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Abstract

As the world is trying to be increasingly less dependent on fossil fuels, whose utiliza­
tion contributes to climate change, the transportation sector, being responsible for
a large part of the CO2 emissions, is frequently the focus of much discussion on the
subject. A range of strategies meant to address the issue of decarbonizing transport
have been proposed, such as electrification and the use of carbon­free fuels, such
as hydrogen and ammonia. However, due to the sheer magnitude of the problem
and due to the existence of a vast fleet of vehicles powered by conventional internal
combustion engines, it becomes clear that such engines are still going to be relevant
for the foreseeable future. Moreover, due to economic reasons, many developing
countries are likely to remain dependent on conventional engine technology for
many years to come. Consequently, the types of fuels that existing and future en­
gines will require can have a significant impact on net carbon emissions. As such,
alternative fuels have the potential to play a significant role in the decarbonization
process.

Today’s most important biofuels, ethanol and biodiesel, have their weaknesses, be­
yond the fact that both are commonly produced from food­based crops. Ethanol
exhibits negative aspects such as its affinity for water, corrosiveness, and ability to
distort the vapor pressure characteristics of its blends with gasoline. In addition,
largely because of those drawbacks, in some places the addition of ethanol to gaso­
line is capped by a “blend wall”, an upper blending limit that effectively restricts
the displacement of fossil energy. Biodiesel is plagued by poor cold­flow proper­
ties, restricting its use in colder climates. Besides, its production process produces
sizable amounts of glycerol, a by­product that is commonly discarded as waste.

Against this backdrop there is a need to propose and develop new fuel alterna­
tives with the potential to further displace fossil fuel usage, while having the ability
to decrease exhaust emissions without compromising engine performance. Such
fuels should be able to be used as “drop­in” fuels, that is, being able to use the
same fuel infrastructure and be used on engines without extensive modifications
(if any). Therefore, this work proposes and evaluates the use of alternative fuels
and additives—for both gasoline and diesel engines—with the potential to diver­
sify the range of fuel options and minimize the use of conventional fossil fuels. The
first part of the proposed fuels is comprised of compounds derived from the afore­
mentioned waste glycerol from the biodiesel industry. These compounds include

vi



a number of ethers, acetals, and esters of glycerol that can be used as drop­in addi­
tives for both gasoline and diesel fuels, as oxygenates to enhance knock resistance
and decrease smoke emissions. Moreover, such compounds may also be used to
improve the cold­flow properties of biodiesel. The second group of fuels proposed
by this work is represented by lower alcohols, other than ethanol, to be used in
blends with gasoline. Among those, isobutanol is particularly attractive because of
its higher heating value, lower corrosiveness and overall higher compatibility with
gasoline, when compared to ethanol. Isopropanol, a less­studied alcohol also offers
an enhanced potential to inhibit the occurrence of knock in spark­ignition engines.
Finally, methanol, despite its relatively low heating value and high corrosiveness is
also relevant since it is the cheapest alcohol, exhibits excellent combustion charac­
teristics and can be used in the chemical industry as a raw material for several other
compounds.

As described in this work, all those different compounds were evaluated in blends
with either diesel fuel and a gasoline surrogate, through a series of testing cam­
paigns, carried out on two diesel engines and on a spark­ignited CFR engine. Be­
sides being evaluated in blends with the gasoline surrogate, the C₁–C₄ alcohols al­
cohols were also investigated in neat form, highlighting their potential to maximize
the displacement of gasoline. The overall results showed that all compounds per­
formed well when mixed to the base fuel in limited concentrations, as intended
from a “drop in” perspective. Moreover, the tests on the CFR engine showed
that the different fuel additives exhibited clearly distinct behaviors, regarding their
knock­inhibiting abilities. Finally, in addition to their use as fuel components,
clearly distinct behaviors were also seen in the tests with the alcohols in neat form,
with both isopropanol and isobutanol performing particularly well. Therefore, it is
hoped that the work presented in this dissertation will shine a light on promising
fuels and fuel additives that have not received due attention from the engine and
the fuel communities.
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Populärvetenskaplig sammanfattning

Världen försöker gå bort från fossila bränslen, vars användning gör att nivåerna av
koldioxid (CO2) i atmosfären ökar, vilket bidrar till klimatförändringsproblemet.
Transportsektorn står för en stor del avCO2­utsläppen, därför pågår mycket forskn­
ingsarbete relaterat till användningen av biobränslen—bränslen som produceras
från förnybara källor – eftersom deras förbränning inte leder till en ökning av den
totala CO2­nivån i atmosfären.

Förbränningsmotorer, som används i bilar, motorcyklar, bussar, lastbilar osv., finns
i två huvudtyper: gnisttändningsmotorer (bensinmotorer) och kompressionständ­
ningsmotorer (dieselmotorer). För att förbättra förbränningsprocessen i dessa mo­
torer, öka motorns prestanda och minska utsläppen av föroreningar kan speciella
tillsatser blandas i bränslet. Sådana tillsatser innehåller ofta syre och kallas då ”oxy­
genater”. För dieselmotorer kan avgasröken reduceras avsevärt med oxygenater,
medan de i bensinmotorer kan förhindra förekomsten av ”knack” (en förbrän­
ningsanomali som kan skada eller till och med förstöra motorer). Dessutom pro­
duceras de flesta oxygenater idag från förnybara källor, vilket innebär att deras an­
vändning bör ha mindre inverkan på CO2­koncentrationerna i atmosfären. En
annan egenskap hos dessa föreningar är att de är avsedda att blandas med fos­
sila bränslen i låga koncentrationer, vilket gör att de kan betraktas som ”drop­
in­bränslen”, det vill säga de kan användas på vanliga motorer som använder den
befintliga bränsleinfrastrukturen. Även om elbilar blir allt vanligare kommer det
fortfarande att finnas ett stort antal fordon som drivs av förbränningsmotorer på
vägarna. Därför kommer det att finnas en marknad för sådana oxygenater under
många år framöver.

Denna avhandling undersöker flera typer av oxygenater som kan blandas med bensin
och dieselbränsle. De utvärderades genom motortester som utfördes i Lunds uni­
versitets motorlaboratorier. För dessa tester användes två dieselmotorer och en
bensinmotor. Blandningar av oxygenaten med dieselbränsle och bensin framställdes
och användes som bränslen under testerna. Huvudsyftet med testerna var att un­
dersöka hur syrehalterna påverkade motorprestanda och utsläpp av föroreningar.

I den första delen av denna forskning testades oxygenater som härrör från glycerol
(glycerin). Glycerol är en biprodukt av den process som producerar biodiesel (ett
förnybart bränsle för dieselmotorer) och det kasseras vanligtvis som avfall. Därför
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kan omvandling av det avfallsglycerol till användbara kemikalier bidra till biodieselin­
dustrins miljömässiga hållbarhet samtidigt som det minskar användningen av fos­
sila bränslen inom transportsektorn. De oxygenater som härrör från glycerol som
undersöktes i detta arbete var den så kallade glycerol­tert­butyletern (GTBE), solke­
tal och triacetin.

Förutom glycerolderivaten testades flera olika alkoholer på bensinmotorn. I den in­
ledande delen av experimenten blandades alkoholerna med en bensinsurrogat (en
typ av bensin­”ersättning”, som används i motorforskning). Senare användes de i
ren form. Etanol (etylalkohol) har varit den huvudsakliga alkoholen som använts
som bränsle runt om i världen och som sådan ingick den i testerna. Förutom etanol
undersöktes andra typer av alkoholer med potential att användas som bränsle un­
der motortesterna. Dessa alkoholer var metanol, isopropanol, n­butanol och isobu­
tanol (som även blandades med dieselbränsle). Isopropanol och butanolerna kan
vara särskilt attraktiva eftersom de har ett högre energiinnehåll och är mindre kor­
rosiva jämfört med etanol och metanol.

Resultaten av alla tester visade i allmänhet att båda typerna av kemiska föreningar,
det vill säga glycerolderivaten och alkoholerna, framgångsrikt kunde användas som
oxygenater när det gäller att bevara motorprestanda och minska utsläppen av föroreningar.
Sammanfattningsvis visar den forskning som beskrivs i denna avhandling nya möj­
ligheter att minska användningen av fossila bränslen, vilket bidrar till att minska
koldioxidutsläppen inom transportsektorn.
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Chapter 1

Introduction

1.1 Preliminary Remarks

In recent years, there has been intense scrutiny regarding the global energy pro­
duction/consumption due to the impact of greenhouse gases (GHGs), especially
carbon dioxide (CO2), on the earth’s climate, in particular. Because it represents a
good portion of total GHGs emissions (See figure 1.3), and especially because of its
visibility to the general public, the transport sector has been at the epicenter of such
concerns. However, unlike the other exhaust pollutants (such as nitrogen oxides
and particulate matter), CO2 cannot be removed by the use of exhaust aftertreat­
ment devices, which makes things more complicated. In fact, because CO2 is the
unavoidable product of the combustion of carbon­containing fuels, the mitigation
of the impacts of climate change calls for the reduction of atmospheric CO2 levels,
that is, the decarbonization of the transport sector (and the entire energy sector in
general) has become the top priority of the automotive industry. The reduction
in the use of fossil fuels, since the carbon dioxide emissions from their combus­
tion cannot be offset by the biomass that created them, has become the order of
the day. However, since fossil fuels are the bedrock upon which the entire trans­
port sector rests, the task of decarbonization is nothing less than an enormous and
extremely complex endeavor. Therefore, several measures to reduce net CO2 emis­
sions and mitigate the climate­related issues associated with them have been put
forth. Of particular importance is the proposed electrification of transport, espe­
cially regarding pure electricity­powered, battery­electric vehicles (BEVs). Because
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BEVs obviously lack exhaust pipes, they are frequently claimed to be ”zero emis­
sions”, an assertion that may or may not be true, depending on how the electricity
to power them has been generated. Either way, electrification does represent a step
forward towards a more decarbonized society. However, as it is the case with any
technology, BEVs have their flaws and limitations, as discussed further ahead. An­
other approach that has been proposed is the use of hydrogen, either as a fuel for
fuel cell vehicles or conventional internal combustion engines (ICEs). In either
case, the use of hydrogen poses some serious challenges that call into question its
viability as a fuel. Another carbon­free fuel, ammonia (NH3), has its own issues
but it seems to be more suitable for marine applications.

Besides the calls for a complete—and rapid—decarbonization of transport, one as­
pect that should be at the forefront of the public discourse is the recognition of the
fact that there is a legacy fleet of over one billion cars on the world’s roads nowa­
days, virtually all of them powered by ICEs. Those vehicles are expected to remain
in operation for the foreseeable. In addition, in many parts of the world electrifi­
cation is not expected to happen anytime soon, mostly for economic reasons, since
the large­scale adoption of electric vehicles and building the necessary infrastruc­
ture require large investments. That means an energy transition is necessary, taking
into account the different social and economic circumstances in different regions
of the world. Therefore, within the range from 100% fossil­fuel transport to 100%
electrified transport, there is a middle ground that can and should be explored
as a feasible and potentially effective option during that transition, to reduce net
carbon emissions. Biofuels, such as ethanol and biodiesel (FAME), have character­
istics that make them attractive as transport fuels, since their production and use
is commonplace in several parts of the world, such as Brazil and the United States
(in the case of ethanol) and the European Union and parts of Asia (in the case
of biodiesel). Nevertheless, biofuels are not without their drawbacks and limita­
tions, especially in the case of first­generation biofuels such as sugar­ or starch­based
ethanol and vegetable­oil­based biodiesel. Yet, even though the technology for pro­
ducing second­generation (i.e. lignocellulosic) biofuels does exist, their economic
viability is still a matter of debate. Regardless, in the energy­transition scenario all
options should be considered and their technical and economic feasibility will to
a large extent depend on the local circumstances of the regions in which they are
used. In other words, even the production and use of first­generation biofuels have
their place and can be sustainable (which is the case of sugarcane ethanol in Brazil).
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Expanding the range of options of potential biofuels is an attractive approach, since
different chemical compounds may exhibit better characteristics when compared
to the usual ones, and also because the diversification of the available biofuel op­
tions has the potential to benefit the transportation sector as a whole. For instance,
glycerol, which is the waste that is generated by the production of biodiesel, can be
converted into useful compounds that can be used as fuel additives, including for
the biodiesel itself, because such compounds can improve some of biodiesel’s prop­
erties, such as its cold­flow characteristics. Alternatively, the production and the
utilization of other alcohols other than ethanol can be advantageous. For instance,
isobutanol is an alcohol that has attractive properties, such as a higher heating value,
lower water affinity and lower corrosiveness, when compared to ethanol. Moreover,
isobutanol can be used as feedstock for several other useful chemicals. Another al­
cohol that is also an important commodity compound is methanol, a well­known
and inexpensive chemical that is used extensively in the chemical industry and is
also a clean­burning, low­carbon alcohol fuel for ICEs. The possibility of produc­
ing methanol as an electrofuel, using captured carbon dioxide and hydrogen, seems
like a very promising and effective strategy to decarbonize transport. Other alco­
hols, such as isopropanol, which are widely used in several applications—except
as ICE fuels—are also worth investigating, due to appealing characteristics such as
superior knock resistance. Hence, from an overall perspective, this work attempts
to address the topic of the diversification of the biofuel alternatives, by investigating
compounds—glycerol derivatives and C₁–C₄ alcohols—that have the potential to
play an important role in the energy transition. It is thus hoped that the present
work will help fill some knowledge gaps and shine a light on potentially useful
chemical compounds that have so far been given insufficient attention.

