising hydrogen carrier components through the HOCHO < CO2 + H2 reaction and
can be used as a platform for chemical energy storage. Being an intermediate product of the
oxidation of different oxygenated components, rising concerns as hydrogen and CO storage,
and energy provision via combustion, the kinetic mechanism study of formic acid deserves in-
depth analysis, which obviously contributes to the understanding of the combustion kinetics of
other intermediates and larger carboxylic acid components. In this regard, the gas-phase kinetic
mechanism study of formic acid oxidation is very crucial in environmental chemistry, hydrogen
production and modern engine technology. To the level of its importance, the combustion
chemistry of formic acid is poorly understood, and the study of formic acid oxidation has been
very limited. Apart from Glarborg and updated Aramco 2.0 kinetic models, there are no
comprehensive chemical kinetic mechanisms developed for formic acid combustion. For these
reasons, the current study is devoted to the development of detailed kinetic mechanisms for
formic acid combustion and provides insights into the chemistry ruling the decomposition of

formic acid in an oxidative environment.

Acetic acid combustion: As a major bio-oil component and one of the main volatile products
of cellulose pyrolysis, acetic acid can be considered as a reference component representing the
chemical family of carboxylic acids in biomass conversion and combustion of hydrocarbon

and oxyfuel flames. It is found in large concentrations in the troposphere and considerably
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affects the environment. Therefore, to understand how acetic acid is formed in flames and
envision reducing the emissions of this pollutant, it is important to study the pathways involved
in its formation and consumption through a comprehensive chemical kinetic model. In this
regard, a semi-lumped kinetic model and a detailed kinetic model have been developed and the
combustion chemistry of acetic acid has been studied through the evaluation of its combustion

parameters.

Acetaldehyde combustion: It is the main stable intermediate product of biomass pyrolysis and
biofuel oxidation, and is the key component in the pre-ignition stage of hydrocarbon
combustion, especially the low-temperature oxidation of alkanes. Under combustion-related
conditions, acetaldehyde cannot withstand high temperatures and reacts chemically to produce
single-carbon species, and as a result, it is present in high concentrations in exhaust gases (i.e.
especially when ethanol is considered). On the other hand, it is also a major unregulated
pollutant from the combustion of biofuels, especially alcohol. The oxidative behavior of
acetaldehyde is the key to hypothesising higher-order aldehyde reaction patterns. In this view,
understanding the kinetics of acetaldehyde formation and consumption in flames requires the
definition of chemical kinetic mechanisms, in which existing kinetic models have difficulty
accurately capturing the chemical properties of acetaldehyde in an oxidative environment. To
this end, two kinetic models (i.e. a simplified kinetic model and a detailed kinetic model) were
developed and used to evaluate the combustion chemistry of acetaldehyde under different

reaction conditions.

Methanol combustion: High octane number, low flame temperature and high oxygen content
(i.e., reduced risk of explosion, NOx and soot formation) make methanol one of the important
alternative fuels. It is also a major source of formaldehyde, one of the main pollutants in the

oxidation of biofuels, and a central intermediate in the combustion of biofuels and hydrocarbon
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fuels. Methanol lies on the main oxidation pathway of methane and methyl radicals and plays
a key role in the conversion of carbon to CO. CO and formaldehyde are important in low-
temperature fuel chemistry. Therefore, as an important model fuel component and a major
source of formaldehyde, the combustion Kinetics study of methanol is very crucial to
understand its combustion kinetics, which obviously helps to realize the chemistry of CH.O
formation, and larger alcohols. Thus, a simplified kinetic model has been developed and used

for the investigation of methanol chemistry.

Ethanol combustion: Ethanol burns cleaner and more completely than gasoline and diesel,
and its proportion in gasoline is expected to increase in the future. Similarly, the utilization of
pure ethanol has also received attention from the transportation sector. Therefore, the use of
ethanol as part of the near-term energy transition to low-carbon intensity fuels requires a more
fundamental understanding of its combustion properties. During combustion, ethanol favors
the OH-terminated pathway to form acetaldehyde and hydroperoxy radicals rather than low-
temperature chain branching reactions. Therefore, as an essential alcohol and commercial fuel
component, the study of the combustion Kkinetics of ethanol is crucial for understanding its
Kinetics chemistry, intermediates, higher alcohols and, of course, for the continuous
improvement of oxyfuels in the transportation sector. In this view, a kinetic model is developed
and the chemistry of ethanol in an oxidative environment was evaluated under a range of

reaction conditions (i.e., covering low-temperature and high-temperature combustions).
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Chapter 2: State of the Art

The current understanding of the chemical and physical aspects characterizing the conversion
of solid and gaseous environmentally friendly alternative fuels is summarized in this chapter.
A specific focus on the detailed kinetic mechanisms of biomass and the most common
intermediate species is provided in the following. Either numerical or experimental studies
have been included in this aim, providing a general perspective on the available strategies and
data, as well as on the current gap of knowledge in the investigated fields. Before going into
the details of the physical-chemical phenomena happening during biofuel production and
combustion, an overview of the current biofuel global production, research metrics,
perspectives and policy directives towards its share in the global energy distribution has been
provided.

2.1 Oxy-biofuels as a potential energy source

As reported by the International Energy Agency (IEA), the worldwide biofuel production has
increased from 9.84 x 10° tons to 1.5 x 108 tons between the years 2018 to 2020. Based on this
trend, IEA forecasted a consistent increase of biofuels up to 25% for the coming years, reaching
1.87 x 108 tons by 2024. In addition, from the recent review paper published as part of this
work, the scientific studies and patents on biofuels have been consistently increasing for the
last ten years [138]. Figure 1 shows data collected from the most important scientific and patent
databases over the past decade (2009-2020). The figure below contains information on the
number of publications devoted to the production or consumption of liquid and solid biofuels
(Figure 1a), differentiated by chemical category (Figure 1b) and author affiliation (Figure 1c).
The number of scientific articles each year has remained largely unchanged in recent years.
Similarly, scientific research on oxygenated biofuels (such as alcohols, furans, aldehydes,
esters, phenols, and acids) is increasing [42, 43, 46, 139]. Indeed, most of the biofuel research
is devoted to the investigation of these chemical classes, as shown in Figure 1(c), 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.

Overall, global biofuel demand has been growing since 2000, and strong growth is expected in

the future due to favorable government policies in Europe, North America and China aligned
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with the zero-emissions agenda. For instance, the European Union set two new policy
directives in 2003 on biofuel [140]. The first policy is aimed at making 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. Secondly,
the union agreed to put a tax deduction 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 energy efficiency by at least 27% [140]. In light of such concerns among EU member
states, the U.S. Energy Independence and Security Act (EISA) of 2007 defined a Renewable
Fuels Standard Scheme, known as RFS2.1 [141]. EISA guides the use of biofuels and
established a 50% reduction in greenhouse gas emissions by 2022. Biofuels offer many
economic, technological, and environmental advantages due to the significant reduction of
particulate matter, soot formation, unburned hydrocarbon, and NOx emissions [48]. To achieve
this and realize the bio-based economy, it is important to focus on unresolved issues that hinder
the wider application of biofuels, which requires extensive studies of pyrolysis and combustion
mechanisms, highlighting existing knowledge gaps.
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Figure 1: Global research trends of oxy-biofuels for the last ten years (a), for chemical classes (b), and countries (c) [138].

2.2 Kinetics of Biomass Pyrolysis

The kinetic study of biomass degradation is very crucial for understanding how the building
blocks in biomass feedstock decompose and intermediate products are produced during
pyrolysis. To this view, the kinetic modelling study of biomass pyrolysis typically considers
the decomposition and multi-step devolatilization of the three independent components:
cellulose, hemicellulose, and lignin [142]. Several kinetic schemes have been developed in the
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literature ranging from simple single-step kinetic models to complex reaction models
containing hundreds of reactions [143-149]. In this light, simplified reaction schemes are
reported to be suitable [150] given the complexity of the feedstocks and plenty of intermediate
products. Several studies have been reported on biomass pyrolysis kinetics including the first
global kinetic scheme developed by Bradbury et al. [151] where cellulose decomposition is
represented by three parallel reactions forming active cellulose, gases, and char. Active
cellulose further depolymerizes forming volatile species as reported by Shafizadeh et al. [152]
and of which levoglucosan (LVG) is the main fraction [153]. Extensive studies on cellulose
pyrolysis and its dependence on temperature [154-158] support the assumption that hydroxy
acetaldehyde (HAA) is the primary decomposition product, especially through a ring scission
reaction that becomes increasingly crucial at elevated temperatures. In this regard, Piskorz et
al. [159] proposed the modified version of the Bradbury et al. [151] mechanism taking into
account the formation of both HAA and LVG during cellulose pyrolysis. The initial stage of
the mechanism considered the competitive formation of char and activated cellulose, followed
by ring cleavage producing HAA and depolymerization leading to LVG [159]. Later studies
[160-162] largely confirm the mechanistic findings of Piskorz et al. [159]. Given the
heterogeneity of hemicellulose, xylan has been widely considered as a surrogate for
understanding the kinetics of hemicellulose pyrolysis [163-165]. Insights between pyrolysis
product distribution and structural features of xylose-based hemicelluloses have been reported
[166, 167]. As described in Ranzi et al. [145] pyrolysis model, xylose degrades forming two
hemicellulose intermediate species (HCE1 and HCE?2), followed by successive decomposition
routes leading to the formation of xylan, light oxygenates, gases and char. However, their
model does not include several major products, such as acetic acid, furfural, formic acid,
hydroxy acetone, anhydroxylose, dianhydroxylose and other smaller molecules which have
been experimentally measured in large yields [168, 169]. Similarly, due to its complex
chemical structure, lignin also requires the adoption of different reference components as
named by Faravelli et al. [170] as LIG-C (lignin rich in carbon), LIG-H (lignin rich in
hydrogen), and LIG-O (lignin rich in oxygen), respectively. These reference components
decompose releasing gases and intermediate components which further degrade forming lighter
species and lignin intermediate derivatives [171]. For a better illustration of biomass

degradation, a reaction path diagram showing biomass decomposition is shown in Figure 2.
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Figure 2. A simplified reaction pathway for biomass pyrolysis for the production of oxy-biofuels

2.3 Combustion kinetics of oxy-biofuels

Oxygenated species as a potential replacement to petroleum fuels need to be understood from
different practical points of view (i.e., combustion). Because, in addition to the sustainability
of the source, knowledge of the compatibility of the fuel within transportation sectors and
combustion machinery is very important and needs to be analyzed [70] considering engine-
relevant conditions. In this view, predictive chemical kinetic models provide a better
understanding of the combustion performance and emissions characteristics of biofuel
compositions. Chemical kinetic models can be constructed in two ways; first, by manually
collecting rate coefficients and thermodynamic data for relevant species and reactions from the
literature. In this approach, the mechanism involves a series of refining reactions and,
relatively, comprises a low number of species and reactions. Second, automated algorithms are
used by defining initial conditions (i.e., temperature, pressure, composition), reaction library
(i.e., kinetics and heat) and fuel structure. Given the conditions, the tool uses reaction families
to define templates that manipulate matching functional groups when converting molecules
from reactants to products. The chemical kinetic model developed in this way contains more

species and reactions than the previous one. In this regard, the combustion studies of
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oxygenated biofuels such as light alcohols, organic acids, and aldehydes with the help of

chemical kinetic models are reviewed from the recent literature as follows.

2.3.1 Light Alcohols

The energy production via alcohols is primarily satisfied by using them as alternative fuels or
additives 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].
Besides, their moderate tendency to form soot and elevated octane rating makes the light
alcohols (i.e., < C5) good aspirants for lean to rich stratified combustion [79] and low-
temperature combustion [7,80]. Moreover, in homogeneous 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 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 properties. 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]. In this view, recent reports on the chemistry of methanol and ethanol are reviewed

and presented below.

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 NOx 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]. From this point of view, several
experimental and numerical studies have been reported. For instance, Bowman [172]
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
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delay times. The self-ignition of various fuel species including stoichiometric methanol-air
mixtures at pressures of 13 and 40 bar and a temperature range of 800-1200 K has been
reported by Fieweger et al. [173]. The period 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 C1—C4 primary alcohols under pressures of 2, 10, and
12 atm were studied by Noorani et al. [54], 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 [174] 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. [175] 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
temperature range of 650-700 K was studied by Aniolek and Wilk [176]. Recently, a
comprehensive study on the ignition phenomena of a stoichiometric methanol/oxygen/argon
mixtures was reported at the pressure range of 12—24 bar and temperature range of 840-1000

K under a rapid com- pression machine (RCM) by Wang et al. [177].

Westbrook and Dryer [178] reported one of the early detailed methanol chemical Kinetic
models comprising 26 species and 84 elementary reactions. The model fairly captured the
experimental combustion data for a temperature range of 1000 — 2180 K, a pressure of 1 — 5
atm and an equivalence ratio range of 0.05 — 3. Burke et al. [179] reported an experimental
study of methanol oxidation under a shock tube and compression machine (RCM) coupled with
a detailed chemical kinetic model under a wide range of reaction conditions; pressure (2 — 50
atm), temperature (820 — 1650 K) and at all fuel flames (lean, stochiometric and rich). The
kinetic model has been used for the evaluation of ignition delay time and jet-stirred reactor data
of methanol. Later, to improve detailed chemical kinetic models, Pinzon et al. [180] studied
methanol oxidation behind reflected shock waves in shock tubes over the course of wide
reaction conditions. The authors have compared with results with chemical kinetic models
available in the literature, namely Li et al. [181] (Princeton), Konnov [182] (Lund university)
and AramcoMech 3.0 [183] models. More specifically, good agreement has been obtained with
AramcoMech 3.0 kinetic model. Aranda et al. [184] developed a detailed kinetic model for
methanol oxidation and validated it with experimental data reported at high pressure (20—100
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bar) and intermediate temperatures (600-900 K). The authors found that at high pressure, the
onset reactions were particularly sensitive to H-abstraction by a hydroperoxyl radical (i.e.,
CH30H + HO2 2 CH20H + H20). Recently, an experimental and computational study of
methanol under shock wave tubes over ranges of reaction conditions has been reported [185].
The authors reported pre-ignition in shock tubes as a significant factor impacting the accuracy

of ignition delay time data.

On the other hand, the low-temperature combustion chemistry of methanol has been studied
through the evaluation and investigation of methanol flames. In this view, Akrich et al. [186]
reported flame profiles and combustion mechanisms of methanol-air flames under low
pressure. From the study, several species such as CH3OH, O., H20, Hz, 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. An experimental and
numerical study on the laminar burning velocity study of methanol at atmospheric pressure and
a temperature range of 298-368 K using a counter-flow twin flame method was reported [187].
A decade later, Liao et al. [188] studied the laminar burning velocity of methanol-air mixtures
at 358 K using the spherical combustion bomb technique. The influence of fuel/air ratio and
initial temperature on the laminar burning velocity of methanol-air flames has been
investigated. A comparative experimental and numerical study of methanol, ethanol and n-
butanol flames using the counter-flow configuration technique at atmospheric pressure and
reaction temperature of 343 K has been reported by Veloo et al. [45]. From the study, CH20,
HCO, and H were reported to be the dominating radical species. Moreover, the temperature
dependency of laminar burning velocity at atmospheric pressure and temperature range of 298
— 358 K was reported using the heat flux method [189]. The oxidation chemistry of methanol
in a laminar premixed flame of methanol-air mixtures at an initial temperature of 423 K and a
wide range of pressure (1 — 10 atm) in a spherical combustion vessel has been reported [190].
Formaldehyde (CH20) and formic acid (HOCHO) were identified as the abundantly produced
intermediates in methanol flames. Recently, Raida et al. [191] reported an experimental study
on methanol-air flames over ranges of conditions including temperature (318 — 338 K),
pressure (1 — 5 bar) and equivalence ratio (0.8 — 1.3) using the heat flux method. The authors
also performed a kinetic modelling study using the available detailed kinetic models from
Politecnico di Milano [131] (Polimi mech), the University of California at San Diego [192]
(San Diego mech) and the University of Ireland Galway [179] ( NUI Galway mech). A quite
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reasonable agreement has been observed between the models and experimental results at
atmospheric pressure however, the models over-predicted the burning velocity at relatively

higher pressures.

Having robust experimental data, the need for detailed kinetic models has been growing.
Among the previous Kinetic model, the widely used methanol model of Li et al. [181] can fairly
predict the laminar burning velocity in lean flames. However, recent measurements posed
challenges to the Li model [181] under stoichiometric and rich conditions [45, 193]. Based on
this, Konnov et al. [194] emphasized that the performance of the Li model could be
significantly improved by updating the branching ratios for reactions of methanol with O,
HO,, OH, and H, using the recent calculation results [195-197]. A year later, Christensen et al.
[198] developed a kinetic model for CH2.O and CH3OH using revised rate coefficients from the
literature and validated the model over a wide range of experimental conditions and equipment.
However, the model predicted maximum burning velocities with richer equivalence ratios than
experimental results [55, 193, 194, 199], which occurs in all conditions and leads to
underpredictions in lean conditions, while overprediction in rich conditions. Later on, Zhang
et al. [190] studied the chemistry of methanol oxidation in a laminar premixed flame both
experimentally and numerically. The detailed kinetic model has been developed by extensively
retrieving experimental and theoretical literature data. The model has been validated with
laminar burning velocity data from a spherical combustion vessel at temperature of 423 K,
pressure of 1 — 10 atm and equivalence ratio of lean, stoichiometric and rich conditions.
Deviations between the model and experimental results has been observed at stoichiometric
and rich conditions. To better illustrate the works being reported, the most relevant steps

involved in the oxidation of methanol is shown in Figure 3.
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Figure 3. Simplified reaction pathway for methanol oxidation [138].

Table 1. Summary of detailed methanol kinetic models with their validation ranges as reported

by the authors. NA: not available.

Mechanism Species Reactions T(K) P(atm) o) Year  Ref.

