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Abstract

The global transportation sector is dominated by energy from fossil fuel sources, however, in

the context of climatic change there is a growing need to shift towards renewable energy sources.

In addition, this sector plays a leading role for the deteriorating air quality in urban areas which

is a major risk to human health, and it is expected to be the highest source of air pollution in

the foreseeable future. Climate change, energy security, containment of regulated emissions and

environmental concerns are considered as the main driving forces behind alternative fuels research.

Potential low and neutral carbon fuels produced from renewable resources seem to be a preferable

class of fuels for internal combustion engines. Although it is recognized that the combustion of

low and neutral carbon fuels still generates pollution, the levels of regulated emissions and the

carbon footprint decreases compared to the use of fossil fuels.

The best-known family of low and neutral carbon fuels are biodiesel, ethers, renewable diesel,

bioalcohols, which have proved advantages as they are aromatic-free, sulfur-free and some of them

can provide extra oxygen content. They have emerged as cleaner alternatives to mineral diesel

and they can significantly reduce regulated emissions without compromising engine performance.

However, several harmful volatile organic species which pose significant hazards to human health

can be affected by using these low and neutral carbon fuels. This thesis studied the impact of

a broad group of conventional and non-conventional biofuels on the formation of two groups of

unregulated toxic emissions and in the induced biological risk in terms of cytotoxicity (cell death),

genotoxicity (DNA damage), apoptosis (induced cell death) and ecotoxicity. Different methods

were used to characterise the exhaust gases, both particles and gas phase, and a sampling system

for unregulated toxic pollutants was designed and built.

In the first part, unregulated emissions of carbonyl compounds and polycyclic aromatic hy-

drocarbons in solid particle and gaseous phase, the contribution to ozone formation potential and

the biological response of soluble organic fraction and water-soluble fraction extracted from par-

ticulate matter were investigated. Tests were conducted in an automotive diesel engine fueled with

butanol, pentanol and hydrotreated vegetable oil blended with diesel, operating under two station-

ary modes, representative of urban driving conditions from the worldwide light duty test cycle

(WLTC). Results showed that independently of the engine operating mode, alcohols exhibited the

highest carbonyl compound emissions and thus the highest ozone formation potential. Indepen-

dently of the fuel and engine operating mode, most of the PAH were present in the gas-phase.

It was observed that some local combustion conditions might increase the emissions of PAH for

renewable fuels. Regarding the biological response, all PM samples exhibited genotoxic effects.

However, none of them showed cytotoxicity nor ecotoxicity effects.

Following the same sampling methodology, the second part investigated the unregulated emis-
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sions in both, gas and particle phases, from a Euro 6b diesel engine, operated with four uncon-

ventional and advanced biofuels blended with diesel fuel and hydrotreated vegetable oil as base

biofuel. The engine was operated following the WLTC driving cycle, starting from cold-engine

conditions. Gas phase samples were collected and analyzed at each one of the four phases of the

driving cycle. In addition, the apoptotic index induced by gas and particle emissions was deter-

mined. Results showed that the total gaseous PAH and carbonyl emission factors were higher at

the low-speed phase for all fuels. Gas-phase PAH emission factors exceeded particle-bound PAH.

Carbonyl emission factors markedly exceeded gaseous PAH emissions. Although particle-bound

PAH comprises only a small fraction of total PAH emissions, both phases (gas and particles) con-

tributed approximately equal to the toxicity associated with carcinogenic PAH. The apoptotic cells

percentage increased in a dose-dependent manner and it was significantly higher in cells exposed

to gas phase-derived samples in comparison with particle phase.

Finally, special care on unregulated emissions and biological risk is highly recommended

when promoting low or zero carbon footprint fuels for internal combustion engines. Although

the net carbon emissions could be drastically decreased, several harmful PAH and carbonyl com-

pounds can be significantly increased and thus the risk to human health.
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Chapter 1

Introduction

1.1 Motivation

Energy demand has been rising remarkably due to increasing population and urban-
ization. Global economy and society are significantly dependent on energy availabil-
ity because it touches every facet of human life and activities. However, the world
community are at a turning point in world energy history, the concept of “carbon
neutrality" by 2050 has become the primary objective in energy transition policies
[1, 2], but ¿how to achieve it? It is not entirely clear. Achieving this goal will require
multidisciplinary research, breakthroughs and innovations.

Currently, this transition seeks to prioritize sustainable mobility with the mas-
sive introduction of low-to-zero carbon footprint biofuels [3], the use of hybrid and
electric vehicles, and energy efficiency policies. Therefore, the gradual reduction and
future disappearance of fossil fuels and decarbonization of the transportation sector is
a reality. However, internal combustion engines (ICE) will not necessarily disappear,
not in the near future [4, 5].

To date, electric vehicles equipped with batteries have not overcome barriers
such as high costs, weight, as well as the limitations of the exploitation and transfor-
mation of precious and rare metals involved in the electrical system. Topics such as
the low vehicle range (km/kWh) of electric vehicles due to the reduced energy stor-
age capacity of current batteries compared to fossil fuels, and the inherent difficulty
in supplying electricity from renewable energy (mainly hydro, wind and solar) are
still a challenge.

Despite this situation, diesel engines continue to be a key factor in current eco-
nomic development, since there are still no real alternatives that can compete with the
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ICE in the full range of applications it covers. It is estimated that they will retain still
a leading role since they are the most efficient thermal machines for people trans-
portation and cargo. Therefore, scientists have been searching for alternative fuels
that can provide an equal exchange for the huge demands of conventional diesel fuel
usage and that can also mitigate the associated effects of fossil fuels [6].

In a realistic scenario, ICE will continue to be present due to their high efficiency;
and second generation biofuels (renewable, electro-fuels -e-fuels- and/or synthetic)
with neutral carbon footprint, are one of the necessary and crucial trends to guarantee
a solid path in the global transition towards renewable and sustainable energies and
towards neutral CO2 mobility by 2050 [4, 7, 8]. These alternative liquid fuels coupled
with highly efficient emission control systems offer the potential for future carbon
neutrality .

In terms of regulated pollutants, thanks to advanced combustion modes and inno-
vative post-treatment systems, some renewable fuels are close to achieving the goal
of zero environmental impacts. However, regarding unregulated pollutants, the re-
sults are not yet clear. Unregulated pollutants directly affect human health. They are
emitted in low concentrations, but their health implications are acute. In addition,
some of them are precursors of tropospheric ozone and secondary aerosols, which
affect the radiative balance of the planet.

In this context, it is necessary to evaluate the emissions of unregulated pollutants
from low-to-zero carbon footprint biofuels (second-generation renewable fuels and
e-fuels) with demonstrated potential in ICE. This allows to comprehensively verify
the wide spectrum of potential effects (negative and positive) of biofuels, considering
that, although net carbon emissions are reduced with the use of renewable fuels and
e-fuels, several unregulated pollutants might increase.

According to the above, the main motivation of this thesis was to gain fundamen-
tal understanding on the influence of different conventional and unconventional alter-
native biofuels on unregulated pollutant emissions with a high potential for affecting
human health. These biofuels were tested in representative driving conditions and in
a homologation driving cycle. Some of these fuels have not been previously evalu-
ated in terms of unregulated emissions. In addition, this work sought to understand
the biological effects of gaseous and particle emissions from potential carbon-neutral
diesel fuel substitutes, in order to broaden the understanding of the possible effects
on human health.

1.2 Contributions of this thesis

In the main body of this thesis, new data, and analysis for understanding the impact
of different alternative fuels on unregulated emissions and biological activity are pre-
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sented. Following that, the combustion characteristics and engine performance are
analyzed in terms of the fuel properties. Novel contributions of this thesis are:

• Provide useful and cutting-edge information about the comparative evaluation
of unregulated pollutants with a high toxic potential to humans, in both, gas
and particle phases, for a broad group of possible substitutes for diesel fuel
(long-chain alcohols, paraffins, e-fuels, hydrogenated waste-derived). For the
first time, the extremely dangerous dibenzo[a,l]pyrene compound is reported
as specific emission [g/kWh] for these fuels.

• In-vivo and in-vitro biological effects of diesel exhaust particle matter were
assessed. For the first time, the assessment of the oxidative DNA damage of
diesel particulate matter through FPG and Endo III enzymes is presented. In
addition, the assessment of the ecotoxicity of the water-soluble fraction of PM
through D. Pulex is also a novelty.

• New insight into the influence of the fuel chemical characteristics and engine
mapping strategy on the regulated and unregulated emissions in a modern Euro
6b engine following the current WLTC driving cycle.

• Novel information on the biological toxicity risk impact through the measure-
ment of the apoptotic index of the gas phase and particles of six biofuels used
in a modern engine under transient conditions.

• Development of a sampling system and sampling methodology for unregulated
pollutants in diesel engine exhaust which can be adapted to a pre-dilution sys-
tem, if desired).

• This is the first study reported about the use of 20% OME (higher contents are
unpractical due to sealing and immiscibility problems) blended with ULSD,
following the current WLTC driving cycle and analyzing instantaneous emis-
sions.

1.3 Structure of this thesis

This thesis has been divided into six chapters.

Chapter 2 provides a review of the current understanding of advanced biofuels
and unregulated emissions that have been studied and the most representative results.
In addition to the unregulated emissions review, the main properties of alternative
biofuels and their combustion characteristics were presented. In this chapter, studies
of biological activity induced by engine emissions were included.
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Technical details of the sampling systems, the test plan and each of the biofuels
are discussed in Chapter 3. Analytical techniques and conditions for chemical and
biological analysis are also presented in this Chapter.

Results from this thesis are divided in Chapter 4 and Chapter 5.

Steady state engine test results of unregulated emissions (carbonyl compounds
and PAH) in solid particles and gaseous phase from 3 biofuels and different blends
with diesel are discussed in Chapter 4, The contribution to ozone formation potential
and the biological response through a wide spectrum of tests (cytotoxicity, genotoxi-
city, oxidative damage and ecotoxicity) are also presented in this Chapter.

In Chapter 5, the unregulated emissions results obtained from a Euro 6b diesel
engine operating in a transient state following the WLTC driving cycle and fueled
with six selected biofuels blended with diesel and HVO are discussed. The effects
of OME addition on engine performance, pollutant emissions (CO, NO2, NO, THC,
PN), and particle size distribution are also presented.

The findings of the thesis are summarised and suggestions for future work are
presented in Chapter 6.
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Chapter 2

Background

This chapter reviews the context in which the present work has taken
place. It provides a theoretical background on unregulated emissions
from diesel engines, as well as the toxicity of those emissions. Con-
ventional and unconventional biofuels are introduced in this chapter, to-
gether with their most relevant properties and characteristics as substi-
tutes for diesel. Finally, a literature review on unregulated emissions,
following the PRISMA framework is given for each biofuel.

2.1 Introduction

Signatories of the Climate Change Conference in Glasgow (COP26) agreed on mov-
ing away from fossil fuels. This was, perhaps, the most contested decision in Glas-
gow. Countries ultimately agreed to a provision calling for a phase-down of coal
power and a phase-out of “inefficient” fossil fuel subsidies – two key issues that
had never been explicitly mentioned in decisions of United Nations (UN) climate
talks before, despite coal, oil, and gas being the main drivers of global warming [1].
Therefore, in addition to zero-emission vehicles and improvements in fuel economy,
biofuels, especially advanced and electrofuels are currently being promoted, and will
be further boosted in the Fit-for-55 legislative package in order to align current laws
with the 2030 and 2050 mandates.

The most studied alternative fuels include on the one side, oxygenated fuels such
as biodiesel, bio-alcohols and ethers including dimethyl ether (DME), and on the
other side, non-oxygenated ones such as hydrotreated vegetable oils (HVO) and Fis-
cher–Tropsch fuels. Other less studied waste-derived renewable fuels have demon-
strated to be also suitable for diesel applications, such as terpene-based fuels, i.e., hy-
drogenated turpentine (HT) and hydrogenated orange oil (HO), and glycerol-derived
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biofuel [2, 3]. In the last years, polyoxymethylene dimethyl ethers (OME, mainly
3-5) are becoming promising non-biological renewable fuels [4, 5, 6]. Their high
oxygen content, the lack of aromatic rings, and their high hydrogen-to-carbon ratio
are some of the characteristics that have been shown to reduce soot formation and
different regulated emissions [7, 8].

Some of the mentioned renewable fuels have been considered as a prospective
drop-in alternative fuels for compression ignition engine applications in recent past,
since they have shown a reduction in several harmful regulated emissions by offering
diesel-like or even better thermal efficiency [9, 10, 11, 12, 13, 14]. However, the
formation of highly toxic and carcinogenic pollutants such as polycyclic aromatic
hydrocarbons (PAH) and aldehydes, which are not regulated yet, have been little
reported in literature, or some of them have shown contradictory effects. In addition,
there are several pollutants for which toxicological knowledge is too limited, as are
long-term bioassay observations and epidemiological studies.

It is important to assess potential harmful impacts of these new alternative biofu-
els before they can be widely adopted as diesel fuel substitutes. This chapter presents
the context around the research on unregulated emissions from the target renewable
fuels and introduces the relevance of the thesis in the global context. The reason
behind the selected fuels, as well as their impact on the diesel engines performance
based on their properties, are also described. In addition, a literature review on un-
regulated emissions and toxicity from the conventional and non-conventional biofuels
evaluated in this thesis is presented.

2.2 Unregulated emissions with toxic health effects

Air pollution has become the largest environment and health challenge to society.
Combustion processes involving fossil fuels are largely responsible for air pollution
and climate change, both of which have a direct negative effect on human health [15].

Combustion processes in diesel engines produce a complex mixture of gaseous
and particulate emissions. The highest proportion of emitted compounds are gener-
ally carbon dioxide-CO2, carbon monoxide-CO, nitrogen oxides-NOx, and unburned
hydrocarbons-HC. Among these pollutants, the standards that regulate vehicle emis-
sions have included: NOx, CO, HC and particulate matter-PM (by mass and/or by
number).

With the exception of those pollutants in the previous paragraph, a large num-
ber of compounds, some of them volatile and semivolatile, are not regulated, and
although they are emitted in small concentrations, some have a high potential for
affecting human health and the environment. Volatile and semivolatile organic com-
pounds are mainly lower (C1–C4) paraffin, olefins, aldehydes (e.g., formaldehyde),
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ketones (e.g., acetone), monoaromatics (e.g., benzene, toluene, benzaldehyde, phe-
nol) and PAH.

These toxic compounds enter the human body mainly through the respiratory
system, although they can also be ingested or absorbed through the pores of skin. Part
of the inhaled pollutants can be exhaled, but most reach the lungs, with some pen-
etrating through the lungs and entering the circulation system. These contaminants
can be then transported all over the body, with some chemical reactions forming new
chemicals [15].

2.2.1 Polycyclic aromatic hydrocarbons (PAH)

The most important category of aromatic compounds from diesel combustion are
PAH, which are found both in the gaseous phase and adsorbed on PM. They are
considered to be suspected of being carcinogenic, teratogenic and genotoxic [16, 17,
18].

PAH are a group of organic compounds formed by multiple aromatic rings and
are among the most widespread pollutants in the environment [19]. In internal com-
bustion engines, they can originate in various processes, such as fuel fragmentation
that leads to pyrolysis, pyrosynthesis of aromatic compounds and lubricating oil that
remains unburned [20]. However, their formation depends on many factors, such as
engine type, fuel type, engine speed and load, etc.[21]. PAH are classified according
to their molecular weights into three classes, low molecular weight (LMW) com-
pounds (2–3 rings), medium molecular weight (MMW) compounds (4 rings), and
high molecular weight (HMW) compounds (5 rings–6+ rings) [22]. The American
Environmental Protection Agency (U.S.EPA) has defined 16 PAH structures as sub-
stances for priority evaluation due to the potential harmful risk they would have on
living beings Figure 2.1.

PAH can enter the body through ingestion, inhalation, and dermal absorption.
As a consequence of their low solubility in water and high solubility in substances
of a lipid nature, they accumulate in organisms and in the organic matter of particles
and sediments, being able to remain for long periods of time, which guarantees their
bioavailability [19, 21, 22]. Benzo(a)pyrene (BaP) is one of the PAH that has the abil-
ity to develop carcinogenic, genotoxic and/or mutagenic effects; and this compound
can remain for long periods in the environment (half-life in the soil of 162 days).
Therefore, BaP is considered as the reference compound in different environmental
studies by U.S. EPA.
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Figure 2.1: Structures of the 16 PAH on the U.S.EPA priority pollutant list [23]
.

In recent years, attention has been directed also to both, PAH, and their nitrated
and oxygenated derivatives emitted by combustion sources, and mainly as products of
both gaseous and heterogeneous photo-oxidation reactions of PAH with atmospheric
oxidants (OH, NO3, O3), photolysis and thermal conversions [24].

2.2.2 Carbonyl compounds

Other atmospheric pollutants emitted during vehicle combustion are carbonyl com-
pounds. They are a category of organic compounds that contain the functional group
C=O in their structure (Figure 2.2).The simplest carbonyl groups are aldehydes and
ketones. They fall into the category of toxic pollutants and are responsible for the
formation of smog. They are also found in the atmosphere as part of the ozone cy-
cle. Since they are the most abundant of the easily photolyzed compounds in the
atmosphere (except for NO2) they are an essential source of free radicals for tropo-
spheric photochemistry, and even the most important source in moderate to strong
polluted atmospheres [25]. Carbonyl compounds can react with the hydroxyl rad-
ical (·OH) to generate HO2 and RO2 radicals, which can oxidize NO to NO2 and
further promote the formation of O3 in the troposphere [26]. In addition, they are
also important intermediates in the formation of secondary aerosols. The oxidation
of carbonyl compounds could produce formic acid, acetic acid, and other acidic sub-
stances, which may enhance atmospheric acidity and intensify the formation of acid
rain [26].
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Figure 2.2: Carbonyl group and some example compounds

These compounds not only degrade the environment [27], most carbonyl com-
pounds are highly irritating and dangerous for human health, as they can induce nasal
diseases and cause headaches and irritation of the skin, eyes and mucous membranes
of the respiratory system [17, 28]. In particular, formaldehyde poses serious risks to
the human eyes, skin, and respiratory system, and has been confirmed as a first-class
human carcinogen by the IARC [29], which can cause nasopharyngeal cancer and
may also be related to leukemia [30]. Acetaldehyde is also considered as a carcino-
genic compound [28].

2.2.3 Other unregulated pollutants

Trace level metals, which are emitted from the engine, might be non-carcinogenic
or carcinogenic. Ni, Cd and Cr are considered carcinogenic metallic elements [31].
Trace metals in PM can penetrate deep into the respiratory tract of the human body
and can even enter the cells of the human body. These trace metals increase the activ-
ity of reactive oxygen species (ROS) in cellular structures [32], resulting in elevated
oxidative stress [33].

2.2.4 Toxicity of pollutant emissions

The overall impact of engine emissions on human health has been studied for a long
time, diesel exhaust particles were classified as carcinogens [16] and epidemiolog-
ical data indicate that exposure to diesel exhaust particles from traffic emissions is
associated with a higher risk of morbidity and mortality related to cardiovascular
and pulmonary diseases. However, beyond mortality, non-cardiopulmonary adverse
outcomes through systemic effects such as inflammation, oxidative stress, immune
modulation and epigenetic alterations are also induced by both particulate matter and
gaseous contaminants. This situation has gained prominence as a global public health
concern [34].

From a toxicological perspective, part of the mass of PM consists of biologically

10



inert material: ammonium sulfates and nitrates, etc., while the content of heavy met-
als and organic compounds have relatively small masses but contribute significantly
to the reported health effects in the literature [35, 36]. The smallest PM (<100nm) can
penetrate and deposit deep into the small airways and alveoli, where they can accu-
mulate and trigger inflammation and oxidative stress resulting in acute or chronic
lung injuries [37]. Absorbed organic compounds consisting of highly mutagenic
chemicals that have been shown to cause lung tumors, induce mutations in bacte-
rial and mammalian cells, sister chromatid exchanges, and chromosomal aberrations
in cultured mammalian cells. There is also consensus on the ability of inhaled PM to
cause oxidative stress at the air-lung interface that may cause or contribute to many
acute and chronic diseases [38, 39].

The toxicological potential of the diesel exhaust emissions have been assessed
through a wide spectrum of tests (cytotoxicity, genotoxicity, oxidative stress), in or-
der to identify substances that can cause genetic alterations in somatic or germ cells,
and this information is used in making regulatory decisions. National and interna-
tional regulatory agencies historically have used genotoxicity information as part of
a weight-of-evidence approach to evaluate potential human carcinogenicity and its
corresponding mode of action [40]. On the other hand, information on mutagenicity
is also valuable in assessing the risk of other adverse effects, particularly develop-
mental effects occurring through mutation of germ cells or genotoxicity occurring in
somatic cells during embryogenesis and fetal development [40]. Table 2.1 shows the
biological categories to assess risks associated with diesel exhaust emissions.

Genotoxicity is an important step in the development of lung cancer by expo-
sure to outdoor air pollution and diesel exhaust [16]. DNA adducts can be produced
when PAH bind to DNA, whereas oxidative damage to DNA is caused by ROS that
are generated by particulate matter, transition, and certain organic compounds in the
combustion gas exhaust, or by inflammatory cells in the body. ROS can cause both
DNA strand breaks and oxidation of DNA nucleobases [41].
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Table 2.1: Biological categories to assess risks associated with diesel exhaust emis-
sions

Biological category Description

Mutagenicity

The term “mutation” refers to permanent changes in the
structure or amount of the genetic material of an organ-
ism that can lead to heritable changes in its function; these
changes include gene mutations as well as structural and
numerical chromosomal alterations. The term “mutagen”
refers to a chemical that induces heritable genetic changes,
most commonly through interaction with DNA, and “muta-
genicity” refers to the process of inducing a mutation [40].

Genotoxicity

The broader terms “genotoxicity” or “genetic toxicity”, in-
clude mutagenicity, but also include DNA damage, which
may be reversed by DNA repair processes or other known
cellular mechanisms or result in cell death and may not re-
sult in permanent alterations in the structure or information
content of the surviving cell or its progeny [40].

Cytotoxicity

Cell death by endogenous and/or exogenous effects is
called cytotoxicity and the effect that leads to cell death
is called the cytotoxic effect. The basic pathway of cyto-
toxicity is determined by the pattern by which the cell dies.
Accordingly, the cell either attempts to die in a multi-step
manner in the presence of a genetically controlled mecha-
nism, which is called apoptosis (programmed cell death),
or dies by a necrosis-like mechanism (without genetic con-
trol) that suddenly occurs for unpredictable reasons lead-
ing to inflammation. Although not genetically controlled,
some exogenous effects may also trigger apoptosis by re-
programming the genetic control of the cell-killing mech-
anism [42].

Oxidative stress

Oxidative stress refers to the excessive production of ROS
in the cells and tissues and antioxidant system cannot be
able to neutralize them. Imbalance in this protective mech-
anism can lead to the damage of cellular molecules such
as DNA, proteins, and lipids. Oxidative stress can activate
a variety of transcription factors, which lead to the differ-
ential expression of some genes involved in inflammatory
pathways [43].

Although there is consensus that the use of biofuels can reduce regulated emis-
sions, several investigations have shown that the toxicity of emissions of biodiesel
increases, since their particles are more reactive than fossil fuels counterpart, and
induce high cytotoxicity, mutagenicity and oxidative stress [44, 34, 45]. Regardless
of the biofuel feedstock, its raw material and production process, the combustion of
biofuel/diesel blends produce a complex mixture of exhaust gases containing PM ,
metals, organic compounds (e.g. volatile compounds and PAH) and elemental car-
bon, that can exacerbate the biological response, making these emissions potentially
more dangerous to health than diesel fuel alone.
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2.2.5 Literature review on unregulated emissions

A literature review on unregulated emissions of the alternative biofuels evaluated in
this thesis was carried out. For some of them any report on unregulated emissions was
found. The search strategy was focused through Scopus database with the following
inputs for title, abstract and keywords.

Table 2.2: Database inputs to complete search

Input 1 Input 2 Input 3 Input 4 Input 5
Biofuel “unregulated emissions" OR “PAH" OR “polycyclic “carbonyls" “engine"
name “non regulated emissions" aromatic hydrocarbons"

The literature searches recovered 159 unique results from which 32 were in-
cluded in this literature review following the PRISMA framework [46] as shown in
Figure 2.3.

Figure 2.3: Flowchart of the literature review following the PRISMA framework [46]

The summary of the search results is shown in Figure 2.4. For pentanol and
terpene-based fuels no results were found. The details of each search are shown and
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discussed in sections 2.3.1, 2.3.2, and 2.3.4 (Tables 2.3, 2.4 and 2.6). The search
returned results for unregulated emissions and biological activity (Bio.Act.) and this
last one was included as long as they were reported together with any unregulated
emission.

Figure 2.4: Summary of findings on unregulated emissions

2.3 Conventional and non-conventional alternative biofuels

2.3.1 Hydrotreated vegetable oil -HVO

Hydrotreated vegetable oil is a mixture of straight chain and branched paraffins – the
simplest type of hydrocarbon molecules from combustion point of view –. Typical
carbon numbers are C15...C18. Paraffins exist also in fossil diesel fuels, which ad-
ditionally contain significant amounts of aromatics and naphthenes. Its properties
are quite similar to Gas-to-Liquid (GTL) and BTL fuels made by Fischer Tropsch
synthesis from natural gas and gasified biomass, respectively [9].

HVO produced from triglycerides through hydro-deoxygenation reactions has
been considered as a prospective drop-in alternative fuel for CI engine applications
in recent past [9]. HVO is a non-fossil hydrocarbon fuel characterised by the same
chemical structure as conventional diesel fuel that (1) can be blended with conven-
tional diesel fuel, (2) can use the same fuel supply infrastructure, and (3) does not
require adaptation of the vehicle powertrain or engines [47]. The high cetane number
(CN) is appropriate for lower compression ratio engines resulting in better NOx-PM
trade-offs, and the absence of sulphur reduces the ageing and deterioration of after-
treatment devices and engine components. HVO is characterized by a higher Lower
Heating Value (LHV) and density than standard diesel fuel, related to high paraffin
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content, with a dropping trend of mass-based fuel consumption [48].

HVO fuel can potentially be carbon neutral in a sense that the carbon produced
by its combustion can be offset by the carbon absorbed during the feedstock growth.
Therefore, HVO fuels hold great potential for reducing greenhouse gases [49]. HVO
has higher energy content and superior thermal and storage stabilities than biodiesel
and alcohols. It also has excellent combustion quality and good low-temperature
properties [50].

HVO is increasingly being produced from waste and residue fat fractions coming
from non-food grade vegetable oil fractions, as well as from the food industry. The
HVO production is a mature commercial technology. Companies such as Neste with
Neste MY Renewable Diesel, Honeywell UOP/ENI with Green Diesel, and Haldor
Topsoe with UPM BioVerno have developed stand-alone HVO production processes
and products [51]. Moreover, in South America, HVO has already been co-processed
with fossil diesel in a pilot plant in Brazil, and large scale production is expected
to start in Paraguay and Bolivia in the next years. Uruguay recently adapted na-
tional regulations to open pathways for producing HVO locally, and case studies
indicated the viability of similar projects in Colombia where the Colombian oil com-
pany (Ecopetrol) already has a patent -Biocetano [52].