1.2 Climate­Related Issues

Climate can be defined as ”the typical behavior of the atmosphere, the aggrega­
tion of the weather, and is generally expressed in terms of averages and variances
of temperature, precipitation and other physical properties” [1]. The greenhouse
effect, which is the ability of certain gases (such as carbon dioxide and water va­
por) to trap some of the reemission of solar radiation by the earth, is necessary,
otherwise the planet would be too cold for sustaining life. However, due to hu­
man activities, the concentration of greenhouse gases (GHGs) have been shown to
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be steadily increasing, leading to widespread concerns about the warming of the
earth. There has been an extensive amount of evidence to support the hypothesis
that the earth’s temperature has been increasing. Compiled data regarding global
mean sea surface temperatures as well as surface air temperatures have indicated the
climate is rapidly changing. Further evidence has been provided by measurements
of atmospheric temperatures, obtained by meteorological balloons and satellites.
In addition, proxy temperature indicators such as tree­ring width and density, the
chemical composition and growth of corals, together with the characteristics of
annual layers in ice cores, have been used to extend temperature records back as
much as one thousand years. Besides temperature, the extent of alpine glaciers,
sea ice, seasonal snow cover, and the lengths of the growing seasons have changed,
consistent with the hypothesis that the planet is warming. The concentrations of
many atmospheric gases would be expected to change slowly without human inter­
vention. This scenario began to change after the start of the industrial age, when
agriculture, industry, waster disposal, deforestation, and especially fossil fuel use,
caused the levels of human­made emissions to rise rapidly. These include nitrous
oxide (N2O), chlorofluorocarbons (CFCs), and especially carbon dioxide (CO2)
and methane (CH4), whose emissions are increasing at unprecedented rates.

Among the greenhouse gases, carbon dioxide has shown the largest­changing con­
centrations and it thus considered the gas of most concern regarding the human im­
pacts on climate. As of July 2024, the monthly averaged atmospheric concentration
of CO2 was approximately 426 ppm [2], representing an increase of roughly 52%
since before the Industrial Revolution, when such concentrations were estimated
not only to be around 280 ppm, but also to have remained essentially constant for
over a thousand years [1]. Figure 1.1 shows the long­term trends in atmosphericCO2

concentrations, measured using preserved air samples from ice cores. The increase
inCO2 emissions are attributed primarily to two types of human activity: fossil fuel
use (which has increased atmospheric carbon dioxide and production) and land use,
including deforestation (which has decreased carbon storage in vegetation and soil).
Energy from biomass represents a special case; while its combustion releases carbon
into the atmosphere, the biomass has already absorbed an equal amount of carbon
from the atmosphere prior to its emissions, thus the net carbon emissions are zero
over its lifecycle.
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Figure 1.1: Carbon dioxide concentrations in the atmosphere.

Figure 1.2 shows the global average temperature relative to a baseline, defined as
the average between 1961 and 1990. The plot shows that the average temperatures
have risen by over 0.8°C since then. It also shows that the temperatures in 1850
were around 0.4°C cooler than the baseline, resulting in a total temperature rise of
about 1.2°C compared to pre­industrial times.
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Figure 1.2: Average temperature anomaly, Global [3].

Studies have shown that the effects of climate change can impact several sectors such
as human health, ecological systems, water resources, food production (agriculture),
and coastal systems (sea levels).

The atmospheric concentrations of methane are much lower, on a molecule­by­
molecule basis, representing less than 0.5% of the concentrations of carbon diox­
ide. However, as a greenhouse gas, CH4 is about 50 times more powerful than
CO2, resulting in methane being the second most important gas regarding climate
change. Methane emissions from anthropogenic sources are primarily related to
agriculture and waste disposal, including enteric fermentation, animal and human
wastes, rice paddies, biomass combustion, and landfills. Fossil­fuel­related sources
include natural gas loss, coal mining, and the oil industry. Figure 1.3 shows a de­
tailed allocation of GHG emissions by sector, from the year 2016 [3].
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Figure 1.3: Global greenhouse gas emissions by sector, 2016 [3].

Aerosols have the potential to affect the climate directly by absorption and scatter­
ing of solar radiation and indirectly by acting as cloud­condensation nuclei. Such
aerosols can originate from emissions of sulfur dioxide (SO2) and other gases. Most
of anthropogenic SO2 in the atmosphere mainly results from the combustion of
coal and other fossil fuels. Besides affecting the climate, sulfur dioxide emissions
may form sulfuric acid (H2SO4) and eventually sulfate particles which can cause
acid rain. Aerosols comprised of carbonaceous agglomerates, i.e. soot particles,
are also relevant to climate change, since they can absorb solar and infrared radia­
tion, potentially contributing to climate warming. The soot emissions from inter­
nal combustion engines can be significant and are therefore discussed in the next

7



chapters of this work.

1.3 The Future of the Internal Combustion Engine

As the concerns related to climate change have been amplified and become increas­
ingly widespread, the long­term prospects and the very viability of internal com­
bustion engines have been repeatedly called into question. Their reputation also
suffered a blow, especially in the case of diesel engines, in the wake of Volkswagen’s
”Dieselgate” scandal of 2015 [4]. No technology lasts indefinitely (e.g. reciprocat­
ing steam engines) and, while ICEs can have a significant impact on the environ­
ment, so can their proposed alternatives. Therefore, it is crucial that the roles played
by ICEs and their potential replacements, together with their strengths and short­
comings, be put into context and analyzed from a broad perspective. Two of such
alternative technologies, electrification and hydrogen, have been heavily proposed
and as such, deserve some attention.

1.3.1 Transport Electrification

As previously mentioned, road transport accounts for more than half of the GHG
emissions of the transport sector, which in turn represents approximately a quarter
of all global GHG emissions. Because of that, switching to electricity to fuel road
transport has been proposed as the main tool to reduce CO2 emissions. Therefore,
vehicles, powered by electricity, have been touted as a promising alternative to con­
ventional fossil­fuel ICE vehicles. Indeed, several governments around the world
have set goals and timelines for the phase­out of vehicles powered by ICEs by 2050
[5]. Different types of EVs (battery EVs, hybrid EVs, and plug­in hybrid EVs) have
been proposed and compared to determine which technology will likely dominate
in the next decades, but many have already concluded that battery­electric vehicles
(BEVs) should be prioritized [6].

When compared to conventional vehicles powered by ICEs, BEVs offer a number
of attractive advantages. As listed by Senecal and Leach in their book [7], these in­
clude: the obvious absence of a tailpipe, reduced noise, high efficiency, cheap elec­
tricity (in some areas, at least), less maintenance, good vehicle driveability (quick
acceleration), and the possibility of charging the batteries at home. Another advan­
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tage mentioned by the authors is the possibility of using renewable electricity, and
that is exactly where BEVs can make a significant difference—as long as renewable
electricity is available.

While EVs themselves do not emit carbon dioxide, the electricity to charge their
batteries must be generated somewhere and, depending on how that is achieved,
significant CO2 emissions may result. As the study by Zhang and Fujimori [8]
points out, ”transport electrification without the replacement of fossil­fuel power
plants leads to the unfortunate result of increasing emissions instead of achieving
a low­carbon transition”. That is, as Kalghatgi pointed out [9], if carried out in
such a way, electrification would simply shift emissions from the transport sector
to the power sector. A large­scale transition to electric vehicles would also sharply
increase the demand for electricity which, if not generated by carbon­free meth­
ods (such as solar, wind, hydro, or nuclear), the benefits of BEVs might be min­
imal or, at worse, the GHG emissions might even increase [9]. Therefore, as also
mentioned in Zhang and Fujimori’s study [8], transport electrification alone is not
enough to reduce emissions and mitigate the effects of climate change. Instead, to
meet stringent decarbonization targets, the link between the transport and energy
sectors deserves special attention and the use of renewable—or nuclear—energy to
decarbonize power generation will need to play a fundamental role together with
the electrification of the transport sector.

Another factor that should be taken into consideration is the mining of lithium­ion
battery materials, such as lithium and cobalt, and the battery manufacture itself.
Life­cycle analyses have shown that these processes can produce substantial amounts
of greenhouse gases, which could contribute to an increased carbon footprint [10].
In addition, as Kalghatgi pointed out [9], the mining and processing of battery
metals, if not done properly, can pose a significant threat to the environment, in
the form of freshwater contamination. Also to be considered is the recycling of
BEV batteries at the end of their service life, since that can also have a negative
impact on the environment [9, 11].

Last, but not least, one non­technical aspect of BEV battery manufacturing that de­
serves attention is that more than half of the world’s cobalt is found in the Demo­
cratic Republic of Congo, one of the world’s poorest countries. As reported by
Amnesty International [12], 20% of that cobalt is mined by hand in artisanal mines,
by adults and children as young as seven years­old working in appalling conditions,
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at risk of fatal accidents and serious lung disease and earning as little as one dollar
a day [13].

In summary, it is clear that electric vehicles have a number of advantages over their
ICE­powered counterparts and they do have the potential to minimize the carbon
footprint of the transport sector. However, the electrification of transport—with
the technology currently available today—comes with some caveats that should not
be overlooked. The pros and cons of mass electrification should be carefully con­
sidered, especially those issues regarding electricity generation and battery manu­
facture. Accordingly, policymakers should be aware that electrification—or any
other proposed measures, for that matter—is no panacea and will not be able to
mitigate the effects of climate change by itself, without putting into practice other
potentially effective decarbonization strategies.

It seems inevitable that electrification will eventually dominate light­duty trans­
portation. Electric motors are simple, robust, and efficient prime movers, and they
have been so for over one hundred years. Once battery technology evolves, the
advantages of electric traction will become undeniable.

1.3.2 Hydrogen Fuel

Just like battery­electric vehicles, in recent years, much has been said about hy­
drogen as a transportation fuel. Regarding GHG emissions, hydrogen is indeed a
very attractive fuel, since in theory its combustion produces only water vapor. For
transport applications, hydrogen can be utilized in two different ways: in fuel cells
(FCs), in which case the vehicle is powered by an electric motor and hydrogen is
used to generate electricity within the fuel cell, or burned in conventional internal
combustion engines. Each approach has its pros and cons. Fuel cells, according to
a 2018 study by Kalghatgi [9], is the preferred option, due to its higher efficiency
(when compared to ICEs). In contrast, a 2022 editorial by the International Journal
of Engine Research [14], stresses that the overall efficiency of current FC powertrains
is much lower than that of the FC alone [15]. The article mentions other drawbacks
of FCs, such as their need for high­purity hydrogen, the need to have large batteries
to store the electricity and, of course—cost. The editorial maintains that hydrogen
internal combustion engines (H2ICEs) can benefit from being able to take advan­
tage of the advanced state of current ICE technologies, such as ”reliability, durabil­
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ity, existing supply chain, existing manufacturing plus recycling infrastructure and
affordability”. Furthermore, the authors continue, benefit from being able to use
”existing advanced combustion and engine control technologies”, including ”direct
injection, Miller cycle, lean/diluted combustion, pre­chamber ignition, etc”.

Whatever technology is ultimately chosen—FCs or H2ICEs—the viable large­scale
use of hydrogen as a fuel will require overcoming a number of significant practical
hurdles that are caused by its own unique properties, such as its highly energy­
intensive production¹ and its extremely low density, which makes its distribution
and storage particularly challenging, since it requires it to be either highly com­
pressed (to about 700 atm) or liquefied and stored in bulky and heavy cryogenic
tanks (a process that consumes a large amount of energy). In addition, hydrogen’s
density makes it prone to leak through joints that are otherwise perfectly tight for
other gases, posing a safety risk. This can be particularly worrisome, due to its
wide flammability limits, meaning that very lean and very rich hydrogen­air mix­
tures are susceptible to easily ignite (since hydrogen also ignites easily, compared
to most fuels). Therefore, in view of such shortcomings, it might make more sense
to use hydrogen indirectly, through fuels that are significantly more practical, like
methanol or even ammonia.

1.3.3 The Death—or Not—of the ICE?

In August 2017, the British newspaper The Economist ran a front­cover article titled
”Roadkill” [17], predicting the imminent ”death of the internal combustion en­
gine”, caused by the widespread electrification made possible because of advances
in battery technology and the falling prices of battery components.

Also in August 2017, The New York Times published an article, with the title ”The
Internal Combustion Engine Is Not Dead Yet” [18], in which John B. Heywood,
a professor at the Massachusetts Institute of Technology, predicted that in 2050
60% of light­duty vehicles are still going to be powered by ICEs, often working
with electric motors in hybrid systems. On the other hand, BEVs, he estimated,
will represent 15% of car sales by that time.

¹The electrolysis of water, at a 100% theoretical efficiency requires roughly 142 MJ of electricity per kg H2

produced (in contrast, hydrogen’s lower heating value is 120 MJ/kg); in reality, the process consumes 180–230
MJ/kg H2, requiring up to 95% more energy to produce hydrogen than the amount of energy contained in
the fuel itself [16].
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The starkly contrasting views presented by those two articles—both published by
reputable media outlets and at around the same time—illustrate the uncertainties
surrounding the prospects of either technology, that is, the dominance of EVs versus
the survival of the ICE.