Marinov* 58 383 NA NA NA 1999  [95]

Dryer 55 290 633— 0.26-20 0.05-2.6 1998  [91]
2050

Li 21 93 850-950 1.5-6 0.5-2 2007  [181]

San diego* 58 270 NA NA NA 2016  [200]

Mech15.34 170 900 800- 1-20 0.2-2 2016  [179]
1200

Zhang 32 197 423 1-10 0.7-2.1 2017  [190]

Due to its high demand in the gasoline engine, ethanol combustion has been widely studied
using different experimental systems (e.g., shock tubes [201-203], rapid compression machines
[204-206], plate burner [207, 208], counter-flow twin flames [209, 210], and constant volume
chambers [211, 212]. In addition, the oxidation of ethanol under several conditions has been
experimentally investigated over temperature ranges of 800 — 950 K, pressure of 3 — 12 atm
and equivalence ratio range of 0.3 — 1.4 in flow reactors as well [213]. Parallel to their
experimental work, the authors developed a detailed kinetic model for ethanol combustion and
validated their model using their experimental results (i.e., species profile) and experimental
data from the literature (i.e., shock tubes, premixed flames). Barraza-Bo-tet et al. [204] reported

new experimental data on ethanol ignition and species profile in a rapid compression machine.
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The study revealed H-abstraction by HO via C2HsOH + HO2 2 sC2HsOH + H20> reaction as
significantly affecting the overall reactivity of ethanol in ethanol oxidation. Mathieu et al. [214]
studied the oxidation of ethanol under shock tubes by measuring the ignition delay time and
water time history curves of this species at temperatures 944-1580 K; pressures ranging from
1.3-53 atm; and equivalence ratios of 0.5, 1, and 2. AramcoMech3.0 and CRECK Kkinetic
models have been used to model the species profiles. From the study, it has been revealed that
most of the models used were not accurately reproduced the experimental data at temperatures
<1300 K. Nevertheless, for temperatures (>1350 K), better consistency with AramcoMech 3.0
in terms of reactivity and water profile shape was observed. Similarly, Laich etal. [215] studied
the oxidation of ethanol by measuring CO time histories and ignition delay times behind
reflected shockwaves under elevated pressures. Good agreement between experimental and
numerical data of the CO time history measured at elevated temperatures was obtained, while
deviations are observed at lower temperatures. Bimolecular methyl radical and hydroperoxide
radical reaction (CHs + HO2 — CH30O + OH), and H-abstraction reaction at o position of
ethanol (C2HsOH + HO2 — sC2H4OH + H202) were observed as low-temperature sensitivity

reactions from sensitivity analysis.

On the other hand, the low-temperature chemistry of ethanol oxidation has been investigated
through the study of ethanol flames. In this regard, Veloo et al. [45] experimentally reported
the laminar burning velocity of ethanol using the counter-flow configuration technique at 1 atm
and a temperature of 343 K. From the study, C2H4, CH3CHO, CH-0, CH4, and CHs, have been
revealed as a major intermediate species from ethanol oxidation. Besides, three H-abstraction
sites (at CH3, CH2 or OH) have been observed where abstraction from CH3 leads to C2H4 and
OH production, from the CH. site leads to the production of CH3CHO and H, and finally,
abstraction from the OH portion leads to the formation of CH3CH»0O. Xu et al.[216] conducted
an experimental study of the laminar combustion behaviour of ethanol-air premixed mixtures
with laser-induced spark ignition (LISI) and electric spark ignition (SI) at a temperature of 358
K and pressure of 1 atm. Faster laminar burning velocity was observed for LISI at lean
conditions, while lower values were noticed at stoichiometric and rich conditions. Katoch et
al. [217] performed an experimental study of laminar burning velocities of ethanol-air
mixtures. The power-law correlation was used to evaluate the influence of mixture temperature
on laminar burning velocity, and the change of temperature index o and equivalent ratio shows

the minimum value for a slightly richer mixture. Moreover, laminar burning velocities of
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ethanol-water-air mixtures studied using the heat flux method under adiabatic conditions has
been reported [218]. At a constant H.O mole fraction, the chemical and thermal effects on the

burning velocity were found to vary with variation in equivalence ratio.

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, earlier, Dunphy et al. [219] developed a kinetic model for ethanol
comprising 30 species and 97 reactions. The author used the detailed mechanism previously
reported for methanol, assembled with additional reactions that accounted for ethanol
combustion. The model is in good agreement with shock tube experimental data at high
temperatures and pressure of 2 — 3.4 bar. Marinov [95] developed 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 (from a reflected shock wave), laminar burning
velocities (from constant volume bomb and counter flow twin-flame) and species profiles
(from a jet-stirred and turbulent flow reactors) in the temperature range of 1000 — 1700 K and
the pressure of 1—4.5 atm and is in an excellent agreement with experimental data. It has been
found that, at elevated temperatures, ethanol oxidation is highly sensitive to the fall-off kinetics
of ethanol decomposition, CoHsOH + OH « Products, and reactions involving the HO> radical.
Marinov's kinetic model was found to underestimate the fuel consumption rates and
concentrations of stable species from ethanol decompositions such as H>0, C>Hs, CH3CHO,
CHaand species related to abstraction channels, thus, using the Marinov mechanism as a base,
Li et al. [220, 221] updated the kinetic model. A decade later, a new mechanism model called
AramcoMech1.3 was developed [222] for the combustion of C1—C> hydrocarbons (methane,
ethane, ethylene, acetylene, acetaldehyde) and oxygenated species such as methanol and
ethanol. The authors underlined the importance of the reactivity study of small fuels and
intermediates for understanding and accurately describing the combustion characteristics of
practical fuels. Mittal et al. [206] developed a chemical kinetic model for autoignition
characteristics of ethanol at high pressures and low temperatures and validated the model with
experimental ignition delay time data from a compression machine under ranges of reaction

conditions, temperatures (825 — 985 K), pressures (10 — 50 bar) and equivalence ratio 0.3 —1.0.

A detailed kinetic mechanism developed by the University of San Diego [200] is comparatively

small, yet detailed and widely used in research works. During the same time, Hashemi et al.
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[223] published a mechanism on ethanol pyrolysis where they addressed high-pressure
conditions. Besides, a new detailed mechanism was recently developed by Zyada et al. [224]
using a reaction mechanism generator (RMG). Several chemical kinetic mechanisms are
reported in the literature [81] at different operating conditions for ethanol. Through the
improvement in computational methods, numerically generated mechanisms are becoming
more powerful. It is very difficult to meet all operating ranges with a single kinetic mechanism
with the information available in the literature from previous studies [95, 225]. More recently,
Roy and Askari [226] developed a new ethanol-detailed kinetic mechanism called PCRL-
Mech1 (with 67 species and 1016 reactions) at engine-relevant conditions based on RMG. The
important reactions were selected by 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 laminar burning speed (obtained
at temperature (300—600 K), pressure (1—-10 atm), equivalence 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. Summary of chemical
kinetic models and the main reaction pathways for ethanol oxidation are shown in Figure 4 and

Table 2, respectively.

Table 2. Summary of kinetic models of ethanol oxidation with their validation ranges as reported by the authors.
NA: not available.

Mechanism Species Reactions T (K) P(atm) o Year Ref.

Dunphy 30 97 1080-1660 1.8-4.6 0.25-2 1991 [219]
Marinov 56 351 1000-1700 1-45 0.5-2 1999 [95]

Saxena* 57 288 NA NA NA 2007 [227]
Leplat 36 252 890-1250 1,10 0.25-2 2011 [228]
CRECK 451 17848 300-450 1-20 0.6-1.2 2012 [131]
Aramco 2.0 164 2716 295-2500 0.03-60 0.06-6 2016 [179]
Sandiego 54 268 NA NA NA 2016 [200]
Merino 31 66 300-600 1-10 05-2 2018 [225]
Zyada 107 1795 850-1450 NA NA 2019 [224]
PCRL-Mechl 67 1016 300-600 1-10 0.6-1.4 2020 [226]

P H o g 4,{ S H H,C=0 H co ‘

Figure 4. Simplified reaction path for ethanol oxidation [138].
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2.3.2 Carboxylic Acids

Oxygenated fuels with carboxylic acid functionality, especially acetic acid and formic acid, are
the dominant fractions in the tar released from biomass pyrolysis [102, 229, 230], and an
accurate description of biofuel combustion must take into account the formation of these
relevant intermediates. In this regard, recent studies reported in the literature on the oxidation

of formic acid and acetic acid are reviewed as follows.

From a chemical perspective, the interest in industrial processes directly producing formic acid
from carbon dioxide has been largely increased as they can be considered for the carbon capture
utilization and storage (CCUS) as well as for the production of hydrogen carrier components
through the reaction CO. + H2 < HOCHO [97, 98]. Besides, formic acid is an intermediate
product from biomass pyrolysis [94] and oxidation of oxygenated biofuels [90] such as
methanol [91], ethyl acetate [92] and dimethyl ether [93]. In this regard, the chemistry of formic
acid has been investigated either experimentally in terms of laminar premixed flames [231] or
numerically by kinetic models [96]. Yin et al. [232] reported experimental and kinetic studies
of formic acid laminar burning velocities over a wide equivalence ratio range and temperature
range of 423 — 453 K. The authors used the Glarborg and Updated AramcoMech 2.0 kinetic
models to validate their experimental data, the former well agreed with the experimental
results, whereas the latter overestimated the laminar burning velocity data. More recently,
Osipova et al. [233] conducted an experimental and numerical study on the laminar burning
velocity of pure formic acid and formic acid/hydrogen mixtures at temperatures of 368, 373
and 423 K, and equivalence ratio ranging from 0.5-1.5. From the comparison of the model and
experimental data, the model overestimated the laminar burning velocity and the authors
strongly suggest the importance of improving the existing chemical kinetic models or
generating new detailed kinetic model. On the other hand, formic acid oxidation in a static
thermal reactor within temperature range of 613 — 743 K has been reported by Bone and
Gardner [234]. From the study, the pressure increase after formic acid oxidation is relatively
slow, indicating low reactivity. Several studies [93, 95, 96] have reported detailed subsets of
formic acid formation and oxidation, among which the study reported by Battin-Leclerc et al.
[96] revealed the formation of formic acid in hydrocarbon flames to be primarily by the
addition of OH radicals to formaldehyde followed by elimination of a hydrogen atom [96]
through reactions; CH>O + OH (+ M) «> HOCH:O (+ M), HOCH20 (+ M) <> HOCHO + H
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(+ M). Similarly, the study reported by Taylor et al. [235] on the formation of formic acid

revealed the formation of formic acid by the reaction between OH and acetylene.

Since formic acid is an intermediate product during the combustion of many oxy-biofuels [90-
93], its chemistry is included as a sub-mechanism in several kinetic models [43, 78, 95, 96]. In
addition, the theoretical kinetic study of the unimolecular decomposition of formic acid via
high-level quantum chemistry calculation has been reported by Chang et al. [236]. The gas
phase reaction between HOCHO and hydroxyl radical with the high-level quantum mechanical
theory has been studied by Anglada et al.[237]. In the same way, the reaction of intermediate
radical HOCO with HO> has been studied by Yu et al. [238] employing quadratic configuration
interaction with single and double excitations (QCISD (T)) method with a large basis set on
the singlet and triplet potential energy surfaces. Later on, Marshall and Glarborg [239]
developed the first detailed chemical kinetic model for formic acid oxidation. The model has
shown a good agreement with a Bunsen burner laminar burning velocity data from de Wilde
and van Tiggelen [240] for equivalence ratios ranging from 0.4 — 1.3. Rate coefficients for
reactions; HOCHO + H, HOCHO + O and HOCHO + HO were obtained from ab initio
calculations. The study also indicated HOCHO + OH <« OCHO + H2O reaction as the main
consumption pathway for formic acid where OCHO further dissociates producing CO2 + H and
HOCO. Recently, Sarathy et al. [99] reported a detailed chemical kinetic mechanism called
Updated Aramco2.0 using AramcoMech2.0 kinetic model [179, 222, 241] as a base
mechanism. The authors validated the updated mechanism with the experimental laminar
burning velocity data of pure formic acid and its mixtures with H2 and CO.. The reaction path
diagram and comprehensive detailed chemical kinetic models of formic acid available in the
literature are listed below in Figure 5 and Table 3, respectively.
i

~O0OH

v
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CcC—0

Figure 5. Simplified reaction path for formic acid oxidation.
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Table 3. Detailed chemical kinetic models for formic acid oxidations

No  Mechanisms No. of species No. of reactions Ref.
1 Glarborg et al. 27 75 [239]
2 Updated AramcoMech2.0 305 1761 [99]

The detection of organic acids emissions have been measured and reported the emission of a
significant amount of acetic acid in the exhaust gas from spark-ignition engines [242] and rapid
compression engines [243]. The studies indicated that, out of the total hydrocarbon emissions
from combustion engines, organic acid emissions measured in spark-ignition engines are 4—
27%, with acetic acid being the most important. In this regard, numerical and experimental
studies of acetic acid combustion in laminar premixed flames were reported by Leplat and
Vandooren [244]. The study reported ketene as a key intermediate species from the oxidation
of acetic acid. Besides, ketene plays an important role in the consumption of acetylene, and
C2H: and to balance the formation of C1 and Cz species in C2H2 flames [245, 246]. Earlier, the
thermal decomposition kinetics of acetic acid and its products in a single pulse shock tube
within the temperature range of 1300-1950 K have been reported by Mackie and Doolan [247].
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
dehydration were confirmed to be the two key decomposition reactions producing methane and
carbon dioxide, on the one hand, through (Equation (1)) and ketene and water, on the other,
through (Equation (2)), respectively. Ketene further decomposed to a methyl radical and CO.,
followed by a further reaction of the methyl radical with CH to form CoH4 and CO. In addition,
methyl radicals were revealed to play an important role in determining the main products.

CH3COOH — CH4+ CO2 1)
CH3COOH — CH2CO + H20 2

Similarly, Wagner and Zabel [248] studied the further decomposition kinetics of ketene
(CH2CO) behind reflected shocks at low pressure and reported the degradation rate constant-
coefficient K = 3.6 x 10%° exp (248 kJ mol* K1) cm® mol s, Recently, the gas-phase
reactivity analysis of acetic acid, rate constant estimation, and kinetic simulations were studied
by Cavallotti et al. [249] using high-level quantum chemistry theory. 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
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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
CHz was reported to be the responsible radicals in the decomposition of acetic acid [249].
Lately, the laminar flame propagation and kinetic modelling of acetic acid at a low initial
temperature and atmospheric pressure was studied by Zhang et al. [250]. The authors indicated
the pathway related to ketene consumption (Equation (3)) as the main reaction governing flame

propagation during acetic acid oxidation.
CH,CO+H — CH3 + CO (€))

In addition, the study revealed that, under rich conditions, ketene is mostly converted to CH3
through reaction (i.e., CH.CO + H — CHs + CO), and the chain termination reaction of CHs +
H (+M) — CH4 (+M) is enhanced, which strongly inhibits the propagation of acetic acid in
rich flames. Later on, the experimental laminar burning velocity of acetic acid using the heat
flux method under three different initial temperatures (i.e., 338, 348 and 358 K), equivalence
ratio range of 0.8-1.2 and a pressure of 1 bar has been reported by Christensen et al. [78]. The
authors developed a detailed kinetic mechanism and compared their experimental results with
the model. Their model over-predicted the laminar burning velocity by about 3 cm/s.
Uncertainty in the laminar burning velocities was relatively high up to +2 cm/s due to
experimental problems related to the corrosiveness of acetic acid towards the burner material.
Similar to formic acid, there are limited modelling studies available for acetic acid and the

available chemical kinetic models are summarized in Table 4.

Table 4. Detailed kinetic models for acetic acid oxidation with their validation ranges as reported by the authors

Mechanism  Species Reactions T(K) P(am) o Year Ref.
Leplat* 45 270 - 0.05 0.7-1.05 2012 [244]
CRECK* 339 9781 - - - 2015 [251]
Konnov 100 1140 338-358 1 0.8-1.2 2016 [78]

Based on the reported observations, a simplified reaction pathway representative of the
oxidation of acetic acid as reported in the recent review as part of this research work is shown

in Figure 6.
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Figure 6. A simplified reaction pathway for acetic acid oxidation [138]

2.3.3 Light Aldehydes

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 (Rn) and CO. Based on that
there is a general implication that the low-temperature oxidation of the generic C, aldehyde
degraded to Cn-1 alkyl radicals [133]. Acetaldehyde is a key intermediate in the oxidation of
hydrocarbons and alcohols, especially ethanol, which is increasingly used as a motor fuel.
However, it is one of the most abundant toxic oxidative emissions from biofuel combustion
[127, 252] and its atmospheric reaction generates several secondary pollutants [253, 254].
Thus, the pyrolysis mechanism study of this intermediate at various reaction conditions can
help to understand the overall combustion mechanism of hydrocarbons and alcohol-based fuels
[255]. In this regard, the combustion kinetic study of acetaldehyde from both experimental and

theoretical points of view is reviewed. Ernst et al. [256] conducted acetaldehyde pyrolysis
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behind reflected shock waves under the temperature range 1350-1650K. The result revealed
the decomposition as a first order reaction with rate constant expression of K = 1.2 x 10'® exp
(—81.74 kcal/RT) S%. Hidaka et al. [257] studied the pyrolysis of acetaldehyde oxidation behind
reflected shock wave tubes using single-pulse methods. The study considered different fuel
concentrations (2.0% CHsCHO, 4.0% CH3:CHO, 5.0 % CH3CHO) diluted with argon under the
temperature range of 1002-1700 K and pressure of 1.2 and 3.0 atm. Unimolecular
decomposition reactions; CH3CHO — CHs + CHO, CH3CHO — CH4 + CO, CH3CHO —
CH2CO + H», were mentioned to be the most important initiation reactions and CH3CHO + H
— CH2CHO + H2, CH3CHO + CH3 — CH2CHO + CHs as the most crucial reactions
responsible for acetaldehyde pyrolysis. In the same way, the pyrolysis and oxidation of
acetaldehyde pyrolysis behind reflected shock waves under temperature range of 1000 — 1700
K, average pressure of 1.2 and 2.8 atm has been reported by Yasunaga et al. [53]. In the same
year, Bentz et al. [258] studied the shock tube thermal decomposition of CH3CHO and
CH3CHO + H at a temperature within 1250 — 1650 K and a pressure range of 1-5 bar.
Combining their results and low-temperature data from other studies, the authors reported
acetaldehyde rate constant expression as K = 6.6 x 108 exp (—800 K/T) cm® S? for the
temperature range of 300 — 2000 K. To better understand the combustion parameters, the
ignition delay time of acetaldehyde behind shock tube waves under a range of reaction
conditions was reported by Mével et al. [259]. The emission profile of OH, CH and CO>
radicals were used to measure the ignition delay time. Besides, sensitivity analysis, energy
release, and rate of production are reported, showing four important elementary reactions: R1:
CH3CHO — CHs + HCO; R2: CH3CHO + CHz — CH3CO + CH4; R3: CH3CHO + H —
CH3CO + H; and R4: CH3CHO + CHs — CH2HCO + CHa taking place during acetaldehyde
pyrolysis and oxidation. As well, previously reported rate constants of the aforementioned
reactions were collected and compared. Due to the huge differences observed during the
research, the authors recommended the need for new experimental and detailed numerical
studies [259]. Later on, the same author [260] updated the chemical kinetic model based on
new ignition delay time measurements obtained from the shock tube and data from the
literature, the revised kinetic model fairly reproduces most experimental trends. Zhang et
al.[261], studied the oxidation of acetaldehyde under a wide range of conditions and revealed
CH300, CH3z0O0H, and HOOCOCHO as the main oxidation products. Besides, H-abstracting
agents were found to be by H, OH, HO2, CH3, O, CH3COOO, CH300 and CHz0. At lean

condition, OH was found to be the most important H-abstracting agent. It has been concluded
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that CH3COOOH and CH3OOH are the main decomposition pathway of acetaldehyde
oxidation via chain-branching reaction and reactions related to methyl oxidation was reported
to be very sensitive to CH3sOO and CH3OOH under the studied conditions [261].