HVO production

Catalytic hydroprocessing is designed to convert vegetable oils to high quality diesel,
which can be used in existing diesel engines. Catalytic hydroprocessing is a common
refinery process aiming to increase hydrogen to carbon ratio, decrease the concentra-
tion of heteroatoms and metals, and reduce the boiling point of petroleum fractions.
Catalytic hydroprocessing of vegetable oils is focused on producing a high quality
biofuel product that is compatible with existing diesel fuel infrastructure without by-
products, while during Fatty Acid Methyl Ester (FAME or biodiesel) transesterifica-
tion, glycerin is produced [53, 9, 51].

The HVO production process starts with fatty oils (triglyceride). In the first
step, the triglyceride is hydrotreated involving hydrogenation of the C double bond
C bonds of the vegetable oils resulting in diglycerides, monoglycerides and acids.
The following step converts the intermediates into straight-chain alkanes ranging
from C15 to C18 (at 350–450°C in the presence of H2 at 50–150 bar) by three dif-
ferent pathways: decarboxylation, decarbonylation and hydrogenation, and finally,
one catalytic isomerization step which will lead to a mixture of n- and iso-paraffins
[53, 9, 51]

The decarboxylation pathway involves converting a carboxylic acid into a methyl
group and CO2 as shown in Equation 2.1. No hydrogen is required to convert a car-
boxylic acid group to an alkane by the decarboxylation pathway [53].
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R – CH2 – COOH → R – CH3 + CO2 (2.1)

The decarbonylation pathway involves the reaction between carboxylic group
with hydrogen to produce a methyl group, CO and water as shown by Equation 2.2
[53].

R – CH2 – COOH +H2 → R – CH3 + CO +H2O (2.2)

The hydrodeoxygenation pathway involves converting the carboxylic acid with
hydrogen to produce an alkane and water as shown by Equation 2.3 [53].

R – CH2 – COOH + 3H2 → R – CH2 – CH3 + 2H2O (2.3)

HVO combustion characteristics

The effects of HVO on engine performance and regulated emissions have been widely
reported in literature, since it is a reference biofuel under commercial use in some
countries. HVO has potential advantages with respect to both diesel and biodiesel in
terms of production costs, exhaust emissions and adaptability to current engine de-
signs. Most studies have shown that use of HVO reduce emissions of regulated com-
pounds (NOx, PM, HC and CO), as well as fuel consumption without any changes to
the engine or its control in heavy-duty engines [54, 55, 56, 57, 58, 59, 60, 61].

HVO fueled engine results in lower in-cylinder peak pressure than diesel owing
to its higher CN which ultimately leads to shorter ignition delay [61], resulting in
more rapid development and advance of combustion, particularly at low speed and
loads, where the combustion rates are limited by chemical processes. Examination
of diesel particle filter (DPF) regeneration revealed, comparable or lower particle
loading for HVO, and higher rate of penetration of fuel into lubricating oil for HVO
compared to diesel [8].

In conclusion, HVO is a promising fuel for compression ignition engines which
possesses superior physico-chemical properties such as higher CN, heating value,
negligible unsaturation level, oxygen, sulphur and aromatic content as compared to
diesel which results in better performance and emissions characteristics and it can be
developed into a sustainable alternative to diesel [61].

Regarding unregulated emissions, the results of the literature review are pre-
sented in Table 2.3.

16



Ta
bl

e
2.

3:
Su

m
m

ar
y

of
un

re
gu

la
te

d
po

llu
ta

ns
(b

io
lo

gi
ca

la
ct

iv
ity

in
cl

ud
ed

)r
ep

or
te

d
fo

rH
V

O
-d

ie
se

lb
le

nd
s

te
st

ed
in

di
es

el
en

gi
ne

s

D
ie

se
l-H

V
O

bl
en

ds
R

ef
(C

ou
nt

ry
)

Fu
el

E
ng

in
e

M
od

e
Ph

as
e

PA
H

C
ar

bo
ny

ls
B

io
.A

ct
[6

2]
D

ie
se

l(
R

ef
)

20
09

Jo
hn

D
ee

re
no

nr
oa

d
cy

cl
e

an
d

G
as

+
PM

↑
–

↑

(2
02

2,
U

.S
.)

H
V

O
si

ng
le

cy
lin

de
r,

4.
5L

th
e

5-
m

od
e

(H
V

O
)

(H
V

O
)

H
V

O
50

B
50

off
-r

oa
d

D
2

IS
O

87
18

↓
↓

(H
V

O
50

B
50

)
(H

V
O

50
B

50
)

[6
3]

D
ie

se
l(

R
ef

)
N

.A
.

N
.A

.
PM

↑
–

≈

(2
02

0,
D

en
m

ar
k)

H
V

O
13

[6
4]

D
ie

se
l(

R
ef

)
6-

cy
lin

de
r1

3-
L

,
6

ba
rB

M
E

P
PM

↑
–

≈
(R

O
S)

(2
02

0,
Sw

ed
en

)
H

V
O

m
od

ifi
ed

to
a

12
00

r/
m

in
si

ng
le

cy
lin

de
r

[6
5]

D
ie

se
l(

R
ef

)
H

yu
nd

ai
Tu

cs
on

1.
9

L
A

td
iff

er
en

t
G

as
–

≈
–

(2
02

0,
Ta

iw
an

)
H

V
O

20
C

R
D

I,
E

ur
o

6
en

gi
ne

lo
ad

s
(H

C
H

O
)

[6
6]

H
V

O
13

B
7

E
ur

o
5

Fi
at

Pa
nd

a-
20

14
45

%
-4

3.
75

km
/h

G
as

+
PM

↓
–

↑

(2
01

8,
Po

la
nd

)
1.

3
JT

D
50

%
lo

ad
-2

0
km
/h

.
[6

7]
B

7(
R

ef
)

E
ur

o
5

Fi
at

Pa
nd

a-
20

14
45

%
-4

3.
75

km
/h

G
as

–
≈

–
(2

01
7,

Po
la

nd
)

H
V

O
13

B
7

1.
3

JT
D

50
%

lo
ad

-2
0

km
/h

.
[6

8]
D

ie
se

l(
R

ef
)

6-
cy

lin
de

rt
ur

bo
ch

ar
ge

d
W

H
T

C
PM

↓
(H

V
O

)
–

–
(2

01
7,

C
ze

ch
R

.)
H

V
O

30
20

01
m

od
el

ye
ar

↑
(H

V
O

30
)

H
V

O
5.

9
L

Iv
ec

o
Te

ct
or

[8
]

D
ie

se
l(

R
ef

)
E

ur
o

6,
4-

cy
lin

de
r1

.5
9

L
N

E
D

C
,W

LT
P

G
as

–
↓

(H
C

H
O

)
–

(2
01

9,
C

ze
ch

R
.)

C
A

D
C

[6
9]

D
ie

se
l(

R
ef

)
O

M
90

6
L

A
6.

3
L

,
E

SC
te

st
G

as
+

PM
↓
↓

↑
↑

(2
01

5,
G

er
m

an
y)

H
V

O
6-

cy
lin

de
r,

E
ur

o
II

I
(M

ut
ag

.)
[7

0]
D

ie
se

l(
R

ef
)

M
id

si
ze

pa
ss

en
ge

rc
ar

,
U

D
C

,E
U

D
C

,N
E

D
C

G
as

(C
ar

bo
ny

l)
↑

↓
↓

–
(2

01
5,

Po
la

nd
)

H
V

O
30

1.
92

L
,C

R
D

I,
E

ur
o

4
PM

(P
A

H
)

[7
1]

D
ie

se
l(

R
ef

)
M

er
ce

de
s-

B
en

z
E

SC
PM

↓
≈

(2
01

3,
G

er
m

an
y)

H
V

O
O

M
90

6
L

A
,E

ur
o

II
I

↓
↓

17



D
ie

se
l-H

V
O

bl
en

ds
(c

on
t.)

R
ef

(C
ou

nt
ry

)
Fu

el
E

ng
in

e
M

od
e

Ph
as

e
PA

H
C

ar
bo

ny
ls

B
io

.A
ct

6.
37

L
,6

-c
yl

in
de

r
(M

ut
ag

.)
[7

2]
D

ie
se

l(
R

ef
)

20
00

Fr
ei

gh
tli

ne
r

C
ity

an
d

hi
gh

G
as

–
↓

–
(2

01
2,

U
.S

.)
H

V
O

50
Tr

uc
k

20
00

w
ith

a
sp

ee
d

cr
ui

se
H

V
O

C
at

er
pi

lla
rC

-1
5

dr
iv

e
cy

cl
es

[7
3]

D
ie

se
l(

R
ef

)
Sm

al
le

ng
in

e
IS

O
st

an
da

rd
PM

↓
↓

–
≈

(2
01

0,
Fi

nl
an

d)
H

V
O

K
ub

ot
a

D
11

05
-T

cy
cl

e
↑
:I

nc
re

as
e

w
ith

re
sp

ec
tt

o
th

e
re

fe
re

nc
e

fu
el

(R
ef

)↑
↑
:S

ha
rp

in
cr

ea
se
↓
:D

ec
re

as
e
↓
↓
:S

ha
rp

de
cr

ea
se
≈

:R
em

ai
n

co
ns

ta
nt

–
:n

ot
pr

es
en

te
d

H
V

O
X

:X
%

by
vo

lu
m

e
of

H
V

O
bl

en
de

d
w

ith
di

es
el

H
V

O
X

B
Y

:X
%

by
vo

lu
m

e
of

H
V

O
bl

en
de

d
w

ith
Y%

by
vo

lu
m

en
of

bi
od

ie
se

la
nd

an
d

10
0–

X
–

Y
of

di
es

el

18



From the literature review, 12 investigations on unregulated emissions with HVO
were found, which have been carried out in both, gas phase and particles, and some of
them include biological activity tests (see summary in Figure 2.5). All the gas phase
studies correspond to carbonyl compounds, which, according to the reported results,
remain constant (43%) or decrease (43%) compared to diesel, only 14% reported an
increase. Most of the studies have been carried out in steady state with blends from
13% to pure HVO. For PAH emissions there were no consensus, 48% of the studies
reported an increase, while the rest a decrease. These reductions in PAH emissions
have been attributed to the absence of aromatics. However, the increase emissions
would originate from pyrosynthesis pathways of lower molecular weight hydrocar-
bons in the fuel. Finally, from the biological activity studies, only mutagenicity and
ROS were reported, and 44% reported an increase in biological activity with respect
to diesel fuel.

It could be concluded that the use of HVO blends tends to reduce total car-
bonyl emissions, but could increase the biological response. However, the disparity
of findings (mainly with PAH emissions) corroborates the substantial dependence of
unregulated emissions on factors such as the engine type, and operation modes.

Figure 2.5: Summary of findings on unregulated emissions and biological activity
with HVO

2.3.2 Butanol

Butanol is a biomass-based renewable fuel with four-carbon structure and is con-
sidered a high-chain alcohol (CH3(CH2)3OH). Butanol is of particular interest as
a renewable biofuel as it is less hydrophilic, and possesses higher energy content,
higher cetane number, higher viscosity, lower vapor pressure, higher flash point and
higher miscibility than ethanol, making it more preferable than methanol and ethanol
for blending with diesel fuel [74].
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Despite butanol is more promising as a renewable blending component for diesel
fuels (their physicochemical properties are closer to diesel fuel) than ethanol, butanol
can not directly replace diesel fuel. Lapuerta et.al. [75] reported that the maximum
butanol content is limited by engine starting difficulties at very low ambient temper-
atures. Therefore, butanol should be introduced up to 13% at any ambient conditions
and under any certification procedure.

Some other points that make butanol suitable for blending with diesel are: sto-
ichiometric air/fuel ratio of butanol is similar to diesel fuel, the high flash point en-
sures safe transportation and handling.

Butanol shows lower heating value than diesel, therefore, more amount is re-
quired to produce the same power output in the engine. Comparing ethanol, methanol
and butanol, the latter has more energy density in volume than ethanol, reducing the
fuel consumption needed to keep an specific load in diesel engines [76, 74, 77, 78].
The presence of butanol affects the fuel-air mixing process and the injection spray
development. The lower density, lower kinematic viscosity and higher volatility of
n-butanol with respect to diesel fuel lead to a better atomization for butanol-diesel
blends, which is helpful to form homogeneous fuel-air mixtures, thus decreasing
the soot emissions when the blend is tested [76, 74, 77, 78]. Blending and fumiga-
tion techniques are the most preferred methods for using butanol in diesel engines
[79, 80].

Butanol production

Butanol can be produced through biological or chemical routes (Figure 2.6). Among
the biological routes, ABE fermentation, in which sugar, glycerol, or lignocellu-
lose feedstocks are fermented by microorganisms to produce acetone, ethanol and
n-butanol, is the most widely used. However, to achieve a better economic com-
petitiveness of ABE fermentation, research efforts are focused on the high cost of
substrates, the low butanol concentration in the fermentation broth and the exces-
sive cost from downstream processing. Other biological pathways for n-butanol pro-
duction are IBE fermentation in which also ethanol and isopropanol are obtained,
and syngas fermentation. In this process, before fermentation, the biomass or waste
feedstock is previously thermochemically converted to carbon monoxide (CO), and
hydrogen (H2) synthesis gas (syngas). Among the chemical options, n-butanol can
be produced from oxo synthesis, Reppe synthesis or crotonaldehyde hydrogenation
[76].
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Figure 2.6: Sumary of n-butanol production processes [76]

Butanol combustion characteristics

To date, most studies on butanol-diesel blends have focused on performance and
regulated emissions from diesel engines. Kumar and Saravanan [78] and Vinod Babu
et al. [77] have summarized the effects of n-butanol on combustion based on more
than 50 scientific publications, in the following points:

• Increased butanol content resulted in a lower CN of the blends, which in turn
increases the ignition delay. This enhances the premixed combustion phase due
to which peak heat release rate and peak in-cylinder pressure increases slightly
[77].

• Increased butanol quantity in the blends results in improvement of break ther-
mal efficiency (BTE) due to higher burning velocity and deterioration of brake-
specific fuel consumption (BSFC) owing to inferior calorific value of butanol
[77].

• The enhanced oxygen content of butanol improves the combustion process,
particularly during the diffusion combustion phase. Higher burning velocities
lead to higher efficiency [78].

• The heating value of butanol is approximately 21% lower than diesel and hence
the engine requires more amount of fuel to produce the same output torque
[78].

• NOx emissions generally decrease with increasing butanol content in the blends.
This is due to the engine running overall leaner and the temperature lowering
effect of butanol (due to its lower calorific value and higher heat of evaporation)
dominating the possibly higher temperatures during the premixed combustion
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phase as a result of longer ignition delay (due to its lower cetane number) [78].

• The presence of fuel-bound oxygen in the blends especially in locally rich
zones improved the combustion process resulting in less smoke emissions [78].

• HC emissions increased with increasing butanol content in the blends. The
slower evaporation and poorer air–fuel mixing due to the higher latent heat
of evaporation of butanol blends and fuel impingement on the walls due to
increased spray penetration are the major causes for unburned hydrocarbons
[78].

• The combustion temperature is lowered owing to higher LHV and heat of evap-
oration of butanol and also by using more EGR fraction which in turn decreases
the NOx emissions besides prolonging ignition delay period [77].

• Also, ignition delay can be extended by EGR and retarded injection timing
which provide ample time for better mixing of air and fuel. This results in low-
ering the overall combustion temperature which in turn results in suppressing
the smoke and NOx formation [77].

In conclusion, in terms of regulated emissions and engine performance, butanol
can be considered as an promising option to be blended with diesel fuel. Regarding
unregulated emissions, the results of the literature review are presented in Table 2.4.
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The increase in carbonyl emissions is well known for oxygenated fuels. Par-
ticularly for alcohol fuels, carbonyls are direct intermediates in dehydrogenation re-
actions and indirect intermediates in dehydration reactions [96], and the type of car-
bonyl species emitted are strongly influenced by the alcohol molecular structure [82].
Therefore, most studies of unregulated emissions with butanol have focused on car-
bonyl compounds (see summary in Figure 2.7), many of them with biodiesel-butanol
blends. Carbonyl emissions increased in almost 100% of the studies, while for PAH,
most studies (67%) reported a decrease. Only two studies have evaluated biological
response, and they have focused on cytotoxicity. Therefore, more in-depth studies
are required to evaluate the biological response from a comprehensive perspective,
including genotoxicity and oxidation potential.

Figure 2.7: Summary of findings on unregulated emissions and biological activity
with butanol

2.3.3 Pentanol

In the last years, pentanol has been explored as an alternative fuel in diesel engines
for automotive applications because of its advantages over other alcohols. Pentanol
is a five-carbon straight-chain alcohol (CH3(CH2)4OH) that has greater potential as
a blending component with diesel fuel owing to its higher energy density and cetane
number, that leads to a better combustion efficiency and consequently improved ther-
mal efficiency and specific fuel consumption in comparison to other low carbon al-
cohols. Furthermore, pentanol has better blend stability and less hygroscopic nature
when compared to other widely studied alcohols. Some properties of pentanol such
as density, viscosity, latent heat of vaporization, and lower heating value are closer to
diesel [49].
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Pentanol production

Pentanol, as a second-generation biofuel, has been explored as a liquid alternative
fuel in diesel engines for automotive applications.

Pentanol microbial synthesis from cellulose or glucose fermentation technol-
ogy for its production is under continuous development [97, 98]. Pentanol can be
produced from biological pathways like natural microbial fermentation using en-
gineered micro-organisms and bio-synthesis from glucose using Escherichia coli,
though many of the key enzymes utilized are derived from other important and useful
organisms such as yeast strains and lactobacilli. These microbes along with others
can potentially offer advantages to make them better hosts for pentanol production
[98]. Pentanol being a longer-chain alcohol requires less energy for its production
when compared to other lower alcohols.

There are also some chemical methods for the pentanol production such as frac-
tional distillation of mixed alcohols resulting from the chlorination and alkaline hy-
drolysis of pentane and fractional distillation of fusel oil [99].

Pentanol combustion characteristics

Although there is much more research for butanol and short-chain alcohols than for
pentanol in ICE applications, some research has investigated regulated emissions and
performance of diesel engines fueled with pentanol blends. Briefly, Liang et al. [100]
used seven different EGR rates with two ternary blends of biodiesel-pentanol-diesel
(B10P20 and B20P10) fuels to investigate the effects on combustion and emission
characteristics. They found a decrease in HC at high EGR rates and there was no
significant difference in NOx emissions, in addition, these ternary blends not only
reduced soot emissions but also reduced CO under different EGR rates compared
with diesel. Zhao W et al.[101] investigated the effects of different intake pressures
on the performance and emission characteristics of an engine fueled with 20% and
40% pentanol blends. Results showed that pentanol helped to extend the operating
range of diesel engines when the intake pressure was low, for example operating at
high altitude. They also reported similar thermal efficiency, higher NOx emissions,
and lower soot and HC emissions compared to diesel. On the contrary, Pinzi et al.
[102] reported an increase of HC and a decrease of NOx, and PM and particle number
concentration (PN). A similar result was found by Santhosh et al. [103], showing
that the diesel engine can run with blends up to 30% of pentanol without any engine
modification. Campos-Fernández et al. [104] studied the engine performance using
three pentanol/diesel blends. The results showed that the BTE of the blend was higher
than that of diesel fuel alone, and that blends with up to 25% pentanol could be used
as a fuel for diesel engines without a significant power loss.

The combustion, performance and emission characteristics of diesel engines us-
ing this alcohol have been summarized by [77, 78] as follows:
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• The lower cetane number of pentanol resulted in a prolonged ignition de-
lay,which in turn helped in overcoming the trade-off between NOx and PM.

• Pentanol/diesel blends showed higher peak cylinder pressure and higher pre-
mixed heat release rate compared to diesel.

• Pentanol/diesel fueled diesel engines generally offered diesel-like or better
thermal efficiency. This was due to the lower viscosity and more oxygen quan-
tity of the blends result in improved atomization and combustion.

• The low LHV of pentanol/diesel blends resulted in higher BSFC.

• High NOx emissions were prevalent at high engine loads when using pen-
tanol/diesel blends which can be mitigated by using EGR.

• Pentanol blends decreased soot emissions as a result of its increasing oxy-
genated nature.

• Some researchers have reported a drop in CO and HC emissions with pentanol
content up to 20%.

Although there is an overall agreement that adding pentanol to diesel fuel de-
creases particulate matter while maintaining thermal efficiency, there is still a lack
of knowledge on their unregulated emissions, particularly of carbonyl compounds,
which are of major concern when blending alcohols with fossil fuels. No studies
were found on unregulated emissions with pentanol-diesel blends.

2.3.4 Polyoxymethylene dimethyl ether -OME

Electrofuels (or e-fuels) are gaseous or liquid fuels which can be used in ICE. They
are produced from hydrogen and captured carbon dioxide using renewable electric-
ity as the power source [105]. New oxygenated e-fuels are being developed for use
in ICE and may contribute to the decarbonization of transport. Polyoxymethylene
dimethyl ethers (abbreviated as PODEn, DMMn, OMEn, POMDMEn, and OMD-
MEn) are promising e-fuels for diesel engines because they contain nearly 50%
oxygen and have high cetane number. They are characterized by a CH3-O-(CH2-
O)n -CH3 general structure, with n as the number of oxymethylene groups. Long
chain OME (n>3) have proven to be suitable for diesel engine applications due to
their physical properties and eco-friendly based on life-cycle assessments [106]. The
viscosity, lubricity, vapor pressure and flash point are significantly improved with n
ranging between 3-5 [107], and are miscible with diesel at any ratio without changing
the structure of the diesel engine (drop-in fuel) [106]. Currently, OME3˘5 is manufac-
tured in China at a scale of > 240,000 t/y. In the Netherlands there is a pilot project
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for the production of OME in a company that currently produces formaldehyde and
methanol [108].

Among the most outstanding characteristics of the OMEn, is its ability to re-
duce soot during the combustion in diesel engines. The presence of activated methy-
lene groups next bound to oxygen atoms (–O–CH2–) in the chemical structure of the
OMEs leads to the formation of hydroperoxides in an early stage of the combustion.
These hydroperoxides decompose into OH-radicals which subsequently degrade soot
precursors by oxidative processes [106].

OME production

All common production pathways for OMEn proceed via methanol as an intermedi-
ate. Methanol in turn can be produced from hydrogen (H2), which can be obtained
from water electrolysis and carbon dioxide (CO2). Thus, OMEn are potential e-fuels
[7]. That kind of fuel production concept, using only water (H2O), carbon dioxide
(CO2) and electrical energy as feedstock (Figure 2.8), is generally known under the
term Power-to-Fuel (PtF).

Figure 2.8: Production of e-fuels [109]

There are several routes for the OMEn production via different intermediate
steps. All technologically viable routes currently start from methanol as a platform
chemical and involve a formaldehyde (HCHO) unit to supply the OME monomer
units, the oxymethylene groups (CH2O). Among the most studied routes for the
synthesis of OME are the synthesis of OME directly from methanol and formalde-
hyde and the synthesis of OME through the two intermediates methylal and trioxane
(Figure 2.9) [110, 111].
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Figure 2.9: OME synthesis pathways [110, 111]

The OME production costs are strongly dominated by the raw material costs.
The economy of the process chain in OME production was assessed by Schmitz et
al. [112], analyzing the influence of the price of methanol and the investment costs.
Over a wide range of the price of methanol and the investment costs, they concluded
that the production of OME is competitive or even cheaper than conventional diesel
fuel production.

OME combustion characteristics

The research on OMEn, particularly that focusing on their use in CI engines, has
progressed significantly over the past eight years. Recent studies investigating the
effect of OME blending ratio on the performance and regulated emissions of diesel
engines and are summarized in Table 2.5. Nevertheless, factors such as polymeriza-
tion degree, blend ratio, and combustion mode have varied by study as can be seen in
Table 2.5. Researchers revealed meaningful reductions in soot emissions in the raw
exhaust gas, due to the oxygen content and to the absence of C-C bonds. In some
articles a reduction of NOx emissions was observed [113, 114], while in others an
increase was reported [115, 116]. Most published studies have been performed at
steady state engine condition. Instead, transient operation is more likely to provide
realistic results since the main impact on emissions is observed during accelerations,
considering that engine load and speed change frequently during driving cycles. Few
studies have been published following cycles for heavy-duty diesel engines and ac-
cording to the literature, only a few investigations were found reporting the effect on
particle size distributions [4, 113].
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Table 2.5: Summary of regulated pollutans and BTE reported for OME-diesel blends
tested in diesel engines.

Ref Engine Blends Mode PM CO NOx THC BTE
[113] 4-cylinder 0, 10%, 25%, 50%, ↓ ↓ ↑ ↓ ↑

(2017) turbocharged 20% and 30% 75% and 100% (27.6%, 41.5%
intercooled of OME3–8 - of engine load and 47.6%)

CRDI. 4.09L diesel
[114] Single-cylinder 0, 10%, At 2, 4 ↓

(2015) research engine 20% of and 6 bar (Smoke ↓ ↑ ↓ ↑

retrofitted from OME3–4 - IMEP opacity)
a 4-cylinder diesel

[5] Single-cylinder 20% of ESC test ↓

(2017) research engine OME3–4 - cycle (Smoke ↓ ↑ ↓ ↑

retrofitted from opacity)
a 4-cylinder

[117] Single-cylinder Diesel 1600 r/min ↑ ↓

(2017) research engine Biodiesel 0.4, 0.6, (at low (at low
retrofitted from 15% of 0.8, 0.9. ↓ load) load) ↑ ↑

a 4-cylinder OME3–4 - 1 Mpa ↓ ↑

biodiesel (at high (at high
load) load)

[118] Single cylinder 5% and 10%, 1600 r/min ↓

(2017) based on of 100% (Smoke ↓ ↑ N.A.
a MTU 396 OME2–7 - engine opacity)

CRDI diesel load
[4] Single cylinder 35% OME3–5 - At 5 ↓ ↓ N.A. ↓

(2019) engine. 0.39L diesel different
loads

[119] 4-cylinder, 0, 10%, 1600 r/min ↓ ↓ ↑ ↓ N.A.
(2020) turbocharged, 20% of 100%

CR 2.7 L OME3–8 - engine
diesel load

[116] L12 small 25% of 1800 r/min ↓ ↓ ↓ N.A. N.A.
(2021) agricultural OME3–5 - 1-5 kW (Smoke (NO)

diesel engine diesel opacity)
[6] 4-cylinder, 0, 10%, 2400 r/min ↓ N.A. N.A. N.A. N.A.
(2021) four-stroke, 20% and 30% 0%,25%, (Smoke

turbocharge, of OME3–6 - 50%, 75% opacity)
intercooled, diesel and 100% (PN)

CR 4.2 L 2%, 4% of engine load
[120] 6%, 8% 1200 r/min N.A. ↑ ↑ N.A.
(2021) Single cylinder 10% 30%, 40%,

CR engine of OME3 - 50%, 60%
diesel of engine load

[115] 6-cylinder 0, 10%, 1900 r/min ↓ ↓ ↓ ↓ ↑

(2022) Weichai 20% and 30% 25%, ↓

WP12.460 of OME3–6 - 50%, 75% (PN)
HD 11.59 L diesel and 100%

of engine load
[121] 6-cylinder, 0, 15%, WHSC ↓ ↓ ↓ ↓ ↓

(2016) 24-valve, and 25% test
CRDI HD of OME3–6 - cycle

diesel
↑:Increase with respect to lower OME blend or diesel fuel ↓:Decrease ≈: Remain constant N.A.:not available

As revealed by the research summary above, the impacts of OMEn on engine
regulated emissions are favorable, primarily in terms of PM reductions. However,
few studies have focused on unregulated emissions (Table 2.6), and none of them in
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biological activity induced by OME blends.