The prediction of the Economist article is not untrue: Internal combustion engines
will not last indefinitely and many automakers have already been making the tran­
sition to BEVs, whose popularity has soared in some markets.

Indeed, according to the statistics [19], in Norway, in 2022, BEVs represented
79.3% of new car sales (if plug­in hybrids are included, the share of electric vehi­
cles sold reaches 87.8%), see Figure 1.4.

Figure 1.4: The share of electric vehicles on the Norwegian market [19].

However, Norway is a special case, since it is a wealthy country with a small popu­
lation and extensive natural resources (such as abundant hydropower).

As the New York Times article also observed, the average age of the 270 million
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light­duty vehicles on the road in the U.S. is approximately 12 years, meaning that,
even if sales of new ICE­cars stopped right away, it would take longer than a decade
for the fleet to switch over to EVs.

As stated in the 2020 editorial ”The future of the internal combustion engine”, by
the International Journal of Engine Research [20], ”... power generation sources will
not become fully renewable and transport will not become fully electric for several
decades, if ever”. Regardless of how long it will take, this previously mentioned
”legacy fleet” of over 1 billion vehicles powered by ICEs will remain in operation
for the foreseeable future and their engines will need to burn some kind of fuel
in the meantime. What kind of fuel they will burn can have an impact on the
environment, hence the importance of investigating new biofuel options, the topic
of next section.

1.4 The Role of Biofuels in the Energy Transition

1.4.1 Biomass Types

Biomass can be defined as renewable organic material obtained from plants, ani­
mals, and microorganisms. Biomass is an important fuel, especially in developing
countries for cooking and heating [21].

Biofuels are ultimately based on the ability of photosynthetic organisms to use sun­
light to convertCO2 into glucose (C6H12O6) and subsequently into plant biomass,
according to the overall reaction [22]:

6CO2 + 6H2O → C6H12O6 + 6O2

Cellulose is the name of the polysaccharide formed by the repeated connection of
D­glucose building blocks [23]. This polymeric raw material is the main structural
component of cell walls in higher plants and the most abundant form of living
terrestrial biomass [24].

As explained further below, the photosynthetic efficiency of plants can be quite low,
which raises doubts about the sustainability of converting food crops into biofuels
[25].
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Biomass feedstocks for energy include:

• Wood and wood processing waste: firewood, wood pellets, and wood chips,
lumber and furniture mill sawdust and waste, and black liquor from pulp and
paper mills.

• Agricultural crops and waste materials: corn (maize), soybeans, sugarcane,
switchgrass, woody plants, algae, and crop and food processing residues.

• Biogenic materials in municipal solid waste (MSW): paper products, cotton
and wool products, and food, yard, and wood wastes.

• Animal manure and human sewage.

Figure 1.5 illustrates the different types of biomass.

Figure 1.5: Biomass types [21].

1.4.2 Biomass Conversion Processes

Biomass conversion processes are the techniques through which biomass can be
converted to energy, including biofuels, such as [21]:
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• Direct combustion, the most common method for converting biomass to
useful energy. All types of biomass can be directly burned for heating build­
ings and water, for providing heat to industrial processes, and for producing
steam for steam turbines to generate electricity.

• Thermochemical conversion of biomass—including pyrolysis and gasification—
is the thermal decomposition process in which the feedstock materials are
subjected to high temperatures. The two proesses differ in the temperatures
and in the amount of oxygen present during conversion:

– Pyrolysis involves heating organic materials to between 400°C and 500°C
in the absence of free oxygen. Biomass pyrolysis produces fuels such as
charcoal, bio­oil, methane, and hydrogen.

– Gasification involves heating organic materials to between 800°C and
900°C in the presence of controlled amounts of free oxygen or steam,
producing a mixture of carbon monoxide and hydrogen called synthesis
gas (syngas, essentially a mixture of hydrogen and carbon monoxide).
Syngas can be used as a fuel for heating and for generating electricity
in gas turbines. The hydrogen can be separated from the syngas and
it can be used in fuel cells or burned in internal combustion engines.
Syngas can also be further processed to produce liquid fuels using the
Fischer–Tropsch process.

• Biochemical conversion of biomass includes fermentation of sugars to make
ethanol and anaerobic digestion to produce biogas. Ethanol is used as a motor
fuel. Biogas, comprised primarily of methane (CH4) and carbon dioxide,
can be produced through the anaerobic digestion of various types of biomass
and waste, such as the organic fraction of MSW, agricultural waste, manure,
sewage sludge, among others [26]. Properly treated biogas has the same uses
as fossil natural gas.

• Chemical conversion includes the transesterification process, in which veg­
etable oils, animal fats, and greases are converted into fatty acid alkyl esters
(biodiesel).
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1.4.3 Biofuel Types

Biofuels are solid, liquid, or gaseous fuels that are derived from biomass, that is,
plant or algae material or animal waste [27]. They are considered a renewable source
of energy, since such feedstocks can be readily replenished. Because of that, biofuels
are commonly proposed as environmentally­friendly alternatives to fossil fuels.

According to the OECD­FAO Agricultural Outlook 2024­2033 report [28] (which
describes market developments and medium­term projections for world biofuel—
ethanol and biodiesel—markets for the period 2024­2033), in 2023, approximately
83% of ethanol was produced from corn or sugarcane, whereas roughly 65% of
biodiesel was based on vegetable oils (see below).

More advanced biofuel technologies based on lignocellulosic feedstocks (e.g. crop
residues, wood, or dedicated energy crops) do not account for large shares of total
biofuel production. However, they are often seen as relevant technologies for the
future, since they are supposed to cause less competition with food products and
result in lower levels of GHG emissions.

Biofuels usually belong to three different categories, according to the nature of the
feedstock and the technology used for their production, as follows:

• First­generation biofuels: By far the most common type, are obtained from
traditional agricultural commodities as feedstock, such as sugarcane, corn,
soybeans, rapeseed, etc. The foremost biofuels, conventional bioethanol and
biodiesel (fatty­acid mono­alkyl esters), are first­generation biofuels.

• Second­generation biofuels: Produced from non­edible plant material, such
as lignocellulosic biomass (such as agricultural and forest residues) and refuse
such as municipal solid waste.

• Third­generation biofuels: Obtained from algal feedstocks.

First­generation ethanol is produced from sugars and from starch. Simple sugars are
extracted from a variety of sugar crops and are then fermented, with the resulting
wine distilled into ethanol. Starch requires an additional step—saccharification—
in which it is broken down by enzymes to convert it into sugars, which are subse­
quently fermented. The saccharification of starch uses additional energy, increasing
production costs.
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Biodiesel is derived from vegetable oils, animal fats, or other materials consisting
mainly of triacylglycerols [29]. It is obtained by reacting the oil with an alcohol
(such as methanol or ethanol) in the presence of a catalyst, through the chemical
process of transesterification, producing fatty­acid alkyl esters—fatty­acid methyl
esters (FAME) if methanol is used (which is the most common route), or fatty­acid
ethyl esters (FAEE), in the case of using ethanol. The hydrotreatment of vegetable
oils or animal fats is an alternative process to esterification for producing renewable
diesel fuel. Hydrotreated vegetable oil (HVO, also simply called ”renewable diesel”)
[30] are mixtures of paraffinic hydrocarbons that are free of sulfur and aromatics,
featuring a high cetane number, similar to diesel fuel produced via Fischer­Tropsch
(F­T) synthesis.

First­generation biofuels, even though they are still dominant, exhibit a major draw­
back, which is the fact that the production of their feedstocks competes with food
crops for arable land, even though the extent to which they impact food prices is
debatable and can be hard to estimate. However, the fact that 46% of the corn
produced in the U.S. is intended for ethanol production alone—to supply 3% of
the total transport energy used [9]—is a typical example of the issues associated
with first­generation biofuels, made even worse in this case, since corn is a staple
crop. The main rationale behind second­ and third­generation biofuels is to avoid
such dilemma.

Lignocellulosic feedstocks can be converted into biofuels through biochemical and
thermochemical routes, typical examples of which are:

• Second­generation ethanol, obtained through the fermentation of lignocellu­
losic biomass. In this approach, the polysaccharides comprising cellulose are
broken down and converted into simple sugars through hydrolysis or chemi­
cal (or combined) processes. The obtained sugars are subsequently fermented
into ethanol using conventional fermentation technology.

• Gasification of lignocellulosic biomass to produce syngas, which can be sub­
sequently synthesized into various fuels via the Fischer­Tropsch process. The
pyrolysis of lignicellulosic biomass is another approach, producing bio­oils
that can subsequently be refined to be used as fuel components.

The successful development of commercially feasible second­generation biofuels
could significantly increase the amount of feedstocks for biofuel production, since
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lignocellulosic biomass is, as previously noted, the most abundant biological ma­
terial on earth [24]. However, even though the cost of lignocellulosic feedstock
can be much lower than that of first­generation ones, lignocellulosic material is
significantly more difficult to break down into sugars, when compared to starch,
and the technology to convert it into liquid fuels is more expensive [31]. There­
fore, while first­generation biofuels have already been in commercial production
for many years in several countries, the same does not apply to second­ and third­
generation technologies yet.

Finally, the use of micro­algae for biodiesel production seems very appealing, since
80% or more of their dry weight can be extracted as oil (compared to 5% for some
food crops) [32]. Additionally, algae have little impact on arable land because they
can be grown in a wide variety of conditions, even in salt water and water from
polluted aquifers [31]. However, algal biofuel still faces significant hurdles to be­
come a more economically viable alternative to biofuels obtained from conventional
oilseeds, mainly due to feedstock costs, but also due to the labor­intensive process
[33].

Electrofuels

Even though they are not technically considered biofuels, electrofuels, or e­fuels, are
advanced carbon­based fuels produced from captured carbon dioxide and electrolysis­
derived hydrogen [34]. Such fuels are also called power­to­gas/liquids/fuels [35].
Methanol is the typical example of a fuel that can be produced in such manner,
along with dimethyl ether (DME), though other types of fuels and synthetic hy­
drocarbons can be produced [16]. The main appeal of e­fuels is that, if renewable
electricity is used in the water electrolysis process, they offer a possibility to decrease
carbon emissions by chemically recycling captured CO2. Additionally, they exhibit
a relatively high energy density, can use the existing energy infrastructure and are
mostly compatible with existing internal combustion engines. Indeed, in a recent
article, Ramirez et al. [36] argue that, because it is expected that much of road
transport is going to rely on liquid hydrocarbon fuels for the foreseeable future,
the ideal drop­in fuels are non­oxygenated hydrocarbons with molecular structures
resembling those found in fossil fuels, in order to be as physically and chemically
similar to gasoline and diesel as possible. However, in spite of their potential, the
large­scale deployment of e­fuels in the short to medium term is unrealistic, since
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they are still very expensive to produce [9]. (As mentioned previously, the produc­
tion of electrolysis­derived hydrogen is very energy­intensive and, according to a
recent study [37], a price of around US$ 2.50 per kg of green H2 is predicted for
the next decade.)

1.4.4 Impact of Biofuels on Climate Change Mitigation

Biofuels are a potential low­carbon energy source and, as such, are intended to
replace fossil fuels, supposedly avoiding associated GHG emissions. In reality,
whether they are able to offer carbon savings depends on how they are produced.
In fact, their large­scale adoption could increase the release of GHG emissions to
the atmosphere through land­use change (LUC) as landowners might clear exist­
ing forests to meet the increased crop demand to supply feedstock for biofuels [38].
Moreover, the climate change mitigation potential due to fossil fuel replacement
varies depending on feedstock type and production process/technology and on the
amount of fossil fuel consumed, both in the production of feedstocks and in the
subsequent conversion to biofuels. Even in the case of a particular feedstock, the
life­cycle analyses (LCAs) of biofuels found in the literature may exhibit wide varia­
tions regarding the overall reduction in GHG emissions because of different under­
lying assumptions regarding system boundaries, co­product allocation, and energy
amounts used in the production of agricultural inputs and feedstock conversion to
biofuels.

Nevertheless, many studies show that biofuels can indeed result in emission reduc­
tions, compared to their fossil fuel counterparts, when the emissions from land­use
changes caused by biofuel feedstock production are excluded [31].

Indeed, the often­advertised overly optimistic outlook on the GHG savings poten­
tial of biofuels may disappear in practice, once the release of carbon stored in forests
or grasslands during land conversion to crop production is taken into account.
According to Fargione et al. [38], converting rainforests, peatlands, savannas, or
grasslands to produce first­generation biofuels creates what they called a ”biofuel
carbon debt”, which can release 17 to 420 times more carbon dioxide than the an­
nual GHG reductions that these could provide by displacing fossil fuels. Several
other studies have found that, if the GHG emissions related to LUC caused by bio­
fuel cultivation are included, it would take tens to hundreds of years to offset those
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land­conversion emissions with the emission reduction resulting from the replace­
ment of fossil fuels with biofuels. This is known as the ”carbon payback period”
[38, 39, 40]. To make things worse, even second­generation biofuels may not be
attractive from this perspective. For example, according to the study by Searchinger
et al. [39], if switchgrass were grown for biofuels on U.S. corn lands, the indirect
LUC would have a carbon payback period of 52 years and would increase emis­
sions over 30 years by 50%. Additionally, biodiversity can be significantly reduced
in fields dedicated to the cultivation of biofuel crops, compared to the unconverted
habitat [41]. In view of all those issues, Danielsen et al. [40] maintain that, instead
of converting forest for biofuel production, reducing deforestation may be a more
effective climate­change mitigation approach. The advantages of reforestation over
growing dedicated biofuel crops were also mentioned by Michel [25], based on the
intrinsic low efficiency of the photosynthesis process itself in converting sunlight
energy into biomass (4.5% theoretical best, around 1% in practice), meaning that
the amount of solar irradiation energy that is ultimately stored in biofuels is less
than 0.1% for rapeseed biodiesel and less than 0.2% in the case of ethanol².