On the other hand, experimental and computational study on CH3CHO/O/Ar flames has been
reported at an equivalence ratio of 0.75, 1, 1.25, and a pressure of 50 mbar [262]. The authors
used the kinetic model developed by Yasunaga et al. [255] for the numerical study part. Under
the studied condition, a good fit between the experimental results and model predictions was
observed. Christensen et al. [263] studied the laminar burning velocities of acetaldehyde/air
mixture at atmospheric pressure and different initial temperatures. Similarly, Christensen and
Konnov [264] recently reported the laminar burning velocity of diacetyl and the updated sub-
mechanism model of acetaldehyde and CH3CO in their model. On the other hand, Tao et al.
[265] conducted a study on the investigation of the chemical structures of laminar premixed
flames of acetaldehyde for an equivalence ratio of 1 and 1.7 using mol.-beam mass
spectrometry with synchrotron vacuum UV light for ionization. The study reported nearly 40

flame species.

In the same way, a kinetic study of acetaldehyde oxidation has been reported. For instance,
Halstead et al. [266] studied the kinetic development of acetaldehyde for a better understanding
of the cool flame feature of the intermediate and suggested 14-step mathematical models. From
the study, acetyl was found to play a significant role in the chain-branching process through
CH3CO — CH3CO3 — CH3CO3H — CH3CO2 + OH. The theoretical work reported by Felton
et al. [267] and the detailed kinetic model developed by Cavanagh et al. [268] supported the
result of Halstead et al.[266]. Nevertheless, Gibson et al. [269] have reported cool flame
phenomena of acetaldehyde to be by CH300H (CHz; — CH300 — CH300H — CH30 + OH).
Moreover, the oxidation of acetaldehyde in the NTC regime has been numerically reported by
Kaiser et al. [14]. The model has been validated against data from a static reactor from the
same group under temperature range of 553 — 713 K and low pressure. The study revealed the
radical decomposition reaction of the acetyl (i.e., CH3CO — CH3z + CO) and O addition to
acetyl (i.e., CH3CO + O, — CH3COs) as the main determining step of the chain-branching
process. Besides, Sivaramakrishnan et al. [270] conducted a study on the theoretical
calculations of acetaldehyde (C2H4O) and ethoxide (C2HsO) 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 CH4 and CO as the main
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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 CH,CHOH.

Recently, Pelucchi et al. [134, 271] developed a kinetic model for low-temperature oxidation
of acetaldehyde as well as C3—C4 aldehydes. By considering the two aforementioned chain
branching reactions, the authors have validated their model with experimental data in a
continuous stirred flow reactor [272]. An experimental and kinetic modelling study of
acetaldehyde at low and intermediate temperatures has been reported [261]. Methyl peroxy,
methyl hydroperoxide and keto hydroperoxide were reported to be the main reactive
intermediates during acetaldehyde oxidation under low-temperature conditions detected using
synchrotron vacuum ultraviolet photoionization mass spectrometry (SVUV-PIMS). The
authors constructed the kinetic model by incorporating theoretical and modelling progress of
acetaldehyde kinetics from literature and by calculating reaction coefficients associated with
H-atom abstraction reactions of acetaldehyde by acetyl peroxy, methyl peroxy and methoxy.
More recently, Hashemi et al. [273] developed a detailed chemical kinetic model for
acetaldehyde oxidation at intermediate to high temperatures and high pressure. The model has
shown good agreement with shock tube (i.e., ignition delay time) and jet-stirred (i.e., species
profile) literature data, however, the model overpredicted onset reaction temperature at 100
bar. Similarly, detailed chemical kinetic model for acetaldehyde oxidation and its interaction
with NOx has been developed by Shrestha et al. [274]. A quite fair agreement between model
prediction and experimental data from shock tube, plug flow, jet-stirred, burner-stabilized
premixed flames and freely propagating flames has been realized. For clarity, the main reaction
pathway as published in the review part of this work and a simplified schematization of the
oxidation pathway of acetaldehyde are shown in Figure 7 and Table 5, respectively.
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Figure 7. A simplified reaction pathway for acetaldehyde oxidation [138].

Table 5. List of available acetaldehyde chemical kinetic models and validation ranges.

Mechanism  Species Reactions T(K) P(atm) 0] Year Ref.

Yasunaga 50 178 1000-1700 1.2-2.8 0.5-3.3 2007 [255]
Mevel 132 994 1295-1580 34 0.5-1.5 2015 [275]
Tao 498 2770 700-1100 0.02-10 0.5-1.7 2018 [276]
Zhang 75 584 460-900 0.94 054 2018 [261]
Hashemi 683 71 600-900 25,100 0.4-25 2021 [273]
Shrestha 139 3000 1149-1542 1.2 0.5-1 2021 [274]

A detailed discussion of recent studies on biofuel prospects and their combustion chemistry
studies reported by recent researchers can be found in the review paper published by the author

as part of this work as shown below.
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FM Wako, G Pio, E Salzano, Laminar Burning Velocity and Ignition Delay Time of Oxygenated
Biofuel. Energies, 2021.

There are different fundamental properties of a combustible mixture such as laminar burning
velocity, species fraction, ignition delay times, etc, which are used for studying the combustion
phenomena. These parameters are ideal for validating kinetic models and there are several
experimental methods for obtaining these properties. Among the several experimental methods
developed for the measurement of Sy, the opposed jet method, the closed vessel method, and
the flat burner method are commonly used. The first method consists of two counter-flowing
jets of fuel or oxidizer, creating stretched flame due to the flue gas flow to one side of the
flame. The strain rate depends on the distance from the nozzle, which means that the
unstretched burning rate can be estimated by repeating the experiment at different strain rates
and extrapolating the data using the logarithmic correlation shown in Equation (4), as in Kelley
and Law [277], or a linear dependence as shown in Equation (5) by Dowdy et al. [278],
regarding Markstein length (Lb) and stretch ratio (k).

(Sb/S6%)?In (Su/Su°)? = -2(Lp*k/Sp®) 4
Sp=5"+L"k (®)
Where, Sp and S° are unstretched and stretched flame velocities, respectively.

In the case of the closed vessel method commonly referred to as combustion bombs, it produces
rotationally symmetric, transient and stretched flames in a generally spherical closed vessel. In
this method, the burning velocity is obtained by monitoring the time-dependent pressure
distribution profile through extrapolation methods reported for the counterflow method. The
last method (i.e., flat burner) consists of cylindrical perforated burner plates in which steady-
state and unstretched flames can be produced, and the assumption of a one-dimensional flame
is generally accepted due to the uniform inlet conditions provided [279]. This method can also
be considered the heat flux method (HFM) when stabilization is performed using a
heating/cooling fluid that controls the burner plate temperature. HFM, first introduced in 1993
by de Goey et al. [280] is based on the balance between the heat loss required for flame
stabilization and the convective heat flux from the burner surface to the reaction front. In this
case, Su is assumed as the velocity at which the burner plate showed constant temperature
readings and was determined by measuring the temperature profile of the plate burner at

different gas flow rates and given fuel/oxidant ratio, temperature and pressure conditions.
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On the other hand, rapid compression machines and shock tubes are commonly used to evaluate
IDT at intermediate and high temperatures, respectively [281]. The former represents a basic
setup for evaluating the fuel-specific effects that occur at intermediate temperature combustion
[282], which consists of a nearly adiabatic chamber in which the fuel-oxidant mixture is rapidly
compressed by the motion of the piston, simulating the compression stroke of a single internal
combustion engine. The later consists of a cylindrical tube separated by a diaphragm, one side
is filled with high-pressure gas and the other side analyzes the mixture. Once the diaphragm
ruptures, the shock wave propagates along the shock tube towards the closed-end wall of the
tube, instantaneously heating the test gas and producing a reflected shock wave. The gas behind
this plane is at rest, so it is analyzed for IDT measurements [283]. Considering the specificity
of the system, zero-dimensional reactors with constant volume or constant pressure constraints
can be employed, which can be measured by detecting the rate of pressure, temperature, or

concentration of important radicals (i.e., OH and/or CH) during the combustion process) [284].

IDT represented by 1 is strongly dependent on temperature and thus, described by Arrhenius
expression of rate coefficients [285]. Besides, IDT also depends on pressure and fuel fraction
as shown below by the modified Arrhenius expression [286-288].

= A.J[Xi]*“.P".exp(-Ea/RT) (6)

where t is the ignition delay time at temperature T and pressure P, [Xi] represents the
concentration of various mixture species (oxygen, fuel, nitrogen, etc.), A is the pre-exponential
parameter, ai is 6 the power dependence coefficient of species concentration, n is the power
dependence coefficient of pressure, Ea is the activation energy and R is the gas constant.
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Chapter 3: Modelling Biomass Pyrolysis Kinetics and Biofuels
Combustion Chemistry

3.1 Kinetic modelling

Depending on the reaction phases and components involved during biomass pyrolysis and
biofuel combustion reactions, the methodology part of the kinetic modelling is classified to
describe the workflow adopted for the development of solid phase and gas phase kinetics,
respectively. The solid-phase kinetics section describes how the pyrolysis kinetic mechanism
was developed, and the gas-phase kinetics section describes how a detailed kinetic model was
developed in an oxidative environment. The details of the procedures followed in constructing

the kinetic mechanisms are discussed in detail as follows.
3.1.1 Kinetic modelling for solid phase

Kinetic modelling of biomass pyrolysis needs to describe different decomposition mechanisms.
A common assumption and simplification is that each reference component decomposes
independently through a multi-step branching mechanism of first-order reactions [145, 289,
290]. Therefore, the kinetic model developed in the current study follows the model approach
proposed by Di Blasi et al. [291], where a linear interlinkage reaction process between the three
biomass building blocks (i.e., cellulose, hemicellulose, lignin) has been assumed [292, 293].
The first step of the mechanism development was devoted to the identification of the main
reaction schemes for biomass building blocks degradation followed by the collection of their
rate parameters and thermophysical properties from the recent literature. The pyrolysis
mechanism combines the Kinetics of single-step reactions available in the current literature
based on the works of several authors [145, 170, 294-298]. More specifically, this mechanism
considers the recent improvements and updated kinetic schemes with additional components
from Ranzi et al. [299] and revised reaction mechanisms from Humbird et al. [298] and Caudle
et al. [297]. The multistep kinetic model presented here is based on the lumped reactions [145]
and the kinetic parameter were derived from experimental findings and progressively extended
and updated, based on new experimental data [299].

The kinetic mechanism can be intended as the sum of three sub-mechanisms, accounting for
cellulose (CELL), hemicellulose (HCE), and lignin (LIGN) decomposition. More specially,
two reactions in parallels were assumed for direct decomposition of CELL, leading to complete
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conversion and one producing an activated species referred to as CELLA (activated cellulose),
further transformed in a set of incompletely oxidized species. In the same way, a reaction is
assumed for the conversion of HCE to produce hemicellulose intermediates (i.e., HCEL,
HCE2) which are then further reacted to form pyrolysis end products (i.e., liquid, gas and char).
In the end, lignin monomers (i.e., LIG-H (hydrogen-rich), LIG-O (oxygen-rich), LIG-C
(carbon-rich)) decompose independently to produce the corresponding intermediates and
pyrolysis end products, and subsequent reactions result in complete conversion of the
intermediates. Overall, the current kinetic mechanism of biomass pyrolysis comprises 20
independent total reactions and 18 representative chemical components. A schematic
representation of the procedures followed for developing the kinetic and process model is

shown in Figure 7.
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Figure 7. Schematic representation of developing pyrolysis kinetic model and process construction.

3.1.2 Modelling combustion chemistry

Optimizing engines burning liquid and gaseous fuels through repeated experiments is a routine
but rather expensive and time-consuming process. Predictive numerical simulations with
realistic chemistry are a promising option for reducing overall costs, especially if detailed
mechanisms can be drastically reduced without significantly affecting the accuracy. Besides,

the chemical kinetic model helps in understanding how intermediates are formed and consumed
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in an oxidative environment which apparently helps in understanding the overall reactivity.
Thus, this chapter describes how detailed chemistry for an oxidative environment is modeled
as a predictive tool for mimicking an idealized combustion system chemistry so that the effect
of molecular structure on combustion and emissions can be understood. Before proceeding to
the kinetic modeling part, it is important to understand how a certain component is consumed

and produced in a kinetically favorable process.

Many processes in an engine, including flame zone reactions that determine heat release,
reactions controlling ignition, and air pollutant formation mechanisms, occur during rapid
changes in temperature and pressure. These non-equilibrium processes depend on the rate of
each individual chemical reaction (i.e., reaction kinetics), which is controlled by reaction
temperature and reactant concentrations. The rate at which reactant species are consumed and
product species are produced in a kinetically controlled process is governed by the law of mass
action, which states that the rate of any chemical reaction is proportional to the product of the

mass of the reacting species.

Therefore, for a given elementary chemical reaction, the rate at which reactants are consumed
is proportional to the product concentration of each reactant to the power of its stoichiometric

coefficient as shown in Equations (7) and (8).

aA+ bB =cC+dD (7)
— %8 = K{AF[B]° ®)

The rate constant (k) can be described in terms of the modified Arrhenius equation as shown
in Equation (9). Where, A; is the pre-exponential factor, Ea; the activation energy, n;
a constant representing the temperature dependence, T; the temperature and R; is the

gas constant.
k = AT™exp (i—;) 9)

Understanding the conversion of reactants into products at the molecular level through a series
of elementary reactions that can accurately describe the rate of energy release, ignition
behavior, cold flame characteristics, pollutants and soot formations in the combustion of a
given fuel through detailed chemical kinetic mechanisms involves the transfer of mass, energy,

and momentum [300-302]. Thus, differential equations describing the mass, momentum,
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energy, and species concentration in a chemical reaction are numerically integrated into the
mechanism to generate concentration profiles for reactants, intermediates, and products [137].
The chemical kinetic mechanism couples chemical species concentrations with the energy
equation via the enthalpy of the reaction [53].

Chemically reacting flow problems are mathematically formulated using equations for
conservation of mass, momentum, energy, and concentration of chemical species, along
with thermodynamic relationships [302-304]. The fundamental conservation equations
governing the transfer of mass, energy, momentum and species in chemically reacting systems

are provided as follows.

In a steady-state process, the rate at which mass enters the differential element is equal to the
rate at which it leaves the element. The conservation of mass is expressed mathematically using
the continuity equation, as shown in Equation (10).

P, V.(pD) (10)
a
Where, p; stands for fluid density, ¥; velocity vector, t; is time, and V; divergence operator.

The equation indicates the sum of the rate of change of mass in a differential element and the

net mass flow in and out of that differential element is equal to zero as shown in Equation (11).
g
)+ V(eV) =0 (11)

States that the sum of the change in momentum with respect to time in a differential element
and the contribution of convection on momentum (pV.V7) is equal to the contribution of
viscous stress on momentum (V.T) minus pressure contribution on momentum plus the
contribution of gravitational force on momentum (pg). Mathematically, momentum

conservation is shown below in Equation (12).

avot _ o — = —
p7pv- Vo = fsurface + fbody = VT —Vp+pg (12)

Where p stands for fluid density; v for velocity vector; t for time; p for pressure representing a
surface force fsurface; T fOr stress tensor; and g for gravitational force representing body force,

Thody.
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In chemically reactive flow systems containing multi-component gas mixtures, the
conservation of individual species is very important, and the mass fraction of individual species
in the reaction component mixture can be expressed as shown in Equations (13) and (14).

== (13)

Where Y; is mass fraction of i species; p is total fluid density; p; is the density of the i species
Py 5. VY, = & W; — V], (14)

Where p stands for fluid density; ¥ for velocity vector; J; for diffusive mass flux vector for i™"
species; ; for the net molar production rate of i species, and W; for the molecular weight of
the i species.

Processes including chemical reaction, convection and molecular diffusion for instance, in a
chemically reacting flow are affected by the temperature distribution in the system. The thermal
energy equation shown in Equation (15) is derived from the first law of thermodynamics

assuming an ideal gas and a low Mach number, and Fourier's law of heat conduction.

I I
ar
PCp E + pCpﬁi. V= V. (XVT) - p Z Cp,i Ylﬁl VT — z hiwiWiQrad (15)
i=1 i=1
Where Cp is heat capacity at a constant pressure of the i species; % is the thermal conductivity;

h is enthalpy formation of i species; and grag is the radiative heat transfer.