Table 2.6: Summary of unregulated pollutans reported for OME-diesel blends tested
in diesel engines.

Diesel-OME blends
Ref (Country) Fuel Engine Mode Phase PAH Carbonyls
[116] Diesel(Ref) L12 small At different Gas + PM ↓ ↓ –
(2021, China) OME25 agricultural engine loads
[122] Diesel(Ref) Euro 3, 4-cylinders 50 and 120 km/h Gas + PM ↑ –
(2014, U.S.) OME7.5 CR diesel engine
[4] Diesel(Ref) Single cylinder At different Gas – ↑ (HCHO)
(2019, Germany) OME35 0.39L engine loads

↑:Increase ↑ ↑: Sharp increase ↓:Decrease ↓ ↓:Sharp decrease ≈: Remain constant –:not presented
OMEX: X% by volume of OME blended with diesel

Two of the studies have evaluated PAH emissions and reported contradictory re-
sults, only one study evaluated formaldehyde and reported an increase, which is com-
mon in other oxygenated fuels (see summary in Figure 2.10). In addition, all studies
have been performed at steady state engine conditions. Although OMEn fuels have
received attention in recent years, more research is still needed regarding the impact
of their use on unregulated emissions under representative operating conditions.

Figure 2.10: Summary of findings on unregulated emissions and biological activity
with OME

2.3.5 Terpene-based fuels

Terpene-based fuels can be obtained from different processes, for example turpentine,
a mixture of terpenes, is mainly obtained from the process of kraft softwood pulping
as a by-product of the paper industry (in this case called crude sulfate turpentine) and
by vacuum or steam distillation of oleoresin as a secondary product of resin industry
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(in this case called gum turpentine) [3]. However, terpene mixtures have been mainly
used as a component of additives and as a new type of cold flow improver [123], and
to a lesser extent, as component of gasoline and diesel fuels [3].

The most used terpene-based fuel is turpentine. Turpentine oil extracted from
pine trees is composed of terpenoids and terpenes (C10H16), which is its main con-
stituent. It can readily be obtained from resins, oleoresins etc. [124]. There are
various methods of obtaining resins from pine trees which are known as resin tap-
ping methods. This oil is an important potential alternative fuel as it readily mixes
with biodiesel and can be used as replacement of diesel fuel [124].

Some researchers have reported performance and regulated emissions using diesel/
biodiesel blends with turpentine in diesel engines (Table 2.7). The use of this terpene-
based fuel have shown a reduction in several harmful emissions. Turpentine oil shows
properties close to diesel, but the most interesting feature is that it mixes almost com-
pletely with any other fuels which in turn leads to lower amount of HC, CO and
smoke emissions [124].

Table 2.7: Studies of performance and emissions for turpentine-diesel/biodiesel
blends tested in diesel engines.

Diesel/biodiesel-turpentine blends
Ref Fuel engine CO HC NOx PM BTE BSFC
[125] B90T10 - TAF1 model ≈ ↑ ↑ ↓ ↓ ↑

(2017) B50T50 single cylinder
[126] T20 Euro 6 ↑ ↑ ↓ ↓ ↓ ↑

(2020) Nissan,
K9K (1.5 dCi).

[127, 128] B50T50, B70T30 Single cylinder ↓ ↓ ↓ ↓ ↓ ↑

(2017) B90T10 four stroke
[129] B90T10 - TAF1 model ↓ ↓ ↑ ↓ ↓ ↑

(2017) B50T50 (mineral single cylinder
turpentine)

[130] T30 TAF1 model ↓ ↓ ↓ ↓ ↓ ↑

(2010) T40 single cylinder
T50

↑:Increase with increasing turpentine content ↓:Decrease with increasing turpentine content
TX: X% by volume of turpentine blended with diesel

BYTX, X% by volume of turpentine blended with Y% by volumen of biodiesel

Some chemical transformations have been proposed for turpentine to improve
its properties as fuel, such as hydrogenation. Hydrogenated turpentine has shown
convincing effects on the properties of the fuels obtained. For example, hydrogenated
turpentine has great advantages as a fuel, such as high energy density and excellent
cold flow properties [3].

Finally, although there is consensus in the literature regarding the potential of

32



some of the most studied biofuels in reducing regulated emissions such as CO, HC
and PM, the same does not occur with unregulated pollutant emissions and biological
response from a perspective beyond cytotoxicity. Faced with a panorama of increas-
ing substitution of diesel by biofuels, the need for detailed research is evident to
assess the suitability of using mixtures of potential interest in terms of the emission
of pollutants with a high potential for affecting human health and the environment.
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Chapter 3

Experimental Methods

With the broad range of experimental methodologies available for sam-
pling and measuring environmental pollutants, our first concern was to
develop a methodology for unregulated pollutants sampling applicable
to engine exhaust gases, in addition to chemical and biological charac-
terization techniques. A sampling system and methodology to capture
gases and particles from exhaust gases, as well as analytical techniques
for PAH and carbonyls were developed. Furthermore, in vivo and in
vitro tests were selected to assess the biological activity of the emissions
samples.

3.1 Introduction

Taking into account environmental considerations as well as concern for the health
and life, it is important to asses the effect of potential alternative biofuels on unregul-
tated toxic emissions, and their induced biological response. For this purpose, it was
necessary to develop and implement accurate and reliable methodologies, adapted
from environmental sampling to on-site sampling for engine emissions.

This thesis assessed the effect of a group of conventional and unconventional bio-
fuels on unregulated emissions in both particles and gaseous phases, gathered from
the exhaust gas stream of an automotive diesel engine operating under steady and
transient states. The chemical characterization methods included green chemistry
techniques and chromatography, both liquid and gas. In addition, the biological ef-
fects of soluble organic fraction (SOF) and water-soluble fraction (WSF) of PM were
assessed. Cytotoxicity, genotoxicity, apoptosis and oxidative DNA damage were
evaluated on SOF using in vitro approach with a Human Hepatocarcinoma epithe-
lial cell line, while acute eco-toxicity of WSF was evaluated in vivo using Daphnia
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Pulex. The standard comet assay has been used for the evaluation of direct genotoxic
damage, and its modified version with the enzymes Formamidopyrimidine DNA gly-
cosylase (FPG) and Endonuclease III (Endo III) to recognize the bases of the genetic
material that has been oxidized, thus evaluating the oxidation process of the puric and
pyrimidine bases, respectively.

To achieve these objectives, an experimental test plan was designed which in-
cluded: a) design and construction of a sampling system for gases and particles from
engines and vehicles, b) development of a methodology for PAH (PM and gaseous
phase) and carbonyls (gaseous phase) analysis, and c) biological analysis through
a wide spectrum of tests (cytotoxicity, genotoxicity, apoptosis, oxidative damage).
Some of the above methodologies were validated and all of them were verified.

3.2 Test plan and fuels

The experimental part of this doctoral thesis was divided according to the type of test:
steady and transient states.

3.2.1 Tested fuels

Seven fuels were selected for the steady-state experiments, which were carried out
in two stages. In the first one, four fuels were assessed: Ultra-low Sulfur Diesel
(ULSD) supplied by the Colombian Oil Company (Ecopetrol) which was used as
reference fuel, two blends of renewable diesel (HVO) produced from a wide variety
of renewable fats and oils (NExBTL, Neste Oil) with ULSD (HVO13 and HVO20˘the
number indicates the volume fraction of HVO in the fuel blend), and a blend of n-
butanol with ULSD (Bu13). It has been reported that butanol can be introduced
up to 13% at any ambient conditions and under any certification procedure, since
the maximum butanol content is limited by starting difficulties at very low ambient
temperatures [1]. For this reason, 13% was selected to compare with the HVO13
blend at the same aromatic content in both fuels. In general, these blends were chosen
as highly representative since they have shown to provide good balance between cold
weather operability, performance, and emission benefits.

After analyzing the results of carbonyl emissions obtained for Bu13 blend, the
second stage was carried out with a higher alcohol than butanol blended with ULSD.
In this stage four fuels were tested: neat USLD as reference fuel, and three pentanol
(Sigma-Aldrich) -ULSD blends: 13%(Pe13), 15.5% (Pe15) and 20% (Pe20) by vol-
ume, providing 2.3%, 2.7% and 3.5 %wt. of oxygen to the fuel blend, respectively.
These blends were chosen in order to compare them by aromatic content and oxygen
concentration with Bu13, HVO13 and HVO20. Table 3.1 shows the most relevant
characteristics of the tested fuels.

For the transient state tests, six different conventional and advanced biofuels
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were selected. Among them, a fossil diesel supplied by Repsol (Spain) was used as
reference fuel. Pure HVO provided by Neste (NExBTL) was used as base biofuel.
Four unconventional advanced biofuels blended at 20% by volume with diesel were
tested. Hydrogenated turpentine and hydrogenated orange oil each blended at 20%
by volume with diesel (HT20 and HO20, respectively). Details about extraction and
hydrogenation of turpentine and orange oil were previously published by [2, 3]. OME
was blended at 20% by volume with diesel (OME20), with OME fuel being supplied
by ChemCom Industries B.V- Netherlands. Finally, 20% of a glycerol-derived biofuel
consisting of a blend of FAME (70% v/v), fatty acid glycerol esters (FAGE, 27% v/v)
and acetals (3% v/v) were blended with HVO. This blend was provided by Selabtec
with the commercial name of SLB100. The physical and chemical properties of the
test fuels are shown in Table 3.1

For the steady state tests, it was decided to test fuels with potential for produc-
tion and use in Colombia, such as HVO and long-chain alcohols due to their higher
calorific value and cetane number. On the other hand, for the transient state tests,
unconventional and advanced fuels with potential for production and use in the world
were selected.
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3.2.2 Test plan

Figure 3.1 summarizes the test plan and the physicochemical and biological analyzes
carried out in this thesis. The different fuel blends were prepared to compare them
based on the aromatic content, and in the case of alcohols (butanol and pentanol), they
were also compared in terms of oxygen percentage, Table 3.2 shows the comparison
matrix.

Figure 3.1: Test plan summary

Table 3.2: Test matrix for fuel comparison

Fuel (%v/v) 13 15.5 20 100
Steady state Diesel - - - ✓

Butanol ✓* - - -
HVO ✓ - -

Pentanol ✓ ✓* ✓

Transient state Diesel - - - ✓
Hydroturpentine - - ✓ -
Orange hydro-oil - - ✓ -

OME - - ✓ -
HVO - - - ✓

SLB100** - - ✓ -

*Same oxygen content.
**20% of a glycerol-derived biofuel blended with HVO.
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3.3 Steady State Tests

3.3.1 Engine test bench

The experiments were carried out in an automotive, common rail, turbocharged and
intercooled Cummins ISF 2.8 L diesel engine (Euro 4 emissions standard)(Figure 3.2).
This high pressure, split injection, engine was equipped with an oxidation catalyst
(DOC) and with a cooled EGR system. This engine is very common in the Colom-
bian fleet, particularly in last mile parcel delivery vehicles.

The torque output of the engine was regulated by a controlled eddy current dy-
namometer brake (W230, Schenck, Germany) and tested under two steady-state op-
erating modes.

Figure 3.2: Cummins ISF 2.8 L diesel engine

The main characteristics of the engine are listed in Table 3.3 and the engine
operating modes are shown in Table 3.4.

Table 3.3: Engine specifications

Type and Configuration Cummins ISF 2.8, 4 stroke,
common rail, split and direct injection,

4 cylinders in line, turbocharged,
intercooler, diesel oxidation catalyst (DOC)

and cooled EGR
Compression ratio 17.5:1
Displacement (L) 2.8
Bore/Stroke (mm) 94/100
Power (kW at r/min) 120 at 3600
Maximum Torque (Nm at r/min) 360 at 1800
Emission standard Euro 4
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Combustion diagnosis

For the thermodynamic combustion diagnosis, in-cylinder pressure was measured
with a piezoelectric pressure transducer (6056A, Kistler, Germany) coupled to a
charge amplifier (5011B, Kistler, Germany). Crankshaft rotational speed and in-
stantaneous piston position were determined with an angle enconder providing 1024
pulses/rev (ROD 426, Heidenhain, Germany). A total of 100 pressure curves, and 3
repetitions were registered at each operating mode to guarantee reliability in combus-
tion diagnosis results.

For the combustion diagnosis, the starting point was the instantaneous pressure
signal in the cylinder and by means of a thermodynamic diagnosis model of an area,
the way in which the energy of the fuel was released was determined. The analysis
of the combustion allowed to obtain the parameters of the combustion process such
as the rate of heat release, the duration of the combustion and the pressure gradient,
among others [4].

3.3.2 Operation modes

The operating modes were selected as the most representative of urban driving con-
ditions in a frequency approach by means of longitudinal dynamics analysis and the
Vehicular Specific Power (VSP) methodology of the pickup truck simulated with the
WLTC. These operating modes correspond to the low and medium speed phase in the
WLTC (Figure 3.3), which is representative of the urban driving phases.

Figure 3.3: Selected operating points

53



Table 3.4: Engine operating modes representative of urban driving conditions

Mode Rotational speed (r/min) Torque (Nm) Vehicle speed km/h

M1 1750 71 35
M2 2400 90 69

Although with a small engine speed variation range of only 650 r/min, both M1
and M2, were stable and repeatable during operation with markedly different vehicle
speed.

3.3.3 Unregulated pollutants sampling

Gaseous and particulate samples were collected in a homemade sampling system
adapted to the exhaust pipe, downstream of the DOC, as shown in Figure 3.4.

Figure 3.4: Engine configuration and sampling system

Gaseous pollutant sampling system

For gaseous sampling, the line was kept at 80°C (covered with an insulator) to avoid
condensation in the sampling line [5]. A fraction of undiluted exhaust gases was car-
ried out through a stainless-steel buffer lung which also acted as humidity trap. The
flow was induced by a vacuum pump located downstream of the sampling system.
The exhaust gas passed through a glass fiber filter in order to retain particles and
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was divided into two parallel lines: 1) carbonyl compounds and 2) PAH sampling
(Figure 3.5). At the sampling point (location of the cartridges) the temperature was
not sensed. However, it had to be slightly close to 80°C (temperature of the heat line).

In the first line, a volumetric flow of 0.7 L/min for ULSD and HVO and 0.5
L/min for Bu13 controlled with a rotameter, passed through 2 cartridges in series
containing 130 mg of 1,2-bis (2-pyridyl) ethylene (BPE) coated silica, and 270 mg
of 2,4-dinitrophenylhydrazine (DNPH) coated silica (Sigma-Aldrich, Germany) for
10 minutes of sampling. The second cartridge was used to quantify leaks. Sampling
was repeated by triplicate.

In the second line, two stainless steel cartridges of 30 cm3 in series filled with
3 g of Amberlite® XAD®-2 resin previously washed with dichloromethane were
used (Sigma-Aldrich, Germany). Sampling was performed for 5 min at a constant
volumetric flow of 10 L/min controlled with a rotameter. Sampling was repeated by
triplicate. A sample blank was exposed during the sampling time.

Particle sampling system

For particulate sampling, quartz filters (Whatman, 47mm diameter) were used. The
filters were preconditioned before the sampling campaign, washed with dichloromethane
(DCM) and extracted by solvent accelerated extraction (ASE, Dionex®,Thermo Sci-
entific) at 1500 psi and 120 °C. The filters were additionally baked in a furnace at
400 °C for 5 h and then stored in clean containers covered from light. Sampled flow
was divided into two parallel and identical sampling lines, followed by two stainless-
steel filter holders (Figure 3.5), the flow was set to 20 L/min and the sampling time
maintained during 10 min. Three samples were collected under each condition. The
specific particulate matter emissions were obtained by weighting (before and after
sample collection) three times, the conditioned (controlled humidity and tempera-
ture) quartz filters. The filters and cartridges were covered with aluminum foil to
avoid exposure to light and stored under refrigeration conditions 4 °C ±1, until anal-
ysis. These PM samples were used for PAH and biological analyses.

55



Figure 3.5: Gas phase and particle sampling systems -steady state tests

3.3.4 Chemical characterization of unregulated emissions

PAH analysis

Eighteen PAH were analyzed (Table 3.5). Prior to extraction, the collected PAH sam-
ples, particles and gas phase adsorbed on Amberlite® XAD®-2) were spiked with
an internal recovery standard consisting of several deuterated species (naphthalene-
d8, acenaphthene-d10, phenanthrene-d10, chrysene-d12, perylene-d12) followed by
Pressurized Hot Water Extraction (PHWE) with water and methanol (3:1), in a 66
mL stainless steel vessel using an ASE 300 system (Dionex® Thermo Scientific, PA,
USA). Extraction temperature was 200 °C and 5 min of static times at a high-pressure
of 10,000 kPa. Extracting solution (50 mL) was used in the Vortex-assisted dispersive
liquid–liquid microextraction (VADLLE) with 1000 µL of hexane as an extractor sol-
vent in a sterile centrifuge tube and completely sealed. The cloudy solution formed
was vortexed for 180 sec to distribute extractor solvent through the solution. Then,
centrifugation at 3500 r/min for 240 sec was applied to separate organic phase from
aqueous solution. The top phase was injected into the GC/MS system.
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Table 3.5: PAH compounds analyzed

Compound Formula Molecular TEF*
weight (g/mol)

Naphthalene (NAP) C10H8 128 0.001
Acenaphthylene (Acy) C12H8 152 0.001
Acenaphthene (Ace) C12H10 154 0.001
Anthracene (Ant) C14H10 178 0.01
Phenanthrene (Phen) C14H10 178 0.001
Fluorene (Flu) C13H10 166 0.001
Fluoranthene (Flt) C16H10 202 0.001
Pyrene (Pyr) C16H10 202 0.001
Benz[a]anthracene (B [a]A) C18H12 228 0.1
Chrysene (Cry) C18H12 228 0.01
Benzo[a]pyrene (B [a]P) C20H12 252 1
Benzo[e]pyrene (B [e]P) C20H12 252 0.1
Benzo[b]fluoranthene (B [b]F ) C20H12 252 0.1
Benzo[k]fluoranthene (B [k ]F ) C20H12 252 0.1
Benzo[ghi]perylene (B [g , h, iP) C22H12 276 0.01
Dibenzo[a,h]anthracene (DB [a, h]A) C22H14 278 1
Indeno[1,2,3cd]pyrene (IP) C22H12 276 0.1
Dibenzo[a,l]pyrene (DB [a, l ]P) C24H14 302.3 10*

*Toxicity Equivalent Factor (TEF – dimensionles). TEF was assigned using val-
ues provided by Office of Environmental Health Hazard Assessment (OEHHA)
[6]

A Thermo Scientific GC/MS instrument (TRACE GC Ultra/ ISQ, Thermo Sci-
entific, USA) was used to analyze PAH samples. Analytical conditions for GC/MS
were as follows: Chromatographic separation was performed on an Agilent J‘I&’ W
Select PAH column (CP 7462), 30 m × 0.25 mm x 0.15 µm. The oven tempera-
ture was programmed as follows: 70 °C for 0.8 min, ramping 60 °C/min to 180 °C,
5 °C/min to 300 °C and finally ramping 1°C/min to 320 °C for 2 min. Total run
time was 48.63 min. Injection temperature was 280 °C, the ion source was electron
impact (EI) mode, source temperature 275 °C, and mass selective detector (MSD)
transfer line 300 °C. This chromatographic method was developed and validated in
the laboratory.

For calibration, PAH standard solution with 18 PAH was diluted with hexane
(Unisolv®, Merck, USA) to 5, 10, 25, 50, 150, 250 and 500 µg/mL. The calibration
conditions were controlled before each analysis introducing a standard sample and
an analytical blank. For more detail refer to Appendix A

The PAH emission factors were calculated from the concentrations obtained in
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the GC/MS multiplied by the extraction volume (1 mL) and the total volumetric flow
of exhaust gases (m3/h) and divided by the engine power (13 kW and 22.6 kW).

A blank cartridge was exposed to environment in the engine room during the
sampling time. Three sample replicates were taken for each fuel blend and operat-
ing mode. One of the replicates was made with two cartridges in series to quantify
possible sample breakthrough. All data reported here were corrected for the sample
breakthrough.

Carbonyl compound analysis

The DNPH cartridges were eluted individually with 4 mL of acetonitrile. The car-
bonyls were subsequently quantified using HPLC (Agilent® 1200) with ultravio-
let–visible detector (λ = 360nm). For quantification, a calibration curve was per-
formed with a standard solution (Chem Service Inc) at five different concentrations,
containing the 13 hydrazones analyzed during the experiments. The concentrations
were 1, 5, 10, 20, and 40 µg/mL for formaldehyde-DNPH and 0.5, 2.5, 5, 10, and
20 µg/mL for the other twelve compounds. A column ZORBAX Eclipse XDB-C18
(ID 5 µm, 4.6 x150mm) (Agilent Technologies, USA) was used for the separation of
the carbonyl compounds. Acetonitrile and water with a 5% (v/v) of methanol were
used as a mobile phase with gradient elution 40:60. The flow rate was maintained
at 0.4 mL/min and the injection volume was 10 µL. Formaldehyde, acetaldehyde,
benzaldehyde, butyraldehyde, acetone, propionaldehyde, acrolein, crotonaldehyde,
hexaldehyde, valeraldehyde, p-tolualdehyde, methacrolein, 2-butanone with DNPH
derivative were identified and quantified in the exhaust.This chromatographic method
was developed and validated in the laboratory. For more detail refer to Appendix A.

The carbonyl emission factors were calculated from the concentrations obtained
in the HPLC multiplied by the extraction volume (4 mL) and the total volumetric
flow of exhaust gases (m3/h) and divided by the engine power (13 kW and 22.6 kW).

As for PAH, a blank cartridge was exposed to environment in the engine room
during the sampling time. Three sample replicates were taken for each fuel blend
and operating mode. One of the replicates was made with two cartridges in series to
quantify possible sample breakthrough. All data reported here were corrected for the
sample breakthrough.

Ozone formation potential

Diesel engine exhaust gas can be a crucial source for the formation of photochemical
ozone by the emission of highly chemically reactive Volatile Organic Compounds
(VOCs), and ozone is known to have adverse effects on human health and on the en-
vironment. For carbonyl compounds, which are highly reactive intermediates during
the photo-oxidation of hydrocarbons, the ozone formation potential (OFP ) or ozone
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equivalent production was calculated using the method reported by [7].This method
is based on a model scenario in which VOCs produce maximum ozone formation,
represented by maximum incremental reactivity (MIR). MIR values were updated by
[8] and they are shown in (Table 3.6).

Table 3.6: MIR for each carbonyl compound [8]

Carbonyls MIR
Formaldehyde 9.46
Acetaldehyde 6.54
Acrolein 7.45
Acetone 0.36
Propionaldehyde 7.08
Crotonaldehyde 9.39
Methacrolein 6.01
Butiraldehyde 5.97
Methyl ethyl ketone 1.48
Benzaldehyde 0.67
Valeraldehyde 5.08
o,m,p-Tolualdehyde 0.59
Hexaldehyde 4.35

The OFP was estimated as the sum of the product of each individual compound
emission factor (Ci) in mg/kWh and its corresponding MIR value (Table 3.6), as
shown in Equation 3.1.

OFP =
∑

Ci ×MIR (3.1)

PAH equivalence toxicity

The PAH equivalence toxicity was expressed as benzo(a)pyrene total toxicity equiv-
alent (BaP-TEQ) and calculated as the sum of the product of each of the EPA16
priority PAH emission factors (Ci – µg/kWh) and their TEF proposed by Nisbet and
Lagoy [9] (Table 3.5), which are widely used by investigators to assess PAH toxicity
as a metric to evaluate the toxic power of PAH species.

Aldehyde-induced cancer risk assessment

The International Agency for Research on Cancer (IARC) classified formaldehyde
in group 1- carcinogenic to humans, acrolein in group 2A-probably carcinogenic to
humans and acetaldehyde and crotonaldehyde in group 2B-possibly carcinogenic to
humans. The first step in conducting an inhalation risk assessment is to estimate the
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exposure concentrations (EC ) and defining a specific exposure scenario. Toxico-
logical data source to guide risk by the Integrated Risk Information System (IRIS)
reports the quantitative estimate of carcinogenic risk from inhalation exposure for
formaldehyde and acetaldehyde compounds. This data source does not include data
for the rest of carbonyls analyzed. In this research, estimations of cancer risks from
formaldehyde and acetaldehyde inhalation were performed in a specific exposure
scenario: a person commuting 2 hours a day for 30 years, which U.S EPA calls tres-
passer/recreational receptor. The dilution factor of 20 was taken from the literature
[10]. EC (µg/m3) were calculated according to Equation 3.2.

EC =
CA × ET × EF × ED

AT
(3.2)

Where CA (µg/m3) is the carbonyl concentration (diluted); ET (hours/day) the
exposure time; EF (days/year) the exposure frequency; ED (years) the exposure
duration; and AT (ED in years x 365 days/year x 24 hours/day) the averaging time.

The cancer risks (CR) from inhaled carbonyls were estimated according to Equa-
tion 3.3. This expression includes the inhalation unit risk (IUR) which according U.S
EPA is the upper-bound excess lifetime cancer risk estimated to result from continu-
ous exposure to an agent at a concentration of 1 µg/m3 in air. The IUR for formalde-
hyde of 1.3E–5 (µg/m3)–1 and for acetaldehyde of 2.2E–6 (µg/m3)–1 were taken from
the IRIS [11], assuming there were no synergistic or antagonistic chemical interac-
tions. This simple additive approach is recommended by the Risk Assessment Guid-
ance for Superfund when the total cancer risks is less than 0.1.

CR = IURformaldehyde × EC + IURacetaldehyde × EC (3.3)

The carbonyl compounds measured in this thesis are part of the group of VOCs
that contribute to OFP [12], and in turn to CR. However, IUR data is only available
for formaldehyde and acetaldehyde; hence, the estimation of the CR is limited to the
impact of these two pollutants.