As a result, all those authors stress the importance of, instead of growing dedicated
crops, producing biofuels from waste biomass or from biomass grown on degraded
or abandoned agricultural lands planted with perennials, since this strategy incurs
little or no carbon debt and can offer immediate and sustained GHG benefits [38,
39, 40].

1.4.5 The Prospect of Global Biofuel Production and Use

This section is based on the OECD­FAO Agricultural Outlook 2024­2033 [28] re­
port, previously mentioned.

Biofuels, overall, are projected to remain important renewable alternatives to fossil
fuels within the transportation sector, with demand expected to increase by 1.2%
annually over the coming decade. This growth rate, however, is less than half the
growth rate over the last ten years. This slowdown is attributed to slower economic
growth and diminished demand for transport fuel in developed countries, as a result

²Those figures, however, do not even take into account the energy inputs necessary to prepare and fertilize
the fields, sow and harvest the crops, transport the feedstock, produce the biofuels, etc.—much of which comes
from fossil sources
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of the improvements in vehicle efficiency and the increasing popularity of electric
vehicles.

On the other hand, the demand for biofuels in emerging economies—notably
Brazil, Indonesia, and India—is anticipated to increase (see Figure 1.6), primarily
due to the greater demand for transport fuels, energy security concerns, and initia­
tives to decrease GHG emissions in those countries. In the U.S., however, the focus
is expected to shift towards biodiesel (including renewable diesel—HVO), a result
of higher targets for renewable fuel programs and the extension of biomass­based
diesel tax credits.

Figure 1.6: Regional contribution of growth in biofuel consumption (Adapted from [28]).

As Figure 1.7 shows, biofuel use is projected to expand faster than the total demand
for transport fuel, indicating an increase in the biofuel share within total trans­
port fuels. By 2033, the global production of ethanol and biodiesel is expected to
increase to 155 billion liters and 79 billion liters, respectively.
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Figure 1.7: Biofuel demand trends in major regions (Adapted from [28]).

Overall, first­generation biofuels are expected to remain the dominant biofuel type,
with most of the ethanol being produced from corn and sugar products, whereas
vegetable oils (soybean, rapeseed, and palm oil) making up most of the feedstock
for biodiesel production:

• In 2023, the total feedstock for ethanol production was comprised of 59%
corn, 24% sugarcane, 6% molasses and 2% wheat, with the other 9% being
a mix of assorted grains, cassava, and sugar beets.

• Biodiesel’s total feedstock was made up of 65% vegetable oils (30% palm
oil, 20% soybean oil, 11% rapeseed oil) and 27% used cooking oils, with the
remaining 8% consisting of non­edible oils and animal fats.

The table depicted in Figure 1.8 shows the typical feedstocks—all of them food­
related—used in different regions, as well as the ranking of global biofuel produc­
tion.
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Figure 1.8: Biodiesel production ranking and major feedstocks (Adapted from [28]).

Despite the increasing scrutiny of the sustainability of biofuel production seen in
many countries, and despite the fact that cellulosic feedstocks—such as agricul­
tural waste, dedicated energy crops, or woody biomass—are promising alternatives
that avoid competition with food sources, biofuels from such advanced feedstocks
are not expected to experience a substantial increase in their share of total biofuel
production, as Figure 1.9 shows.

Figure 1.9: World biofuel production from conventional and advanced feedstocks (Adapted from [28]).
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Biofuels in the European Union

The so­called Renewable Energy Directive (RED) serves as the legal framework
governing the advancement of clean energy across multiple sectors, including trans­
portation, within the European Union. Under the RED, specific targets are set for
the share of renewable energy within total energy consumption of each E.U. mem­
ber state, currently aiming for 29% by 2030.

The RED, which originally included mandates for the blending of biofuels with
conventional fuels, aiming to reduce GHG emissions and dependency on fossil
energy, has undergone two significant revisions: initially amended under Direc­
tive (EU) 2018/2001 (RED II), and subsequently under Directive (EU) 2023/2413
(RED III). Since RED II, there are limits for using feedstocks from food and feed
crops, which restricts the expansion of agricultural feedstocks to be used in bio­
fuel production. In addition, the Directive’s latest revision, RED III, includes sus­
tainability criteria setting a maximum limit for the production of first­generation
biofuels, which is part of the reason why the E.U.’s contribution to global biofuel
use is expected to decrease. At the same time, RED III has increased the target for
advanced biofuels, derived from waste or residues, from 3.5% to 5.5% by 2030.

Future Trends for Biofuels

There are uncertainties regarding biofuel market predictions, and those are mainly
due to the policy landscape (blending mandates), feedstock availability, and oil
prices. Exploring advanced biofuels can open opportunities beyond conventional
crops, with cellulosic feedstocks like agricultural waste and energy crops offering
potential for expanded production without affecting food supplies. In addition,
waste­based feedstocks such as MSW and used cooking oil are promising alterna­
tives, while providing additional benefits for waste management.

Consequently, technological advances, along with regulatory changes in the trans­
portation sector have the potential to significantly affect biofuel market predictions.
Countries are expected to implement policies promoting new biofuel technologies
to reduce GHG emissions, which may not only influence future biofuel demand,
but may also introduce uncertainty into agricultural markets. Trends of biofuel us­
age over the coming decade and beyond may also be largely determined by how the
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private sector will response to these measures, particularly by industries investing
in EVs and SAFs (sustainable aviation fuels).

1.5 The BioRen Project

BioRenwas aHorizon 2020 E.U.­funded project³ running from November 1st, 2018
through January 31st, 2023. As stated by its slogan (”Development of competi­
tive, next generation biofuels from municipal solid waste”), BioRen’s objective was
to produce biofuels from municipal solid waste, which is essentially a cellulosic
material, through fermentation routes. Two alcohols were targeted: ethanol and
isobutanol, though the latter had a stronger focus, since it is an intermediate com­
pound for the production of another BioRen focus product: glycerol tertiary ether
(GTBE), a chemical compound with potential to be used as a fuel component in
both gasoline and diesel fuels. The project’s required engine testing of the different
additives was the task assigned to Lund University (those engine tests are described
in Chapters 3–5). Especially modified microorganisms were developed for the pre­
treatment of the MSW and subsequent fermentation. The fermentation residues
were then treated by hydrothermal carbonization (HTC) to convert them into bio­
coal pellets [42].

The information below is based on the European Union’s Community Research
and Development Information Service (CORDIS) website [43].

Worldwide, the majority of municipal solid waste is either landfilled or incinerated.
The E.U. has a policy to reduce the amount of MSW that is incinerated, while real­
izing that it contains valuable components with the potential to be either recycled
or transformed into energy resources (e.g. electricity, biofuels, syngas, methane,
etc.). This is very important for the environment, since it can lead to decreased net
CO2 emissions while at the same time producing sustainable energy, products and
materials.

The objective of the BioRen project was the development of a sustainable and tech­
nically and economically viable production of transport biofuels obtained from the
organic fraction of MSW (consisting mostly of paper and cardboard). The project
focused on the conversion of that cellulosic waste material into ethanol and isobu­

³Grant Agreement no. 818310.
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tanol via enzymatic hydrolysis followed by fermentation.

Besides ethanol and isobutanol, another target chemical of the project was the so­
called glycerol tert­butyl ether (GTBE) (which will be described at length in Chap­
ter 2). This glycerol derivative is a promising compound that can be used as a fuel
additive for both gasoline and diesel, having the potential to further displace fossil
fuels and decrease exhaust emissions, without compromising engine performance.

GTBE can be produced through the catalytic dehydration of isobutanol into isobuty­
lene, which is in turn converted into GTBE via the acid­catalyzed reaction with
glycerol—preferably the waste glycerol that is the by­product of the transesterifica­
tion process that produces biodiesel (FAME).

The fermentation residues, together with any leftover MSW can be further pro­
cessed into biocoal via hydrothermal carbonization (HTC). Therefore, by produc­
ing fuels, fuel additives, and biocoal from waste streams (MSW and by­product
glycerol), BioRen demonstrated a way to valorize those low­value materials into use­
ful products, potentially benefiting both the transportation and the waste­management
sectors, in the framework of the circular economy.

Additional publications related to the BioRen project are the works by Kowalski et
al. [44] and Verhé et al. [45].

The overall processes of the BioRen project are illustrated in Figure 1.10.
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Figure 1.10: The BioRen processes [44, 42].
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The BioRen Tasks

The first step in the BioRen process was the design of an MSW separation line using
a combination of techniques to isolate its organic fraction⁴, separating it from the
other components based on its different physical and chemical properties, whereas
the remaining material present in the waste stream was eventually sorted and trans­
formed into biofuels via pyrolysis and used as energy sources.

Subsequently, a rapid acid­based pre­treatment of the waste that had been sorted
was developed, leading to an improved enzymatic hydrolysis of the cellulose and
hemicellulose, producing a solution consisting of C5 (pentose) and C6 (hexose)
sugars.

Improved second­generation yeast strains were developed, capable of efficiently fer­
menting both C5 and C6 sugars. Moreover, the xylose fermentation performance
of the engineered strains was enhanced. Laboratory experiments were carried out
under various conditions in order to evaluate the efficiency of both the enzymatic
hydrolysis and the subsequent fermentation. This was done with the goal of achiev­
ing a high hydrolysis yield (above 90% of total sugars), together with a productivity
of at least 11.5 g/l/h ethanol and a final ethanol titer of over 6% v/v.

Using specially­developed enzymes, a saccharification (i.e. the breakdown of cel­
lulose into sugars) efficiency of 75­90% was achieved, depending on the nature of
the samples and the pre­treatment conditions.

Several saccharification and fermentation experiments using a clean mixture of pa­
per and cardboard were performed both at lab­scale and at pilot­plant scale. The
saccharification was executed according to a fed­batch strategy. The paper/cardboard
was pulped (15%) and subsequently treated with 5% of the specially­developed en­
zymes. After 60 hours, an ethanol concentration of 8.5% v/v was obtained.

After the fermentation was complete, the solid residues in the fermentation broth
were separated and were sent to the HTC facility in order to be transformed into
biocoal. The carbonization itself was performed in a reactor at 200–225°C and 18
bar. The experiments showed that the process was able to increase the fixed carbon
amount in the biocoal by at least 50%, when compared to the its original amount
in the fermentation residues, giving a yield of 65­70%.

⁴On average, MSW consists of 30–40% biomass.
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Meanwhile, the GTBE samples needed for the engine tests were produced. The
first step in their production being carrying out the dehydration of isobutanol to
produce isobutylene, to be subsequently reacted with glycerol, using sulfuric acid as
a catalyst, forming GTBE. Initially, commercial isobutylene was used as feedstock,
instead of the isobutylene originating from the dehydration of the isobutanol pro­
duced from MSW fermentation. Likewise, commercial glycerol was used for the
production of GTBE, instead of the crude glycerol residue from biodiesel produc­
tion. The obtained samples, comprising the different GTBE components, were
sent to Lund University to be used in the engine tests.

Work Package 5 (”biofuel testing”) was assigned to Lund University and became the
doctoral project of the present author. The package’s overall task was to evaluate the
target chemical compounds (initially, isobutanol plus the different GTBE types) as
fuel additives, through engine experiments carried out in the test cells of the Di­
vision of Combustion Engines, at the Department of Energy Sciences of Lund
University. The main goal was to investigate the effect of the different additives
on engine performance and emissions. Both diesel (light­duty and heavy­duty)
and spark­ignition engines were used. The engine tests were divided into differ­
ent parts, starting with initial screening experiments (which are treated in Chapter
3), followed by more extensive tests, which also investigated glycerol­derived com­
pounds other than GTBE. Such tests form the basis of Chapters 4 and 5.

In addition to the engine experiments, described in Chapters 3 through 6, a liter­
ature study dealing with life­cycle analyses related to the environmental impact of
biofuels production, distribution and combustion was performed, involving both
first­ and second­generation biofuels, together with data and information obtained
from the BioRen project’s partners.

1.6 Goal and Motivation

As discussed in this introductory chapter, climate change and the negative effects
associated with it are real and the last years have seen an increased awareness and a
deepened concern regarding the impact of a rapidly changing climate on the envi­
ronment and on human life in general. More than ever, governments around the
world and society at large have acknowledged the need to mitigate those effects by
limiting, as much as possible, the emissions of greenhouse gases, especially carbon
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dioxide. In particular, the transport sector, being responsible for a significant share
of total CO2 emissions (and playing an essential role in people’s everyday lives), has
been the focus of intense scrutiny regarding its carbon footprint. Therefore, it is
not surprising that several measures have been put forth, with the ultimate goal of
curtailing the overall CO2 emissions from the transport sector.