In a combustion system, ideal combustion occurs when an equilibrium is reached between the
fuel and oxidant, allowing the complete conversion of the reactants to carbon dioxide (COz)
and water (H20). Complete combustion is preferable as it results in maximum energy from the
available fuel. However, in real-life combustion systems, this is not possible due to heat loss.
So, when there is a balanced mixture of fuel and air in an ideal combustion system, the mixture
is called stoichiometric composition. Commonly, the concentration of fuel and oxidizer can be
related to the term called Equivalence ratio (¢). ¢, is defined as the ratio of fuel-to-oxidizer in
a mixture to the ratio of fuel-to-oxidizer at stoichiometric condition, as described in Equation
(16).

(Luet
¢ = (ﬂ?ezl—
W)stotch

)mixt

(16)
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If the mixture contains an excess of oxygen, the mixture is called fuel-lean and @<1. Similarly,
if ¢ = 1, the mixture is in stoichiometric condition (i.e., a balance between fuel and air). Lastly,

a mixture is called fuel-rich if it contains excess fuel and, in this case, ¢>1.
Considering complete combustion, the general combustion equation is shown in Equation (17).
CxHyO; + 02 »CO2 + H.0 a7

The conversion of a fuel and oxidizer to carbon dioxide and water does not occur in one single
reaction step. Instead, there can be hundreds or even thousands of reactions involved, where
intermediate species are produced and consumed. Some of these species are called radicals
which are highly reactive and play a central role in the combustion processes. Reactions that
produce radicals from stable species are called chain initiation reactions, the radicals involved
can proceed to react with other stable species resulting in one or two new radicals through
reactions called chain propagation and chain branching, respectively. On the other hand, if the
reacting free radical generates stable species, the reaction is called a chain-terminating reaction.
Overall, the abstraction of H-atom in all these reactions occurs via different radicals such as
hydrogen atom (H), hydroxyl radical (OH), oxygen (O, O), hydroperoxyl radical (HO.),
methyl radical (CH3), formyl radical (HCO), etc.

3.1.3 Detailed kinetic modelling for gaseous phase

Following the solid phase kinetic study described earlier, the next step of the present study is
devoted to the detailed kinetic modeling of light oxygenates obtained from biomass pyrolysis
in the gaseous phase. In view of the procedures followed, the methodological section applied
for developing the kinetic mechanisms for the gases phase accommodates the detailed
description of the procedure implemented for the generation of a detailed kinetic mechanism;
which are either by merging the existing models or using a dedicated algorithm for the selection

of reactions and estimation of the corresponding coefficients.

In this methodology, the model update procedure was first devoted to the identification of
reactions responsible for the combustion of the given fuel component followed by the
collection of their rate coefficients from the literature. The existing detailed kinetic mechanism
developed at the University of Bologna (KiBo) was used as a seed mechanism for Co-C3
chemistry, because of its high accuracy in predicting the chemistry of short-chain hydrocarbons

[305]. As the existing mechanism only accounted for light hydrocarbons, it was updated to
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include the chemistry of oxygenated species such as; formic acid, methanol, ethanol, acetic
acid and acetaldehyde. All the reactions corresponding to these components’ combustion have
been newly added following the hierarchal nature of combustion mechanisms. Primarily, the
rate coefficients of these reactions were taken from experimental data reported in the recent
literature and/or high-level quantum chemistry calculations, when available. Alternatively, rate
coefficients obtained by correlations and estimation procedures (e.g., reaction family approach)
were also considered. For the species added during the implementation of the described
procedure, thermodynamic data were taken from the following databases;
PrimaryThermoLibrary [306], DFT_QCI_thermo [307], CHO [308], CBS_QB3_1dHR [309]
generated through ab initio calculations at a high level of theory. The listing of the
thermodynamic library was based on the accuracy of the methodology involved. The final
kinetic mechanism is named as KiBo_MU (i.e., manually upgraded mechanism). The

procedures followed for constructing the mechanism have been schematically shown in Fig.8.
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Figure 8. Schematic representation of developing the lumped kinetic model

The second methodology (i.e., the automated generation of a new detailed kinetic mechanism)
was devoted to developing a new detailed kinetic mechanism with the help of the Reaction

Mechanism Generator (RMG). RMG is an open-source rate-based automatic kinetic
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mechanism generation software [310-312], which uses a known chemistry knowledge database
stored in it for generating detailed chemical kinetic mechanisms. A detailed kinetic mechanism
has been developed for formic acid, acetic acid and acetaldehyde. The construction of the
mechanism begins by specifying initial conditions, such as temperature, and pressure, define
fuel representations (i.e., ‘adjacency lists or smiles notation), fuel composition, kinetic and
thermodynamic libraries, and termination criteria. Then, an iterative procedure using a rate-
based algorithm is used to select species and reactions to add to the generating core mechanism
until termination criteria (e.g., time or conversion for a given reactant) are met [313]. RMG
uses a functional group-based approach to deal with species and reactions [311]. In this
approach, the tool uses reaction families to define the templates that manipulate matching

functional groups in converting molecules from reactants to products.

During the mechanism generation course, the core and edge mechanisms are generated. Species
were allocated in the appropriate mechanism according to their net rate of production and the
defined tolerance criteria: Move to Core (= 0.012); Keep in Edge (= 0.01); Interrupt Simulation
(= 0.02). Once the simulations converge, the resulting core mechanisms can be refined by
identifying the most influential species and reactions through a so-called sensitivity analysis,
followed by additional iterations in the RMG using the updated library. The reaction conditions
used to generate the mechanism were temperature 650 — 2000 K, pressure 1 — 100 bar and
stoichiometric composition of an equimolar mixture of acetaldehyde and acetic acid. The same
conditions were applied for generating a detailed kinetic mechanism for formic acid. RMG
considers several reaction families (e.g., hydrogen abstraction, 3-cleavage, bond dissociation)
in generating Kinetic mechanisms. The required thermodynamic data were orderly taken from
PrimaryThermoLibrary [306], DFT_QCI thermo [307], thermo DFT_CCSDTF12 BAC
[314], CBS_QB3_1dHR [309], CHO [308], FFCM1(-) [315] whereas, BurkeH202inN2 [316]
was the source for the kinetic data. In addition, Klippenstein_Glarborg2016 [223] and
C2H4+0 _Klipp2017 [317] were used as seed mechanisms. In all cases, sources were
prioritized in the presented order, based on the accuracy of the theory of the quantum chemistry
calculation involved. However, if thermochemical data for species do not exist in a given
library, RMG estimates them using group additivity [318, 319], while the missing rate
coefficients are estimated using a suitable database with known rate rules and reaction
templates [311]. Nevertheless, these methods cannot accurately estimate oxygenated species
data [320], suggesting the need to use more robust theories, such as ab initio calculations.
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Quantum mechanical calculations are the most trusted thermochemistry calculation methods
for species whose thermodynamic and Kkinetic data have not been reported experimentally.
They use various mathematical transformations and approximation techniques to find optimal
molecular geometry, vibrational frequencies and bond energies [321]. The mechanism
generated is name as KiBo AG (i.e.,, automatically generated mechanism). For better
illustration of the procedures followed in generating the mechanism, the process followed has

been schematically shown in Fig. 9.
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Figure 9. Schematic representation of the procedure adopted for developing the detailed chemical kinetic
mechanism using RMG [322].

3.2 Mechanism Evaluation

The solid phase kinetic mechanism (i.e., pyrolysis kinetic mechanism) has been evaluated by
its accuracy to predict pyrolysis product distributions, considering ranges of reaction
conditions, number of biomass feedstocks, and a fraction of cellulose, hemicellulose and lignin
in the feed. For the detailed gases phase mechanisms, particularly for the KiBo_MU, its
accuracy has been evaluated by its ability to capture the combustion data (e.g., laminar burning
velocity, ignition delay time, and species profile concentration) under engine-relevant
conditions over wide ranges of reaction conditions. In case of large deviation between
numerical and experimental data, a sensitivity analysis was performed at the particular
conditions where the variations were observed. Furthermore, for the detailed RMG-generated
kinetic mechanism (i.e., KiBo_AG), it is difficult to implement all species included in the
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detailed mechanism due to the computational cost associated with this method. Hence, stepwise
evaluation of the mechanisms has been performed by Flux Diagram and Sensitivity analysis at
a wide range of reaction conditions (i.e., 650 K — 1250 K, atmospheric pressure and equimolar
composition (i.e., in the case of acetaldehyde and acetic acid) after each model generation. The
final mechanism used for the study is the one obtained after the 3" iteration. Within these
iterations, the thermodynamic data of the sensitive species were calculated when needed based
on the electronic structures provided in the literature [323]. In this case, high-level ab initio
quantum chemistry calculations were carried out for the important intermediate species. The
B3LYP/6-311++G(d,p) method has been used as a basis set for optimizing molecular
structures. Once a possible geometry has been determined, energies associated with each
possible rotor scan have been calculated by applying an 8° rotation per simulation until the
rotation is completed. Frequency calculations have been performed at the same level to obtain
zero-point energy (ZPE) and determine whether each point is a local minimum or transition
state (TS). Based on the electronic structure and related energies, the required thermodynamic
properties were calculated by using the Gaussian 09 program [324] and the Automated Rate
Calculator (ARC) [325]. The gathered properties were collected in newly generated libraries,
namely OxyLibrary 1 and OxyLibrary 2, to be used for the second and third iterations,
respectively. A summary of the input databases used for mechanism generation is provided in
Table 6.

Table 6. Summary of input databases considered for the generation of the detailed mechanism.

Iteratio  Kinetic library ~ Thermo library Seed Mechanisms

n

I BurkeH202inN  PrimaryThermoL.ibrary, Klippenstein_Glarborg201
2 DFT_QCI_thermo, 6,

thermo_DFT_CCSDTF12_BA  CyHs+0O_Klipp2017
C, CBS_QB3_1dHR, CHO,

FFCM1(-)
] BurkeH202inN  PrimaryThermoLibrary, Klippenstein_Glarborg201
2 DFT_QCI_thermo, 6

thermo_DFT_CCSDTF12_BA  CyHs+0O_Klipp2017
C, CBS_QB3 1dHR, CHO,
FFCM1(-), OxyLibrary 1
I BurkeH202inN  PrimaryThermoLibrary, Klippenstein_Glarborg201
2 DFT_QCI_thermo, 6,
thermo_DFT_CCSDTF12_BA  CyHs+0O_Klipp2017
C, CBS_QB3 1dHR, CHO,
FFCM1(-), OxyLibrary 1,
OxyLibrary 2
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3.2.1 Sensitivity analysis

Sensitivity analysis is a useful tool for the evaluation of kinetic models, as it shows the most
impacting parameters in the model under given conditions. Hence, possible reasons for
deviations from actual behaviour can be inferred and solved thanks to this approach. Besides,
it is another way of reducing the size of the mechanism by ignoring the less important branches.
The sensitivity coefficients associated with each entry of the kinetic mechanism can be defined
as shown in Equation (18).

dnY; ﬂ&

| = Y. = 1
Si=dn dna, Y, 8a, (18)

Where, «; represents the pre-exponential factor A in the Arrhenius expression, and Y; the
specific parameter of interest, such as the laminar burning velocity or species concentration. A
reaction associated with a high degree of sensitivity indicates that the solution will be more

strongly affected by changes in its rate constant, compared to reactions with low sensitivity.
3.3 Mechanism validation

Considering the nature of the processes for which the mechanisms were aimed, validation of

kinetic models is described as discussed below.
3.3.1 Simulation of the pyrolysis process

The pyrolysis kinetic model produced in this work is tested using Aspen plus to simulate the
biomass pyrolysis process and evaluate pyrolysis product distributions (i.e., bio-oil, gas and
char). Aspen Plus is a process-oriented software that facilitates the calculation of physical,
chemical, and biological parameters [326]. In the Aspen Plus, biomass was set as an
unconventional component with the global simulation stream class set to be MIXCINC (i.e.,
comprising both conventional and non-conventional solids). Empirical correlations of coal
enthalpy and density methods were used as described in the current literature [327] to calculate
the enthalpy and density of the unconventional component. A decomposition reaction is
implemented in Aspen Plus using an RYield-type reactor for converting biomass into
conventional components (i.e., cellulose, hemicellulose, lignin, and ash). In the simulation,
(CsH1005)n and (CsHgOas)n represent cellulose and hemicellulose [327, 328], respectively,
whereas LIG-C (CisHsO4)n, LIG-H (C22H2809)n and LIG-O (C20H22010)n represents lignin
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components [170]. The thermophysical properties of the components involved in the present
study were adopted from the detailed study reported by Gorensek et al. [329]. The ideal gas
heat capacity, ideal gas heat of formation and critical properties were estimated from the Aly-
Lee equation [330] whereas, vapor pressure is obtained based on Pitzer vapor pressure
correlation fitted to the Aspen Plus PLXANT extended Antonie model [331]. Peng-Robinson’s
cubic equation of state with Boston—Mathias alpha function [332] was selected as a
thermodynamic property method. This method, represented in Aspen Plus [333] as the PR-BM
method and is the most commonly used property method in gas processing, refining,
petrochemicals and biomass pyrolysis applications [296, 298, 334]. Aspen Plus performs
material and energy balance based on the product distribution and the specified heat of the
reaction of the components involved [335]. The simulation process involves two main parts;
the first part is termed property simulation, which involves defining all species and
incorporating their thermophysical properties in the Aspen Plus tool followed by running the
properties. Once the property simulation is successful, the second part is called setting the
simulation environment, which involves selection of reactor configuration and construction of
process flow sheets (i.e., connecting different block units). This section involves, incorporation
of reaction mechanisms, defining of the streams and setting reaction conditions (i.e.,

temperature, pressure, composition).

For the sake of representation, experimental results from Drop Tube Reactor (DTR) are
considered for validation and presented here. Understanding fast pyrolysis in DTR for scale-
up is then reported to be a challenge, requiring careful examination of specific rate-determining
steps and addressing the question of whether the heat transfer mechanism is efficient and
whether the residence time of the two phases is sufficient. This needs to be reported along with
the biomass properties and their sub-components. In this regard, different biomass components
having different fractions of cellulose, hemicellulose and lignin have been considered for
validation. A plug flow reactor (RPLUG) was chosen from reactor models present in the Aspen
Plus simulation environment to simulate the pyrolysis process. Because the radius of the DTR
reactor is much smaller than the length the change in concentration and temperature of both
the solid and the vapor phases in the radial direction is very small as compared to the axial
direction. The Kkinetic reaction scheme was implemented as a power-law type Kinetic
expression, and the reaction rate was calculated in Aspen plus following the Arrhenius-like
equation expressing the rate of reaction r as a function of the pre-exponential factor k, the
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absolute temperature T, the temperature exponent n, the activation energy Ea, and the gas law

constant R. Schematic representation of the simulation process has been shown in Figure 10.
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Figure 10. Schematic process model adopted for fast pyrolysis in a drop tube reactor.

The process starts with the feeding of the biomass. After the biomass is fed from the auger
feeder, the particle starts to travel in the feeding tube leading to the heated zone. The particles
get dried further leaving moisture which is reflected in the Dryer where the model removes the
water content from the biomass. This was done as the biomass heats up above 100 °C. Then,
the moisture is removed in the separator (SEP-1). A yield reactor (RYIELD) is used to convert
the biomass into its polymeric components of cellulose, hemicellulose, lignin, and other
extractives, and that led to a DTR reactor modeled as an RPLUG at pyrolysis temperature of
450 — 550 °C. The main pyrolysis process took place in the RPLUG producing pyrolyzed
products (both condensable and non-condensable vapors) and char. A cyclone separator is used
to separate the char from the vapors. The vapors pass through a heat exchanger that reduces
the temperature of vapors below the boiling point of the condensable gases to change their
phase and become liquid and non-condensable gases. Finally, condensed vapors (i.e., bio-oils)
and non-condensable gases such as CO, CO2, CHa, Hy, etc. are separated in a separator (SEP-
2). Product yields (i.e., bio-oil, gas and char) obtained from the simulation have been compared
with the experimental results reported in the literature. Details of the yield distributions are

presented in Chapter 4 of this thesis.
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3.3.2 Validation of detailed kinetic mechanisms

Detailed combustion kinetic mechanisms developed in the present study have been validated
against experimental combustion data available in the literature. To neglect chemical
phenomena from turbulent and physical aspects, premixed and laminar flames are preferred in
these studies. For this purpose, a characterization of the flame structure or a measurement of
the overall reactivity can be carried out. Depending on the selected conditions, the total
reactivity can be expressed in terms of laminar burn velocity (Sy) or ignition delay time (IDT).
Su is a representative of the low temperature chemistry [336], while IDT is suitable parameter
for the evaluation of the oxidation phenomena occurring at intermediate and high temperature
conditions [337].

All the simulations were performed using an open-source Cantera suite [338] with appropriate
reactor modules using a transient condition as a first-attempt solution for the steady-state
conditions. The following simulation criteria were used for solving steady-state problems (ss)
and transient-state (ts) problems: absolute tolerance_ss = 1.0 x 1078, relative tolerance_ss 1.0 x
1071, absolute tolerance_ts = 1.0 x 104, relative tolerance_ts 1.0 x 1023, An adaptive grid was
determined by using the following criteria: maximum acceptable ratio among adjacent
solutions (ratio) equal to 3, maximum first derivative for adjacent solutions (slope) equal to
0.06, and maximum acceptable second derivative for adjacent solutions (curve) equal to 0.12.
Soret effect and multicomponent transport model were neglected, at first, to generate a first-
guess result and subsequently accounted for the final solution. The laminar burning velocity
was modelled using the premix flame code (PREMIX) [339]. The mixed average formula is
used to calculate the multicomponent diffusion coefficient. Conservation equations as reported
here [339, 340] with appropriate boundary conditions are discretized with non-uniform grid
spacing. In the simulation of IDT, Cantera integrates the time-dependent governing equations
for a network of reactors connected by various means, e.g. wall, mass flow reactor, valve, or
pressure controllers. The inputs to each simulation include a detailed chemical kinetic reaction
mechanism, a dataset of thermochemical properties, and a dataset of transport properties. These
input files are available as supplemental material to the journal publication of this study.
Comparison between the experimental and simulation results of laminar burning velocity and
ignition delay times by the investigated kinetic mechanisms at different reaction conditions

were performed, based on the availability of experimental data from the current literature.
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Details of simulation results and its comparison with literature data are discussed in detail in
Chapter 4 of the thesis.

Table 7. Kinetic mechanisms applied in the present study

No Mechanisms No. of species No. of reactions  Ref.