3.3.5 Biological activity tests

In this section, the biological effects of SOF and WSF of PM were assessed. Cy-
totoxicity, genotoxicity, and oxidative DNA damage were evaluated on SOF using
in vitro approach with a Human Hepatocarcinoma epithelial cell line, while acute
eco-toxicity of WSF was evaluated in vivo using D. Pulex. Furthermore, 16 PAH
emission factors were expressed as benzo[a]pyrene toxic equivalent.
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These selected toxicity endpoints are only one piece of a comprehensive as-
sessment of the health implications of vehicle emissions Figure 3.6. They allow
comparing specific cell impacts between the tested fuels, but they are not sufficient
for physiologically relevant toxicological assessments of such a complex mixture of
pollutants as vehicle/engine exhaust.

Figure 3.6: Selected toxicity endpoints.

Extraction of the organic and water-soluble fractions

The SOF was used for the cytotoxicity and DNA damage tests. All samples, including
blank filter were placed in hermetically sealed stainless steel extraction cells and they
were extracted through ASE 300 system (Dionex® Thermo Scientific, PA, USA) us-
ing dichloromethane as extraction solvent, and by pulses at a pressure of 1500 psi
and 70 °C in two cycles of 5 min each. Subsequently, 50 mL of the extract was con-
centrated to approximately 2 mL in a rotary evaporator. On the other hand, for the
ecotoxicity tests, WSF was used. The extraction of the WSF from the particles was
carried out by ultrasonic waves for 3 hours, moderately hard reconstituted water was
used as extraction solvent at a concentration of 10 mg PM/L. Moderately hard recon-
stituted water corresponds to deionized or glass-distilled water, free of contaminants
[13] and with a total hardness of 80-90 mg/L CaCO3, which is recommended for
D. pulex culturing according to U.S. Environmental Protection Agency (U.S. EPA)
methods [14]. All extracts were filtered. The reconstituted water was previously pre-
pared as established by U.S. EPA [14] to ensure adequate conditions for the survival,
growth and reproduction of the test specimens.
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Cell cultures - HepG2 cell line and culture conditions

Cytotoxicity and genotoxicity assays were performed with the Human Hepatocarci-
noma epithelial cell line HepG2 ATCC® CRL - 10741. This line was immortalized
from human liver carcinoma cells derived from the liver tissue of a 15-year-old Cau-
casian male. These cells are of epithelial morphology with a set of 55 pairs of chro-
mosomes. HePG2 is widely used for genotoxic studies because it expresses the P450
family of cytochromes (CYP-1A1, 1A2, 1B1, 2A6, 2A7, 2A13, 2C9, 2D6, 2E1, 3A4,
3A5, 3A7), involved in the metabolism of xenobiotics [15]. These cytochromes are
also present in cells of the skin and lungs, the latter being a target organ for PM.
These characteristics made HepG2 an ideal line for evaluating organic compounds
from PM.

The cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM), sup-
plemented with 10% fetal bovine serum and 10.000 U.I of penicillin -10 mg/mL of
streptomycin in 75 cm2 culture flasks at a humid atmosphere containing 5% CO2 at
37 °C. The cell line was only worked in passages less than 15. Each test was carried
out with a cell confluence of 80%.

Cytotoxicity in the HepG2 cell line

Cell viability was evaluated through the 3- (4,5-dimethylthiazol-2-yl) -2,5- diphenyl-
tetrazole bromide (MTT) assay. To evaluate cytotoxicity, cell cultures with a viability
greater than 90% were used. The cells were seeded in 96-well plates. They were
treated with 20 serial dilutions of SOF (1:1), starting from a stock of 2.94 µgEq for
24 hours, after which 10 µL of MTT was added to the seeded cells and taken to an
orbital shaker at 37 °C for 5 hours. After these hours, 100 µl of cold isopropanol were
added per well, to dilute the formazan crystals, the culture plates were placed on an
orbital vibrating plate for 24 hours. Analysis of the culture plates was performed
using a Multiskan-go spectrophotometer at a wavelength of 570 nm.

Genotoxic activity and oxidative DNA damage through the comet assay modified
with FPG and ENDO III enzymes

To evaluate the genotoxic effect of the SOF of fuel blends, HepG2 cells were seeded
in 12-well plates. They were treated with 3 sublethal concentrations obtained from
the MTT assay (0.735, 1.47, and 2.94 µgEq) for 24 hours, then the cells were soaked
in low melting point agarose and seeded in Gelbond®. This process was done in two
Gelbond®, one to be subjected to the enzymatic treatment and the other in a con-
ventional way. Then the Gelbond® with the cells were subjected to a lysis solution
(2.5 mol/L NaCl, 100 mmol/L EDTA- Na2, Tris 10 mmol/L (pH 10), DMSO 10%,
Triton X-100 1%). After lysis, the two Gelbond® were soaked twice in Buffer (40
mM HEPES, 0.1 M KCl, 0.5 mM EDTA (pH 8.0)) for 5 min at room temperature.

The enzyme FPG or Endo III was added to one of the Gelbond® with a con-
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centration of 1:1000. The Gelbond® was incubated in a humidified chamber for
45 min at 37°C. Finally, both Gelbond® were subjected to alkaline electrophoresis
(pH<13) at 25 V and 300 mA. Cells were stained with GelRed™ (Invitrogen Corp;
CA, USA) and viewed under a Nikon® Eclipse 55i fluorescence microscope (Tokyo,
Japan) with a 20X objective. The damage measurement parameter used was comet
length, where DNA migration from each nucleus was measured with a eyepiece reti-
cle [16, 17]. The parameters to evaluate DNA damage were the length of the comet,
the percentage of damaged cells and the frequency of induction [18].

Acute ecotoxicity tests with D. Pulex

The D. pulex strain comes from "La Fe" reservoir (Antioquia-Colombia) and were
cultivated under controlled ambient conditions and light intensity (16 light hours and
8 hours of darkness and lighting with 538 to 1076 Lux). The D. Pulex were fed with
algae Ankistrodesmus falcatus and Pseudokirchneriella subcapitata. For each test,
at least 160 neonates of 24-hour-old were captured and placed in a container with
reconstituted water, in order to avoid feeding two hours before the start of the test.
Neonates were exposed to four replicates of five different dilutions of WSF (6.25, 12,
25, 50 and 100% by volume). As a negative control the neonates were exposed to
dilution water, and as a positive control, they were exposed to a potassium dichromate
solution. After 24 of experimentation, immobile or dead neonates were quantified.

3.3.6 Statistical analysis

For particle and gaseous sampling and analysis, at least 3 replicates were performed,
as mentioned in each section. All results presented show standard deviation bars.
When evaluating results, the differences have been considered significant when the
standard deviation bars do not overlap.

3.4 Transient State Tests

3.4.1 Engine test bench

These experiments were carried out in the engine test bench at the facilities of the
Fuels and Engines Group (GCM) at the University of Castilla-La Mancha in Ciudad
Real - Spain.

The experiments were carried out in an automotive, common rail direct injection,
turbocharged and intercooled diesel engine, with Euro 6b technology manufactured
by Nissan, model K9K (1.5 dCi). The engine was equipped with two exhaust gas
recirculation loops, a low pressure cooled (LP-EGR) loop and a high pressure (HP-
EGR) uncooled one, and with a diesel oxidation catalyst (DOC), a Lean NOx Trap
(LNT), and a regenerative wall-flow-type diesel particle filter (DPF) located down-
stream the DOC and the LNT. The experimental installation is shown in Figure 3.7.
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The resistive load, speed and torque was simulated and controlled by an asyn-
chronous electric dynamometer (Schenck Pegasus Gmbh, Dynas model, LI250). The
speed was taken from a digital tachometer attached to the rotor. The torque was mea-
sured from a torque meter cell and a signal conditioner from Gesellschaft für Indus-
trieforschung GmbH, GIF. Finally, the accelerator position was controlled from the
control and power module LRS 2003. This module acts over the accelerator sensor,
which is connected to the Electronic Control Unit (ECU) of the engine. A Road Load
Simulation (RLS) system from Horiba was used to emulate powertrain and body of
a Nissan Qashqai 1.5 dCi vehicle. The main characteristics of the engine and sim-
ulated vehicle are listed in Table 3.7 and Table 3.8, respectively. The experiments
were carried out following the WLTC driving cycle.

Figure 3.7: Engine configuration and sampling system
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Table 3.7: Engine characteristics for transient state tests

Cylinders 4 (in line)
Valves/Cylinder 2
Displacement (cm3) 1461
Stroke (mm) 80.5
Bore (mm) 76
Compression ratio 15.5:1
Injection Common rail direct injection
Torque (max.) 260 Nm/1750 - 2500 r/min
Power (max.) 81 kW/4000 r/min
Aftertreatment system DOC + DPF + LNT
Emission stardard Euro 6b

Table 3.8: Characteristics of the simulated vehicle

Transmission Manual, 6 gears
Differential ratio 4.13:1
Vehicle test mass (kg) 1470
1st:2nd:3rd:4th:5th:6th gear ratio 3.73:1; 1.95:1; 1.23:1; 0.84:1; 0.65:1; 0.56:1
Coast-down parameters
F (N) = f0 + f1V (km/h)
+ f2V (km/h)2 f 0 = 89.6; f1 = 0.0659;f1 = 0.0391

The fuel and air consumption were measured with the original engine sensor
(previously calibrated with an AVL 733s fuel gravimetric system) and hot-wire sen-
sor, respectively. The data were registered with the INCA PC software. The regu-
lated gaseous emissions (CO, CO2, THC and NOx=NO+ NO2) were measured at
the tailpipe with a gaseous emissions analyzer (Environement, France) with an ac-
curacy of 1%. The total hydrocarbon emissions (THC) were measured with a flame
ionization detector Graphite 52M-D. Carbon monoxide and carbon dioxide emissions
were measured with a non-dispersive infrared (NDIR) detector MIR 2M. The infrared
beam goes through an optical filter to differentiate between CO and CO2 before pass-
ing through the sample. NOx emissions were measured using a chemiluminescence
Topaze 3000 analyzer.

Solid particle emissions were measured upstream of the DPF with the Engine
Exhaust Particle Sizer (EEPS) spectrometer model 3090 from TSI (USA). A first
dilution with air was carried out on a rotating disc (RD) model MD19-2E at 150°C to
avoid hydrocarbons condensation. After, when reaching 300°C, the diluted exhaust
gas was introduced in the evaporating tube of the thermal conditioner (TC) model
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ASET15-1. The aerosol flows into a mixing chamber for the second dilution to cool
down. Primary dilution factor at RD was 107:1 and secondary dilution factor at the
TC was 6.7:1, leading to a total dilution factor of 717:1. This high dilution factor is in
order to prevent EEPS saturation during accelerations, and mainly, in the extra-high
speed phase of the WLTC driving cycle.

Combustion diagnosis

For the thermodynamic combustion diagnosis, a Kistler Kibox instrument was used.
In-cylinder pressure was measured with a piezoelectric pressure transducer (model
6056AU20, Kistler) coupled to a charge amplifier (5011B, Kistler). The crank angle
signal was obtained with the original engine sensor. Using both signals the energy
conservation equation was solved from in-cylinder experimental data providing char-
acteristic parameters of the combustion process.

3.4.2 Test procedure

The WLTC was selected as driving cycle. WLTC is a chassis dynamometer test for
the determination of emissions and fuel consumption from light-duty vehicles. This
includes four driving sub-cycles, whose details are presented in Table 3.9.

Table 3.9: Characteristics of the WLTC

Phase Duration (s) Stop Distance (m) Maximum
duration (s) speed (km/h)

Low 589 156 3095 56.5
Medium 433 48 4756 76.6
High 455 31 7162 97.4
Extra-high 323 7 8254 131.3
Total 1800 242 23266 -

66



Figure 3.8: WLTC indicating sampling phase: gaseous (per phase) and PM (full
cycle)

The tests were started from cold-engine conditions (19°C) (Figure 3.8), per-
formed without any interruption, and repeated at least four times for all the tested
blends at different days to evaluate the repeatability of the test and the results were
averaged. The range of error corresponds to 90% confidence intervals and were shad-
owed around the average values. Preconditioning test, including LNT regenerations,
were always performed the day before each test, to ensure that the initial conditions
did not change from one test to another. DPF regeneration and fuel filter change were
performed before each fuel tests. Unregulated gaseous pollutants were sampled and
analyzed for each of the cycle phases, but in the particulate phase they were measured
during the entire driving cycle as shown in Figure 3.8.

3.4.3 Unregulated pollutant sampling

Gaseous and particulate samples were collected in a homemade sampling system
adapted to the exhaust pipe, upstream of the DOC/LNT/DPF, as shown in Figure 3.9.
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Figure 3.9: Engine configuration and sampling system

Gaseous pollutant sampling system

For gaseous sampling the line was kept at a temperature of 80°C to avoid condensa-
tion . A homemade sampling system (Figure 3.10) with the following characteristics
was used to trap the target gaseous pollutants. At the intake of the sampling sys-
tem a HEPA capsule filter (TSI®) was added to retain the particles > 0.3 µm. The
system was divided into two identical parallel lines, from which samples were taken
alternately. The parallel lines allowed sampling of carbonyls or PAH depending on
the type of cartridge used, in each of the phases of the WLTC cycle. The flow rate
was regulated and induced through a vacuum pump located at the end of the line.
All pipes were covered with an insulating material to prevent gas condensation in
the line. At the sampling point (location of the cartridges) the temperature was not
sensed. However, it had to be slightly close to 80°C (temperature of the heat line).

For carbonyl sampling, commercial DNPH cartridges of 130 mg of 1,2-bis (2-
pyridyl) ethylene (BPE) and 270 mg of 2,4-dinitrophenylhydrazine (Sigma-Aldrich)
were used.

For PAH and apoptosis tests, stainless steel cartridges of 10 cm long and 1.3 cm
in diameter were used, packed with 3.2 g of XAD-2 Amberlite® resin, previously
washed with dichloromethane using a Soxhlet system for 8 hours with 8 to 10 cycles
per hour.
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Particle sampling system

PTFE 2.0 µm (47 mm, PALL) filters were used for particle sampling. These were
weighed in triplicate and conditioned before sampling. The exhaust gas flow was
passed through the MDLT 1304TM Mini Dilution Tunnel designed for the measure-
ment of particulate mass in gases using the partial flow dilution method (dilution
of 50x). The dilution unit was maintained at a constant temperature by means of a
heated probe, with the dilution air, which was obtained from a compressed air line.
The diluted sample was passed through a filter holder. The temperature at this point
did not exceed 52ºC. The filters were placed in the filter holder and the pump was
turned on immediately after the test began. Once the test was finished, the filter was
removed, climatized for 48 hours, and weighed in triplicate. All samples, gaseous
and particulate, were kept covered with aluminum foil and refrigerated until their
subsequent extraction and analysis.

Figure 3.10: Gas phase and particle sampling systems -transient state tests

3.4.4 Chemical characterization of unregulated emissions

Extraction and sample analysis

All the glassware used in the extraction and handling of the samples was washed
with acetone and solvents used for extraction and analysis were HPLC grade. The
PAH samples (including field blanks) adsorbed on the amberlite resin, as well as the
filters were extracted in a Soxhlet system with a 70:30 mixture of dichloromethane-
methanol. The extraction was left for 8 hours with 8-10 cycles per hour. After ex-
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traction, the samples were concentrated to 5 mL in a rotary evaporator and finally
analyzed. Carbonyl samples were extracted with 4 mL of acetonitrile and passed
through syringe filters to retain particles.

PAH and carbonyl compounds were quantified by HPLC-UV (Shimadzu®). For
PAH, a standard calibration solution with 16 PAH (Supelco ®) was diluted with
dichloromethane to 10, 25, 50, 150, 250 and 500 µg/mL. The calibration condi-
tions were controlled before each analysis introducing a standard sample and an
analytical blank. The separation was made by a Supelcosil PAH column (ID 5
µm, Ø 4.6 × 250 mm) and the gradient program was 40:60 - 100:0 - 40:60 (ace-
tonitrile:water) during 60 min. The flow rate was constant at 1 mL/min and the
injection volume was 10 µL. A UV–VIS detector (λ= 254 nm) was employed for
detection. The PAH analyzed were: Naphthalene, acenaphthylene, acenaphthene,
fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chry-
sene, benzo(b)fluoranthene, benzo(k) fluoranthene, benzo(a)pyrene, indeno(1,2,3-
cd)pyrene, dibenz(a,h)anthracene, benzo(g,h,i)perylene.

For carbonyl analysis, a standard solution mix (Chem Service Inc) was used
for calibration including formaldehyde, acetaldehyde, benzaldehyde, butyraldehyde,
acetone, propionaldehyde, acrolein, crotonaldehyde, hexaldehyde, valeraldehyde, p-
tolualdehyde, methacrolein, 2-butanone hydrazones. The calibration standard solu-
tion was prepared at concentrations of 0.6, 1, 5, 10, 20 and 40 µg/mL for formalde-
hyde and 0.3, 0.5, 2.5, 5, 10, and 20 µg/mL for the other 12 carbonyls.

The separation was made in a C18 column (ID 5 µm, Ø 4.6 × 250 mm) (Supelco
®). Acetonitrile and water with a 5% by volume of methanol were used as a mobile
phase with gradient elution 50:50–65:35–100:0–50:50 during 37 min. The flow rate
was maintained at 1 mL/min and the injection volume was 10 µL. A UV–VIS detector
(λ= 360 nm) was employed for detection.

The target compounds were quantified by the regression method of their peak
areas according to the standard curves. The emission factors were calculated from
the concentrations obtained in the HPLC multiplied by the final extraction volume
and the total volumetric flow of exhaust gases and divided by the travelled distance.

The OFP was also determined following the procedure described in section 3.3.4.

3.4.5 Biological activity test

Cellular study of Apoptosis

Hepatocellular carcinoma is one of the predominant causes of cancer-associated mor-
tality worldwide [19]. Therefore, for the cellular study of apoptosis, HepG2 cells
(HB-8065, human hepatocellular carcinoma cells) were selected. HepG2 were ob-
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tained from American Type Culture Collection (ATCC, Manassas, VA, USA). HepG2
cells were maintained in RPMI-1640 medium (Sigma-Aldrich, Munich, Germany),
supplemented with 10% sterile-filtered fetal bovine serum (FBS) (Sigma-Aldrich,
Germany) and 1% antibiotic (l-glutamine-penicillin-streptomycin) (Sigma-Aldrich,
Germany) solution.

Apoptosis tests were performed following the protocol reported previously by
[20]. Briefly, after different treatments, cells were seeded in 96-well plates, and after
24 h, cells were treated with 10 µL of each sample (organic extract of particulate and
gas samples) or 10 µL of the DMSO solvent (DMSO; Merck, Darmstadt, Germany)
for 24 hours. The medium was removed, and cells were washed with 300 µL HANKs
solution. Then, cells were fixed and permeabilized for 2 min in ice-cold methanol and
stained with 1 µg/mL Hoechst (Sigma-Aldrich). Apoptotic nuclei were determined
by fluorescence microscopy using a Cytation 5 system (BioTek). Image analysis
was also conducted using ImageJ software (ImageJ) [21]. Apoptotic nuclei were
determined according to morphological criteria [20]. The apoptotic index (AI ) was
then calculated using the Equation 3.4.

AI =
Acc

Ncc
× 100 (3.4)

Where Acc is the number of apoptotic carcinoma cells per section and Ncc is the
total number of carcinoma cells per section.

3.4.6 Statistical analysis

For particle and gaseous sampling and analysis, at least 3 replicates were performed,
as mentioned in each section. All results presented show standard deviation bars.
When evaluating results, the differences have been considered significant when the
standard deviation bars do not overlap.
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Chapter 4

Steady state results

In this chapter, unregulated emissions (carbonyl compounds and PAH),
the ozone formation potential and the biological response of soluble or-
ganic fraction and water-soluble fraction from biofuels-derived PM were
investigated. The experiments were carried out in an automotive diesel
engine fueled with butanol, pentanol and HVO blends and operating un-
der two representative urban driving conditions.

4.1 Introduction

Among alcohols, butanol and pentanol have been considered prominent candidates
as partial substitutes for diesel fuel as they have higher calorific value, lower vapor
pressure, higher cetane number, as well as being less hydrophilic and greater mis-
cibility than ethanol which allows increasing the butanol or pentanol percentage in
the blends [1, 2, 3, 4, 5, 6]. Additionally, renewable diesel -HVO- fuel, composed
mainly of paraffins and free of oxygen, sulfur and aromatics, has been identified as
a prominent candidate to replace fossil diesel mainly due to its almost zero carbon
footprint and its physicochemical properties similar to fossil diesel.

Although the effects of HVO, butanol, and pentanol on engine performance and
regulated emissions have been widely reported in literature [7, 8, 9, 10], there are few
and limited literature reports about their unregulated emissions and impact related
to photochemical air pollution. Within unregulated emissions, PAH and carbonyls,
have been of special interest due to their hazardous effects on human health and
the environment [11, 12]. In addition, carbonyls, which are of major concern when
blending alcohols with fossil fuels, are highly reactive in the atmosphere, contributing
to formation of ozone and other photochemical air pollutants [13] and they serve as
one of the major sources of free radicals causing an indirect negative impact on public

74



health [14].

Regarding the biological response, epidemiological studies have provided sub-
stantial evidence corroborating the ability of diesel derived particles to induce cyto-
toxicity, DNA damage and oxidative stress in cells through the production of ROS
[15]. However, most of toxicological studies have been focused on fatty acid methyl
esters (biodiesel) and on the evaluation of the toxicity of the SOF, very limited stud-
ies have assessed the WSF which might contribute significantly to toxicity due to
potentially bioavailable soluble metals and ions [16].

Some of the results presented in this chapter have been published in indexed
scientific journals ([17, 18, 19]).

4.2 Unregulated emissions from Butanol/diesel and HVO/diesel
fuel blends

The effect of a representative butanol/ULSD fuel blends, and two HVO/ULSD blends
on 18 PAH compounds (both in particles and gaseous phases) and 13 carbonyl com-
pounds gathered from the exhaust gases. Details of the methodology are presented
section 3.3.3. Briefly, the particle and gas phase sampling procedure for PAH and car-
bonyls characterization was carried out without any air dilution. 16 PAH requested
by the US EPA + benzo[e]pyrene and dibenzo[a,l]pyrene which is acknowledged for
its significant carcinogenic potential, were determined.

4.2.1 Engine performance parameters

Figures 4.1 and 4.2 show the thermodynamic combustion diagnosis for both engine
operating modes. A greater influence of the biofuels was observed in the in–cylinder
average bulk temperature and heat release rate curves suggesting differences in the
combustion process leading to different unregulated emissions as discussed below.

In–cylinder average bulk temperature and heat release rate for the HVO blends
could be influenced by their higher cetane number, which advanced the start of com-
bustion as shown in the in–cylinder pressure curve (Figure 4.1), due to the shorter
ignition delay in comparison with ULSD and Bu13. At high load, the difference in
ignition delay between HVO blends and ULSD fuel is smaller, as the internal gas
temperature rises at the start of combustion. The shorter ignition delay reduces the
fuel vapor–air mixing time, leading to a lower peak of heat release rate at the pre-
mixed combustion phase (Figure 4.2) [20].
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(a) In-cylinder temperature and pressure for M1. (b) In-cylinder temperature and pressure for M2.

Figure 4.1: In-cylinder pressure and average bulk temperature [21]

(a) Heat release rate and fraction for M1 (b) Heat release rate and fraction for M2.

Figure 4.2: Heat release rate and heat release fraction [21]

The pilot injection changed the thermodynamic conditions in the combustion
chamber as reported by [22]. The rate of heat release during the pilot injection was
higher for HVO blends (Figure 4.2), increasing in-cylinder pressure and temperature
(Figure 4.1). Since tests were carried out at the same power output, then this explains
the lower heat release rate of HVO blends during the main combustion phase (after
10 °CA) [23]. Furthermore, the high rate of heat release for ULSD and Bu13 can be
explained by the reduction in cetane number with respect to blends with HVO, which
enlarge the ignition delay and leads to more fuel being burned in the premixed phase.
Moreover, it is hypothesized that the heat of evaporation and oxygen content of Bu13
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could also improve the burning rate, which made the peak rate of heat release closer
to that of ULSD. In addition, the lower density and viscosity of Bu13 might play a
role in improving the air-fuel mixture [24].

The heat release fraction (cumulative heat release) in (Figure 4.2) shows similar
average bulk in–cylinder combustion performance independently of the engine oper-
ating mode. However, for HVO the combustion performance was slightly lower than
for other fuels. For ULSD, Bu13 and HVO the combustion reached above 99% of the
total heat released after 50 crank angle degrees, which is common in diesel engine
combustion. The rest of this unburned fuel could be one of the components con-
forming the particulate matter, which might contribute to explain the content of PAH
with HVO. Other engine performance parameters are shown in Table 4.1. Regulated
emissions are shown in Appendix B.

Table 4.1: Engine performance results

Parameter ULSD Bu13 HVO13 HVO20
σ* M1 M2 M1 M2 M1 M2 M1 M2
Engine 13.0 22.7 13.0 22.6 13.0 22.6 13.0 22.4
power (kW) (0.02) (0.27) (0.03) (0.16) (0.04) (0.13) (0.05) (0.58)
Brake-specific 273.9 272.7 280.8 273.9 269.4 279.6 268.4 277.1
fuel consumption (2.38) (4.54) (2.72) (2.68) (4.87) (3.08) (2.61) (7.53)
(g/kWh)
Brake thermal 30.6 30.8 30.9 31.7 31.0 29.9 31.1 30.1
efficiency (%)
Specific particulate 39 46 35 40 37 42 36 39
matter emissions (15) (15) (6) (9) (9) (14) (12) (7)
(mg/kWh)
Specific NOx 4.5 4.5 4.9 5.1 5.4 5.1 5.0 5.5
emissions (g/kWh) (0.09) (0.06) (0.09) (0.12) (0.14) (0.18) (0.07) (0.13)

*Number in parenthesis represent standard deviation.
*M1= 1750 r/min @ 71 Nm; M2= 2400 r/min @ 90 Nm.

4.2.2 PAH emissions

PAH compounds have chemical structures of two or more fused benzene rings in lin-
ear, angular, or cluster arrangements [25]. Figure 4.3 shows the PAH emissions in
gas phase (left) and particle phase (right) with different fuel blends in both operation
modes. Apparently, similar PAH emission profiles can be observed, although their
emission levels were different. For gas phase, Nap, Phen+Ant, are the three predom-
inant compounds, when compared with the particle phase, Phen+Ant and Pyr reach
the highest concentrations, which agrees with reports by Vojtisek-Lom et al. [26] for
butanol and HVO and by Zhang et al. and Li et al. [27, 28] for diesel and biodiesel
blends. In addition, De Souza and Correa [29] studied how during engine use, lubri-
cating oil can accumulate significant amounts of PAH and therefore influence PAH
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emissions. They reported NAP, Phen and Pyr, the same compounds with the highest
concentrations in this study, as main PAH in the lubricating oil after 12,000 kilome-
ters of use. In this case, PAH issued by the exhaust have mostly a pyrogenic origin.
However, a fraction of those predominant PAH can also be contributed by PAH re-
tained in the lubricant oil.