Among such measures, two of them have been discussed in this chapter and are
particularly noteworthy: the electrification of transport and the use of hydrogen
as a fuel. While both measures can be effective to a certain extent, they are not
without their flaws.

As previously discussed, while electric vehicles (EVs)—especially the purely electric
battery­electric vehicles (BEVs)—represent a promising alternative for the decar­
bonization of transport, their beneficial environmental effects are invariably linked
to how the electricity to charge their batteries was generated. In the case of carbon­
free electricity (such as wind, solar, hydro, and nuclear), BEVs do have the poten­
tial to decrease net­CO2 emissions and thus mitigate the negative effects of global
warming. On the other hand, if their batteries were charged with electricity from
coal­fired plants, their environmental benefits are questionable. Moreover, the is­
sues associated with the production of their lithium­ion batteries should also be
considered.

Hydrogen seems like an outstanding fuel at first, since its combustion should pro­
duce only water vapor as a product, and its mass­based lower heating value of 120
MJ/kg is indeed impressive. Unfortunately, hydrogen’s density is extremely low,
making its heating value on a volume base much lower. Besides, its low density
also makes hydrogen’s storage challenging, especially on a vehicle. Plus, the pro­
duction of hydrogen from water electrolysis is known to be very energy intensive
and might not be economically feasible in areas where electricity is not particularly
cheap.

Having discussed the clear limitations of the two major options that have been
recently proposed to decarbonize the transport sector, it becomes more or less evi­
dent that no single solution is—contrary to what their advocates may say—effective
enough to accomplish that mission. Instead, it is a combination of different ap­
proaches that is necessary to deal with the GHG issues more effectively. In addi­
tion, which strategies make more sense will also depend on the local conditions of a
particular region [46]. For instance, in a country that relies heavily on coal to pro­
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duce its electricity (such as Poland), BEVs do not make much sense. Instead, they
fit much better in countries with abundant carbon­free electricity (like Norway or
Iceland).

Such a combination of different decarbonization strategies should invariably in­
clude biofuels, since their use is fairly widespread around the world. As mentioned
above, first­generation biofuels may make more sense in some regions, while mak­
ing less sense in others—or not making any sense at all in yet another place. The
feedstock used for their production can make a significant difference, a typical ex­
ample of which being the differences in productivity exhibited by corn ethanol in
the U.S. and ethanol made from sugarcane in Brazil [47]. This is another example
of how different approaches may be either more effective or less effective, depend­
ing of the region in which they are implemented. Although biofuels produced from
food crops—such as ethanol and biodiesel—may not be ideal, they can represent a
transition towards a more diverse range of biofuels, and hopefully this is where this
work fits.

Ethanol and biodiesel have, for quite some time, been the foremost examples of
biofuels for spark­ignition and compression­ignition engines, respectively. Even
though both fuels are typically used in their respective blends with gasoline and
diesel fuel, their use in neat form is also possible, though some engine modifications
might be required for that purpose.

However dominant their status as biofuels may be, ethanol and biodiesel are hardly
the sole examples of biomass­derived fuels with the potential to displace fossil fu­
els and reduce net carbon emissions. Even though the current energy transition
requires the diversification of energy carriers, when it comes to alternative biofu­
els, missed opportunities seem to exist. There are a number of other promising
alternative biofuels that have not been properly explored. There are several chem­
ical compounds, related to biodiesel and alcohols, whose untapped potential has
not been duly investigated yet. Consequently, there are knowledge gaps that need
to be addressed and their existence, together with the current climate­related con­
cerns, are enough reasons to warrant further investigation of such lesser­studied
compounds.

Therefore, the overall purpose of this monograph is to, starting from the origi­
nal BioRen­related activities, investigate and propose alternatives to ethanol and
biodiesel in order to fill those gaps to help further displace fossil usage in transport.
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Such fuel alternatives should preferably also have the possibility to be produced
from renewable feedstocks and to decrease exhaust emissions without compromis­
ing engine performance, while being able to use the existing fuel storage and dis­
tribution infrastructure as drop­in fuels.

The chemical compounds described and investigated in this work fall into two cat­
egories. First, compounds derived from glycerol—ideally, the by­product from the
biodiesel industry—such as the glycerol tert­butyl ethers (GTBE), solketal, and tri­
acetin (glycerol triacetate). Such compounds have the potential to be used as fuel
additives, improving the cold­flow properties of biodiesel, decreasing the PM for­
mation tendency of diesel fuels, and boosting the octane rating of gasoline. More­
over, the fact that it is possible to use waste glycerol means that waste­management
issues can be tackled at the same time.

The second category is represented by the C₁–C₄ alcohols (other than ethanol, ob­
viously). That includes methanol and the most common propanol and butanol
isomers, namely isopropanol, n­butanol, and isobutanol, for a total of four addi­
tional alcohols.

The use of methanol as a fuel for spark­ignition engines has long been documented,
but by far most of that fuel has been produced from fossil sources, namely coal and
natural gas. The possibility of obtaining methanol from biomass gasification and
even from hydrogen and carbon dioxide, as an e­fuel, greatly increases its environ­
mental potential, making it a very promising alternative to ethanol.

In spite of being widely used in industry as solvents and in household products
as a disinfectant, isopropanol (2­propanol) has been virtually unexplored as a fuel
for internal combustion engines. The limited available data on its fuel properties,
such as octane numbers, indicate good potential to be used as an SI fuel. It is
typically produced from fossil sources, but recent advances in biotechnology have
made it possible to synthesize isopropanol from renewable feedstocks via biochem­
ical routes.

Compared to isopropanol, n­butanol and isobutanol (2­methylpropan­1­ol) have
attracted significantly more attention as potential IC engine fuels, due to their fa­
vorable properties and the fact that significant advances have been made regarding
their biosynthesis via fermentation, using genetically modified yeasts and bacteria.
As a matter of fact, substantial efforts have been made by companies like Butamax
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Advanced Biofuels and Gevo (see Section 2.5.4) to commercialize their biomass­
derived butanol. Besides, when compared to ethanol, both isomers exhibit attrac­
tive properties such as higher energy density, lower water affinity, lower corrosive­
ness, and a smaller impact on the vapor pressure of their blends with gasoline. In
other words, they are more compatible with existing engines and infrastructure. Fi­
nally, because butanol has a lower oxygen content than ethanol (21.6% vs. 34.8%,
respectively), a larger amount of it can be blended with gasoline to achieve a fixed
fuel oxygen content (overcoming the so­called ethanol “blend wall”). In turn, this
means that larger amounts of fossil fuel—gasoline—can be displaced by using bu­
tanol as oxygenate.

This study therefore attempts to make a small contribution towards the diversifica­
tion of the energy mix in the transport sector by investigating and proposing fea­
sible and sustainable alternatives beyond the currently dominant biofuels ethanol
and biodiesel, thus contributing to a decreased carbon footprint. Even though
the production of alternative biofuels often requires large investments (as well as
government subsidies), most of the necessary infrastructure already exists (in the
form of ethanol or biodiesel plants, for instance) and could be retrofitted for that
purpose, which has already happened [48].

The engine tests discussed in this work, along with the analysis of their results can
provide valuable insights into the viability of each of the different compounds,
from an engine perspective. In addition to engine experiments, this work provides a
review and an assessment of the state­of­the­art in the production and utilization of
current biofuels, highlighting not only their potential, but also their shortcomings.

In summary, what needs to be acknowledged is the fact that the world is diverse, and
so should be the range of the fuel options that are going to power the existing legacy
fleet and also new vehicles in the future. When it comes to fuel technology, there
are several available alternatives, more than many people seem to realize. There exist
potentially promising, largely untapped, fuel alternatives to be investigated, beyond
gasoline, beyond diesel fuel—even beyond ethanol and biodiesel—and hopefully
the information provided by this work could be of interest not only to the engine
and fuel communities, but also to policymakers and to the general public.
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1.7 Dissertation Outline

This introductory chapter ”sets the stage” for the subsequent material. setting the
main subject of this work—alternative fuels for transportation—in the context of
the current environmental and energy­related issues, while discussing the merits
and the shortcomings of the solutions that have generally been proposed. Addi­
tionally, it introduces the chemical compounds (the glycerol derivatives and the
C₁–C₄ alcohols), suggesting their potential for fuel applications. Finally, a descrip­
tion of the BioRen project is presented, followed by the author’s outlook on the
main topics discussed in this dissertation, concluding with an explanation of the
motivation behind this work. Then, the subsequent chapters are as follows:

• Chapter 2 introduces and discusses the theoretical concepts that are relevant
for the analysis of the experimental results presented in the following chap­
ters. More specifically, Chapter 2 introduces and discusses the basics on the
topics of soot formation in diesel engines and knock in spark­ignition en­
gines, since they are of fundamental importance for the next chapters. Then,
the properties and characteristics of the glycerol derivatives and the C₁–C₄
alcohols are described in more detail, followed by a brief explanation of their
production methods, from both fossil and renewable routes.

• Chapter 3 describes the light­duty (LD) diesel engine testing and evaluation
of the glycerol derivatives and the alcohols as diesel fuel components.

• Chapter 4 describes the heavy­duty (HD) diesel engine testing and evaluation
of the glycerol derivatives and the alcohols as diesel fuel components.

• Chapter 5 then introduces the spark­ignition (SI) engine tests, performed on
a Waukesha CFR engine, where the glycerol derivatives and the alcohols are
evaluated as gasoline oxygenates, that is, as blend components.

• Chapter 6 evaluates the performance of the C₁–C₄ alcohols as neat fuels,
through tests also carried out using the CFR engine.

• Chapter 7 finally discusses the overall results, from a broad perspective, after
which the limitations of the study are presented, along with suggestions for
future work.
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Chapter 2

Background

2.1 Introduction

The previous chapter set the ”boundary conditions” to which the remainder of this
work is related. It addressed the current climate­related challenges, that is, reducing
the emissions of greenhouse gases—mainly CO2—and discussed the role the inter­
nal combustion engine should play in the transition to a decarbonized transport
sector. Chapter 1 also assessed the potential of alternative transportation technolo­
gies, such as transport electrification and the use of hydrogen as a fuel, along with
a discussion of the role biofuels can play. It was concluded that a combination of
different strategies—including ICEs—will be necessary. Finally, Chapter 1 intro­
duced the E.U. project BioRen, upon which the work contained in this dissertation
was based. Having laid that preliminary foundation, it is now time to proceed fur­
ther into this investigation of alternative fuels that could play an important role in
that energy transition.

Because this work is essentially about alternative fuels and fuel additives, the present
chapter discusses some practical aspects of engine performance that can be signif­
icantly affected by different fuel properties, such as soot emissions from diesel en­
gines and knock resistance in spark­ignition engines. Both soot formation and
the occurrence of knock can pose a significant constraint on overall engine behav­
ior and, as such, their characterization and control is of fundamental importance
whenever new fuel types are proposed. Regarding knock measurement and char­
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acterization, the CFR engine—the engine used for the SI tests in this work—and
which has long been considered the de facto standard device for evaluating the knock
resistance of fuels, is introduced. Some of its history and design characteristics are
presented, together with a description of the ASTM methods used for assessing the
octane rating of practical fuels using it.

Afterwards, the fuels and the fuel additives that are at the core of this work are pre­
sented. Glycerol, being the main by­product of biodiesel production and the raw
material for several additives, is introduced and the important topic of ”glycerol
valorization” is discussed. Because that glycerol is usually treated as a waste prod­
uct, its conversion into high­value and useful chemicals—such as fuel additives—
represents an extra environmental benefit, since it also addresses waste­management
issues. The main types of glycerol derivatives with the potential to be used as fuel
components are introduced, most notably glycerol tert­butyl ether (GTBE), one
target chemical of the BioRen project. GTBE is discussed, along with a descrip­
tion of its potential to be used as a fuel component for gasoline, biodiesel, and
diesel fuel. Besides GTBE, other potentially useful glycerol derivatives are intro­
duced and discussed. Alcohols are the other category of fuels included in this work,
more specifically, the C₁–C₄ alcohols. Isobutanol, in particular, has a special place
since it was also a target fuel in the BioRen project. The fact that there have been
advances in its production via fermentation routes makes it especially attractive.
Besides isobutanol, n­butanol is also discussed, since it has for long been consid­
ered an alternative fuel. The inclusion of a less­studied compound having fuel
potential—isopropanol—represents an attempt to widen the range of the available
fuel options that could become more important in the future. Methanol, being the
cheapest alcohol, is always a good choice, especially with the growing possibility of
synthesizing it from hydrogen and carbon dioxide. Finally, the foremost biofuel—
ethanol—is included due to its ubiquity and attractive characteristics, though one
focus of the present work is to present alternatives to it.

2.2 Rudiments of Soot Formation in Diesel Engines

Soot, in the form of smoke, is the hallmark of diesel exhaust pollution. It is the
main component of diesel particulate matter (PM), however, it is not, as pointed
out by Smith and Tree and Svensson [49, 50], a uniquely defined substance. It
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consists mainly of carbon but it also contains hydrogen, roughly at the ratio of
8:1, respectively. Its density was reported to be 1.84 g/cm3, by Choi et al. [51].
In general terms, soot is formed from unburned diesel fuel, nucleating in fuel­
rich regions of the diesel spray at high temperatures [50]. The time available for
its formation is of the order of a few milliseconds [52]. At the same time it is
formed, soot is also being oxidized in regions of the flame where oxidizing species
are present [49]. Such species include O2, O, OH, CO2, and H2O. The eventual
emission of soot from the engine depends on the balance between the processes
of formation and burnout. In reality, almost all the soot formed within the fuel
spray is oxidized before the exhaust process starts. As discussed below, soot is one
component of diesel PM, a complex combination of organic and inorganic species,
solid and volatile, that is produced not only during combustion but also during the
diluting and cooling of the exhaust gases after they leave the engine.