1  Glarborg et al. 27 75 [239]

2  Aramcol.3 305 1761 [99]

3 CRECK 299 8028 [341]

4  Konnov 89 1419 [342]

5 Lietal 21 93 [181]

6  San Diego 58 270 [343]

7  Dryer 55 290 [91]

8 Zhang 32 197 [190]

9  Marinov 58 383 [95]

10 KiBo_MU 142 440 Current work
11 KiBo _AG 90 1047 Current work
12 KiBo_AG 541 27282 Current work

For acetic acid, there is only laminar burning velocity data available, no intermediate and /or

high-temperature data (IDT) available in the literature. Thus, only laminar burning velocity has

been considered for validation. Fuel mixtures, reaction conditions and experimental sources of

laminar burning velocity, species profile and ignition delay time considered for validating the

models has been summarized and shown in Table 8 — 10, respectively. The operative conditions

to conduct the numerical analysis were selected following the presented data to mimic the

experimental database.

Table 8. Sources of experimental data of laminar burning velocity considered for validation.

Species Diluent  Pressure Temperature Equivalence ratio  Reference
(atm) (K)
HCOOH Ar/Na/air 1 368 — 453 05-16 [99, 232,
240, 344]
HCOOH/CH4 Air 1 353 08-13 [345]
CHsOH Air 1 298 — 358 0.7-15 [45, 189,
193]
CH3COOH Air 1 338 — 348 0.7-1.4 [78]
C2HsOH Air 1 298 — 358 0.65—1.55 [45, 55]
CH3CHO Air 1 298 — 338 0.7-16 [263]
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Table 9. Sources of experimental data of jet-stirred reactor data considered for validation

Species  Diluent Residence Pressure Temperature Equivalence Reference
time (s) (atm) (K) ratio
HCOOH Ar 2 1 500 - 1100 05-2.0 [346]

Table 10. Sources of experimental data of Ignition delay times data considered for validation.

Species Diluent Pressure (atm) Temperature (K) Equivalence ratio Reference
CH:OH Ar 11-14 941 -1763 05-2.0 [54, 180,
187]
C:HsOH  Ar 1-135 944 — 1589 05-20 [54, 214]
CHsCHO Ar 15-4.0 1276 — 1703 05-2.0 [255, 275]
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Chapter 4: Results and Discussion

This section comprises the main findings from the present study, where the majority of the
results have been published in peer-reviewed journals. A more detailed discussion of the results

can be found in the authors' publications.

The main outcome of the current work can be intended as a validated and comprehensive
kinetic mechanism accounting for heterogeneous as well as homogeneous reactions relevant to
energy production from bio-resources. More specifically, the kinetics mechanisms developed
in this study have been used to simulate their respective intended chemical processes (i.e.,
pyrolysis kinetics for biomass pyrolysis processes and detailed kinetics for combustion
parameters) available in the current literature. To this aim, different combustion parameters
have been selected and investigated for each target fuel component based on the availability of
experimental data in the literature. Overall, simulations were performed under various reaction
conditions including low, intermediate, and high-temperature combustion chemistries, and the
results were compared with experimental data as well as with other well-validated kinetic
models available in the literature. Due to the different mechanistic goals, the validation part is
described as mechanism validation for solid-phase reaction (i.e., pyrolysis) and gas-phase

reaction (i.e., combustion).

4.1 Validation for Pyrolysis Kinetic Mechanism

The set of 20 reactions selected as representative of the fast pyrolysis is shown in Table 11. At
this stage, the main scope of the model was mimicking the behaviour of solid substances at
different temperatures and conditions relevant to the investigated processes in terms of thermal
and product distributions. The kinetic mechanism produced in this work can be intended as the
sum of three sub-mechanisms, accounting for CELL, HCE, and lignin (LIG-O, LIG-H, LIG-
C) decompositions. More particularly, two reactions in parallels were assumed for direct
degradation of CELL leading to complete conversion, and one producing an activated
intermediate species referred to as CELLA which further transformed in a set of incompletely
oxidized species. In the same way, a reaction is assumed for the conversion of HCE to produce
hemicellulose intermediate species known as HCE1 and HCEZ2, which are then further reacted
to form pyrolysis end products (i.e., liquid, gas and char). In the end, lignin monomers
decompose independently to produce different intermediates including respective lignin

intermediates from lignin monomers (LIGOH, LIGCC, LIG) and pyrolysis end products,
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followed by subsequent reactions resulting in the complete conversion of the intermediates to

light oxygenates, phenolic intermediates, gases, water and char.

Table 11. Selected reactions representative of biomass pyrolysis and the corresponding kinetic parameters
available in the current literature [145, 299]. Nomenclature is considered following the definition provided by
Gorensek et al. [329]. Units, T (K)

# Pyrolysis reactions A[s?] n Ea/T
Cellulose

1 CELL — CELLA 4.1013 0 22647.2

2 CELLA — 0.8 HAA + 0.2 GLYOX + 0.1 CH3CHO + 0.25 HMFU + 0.3 C3HsO + 0.21 | 5.108 0 14594.8
CO2+0.1 H2+ 0.4 CH20 +0.16 CO + 0.83 H20 + 0.02 HCOOH + 0.61 Char

3 CELLA — LVG 1.8.10° 1 5032.7

4 CELL — 5 H20 + 6 Char 4.107 1 19627.6
Hemicellulose

5 HCE — 0.4 HCE1 + 0.6 HCE2 3.3.10° 0 15601.4

6 HCE1 — 0.025 H20 + 0.775 CO2 + 0.025 HCOOH + 0.5 CO + 0.8 CH20 + 0.125 | 1.10° 0 16104.7
C2HsOH + 0.55 CHsOH + 0.25 C2H4 + + 0.125 Hz + 0.4 COHz + 0.325 CH4 + 0.875
Char

7 HCE1 — 0.25 H20 + 0.75 CO2 + 0.05 HCOOH + 0.45 CO + 0.375 C2H4 + 1.7 COH2 + | 5.10°% 1 4026.2
0.625 CH4 + 0.675 Char

8 HCE1 — 0.6 XYLAN + 0.2 C3HeO2 + 0.12 GLYOX + 0.2 FURF + 0.4 H20 + 0.08 Hz | 3.10° 1 5536.0
+0.16 CO

9 HCE2 — 0.2 H20 + CO + 0.575 CO2 + 0.4 CH20 + 0.1 C2HsOH + 0.05 HAA + 0.35 | 5.0.10° 0 15853.0
ACAC + 0.025 HCOOH + 0.25 CH4 + 0.3 CH3OH + 0.225 C2H4 + 0.725 Hz + Char
Lignin

10 LIGC — 0.35 LIGCC + 0.1 COUMARYL + 0.08 PHENOL + 0.41 C2H4 + H20 + 0.3 | 1.33.10! 0 24408.7
CH20 +0.32 CO + 0.7 COH2 + 0.495 CH4 + 5.735 Char

11 LIGH — LIGOH + C3HsO 6.7.1012 18872.7

12 LIGO — LIGOH + COz2 3.3.108 0 12833.4

13 LIGCC — 0.3 COUMARYL + 0.2 PHENOL + 0.35 HAA + 0.7 H20 + 0.6 CoHs + 0.8 | 1.6.10° 0 15853.0
CO + COH2 + 0.65 CHa4 + 6.75 Char

14  LIGOH — LIG + 0.15 H2 + 0.9 H20 + 0.45 CH4 + CH30H + 0.05 CO2 + 1.3 CO + 0.05 | 5.107 0 15098.1
HCOOH + 0.2 C2H4 + 0.6 COH2 + 4.15 Char

15 LIGOH — 1.5 H20 +2.1 CO + 1.75 CHs + CH3OH + 0.5 H2 + 3.9 COH2 + 0.3 C2Hs + | 3.3.10* 0 7549.07
0.5 CHsOH + 10.15 Char

16 LIG — 0.7 FE2MARC + 0.3 ANISOLE + 0.6 CO + 0.3 CH3CHO 4.10° 1 6039.3

17 LIG — 0.95 H20 + 0.2 CH20 + 0.4 CH30H + 1.45 CO + 0.6 CH4 + 0.05 HCOOH + 0.5 | 4.108 0 15098.1
COHz + 0.65 C2H4 + 0.2 CH3CHO + 0.2 C3HsO + 5.5 Char

18 LIG — 0.6 H20 + 0.6 CO + 0.6 CHs4 + 0.4 CH20 + 0.5 C2Hs + 0.4 CH30H + 2 COH2 + | 8.3.1072 1 4026.2
6 Char
Water

19  H20(L) — H20(V) 5.13.108 0 10583.8
Metaplastic

20 COH2—CO+H: 5.10%! 0 35732.3
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The pyrolysis mechanism has been used for prediction of pyrolysis products distribution at
different pyrolysis temperatures for different feedstocks containing different fraction of
cellulose, hemicellulose and lignin. Figure 11 — 13 depicts the yield of bio-oil, gas and char,
respectively obtained from different biomasses. The effect of pyrolysis temperature on

pyrolysis yield has been evaluated and discussed.
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Figure 11. Bio-oil product distribution from different feedstocks; Oak (a), Beechwood (b), Rice straw (c) and
Cassava stalk (d).
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Figure 12. Gas yield distribution from different feedstocks; Oak (a), Beechwood (b), Rice straw (c) and Cassava

stalk (d).
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Figure 13. Char yield from different feedstocks; Oak (a), Beechwood (b), Rice straw (c) and Cassava stalk (d).
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The yield of bio-oil from Oak, Beechwood, Rice straw and Cassava stalk obtained in the
present study is shown in Figure 11(a— d). As can be seen from Figure 11(a) for oak feedstock,
the yield of bio-oil shows almost a constant trend under the investigated pyrolysis temperature
range. In the same way, from Figure 11(b), the yield of bio-oil obtained from beechwood
pyrolysis increased from 49 wt.% to 64 wt.% as temperature increased from 450 to 500 °C.
Further increasing the temperature to 550 °C decreases the yield of bio-oil. Besides, as shown
in Figure 11(c & d) for rice straw and cassava stalk, respectively, the yield of the bio-oil
increases with an increase in temperature from 450 — 500 °C and showed a decreasing trend
with further increasing temperature. In all cases, the decrease in bio-oil yield with an increase
in temperature is due to the initiation of the secondary reactions, favoring the yield of gas
mixtures over liquid products. The difference in bio-oil yield based on feedstocks is attributed
to variations in the initial composition of cellulose, hemicellulose and lignin. Overall, for the
investigated biomasses, further increasing of temperature to 550 °C didn’t favour the yield of

liquid components and thus, the optimum pyrolysis temperature is found to be 500 °C.

On the other hand, the yield of gas is shown in Figure 12 (a—d). For all investigated feedstocks,
the yield of gases increased with an increase in pyrolysis temperature which is due to the effect
of secondary reactions at higher temperatures favoring the formation of gas components. In the
same way, the difference in gas yield for all feedstocks is due to the difference in the fraction
of cellulose, hemicellulose and lignin in the initial biomass feed. Comparably, rice straw and
cassava stalk are found to have a high yield of gas than oak and beechwood, which could be
due to the higher ash content in the feedstock. The same conclusion has been drawn by
Trendewicz et al. [347].

Furthermore, the yields of char from the pyrolysis of oak, beechwood, rice straw and cassava
stalk pyrolysis are depicted in Figure 13 (a — d). As can be seen from the figure, the yield of
char decreased with increasing pyrolysis temperature which is associated with the increase in
the reactivity of the reacting components favoring the production of liquid and gas products.
The relatively high yield of char observed from rice straw could be related to the high ash
content in the feed. Overall, the present study is in fair agreement with the pyrolysis yields of

experimental results reported in the literature [348-351].

Detailed discussion on distribution of gases and char products from the different feedstocks
and the accuracy of the kinetic model on capturing these yields can be found in the paper
published by the author as part of this work as shown below.
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FM Wako., G Pio., Ashraf L., Azhar U., E Salzano., Nader M., Performance
Assessment of Drop Tube Reactor for Biomass Fast Pyrolysis Using Process
Simulator, Can. J. Chem. Eng., 2023.

4.1.2 Validation of Detailed Kinetic Mechanisms

The reactivity of gaseous mixtures potentially produced by pyrolysis processes as well as
oxidation and decomposition of large species have been investigated by using different
approaches for the realization of a detailed kinetic mechanism. Considering the hierarchical
nature of the mechanism, merging kinetic mechanisms focusing on specific species
representative of commonly produced intermediates has been considered as per the possible
procedure. Conversely, a theoretical-based kinetic mechanism developed from scratch has been
realized and compared with existing ones. The detailed kinetic mechanisms (i.e., KiBo_MU
and KiBo_AG) developed in the present study have been validated against experimental data
considering low temperature, intermediate temperature and high-temperature combustions
through the evaluation of fundamental combustion parameters, such as laminar burning
velocity, species fraction and ignition delay times of methanol, ethanol, formic acid, acetic acid
and acetaldehyde based on the availability of experimental data. The parameters and conditions
accounted for validation might not be the same for each species. A detailed description of the

parameter studied and results for each fuel component are described below.

4.1.2.1 Low-temperature combustion chemistry

The accuracy of the produced kinetic mechanisms at low temperatures has been studied through
the evaluation of the laminar burning velocity of the target oxy-biofuels at wide ranges of
reaction conditions. Indeed, laminar burning velocity is typically adopted as a standalone
parameter for studying the low-temperature combustion phenomena. A detailed discussion of

the results is provided below for each component.

4.1.2.1.1 Methanol

The Laminar burning velocity of methanol-air mixtures has been studied using KiBo_MU
kinetic model under a wide range of reaction conditions as shown in Figures 14 — 17. For better
evaluation of the models and comparison of results, results obtained using KiBo_MU have

been compared with results obtained using other widely validated and commonly used
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methanol kinetic models from the literature. Figure 14 (a — d) depicts the laminar burning
velocity of methanol-air mixtures at an equivalence ratio range of 0.7 — 1.5, temperature range
of 298 — 328 K and under atmospheric pressure. As can be seen from the figures, under the
studied conditions, the laminar burning velocity obtained in the present study using KiBo_MU
is in excellent agreement with the experimental result obtained using the heat flux method by
Vancoillie et al. [189]. Regardless of the initial temperatures and kinetic models used, the
maximum laminar burning velocity is obtained at an equivalence ratio of 1.1, which is
consistent with the experimental results. Comparably, KiBo_MU showed better accuracy than
the other investigated models. In the same way, Figure 15 (a — d) shows the laminar burning
velocity of methanol-air mixtures at an equivalence ratio range of 0.7 — 1.5, atmospheric
pressure and temperature range of 338 — 358 K. The result from the present study was compared
with the experimental result obtained using heat flux [189] and counterflow [45] methods.
Under the studied conditions, KiBo_MU mimicked the laminar burning velocity fairly and
agreed well with the experimental results [45, 189]. However, Li et al and San Diego kinetic
models over-predicted the burning velocity for an equivalence ratio of 0.9 and 1.0, whereas
showed fair agreement at other conditions. For all the investigated initial temperatures, the
maximum burning velocity is obtained at stoichiometric conditions, which agrees with the
experimental studies. Overall, KiBo_MU fairly captured laminar burning velocity under a wide
range of temperatures and equivalence ratios and showed better accuracy than the other kinetic

models.
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Figure 14. Laminar burning velocity of methanol-air mixtures at atmospheric pressure and initial temperatures
of; 298 K (a), 308 K (b), 318 K (c¢) and 328 K (d).
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Figure 15. Laminar burning velocity of methanol-air mixtures at atmospheric pressure and initial temperatures
of; 338 K (a), 343 K (b), 348 K (c) and 358 K (d).

Moreover, the validation has been extended to another laminar burning velocity data from the
heat flux method reported by Sileghem et al. [193] for different initial temperatures (i.e., 298,
318, 328, 338 and 358 K) as shown in Figure 16 (a — d) and Figure 17, respectively. As can be
seen from the figures, KiBo_MU fairly captured burning velocities under the investigated
conditions. Nevertheless, Li et al and San Diego kinetic models showed some discrepancies
for an equivalence ratio of 0.9 and 1.0, while showing good agreement at other conditions.
Comparably, as can be seen from the figures, KiBo_MU showed better agreement than the

other models.
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Figure 16. Laminar burning velocity of methanol-air mixtures at atmospheric pressure and initial temperatures
of; 298 K (a), 318 K (b), 328 K (c) and 338 K (d).
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Figure 17. Laminar burning velocity of methanol-air mixtures at atmospheric pressure and initial temperatures
of; 358 K.

To better understand the main reactions playing a key role during low-temperature combustion

of methanol, sensitivity analysis considering lean, stoichiometric and rich flames has been
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performed at 298 K and 358 K. The lists of influential reactions have been shown in Figures
18 & 19.