Emissions of NAP, the lowest molecular weight PAH, increased with both biofuel-
diesel blends respect to ULSD results. While for Bu13 and HVO20, NAP concentra-
tions were not statistically different, for HVO20 NAP reached the maximum concen-
tration (between 150 and 190 µg/kWh) and was always higher in mode M2 than in
mode M1 in both gas and particle phases. The emissions of Acy, B[a]A and Cry were
the lowest and with similar magnitudes in both phases. However, HVO blends gener-
ated higher emissions of Phe + Ant, while for B[a]A, Flt, Flu and Acy, no significant
differences were observed between tested fuels in any phases.

PAH with 5 and 6 rings (Figure 4.4) in the gas phase were detected in most of the
conditions tested with concentrations much lower in magnitude than the congeners
between 2 and 4 rings. BaP, considered the reference compound by US EPA, was
higher for ULSD in M1 and HVO in M2. However, no clear trend can be identified
with respect to butanol or HVO, i.e; no benefit is observed in terms of PAH emissions
with these biofuels with respect to diesel under the conditions tested.
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Figure 4.3: Light PAH specific emissions. Left: gaseous PAH, right: particulate PAH

Some researchers [30, 31] have suggested that PAH emissions are highly influ-
enced by the PAH content in the fuel. In addition, Lima et al. [32] have also reported
that PAH can be emitted regardless of their presence in the original fuel. In this
case, the blended biofuels are aromatic-free, and the PAH concentrations were not
significantly reduced with their use. Then, the presence of PAH in the exhaust for
Bu13, HVO13 and HVO20, suggested that pyrolysis and pyrosynthesis processes of
lower molecular weight hydrocarbon compounds were occurring during combustion,
and free radicals formed during this process combined into acetylene resulting in the
formation of aromatic rings through condensation products, leading to the forma-
tion of larger, more stable molecules, and in addition, the lubricant oil might be also
contributing to these emissions [30, 33, 34].
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Figure 4.4: Heavy PAH specific emissions. Left: gaseous PAH, right: particulate
PAH

In the particle phase, an increase in the concentrations of B[a]P and DB[a,h]A is
observed with butanol. DB[a,l]P was only detected with Bu13, HVO13 and HVO20
in M2, increasing the concentration in this same order. It is important to note that
DB[a,l]P has been reported to be even much more toxic than B[a]P [25, 35]. In gen-
eral, low molecular weight PAH (containing two to four aromatic rings) are the most
abundant compounds in the exhaust, which agrees well with the finding of Vojtisek-
Lom et al. [26], these compounds are less toxic and degraded at reasonable rates
in the presence of oxygen, unlike compounds with more than four rings, which are
highly persistent in the environment. The high molecular weight PAH are usually
found at low concentrations, especially at middle and high loads. Generally, thermo-
dynamic stability of the molecule determines the ability of individual PAH to survive
at high temperature environment [28].
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The distribution between the gas and particle phases is observed in Figure 4.5.
Figure 4.5a compares the distribution in each phase by rings. 2-ring compound was
distributed mainly in the gas phase in all fuels and in both operation modes, however,
a higher concentration was observed in M2. In 3-ring PAH there was an opposite
trend between modes, for M1 the PAH in the gas phase dominate over the particle
phase except for Bu13. However, in M2 the opposite occurs. As expected, from 4 to
6 rings, the PAH are observed mainly in the particle phase. Figure 4.5b shows the
distribution between phases by fuel for total PAH emissions. Independently of the
fuel used, it was observed that total PAH emissions were higher at the higher engine
load (M2), corresponding to higher instantaneous in-cylinder pressure and temper-
ature. Moreover, although the aromatic compounds decreased with the addition of
both butanol and HVO, the total PAH emissions increased, which confirmed that the
higher pressure and temperature favored the pyrosynthesis reactions. The total 18
PAH were dominated by 3- and 4-rings PAH with total proportion up to 70%, in
agreement with Vojtisek-Lom et al. [26].

(a) PAH distribution by rings . (b) Total PAH emissions between phases.

Figure 4.5: PAH distribution between the gaseous and particle phases

Variations in PAH emissions shown in Figure 4.3 to Figure 4.5, can be attributed
to differences in fuel formulation and combustion characteristics, since engine perfor-
mance parameters were similar as shown in Table 4.1. PAH emissions for Bu13 and
ULSD were similar, which could be explained due to the high cetane number of the
HVO blends (see Table 3.1) in agreement with [7, 36, 37]. The earlier start of main
combustion of HVO blends resulted in an earlier end of combustion (Figure 4.2), and
in lower bulk average in-cylinder temperatures (Figure 4.1), which might explain the
higher PAH exhaust emissions. This could be expected since the total PAH were re-
ported to increase with decreasing in-cylinder temperatures [38, 32]. Dandajeh et al.
[39] reported that total PAH concentration decreased as the ignition delay increased.
This was explained by the fact that the maximum average in-cylinder temperature
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increased with ignition delay. For this reason, it is likely that the higher in-cylinder
temperature of ULSD and Bu13 might explain the lower total PAH emissions in com-
parison with HVO blends.

With respect to the impact of fuel formulation, Jin et al [40] carried out experi-
ments with coflow diffusion flames in order to study the n-butanol doping effect on
PAH formation. They reported that while the mole fraction of n-butanol increased,
benzene precursors, especially C3 radicals, also increased. This enhanced the for-
mation of phenyl and benzyl radicals [41]. Furthermore, the increase in PAH with
n-butanol blending has been reported in some studies [42, 43]. In addition to the
mechanism of PAH formation by the combination of propargyl radicals producing
benzene or phenyl as mentioned above, PAH from non-aromatic fuel blends with
diesel can be explained from the reaction of adding vinyl to acetylene to produce
vinylacetylene, where the formation of the first aromatic ring normally begins and
is followed by acetylene addition to the n-C4H3 radical formed by the H abstraction
from the vinylacetylene [44].

4.2.3 Carbonyl emissions

Seven carbonyl compounds were detected and quantified, acetone and acrolein, bu-
tyraldehyde and benzaldehyde were reported as the sum, because a total separation
was not achieved in the chromatographic method. Crotonaldehyde, hexaldehyde,
valeraldehyde, p-tolualdehyde, methacrolein and 2-butanone were not detected.

Figure 4.6 shows the percentage of leakage from each congener to the second
cartridge, and for ULSD -M1 in which the highest sampling flow was used, leakage
to a third cartridge was also quantified. Formaldehyde leaked less than 50% in all
cases, contrary to acetaldehyde, which in most tests exceeded 50% except for bu-
tanol, indicating the great influence of the sampling flow. Regarding acetone, it was
detected in most cases only in the second cartridge. This revealed the importance of
using at least two cartridges in series to identify those compounds that do not react
in the first cartridge to form complexes of DNPH, this can be mainly influenced by
the sample flow. For ULSD M1, both acrolein and butyraldehyde + benzaldehyde,
were fully detected only in the second cartridge. These measurements showed that,
although the first cartridge was not saturated, there may be a fraction of the carbonyls
that advance in the line and react in the second cartridge. If this cartridge is not
located in series, the detected concentration could be underestimated. It is also im-
portant to note that even if sampling is optimized with a given flow and time, the
change in fuel formulation can change the concentrations of the carbonyls generated.
Therefore, always measuring with two cartridges in series becomes a recommended
sampling practice.
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Figure 4.6: Percentage of leakage from each congener to the second cartridge

Carbonyl concentrations were consequently corrected according to the leaks.
Figure 4.7 shows the specific emissions of the 7 carbonyls detected. Results show
that the concentration of carbonyls was mainly influenced by the fuel and not by the
operation mode. HVO showed lower carbonyl emission compared to Bu13. This
may be due to the absence of oxygenated compounds. Formaldehyde was the most
predominant compound among the carbonyls detected, except for the ULSD in M1
in which the acetone emission was the highest. The total contribution of formalde-
hyde and acetaldehyde to the carbonyl emissions ranged from 40% to 80%. The fuel
blended with 13% butanol produced higher formaldehyde and acetaldehyde emis-
sions than ULSD and HVO blends at both engine loads, enhanced oxidation of un-
burned hydrocarbons due to the addition of an oxygenated fuel such as butanol, would
lead to the formation of carbonyl compounds, thereby agreeing with the results pub-
lished by [24, 45, 46, 47]. This is consistent with some speciation studies that have
shown that carbonyl emissions might be related to the hydroxyl group in alcohol
fuels.

Formaldehyde and acetaldehyde emissions from C1-C5 alcohols are directly
linked with molecular structure and combustion chemistry pathways [48]. During
the alcohol combustion process, carbonyls can be formed at high temperatures, by
H-atom abstraction and β-scission of the alcohol, and even at lower temperatures,
the reaction of α-hydroxyalkyl radicals with O2 leads to carbonyls formation [48].
Another reason for the increase in carbonyl emissions with Bu13 could be caused by
the longer ignition delay (Figure 4.1) due to the high latent heat of vaporization or
high self-ignition temperature of butanol, the ignition delay promoted forming the
premixed mixture and increased the availability of free oxygen available to react to
form carbonyls [49].
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Figure 4.7: Specific carbonyl emissions

Carbonyl emissions were not significantly affected by the aromatic content of the
fuel. Due to the higher level of aromatic compounds for ULSD, benzaldehyde and
p-tolualdehyde emissions could be expected to be the highest for this fuel. However,
p-tolualdehyde was no detected and benzaldehyde emissions were not significantly
different from those of HVO blends. Similar conclusions were reached by Nelson
et al. [50], who studied carbonyl emissions from twelve vehicles using a range of
diesel fuel formulations and concluded that aldehydes such as formaldehyde and ac-
etaldehyde were not affected by the aromatic content of the fuels. Carbonyls are
largely formed in the combustion process from fuel fragments produced in the initial
oxidative pyrolysis.

4.2.4 Ozone formation potential

In order to assess the contribution of the carbonyl emissions, the photochemical
ozone production was calculated. Figure 4.8 shows the ozone equivalent produc-
tion (designated with circles) for the fuel blends. Shaded bars in the background
represent the contribution of each carbonyl to the total OFP. Results showed that
there was no significant difference between ULSD and HVO13, although a slight
decrease in M2 was exhibited by both fuels, and for the 20% HVO blend, a slight in-
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crease was evident in comparison with 13% HVO. Bu13 exhibited the highest OFP,
almost doubling the OFP of ULSD and HVO20. This is due to the emitted concen-
tration of formaldehyde, acetaldehyde and acrolein, compounds with a high MIR.
Formaldehyde was the major contributor to OFP, ranging from 50% to 65% among
all carbonyl compounds. This is due to formaldehyde’s high MIR value, and because
it was the highest carbonyl emission among the 7 detected in exhaust samples.

Figure 4.8: Ozone equivalent production (•) for the fuel blends

The OFP found in this work for ULSD was close to that reported by other re-
searchers: Ballesteros et al. [51] reported 80 ± 5 mg O3/kWh for diesel fuel supplied
by Repsol, and 180 ± 70 mg O3/kWh for a Spanish commercial diesel; Jhang et
al. [52] reported an OFP increase from 30 mg O3/kWh to 60 mg O3/kWh, and 90
mg O3/kWh as the load increases from 25% to 50% and 75% respectively. Those
differences could be attributed to test conditions, engines technology, and variations
in fuel composition, the latter being the most significant factor affecting the unregu-
lated emissions. The OFP for butanol (16%) reported by Ballesteros et al. [53], was
nearly six orders (6x) of magnitude lower than those found in this work, however,
such difference can be because the authors reported the average OFP of three differ-
ent operation modes (two urban and two extra-urban), although for the urban mode
the emissions were high, the low emissions of the extra-urban mode offset the high
ones. In addition to the reasons explained above (the type of engine and technology,
etc.).
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4.3 Unregulated emissions for Pentanol/diesel and fuel blends

4.3.1 Engine performance parameters

To evaluate the engine performance, BSFC and BTE were measured, and the results
are shown in Figure 4.9a. At low load, BSFC increased slightly for all pentanol
blends ( 8%) with respect to ULSD, due to the lower heating value of pentanol that
resulted in an increased fuel mass needed to obtain the same power output. At high
loads, BSFC showed no significant difference between fuels, implying that higher
combustion temperatures and increased oxygen concentration in the fuel might lead
to a better vaporization of fuel mixtures and faster evaporation rate [49], which im-
proved the combustion speed.

(a) Brake specific fuel consumption (bars-left axis) and brake
thermal efficiency (points-right axis).

(b) Raw exhaust gas temperature .

Figure 4.9: Engine performance parameters

BTE for all fuels and engine loads were similar between 30% and 35%. The
effect of the higher latent heat of evaporation of pentanol seemed to be compen-
sated with the increased oxygen content and longer ignition delay associated with
pentanol’s lower cetane number, that both enhanced the combustion process and
promoted the premixed burning phase [54]. The marginal differences between fuel
blends in BSFC and BTE, indicated that pentanol blends up to 20% could keep com-
bustion characteristics similar to ULSD fuel. Regulated emissions are shown in Ap-
pendix B.

4.3.2 Carbonyls

Figure 4.10 presents the specific and total carbonyl emissions for the pentanol/ULSD
blends under the two load conditions tested. Due to the inability to identify the
peaks separately for acetone and acrolein, butyraldehyde and benzaldehyde, they
were quantified together.
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Figure 4.10: Specific carbonyl compounds emissions (mg/kWh) and total specific
emissions (boxes on the right) for ULSD and the tested pentanol/diesel blends. Error
bars correspond to standard deviation

At both engine loads carbonyl emissions were higher for the pentanol blends
compared to ULSD. The incomplete combustion of alcohol fuels led to the formation
of oxygenated hydrocarbons such as carbonyl compounds [55]. The hydroxyl group
of pentanol might have an influence on the carbonyl’s formation. Alkyl alcohols (R
- O - H) can decompose by unimolecular dissociation via complex fission (multiple
bonds break and form) or by simple fission (one bond breaks), the latter predomi-
nantly occurs at the C–C bonds and produces alkyl and hydroxyalkyl radicals that
subsequently dissociate by β scission to alkenes and aldehydes, and ketones (car-
bonyl groups) [56]. In addition, the higher latent heat of vaporization of n-pentanol
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can generate: a) a cooling effect due to the evaporation of pentanol [57], that caused
a lower combustion temperature compared to ULSD, as can be inferred from the ex-
haust gas temperature in Figure 4.9b, and b) a longer ignition delay that increased the
probability of deposition of unburned fuel on the walls of the combustion chamber
[49].

Pe20 decreased the total emission of carbonyls compared with Pe13, may be
due to the presence of additional oxygen, which improved combustion by diluting
the mixture and removing fuel-rich zones in the cylinder. In addition, the lower
viscosity of Pe20, compared to the other tested fuels, could favor the atomization and
evaporation process of the fuel, for a better homogenization of the mixture [49].

Total carbonyl emissions decreased slightly with increasing load for all fuels,
which agrees with results for blends with other oxygenated fuels [58, 59]. This has
been attributed to increases in combustion temperature at such loads leading to a more
complete oxidation of carbonyls. This trend was evident for ULSD, particularly for
the emission of formaldehyde, acetone and acrolein, the lighter carbonyl products
from incomplete oxidation of light hydrocarbons.

Formaldehyde showed the highest emission among the measured carbonyls for
all pentanol blends at both engine loads. The relative weakness of the αC-H bonds in
an alcohol molecule enhanced the reaction of pentanol with O2 leading the formation
of formaldehyde and HO2 [55]. In addition, light hydrocarbons during combustion
generate intermediate products such as formaldehyde rather than more fully oxidized
species, especially in localized fuel-rich regions [58]. Valeraldehyde would be di-
rectly produced following H-atom abstraction at the αC site of pentanol; however,
this species was not observed in the current measurements, perhaps due to its high
reactivity and that through H-atom abstraction at the β site it can produce an alkene
[55].
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Table 4.2: Reported carbonyl emissions with alcohol/diesel blends

Ref Engine After- Fuel SE* Trend
treatment

Section 4.3.2 Four-cylinder, DOC Pentanol/ 11-68 ↑

turbocharged and diesel mg/kWh
Section 4.2.3 intercooled DOC Butanol/ 35-43 ↑

Cummins ISF 2.8 L diesel mg/kWh
[60] Six cylinder DOC Ethanol/ 26–80 ↑

Tang et al. Int.-Navistar DT466 diesel mg/kWh
(2007)
[61] Four cylinders, N.A. Ethanol/ ≈300-300 ↑

Pang et al. DI Commins-4B biodiesel/ mg/kWh
(2008) diesel
[59] Heavy-duty N.A. Ethanol/ 20-380 ↑

Song et al. diesel Engine diesel mg/kWh
(2010)
[24] Single cylinder N.A. Butanol/ 40-250 ↓

Yang et al. diesel engine biodiesel/ mg/kWh
(2015) diesel
[58] Four cylinders None Methanol/ 222-322 ↑

Fan et al. DI turbo-charged diesel mg/kWh
(2018) NRM diesel engine

SE:Total specific emission ranges for alcohol/diesel blends.
N.A.:Not available
↑: increased, ↓: decreased.

Total carbonyl concentrations in the exhaust from methanol, ethanol and butanol
blends with diesel, and ternary diesel/biodiesel/alcohol blends were in the range of
20-380 mg/kWh (see Table 4.2). In this research the total specific emissions fell
in the range of 11-68 mg/kWh. The specific emissions obtained in this work were
higher than those obtained in a previous study with 13% of butanol blended with
diesel under the same operating conditions [17]. These results suggest that pentanol
increased carbonyl emissions compared to butanol.

4.3.3 Ozone formation potential

The estimated OFP for each fuel blend, and the contribution of each carbonyl, are
presented in Figure 4.11. The OFP increased with the pentanol concentration be-
cause of the increase in the emission of carbonyl compounds with high MIR: formalde-
hyde, acetaldehyde, and propionaldehyde. At low load, with respect to ULSD, Pe13
and Pe20 increased OFP around 40%, and Pe15 doubled it (2x). At high load, the
increase exceeded 100% and reached 430% for Pe15. ULSD and Pe20 decreased the
OFP at high load, this was due the decrease in the emission of acetone and acrolein.
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Figure 4.11: Ozone formation potential (rhombuses) and the contribution of each
carbonyl compound (shaded bars) (M1= 1750 r/min @ 71 Nm; M2= 2400 r/min @
90 Nm). Error bars correspond to standard deviation

.

Researchers have reported lower OFP for short chain alcohols, butanol, and
biodiesel compared to those found in this work for pentanol blends. Ballesteros et
al. [53] reported the carbonyl emissions and their derived OFP from an automo-
tive diesel engine fueled with ULSD and its blends with ethanol (10%) and butanol
(16%). They showed an OFP of 30 mg O3/kWh for diesel and 45 mg O3/kWh for
ethanol and butanol blends. In their work, for ULSD and butanol blend, the most
abundant carbonyl was formaldehyde with approximately 5 mg/kWh and 7 mg/kWh
respectively (results after DOC). For ethanol blend, the highest emission was acetone
with approximately 25 mg/kWh followed by formaldehyde with around 5 mg/kWh.
In this study, acetaldehyde emissions, added to the high emission of acetone and
acrolein, and the high MIR of acrolein as opposed to the low MIR of acetone, caused
the differences in the OFP with regard to that reported by Ballesteros et al. [53]. In
a subsequent study, Ballesteros et al.[51] reported the OFP for animal fat biodiesel
(50% by volume) of 80 mg O3/kWh and 150 mg O3/kWh for ULSD. For both fuels,
the most abundant compounds were acetone (16 and 5 mg/kWh), acetaldehyde (7.5
and 4 mg/kWh) and formaldehyde (3 and 2.5 mg/kWh). Although the total carbonyl
emissions were dominated by acetone, this did not significantly affect the OFP. It is
worth noting that OFP is not affected as much by the total emission of carbonyls as it
is by the type of carbonyls and their respective MIR. Jhang et al. [52] measured the
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carbonyl compounds in a diesel engine (Cummins B5.9-160) and they reported that
the OFP for diesel fuel decreased from 90 mg O3/kWh to 30 mg O3/kWh with an
increase in engine load from 25% to 75%. OFP is also affected by operating mode,
engine technology, and fuel properties.

4.4 Biological activity

The biological response of SOF and WSF extracted from PM from Bu13, HVO13
and HVO20 was investigated. Cytotoxicity, genotoxicity, oxidative DNA damage,
ecotoxicity and PAH equivalence toxicity are presented in this section. Details of the
methodology are presented section 3.3.5. Briefly, The Hepatocarcinoma epithelial
cell line (HepG2) was exposed to SOF for 24 h and analyzed using comet assay, with
the inclusion of formamidopyrimidine DNA glycosylase (FPG) and endonuclease III
(Endo III) to recognize oxidized DNA bases. The WSF was evaluated through acute
ecotoxicity tests with the aquatic microcrustacean Daphnia pulex (D. Pulex).

4.4.1 Cytotoxicity and genotoxic activity

Results showed that there was no cytotoxic activity for all tested SOF concentrations,
for this, Probit analysis for the 20 concentrations were used. Based on this, we de-
cided to use three concentrations for genotoxic analyzes from a stock concentration
of 2.94 µgEq.

Genotoxicity was evaluated through the alkaline comet assay and enzyme-modified
comet assay for determination of oxidative damage. Figure 4.12 and Figure 4.13
show the results of the assay with and without FPG and Endo III enzymes, respec-
tively. The significant differences of the reference material with respect to the neg-
ative control exhibited the sensitivity and specificity of our experimental conditions.
The result of the comet assay (without FPG and Endo III enzymes) showed that for
most fuels, only the 2.94 µgEq concentration produced direct genotoxic damage to
the DNA strand. However, for HVO blends, the comet length increased with its con-
centration in the blend; and without FPG enzyme (Figure 4.12b), HVO20 fuel also
caused cell fragmentation at the intermediate concentration (1.47 µgEq). With and
without enzymes, DNA migration had no significant difference between fuels and
negative control at the lowest PM concentration (0.735 µgEq). When considering the
emission rate per kWh (Figure 4.14), the differences between the fuels are observed
only at high doses, with a larger DNA fragmentation on the cells caused by HVO20
and followed by Bu13 and ULSD.
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(a) Comet length in HepG2 cells in presence of FPG enzyme.

(b) Comet length in HepG2 cells in absence of FPG enzyme.

Figure 4.12: Comet length in HepG2 cells exposed to different fuels for 24 hours
through the alkaline comet assay in the presence or absence of FPG enzyme. For all
the experiments carried out in the presence and absence of the FPG enzyme, KBrO3

(1.25mM) was used as a positive control, obtaining a median for the comet length of
26 (22, 29) µm without the enzyme and 51 (47, 55) µm with the enzyme FPG. Red
asterisk (∗): p<0.0001 compared to the negative control. (•) correspond to atypical
data

Similar results were found by Mendoza et al. [62], who reported an increase in
the genotoxic activity by increasing the HVO concentration in the blend. They per-
formed the comet assay on human lymphocyte cells exposed to PM gathered from a
high emitter diesel engine in concentrations of 3.1, 6.2, and 12.5 µgEq. This might
explain why in our work, significant damage was only observed at the highest con-
centration of 2.94 µgEq.
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(a) Comet length in HepG2 cells in presence of Endo III enzyme.

(b) Comet length in HepG2 cells in absence of Endo III enzyme.

Figure 4.13: Comet length in HepG2 cells exposed to different fuels for 24 hours
through the alkaline comet assay in the presence or absence of Endo III enzyme. For
all the experiments carried out in the presence and absence of the Endo III enzyme,
H2O2 (100 µM) was used as a positive control, obtaining a median for the comet
length of 35 (32,39) µm without the enzyme and 56 (53,59) µm with the enzyme Endo
III. Red asterisk (∗): p<0.0001 compared to the negative control. (•) correspond to
atypical data

Few studies have compared the genotoxic activity of the SOF from diesel/ HVO
derived PM. In agreement with our results, Westphal et al.[63] and Jalava et al. [64]
observed dose-dependent DNA strand breaks and toxicity of the extracts, but they did
not report differences between diesel and HVO. Both studies used the comet assay
to study the genotoxicity of emissions from diesel fuel, rapeseed methyl ester, and
HVO in A549 lung cells and in a mouse macrophage cell line, respectively. In another
study, Soriano et al. [65] reported genotoxic activity of SOF from Gas to Liquid fuel
(a paraffinic hydrocarbon similar to HVO), and diesel fuel. However, they did not find
significant differences between fuels. They evaluated DNA migration or genotoxicity
at three PM concentrations using an alkaline comet assay in human lymphocytes.
Although the impact of fuel composition might be relevant, other parameters such
as engine technology, engine test modes, and other engine testing conditions should
be considered. For example, Hemmingsen et al.[66] compared DNA damage of PM-
SOF from two diesel engines complying with Euro 2 and Euro 4 emission standards
using biodiesel blends and diesel fuel, and they found that the type of engine had
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stronger effect than the fuel on the DNA damage.

Figure 4.14: Fragmentation of DNA represented by comet tail length (um) at different
sample doses. Dose as kWh per ml of culture medium (genotoxicity emission). The
symbols correspond to the median comet length and the error bars to the standard
deviation

There is a growing consensus that DNA damage involves oxidative damage
caused by the ROS. The increase of ROS is one of the main known pathways of
PM toxicity. One of the most common oxidation products of the DNA is 8-oxo-7,8-
dihydroguanine (8-oxodG). Oxidatively damaged DNA bases, such as 8-oxodG, are
repaired preferentially by the base excision repair pathway. While oxidative stress
increases the levels of all types of oxidatively modified DNA bases, the accumulation
of 8-oxodG in the DNA has been specifically linked to various inflammatory disease
processes [67]. The modified comet assay using repair enzymes FPG, and Endo III
is widely used for the assessment of oxidative DNA damage. The FPG is specific for
8-oxodG, and other ring-opened purines, and the Endo III, for the thymine glycol and
the uracil glycol [68].

The addition of the FPG and Endo III enzymes resulted in a significant increase
in the comet tail (p value <0.0001) with respect to the tests in the absence of them.
With the addition of the enzyme FPG Figure 4.12a), the length of the comet increased
around 42% for ULSD and Bu13 at the intermediate concentration, and around 34%
for Bu13 at the highest exposure concentration after 24 hours. Regarding the oxida-
tive damage that SOF could produce in the pyrimidine bases after incubation with the
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enzyme Endo III, the results obtained also showed an increase in DNA damage after
24 h of exposure with respect to the negative control, and the length of the comet in-
creased for all fuels, mainly for ULSD and HVO blends, which increased above 26%.
These results indicate that the DNA damage from SOF of the tested fuels involved
oxidative damage including oxidized purines and pyrimidines. The FPG and Endo
III treatment showed a higher level of oxidized purines for ULSD and Bu13, and a
slightly higher oxidized pyrimidines for HVO blends compared to Bu13. In addition
to oxidation, DNA damage by alkylation should also be considered, because it is well
documented that the FPG and Endo III restriction enzymes also detects some types
of alkylation damage [68, 69].