From a thermodynamic point of view, according to Haynes and Wagner [52], in
premixed flames, soot should form only when, in the following reaction

CmHn + yO2 → 2yCO +
n

2
H2 + (m− 2y)Cs

m becomes larger than 2y, that is, when the C/O ratio exceeds unity. However,
in reality, the authors pointed out that the limits of soot formation are tied to the
onset of luminosity, and this usually occurs at roughly C/O = 0.5. As noted by
Smith [49], the fact that soot may form even in well­mixed systems starting at a
C/O ratio as low as 0.5 suggests that some of the oxygen is unavailable to react with
carbon, a finding that can have implications for the efficacy of fuel oxygenates, a
topic discussed in the section further below.

In diffusion flames, the C/O ratio will always exceeds 0.5 in some regions, so it
becomes clear that soot will always be formed in such areas. Conversely, soot may
be oxidized in regions of the flame where C/O < 0.5.
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Figure 2.1: The steps in the soot formation process. Adapted from [49].

The fundamental processes of soot formation, in the context of diesel engines,
are extremely complicated, due to the inherently high temperatures and pressures,
complex fuel composition, turbulent mixing, the unsteady nature of diesel combus­
tion, and the extremely reactive intermediate species formed. However, a simplified
idea of such processes can be developed, and the mechanism by which soot is be­
lieved to be formed can be divided into the following steps: pyrolysis, nucleation
(or inception), surface growth, coagulation (or coalescence), and agglomeration
[52, 49, 50]. See Figure 2.1. These processes are discussed as follows:

• Pyrolysis is the process through which the molecules of organic compounds
break down in the presence of high temperatures and in the relative absence
of oxygen. This leads to the formation of products such as unsaturated hydro­
carbons, especially acetylene (C2H2) and its higher analogues (C2nH2), and
the so­called polycyclic aromatic hydrocarbons (PAHs). These molecules are
considered the main soot precursors in flames.

• Nucleation is the formation of ”embryonic” particles (as Glassman [53] de­
scribed them) originating from gas­phase reactants (i.e., the soot precursors
described above). Such particles, commonly referred to as nuclei, are very
small (diameters in the range 1.5–2 nm) and grow faster than they decom­
pose or otherwise react [49].
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• Surface growth, where the bulk of the solid­phase material is generated, is
the process of adding mass to the surface of the soot nuclei. During this
phase, gas­phase hydrocarbons (mainly acetylenes, according to Smith [49]
and Tree and Svensson [50]) attach to the hot and reactive surface of the
nuclei, becoming incorporated into the particulate phase. Surface growth
leads to an increase in soot mass, while keeping the number of soot particles
constant.

• Coagulation is the process by which small spherical soot particles collide and
coalesce to form a larger spherical particle [50]. Coagulation, as opposed to
surface growth, leads to a decrease in the number of soot particles, while the
total particle mass remains essentially constant. These primary soot parti­
cles, that have nucleated, grown, and coagulated, are sometimes referred to
as ”elementary soot particles” [52] or ”spherules” [54], and their diameters
are typically in the range of 15–30 nm. These are the particles that undergo
agglomeration, as mentioned below.

• Agglomeration takes place after particle nucleation and growth have ceased
and it causes the primary soot particles (the spherules) to stick together, form­
ing larger groups of particles. These aggregates may range in appearance from
resembling a cluster of grapes to resembling a chain of beads [54].

Subsequently, soot oxidation takes place in regions of the flame where oxidizing
species are present. As mentioned above, usually most of the soot is oxidized and
the amount of it that is emitted is typically just a very small fraction of the amount
actually generated within the engine [52].

Ultimately, the total mass of the emitted soot particles usually becomes larger as the
exhaust gases dilute and cool with air, therefore turning the ”raw” soot particles into
components of diesel particulate matter. This occurs because, as the temperature
drops, heavy organic compounds including unburned hydrocarbons, oxygenated
hydrocarbons, and polycyclic aromatic hydrocarbons (PAHs) adsorb and condense
onto the surfaces of the soot agglomerates, increasing their masses. Similarly, in­
organic materials such as sulfur dioxide (SO2), sulfuric acid (H2SO4), sulfates, and
water, also adsorb and condense onto the soot particles [55]. The amount of con­
densed sulfur compounds depends on the sulfur content of the diesel fuel [56]. The
composition and structure of diesel PM is illustrated in Figure 2.2.
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Figure 2.2: Typical composition and structure of diesel engine exhaust particles [55].

The conceptual model of diesel combustion developed by Dec [57] describes the
major chemical and physical processes that occur during diesel combustion and
lead to the production of soot in direct­injection diesel engines [58]. Figure 2.3
illustrates such processes and steps leading to soot formation, as mentioned above.
According to Dec’s model, diesel fuel is injected shortly before the compression
stroke into hot, highly compressed air and combustion residuals, in the form of
liquid fuel sprays. Each spray then quickly vaporizes and entrains and mixes with
the hot surrounding air, as shown by the arrows in the figure. This region is char­
acterized by the so­called lift­off length. This fuel­air mixture ignites in the gas
phase, while its equivalence ratio is locally still very high (around 3). This rich,
premixed ignition location is represented in the figure by the dashed curve. The
products of this ignition do not oxidize completely, since there is not sufficient
oxygen. The fuel then pyrolyzes, giving rise to intermediate species such as acety­
lene, ethylene, propylene, and others. These products of partial combustion lead
to the formation of PAHs, which are considered to be the buiding blocks for soot
formation in flames. These precursor species then move downstream into the hot,
oxygen­depleted inner regions of the diffusion flame, where they nucleate into tiny
soot nuclei. These early particles then increase in size through surface growth and
coagulation, arriving at the region of maximum soot concentration in the flame
(represented by the dark circular region in Figure 2.3). Finally, these freshly­created
soot spherules reach the outer regions of the diffusion flame, in its periphery, where
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they are ultimately burned. Naturally, this process is eventually quenched during
the expansion stroke, and the soot that escaped oxidation exits the engine.

According to Dec’s model, the equivalence ratio of the rich premixed region is de­
termined by how much oxygen has been entrained along the lift­off length. Con­
sequently, the lift­off length determines how rich the premixed region—where the
soot precursors are initially formed—will be. Thus, as the lift­off length increases,
the spray’s propensity for forming soot decreases, since more oxygen has been mixed
with the vaporized fuel prior to combustion [50]. Moreover, in their study [59],
Siebers and Higgins also observed that soot formation became negligible when
enough air was entrained to result in an equivalence ratio of approximately 2 at the
time of ignition [58]. In practice, an increase in the lift­off length can be achieved,
for instance, by using diesel injectors with very small nozzle diameters, combined
with very high fuel injection pressures, which are commonplace features of modern
diesel engines.

Figure 2.3: Phenomenological description of the main features of diesel combustion based on Dec’s experimental
work [57], from [58].

The Effect of Diesel Fuel Oxygenates

As discussed above, soot precursors originate in the fuel­rich areas of premixed
flames and the nucleation and growth of soot particles themselves occur in the
subsequent diffusion flames during the diesel combustion process. Most of the
soot that has been formed eventually undergoes oxidation in leaner zones of the
diffusion flame and also during the expansion stroke. However, this burnout is
not complete, and soot is emitted as black smoke. A method which is commonly
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employed to reduce engine­out soot (and consequently, PM) emissions from diesel
engines is the addition of oxygen­bearing compounds (referred to as oxygenates) to
conventional fossil diesel fuel. The use of oxygenates has become more common as
a result of both stringent emissions standards and also due to the promotion of the
use of naturally oxygenated renewable fuels, such as biodiesel, in diesel engines.

The understanding of the fundamental mechanisms responsible for the soot reduc­
tion with oxygenated fuels has been the focus of intense research activity over the
years. Basically, nowadays it is widely believed that the introduction of fuel­bound
oxygen into the combustion process decreases the formation of soot precursors dur­
ing the thermal cracking (pyrolysis) of the fuel, a phenomenon that has been inves­
tigated in numerous studies, a few of which are discussed in the next paragraphs.

A few well­known studies by researchers at Hokkaido University, Japan, in the mid
to late 1990s and early aughts investigated the impact of several fuel oxygenates on
the emissions from diesel engines [60, 61, 62]. The main takeaway from their stud­
ies was that the oxygenates significantly decreased smoke and particulate matter
emissions and that the pollutant reduction was a linear function of the oxygen con­
tent of the fuel blend, regardless of the type of oxygenate being used. In addition,
the authors found that the PM emissions could be essentially eliminated once the
concentration of fuel­bound oxygen in the fuel blend reached a certain amount. In
one of the articles [61], the authors found that the exhaust’s Bosch smoke number
decreased from 55% for neat diesel fuel to less than 1% when the mass concentra­
tion of oxygen in the fuel blend was above 25–30%. In a subsequent study [62], it
was reported that the exhaust smoke decreased linearly with increasing fuel oxygen
content until it reached zero when the fuel blend’s oxygen content was 38 wt.% and
above, even at high EGR levels and stoichiometric operating conditions. The find­
ings of those studies were confirmed by the subsequent works of other researchers,
as mentioned below.

However, according to other studies, the structure of the oxygenate did impact PM
emissions. For instance, in a study by Hallgren and Heywood [63], in which sev­
eral oxygenates of different chemical structure were evaluated, the reduction in PM
emissions with increasing oxygenate amount appeared to be logarithmic. Further­
more, some oxygenates were observed to be more effective than others in decreasing
the PM levels, when the blends were tested at a fixed oxygen content of 8 wt.%.
They also reported that the effect of increasing fuel oxygen content was less pro­
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nounced at lower engine loads, compared to higher loads. In addition to ultra­low­
sulfur diesel, they also used a Fischer­Tropsch synthetic diesel fuel and measured
the impact on the exhaust PM emissions when 8 wt.% of an oxygenate (diglyme)
was added to it, compared to the emissions obtained with the Fischer­Tropsch fuel
in neat form. Interestingly, they found that the particle emissions were unaffected
by the addition of oxygen to the F­T fuel.

Several studies sought to explain the mechanism through which an oxygenate can
impact the soot levels produced by a given fuel. As previously stated, according to
the work by Dec [57], the fuel molecules in the rich premixed reaction zone down­
stream of the lift­off lenghth undergo pyrolysis and decompose to form species
(such as acetylene) which in turn lead to the formation of polycyclic aromatic hy­
drocarbons, which are considered to be the building blocks of soot formation. Ac­
cording to the chemical kinetic modeling results from the aforementioned work by
Flynn et al. [64], oxygenates inhibit the formation of soot precursors, thus decreas­
ing the amount of soot that can be formed. More specifically, when oxygenates
are mixed with the fuel, the rich premixed reaction becomes leaner and the extra
oxygen promotes carbon oxidation to CO, thus decreasing carbon availability for
the production of soot precursors, such as acetylene, ethylene, and 1,3 butadiene,
as well as propargyl and vinyl radicals. Such compounds are responsible for the
production of aromatic species and PAHs, which in turn may lead to soot for­
mation. Besides, their work demonstrated that the tendency to form precursors
disappeared once the oxygen­to­fuel mass ratio reached 25%. This elimination of
precursor formation agrees with the earlier results by Miyamoto et al. [61].

Another chemical kinetic modeling work on diesel oxygenates was carried out by
Curran et al. [65], in which the authors examined the influence of the addition
of five different oxygenated compounds on fuel ignition and soot precursor forma­
tion. n­Heptane was used as representative diesel fuel, since its cetane number, 56,
is representative of common diesel fuels and the products of its rich ignition in­
clude many of the species believed to lead to soot formation [58]. Their results also
showed that the addition of oxygenated compounds to diesel fuel reduced the pro­
duction of precursors (e.g. acetylene, ethylene, and propargyl radicals) which may
eventually form soot. Moreover, their study showed that when the oxygen content
in the fuel blend reached 30–40 wt.%, the production of precursors decreased to
zero, in agreement with earlier studies by Miyamoto et al. [61] and others.
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Besides carrying out engine experiments—in which the authors found that oxygen
content was the main parameter controlling PM reduction—the work by Cheng
et al. [66] also included numerical modeling to investigate the effect of oxygenate
addition on soot formation. n­Heptane was again used as base fuel. Once more,
inhibiting the production of soot precursors in the fuel­rich premixed flame was
shown to be the main factor responsible for the ability of an oxygenate to reduce
engine­out soot emissions. More specifically, they attributed this ability to these
key mechanisms:

• The oxygenate shifts the pyrolysis and decomposition products, displacing
the long carbon chains that exist in the conventional diesel fuel. This may lead
to the production of different decomposition products, with lower tendencies
for soot formation

• During the premixed combustion phase, oxygenates may significantly in­
crease the concentration of free radicals such as O, OH, and HCO. These
radicals help oxidize carbon to CO and CO2. As a result, the availability of
carbon to form soot precursors is decreased

• High concentrations of those free radicals (OH in particular) can also oxidize
soot precursors in the subsequent diffusion flame, limiting the formation and
growth of PAHs and inhibiting the inception of soot particles

The authors also pointed out that the presence of C­C bonds facilitates the eventual
formation of aromatics, which may lead to soot. On the other hand, C­O bonds,
present in oxygenates, are stronger and in this particular case the production of soot
precursors is less straightforward. Finally, the authors also found that oxygenate
addition would reduce PM emissions to essentially zero at an oxygen content of 28
wt.%, in accordance with the influential work by Miyamoto et al. [61].