Under lean and stoichiometric conditions, CO + OH « CO2 + H, H + O2 <& O + OH, HCO +
M« CO+H+MandH+ HO; « 2 OH, respectively are the first four key reactions having
a promoting effect on the laminar burning velocity of methanol at an initial temperature of 298
K. Whereas, HCO + O, « CO + HO2, H + Oz (+M) « HO3 (+M), HO2 + OH < H,0 + O>
and Hz + Oz «» H + HOg, respectively are the first four reactions having a limiting effect on
the laminar burning velocity of methanol. From the main fuel reactions, CH3OH + OH <
CH20H + H20 and CH3OH + OH « CH30 + H>0 were found to have a positive sensitivity
coefficient towards the burning velocity. However, in rich flames, H + O, « O + OH, HCO +
M- CO+H+ M, H+ HO2 «+» 20H and CH20H + M < CH20 + H + M, respectively are
key reactions favoring the burning velocity while, H> + O2 <> H + HO2, H + HCO < CO + Hy,
HO2 + OH < H20 + Oz and H + OH + M « H20 + M, respectively key reactions inhibiting
the burning velocity of methanol oxidation. From the main fuel reactions, CH,OH + M <
CH20 + H + M, CH30H + OH < CH>0OH + H,0 and CH30H + HO; <« CH>0OH + H20, are
the key reactions promoting the laminar burning velocity of methanol oxidation in rich flames
at an initial temperature of 298 K. On the other hand, at 358 K in lean condition, H + Oz «> O
+OH,HCO+M <& CO+H+ M, H+ HO2 « 2 OH and CH,OH + M «> CH2O + H + M,
respectively are key reactions promoting burning velocity of methanol. Whereas, H> + Oz «
H + HO2, H + HCO < CO + H, HO2 + OH & H:O + Oz and H + OH + M < H20 + M,
respectively key reactions inhibiting the burning velocity of methanol oxidation. From the main
fuel reactions, CH.OH + M < CH.0 + H + M, CH30OH + OH < CH>OH + H>0O and CH:OH
+ HO2 « CH20H + H20- are the key reactions promoting the laminar burning velocity of
methanol oxidation in rich flames at an initial temperature of 358 K. In the same way, reactions
having a promoting effect on the burning velocity at stoichiometric condition are listed as; H
+02<>0+0OH HCO+M - CO+H+M,CO+0OH« CO2+HandH+ HO2 « 2 OH,
respectively and those inhibiting the burning rate includes, H> + O2 < H + HO2, HCO + 02 «»
CO + HO2, H + HCO «» CO + Hz and HO2 + OH «» H20 + Oz, respectively. Likewise, in rich
flames; H+ O &+ O+ OH, HCO+ M <& CO +H + M, CO + OH < CO; + Hand H + HO>
< 2 OH, respectively found to have a favoring effect on laminar burning velocity while, Hz +
02 & H+HO;, HCO+ 02« CO + HO2, H + HCO <« CO + H; and HO2 + OH <~ H,0 + O,
respectively are hindering the burning velocity. From the main fuel reactions, CHzOH + OH
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<> CH20H + H20 and CH30H + OH « CH30 + H,0O were found to have a positive sensitivity

coefficient towards the burning velocity in both stoichiometric and rich conditions.
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Figure 18. Sensitivity coefficients for laminar burning velocity of CHsOH-air mixtures, T = 298 K, ¢ =0.7, 1.0,
1.5 using KiBo_MU.
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Figure 19. Sensitivity coefficients for laminar burning velocity of CH3sOH-air mixtures, T = 358 K, ¢ =0.7, 1.0,
1.5 using KiBo_MU.
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4.1.2.1.2 Ethanol

The laminar burning velocity of ethanol flames has been investigated under ranges of reaction
conditions using KiBo_MU Kkinetic model as shown in Figures 20 & 21. Results from the
present study have been compared with experimental results from Konnov et al. [55] and
numerical results obtained using the widely used and validated ethanol kinetic mechanisms
such as the ethanol kinetic model from Lund university developed by Christensen and Konnov
[264] (Konnov kinetic model), Politecnico di Milano (CRECK) [131] kinetic models.
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Figure 20. Laminar burning velocity of ethanol-air mixtures at atmospheric pressure and initial temperatures of;
298 K (a), 308 K (b), 318 K (c) and 328 K (d).
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Figure 21. Laminar burning velocity of ethanol-air mixtures at atmospheric pressure and initial temperatures of;
338 K (a), 343 K (b), 348 K (c) and 358 K (d).

The laminar burning velocity of ethanol-air flames under a temperature range of 298 — 358 K,
equivalence ratio of 0.6 — 1.6 and a pressure of 1 atm are shown in Figures 20 & 21. From the
result shown in Figure 20 (a — d), for reaction temperature of 298 — 328 K and equivalence
ratio range of 0.7 — 1.6, KiBo_MU Kkinetic model showed good agreement with the
experimental result obtained using a perforated plate burner as reported in the literature [55].
As can be seen from the laminar burning velocity curves, under the investigated conditions,
maximum burning velocity has been found at the onset of rich flames (i.e., around ¢ = 1.1)
which is consistent with the experimental result. In the same way, as can be seen from the
laminar burning velocity curves shown in Figure 21 (a — d) for a temperature range of 338 —
358 K and equivalence ratio range of 0.65 — 1.55, results from KiBo_MU agreed well with
experimental data from the literature obtained using a perforated burner and counterflow
methods. Overall, the current model captured the burning velocity very well and comparably,

showed low uncertainty when compared with other kinetic models (i.e., Konnov, CRECK).

The key reactions playing an important role during low-temperature ethanol combustion and

mostly governing the flame propagation have been revealed through the evaluation of laminar
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burning velocity sensitivity analysis. Considering the relatively lower and higher temperatures
of the investigated conditions, sensitivity analysis of ethanol-air flames at 298 and 358 K has

been performed in all flame conditions and the results are shown in Figures 22 & 23.

In lean and rich conditions (¢ =0.7, 1.5) and T=298 K, CO+ OH <> CO2+H,H+ 02 <~ O +
OH, HCO+ M < CO + H + M and H + HO2 < 2 OH, respectively are the first four key
reactions having a strong positive sensitivity coefficient towards burning velocity of ethanol.
While H + Oz (+ M) <> HO2 (+ M), HCO + Oz «> CO + HO2, SC2H4OH + O2 <> CH3CHO +
HO; and C2HsOH + H « SC>H4OH + Hp, respectively are the first four reactions limiting
ethanol burning rate. Under the stoichiometric condition, H + O «» O + OH was found to have
a strong promoting effect than CO + OH < CO2 + H, and the order of the first four reactions
favoring laminar burning velocity are listed as; H + Oz «<» O + OH, CO + OH < CO> + H,
HCO+M < CO+H+ Mand CHz + O < CH20 + H. Whereas, H + OH (+ M) < H>0 (+ M)
and CHz + H (+ M) « CHgs (+ M) are the two key reactions hindering ethanol burning rate.
Similarly, from the sensitivity result shown in Figure 23 for 358 K and equivalence ratios of ¢
=0.7,1.0and 1.5, it can be seen that H + O2 «+» O + OH, CO + OH <> CO2 + Hand HCO + M
< CO + H + M are the first 3 key reactions favoring ethanol burning rate under lean and
stoichiometric conditions. Likewise, from the fuel reactions, the unimolecular decomposition
of SC>H4OH intermediate forming acetaldehyde and hydrogen is found to have a relatively
large positive sensitivity coefficient. In contrast, HCO + O, «» CO + H20 and SC>HsOH + O;
< CH3CHO + HO: have strong negative coefficients at ¢ =0.7 while, H + O2 (+ M) <> HO2 (+
M) and H + OH (+ M) < H20 (+ M) are reactions having an inhibiting effect on the laminar
burning velocity at ¢ =1.0. On the other hand, in rich conditions, H + Oz <> O + OH, HCO +
M« CO+H+M, CoHz+ Oz > CH,CHO + O, and CHz + HO2 «» CH30 + OH, respectively
are reactions with strong promoting effect while, CoHs + H < CoH2 + Hy, 2 CH3 (+M) <
C2Hs (+M), H + HCO «» CO + Hz and H2 + O2 «» H + HOg, respectively are the list of

reactions that inhibit the burning velocity.
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Figure 22. Sensitivity coefficients for laminar burning velocity of CoHsOH-air mixtures, T = 298 K, ¢ =0.7, 1.0,
1.5 using KiBo_MU.
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Figure 23. Sensitivity coefficients for laminar burning velocity of CoHsOH-air mixtures, T = 358 K, ¢ =0.7, 1.0,
1.5 using KiBo_MU.
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4.1.2.1.3 Formic acid

The two kinetic mechanisms developed in this work have been used for the investigation of

laminar burning velocity of formic acid oxidation in different diluents (i.e., N2, Ar)

concentration, ranges of initial temperatures and equivalence ratios, and atmospheric pressure

and the results are shown in Figures 24 — 27.
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Figure 24. Laminar burning velocity for HOCHO/air mixtures at 373 K (a) and 423 K (b).
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Figure 25. Laminar burning velocity for HOCHO/O2/N, mixtures at 433K (a) and 453K (b); 35 % O, 65 % Na.
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Figure 26. Laminar burning velocity for HOCHO/O/Ar blends at 368 K, the mole fraction of Ar is 0.55.
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Figure 27. Laminar burning velocities of 0.75 HOCHO + 0.25 CH4 + air (a) and 0.5 HOCHO + 0.5 CH4 + air
(b) at 353 K.

As can be seen from Figure 24 (a & b), under the investigated conditions, KiBo_MU and
KiBo_AG kinetic models are in good agreement with the experimental results. The laminar
burning velocity increases with increasing equivalence ratio and reached its peak value at fuel
to air ratio of 1.1 using all the investigated kinetic mechanisms which are consistent with the
experimental study reported by Sarathy et al. [99]. The equivalence ratio where the
fundamental laminar burning velocity is observed is in line with most hydrocarbons, as it is
related to the compositions showing the maximum adiabatic temperature and maximum
concentration of H radicals [352]. Besides, results from the current models have been compared
with the existing formic acid kinetic models and found to show a better agreement, however,
there happen to be discrepancies in rich flames for Glarborg whereas, the updated Aramco 2.0

kinetic model fairly agreed with the measured burning velocity.
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On the other hand, as can be seen from Figure 25 (a & b) for 433 and 453 K respectively,
KiBo_MU and KiBo_AG apparently predicted the laminar burning velocities well and the
results satisfactorily agreed with the experimental results from De Wilde and Van Tiggelen
[353] and Yin et al. [232]. Given the limited equivalence ratio considered in the case of 433 K
temperature, at both 433 and 453 K, the numerical and experimental value of maximum laminar
burning velocity was found to be obtained at an equivalence ratio of 0.9 which might be due to
the increased oxygen composition in the fuel mixture. The increase in 20 K (i.e., 433 — 453 K),
increases the laminar burning velocity by 8 cm/s which is equivalent to a 50 K increase (i.e.,
373 — 423 K) as shown in Figure 24 (a & b) where argon was used as a diluent. From this, it
can be said that the increase in oxygen composition in the fuel mixture increases the burning
rate more than the increase in temperature leading to peak laminar burning velocity happening

in a lean condition.

The laminar burning velocity of HOCHO/Ar mixtures at reaction temperatures of 368 K,
atmospheric pressure and equivalence ratio ranging from 0.5 — 1.5 is shown in Figure 26. In
the same way, the current kinetic models well mimicked the experimental laminar burning
velocity and comparably showed better agreement than the existing kinetic models.
Furthermore, as shown in Figure 27 (a & b), the laminar burning velocity of fuel mixtures (i.e.,
HOCHO/CHa/air mixture) has been studied in the equivalence ratio range of 0.8 — 1.3 and the
initial temperature of 353 K. From the result, it has been observed that methane addition was
found to increase the reaction rate and apparently favouring laminar burning velocity.
Maximum reactivity of the fuel mixture is achieved at equivalence ratios of 1.0 and 1.1, as is
the maximum laminar burning velocity. From both figures, the laminar burning velocity result
from the present study using KiBo_MU and KiBo_AG is in good agreement with the
experimental data reported by Lavadera and Konnov [345], and the model result obtained by
the same author. Overall, under the studied conditions, KiBo_MU and KiBo_AG reasonably

predicted the burning velocity and showed better accuracy than the existing kinetic models.

The most influential reactions at lean, stoichiometric and rich conditions during formic acid
oxidation were analysed through sensitivity analysis using KiBo_MU and KiBo_AG Kkinetic
models. The analysis was performed at a temperature of 453 K, atmospheric pressure and
equivalence ratio of 0.8, 1.0, and 1.5, and the results are shown below in Figure 28. The effects
of reactions involving small radicals suchasH+ O, <+ O+ OH,H+ O2 <> 2 OH, H> + 02 &
H+ HO2, H+ OH +M < H20 + M, H + O2 (+ M) «> HO2 (+ M), H + HO2 < H> + Oz on the
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laminar burning velocity of formic acid are not shown here as they are widely studied in the
literature [99, 232, 345] as well as in common with species previously investigated in this work.
This observation suggests that a common decomposition pathway can be assumed for light
species typically produced by the decomposition of biofuels as well as confirms the validity of

the hierarchical structure of detailed kinetic mechanisms.
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Figure 28. Sensitivity coefficients for laminar burning velocity in the oxidation of HOCHO/O2/N,, 35% O,, 65%
No, T=453 K, ¢ =0.8, 1.0, 1.5 using KiBo_MU and KiBo_AG.

As can be seen from Figure 28, using the two kinetic models, radical reactions such as CO +
OH < CO2 + H, CO + OH < HOCO, HOCO + M « CO2 + H + M and HOCHO + OH <
OCHO + H20 have a dominant promoting effect on the overall reactivity under the investigated
conditions resulting from the generation of active H radical. Comparably, at ¢ = 0.8 and
stoichiometric conditions, CO + OH < CO2 + H and HOCO + M «» CO2 + H + M showed a
strong positive sensitivity coefficient in KiBo_AG than KiBo_MU while, the opposite is true
in the case of CO + OH < HOCO reaction. However, in rich flames, CO + OH « HOCO and
HOCO + M « CO2 + H + M the reactions show a relatively lower sensitivity coefficient in the
case of KiBo_MU than KiBo_AG whereas, CO + OH « CO, + H is equally sensitive to

laminar burning velocity in both mechanisms.
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On the other hand, in lean and rich flames using KiBo_MU, HOCO + H <« CO + H,0, HOCHO
+ OH < HOCO + H.0, HOCO + Oz «+» CO2 + H2, HOCHO + H «+» HOCO + H HOCO + OH
< CO2 + H2 O and HOCO + H « CO2 + H2 were orderly found to have negative sensitivity
effects on the laminar burning velocity of formic acid, in which HOCO + H « CO + H>0 had
a strong hindering effect on the burning rate. Except for the last reaction (i.e., HOCO + H «
CO2 + Hy), which is insensitive under stoichiometric conditions, all other reactions also show
negative sensitivity to combustion rate under stoichiometric conditions. In the same way, using
KiBo_AG, in lean and stoichiometric, and rich conditions, reactions having an obstructing
effect on the laminar burning velocity are listed in order of their impact as; HOCO + O, «
CO2 + HO2, HOCHO + OH «» HOCO + H20, HOCO + H «» CO + H20, and HOCO + O; <
CO2 + HO2, 2 HOCO <> HOCHO + CO2, HOCHO + OH «> HOCO + H20, respectively.

Under the investigated conditions, HOCO + H « CO + H, HOCHO + H «+» HOCO + H;and
HOCO + OH « CO; + H>0 are insensitive to laminar burning rates in the case of KiBo_AG,
but they had a hindering effect on burning rate in case of KiBo_MU. Likewise, 2 HOCO «
HOCHO + COzis only sensitive in rich flame in the case of KiBo_AG. It is worth mentioning
that this reaction was not included in KiBo_MU. Indeed, the procedure implemented for the
realization of this mechanism considered only the H abstraction by small radicals as primary

reactions, to limit the number of reactions.

4.1.2.1.4 Acetic Acid

Similar to formic acid, the kinetic study of acetic acid has been performed by the two currently
developed kinetic models (i.e., KiBo_MU and KiBo_AG). The laminar burning velocity of
acetic acid-air mixtures at different initial temperatures (i.e., 338, 348, and 358 K) and ranges
of equivalence ratios computed in the current study are depicted in Figure 29. Results from the
two kinetic models developed in the present study have been compared with the kinetic model
developed by Christensen and Konnov [78].
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Figure 29: Laminar burning velocity of acetic acid at 338 K (a), 348 K (b) and pressure of 1 atm.

As can be seen from the figure; at 338 K, KiBo_AG kinetic model quite perfectly reproduced
the experimental data in all flame conditions, especially in lean and stoichiometric flames.
However, the model relatively overestimated the burning velocity in rich flames, whereas
KiBo_MU reproduced the burning velocity very well and the results in all flame conditions
showed a good agreement against experimental data, nevertheless, slight discrepancies were

observed in lean flames at an equivalence ratio of 0.8.

On the other hand, at 348 K, KiBo_AG kinetic model captured the burning velocity well and
are in good agreement with the experimental data at lean and stoichiometric compositions,
whereas, the overall reactivity of richer flames is slightly overestimated. Likewise, despite the
few underestimations observed at an equivalence ratio of 0.8, KiBo_MU kinetic model
perfectly mimicked the investigated parameter at all flame conditions. Under the investigated
conditions, KiBo_MU kinetic model attempted the laminar burning velocity with almost
negligible deviations at stoichiometric and rich flames. Furthermore, results from KiBo_MU
and KiBo_AG have been also compared with other kinetic mechanism from the literature (e.g.
Konnov kinetic model). Under the investigated conditions, Konnov kinetic model
overpredicted the laminar burning velocity, showing a poorer estimation quality when
compared to KiBo_MU and KiBo_AG kinetic models. The observations reported so far may
be strongly influenced by the lack of experimental data. However, it is worth noting that the
fundamental burning velocity was obtained under stoichiometric conditions using the
KiBo_MU and KiBo_AG kinetic models, which agrees with the experimentally reported data,

indicating the maximum reactivity under stoichiometric conditions. Overall, despite the few
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discrepancies, under the studied conditions KiBo_MU and KiBo_AG kinetic models fairly
mimicked the laminar burning velocity and the results are in good agreement with the

experimental results.

Important reactions governing the reactivity of acetic acid in the oxidative environment have
been analysed and lists of main reactions affecting the laminar burning velocity of acetic acid

at 338 K are provided in Figure 30.

CHzCOOH + 05CH;COO + OH
CHyCOOH + OHsCH,COO + H,0
CH,OH + HsCHg + OH
CHy + HO,CHyO + OH
CHs + 0sCH,0 +H
S-CH, + HysCHz + H
S-CH, + 0,5CO + H,0
HCO + 0,5CO + HO,
HCO + OH5CO + H,0
H+ HCOsCO + H,

HCO+MsCO+H+M
CO + OHsCO, + H
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Figure 30: Sensitivity coefficients for laminar burning velocity of acetic acid at; T = 338 K, P =1 atm, ¢ = 1.0
using KiBo_MU kinetic mechanism.

Reactions with the highest values (in modulus) in the sensitivity coefficients and playing key
roles in acetic acid oxidation at low initial temperatures are listed as; H + Oz «<» O + OH, CO
+OH <> CO2 + H, HCO (+ M) «> CO + H (+ M), H + O2 (+ M) «> HO2 (+ M) and CH3COOH
+ O < CH3COO + OH. Additional insights and elements useful for the discussion on the main
reactions and their rate parameters source can be found in the paper reported below, published

by the author as part of this work.