The purine and pyrimidine serve as a form of energy for cells, and are essential
for production of DNA and RNA, proteins, starch, regulations of enzymes, cell sig-
naling bases. Therefore, alterations in their synthesis, catabolism, and concentrations
may lead to significant functional consequences [32]. Oxidized purine and pyrimi-
dine are part of tandem base lesions [33], and as a consequence, they could generate
the same damage, regardless of the oxidized base (puric or pyrimidine). One possible
damage could be nucleotide misincorporation during DNA replication (mismatches
in DNA bases).

The results indicated that the ROS played an important role in the genotoxic
effects of SOF from HVO and Bu13-derived PM. The ROS could be induced by dif-
ferent mechanisms, i.e., through transition metals contained in the particles, which
were measured in this thesis, but they were under the detection limits of our method;
through processes that metabolize xenobiotics in PM [70], and through some xeno-
biotics, such as PAH, which are contained in the SOF from the tested fuels [17].
However, there are other mechanisms that might be also involved in oxidative dam-
age. For example, Tokiwa et al. [71] suggested that the oxidative damage could be
also induced by carbonaceous particles instead of mutagenic and carcinogenic sub-
stances. They used a test in vivo doing intratracheal injections of the carbonaceous
part of diesel particles in mice, and this resulted in an increase in 8-oxodG adduct
levels in the lung tissue, but it was not increased when PAH such as benzo[a]pyrene,
1,8-dinitropyrene, and 1-nitropyrene were used.

Regarding the percentage of damaged cells (Table 4.3), all samples showed
fragmentation. However, the magnitude of this damage was different among them,
and was classified into two categories: a) no damage, and b) low damage. No
concentration-response relationship was found in the percentage of cell damage in
the absence of FPG and Endo III enzymes. Almost 100% of the cells showed low
damage at the highest PM concentration for all fuels without FPG enzyme, and only
for HVO20, 98% of the cells showed a low damage at 2.94 µgEq without the Endo
III enzyme.

From these results, it was possible to conclude that part of the DNA breaks was
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induced due to oxidative damage to the nitrogenous bases (puric or pyrimidine) that
are part of the DNA, caused by SOF from ULSD and its blends with the renewable
fuels tested. With the addition of the enzymes a concentration-response effect was
observed for ULSD and HVO20. The oxidative damaged increased with the concen-
tration of HVO in the fuel blend.

Table 4.3: Percentage of damaged cells in the HepG2 cell line, exposed to different
fuels for 24 hours through the alkaline comet assay in the presence or absence of FPG
and Endo III enzymes

FPG Endo III

Extract Conc. Absence Presence Absence Presence
(µgEq) No Low No Low No Low No Low

Damage (%)
Ref. PM 0 100 0 100 0 100 0 100 0

0.735 99.6 0.4 51 49 100 0 80 20
1.47 0 100 0 100 0 100 0 100
2.94 0 100 0 100 0 100 0 100

ULSD 0 100 0 100 0 100 0 100 0
0.735 99.6 0.4 100 0 100 0 100 0
1.47 99.6 0.4 44 56 100 0 66 34
2.94 0 100 0 100 83 17 1 99

Bu13 0 100 0 100 0 100 0 100 0
0.735 100 0 100 0 100 0 100 0
1.47 100 0 24 76 100 0 100 0
2.94 7.3 92.7 0 100 34 66 1 99

HVO13 0 100 0 100 0 100 0 100 0
0.735 100 0 100 0 100 0 100 0
1.47 99.3 0.7 100 0 100 0 100 0
2.94 17 83 66 34 100 0 50 50

HVO20 0 100 0 100 0 100 0 100 0
0.735 100 0 73 27 100 0 100 0
1.47 0 100 16 84 100 0 87 13
2.94 0 100 0 100 2 98 0 100

Figure 4.15 shows the induction frequency (IF) with absence and presence of the
enzyme FPG (Figure 4.15a), and Endo III (Figure 4.15b). The IF, which indicates
how many times the treatment exceeded the negative control, was higher for the FPG
compared to Endo III. The DNA damage occurred at 1.47 µgEq and in the presence
of the enzymes, while no damage occurred in the absence of enzymes, except for
HVO20 with FPG.
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(a) Induction frequency in the presence or absence of FPG .

(b) Induction frequency in the presence or absence of Endo III.

Figure 4.15: Induction frequency in HepG2 cells exposed to different fuels for 24
hours through alkaline comet assay. For all the experiments carried out in the pres-
ence and absence of the FPG enzyme, KBrO3 (1.25mM) was used as a positive con-
trol obtaining an IF of 2.42 without the enzyme and 4.7 with the FPG enzyme. For
all the experiments carried out in the presence and absence of the Endo III enzyme,
H2O2 (100 µM) was used as a positive control obtaining an IF of 3.3 without the
enzyme and 5.2 with the Endo III enzyme

These results advised that the DNA damage was induced, by one side due to
the direct effects of the SOF, and on the other hand, due to indirect effects such
as the oxidative damage (apurinic > pyrimidine). It was notable that even though
Bu13, HVO13 and HVO20 fuel blends possess lower aromatic content than neat
diesel fuel, they did not exhibit significant genotoxic response differences compared
to the ULSD, however, the HVO blends generated a higher DNA damage than ULSD.
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4.4.2 Acute ecotoxicity tests with D. Pulex

Table 4.4 shows the results regarding the dead or immobile D. Pulex neonates speci-
mens exposed.

Table 4.4: Immobility or mortality of neonates of D. pulex exposed to different dilu-
tions of the sample during 48 hours of the sample

Sample N° immobile or LC50

Fuel fraction result
(%) dead specimens (%)
6.25 2
12.5 1
25 1

ULSD 50 3 Not calculable
100 3
(+) 11 N.A.
(-) 2 N.A.

6.25 2
12.5 0
25 4

Bu13 50 1 No calculable
100 3
(+) 9 N.A.
(-) 0 N.A.

6.25 0
12.5 0
25 0

HVO13 50 2 Not calculable
100 1
(+) 12 N.A.
(-) 0 N.A.

6.25 1
12.5 2
25 3

HVO20 50 1 Not calculable
100 2
(+) 10 N.A.
(-) 1 N.A.

N.A.:Not applicable

Ecotoxicity results are expressed by the LC50 value that was the calculated ef-
fective concentration that causes 50% of ecological effect (mortality or immobility).
For none of the fuel PM samples it was possible to calculate LC50. In all the dilutions
and for all the extracts, the number of dead or immobile neonates was significantly
lower than the positive control. These results indicated that the WSF of the PM at the
prepared concentrations did not imply acute toxicity to these organisms.
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Figure 4.16 shows the percentage of mortality for each sample dilution, which
allows establishing a concentration-response relationship. For all PM fuel samples
tested, the mortality was not significantly different from the negative control; there-
fore, it was not possible to determine the acute ecotoxicological effects. Our results
indicated that the chronic effects of PM samples were highly significant and fuel de-
pendent (genotoxic assessment above), which are commonly related to some specific
PM components, such as PAH and their nitro and oxy derivatives. However, the cy-
totoxicity and ecotoxicity, which are related to the acute effects of the PM samples,
were not significant in this work [72, 73].

Figure 4.16: Mortality of D.Pulex neonates in 48 h for PM extracts

Few published studies have investigated the role of WSF on PM ecotoxicity,
and they have focused from the environment PM. The ecological effects of PM-WSF
from the combustion of bio-based fuels have been less studied. In our previous study
[74], the WSF of PM from ULSD blended with palm biodiesel (10%, 20% blends
and 100%) caused an increase in the death of exposed individuals which meant an
increase in ecotoxicity. The WSF has also been used to investigate health effects
using cell lines, for example, Zerboni et al. [75] evaluated the biological effects in
human bronchial BEAS-2B cells exposed to 50 µg/mL of WSF- PM from Euro 3
and Euro 6 diesel vehicles using fossil diesel. They found inflammatory and pro-
carcinogenic pathways induced by the older engine technology. It is worth noting
that the concentration used for in vitro analysis was 5 times higher than that used
in the present study. Regarding ambient PM, Tao et al. [76] and Xu et al. [77]
evaluated adverse health effects with intratracheal instillation on mice using the WSF
and SOF of diesel exhaust particles and they found the SOF contributed most to
induced pulmonary inflammation and other adverse cellular effects. However, it is
well known that ambient PM composition is markedly different from those of diesel
exhaust particles.
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4.4.3 PAH equivalence toxicity

Several studies have identified mutagenic and carcinogenic PAH compounds in diesel
PM. However, since the toxic potency of the different PAH is not the same, the toxic-
ity comparison is usually carried out by the BaP-TEQ. Although this index is widely
used to assess the toxicity of several materials containing PAH, this might underes-
timate total toxicity since it does not consider the impact of other carcinogens and
xenobiotics associated with PM. In addition, other carcinogenic PAH which are not
included in the 16 prioritized by the U.S. EPA, would be present in the PM samples
as shown in section 4.2.2.

Figure 4.17 shows the BaP-TEQ for the PM samples tested. The BaP-TEQ
ranged from 2 µg BaP-TEQ/kWh to 8 µg BaP-TEQ/kWh. Bu13 exhibited the high-
est BaP TEQ value, while HVO blends were not significantly different from ULSD.
Although Bu13, HVO13 and HVO20 PM samples decreased the percentage of aro-
matics in the parent fuel blend from 31.5% (ULSD) to 27.4% (Bu13, HVO13) and
25.2% (HVO20), this did not imply a lower BaP TEQ. This might be due to the for-
mation of PAH in the combustion process, and to the emission of compounds with
high TEF, mainly Bu13. Although butanol is an aromatic-free fuel, PAH could be
produced in the combustion process as discussed above. In a recent study, Khan et
al. [78] investigated the effect of alcohol size and hydroxyl group position on the
growth of PAH from the pyrolysis of ethanol, 1-propanol, 2-propanol,1-butanol, and
2-butanol in a laminar flow reactor. They observed that increasing the alcohol carbon
number increased the concentration of PAH. The pyrolysis of C3 and C4 alcohol fu-
els produced considerably higher concentrations of three ring PAH which played an
important role in the growth of 4 to 6 rings PAH. Jin et al. [79] studied the forma-
tion of PAH with butanol in laminar co-flow non-premixed flames. They found that
the presence of allene and propyne precursors promoted the formation of benzene,
and consequently the PAH formation through the additions of C2 and C3 species to
benzyl or phenyl radicals. Similar results were reported by Tran et al.[80], who in-
vestigated the impact of n-butanol addition into n-butane on PAH formation. They
reported that n-butanol reactions released C3 and C4 intermediate species promoting
the formation of benzene.
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Figure 4.17: The total toxic equivalent concentrations of PAH in SOF from PM of
the tested fuels. Error bars correspond to the standard deviation

Since the BaP-TEQ results did not correlate with the genotoxicity and oxida-
tive DNA damage, it means that the biological response could be generated also by
other PM toxic compounds which were not included in the BaP-TEQ index. Due to
the large PM specific surface, various organic substances different to PAH such as
some metals, nitro and oxy-PAH [81, 82] can be adsorbed. Numerous studies linking
ROS production and PAH metabolism had been reported, however, they often lead to
conflicting conclusions [70].

In summary, results showed that there was no cytotoxic activity for all tested
SOF concentrations. Genotoxic responses by all the SOF samples were at same level,
except for the HVO13 which was weaker in the absence of the enzymes. The addition
of the FPG and Endo III enzymes resulted in a significant increase in the comet
tail, indicating that the DNA damage from SOF for all tested fuel blends involved
oxidative damage including a higher level of oxidized purines for ULSD and Bu13
in comparison with HVO blends, but the oxidized pyrimidines for HVO blends were
slightly higher compared to Bu13. The WSF did not show acute ecotoxicity for any
of the fuels. Unlike other samples, Bu13-derived particles significantly increased the
BaP-TEQ. The contribution to the genotoxic activity and oxidative DNA from SOF
was not correlated to BaP-TEQ, which means that the biological activity of PM might
be affected also by other toxic compounds not measured here, present in particulate
phase.

4.4.4 Inhalation cancer risk from aldehydes

The concentrations in mg/m3 of formaldehyde and acetaldehyde for each fuel are
shown in Figure 4.18 (left axis). Formaldehyde was the predominant compound and
also the one with the highest toxic potential by inhalation. As shown in Figure 4.18
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(right axis), the CR resulting from 2-h daily exposure to formaldehyde and acetalde-
hyde from exhaust emissions of the tested fuels in the most critical case (dilution
factor of 20), ranged from 0.97×10–8 for ULSD to 5.7 ×10–8 for Pe15.5, they were
all below the threshold of 10–6 (1 in 1 million chance of the occurrence of additional
human cancer over a 70-year lifetime) suggested by the U.S EPA for carcinogenic
chemicals. Pentanol blends exhibited the highest CR with respect to ULSD, due to
the higher formaldehyde emissions. However, by applying U.S EPA criteria, the CR
from the inhalation of these two aldehydes was considerably low: approximately 1 in
100 million people could eventually develop cancer related to inhalation exposure to
formaldehyde and acetaldehyde over 30 years on a 2-hours morning work route. No-
tice that the above results for the CR were only considering two aldehydes. To obtain
the representative cancer risk assessment, the greatest possible quantity of VOCs and
semi-VOCs with a high potential for affecting health should be measured.

Figure 4.18: Concentrations of formaldehyde and acetaldehyde in mg/m3 (bars -
left axis) and cancer risk from 2-h daily exposure to formaldehyde and acetaldehyde
emissions (diamonds- right axis). Error bars correspond to standard deviation

4.5 Conclusions

From the results presented in this chapter and under the test conditions and engine
configuration used in this experimental research, the following conclusions can be
drawn:

Regarding unregulated emissions

• Independently of engine load and fuel tested, most of the PAH were present in
the gas-phase, with predominance of those between 3 and 4 rings. However,
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DB[a,l]P and B[a]P, were predominant in the particle phase, instead of gas
phase. A leakage assessment is mandatory to study unregulated gaseous PAH
and carbonyl compounds.

• Total PAH emissions, including the Dibenzo[a,l]pyrene, increased with the use
of n-butanol and HVO blended with ULSD. This suggested that although both,
renewable diesel and butanol, are aromatic-free biofuels, the in-cylinder com-
bustion process, and the pyrolysis and pyrosynthesis reactions of lower molec-
ular weight hydrocarbon compounds induced the formation of aromatic rings
through condensation products.

• Carbonyl emissions for pentanol were the highest among all tested fuels fol-
lowed by butanol blend. This was explained by the hydroxyl-group of the linear
alcohol. As a consequence, pentanol fuel blends exhibited the highest ozone
formation potential. The OFP of renewable diesel, ULSD and their blends was
similar.

Regarding biological activity

• All PM samples exhibited genotoxic effects, however none of them showed
cytotoxicity nor ecotoxicity effects.

• ULSD, Bu13, and HVO20-derived PM, showed the similar genotoxic response.
However, the genotoxic response and oxidative damage of DNA increased with
the concentration of HVO fuel in the blend.

• The SOF from all PM samples induced oxidative DNA damage which is at
least partly responsible for the genotoxic activity with a higher level of oxi-
dized purines for ULSD and Bu13, and slightly higher oxidized pyrimidines
for HVO.

• The contribution to genotoxic activity and oxidative DNA damage of the SOF
samples did not correlate with PAH equivalent toxicity.

• The lower aromatic content of the fuel did not imply a lower BaP-TEQ. Bu13
exhibited the highest BaP-TEQ value, while HVO blends were not significantly
different from ULSD.

• The higher carbonyl emissions resulted in higher cancer risk for pentanol/diesel
blends compared to ULSD. However, the CR for trespasser/ recreational recep-
tor was below the threshold suggested by the U.S EPA for carcinogenic chem-
icals. Although the CR was estimated by considering the two most abundant
aldehydes measured in this work, it might not reflect the CR of the full range

103



of all VOCs emitted by an engine.

• The set of tests carried out provides valuable information on the cellular impact
of the emissions, but under very specific conditions of cell line, concentration
exposures, etc. Therefore, it needs to be complemented with other types of
tests, in other types of cells, and under different conditions.
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Chapter 5

Transient state results

In this chapter, unregulated emissions in gas and particles from a Euro
6b diesel engine, operated with four unconventional and advanced bio-
fuels blended with diesel fuel and pure HVO as base biofuel were inves-
tigated. The engine was operated following WLTC driving cycle start-
ing from cold-engine conditions. The apoptotic index induced by gas
and particle emissions was determined as biological response. Further-
more, since polyoxymethylene dimethyl ethers (DME) are becoming a
promising solution for transportation because they can be categorized
as e-fuels, the effect of a diesel fuel blend with 20% of OME, on the
performance, combustion characteristics, regulated emissions, particle
number, and particle size distribution were also investigated

5.1 Introduction

In literature there are several studies on unregulated emissions (PAH and mainly
formaldehyde) with HVO and slightly less with OME blends as shown in Chap-
ter 2. However, most of them have been conducted under steady state or with small
size engines. To my knowledge, there is no study in the literature that has reported
the emissions of both PAH and carbonyls for each phase of the WLTC driving cycle
in a modern engine.

This chapter presents the effect of five promising alternative fuels (see sec-
tion 3.2.1) blended with diesel or HVO, on 16 PAH compounds (both particle-bound
and gaseous phases) and 13 carbonyl compounds emitted by an automotive diesel en-
gine under the WLTC, starting from cold-engine conditions as a realistic scenario to
evaluate their impact on unregulated and harmful emissions. Ozone formation poten-
tial was quantified from carbonyl emission factors to provide potential implications
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of ozone pollution with the tested fuels. The biological response through the apop-
totic index induced by the samples derived from the gas phase and the particles was
determined. Furthermore, at the end of this chapter, the effect of a diesel fuel blend
with 20% of OME on the performance and pollutant emissions (CO, NO2, NO, THC)
is presented. Moreover, due to the links between PM emissions and health effects,
measurements of particle number and particle size distribution are also presented
here.

5.2 Unregulated emissions

5.2.1 PAH emissions

Figure 5.1 shows the total average gaseous and particle-bound PAH emission factors.
For gaseous phase, the results are presented by driving cycle phase and for the PM as
total emissions along the cycle.

Total PAH emissions in the gaseous phase were higher in the low-speed phase for
all fuels and ranged from 20.7±1.5 µg/km to 51.7±8.9 µg/km. All fuels maintained a
similar total average emissions in both medium and high-speed phases, and OME20
and HVO fuels showed the lowest total average emissions (16±2.5 µg/km and 11±
2.5 µg/km, respectively). At the extra high-speed phase, the total emissions increase
significantly for the HT20 fuel blend compared to previous phases, while the other
fuel blends presented the lowest emissions of the entire driving cycle, except diesel
and OME20, which remained almost unchanged in the high and extra high-speed
phases (24±2.0 µg/km and 16±2.5 µg/km, respectively).

The low-speed phase significantly influenced the total PAH gaseous emissions.
Diesel and HT20 exhibited the highest emissions (around 118 µg/km and 138 µg/km,
respectively), HO20 decreased by 25% compared to diesel, followed by OME20,
HVO and SLB100 which decreased around 48±8%.
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(a) Total average gaseous PAH emission factors.

(b) Total average particle-bound PAH emission factors.

Figure 5.1: Total average PAH emission factors. Error bars correspond to standard
deviations.

As expected, total average gaseous PAH emission factors were higher under
cold-engine start conditions at low-speed phase, which can be explained by: a) when
the engine is cold the amount of unburned PAH is high because of the reduced com-
bustion efficiency, and as the cycle progresses, the in-cylinder temperature increases,
which improves combustion efficiency and leads to relatively lower unburned PAH
emissions. These results are in agreement with the results reported by Karavalakis et
al. [1] who studied the cold-start influence on PAH emissions, b) the temperature af-
fects the two competing processes, the rate of PAH formation through fuel pyrolysis
and the rate of oxidative attack on these compounds. Both rates increase with tem-
perature, but the oxidative attack rate increases faster [2], c) some diesel fuel blends
such as HT20 and HO20 with higher volatility than diesel might cause better dilu-
tion of the more volatile fractions with air, leading to low local equivalence ratios
that might be below the lower flammability limit. HT20 and HO20 also have lower
cetane numbers compared to diesel and other blends, resulting in a longer ignition
delay, and providing the fuel more time to dilute. Based on the above, there is a time
when the flame front does not progress anymore (misfiring), as it remains below the
lower flammability limit, which could increase unburned PAH emissions at cold start
in the low-speed driving cycle phase.

115



At extra high speed it was expected that the increase in the combustion tem-
peratures would lead to a better oxidation of aromatics thus limiting PAH growth.
However, the gaseous PAH emissions with HT20 showed an increase when mov-
ing from the high to the extra high-speed phase, suggesting that the formation of
combustion-derived PAH was favored by increasing the average mean speed. This
result is unexpected, and the reason is probably associated with the pyrosynthesis of
the fuel fragments (formation of alkynes and alkadienes through the decomposition
of olefins and olefinic radicals) due to the higher fuel/air ratio and high in-cylinder
temperature [3], which could contribute to the formation of aromatic species. Oxy-
genated fuel blends have been reported to help reduce gaseous PAH emissions [4].
It was suggested that the oxygenated fuel blends modifies the combustion chemistry
by affecting the PAH and soot oxidation reaction rates through an alteration of the
concentration of OH radicals [2]. In addition, they promote more complete combus-
tion, suppressing the formation of low-ring PAH and accelerating the degradation of
PAH with high rings. This explains the low PAH emissions of SLB100 and OME20
compared to diesel at high and extra high speed.

HVO emissions remained among the lowest in all driving cycle phases. Since
HVO has the highest lower heating value, neat HVO exhibited the lowest fuel con-
sumption. Additionally, neat HVO burns more slowly than other fuels and blends
because of the absence of oxygen content in its composition, and shows better indi-
cated thermal efficiency at both lower and higher loads caused by the more centered
combustion around top dead center [5]. These combustion characteristics and the
absence of aromatics in this fuel, which, as mentioned above, are precursors in the
formation reactions of higher molecular weight PAH, are related to lower PAH emis-
sions throughout the driving cycle compared to the other fuel blends tested. These
results differ from the steady-state results with 13% and 20% HVO blends, in which
gas-phase PAH increased compared to diesel fuel. However, in the steady-state tests
there was more than 80% of the fossil fuel containing aromatics, precursors of PAH-
forming reactions. Additionally, engine technology and operating conditions were
different.

Particle-bound PAH emissions range from 6.3 ± 4.3 µg/km to 17.1± 5.7 µg/km,
which is significantly lower than gaseous emissions. No significant differences were
found in total particle-bound PAH emissions from HT20 and HO20 compared to
diesel, while OME20, pure HVO and SLB100 reduced particle-bound PAH emissions
more than 50%. It has long been postulated that the dominant pathway for the for-
mation of PAH is hydrogen-abstraction/acetylene-addition (HACA), acetylene (and
other soot precursor species) can react with molecular oxygen or oxygen-containing
radicals from the oxygenated fuels and eventually can produce CO rather than PAH
and soot [6].

Compared with previous studies, the PAH emission factors in this study are com-
parable to those reported in literature for diesel engines operating with diesel and
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biodiesel and under different driving cycles as can be observed in Table 5.1. The re-
sults reported in [1] show that particle-bound PAH emission factors under cold start
conditions were up to three orders of magnitudes higher than those reported in hot
start under the same driving cycle. Most of the studies were performed on particles
and our results are relatively low compared to the others. This may reflect the great
influence of the driving cycle, the engine technology as well as the aftertreatment
system.

The speciated PAH emission factors in the gas phase and particle bound have
been illustrated in Figure 5.2. Low-molecular weight PAH (containing 2–4 aromatic
rings) were the most prominent PAH compounds emitted from the gaseous phase
while higher molecular weight PAH (with 5 or more rings) were prominent in the
particle phase, in agreement to the findings of other studies [7, 8, 9]. Indeno[1,2,3-
c,d]pyrene, benzo[g,h,i]perylene and dibenzo[a,h]anthracene were not detected in gas
phase and indeno[1,2,3-c,d]pyrene were below the detection limit in PM. These re-
sults suggested that particle-bound PAH were mainly generated through pyrosynthe-
sis reactions of lower molecular weight aromatic compounds, since fuel formulation
did not contain high molecular weight PAH [10]. Although in the gas phase, part
of the PAH (low-molecular weight PAH) might derive from the fuel, a significant
percentage of PAH emissions were formed in the combustion process, since large
amount of fuel-related PAH was decomposed [11].
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Table 5.1: PAH specific emissions for diesel, HVO and biodiesel

Ref Cycle Fuel PAH Engine After- Phase
[µg/km] treatment

118.9 ± 3.2 Euro 6b Nissan Particles
This work WLTC Diesel (gas) 1.5 dCi –– +

(cold start) 17.1 ± 5.7 (model K9K) gas
(particles)
52.7 ± 2.3 Euro 6 Nissan Particles

This work WLTC HVO (gas) 1.5 dCi –– +
(cold start) 8.9 ± 4.3 (model K9K) gas

(particles)

[1]

UDC Diesel 84

DOC Particles
(cold start) Biodiesel 75

UDC Diesel 31 Euro 1VW
(hot start) Biodiesel 24 Golf 1.9 TDi

NEDC Diesel 52
Biodiesel 45

[10]

Four modes

Diesel

Volvo

––

selected from and MAN
the standard 1850 SL200 diesel Particles

thirteen- mode ± city council +
SAE test 1339 buses gas
cycle for

HDV Diesel

[12] Diesel

China II

Particles

155± 120 emission
standard

Two road China III SCR
types with 60±70 emission (China IV
distinctive standard –
conditions China IV China V)

30±15 emission
standard
China V

25± 20 emission
standard

[13] Diesel

10

CMC 4D34-

–– Particles

3AT3A
(2006)

Urban,

15

Isuzu
suburban and 4HE1XN

freeway (2001)
routes

37

CMC
FK457MS

(1995)

65 Fuso
FM657MS

(1995)
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Figure 5.2: Speciated PAH emission factors in the gas phase (per phase of the WLTC
driving cycle) and particle-bound (all the driving cycle) for all the fuels tested

Remarkable increases and reductions were observed in some compounds with
respect to the diesel emission profile. Some compounds not-detected when operat-
ing with diesel fuel, such as the carcinogenic benzo(a)pyrene were detected in the
low-speed phase when operating with HO20, OME20 and SLB100. The individual
compounds emitted in relatively large amounts in the gaseous phase were two, three
and four-ring PAH such as naphthalene, acenaphthylene, acenaphthene, fluorene and
phenanthrene, most of them have been identified also as major PAH present in diesel
fuel emissions [10, 11, 14].
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Figure 5.3: Gas-particle partitioning of PAH

Figure 5.3 shows the PAH distribution in gas and particle phases. For all tested
fuels, gas-phase PAH contributed 86%–92% to the total PAH exhaust emissions,
more than particle-phase PAH, these results agree with those of previous studies
[10, 15, 16, 17] that reported gas-phase PAH as the most dominant in diesel en-
gine exhaust. Although the gas/particle partitioning of PAH is an integrated complex
process due to its formation and growth concurrently with particles, high molecular-
weight-PAH showed a stronger trend to condensate and adhere to particles according
to their physicochemical properties. Since low and medium molecular-weight-PAH
are commonly more prominent, the gaseous phase comprises to more than 80% of
the total PAH emissions.