A 2006 study by Westbrook et al. [58], also used detailed chemical kinetic modeling
to investigate sooting reduction in diesel engines through the addition of oxygenates
to the base fuel (which was, once again, n­heptane). Their key takeaway from their
work is that the C­O bonds—which are part of oxygenated molecules—displace
carbon in the original diesel fuel. That is, the C­O bond survives the fuel­rich
premixed reaction zone intact, thus resulting in less carbon being available for soot
formation in the post­ignition environment. The authors also stressed that some
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oxygenated species, due to details in their molecular structures, use their oxygen
atoms less effectively than others.

The authors also emphasized that their analysis is only valid in the case of premixed
ignition, in which fuel­bound oxygen inhibits soot production, whereas the pres­
ence of oxygenates in diffusion flames can have the opposite effect, that is, they
may increase soot formation, a phenomenon reported in studies by McEnally and
Pfefferle [67, 68]. McNesby et al. [69] observed that it may happen if the oxy­
genate is added to the fuel stream, instead of the air stream, causing it to interact
primarily with the fuel pyrolysis process. This effect was reported by studies by due
to . The authors therefore conclude that the ignition in diesel engines, where soot
production may (or may not) happen, is best characterized as a rich premixed pro­
cess. Interestingly, this goes against the common perception of diesel combustion
being a process that takes place in a diffusion­controlled environment. However,
the fact that the presence of oxygenates may actually promote soot formation in
diffusion­flame studies suggests otherwise. The oxidation of the soot that has been
formed, on the other hand, is characterized as a diffusion process. Therefore, the
authors suggest that diesel ignition (where soot production occurs) is an inherently
premixed process, while the subsequent soot burnout happens in a diffusion flame,
in agreement with Dec’s model [57].

The works mentioned above, about the effect of oxygenates on soot emissions, have
mostly been kinetic modeling studies, but the work by Rubino and Thomson [70] is
a good example of an experimental investigation. In it, the authors used a counter­
flow propane­air diffusion flame, at an equivalence ratio of 1.79, to study the effect
of adding oxygenate compounds on soot precursor formation. The oxygenates used
were dimethy carbonate (DMC) and ethanol. According to their results, the addi­
tion of 10 vol.% DMC significantly reduced acetylene (by 15%), benzene (by 15%),
among other pyrolysis products. Ethanol, also added at 10 vol.% concentration, on
the other hand, exhibited smaller reductions for acetylene (about 8%), while the
benzene concentrations increased slightly. Their results suggest that the reduction
in acetylene production was related to both the oxygen content and the presence
of C­C bonds in the oxygenates’ molecules. In summary, both DMC and ethanol
were able to reduce the production of soot precursors, and therefore soot, and this
effect was shown to decrease linearly with increasing fuel oxygen content.

While it has been shown by numerous studies that the addition of oxygenates to the
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base fuel may result in lower soot emissions by inhibiting the formation of precur­
sors in the rich premixed ignition zone, the same can also be achieved by providing
additional oxygen through extra entrained air into the fuel spray, as noted in the
work by Westbrook et al. [58]. However, it should be kept in mind that oxygen—
either coming from the fuel or from the entrained air—is hardly the only factor
controlling soot formation in diesel engines, due to the sheer complexity of this
phenomenon. Indeed, as Hallgren and Heywood pointed out in their study [63],
decreasing the diesel fuel’s aromatic content, sulfur content, distillation tempera­
tures, and density may also reduce soot (and even NOx) emissions. (The influence
of the fuel’s aromatic content helps explain why, in their study, adding an oxygenate
to a Fischer­Tropsch synthetic diesel fuel—whose aromatic content is essentially
zero—did not produce any reductions in the particle emissions, compared to the
F­T diesel in neat form.) Moreover, they emphasized that it is difficult to attribute
changes in the emissions behavior when so many fuel properties are simultaneously
changed. Finally, they stressed that the benefits of adding oxygenates to a fuel can
also be engine­specific and test­specific, that is, dependent on the engine’s operating
conditions.

2.3 Rudiments of Knock in SI Engines

Engine knock (historically referred to as detonation) is a combustion anomaly in
spark­ignition engines that is caused by the autoignition of the fuel­air mixture
ahead of the propagating flame [71], in the so­called end­gas region. This abnormal
ignition causes the entire unburned charge to burn suddenly, giving rise to intense
shock waves that are repeatedly reflected from the walls of the combustion chamber,
thus communicating the sound to the atmosphere. The phenomenon is named
after the characteristic noise associated with such pressure oscillations.

Figure 2.4 illustrates the differences beetween normal SI combustion and knocking
combustion.
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Figure 2.4: Normal SI combustion (top) versus knocking combustion (bottom) [72].

Because knock is essentially an acoustic phenomenon, it can be characterized by
the frequencies of the pressure oscillations it creates. These frequencies, in turn,
are associated with the resonant acoustic modes of the combustion chamber, which
depend on the excited oscillation modes, cylinder geometry, and combustion gas
properties [73].

In an early study, Draper [74], in order to calculate the relevant frequencies induced
by knock, analyzed the resonant acoustic modes associated with a cylindrical shape
with flat ends, representing a simplified geometry of a combustion chamber. The
three modes investigated were the so­called circumferential mode, the radial mode,
and the axial mode. Most of the wave energy is typically found in the lowest mode,
i.e the 1st circumferential mode [75], which is also the mode responsible for the
basic audible knock frequency.

The oscillation frequency of the 1st circumferential mode is given by the equation

f =
√
γRT
αB

(2.1)

where
√
γRT represents the speed of sound (C) for an ideal gas, α is the vibration

mode factor determined by the solution of the wave equation, and B is the cylinder
bore. For the 1st circumferential mode, α is equal to 1.7062 [76]. Using air prop­
erties, the speed of sound at 2000 K is approximately 896 m/s. From these results,
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for typical automotive size engine cylinders (B ≈ 85 mm), the frequency associated
with the 1st circumferential mode is approximately 6 kHz [77]. Furthermore, the
mean velocities of shock wave propagation in the products of combustion range
from 1000 to 1200 m/s [78].

Knock is a constraint that depends on both fuel quality and engine design. It
can lead to extensive—even catastrophic—engine damage, since the shock waves
sharply increase the rate of heat transfer from the combustion products to the sus­
ceptible parts. This may lead to engine overheating and destruction of some com­
bustion chamber components, such as piston edges, gaskets between the cylinder
and its head, electrodes and spark plug insulators [78]. In addition, the vibrational
nature of the load on the pistons may destroy the antifriction layers of the con­
necting rod bearings and intensify the wear of the upper part of the cylinder liners,
since the shock waves destroy the oil film on the surface of the metal, leading to dry
friction and also corrosive wear by active substances (particularly nitrogen oxides)
contained in the combustion products [78].

The occurrence of knock is facilitated by all the factors that increase the rate of
preflame reactions in the end­gas region, namely [78]:

• Increasing the reactivity of the fuel, which means lowering its octane rating.

• Increasing the compression ratio, which increases the pressure and the tem­
perature of the end­gas.

• Advancing the spark timing, shifting the peak combustion pressure closer to
TC.

• Enriching the fuel­air mixture to an equivalence ratio ϕ of around 1.1, which
corresponds to the highest pressures and temperatures of combustion and
to the maximum velocities of preflame reactions in the mixture heated by
compression.

• Poor cooling of the areas around the cylinder.

Conversely, knock occurrence is suppressed by the factors that accelerate the com­
bustion of the end­gas by the flame front or hamper the explosive autoignition
of the end­gas in any other way. These include: (a) increased turbulence of the
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charge; (b) a shorter path traveled by the flame front to the farthest regions of the
combustion chamber; (c) the use of squish recesses in the combustion chamber, fa­
cilitating the cooling of the end­gas region and suppressing the appearance of spots
of explosive autoignition that may produce shock waves [78].

Knock is closely related to the autoignition properties of a fuel, which, in turn, are
connected to the fuel’s ignition delay characteristics [79]. Knock­resistant fuels tend
to exhibit long ignition delays [80, 81]. In other words, there is a strong relationship
between the magnitude of the ignition delay period and the fuel’s knock resistance.
The presence of fuel­bound oxygen, through the addition of an oxygen­containing
substance to the base gasoline (see section on oxygenates further below) has the
potential to significantly decrease the fuel’s reactivity and suppress autoignition,
thus increasing the ignition delay period and inhibiting the occurrence of knock
[82]. Moreover, this knock­suppressing mechanism is usually more pronounced at
regimes of low temperature, characteristic of the beginning of the ignition process
[83, 84, 85, 86, 87].

2.3.1 Knock Measurement and Characterization

The presence or absence of knock in engines is often detected by ear, since the
human ear is a surprisingly sensitive knock detector [88, 77]. In automotive appli­
cations, for knock­control purposes, piezoelectric accelerometers are mounted on
the engine block and vibrations resulting from knock are converted to electrical sig­
nals. These signals are input to the engine’s electronic control unit (ECU) and are
processed to determine the signal strength during a period when knock is expected
to occur [89].

For research and development purposes, knock intensity is routinely measured and
characterized through the processing of the amplified and filtered signal obtained
with a pressure transducer installed in the cylinder head. After amplification, this
signal is then bandpass­filtered so that the desired range of frequencies is centered
roughly at the relevant frequency (as stated above, a value of 6 kHz is representative
of typical automotive applications).
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Figure 2.5: Signal processing of a typical in-cylinder pressure signal for knocking operation. (Adapted from [90].)

Figure 2.5 illustrates the processing of a typical in­cylinder pressure signal obtained
during knocking operation. It shows the raw pressure signal and the corresponding
bandpass­filtered signal. Once this signal has been properly filtered, several manip­
ulations for the determination of knock intensity have been devised and the studies
by Puzinauskas [76], Xiaofeng et al. [91], and Shahlari and Ghandhi [73] describe
several methods to characterize knock intensity. In this monograph, the chosen
method is the so­called Maximum Amplitude of Pressure Oscillations (MAPO), a
simple measure that is useful because the amplitude of such oscillations is a function
of the amount of end­gas that ignites and burns spontaneously and rapidly [77]. It
is simply defined as the maximum (absolute) value of the band­pass­filtered pres­
sure signal for each cycle, according to Equation 2.2.

MAPO = maximum{Pfiltered} (2.2)

2.3.2 The CFR Engine and the Knock Rating of SI Fuels

In the United States, in the first decades of the 20th century, as the automobile
started to quickly grow in popularity, it became evident that the chemical compo­
sition of a fuel had a direct influence on its knock tendency and, consequently, on
engine performance. Therefore, there was an increasing need for establishing tech­
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nical protocols aimed at evaluating the knock resistance of the automobile fuel. The
fuel in question, gasoline, had been for many years a waste product from kerosene
refining and its quality was not a subject of much concern. However, because
engine performance problems related to the quality of gasoline became more com­
mon, the petroleum and the automotive industries—which, up to that point, had
antagonistic views on many technical matters—felt the need to cooperate with each
other. Then, in 1922, the so­called Cooperative Fuel­Research (CFR) Committee
was created, comprising members of both industries, under the guiding principle
of mutually adapting the fuel to the engine and the engine to the fuel. This was
accomplished through the first individual projects undertaken by the CFR com­
mittee, the first ones being related to (a) the relationship between gasoline volatility
and fuel economy, (b) crankcase­oil dilution, (c) the relationship between gasoline
volatility and engine starting (which also included the effect of volatility on engine
acceleration). Finally, the fourth major project of the Committee was to devise a
”satisfactory apparatus and technique for the measurement of the knock character­
istics of fuel” [92].

This is how the CFR engine and the standardized knock testing methods came into
being.

After years of intense work, the ”apparatus” (i.e. the test engine), developed by
Waukesha Motor Company and meeting the requirements of having (a) univer­
sality, (b) ruggedness, and (c) low cost, was finally unveiled in January, 1929, at
the Annual Meeting of the Society of Automotive Engineers (SAE). Subsequently,
by 1931, the ”technique” (i.e. the testing procedures), together with the standard­
ized engine, plus the reference fuels and a rating scale, became a reality [93]. That
engine—the “CFR engine”, as it is simply known—remains, even to this day, in
upgraded form, the de facto standard device for the octane rating of SI fuels [94].

The original 1929 engine is shown in Figure 2.6, equipped with two different cylin­
der head configurations, while cross­sectional views of it, illustrating its simple de­
sign, are shown in Figure 2.7.
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Figure 2.6: Two views of the original CFR engine [93].

Figure 2.7: Longitudinal and transverse cross sections of the CFR engine [93].