FM Wako., G Pio., E Salzano., Modelling of acetaldehyde and acetic acid combustion.,

Combustion Theory and Modelling, 2023.
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4.1.2.1.5 Acetaldehyde

The laminar burning velocity of acetaldehyde-air flames was computed at two different initial
temperatures (298 K, 338 K), atmospheric pressure and equivalence ratio range of 0.6 — 1.6

using KiBo_MU and KiBo_AG kinetic models as shown in Figure 31.
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Figure 31: Laminar burning velocity of acetaldehyde/air flames at the temperature of 298 K (a), 338 K (b) and
atmospheric pressure.

In lean and stoichiometric flames for an initial temperature of 298 K, kinetic models from the
present study reproduced the experimental data very well. However, the investigated
mechanisms showed a minor deviation in burning velocity in rich flames particularly, at ¢ =
1.6. The maximum flame reactivity and burning velocity was obtained at ¢ = 1.2, which is
consistent with the experimental report. Likewise, at 338 K the maximum laminar burning
velocity was obtained at ¢ = 1.2 by using KiBo_MU and Konnov mechanism, and at ¢ = 1.1
by using KiBo_AG, whereas experiments show the maximum reactivity at o=1.1. Comparably,
KiBo_AG kinetic mechanism for both initial reaction temperatures, the relatively larger
deviation was observed in rich flames at an equivalence ratio of 1.6 while KiBo_MU Kkinetic
mechanism showed an opposite trend at 298 K. Despite the few discrepancies, both KiBo_MU
and KiBo_AG kinetic models fairly reproduced the experimental data under the studied

conditions.

The main reactions influencing the low-temperature combustion chemistry of acetaldehyde
have been reported in Figure 32 and analysed in the following. As can be seen from the figure,
reactions; H+ O & O + OH, HCO+ M <~ CO+H+ M HCO + H <~ CO + H2, H + OH (+
M) < H20 (+ M) and CH3 + HO2 < CH30 + OH, respectively were found to be the first five
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reactions in lean and rich flames having high sensitivity values (in modulus). Similarly, at
stoichiometric conditions, H + O2 <> O+ OH, CO+ OH «> CO2 + H HCO+M < CO + H+
M, CHs + HO2 <> CH30 + OH and H2 + O <> H + OH, respectively were key reactions affecting
the burning velocity of acetaldehyde. The complete list of sensible reactions in lean,

stochiometric and rich conditions are shown in Figure 32.

H + HO,=2 OH l M =07
I ¢=1.0
- H+ 0, (+ M)sHO, (+ M) M =15
H, + OHsH,0 + H —
H, + OsH + OH jr—
=
- CH;CHO + HsCH3CO + H,
=]
C,Hz + O,5CH,CHO + O
j—
CoHs (+ M)sCyHy + H (+ M) —
—
— 2 CHg (+ M)sCaHg (+ M)
j—
CHz + HO,sCH30 + OH ju—
f—
]
HCO + HsCO + H,
|———
HCO +MsCO+H+M I ———
j—
j——
CO +OHsCO, +H f—
e
— H+ OH + MsH,0 + M
H+ 0s0 + OH ——
. r r r _——
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Sensitivity(-)

Figure 32. Sensitivity coefficients for laminar burning velocity of CHsCHO-air mixtures, T = 298 K, ¢ =0.7, 1.0,
1.5 using KiBo_MU.

Additional information on the current understanding and existing numerical and experimental
data sources for laminar burning velocity can be found in the paper published by the author as
part of this work as shown below.

FM Wako., G Pio., E Salzano., Modelling of acetaldehyde and acetic acid combustion.,
Combustion Theory and Modelling, 2023.

4.1.2.2 Intermediate temperature combustion

The kinetic model has been used for studying intermediate temperature combustion
phenomena. To this aim, the concentration profile of the most relevant species from the jet-

stirred reactor and the overall reactivity intended as the ignition delay times from rapid
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compression machine are the two parameters studied for guaranteeing the validity of the kinetic

models in intermediate temperature combustion.
4.1.2.2.1 Methanol

The intermediate combustion chemistry of methanol/O2/Ar mixtures has been studied through
the evaluation of ignition delay times from rapid compression machines. Due to the limitation
of experimental studies in the literature, validation has been limited to stoichiometric condition
and the results are shown in Figure 33. From the IDT results shown in Fig. 33, at the
temperature range of 842 — 1012 K, the average pressure of 15 bar and ¢ =1.0, KiBo_MU
kinetic model showed fair agreement with the experimental data from the rapid compression
machine reported by Wang et al. [177]. More specifically, very good agreement has been
realized for temperatures greater than 900 K while a few variations have been observed for
temperatures less than 900 K. Even though, KiBo_MU, Zhang and Li et al kinetic models
showed better attempts at lesser temperatures, San Diego and Aramcol.3 kinetic models
showed large variations. Overall, KiBo_MU showed a very fair attempt even in combustion
conditions where other models failed in a narrow range of attempts and can be considered as a

detailed and comprehensive kinetic model.
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Figure 33. Ignition delay time of methanol/O2/Ar mixtures at ¢ = 1.0, 8.08% CH30H, 12.13% O, 79.19% average
pressure of 15 bar.

4.1.2.2.2 Ethanol

Intermediate temperature ignition delay times of ethanol/O2/Ar mixtures at o= 0.5, 1.0, T =
835 — 1005 K and average pressure of 15 bar is shown in Figure 34. Results obtained using
KiBo_MU is in good agreement with the RCM experimental result in both lean and

stoichiometric flames particularly, the model excellently mimicked the IDT at stoichiometric
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condition. Similarly, from the simulation study in rich conditions as shown in Figure 35 for the
temperature range of 825 — 940 K and average pressure of 15 bar, KiBo_MU fairly captured
the IDT and showed better accuracy than the other models within the studied reaction

conditions.
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Figure 35. Ignition delay time of ethanol/Ox/Ar mixtures at ¢ = 2.0, 15 bar. 4.9309% C>HsOH, 7.3892% O, and
87.6799% Ar.

4.1.2.2.3 Formic acid

The species profiles from the jet-stirred reactor (JSR) reported by Yin et al. [346] at a

temperature range of 500 — 1100 K, atmospheric pressure, and an equivalence ratio ranging

from 0.5 — 2.0 were considered for intermediate temperature validation. The numerical results

obtained in this work along with the experimental measurements from a recent study reported

by Yin et al. [346] are shown in Figures 36 — 38.
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Regardless of the investigated composition, numerical models show that formic acid does not
auto-ignite at intermediate temperatures, as also observed at higher pressure [354]. From the
thermal decomposition of HOCHO at intermediate temperatures, the active onset
decomposition temperature and complete consumption of HOCHO are found to be at 803 K,
and 1050 K, respectively. From the simulation result using KiBo_MU at lean conditions,
around 42 % of HOCHO was consumed at 903 K and 36 % consumed within a temperature
range of 929 — 955 K whereas, 14 % and 50 % of HOCHO were consumed, respectively at 903
K and 929 — 955 K in case of KiBo_AG. From the experimental result reported by Yin et al.
[346], 30 % of HOCHO was consumed at 903 K while 31 % was consumed within a
temperature range of 929 — 955K. Similarly, under stoichiometric condition, more than 95 %
of HOCHO get consumed within a temperature range of 878 — 903 K using KiBo_MU and
KiBo_AG, where around 70 % of HOCHO decomposed according to the experimental result
from Yin et al. [346] under the same temperature range. According to KiBo_MU, in rich flames
1/3 of HOCHO gets consumed within the temperature range of 803 — 903 K. Conversely,
KiBo_AG indicates that only 1/10 of HOCHO gets consumed within a temperature range of
803 — 903 K. Both mechanisms agree on the whole consumption before the reaching 1000 K.
The reason for the difference in KiBo_MU and KiBo_AG in predicting the decomposition of
formic acid might be due to the difference in rate coefficients associated with reactions at
intermediate temperatures; HOCHO + O <~ HOCO + OH, HOCHO + O «» OCHO + OH and
2 HOCO « CO2 + HOCHO which are only incorporated in KiBo_AG and the rate coefficients
derive from estimations. However, from the jet-stirred result, around 85% of formic acid gets
consumed between 803 — 903 K.

The decarboxylation reaction (i.e., HOCHO < CO: + H) and hydrogen abstraction reaction
by HO; (i.e., HOCHO + HO2 «+> HOCO + H202, HOCHO + HO2 <+~ OCHO + H202), OCHO
< CO2 + Hand abstraction reaction of hyroxycarboxyl radical by O (i.e., HOCO + O2 < CO;
+ H»05) are found to be the key reactions affecting decomposition of HOCHO under the probed
condition. Even though, the rate coefficients of these reactions were taken from ab initio it
seems they have to be revised for better agreement of the HOCHO consumption and production
of combustion products. The current models’ results are also compared with the recently
reported formic acid mechanism from the Saudi Aramco research group (Updated Aramco 2.0)
and the first formic acid kinetic model (i.e., Glarborg kinetic model). Overall, KiBo_MU

showed better agreement for all species however, KiBo_AG showed some variation, especially
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for CO2 and H,. Comparably, our models capture fairly the experimental observations than the

Updated Aramco 2.0 and Glarborg kinetic models.

4.1.2.3 High-temperature combustion

The kinetic models have been validated and used for the evaluation of the high-temperature
combustion phenomena through the investigation of ignition delay times from shock tubes at

ranges of reaction conditions. Details of the results are shown below for each species.

4.1.2.3.1 Methanol

In this section, shock tube ignition delay time has been investigated using KiBo_MU Kkinetic
model under ranges of reaction conditions (i.e., temperature, pressure) and equivalence ratios
have been studied. The numerical results obtained in the present study with the corresponding
experimental result from literature and results using widely validated models from literature
are shown below in Figures 39 — 41. The IDT of methanol/O2/Ar mixtures under lean

conditions and ranges of reaction temperatures has been shown in Figure 39 (a & b).
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Figure 39. Ignition delay time of methanol/Oy/Ar mixtures at ¢ = 0.5, 1.3 bar (a) and 11.6 bar (b).

For average pressure of 1.3 bar and temperature range of 1220 —1540 K, KiBo_MU captured
the IDT very well. In the same way for an average pressure of 11.6 bar and temperature range
of 1075 — 1582 K, KiBo_MU kinetic model mimicked well the experimental ignition delay
times. Under the tested conditions, KiBo_MU predicted results are in the range of less than 10
% variations from the experimental results and showed better accuracy than Li et al, Dryer et
al, Zhang et al, Aramcol.3 and San Diego kinetic models. Comparably, San Diego kinetic

model showed a large variation than the others. The reason for such variation could be
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associated with rate coefficients of reactions; CH3sOH + HO, «» CH>OH + H20; and H20- (+
M) < 2 OH (+ M) which are the most sensitive reactions having strong positive sensitivity
effect on IDT at an equivalence ratio of 0.5 and average pressure of 1.3 bar. The rate
coefficients of these reactions incorporated in KiBo_MU respectively were taken from ab initio
calculations [355] and [356] while the source of the reaction parameters was not mentioned in

the case of the San Diego kinetic model.

Even though all the investigated models showed fair agreement against experimental IDT at a
temperature greater than 1200 K, only KiBo_MU captured the IDT fairly at all investigated
temperatures. More specifically, the model from Zhang et al overpredicted the IDT for
temperatures less than 1200 K while San Diego kinetic model under-predicted. Overall, it can
be seen from both plots (Figures 39 (a & b) that a 10-fold increase in pressure leads to a sharp
drop in IDT. For example, at a temperature of 1222 K and an average pressure of 1.3 bar, an
IDT value of 1425 ps was obtained, while at the same temperature, increasing the pressure by
a factor of 10 reduced the IDT to 275 ps.
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Figure 40. Ignition delay time of methanol/O2/Ar mixtures at ¢ = 1.0, 2.0 bar (a) and 10 bar (b).

On the other hand, ignition delay times data of methanol/O2/Ar mixtures at stoichiometric
conditions and ranges of temperatures is depicted in Figure 40 (a & b). From Figure 40(a), for
an average pressure of 2 bar and temperature range of 1229 — 1763 K, the numerical results
obtained by KiBo_MU showed a fair agreement with the experimental result [54] and indeed
all the investigated mechanisms showed good agreement with experimental data. Likewise, for
a pressure of 10 bar and temperature range of 1069 — 1299 K, the present study is in excellent
agreement with the experimental result, and apart from Zhang et al kinetic model which over-

predicted the IDT, all the investigated mechanisms captured the experimental result well.
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Figure 41. Ignition delay time of methanol/Oy/Ar mixtures at ¢ = 2.0, 1.6 bar (a), 1.8 bar (b), 2.2 bar (c) and 12.4
bar (d).

Furthermore, in the case of rich flames, an investigation of IDT has been performed at
temperature 1055 — 1640 K, pressure 1.5 — 12.5 bar, and the results are shown in Figure 41 (a
—d). As can be seen from figure 41 (a— c) for pressures 1.6 bar, 1.8 bar, 2.2 bar and temperature
ranges, 1056 — 1307 K, 1078 — 1415 K, and 1082 — 1639 K, respectively, KiBo_MU Kkinetic
model mimicked the experimental data very well. Apart from Zhang et al kinetic model, which
over-predicted the IDT, all the investigated mechanisms captured the IDT fairly. Comparably,
KiBo_MU again showed lower uncertainty towards IDT under the investigated conditions
when compared to the other kinetic models. Likewise, for a pressure of 12.4 bar and
temperature range of 941 — 1135 K, as shown in Figure 41(d), KiBo_MU fairly captured the
IDT and shows better consistency. However, Zhang et al kinetic model again showed a large
variation by overpredicting IDT followed by San Diego kinetic model which underestimated
the IDT.
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In general, from the ignition delay time study of methanol combustion performed at different
reaction conditions, it has been observed that CH3OH + HO <» CH20H + H202, H202 (+ M)
< 20H (+ M), 2 HO2 & H202 + O2 and H + OH (+ M) < H20 (+ M) were key reactions
impacting methanol oxidation in intermediate and high temperatures. Overall, except for a few
conditions (i.e., ¢ = 2.0, T= 122 K), CH30OH + HO; «» CH,OH + H20, was found to be very
sensitive to IDT and largely dominates uncertainty in the predicted ignition delay time of
methanol. For instance, the variation in ignition delay time data observed for the investigated
models is mostly derived from the difference in rate coefficients of this reaction. In particular,
the noticeable effect of the kinetics of this reaction on the ignition delay times is more profound
at high pressures and low temperatures, relevant to real combustion engines (>10 atm and 1000
— 1200 K). There have been theoretical studies on the effect of this reaction on the ignition
delay time with the recent study reported by Klippenstein et al.[197] but, the literature provides
no direct experimental measurement for this reaction. Overall, the current model fairly captured
the experimental ignition delay time data under the investigated conditions and even in some

cases showed better accuracy than the other investigated methanol kinetic models.

4.1.2.3.2 Ethanol

The high-temperature combustion of ethanol oxidation has been studied through the
investigation of ignition delay time under different reaction conditions and fuel compositions.
Results from the present kinetic model and other kinetic models from the literature, as well as
experimental results from literature, are provided in Figures 42 — 44.
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Figures 42 (a & b) depicts the ignition delay times of ethanol/O2/Ar mixtures at ¢ = 0.5, an
average pressure of 1.3 and 11.6 bar, and a reaction temperature range of 1177 — 1411 K, and
T = 1117 — 1512 K, respectively. As can be seen from the figures, under the investigated
conditions, KiBo_MU attempted the IDT fairly and the results are in good agreement with the
shock tube experimental data reported here [54, 214]. Increasing the mean pressure from 1.3
bar to 11.6 bar significantly reduced the IDT. For example, at 1177 K, the IDT was found to
be 1513 ps for 1.3 bar, which decreased to 625 ps when the average pressure was increased by
a factor of 10. This shift in IDT with pressure is consistent with the experimental results
considered for validation. Overall, the present study showed a consistent trend with
experimental results and results obtained using other available ethanol kinetic models such as
Marinov [95], Konnov [357], Aramco1.3 [206] and CRECK [222] kinetic models. Moreover,
IDT results for pressure ranges of 1.3 — 12.6 bar, temperature range of 950 — 1570 K and
stoichiometric conditions are shown in Figure 43 (a — d). Experimental results considered for
validation were taken from a shock tube study reported by Mathieu et al. [214] and Noorani et
al. [54]. Under the studied conditions, KiBo_MU predicted the IDT well and is in good
agreement with the experimental results. Overall, apart from a few variations observed at 949
K and 12.6 bar, the present study is in excellent agreement. Even though discrepancies at this
particular condition are the case for all the investigated mechanisms, compared to others,
KiBo_MU showed fewer deviations while Marinov kinetic model presented large variations.
The overprediction at this particular condition could be due to rate coefficients associated with
H202 (+ M) « 2 OH (+ M), C2HsOH + HO2 «» C2H50 + H202 and H + HO2 «» SCoH4OH +
H>O> reactions which are important reactions promoting the IDT at the aforementioned
conditions. Thus, the difference in prediction accuracy of the kinetic models can be related to
the differences in kinetic parameters of these reactions incorporated in the mechanisms.

Furthermore, the numerical study of the IDT of ethanol/O2/Ar mixtures at ¢ = 2.0, T = 1069 —
1578 K and average pressure range of 1.7 — 12.9 bar are shown in Figures 44 (a — d). Under
the investigated conditions, the present study agreed well with the experimental results, and
even compared with the other models, KiBo_MU showed better agreement, especially at 1069
and 1083 K where the other mechanisms showed larger discrepancies, KiBo_MU attempted

well.
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4.1.2.3.3 Acetaldehyde

The shock-tube ignition delay time of acetaldehyde/O2/Ar mixtures within the temperature
range of 1250 — 1700 K, pressure range of 1.6 — 4.0 atm and equivalence ratios of 0.5, 1, 1.5
and 2 were studied using KiBo_MU and KiBo_AG kinetic models. The computed ignition
delay times at lean, stoichiometric and rich conditions are shown in Figures 45 — 47,

respectively.
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Figure 45: Ignition delay times of acetaldehyde/oxygen/argon mixtures: a) ¢ = 0.5, P = 1.6 — 2.3 atm, 94 %v/v
Ar, b) 9 = 0.5, P =3.2-3.9 atm, 97 %v/v Ar.
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Figure 46: Ignition delay times of acetaldehyde/oxygen/argon mixtures: a) ¢ = 1.0, P = 1.7 — 2.6 atm, 93 %v/v
Ar; b) ¢ = 1.0, P = 3.6 —4.0 atm, 97 % v/v Ar.
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Figure 47: Ignition delay times of acetaldehyde/oxygen/argon mixtures: a) ¢ = 1.5, P = 3.0 — 3.5 atm, 94 %v/v
Ar; b) 9 = 2.0, P =1.9—2.7 atm, 96 %v/v Ar.