PAH equivalence toxicity

Figure 5.4 shows the total toxic equivalent concentrations of PAH in gas and particle
phases. Although particle-bound PAH comprise only a small fraction of total PAH
emissions, they comprise a high fraction of the BaP-TEQ due to the higher presence
of high molecular weight PAH compared to the gas phase, which are classified with
high toxicity (high TEF values) among the priority PAH. It is worth noting that al-
though the emission factors in the gaseous phase were notably higher (more than
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double in some cases) than emissions in the particle phase, the BaP-TEQ emission
factors are around the same magnitude for both phases, which means that both phases
contribute approximately equal to the toxicity associated with carcinogenic PAH with
the fuels tested at the WLTC.

(a) Total toxic equivalent concentrations of PAH in gas phase.

(b) Total toxic equivalent concentrations of particle-bound PAH.

Figure 5.4: Total toxic equivalent concentrations of PAH. Error bars correspond to
the standard deviation

The BaP-TEQ in the particle phase followed the same trend as the emission
factors. Both HT20 and HO20 did not show significant differences compared to
diesel, while the rest of the tested fuels decreased the BaP-TEQ around 50% (or
more) and they did not show significant difference between them. However, in the
gaseous phase, HO20 exhibited the highest toxicity (6.3± 0.4 µg/km), followed by
diesel, due to the emission of benzo(a) pyrene in the low-speed phase. HT20, OME20
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and SLB100 did not show significant difference, while HVO exhibited the lowest
toxicity.

It should be noted that although it is widely used to assess toxicity, this index
is only associated with the concentration of 16 prioritized PAH. This could under-
estimate the total toxicity associated with other carcinogens and xenobiotics, and
therefore, it does not represent a measure of overall toxicity, for which biological
tests and further physicochemical characterization are needed.

5.2.2 Carbonyl emissions

Figure 5.5 shows total carbonyl emissions per phase (distance-based). At the begin-
ning, in the low-speed driving cycle phase, higher carbonyl emissions were associ-
ated with low engine temperature. As the cycle progressed and the engine warmed
up, the total carbonyl emissions decreased. The increase of in-cylinder tempera-
ture and pressure promoted better combustion, which could further oxidize the car-
bonyl compounds. When comparing between different fuels, it was observed that in
the low-speed phase, diesel showed the highest emissions followed by the two oxy-
genated fuels, OME20 and SLB100. In the medium speed HT20 showed the highest
carbonyl emissions followed by diesel fuel. No significant differences were found be-
tween fuels in phases 3 and 4 for any of the fuels.Pure diesel is mainly composed of
saturated and aromatic aliphatic hydrocarbons. During combustion (oxidative con-
ditions), alkanes, which are the simplest hydrocarbons, are converted through the
oxidation process into carbon dioxide -CO2- (the most oxidized substance). During
this reaction, alcohols, carbonyls, carboxylic acids, and esters are formed as interme-
diate products [18]. Light carbonyls derive mainly from incomplete combustion of
aliphatic hydrocarbons, which explains the higher emission of this compound in the
low-speed phase.

Since aldehydes were not present in the reference diesel fuel, any aldehyde and
ketone appearing in exhaust gases was formed in the engine and exhaust system.
They are largely formed in the combustion process from fuel fragments produced
in the initial oxidative pyrolysis of the fuel [19]. Aldehyde formation reactions are
mainly based on alkyl radicals (R•), which are formed by cleavages of C-C or C-H
bonds of hydrocarbons and are important carriers of the chain reaction in the com-
bustion of hydrocarbons (straight chain aliphatic hydrocarbons and related species)
[19, 20, 21]. Hence, aldehyde formation was largely determined by combustion con-
ditions such as local stoichiometry and temperatures. Nelson et al. [19] studied
emissions of aldehydes from two vehicles following the urban driving cycle using
a range of diesel fuel formulations. The fuels ranged in sulfur content from 24 to
1700 ppm, and in total aromatics from 7.7 to 33 mass%. They found that aldehyde
emission rates vary considerably, and they were not significantly affected by diesel
properties, but were possibly related to engine operating conditions.
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Figure 5.5: Total carbonyl emissions per driving cycle phase. Error bars correspond
to the standard deviation

Other researchers have found correlation between carbonyl emissions and engine
temperature. Wagner et al. [20] reviewed carbonyl formation in internal combustion
engines. They pointed out that aldehyde formation is most pronounced at low tem-
peratures, for example at engine start, although it continues to some extent at higher
temperatures. Takada et al. [22] found a negative correlation between formaldehyde
emission and in-cylinder temperature. The experiments were carried out with an 8
L, 6-cylinder, 4-stroke-cycle, turbocharged DI diesel engine with a common rail fuel
injection system fueled with commercial diesel fuel, using steady state operation.

All fuel blends reduced carbonyl emissions in the low-speed phase by more than
80% compared to diesel. Regarding oxygenated fuels, both SLB100 and OME20
emitted the highest total carbonyl compounds compared to the other blends (not in-
cluding pure diesel) in the low-speed phase. Although SLB100 fuel has 6.16% of
linoleic acid in its composition, which could promote the formation of lower car-
bonyl compounds (because of its double bonds), this fuel blend reduced total car-
bonyls in the low-speed phase by 86% and even more in the other driving cycle
phases. In OME20 combustion process, more oxygen is delivered (11% of the fuel
mass), which improves the combustion efficiency, favoring the oxidation of THC, in-
cluding carbonyls. In the low-speed phase, OME20 reduced total carbonyl emissions
by 83% compared to diesel.

HT20 and HO20 fuels reduced carbonyl emissions by 89 and 93%, respectively,

123



compared to diesel in the low-speed driving cycle phase. Although HT and HO have
terpenes in their composition derived from hydrogenated orange oil and turpentine
[23, 24] and they have one or more carbon-carbon double bonds in their molecular
structures, which makes them highly reactive to oxidation to form carbonyls [25],
both HT20 and HO20 fuel blends significantly reduced the emissions of these com-
pounds in the first phase of the driving cycle. On the contrary, in the medium speed
phase, HT20 increased total carbonyl emissions by 60% compared to diesel. This
reduction may be due to the fact that both blends, HT20 and HO20, are more volatile
than diesel. The more volatile fractions diffuse much more and they are better diluted
with air than diesel, which could improve oxidation of the intermediate compounds.

HVO showed the lowest total emissions compared to the other fuel blends, com-
pared to diesel, the lack of aromatics allows to reduce more intermediates during
combustion [26]. Thus, aldehyde emissions were significantly reduced with HVO.
This reduction has been previously reported for Gas to Liquid (GTL), a fuel with a
very similar composition to HVO [27, 28]. These results were similar to those ob-
tained in steady state with HVO blends (HVO13 and HVO20) in Section 4.2.3, which
showed significant reductions of carbonyls with these fuel blends.

For phases 3 and 4, no obvious differences were observed in the emissions from
all the fuel blends except for diesel and HT20, for which no emissions were detected
at all. After the medium-speed phase of the driving cycle, the difference in total
carbonyl emissions between the fuel blends and diesel stabilizes, indicating that the
cold-engine start affects more carbonyl formation in combustion processes than fuel
properties.

Figure 5.6 presents the emission factors for 11 carbonyls detected in each of
the four phases of the WLTC. Acetone and 2-butanone were not detected or were
below the detection limit. Formaldehyde and acetaldehyde were the most abundant
compounds, which derived mainly from incomplete combustion of aliphatic hydro-
carbons. Since higher hydrocarbons are more unstable and easier to decompose than
lower hydrocarbons, lower molecular weight carbonyls are more abundant in the ex-
haust gas [29].

OME20 and SLB100 reduced carbonyl emissions in the low and medium-speed
WLTC phases compared to diesel. Even though formaldehyde and acetaldehyde in-
creased in the first phase compared to other renewable fuel blends tested, emissions
continued being much lower than diesel. The use of oxygenated fuel blends can influ-
ence carbonyl emissions due to combustion related factors and fuel properties. The
oxygen content can promote more complete combustion [30] and consequently, de-
crease carbonyl emissions. However, apart from combustion factors, carbonyl com-
pounds can be formed as secondary products during the oxidation process [21]. These
results suggested that combustion-related factors could influence carbonyl formation
even more than fuel composition.
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Figure 5.6: Emission of carbonyl compounds for each phase

The use of other oxygenated fuels such as alcohols and biodiesel in diesel en-
gines have given discordant results. Some studies have reported that alcohol and
biodiesel increase carbonyl emissions [31, 32, 33], while other studies have shown
carbonyl emission reductions, explained by the increase of fuel–bonded oxygen atoms
that enhance combustion compared to diesel [34, 35]. Li et al.[36] found an increase
in formaldehyde and acetaldehyde blending diesel-ethyl tert-butyl ether compared to
diesel in a common rail direct injection diesel engine. They attributed the increase in
carbonyl emissions to the high EGR rate, which suggests that there are other factors
related to engine mapping that may affect unregulated emissions and that were not
analyzed in this study.

Diesel and HT20 showed the highest emissions of formaldehyde, propionalde-
hyde and valeraldehyde at medium speed phase. However, both diesel and HT20
fuels did not emit any carbonyl in the high and extra high-speed phases. Emissions
from the other fuel blends in the last two driving cycle phases were much less than
0.1 mg/km, probably due to the higher combustion temperature during an increased
engine speed which help oxidizing the aldehydes to CO [37].
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The constant emission of other aldehydes throughout the drive cycle, such as
hexaldehyde, may correspond specifically to the composition of the fuel. For exam-
ple, SLB100 emitted approximately the same concentration of hexaldehyde through-
out the entire driving cycle. The linoleic acid content in SLB100 may explain this
trend due to this acid is the main precursor of hexaldehyde when oxidized [38].

5.2.3 Ozone formation potential

Figure 5.7 shows the total ozone formation potential for each fuel under the WLTC.
In addition, it shows the contribution of each phase of the cycle to the total OFP.
Compounds such as formaldehyde, acetaldehyde, and acrolein that have a high propen-
sity to react in the atmosphere (high MIR), increase OFP. This is clearly evidenced
for all fuels in the low-speed phase, since due to the high emissions of formaldehyde,
acetaldehyde, and acrolein, this phase contributes the most to the total OFP.

Diesel fuel exhibited the highest OFP of 140 mg O3/km, as expected, given
its high carbonyl specific emission compared to all other fuels. Other studies have
also evaluated OFP for diesel fuel. Dong et al. [39] reported a total average OFP
value associated with carbonyls of 537 mg O3/km. They tested 15 vehicles including
medium and large bus, medium-duty truck and heavy-duty truck fueled with diesel
and operating under two driving cycles representative of driving conditions in China.
All tested vehicles with Euro II and III. Bermudez et al. [40] reported a OFP of 983
mg O3/km and 967–1741 mg O3/km for diesel and three different biodiesel fuels,
respectively. They used a 4-cylinder, light-duty diesel Euro 4 without any exhaust
treatment device and operating under NEDC. Tsai et al. [41] reported a OFP value of
140 mg O3/km and 70 mg O3/km when followed the federal test procedure-75 (FTP-
75) and highway fuel economy cycle, respectively. The experiments were carried out
in eight in-use light-duty diesel vehicles without aftertreatment system and fueled
with diesel. Although most of these studies reported higher OFP values than the one
found in this study for diesel, this may be related to the engine technology and the
test cycle. On the other hand, the HT20, OME20 and SLB100 decreased by 65% the
OFP compared to diesel without a significant difference between them. The OFP
with HO20 decreased to 28 mg O3/km and the lowest was reached with HVO of 7
mg O3/km. For these fuels it is difficult to make a comparison with the literature,
since no OFP data (distance-based- mg O3/km) were found.
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Figure 5.7: Ozone formation potential (diamonds) and the contribution of each driv-
ing cycle phase (shaded bars) for the tested fuels. Error bars correspond to standard
deviations

5.3 Biological activity

5.3.1 Apoptosis induced by gas and particle emissions

Apoptosis is an active and physiological mode of cell death. Mitochondria, Bcl-
2 protein, cytochrome c and caspases, are essential components of the intracellular
apoptotic signaling pathways. Some PAH compounds may cause an accumulation
of the tumor suppressor protein p53 which may be important for the induction of
apoptosis. In addition, some PAH induce cellular toxicity by regulating the gener-
ation of reactive oxygen species (ROS), which mediate apoptosis [42]. Similarly,
some aldehydes, such as formaldehyde, have shown to cause oxidative stress inside
the cells and the alteration of mitochondrial energy metabolism resulting in nuclear
fragmentation and apoptosis. The apoptosis results obtained in the present study can
be caused partly by PAH and partly by carbonyl emissions, in addition to other or-
ganic compounds emitted, since the exhaust gas is composed by a complex mixture
of pollutants, some of them classified as carcinogenic.

A higher apoptotic index implies that the sample induced very serious damage
in the exposed cells, which triggers a series of molecular processes capable of finally
leading to their programmed death. However, apoptosis is a method that the body
uses to get rid of damaged or abnormal cells.

Figure 5.8a presents the results of apoptotic index induced by gaseous emissions
(above) and particles (bellow). The cell exposure doses (concentration of organic ex-
tracts) varied according to the evaluated phase since it was not possible to obtain
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enough particles to increase the concentration to the equivalent in the gaseous emis-
sions.

The amount of apoptotic cells, and thus the apoptotic index, increased in a dose-
dependent manner and was significantly higher in cells exposed to gas phase-derived
samples from HT20, HO20, OME20 and SLB10 fuels. No significant differences in
apoptotic index were observed at the highest exposure concentration. Nevertheless,
Diesel and HVO did not show significant differences in the AI for all exposure doses,
which indicated that even at the lowest concentration the induced apoptosis did not
decrease, suggesting a high toxicity of the gas-derived samples from these fuels.

On the other hand, the AI induced by particulate matter samples did not show
a concentration-response effect for any of the samples. OME20, HVO, and SLB100
derived samples did not show significant difference from control, while diesel, HT20
and HO20 showed an apoptotic index equal to DMSO. However, if the response
was induced only by DMSO, it would be expected that as the exposure concentra-
tion decreased (from 0.05 to 0.00005 gPM/mL), which means an increase of DMSO
(dilution solvent), the apoptotic index would increase, but this was not observed.
Therefore, the results obtained by the particle-derived samples did not allow a clear
conclusion to be drawn on the particle-induced apoptosis of the tested fuels. One of
the possible causes may be the low particle concentration in the sample, given the
limited number of particles obtained in every WLTC.
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(a) Apoptotic index induced by gaseous emissions.

(b) Apoptotic index induced by particles

Figure 5.8: Apoptotic index induced by gaseous and particle emissions

Although various studies highlighted that acute exposure to exhaust emissions
induced a biological response in different cell types in vivo and in vitro [43], the
related induced apoptotic pathway after acute exposure of HepG2 cells to the or-
ganic fraction from diesel exhaust emissions has not been reported. Further research
is needed to highlight the detailed mechanisms of exhaust gas pollutant-mediated
apoptosis as well as a detailed physicochemical characterization of exhaust gases to
determine which specific compounds of might be causing the biological effects.
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5.4 OME20: Chemical effects vs mapping strategy

As mentioned in Chapter 1, new fuel technologies, such as electrofuels, are an at-
tractive alternative to meet the energy demand and emission regulations, with sus-
tainable electricity being the primary source of energy. Recently, there is increas-
ing interest in using polyoxymethylene dimethyl ether (OME) as a diesel substitute.
Since the results of unregulated emissions with the OME20 blend showed signifi-
cant benefits with respect to diesel (section 5.2), it was decided to study the effect
of OME20 (diesel fuel blend with 20% of OME with 3 to 5 oxymethylene groups),
on the performance, combustion characteristics, regulated emissions, particle num-
ber (PN), and particle size distribution in a compression ignition Euro 6b engine
following the WLTC. Unlike unregulated emissions, regulated emissions were mea-
sured downstream of the aftertreatment system, while PN emissions were measured
upstream of the particulate filter.

5.4.1 Engine performance

Figure 5.9 shows the instantaneous fuel consumption. Sharp consumption peaks
were associated with accelerations for both fuels. At the end of the driving cycle,
the accumulated fuel consumption was 11 % higher for OME20 compared to diesel
(929 and 826 g, respectively), equivalent to the same percent decrease (11%) in the
LHV of OME20 with respect to diesel. This is due to the oxygen content in the blend
(11%) and implies that the engine would require more fuel to maintain the same
power output. At idle and low load no significant differences were observed, while
for high and extra high-speed phases, the higher consumption for OME20 became
evident.

Figure 5.9: Fuel consumption of the tested fuels
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Average values of brake specific efficiency are shown in Figure 5.10 for each
driving cycle phase. As expected, the worst efficiency was observed in the first phase
for all fuels, when the engine was cold [44, 45]. As the driving cycle progressed, the
brake thermal efficiency (bte) increased as a result of the higher engine temperature,
and the reduction in mechanical losses. The bte was slightly higher for OME20 than
for diesel fuel in the low and medium-speed driving cycle phases. This increase can
be explained because the OME intramolecular oxygen increased the combustion ve-
locity, as detailed below. However, as the driving cycle advanced, the bte was not
significantly affected by the type of fuel, and in the extra high-speed driving cycle
phase, diesel shows a slightly higher efficiency than OME20 due to a second regen-
eration of the LNT system, which occurred only for this fuel blend, as a consequence
of its higher ECU-modelled NOx emissions (see section 5.4.3). The total bte at the
end of the driving cycle was not significantly different between fuels because the
higher efficiency for OME20 at the initial driving cycle phases was compensated by
the lower efficiency at the extra high-speed phase.

Figure 5.10: Brake thermal efficiency (bte) of the tested fuels

Exhaust pollutant emissions were markedly affected by the equivalence ratio
and the EGR rate. Slight increases in both equivalence ratio and EGR led to sharp
increases in CO, THC and PN emissions, which are not attributable to differences in
fuel formulation. The instantaneous equivalence ratio (Figure 5.11) was high during
accelerations and low at idle condition (although nil during decelerations). In both
cases it decreased as the driving cycle progressed because the engine turned warmer.
However, the mean equivalence ratio was significantly higher at high and extra high-
speed driving cycle phases than at the previous phases, as observed in Figure 5.12.
The instantaneous equivalence ratio higher than 1 at 1220 s corresponded to the LNT
regeneration.
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Figure 5.11: Instantaneous equivalence ratio

For the low and medium speed driving cycle phases, a slightly lower mean equiv-
alence ratio was observed for OME20. This was especially noticeable at the initial
idle period (Figure 5.11). However, in the high and extra high-speed driving cycle
phases no significant differences were observed. It is worth noting that the average
differences shown in Figure 5.12 derived mainly from specific acceleration points
(see detailed example in Figure 5.11) in which the equivalence ratio was higher for
diesel fuel. These high equivalence ratio points were closely related to particle num-
ber, THC and CO emissions, as discussed below. In most instants of high equivalence
ratio, higher peaks were observed for diesel fuel.
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Figure 5.12: Mean equivalence ratio for each phase of the WLTC

Figure 5.13: Instantaneous exhaust gas recirculation rate
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Figure 5.14: (Mean exhaust gas recirculation for each phase of the WLTC

Figures 5.13 and 5.14 show the instantaneous and mean EGR per each driv-
ing cycle phase. Engine emissions were markedly sensitive to the EGR rate, since
small decreases in EGR lead to significant increases in NO formation and decreases
in particle emissions, as discussed below. The EGR was inactive during both accel-
erations and decelerations. As the engine load increased, OME20 caused reduction
in the EGR rate (Figure 5.13) due to its lower heating value which implied more fuel
injected compared to diesel to reach the demanded power (Figures 5.9), thus modify-
ing the accelerator position. This induced the EGR to decrease (see detailed example
in Figure 5.13), either closing the EGR valves or opening the back-pressure valve,
following the engine mapping strategy. Even more, during many accelerations, the
EGR rate was nil for OME20 while it was not for diesel fuel (see detailed example in
Figure 5.13), thus this explains the significant difference in the mean EGR rate per
driving cycle phase (Figure 5.14).

5.4.2 Combustion diagnosis

Figure 5.15a shows the average instantaneous in-cylinder pressure and the average
heat release rate (HRR) for each driving cycle phase. For OME20 the maximum
combustion pressure was the highest, and both pressure rate and HRR peaks were
advanced as the driving cycle progressed. In Figure 5.15b significant differences in
the heat release rate for high speeds in the pilot injection and the main injection are
noted. Due to the lower energy content for OME20, the amount of heat release during
the pilot injection was lower compared to diesel. Therefore, for OME20, the peak of
HRR in the main injection was higher than that of diesel fuel, causing an increase in
the combustion rate, and consequently, shortening the combustion duration.
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(a) In-cylinder pressure.

(b) Heat release rate.

Figure 5.15: In-cylinder pressure and heat release rate for each phase of the WLTC

It is believed that the OME’s oxygen content and its high volatility promoted
the combustion reaction leading to the increase of the burning rate, which increased
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the peak of HRR for OME20 compared to diesel fuel. This effect could also be
partially attributed to the lower EGR rate for OME20, as mentioned above. In fact, the
highest difference between pressure peaks was found in the extra high-speed driving
cycle phase and the smallest difference was in the low-speed phase, coincidently with
the difference in the EGR rate (Figure 5.13). The resulting shortened combustion
duration would explain the increased brake thermal efficiencies.

5.4.3 Gaseous emissions

The gaseous emissions, including NOx, CO and THC are shown in Figures 5.16,
5.17 and 5.18, respectively. Figure 5.16 shows the instantaneous (left) and accu-
mulated (right) emissions of nitrogen oxides (NOx) and dioxide (NO2). The NOx
emissions varied considerably during the driving cycle. For both fuels, NOx peaks
were observed mainly during accelerations, because the EGR was not active since
more fuel was injected. The highest differences in NOx emission peaks and in the
increasing rate of accumulated NOx emissions occurred in the medium-speed phase,
corresponding to the highest EGR rate peaks (Figure 5.13).

The highest NOx emissions for OME20 can be explained by both chemical and
engine mapping effects. Chemical effects are related to fuel properties: both the oxy-
gen content and high volatility facilitate oxygen-rich zones, which, together with high
temperatures, promote the formation of NO. The engine mapping effects involve ther-
mal and kinetic mechanisms. The thermal mechanism occurs because more OME20
fuel was required to achieve the demanded engine power. Since the accelerator pedal
position was higher, leading to lower EGR rate compared to diesel fuel (Figure 5.13).
This caused an increase in local combustion temperature and consequently high NO
emissions formation. Finally, the lower EGR rate of OME20 increased the combus-
tion velocity (EGR is a flame retarder), leading to higher pressure and thus higher
temperature peaks which favor the NO formation.

At the end of the driving cycle, OME20 increased NOx emissions by 42% with
respect to diesel fuel. Similar differences in both instantaneous and accumulated NO2

emissions were observed, indicating that NO/NO2 ratio remained constant regardless
the engine operating conditions.

136



Figure 5.16: NOx and NO2 emissions (left) instantaneous and (right) accumulated.
Box inside represents the accumulated NOx emissions per driving cycle phase of the
WLTC

Figure 5.17 shows the CO instantaneous (left) and accumulated emissions with
both OME20 and diesel fuel. CO is mainly formed during cold-engine start condi-
tions, since 58% of the CO was emitted in the low-speed driving cycle phase for both
fuels. Increasing load increased combustion temperature leading to higher conversion
efficiency in the diesel oxidation catalyst. It is for this reason that accelerations such
as those around second 1000 resulted in lower CO emissions than at seconds 280 and
600. Additionally, a sharp increase in accumulated CO emissions can be observed
in second 1200, which was caused by the LNT regeneration. The addition of OME
to diesel fuel resulted in a 52% reduction in CO accumulated emissions compared
to diesel because the additional oxygen in the fuel led to a better oxidation of CO to
CO2. When analyzing CO2 emissions (not shown here), no significant differences
were found between fuels, amounting around 2840 ± 40 g for both fuels at the end of
the cycle.
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Figure 5.17: CO emissions (left) instantaneous and (right) accumulated. Box inside
represents the accumulated CO emissions per driving cycle phase of the WLTC

Figure 5.18 shows the THC instantaneous (left) and accumulated emissions for
both tested fuels. THC emissions followed the same trend than CO. At the begin-
ning of the cycle, in the low-speed driving cycle phase, high THC emissions were
associated with low in-cylinder temperature. However, although both CO and THC
emissions are related to cold engine conditions, one difference between them is that
CO is more sensitive to accelerations, while THC are permanently emitted through-
out the driving cycle. After approximately 1200 s of the cycle, there is a peak of
emissions with both fuels due to the LNT regeneration.

With OME20 an additional LNT regeneration occurred in the latest part of the
extra high-speed phase because NOx emissions were high, therefore the LNT was
saturated earlier than in the case of diesel, (as observed in Figure 5.16) leading to an
increase in THC emissions (Figure 5.18). Such increase did not always take place
at the same time in the cycle (either at second 1600 or at second 1680) which led
to an apparent double peak of THC when averaging. This additional regeneration
with OME20 partially compensated the reduction in THC emissions at the end of
the cycle. Accumulated THC emissions were 17% lower for OME20 than for diesel
fuel. This decrease can be mainly explained by the reduction in EGR, and the lower
equivalent ratio of OME20, which implied an excess of air, promoting a better THC
and CO oxidation. However, it is likely that THC emissions were also influenced by
the fuel formulation, since the oxygen content facilitated the combustion of fuel-rich
areas, preventing the emission of unburned hydrocarbons.
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Figure 5.18: THC emissions (left) instantaneous and (right) accumulated. Box inside
represents the accumulated THC emissions per driving cycle phase of the WLTC

5.4.4 Particle number emissions

Figure 5.19 shows both instantaneous and accumulated particle number (PN). The
PN was higher in the acceleration periods, due to the higher equivalence ratio, re-
sulting in a local lack of oxygen and poor combustion [46]. In these conditions,
soot emissions increased and the solid particles in the accumulation mode increased.
OME20 showed a marked effect on reducing PN compared to diesel fuel during the
whole driving cycle, especially at the extra-high speed where the equivalence ratio
is much higher. The total reduction in PN with OME20 was about 60% and can be
explained by both chemical effects and engine mapping strategy. Chemical effects
are mainly related to the fuel formulation since OME20 has lower aromatic content,
fewer C-C bonds, and much higher oxygen content (11%) compared to neat diesel,
thus promoting complete combustion and high in-cylinder temperature, which was
favorable for soot oxidation. Previous studies have demonstrated that oxygenated
fuels with higher number of C–C bonds promoted soot emissions even with similar
oxygen content [47]. Regarding the engine mapping strategy, the deeper accelera-
tor pedal position induced lower EGR rate (see section 5.4.1), which may have the
following implications: a) it increases the combustion velocity, leading to higher
temperature peaks, favoring the oxidation of the soot (kinetic effects), b) it increases
the oxygen concentration in the intake charge, reducing the formation of soot and
facilitating its oxidation. However, such deeper pedal acceleration does not compen-
sate the higher stoichiometric fuel/air ratio, leading to a leaner combustion condition.
These effects enhanced the PN reduction, and together with the OME20 properties,
reduced PN emissions more than other equally oxygenated fuels (11% oxygen by
weight) [48].
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Figure 5.19: PN instantaneous (left) and accumulated (right) emissions

Figure 5.20 shows that the trend of the number of particles in the nucleation
mode decreased and shifted from bimodal mode to accumulation mode and upwards
and towards larger size as the driving cycle progressed. The bimodal distribution
was clearly separated for the nucleation mode with solid particles smaller than 23
nm (not regulated in Euro 5 and 6 standards) and for the accumulation mode for
solid particles larger than 23 nm (regulated). The particle size distribution showed a
bimodal distribution at low-speed phase showing a distinctive nucleation mode with
peak diameters around 9–10 nm, and an accumulation mode with peak diameters
around 50–70 nm. This could be explained because when the engine is cold the
amount of unburned hydrocarbons is high enough to saturate the soot particle surfaces
by adsorption and heterogeneous nucleation, and subsequently favor homogeneous
nucleation of small liquid particles [49]. As the cycle progresses, the in-cylinder
temperature increased, and the unburned hydrocarbon emissions became relatively
lower, and therefore the number of particles in nucleation mode decreased.

OME20 decreased the peak number concentrations of accumulation-mode par-
ticles at low, medium, high, and extra high-speed driving cycle phases by 54.3%,
39.7%, 71.5 and 23 %, respectively, and caused a slight shift of the particles toward
smaller size compared to diesel fuel. The oxygen content prevents from soot nucle-
ation and promotes the oxidation of the already formed soot, leading to a decrease in
the number and size in soot agglomerates.

OME20 led to a reduction of PN in the nucleation mode at low-speed phase by
75%, due to the higher volatility and lower viscosity of OME20 which could improve
atomization, evaporation and air mixing in the combustion chamber compared to
diesel fuel. For the rest of the cycle phases, OME20 exhibited a unimodal distribution
in accumulation mode particles with a maximum particle size range between 45 and

140



70 nm. In contrast, diesel showed a bimodal distribution in the low, medium, and
high-speed phases. For the low-speed phase, diesel doubled the number of particles
in the nucleation mode compared to particles in the accumulation mode.

Figure 5.20: Particle size distribution per driving cycle phase of the WLTC

Significant particle reductions have been reported when diesel-OME blends are
used in internal combustion engines. Despite most studies do not make any changes
to the engine mapping strategy, most authors attribute these reductions mainly to fuel
properties, since OME fuel is composed of C-O-C bonds, and in the chemical mech-
anism reaction pathway, there is no direct way leading to olefin formation (C=C),
which are important soot precursors [50]. In addition, its high oxygen content plays
an important role in reducing soot. Liu et al. [44] reported up to 47.6% smoke
emission reduction with 30% of OME blended with diesel. In a subsequent study
[51], they showed a maximum reduction in the total PN of 28% with the same OME
blend. These reductions were associated with the fuel compositional effects, such as
the lack of C-C bonds and the intramolecular oxygen, the high cetane number and the
low viscosity and boiling temperature which improved the interior fuel atomization
making the combustion of air-fuel mixture faster than diesel fuel. The experiments
were performed on a 4-cylinder turbocharged intercooled common-rail diesel engine,
operating under steady state. Omari et al. [52] reported a particle matter reduction
around 70–90% with 35% of OME. Such reduction was attributed to the high molec-
ular oxygen content, which improved the local oxidation conditions, the high cetane
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number, as well as the high burned mass fraction, leaving less fuel to be partially
oxidized in the burn-out phase. The experiments were carried out in a single cylinder
engine - 0.39L, at 5 different steady state operating points, maintaining constant the
center of combustion for each load point and for all EGR rates. Wu et al. [4] showed
a smoke opacity reduction up to 93% by blending 25% of OME with diesel in a L12
small agricultural engine. The higher oxygen content and no C–C bonds were the
main reasons argued for the achieved soot reduction.

Based on the results of this study, it can be concluded that, besides the effects
associated with the fuel chemical composition, the changes in the EGR rate and in the
equivalence ratio derived from the engine mapping strategy have a significant impact
on the change of regulated emissions relative to diesel.

5.5 Conclusions

From the results presented in this chapter, the following conclusions can be drawn:

Regarding unregulated emissions and apoptosis

• Unregulated emissions such as PAH and carbonyls, despite being influenced
by the fuel properties were markedly sensitive to the driving cycle conditions.

• High carbonyl emissions in the low-speed phase were associated with low in-
cylinder temperature caused by the cold start conditions. Carbonyl emission
factors exceed PAH emissions, contributing substantially to total gas phase
organic emissions.

• Oxygenated fuel blends did not increase carbonyl emissions compared to oxygen-
free fuels, since the combustion-related factors influenced carbonyl formation
more than fuel composition.

• The majority of the PAH are emitted in the gas-phase. However, according to
their physicochemical properties, high molecular weight PAH showed a higher
tendency to condense and adhere to particles, thus the toxicity associated with
carcinogenic PAH is equivalent in both phases.

• HVO exhibited the lowest PAH and carbonyl emissions and OFP, while diesel
exhibited the highest OFP due to high carbonyl emissions in the low-speed
phase.

• Although the net carbon emissions could be decreased with the use of zero car-
bon footprint biofuels and their blends with diesel, unregulated harmful com-
pounds such as some PAH and carbonyls can remain being emitted or even

142



increased.

• All gas phase-derived samples induced apoptosis, which was caused partly by
PAH and partly by carbonyl emissions.

Regulated emissions and performance using polyoxymethylene dimethyl ether

• OME20 led to an increase in fuel consumption proportional to the reduced
heating value. However, no significant differences in the total brake thermal
efficiency at the end of the driving cycle were observed. The high efficiency
at the initial phases was compensated by the lower efficiency at the extra high-
speed phase.

• OME20 caused a lower EGR rate (even nil during many accelerations) com-
pared to diesel, as a consequence of the specific engine mapping strategy.

• The lower EGR rate with OME20 (engine mapping effect), the oxygen content
and the higher volatility (chemical effects) compare to diesel lead to an increase
of the burning rate, increasing the average in-cylinder pressure and heat release
rate peaks, and consequently, shortening the combustion duration.

• NOx emissions increased with OME20 as a consequence of different reasons
as follows: the increase in the local combustion temperature due to the low
EGR rate, and to the high combustion velocity (engine mapping effects). In
addition, the oxygen-rich zones due to the fuel-bound oxygen and the high
local temperatures promote the formation of NO (chemical effects).

• Total THC and CO emissions were lower for OME20 than for diesel fuel due to
a better oxidation of these pollutants as a consequence of the lower equivalence
ratio (engine mapping effects). THC emissions were also influenced by the
oxygen content of the blend, which improves the combustion of fuel-rich areas
and increases the efficiencies of the oxidation catalyst (chemical effects).

• The use of OME20 with 11% oxygen in a Euro 6b engine, which has a specific
mapping to maintain the NOx-PM trade-off, reduced PN by 61%. The com-
bination of chemical reasons related to fuel formulation, together with engine
mapping strategy, were responsible for this marked reduction in PN emissions.
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Chapter 6

Conclusions

The main motivation of this thesis was to investigate the influence of different conven-
tional and unconventional advanced biofuels on the emissions of unregulated com-
pounds and their impact on the biological response. This was accomplished using
different analysis and characterization methodologies, some of them, used for the
first time in engine emissions. A variety of fuels were selected to be reference of
commercial transportation fuels.

6.1 Findings of this work

Regarding unregulated emissions

• Independently of engine test state, in steady or transient mode, and biofuel
blend, most of the PAH were present in the gas-phase, with predominance of
those between 3 and 4 rings. However, most human health hazardous PAH,
heavier PAH (DB[a,l]P and B[a]P), were predominant in the particle phase,
instead of gas phase.

• Although the alternative biofuels used in this thesis were aromatic-free, the
in-cylinder combustion process, and the pyrolysis and pyrosynthesis reactions
of lower molecular weight hydrocarbon compounds induced the formation of
aromatic rings through condensation products, which implied even higher PAH
emissions than with diesel in some cases.

• Under transient state conditions, both unregulated emissions PAH and car-
bonyls, despite being influenced by the fuel properties, were markedly sen-
sitive to the driving cycle conditions, especially at cold start conditions, which
exacerbate the emission trends.
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• Independently of engine test state, in steady or transient mode, carbonyl emis-
sion factors exceed PAH emissions, contributing substantially to total gas phase
organic emissions.

• Carbonyl emissions for pentanol were the highest among all tested fuels fol-
lowed by butanol blend. This was explained by the hydroxyl-group of the linear
alcohol. As a consequence, pentanol fuel blends exhibited the highest ozone
formation potential. The OFP of renewable diesel, ULSD and their blends was
similar.

Although the main concerns are related to a potential increase in regulated emis-
sions, other toxic unregulated pollutants also increase during the vehicle fleet conver-
sion from petroleum diesel to alternative biofuels. This is a very important subject,
due to the impact that vehicle emissions have on air pollution and on health.

Regarding biological activity

• One of the mechanisms behind the genotoxicity of SOF from PM was due to
the induction of oxidative DNA damage through the generation of ROS. This,
since the addition of the FPG and Endo III enzymes resulted in a significant
increase in the comet tail for all tested fuel blends.

• PM derived samples from the tested biofuel blends with diesel exhibited geno-
toxic effects, however none of them showed cytotoxicity nor ecotoxicity ef-
fects.

• The toxicological potency from the tested biofuels did not correlate to PAH
equivalent toxicity. it means that the biological response is generated also by
other toxic compounds which are not included in the BaP-TEQ index.

• Since the apoptosis assay is a measure of cytotoxicity, and comparing the
steady and transient-state cytotoxicity results, it can be concluded that the
gas phase induces cytotoxicity, while the particles tend to induce genotoxic-
ity through oxidative damage.

• The lower aromatic content of the fuel did not imply a lower BaP-TEQ.

• The higher carbonyl emissions resulted in higher cancer risk. However, the CR
for trespasser/ recreational receptor were below the threshold suggested by the
U.S EPA for carcinogenic chemicals.

Regarding regulated emissions with OME20
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• OME20 caused very sharp particulate matter emission reductions at the ex-
pense of some increases in NOx emissions. However, it has been demonstrated
that in modern engines, the effects of the fuel chemical characteristics on the
engine emissions is “multiplied” by the engine mapping strategy, and separat-
ing both effects is really challenging.

From these results, it is clear that OME fuel has the potential to achieve a
cleaner combustion for diesel engines in terms of regulated and unregulated emis-
sions. Nonetheless, to make effective this potential, it is needed to promote changes
in the legislation to consider unregulated emissions with potential health effects.

6.2 Suggestions for future work

In this thesis evidence was collected on the unregulated emissions from a broad gruop
of biofuels, particularly, I focused on two of the main groups of pollutants, PAHs and
carbonyls, however there are other even more toxic compounds that should be con-
sidered, for example the nitrated and oxygenated PAH derivatives. PAH derivatives
generally possess at least one heteroatomcontaining substituted group attached to the
parent fused-ring structures. In regard to toxicity, the parent PAH may undergo pho-
tochemical reactions with NO2, OH, and/or O3 yielding even more toxic PAH deriva-
tives, whic are suspect to cause overproduction of reactive oxygen species, contribut-
ing to oxidative stress and some inflammatory processes, supposedly responsible for
triggering many diseases.

A natural progression from this work would be to study the biological response
in selective cell lines to specific unregulated compounds. In this way it would be
possible to find the correlation between the cellular response and the specific emission
of pollutants. Below are some selective strains to unregulated contaminants that could
be evaluated:

Strain Sensitive to:
TA98 Environmental mutagens (PAH)
TA97a Intercalating mutagens (metals)
TA104 Oxidative mutagens (carbonyls and oxy-PAHs)
YG1041 Nitro-PAH (-S9) and aromatic amines (+S9)
YG5185 PAH
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Nomenclature

Abbreviations

ICE Internal combustion engines
DME Dimethyl ether
HVO Hydrotreated vegetable oil

HO Hydrogenated orange oil
HT Hydrogenated turpentine

OME Polyoxymethylene dimethyl ether
PAH Polycyclic aromatic hydrocarbons

LMW Low molecular weight
MMW Medium molecular weight
HMW High molecular weight

U.S.EPA American Environmental Protection Agency
BaP Benzo(a)pyrene
ROS Reactive oxygen species
PM Particulate matter
CN Cetane number

LHV Lower Heating Value
FAME Fatty Acid Methyl Ester

DPF Diesel particle filter
BSFC Brake-specific fuel consumption

BTE Break thermal efficiency
EGR Exhaust gas recirculation
SOF Soluble organic fraction
WSF Water-soluble fraction

ULSD Ultra-low sulfur diesel
Bu13 13% by volume of butanol blended with ULSD

HVO13 13% by volume of HVO blended with ULSD
HVO20 20% by volume of HVO blended with ULSD

Pe13 13% by volume of pentanol blended with ULSD
Pe15 15.5% by volume of pentanol blended with ULSD
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Pe20 20% by volume of pentanol blended with ULSD
MTT 3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazole bromide
FPG Formamidopyrimidine DNA glycosylase

Endo III Endonuclease III
IF Induction frequency

PHWE Pressurized hot water extraction
VADLLE Vortex-assisted dispersive liquid–liquid microextraction

TEF Toxicity risk equivalency factors
8-oxodG 8-oxo-7,8-dihydroguanine

VSP Vehicular Specific Power
WLTC World-wide harmonized Light duty Test Cycle

EI Electron impact mode
MSD Mass selective detector

DNPH 2,4-dinitrophenylhydrazine
VOCs Volatile Organic Compounds

MIR Maximum incremental reactivity
IUR Inhalation unit risk

HepG2 Human Hepatocarcinoma epithelial cell line
DOC Diesel oxidation catalyst
LNT Lean NOx Trap
ECU Electronic Control Unit
RLS Road Load Simulation
THC Total hydrocarbon emission

EEPS Engine Exhaust Particle Sizer
NDIR Non-dispersive infrared detector

RD Rotating disc
TC Thermal conditioner

FBS Fetal bovine serum
HACA Hydrogen-abstraction/acetylene-addition

Upper-case Roman

Ci Individual compound emission factor (in µg/kWh or µg/km)
OFP Ozone formation potential

BaP – TEQ Equivalence toxicity to benzo(a)pyrene
EC Exposure concentrations (in µg/m3)
CA Carbonyl concentration (in µg/m3)
ET Exposure time (hours/day)
EF Exposure frequency (days/year)
ED Exposure duration (years)
AT Averaging time
CR Cancer risk
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Acc Apoptotic carcinoma cells
Ncc Carcinoma cells per section
AI Apoptotic index
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Appendix A

Appendix to Chapter 3

A.1 Calibration curves
Table A.1: Analyte and deuterate areas for PAH calibration in steady state tests.

Concentration [ug/L] 10 25 50 100 300
NAP-d8 19050152.75 12977387.84 15300989.97 13920441.61 25201491.19
Ace-d10 16042972.98 11083926.86 13249578.94 11972218.78 10741571.09
NAP 142487.87 324897.28 723783.00 1119351.32 3416367.02
Acy 178502.15 470173.94 1053808.44 1640836.85 5169546.94
Ace 128585.64 321055.41 735041.74 1147063.12 3554141.41
Phen-d10 23383335.30 16041126.04 19688631.29 17671974.03 15605505.90
Phen 161897.77 392241.51 913289.18 1424211.49 4363091.13
Ant 142935.99 355389.19 858962.72 1349223.53 4222694.70
Flu 166775.98 336466.17 684338.00 1011510.88 2995965.74
Pyr 165651.38 318070.80 746882.30 1178202.35 3702442.71
Cry-d12 17076088.93 11815080.88 14591904.62 12737332.42 11357157.28
Flt 142623.98 313523.99 735547.50 1185122.70 3701325.34
B[a]A 117682.89 288324.63 678528.59 1053070.43 3373357.25
Cry NF 290406.81 661738.44 1026645.02 3265348.02
Perylene-d12 6745655.81 4591098.68 5802489.68 5107628.95 4416547.90
B[b]F 118124.15 262023.47 615050.55 955359.08 3002980.19
B[k]F 94689.47 239194.67 555896.81 868724.93 2791526.98
B[e]P 104875.56 251088.00 584580.42 908750.38 2924483.33
B[a]P 104875.56 251088.00 584580.42 908750.38 2924483.33
DB[a,h]A NF 10099.10 14128.92 10617.13 5871.20
IP 120617.22 278835.82 648781.42 988364.30 3179934.19
B[g,h,i]P 122274.13 296729.09 696758.16 1063829.52 3496515.96
DB[a,l]P 54776.85 123052.24 250554.85 438276.18 1411634.77
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Table A.2: Area ratio (analyte/deuterate) for PAH calibration in steady state tests.

Area ratio (analyte/deuterate)

Concentration [µg/L] 10 25 50 100 300
NAP 0.01 0.03 0.05 0.08 0.14
Acy 0.01 0.04 0.08 0.14 0.48
Ace 0.01 0.03 0.06 0.10 0.33
Phen 0.01 0.02 0.05 0.08 0.28
Ant 0.01 0.02 0.04 0.08 0.27
Flu 0.01 0.03 0.05 0.08 0.28
Pyr 0.01 0.03 0.05 0.09 0.33
Flt 0.01 0.02 0.04 0.07 0.24
B[a]A 0.01 0.02 0.05 0.08 0.30
Cry 0.00 0.02 0.05 0.08 0.29
B[b]F 0.02 0.06 0.11 0.19 0.68
B[k]F 0.01 0.05 0.10 0.17 0.63
B[e]P 0.02 0.05 0.10 0.18 0.66
B[a]P 0.02 0.05 0.10 0.18 0.66
DB[a,h]A 0.02 0.06 0.12 0.21 0.79
IP 0.02 0.06 0.11 0.19 0.72
B[g,h,i]P 0.02 0.06 0.12 0.21 0.79
DB[a,l]P 0.02 0.03 0.05 0.09 0.30

Table A.3: Calibration equation and R2 for PAH in steady state tests.

PAH Calibration equation and R2

NAP y = 0.0008398412x R² = 0.994
Acy y = 0.0008398412x R² = 0.994
Ace y = 0.0010890999x R² = 0.998
Phen y = 0.0009196902x R² = 0.998
Ant y = 0.0009196902x R² = 0.998
Flu y = 0.0009258234x R² = 0.998
Pyr y = 0.0010693098x R² = 0.998
Flt y = 0.0007776994x R² = 0.998
B[a]A y = 0.0009724295x R² = 0.997
Cry y = 0.0009415981x R² = 0.997
B[b]F y = 0.0022241496x R² = 0.997
B[k]F y = 0.0025782014x R² = 0.996
B[e]P y = 0.0021603445x R² = 0.996
B[a]P y = 0.0021603445x R² = 0.996
DB[a,h]A y = 0.0025782014x R² = 0.996
IP y = 0.0023505913x R² = 0.996
B[g,h,i]P y = 0.0025782014x R² = 0.996
DB[a,l]P y = 0.0009854580x R² = 0.999
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Figure A.1: Calibration curves for 18 PAH in steady state tests.

Table A.4: Analyte areas for carbonyls calibration in steady state tests.

Concentrations(µg/mL) 40 20 10 5 1 0.6
Formaldehyde 7052.5 3331.1 1399.3 842.1 206.1 134.3
Concentrations(µg/mL) 20 10 5 2.5 0.5 0.3
Acetaldehyde 3842.9 1818.8 758.2 459.5 113.2 71.5
Acrolein+Acetone 7734.1 3647.3 1528.4 915.5 232.5 146.4
Propionaldehyde 3564.8 1673.5 699.9 421.5 108.6 66.0
Crotonaldehyde 3317.4 1554.0 647.7 380.8 95.6 58.2
2-butanone 2983.3 1392.2 568.0 329.1 84.1 50.3
Butyraldehyde + Benzeldehyde 5126.8 2411.6 999.8 589.3 143.2 93.9
Valeraldehyde 3202.7 1549.3 641.7 384.8 93.2 58.9
Tolualdehyde 3395.2 1596.6 669.8 398.9 93.3 67.8
Hexaldehyde 2908.1 1358.6 584.3 335.5 79.6 51.4
Methacrolein 3242.9 1562.7 640.1 376.4 83.5 66.9
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Table A.5: Calibration equation and R2 for carbonyls in steady state tests.

Carbonyl Calibration equation and R2

Formaldehyde y = 172.69x 0.996
Acetaldehyde y = 188.23x 0.996
Acrolein+Acetone y = 378.57x 0.996
Propionaldehyde y = 174.31x 0.996
Crotonaldehyde y = 162.05x 0.996
2-butanone y = 145.43x 0.996
Butyraldehyde + Benzeldehyde y = 250.61x 0.996
Valeraldehyde y = 157.6x 0.997
Tolualdehyde y = 166.07x 0.996
Hexaldehyde y = 142.15x 0.997
Methacrolein y = 159.31x 0.997

Figure A.2: Calibration curves for 13 carbonyls
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Table A.6: Analyte areas for PAH calibration in transient state tests.

Concentration [ug/L] 25 50 100 500
NAP 6004481 14216239 20104993 71327820
Acy 282356 691512 1020027 4692763
Ace 430758 961020 1661084 6853430
Flu 1646099 3442296 4943274 26632873
Phen 4547997 12241078 17749248 64459726
Ant 9854131 19854734 24336919 65419643
Flt 1121853 3040462 4407291 21297632
Pyr 994069 2419533 3627543 16274342
B[a]A 2880923 6565823 11294837 43663106
Cry 3877225 8425291 13758741 45982180
B[b]F 3087337 6673957 11368906 37311473
B[k]F 2718622 5719784 9525324 31196928
B[a]P 2853895 6032219 10175433 37376090
DB[a,h]A 795034 1720805 2729675 11464149
B[g,h,i]P 1354529 2739967 4604278 20132565
IP 3564195 7260184 12127805 46169199

Table A.7: Calibration equation and R2 for PAH in transient state tests.

PAH Calibration equation and R2

NAP y= 146453x R²= 0.995
Acy y=9463.3x R²= 0.998
Ace y=13878x R²= 0.999
Flu y=53298x R²= 0.997
Phen y=131993x R²= 0.992
Ant y=138271x R²= 0.997
Flt y=42830x R²= 0.989
Pyr y=32858x R²= 1.000
B[a]A y=88784x R²= 0.999
Cry y=94575x R²= 0.999
B[b]F y=76783x R²= 1.000
B[k]F y=64247x R²= 1.000
B[a]P y=76308x R²= 0.999
DB[a,h]A y=23225x R²= 0.999
B[g,h,i]P y=40656x R²= 1.000
IP y=94060x R²= 0.999
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Figure A.3: Calibration curves for 16 PAH in transient state tests.

Table A.8: Analyte areas for carbonyls calibration in steady state tests.

Concentrations(µg/mL) 40 20 10 5.2 1.2
Formaldehyde 18819853.0 6910194.0 3566509 1810019 446470
Concentrations(ug/mL) 20 10 5 2.6 0.6
Acetaldehyde 5884853.0 2657568.0 1378071 701742 172229
Acroleina 5139783.0 2373652.0 1161997 618842 148745
Acetone 4201723.0 1860613.0 1017884 489944 124652
Propionaldehyde 4557777.0 2049304.0 1061733 538592 131710
Crotonaldehyde 3867383.0 1753354.0 902038 456789 110106
2-Butanone 4672682.0 2141213.0 1117327 562702 134415
Butiraldehyde + benzaldehyde 6478219.0 2918878.0 1493582 761700 185041
Valeraldehyde 2616973.0 1195800.0 623113 316180 70640
p-Tolualdehyde 3013189.0 1380950.0 719831 363710 83873
Hexaldehyde 2148109.0 991939.0 515788 262045 61694
Methacrolein 2548780.0 1175908.0 612201 305980 72526
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Table A.9: Calibration equation and R2 for carbonyls in transient state tests.

Carbonyl Calibration equation and R2

Formaldehyde y=440037x R²= 0.981
Acetaldehyde y=287700x R²= 0.997
Acroleina y=251899x R²= 0.998
Acetone y=204989x R²= 0.996
Propionaldehyde y=222575x R²= 0.997
Crotonaldehyde y=189140x R²= 0.998
2-Butanone y=229264x R²= 0.998
Butiraldehyde + benzaldehyde y=316306x R²= 0.997
Valeraldehyde y=128312x R²= 0.998
p-Tolualdehyde y=147840x R²= 0.998
Hexaldehyde y=105576x R²= 0.998
Methacrolein y=125225x R²= 0.998

Figure A.4: Calibration curves for 13 carbonyls for transient state tests.
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A.2 Experimental conditions during the exposure of D. pulex
Table A.10: Experimental conditions during the exposure of D. pulex to the samples.

Parameters Condition
Test duration 48 h
Temperature 21 ± 2°C
Light intensity 538 – 1076 lux
Test concentration Five concentrations and two controls
Observed effect Immobility or death
Replicas by concentration 4
Acceptability criterion of the test 90% survival in negative control
Specimens by concentration 20
Dilution water Moderately hard reconstituted water
Photoperiod 16 light hours
Solution volume 25 mL per replica
Age of the specimens 24 hours
Specimens per test chamber 5

Table A.11: Physicochemical variables controlled in the samples and controls.

Controls Dissolved oxygen pH Temp Conductivity
mg/L % pH units °C µS/cm

Initial Final Initial Final Initial Final Initial Final Initial Final
Negative control 5.78 6.89 74.4 91.1 7.35 7.68 21.8 22.8 295 309
ULSD 6.31 6.44 86.9 85.7 7.38 7.78 21.3 22.8 297 313
Negative control 5.78 6.89 74.4 91.1 7.35 7.68 21.8 22.8 295 309
Bu13 6.31 6.42 84.3 86.1 7.65 7.87 20.4 22.9 291 314
Negative control 6.35 5.28 89.3 72 7.33 7.42 21.8 23 301 316
HVO13 6.8 5.27 89.7 71 7.95 7.58 22.5 22.9 302 318
Negative control 5.4 4.7 73.6 66.1 7.38 7.8 22.4 23 283 285
HVO20 5.7 4.52 76.5 60.5 7.31 7.75 21.6 29.9 274 304
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Appendix B

Appendix to Chapter 4

B.1 Steady State: Engine performance and regulated emis-
sions

(a) Fuel consumption for M1 (b) Fuel consumption for M2

Figure B.1: Fuel consumption [L/h] for the tested fuels.
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(a) Brake specific fuel consumption for M1 (b) Brake specific fuel consumption for M2

Figure B.2: Brake specific fuel consumption (g/kWh) for the tested fuels.

(a) Brake thermal efficiency for M1 (b) Brake thermal efficiency for M2

Figure B.3: Brake thermal efficiency for the tested fuels.
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Figure B.4: Change in regulated emissions compared to ULSD
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