As shown in Figure 45(a), KiBo_MU and KiBo_AG kinetic models better reproduced the
experimental data at all initial temperatures, whereas Aramco Mech2.0 over-predicted the IDT
data at temperatures < 1300 K. Similarly, from Figure 45(b), it can be seen that KiBo_MU and
KiBo_AG kinetic models fairly mimicked the experimental data for temperatures > 1300 K.
However, both kinetic models over-predicted the ignition delay time at an initial temperature
of 1295 K. The same behaviour has been observed for the kinetic model developed by Mevel
[259]. To better understand the reactions causing the over-prediction, sensitivity analysis was
performed at T = 1295 K, P = 3.4 atm, ¢ = 0.5 and the result is shown in the following section.
Despite a few discrepancies shown in Figure 46(a), KiBo_MU and KiBo_AG kinetic models
reproduced the ignition delay time quite fairly. Whereas, Aramco Mech2.0, showed larger
deviations, especially for temperatures < 1400 K. Comparably, KiBo_MU and KiBo_AG
showed better agreement than Aramco Mech2.0, which tends to overpredict this parameter.
Conversely, as shown in Figure 46(b), only KiBo_AG can accurately catch the trend at
moderate pressure while KiBo_MU kinetic model slightly over-predicted. The same trend of
over-prediction is observed in the case of the Mevel kinetic model. Lastly, under rich
conditions, as shown in Figure 47(a), KiBo_MU and KiBo_AG kinetic models fairly mimicked
the IDT even though KiBo_MU kinetic model looks to show better agreement. In the same
way, the Mevel kinetic model was attempted quite reasonably. Similarly, as shown in Figure
47(b) for rich conditions, KiBo_MU Kkinetic model better predicted the IDT at higher
temperatures however, slightly under-predicted at moderate temperatures. Whereas, KiBo_AG
kinetic model is slightly under-predicted at moderate temperatures but shows better agreement
at higher temperatures. In general, the oxidation chemistry of acetaldehyde is mainly affected
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by unimolecular decomposition reaction via C—C fission (i.e., CH3CHO (+ M) « CHz + HCO
(+ M)) forming methyl and formyl radicals. Besides, acetaldehyde can undergo H atom
abstraction reactions either at methyl group forming methylene radical (CH2CHO) via
CH3CHO + H « CH3CO + Hareaction or at acetyl group resulting in acetyl radical (CH3CO)
through CH3sCHO + H < CH2CHO + H.. The rate parameters of these important reactions
have been taken from the study reported by Harding et al. [358] and Hashemi et al. [223],
respectively. The rate coefficients considered in the present study are in good agreement with
experimental and theoretical rate constants under the studied conditions. Overall, despite the
few deviations, KiBo_MU and KiBo_AG kinetic models fairly reproduced the experimental
IDT.

Besides, the evaluation of the overall reactivity and concentration profile, the availability of
numerical tools like the detailed kinetic mechanisms developed in this work allows for the
evaluation of the chemistry and reactions ruling the whole process. In this view, a sensitivity
analysis was performed to elucidate the effect of specific rate constants that contributed to the
differences between the model and experiments as shown in Figure 48. Considering the size of
the mechanism, sensitivity analysis has been performed using KiBo_MU at conditions where

a large deviation has been observed (i.e., at 1295 K, 3.4 bar and ¢ = 0.5).

CH,CHO + Hs CH,CO + H,
CH30 = CHon

i

CO +HO, = CO, + OH

HCO + Os CO, + OH
CH,CO (+ M) CH3 + CO (+ M)

HO, + O = O, + OH

2CH3 = CZH4 + H2

()
H+0O,s0+OH /7777777
2%

L] I 1
-0.04 -0.02 0.00 0.02 0.04
Sensitivity(-)

CH,CHO (+ M)=CHs; + CO (+ M)

CH3 + H02 = CHso + OH

Figure 48: Sensitivity coefficients for ignition delay times of acetaldehyde/O2/Ar mixtures at; T = 1295 K, P =
3.4 atm, ¢ = 0.5 using KiBo MU kinetic model.
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As can be seen from the figure, CHz + HO2 <» CH30 + OH, CH2CHO (+ M) <> CHs + CO (+
M) and H + Oz <> O + OH, respectively are the most influential reactions promoting the IDT
of acetaldehyde at the aforementioned reaction condition. On the other hand, 2 CHz <> CoHs +
Hz, HO2 + O «> Oz + OH and CH3CO (+ M) « CHs + CO (+ M) are the main reactions
inhibiting the reactivity of acetaldehyde oxidation. Detailed discussion on the main reactions
and their rate parameters sources can be found in the paper published by the author as part of

this work as shown below.

FM Wako., G Pio., E Salzano., Modelling of acetaldehyde and acetic acid combustion.,
Combustion Theory and Modelling, 2023

Theoretical kinetics provides a valuable means for improving the fidelity of chemical kinetic
mechanisms for conditions that are difficult to explore experimentally. In this regard, kinetic
mechanisms accounting for the chemistry of biomass components and different light-
oxygenated compounds have been developed. Pyrolyzed product distributions and relevant
combustion parameters (i.e., laminar burning velocity, species profile and ignition delay times)
addressing the low-temperature, intermediate-temperature and high-temperature combustion
were investigated. A wide range of reaction conditions and fuel compositions have been
addressed during the validation. Under the studied conditions, kinetic mechanisms from the
present study showed a very good agreement with the experimental studies reported in the
current literature. Overall, KiBo_MU and KiBo_AG showed good estimation quality with a
narrow range of uncertainty which can be observed from the results shown above. The accuracy
of the mechanisms also allowed for further analysis of the detailed chemistry of the systems
and investigation of key important radicals and reactions governing the oxidation of
oxygenated components.
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Chapter 5: Conclusion and Future directions

5.1 Conclusive remarks

The development of sustainable solutions to tackle climate change is one of the major
challenges facing humanity. The need to reduce these environmental impacts requires complex
and multidisciplinary approaches to be truly effectively overcome. The investigation of
biomass energy as one possible alternative source for energy supply requires accurate models

simulating biomass pyrolysis and biofuel oxidation.

The present work aimed at the characterization of chemical and physical phenomena ruling the
decomposition and oxidation of bio-based fuels. Theoretical-based approaches as well as
empirical methods were tested and compared. The quality of the produced models was tested
against experimental data from the literature in a wide range of operative conditions and
compositions. Safety and kinetic aspects were addressed and combined to identify the most
relevant features for energy production. The observations and analyses of the gathered data
have allowed for the acquisition of further knowledge on the topic. The main findings related

to this work are listed below:

= Heat transfer and reaction rates during biomass conversion are strongly influenced by
biomass composition and reactor configuration, thereby affecting yield profiles and
compositions. Ultimately, the variations in biofuel composition will eventually dictate
the combustion characteristics. 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. With different technologies in
development to increase efficiency in ICEs, enabling the almost immediate
implementation of alternative fuels requires effective characterization of the individual
biofuel components.

= From a Kinetics perspective, accurately capturing the molecular conversion kinetics
requires in-depth knowledge of how the sub-components of the feedstocks decompose,
intermediate species formed/consumed and desired products produced. Pyrolysis being
the first step in the energy recovery process and combustion being the subsequent

process, the knowledge of both solid-phase and gas-phase chemistry is vital for the
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complete characterization of oxy-biofuels. Solid-phase kinetics describe the
degradation kinetic chemistry of how individual biomass reference components
degrade to form intermediate species and light oxygenates, while gas-phase Kkinetics
address how the light-oxygenated components oxidize in an oxidative environment.
For the gaseous phase, two different strategies were followed; a simplified kinetic
mechanism; KiBo_MU and an automated mechanism; KiBo_AG. The former contains
141 species and 453 reactions, whereas, the latter comprises 631 species and 28329
reactions. The solid-phase kinetics (i.e., pyrolysis kinetic mechanism) was tested using
Aspen plus to simulate the biomass pyrolysis process and evaluate pyrolysis product
distribution profiles while, KiBo_MU and KiBo_AG were used to study combustion
phenomena and validated against experimental combustion data available in the
literature.

Different combustion parameters have been investigated for the sake of model
validation to be representative of a wide range of conditions. More specifically, laminar
burning velocity was considered as representative for the overall reactivity at low
temperatures combustion, species profile from jet-stirred reactor and ignition delay
times from RCM for intermediate temperatures, and ignition delay times from shock
tubes for high-temperature combustion.

Under the studied conditions, the kinetic mechanism, KiBo_MU and KiBo_AG showed
good agreement with the experimental data reported in the works of literature. The
accuracy of the generated mechanisms allowed for further analysis of the chemistry of
the system, enlightening some determining aspects of the chemistry of the oxygenated
species. Overall, KiBo_MU and KiBo_AG showed better accuracy than the other
investigated kinetic models from the literature and proved to be robust mechanisms for
light-oxygenated species, and can also be used as seed mechanisms for developing

kinetic models for larger biofuel components.

Overall, the work combines newly developed detailed kinetic mechanisms for solid-phase and

gas-phase reactions governing biomass pyrolysis process and biofuel combustion chemistry,

respectively. The influence of feedstock variability and structural differences of biomass sub-

components on the chemistry of the process and product distribution was emphasized. In

addition, overall reactivity, energy production, intermediates and product distributions from

combustion of biofuel components from different chemical families has been investigated. The
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realization of a model integrating these chemical processes plays a fundamental role in
designing of efficient reactors and combustors based on biofuels. Moreover, the acquired
knowledge can be adopted to accurately predict the production and consumption pathway of
common species, as well as the entire energy production processes, which could contribute to

overcoming main biofuel application challenges.

5.2 Future directions

All the analyses performed in this project have been used as a way to illustrate physical-
chemical phenomena of biomass components and predict the overall reactivity of common oxy-
biofuels from different chemical families. The accuracy of the kinetic mechanisms in
mimicking the fundamental phenomena indicates the ability and relevance of the mechanisms
to explore experimental conditions. Even though, the kinetic models can potentially be used
for characterizing the physical-chemical aspects of the target components, the basic idea to
meet ever tighter efficiency and emission limits requires investigation of different practical fuel
components and intermediate radicals at engine relevant conditions from both chemical and
safety practical aspects. In this view, the results presented in this thesis can be also considered
as an essential building block for future technological developments and research activities. As

away of example, a shortlist of activities debottlenecked by the obtained data is reported below:

= Although pyrolysis oil is environmentally friendly, its fuel performance is still lower
than that of fossil fuels, especially in terms of combustion efficiency. The high content
of oxygen molecules in the pyrolysis oil is the cause of the problem. Furthermore,
representing biomass pyrolysis by unimolecular decomposition reactions of biomass
sub-components and some intermediate species alone is insufficient to represent the
entire pyrolysis process as important chemical components are likely to be missed. In
this regard, enlarging the kinetic mechanism by including further breakdown of major
intermediate pyrolysis products (i.e., levoglucosans, phenols, high molecular weight
alcohols and aldehydes, and lignin intermediates) into lighter components can help
improve the yield of desired fractions and at same time reduce oxygen functionality of
the components apparently improving the heating value.

= The lack of experimental data limited the range of operative conditions to be
considered for validation goals. As a way of example, validation was limited to low

temperature and intermediate temperatures for acetic acid and formic acid. Thus, the
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future activities could be devoted to the collection of additional data at intermediate
and high temperatures of these carboxylic acids.

Unbalanced reaction conditions can lead to safety problems in chemical plants. The
role of chemical kinetic model in revealing the optimal safe conditions is crucial in this
aspect due to costs associated with experimental approaches. So, the future work may
include extending the validation of these documented chemistry databases to study the
safety aspects of the chemical systems

Further upgrading the mechanisms to include the chemistry of larger biofuel
components which are being commercialized and potentially replace fossil fuels.

The detailed kinetic mechanism developed in this project (KiBo_AG) is huge in size
as it comprises large number of species and reactions, which is computationally costly
to run. Thus, systematic reduction of the skeletal mechanism without compromising
its accuracy is undoubtedly important for the wide application of the model in
industrial sectors. To this aim, the future work will focus on further reducing the size

of KiBo_AG kinetic mechanism for the convenience of its use.
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Appendix

Table S1. Chemical components and their representations used in the biomass pyrolysis process

model
Chemical compound Component ID Type Formula
Cellulose CELL Solid CeH1005
Hemicellulose HCE Solid CsHsO4
C-rich lignin LIGC Solid C15H1404
O-rich lignin LIGO Solid C20H22010
H-rich lignin LIGH Solid C22H2809
Activated cellulose CELLA Solid Ce6H1005
Hemicellulose intermediate 1 HCE1 Solid CsHsO4
Hemicellulose intermediate 2 HCE2 Solid CsHsO4
C-rich lignin intermediate LIGCC Solid C15H1404
O/H-rich lignin intermediate LIGOH Solid C19H2208
Secondary lignin LIG Solid C11H1204
intermediate
Ash ASH Solid CaO
Moisture H.OL Conventional  H20
Pyrolysis products
Sinapyl aldehyde FE2MACR Conventional ~ C11H1204
p-coumaryl alcohol COUMARYL Conventional ~ CgH100>
Anisole ANISOLE Conventional ~ C7HsO
Phenol PHENOL Conventional  CgHeO
Levoglucosan LVG Conventional ~ CeH100s
Xylose XYLAN Conventional ~ CsHgOg4
5-hydroxymethyl-furfural HMFU Conventional ~ CsHeO3
Furfural FURF Conventional ~ CsHsO>
3-hydroxypropanal C3HesO2 Conventional ~ C3HsO2
n-propionaldehyde ALD3 Conventional  C3HeO
Hydroxy acetaldehyde HAA Conventional ~ C2H4O2
Ethanol C2HsOH Conventional  C2HsOH
Glyoxal GLYOX Conventional ~ C2H20>
Acetaldehyde CHsCHO Conventional CH3CHO
Acetic acid CH3COOH Conventional  CH3;COOH
Methanol CH30H Conventional  CH3OH
Formaldehyde CH20 Conventional  CH20
Formic acid HCOOH Conventional HCOOH
Ethylene CaHy Conventional  CzHa
Methane CHas Conventional CHg4
Carbon dioxide CO2 Conventional  COz
Carbon monoxide CoO Conventional CO
Hydrogen H2 Conventional H>
Water H20 Conventional  H,O
Non-biomass components
Argon AR Conventional AR
Nitrogen N2 Conventional N2
Oxygen 02 Conventional O
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Characterization of Pyrolysis and Oxidation processes of Biomaterials,

Biomasses and Biofuels
Abstract

The urgent need for alternative solutions mitigating the impacts of human activities on the
environment has strongly opened new challenges and opportunities for the energy supply chain,
in view of the energy transition. Indeed, the automotive industry is going through a
revolutionary moment in its quest to reduce its carbon footprint, with biofuels being one of the
viable alternatives. The use of different classes of oxygenated biofuels, such as alcohols,
carboxylic acids, aldehydes, and esters as fuel additives or standalone fuel components has
attracted the attention of many researchers worldwide. Despite their beneficial effects, biofuel’s
combustion can also result in the production of undesirable pollutants such as aldehydes and
organic acids. Hence, the use of these fuels requires a complete characterization of the
phenomena that occur during their production and consumption. Industrial scale-up of biomass
conversion is challenging owing to the complexity of its chemistry and transport phenomena
involved in the process, thereby affecting yield distributions and product compositions. In this
view, the role of solid-phase and gas-phase chemistry is paramount for a complete
understanding of energy recovery processes, undesired pollutants formation and consumption,
and in general for several industrial sectors. Thus, this study is devoted to a detailed analysis
of physical-chemical phenomena characterizing biomass pyrolysis and biofuel oxidation
aiming at the realization and implementation in real systems of a kinetic mechanism. The solid-
phase kinetics is dedicated to how the pyrolysis kinetic mechanism is constructed and
implemented in process simulation software (i.e. Aspen Plus) to be able to simulate pyrolysis
process. The pyrolysis mechanism has been represented by 20 first order decomposition
reactions. In the gas-phase, predictive chemical kinetic models have been constructed
following two approaches; manually upgrading the existing mechanism (i.e. KiBo_MU) and
automatically generating a new mechanism using RMG (i.e. KiBo_AG). The former comprises
141 species and 453 reactions, while the latter contains 631 species and 28329 reactions. The
accuracy of the pyrolysis kinetic mechanism has been tested against the experimental
pyrolyzed product distributions from different biomass sources while, the combustion kinetic
models have been evaluated through the investigation of fundamental combustion parameters
(i.e. laminar burning velocity, species profile and ignition delay times) under wide range of

reaction conditions and fuel compositions. Formic acid, acetic acid, acetaldehyde, methanol
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and ethanol were considered for validation of the combustion mechanisms. Under the
investigated conditions, the kinetic mechanisms captured the experimental trends well and in
particular, KiBo_MU and KiBo_AG showed better accuracy when compared to the well-
validated existing kinetic models. The overall agreement between experimental measurements
and numerical estimations allowed for the use of KiBo_MU and KiBo_AG kinetic models to

unravel the chemistry of the investigated species.

Although the development and validation of detailed kinetic mechanisms suitable for the
evaluation of the chemistry of biomass-based fuels represent the main deliverable of this
project, the realized procedure integrating schematic classifications with methodologies for the
identification of common decomposition pathways and intermediates represents an additional
source of novelty in this study. Besides, the fundamental-oriented nature of the adopted
approach has allowed for the identification of the most relevant reactions and species under
operative conditions of interest in different industrial applications, paving the way for the
reduction of the kinetic mechanism. Eventually, the resulting skeletal version of a detailed
kinetic mechanism can be intended for its integration with more complex models accounting

for the fluid dynamics to accurately reproduce the behaviour of real systems and reactors.
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