The CFR engine is a naturally­aspirated, throttle­less single­cylinder engine featur­
ing a variable compression ratio. In addition, it exhibits some design characteristics
that are considered odd by modern standards, such as a flat piston top, a nearly
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cylindrical combustion chamber, and a side­mounted spark plug. As a result of
that, the CFR engine tends to produce knock at much lower compression ratios
when compared to a modern engine running on the same fuel [95], which is not
surprising, since its primary function is to evaluate the knock resistance of SI fuels.
In other words, it an engine that is specifically designed for knocking operation.
Some of the technical specifications of the CFR engine are shown in Table 2.1.

Table 2.1: Basic specifications of the CFR engine [94].

Waukesha CFR F­1/F­2 Engine Specifications
Cylinder type Cast iron, flat combustion surface, integral

coolant jacket
Compression ratio Adjustable 4:1 to 18:1
Bore 82.55 mm (3.25 in.)
Stroke 114.3 mm (4.5 in.)
Displacement 611.7 cm3

Connecting rod length 254 mm
Piston Cast iron, flat top
Intake valve opens 10° ATC
Intake valve closes 34° ABC
Exhaust valve opens 40° BBC
Exhaust valve closes 15° ATC
Ignition Electronically triggered capacitive discharge

through coil to spark plug

As already mentioned, the CFR engine is characterized by a simple design and a
basic structure that is extremely rugged, being designed to withstand continuous
operation under heavy knock conditions [93]¹. Such qualities make it an attractive
research engine in its own right and not only a device for fuel testing.

The standardized ASTM test methods evaluate the knock resistance of fuel in terms
of two arbitrary scales, in the form of the octane numbers of SI fuels. Those octane
number scales correspond to the RON (research octane number) and MON (mo­
tor octane number) test methods. The testing procedures prescribed by these two
methods are carried out on the CFR engine and are described in the ASTM stan­
dards D2699 and D2700, corresponding to the research octane number (RON)
and motor octane number (MON) methods, respectively [97, 98].

Essentially, those methods consist of running the fuel to be tested under the stan­

¹In one instance, it was reported that it withstood mean piston speeds higher than 15 m/s, and an indicated
mean effective pressure (IMEP) of over 68 bar [96].
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dard conditions and adjusting the compression ratio that gives a standard knock
intensity, measured by the engine’s knockmeter. While keeping the compression
ratio and the other operating conditions constant, blends of the two reference fu­
els (isooctane and n­heptane) are tried until the blend that gives the same knock
intensity as the fuel being tested is discovered² The percentage of isooctane in the
matching mixture is the octane number of the fuel being tested [88].

The two testing methods differ regarding their standard operating conditions. A
summary of the main differences is shown in Table 2.2.

Table 2.2: Engine operating conditions for the RON and MON tests.

Test RON MON

ASTM method D2699 D2700
Engine speed [rpm] 600 900
Intake air temperature [°C] Based on barometric pressure 38
Mixture temperature [°C] Not controlled 149
Spark timing [deg BTC] 13 Based on compression ratio
Coolant temperature [°C] 100 100

Because knock limits the maximum allowable compression ratio, the possibility
of knock essentially limits the maximum engine thermal efficiency that can be
achieved in practice [99]. It is and has been a hurdle in the development of spark­
ignition engines since their inception [100]. Indeed, it has been said that more
research has been devoted to a study of knock than to any other aspect of inter­
nal combustion engines [88]. Furthermore, due to the more demanding operating
conditions brought about by modern engine technologies such as downsizing and
high boosting [101], as well as stoichiometric operation over the entire speed­load
range, the avoidance of knock occurring becomes even more important, since it
can hinder the achievement of the desired performance targets. At the same time
engines develop, so does fuel technology, and there have been efforts to develop
advanced fuels to match the demanding requirements of advanced engine designs.

²The final blend is determined by bracketing two blends, one of which produces slightly more knock and
one slightly less, than the fuel being tested [88].
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2.3.3 Gasoline Oxygenates

The octane rating of a fuel, and therefore its knock resistance, can be improved by
adding certain types of compounds to it. This improvement can be significant, as
it is—or, rather, was—the case with tetraethyl lead (TEL), (C2H5)4Pb, which was
first introduced in 1923 [102]. Considered the most effective antiknock element
known [77] (just a few grams per liter would significantly raise the octane number
of a fuel), its discovery and use made a huge contribution towards increasing the
efficiency and the specific output of SI engines [88]. However, TEL was phased
out after decades of widespread use, due to lead’s toxicity.

Figure 2.8: Tetraethyl lead’ structure.

High­quality gasolines can also be obtained by the addition of oxygen­containing
fuel components, known as oxygenates, to unleaded gasoline. As a less toxic alterna­
tive to lead, methyl tert­butyl ether (MTBE),C5H12O, is very effective as an octane
booster and was widely used as such [103]. However, it has also been discontin­
ued in some markets (most notably, the U.S.) due to its tendency to contaminate
ground water in the event of gasoline spills [104, 105].

As alternatives to MTBE, other classes of oxygenates also have the potential to be
used as blend components for gasoline, in order to improve its anti­knock prop­
erties and also promote cleaner combustion. Ethanol is the main example of an
alcohol being used as an SI fuel, most notably in Brazil, where it has long been
used as a gasoline blend component and also as a neat fuel (in hydrous form, at
about 95%) [106, 107]. Ethanol is of particular relevance due to the fact that it
can easily be biologically produced from a wide range of sugary or starchy feed­
stocks by fermentation and distillation processes [108]. The main feedstocks for
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bioethanol production are corn (especially in the U.S.), sugarcane (especially in
Brazil), sugar beets (in Europe), other cereals (such as wheat, rye, sorghum, etc.),
and cassava [103]. The use of lignocellulosic ethanol is particularly promising since,
as a second­generation biofuel, its production does not impact food crops.

However, several other oxygenated compounds have the potential to be used as
promising alternatives to ethanol and MTBE and, as such, are worth investigat­
ing. As an example, the other lower alcohols (methanol, the propanols, plus the
butanols) and also a number of glycerol derivatives, such as GTBE, solketal, and tri­
acetin. The following sections discuss these compounds, starting with the glycerol
derivatives, followed by the alcohols.

2.4 The Glycerol Derivatives and Their Use in Motor Fuel Appli­
cations

In much the same way as the alcohols (see section further below), glycerol­derived
compounds also have the potential for fuel applications as blend components to
gasoline, diesel fuel, or biodiesel. Ideally, such compounds should be produced
using the by­product glycerol generated by the biodiesel industry in order to in­
crease the value of a substance that is considered waste and is typically disposed of
as such. In this work, the glycerol derivatives considered are the glycerol tert­butyl
ethers (GTBE), solketal, and triacetin, which are introduced in the next section.
(For further information regarding the use of glycerol derivatives as fuel additives,
a review on the subject has been published by the author and colleagues [109].)

2.4.1 The Valorization of Waste Glycerol

Glycerol (1,2,3­propanetriol, also known as glycerin or glycerine) is a clear, col­
orless, odorless, sweet­tasting, hygroscopic, viscous liquid at room temperature.
Glycerol, found in all natural fats and oils as fatty esters, is an important inter­
mediate in the metabolism of living organisms [110]. Its boiling point is 290°C at
atmospheric pressure and its freezing point is ca. 18°C. It is an example of a polyal­
cohol, featuring a three­atom carbon chain with a hydroxyl group attached to each
carbon. These groups make it completely miscible with water, methanol, ethanol,
and the isomers of propanol, butanol, and pentanol, but it is virtually insoluble in
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hydrocarbons [111]. It is also biodegradable and has a very low toxicity. A repre­
sentation of the glycerol molecule is shown in Figure 2.9 and Table 2.3 lists some
of its properties.

Figure 2.9: Glycerol’s skeletal formula.

Table 2.3: Select properties of glycerol [112].

Glycerol (1,2,3­propanetriol)

Molecular
Weight

Melting
Point [°C]

Boiling
Point [°C]

Density
(20°C)
[kg/dm3]

Viscosity
(20°C)
[mm2/s]

HVa
[MJ/kg]

Flash Point
[°C]

92 18.0 290.0 1.261 1118 16.0 177

aHeating value

Even though a few isolated studies have reported diesel engine operation running
on glycerol [113, 114], its direct utilization as a neat fuel is precluded by physico­
chemical properties such as a very high viscosity, high melting point, low heating
value (16 MJ/kg), and high autoignition temperature (370°C) [115]. To complicate
the issue even further, glycerol has a tendency to polymerize and to form prope­
nal (also known as acrolein) during combustion, a toxic compound that causes
irritation on the skin, eyes, and nasal mucosa [116]. For that reason, for engine
applications, glycerol has to be converted into compounds that can be mixed with
fuels such as gasoline, biodiesel, or diesel.

As discussed in Chapter 1, in order to address the environmental concerns caused
by the use of fossil energy, the production and use of renewable fuels in the trans­
portation sector has been mandated by law in several countries. This means that
conventional fossil fuels must be gradually replaced by biofuels such as ethanol and
biodiesel. Ethanol, which has become the foremost biofuel [117, 9, 46] (see below),
is primarily intended to be used in spark­ignition engines, in combination with (or
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as a replacement for) gasoline, in light vehicles such as passenger cars and motor­
cycles. Biodiesel, on the other hand, is meant to be used in compression­ignition
(i.e. diesel) engines, in blends with conventional diesel fuel, or even in neat form,
powering passenger cars but also heavy­duty vehicles, such as buses and long­haul
trucks.

Chemically, biodiesel is defined as the mono­alkyl esters of long­chain fatty acids
[118]. It is traditionally produced by the transesterification of triglycerides (that
is, vegetable oils and/or animal fats) with an alcohol in the presence of a catalyst.
Figure 2.10 depicts the transesterification reaction, where a triglyceride reacts with
an alcohol, producing fatty­acid alkyl esters (biodiesel). Methanol is typically the
alkylation agent used, in which case the products are called fatty­acid methyl esters
(FAME) [29]. The main purpose of the transesterification reaction is to improve
the properties of the original oil, such as lowering its viscosity, to make it suitable
to be used as engine fuel.

Figure 2.10: The transesterification reaction.

In Europe, over 200,000 barrels of biodiesel are produced daily [119] and it has
become the leading biofuel in the European Union. A 2014 report by the Euro­
pean Commission indicated that the biodiesel production capacity had increased
to about 26.3 billion liters per year, with an annual production of about 10.5 bil­
lion liters [120]. Moreover, according to data published by the Organization for
Economic Co­Operation and Development (OECD), global biodiesel production
is projected to increase from 36 billion liters in 2017 to 44 billion liters by 2028,
when the EU is expected to remain the world’s major producer [121].
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According to the stoichiometry of the transesterification reaction, one mole of
triglyceride reacts with three moles of alcohol, producing three moles of fatty acid
alkyl esters and one mole of glycerol, corresponding to roughly 10 wt.% of the
biodiesel produced [122, 123, 124, 125]. As an unavoidable consequence, the rapid
growth of the biodiesel industry has caused an oversupply of glycerol (a “glycerol
glut”) on the markets, with its supply growing faster than the demand for its tradi­
tional applications (e.g. in foods, cosmetics, and pharmaceuticals) [111].

A consequence of such glycerol oversupply is the possibility of sharp drops in the
glycerol prices, which represents a burden to the biodiesel industry and a threat to
its sustainability as a whole.

Because of that, it has become necessary to find alternative ways of utilizing the
glycerol from biodiesel production and turning it into valuable products. Hence,
innovative processes to convert the surplus glycerol into valuable chemicals have
been investigated and developed, a topic commonly called glycerol valorization [126,
127, 128, 129].

The production of oxygenated fuel additives is therefore one of the most important
chemical routes that can be used for glycerol valorization and such additives can
serve different purposes, depending on the base fuel to which they are added [130].
More specifically, glycerol derivatives, when used as motor fuel additives, can be
used as gasoline octane boosters, biodiesel cold­flow improvers, or as diesel fuel
oxygenates (mainly to reduce PM emissions).

Though there exist several different chemical pathways to turn glycerol into fuel ad­
ditives, a few deserve a more detailed description, namely the acetalization, etherifi­
cation, and esterification routes (which produce glycerol acetals, ethers, or acetates,
respectively). The products obtained from such processes are the subject of the next
paragraphs.

2.4.2 Glycerol Acetals

Fuel additives can be obtained from the acetalization of glycerol with an aldehyde,
producing acetals. The so­called glycerol formal, the product of the reaction be­
tween glycerol and formaldehyde (see Figure 2.11), is an example of a glycerol ac­
etal. It is a compound comprised of two cyclic isomers: 1,3­dioxan­5­ol and 1,3­
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dioxolane­4­methanol. This mixture of five­ and six­membered cyclic isomers is a
characteristic of the reaction of glycerol with aldehydes and ketones [131].

Figure 2.11: The acetalization of glycerol with formaldehyde.

When glycerol, instead of reacting with an aldehyde, reacts with a ketone, the re­
action is commonly called ketalization, and the product is called a ketal. A typical
example is the reaction of glycerol with acetone (see Figure 2.12), which yields
the five­membered ring compound 2,2­dimethyl­1,3­dioxolane­4­methanol, also
known as solketal. In theory, besides solketal, this reaction also produces the six­
membered ring 2,2­dimethyl­1,3­dioxan­5­ol. However, in practice, due to ther­
modynamic reasons, solketal is the only product [132, 133]. The acetalization (or
ketalization) of glycerol is usually a simple process that can be done under mild con­
ditions at atmospheric pressure using standard acid catalysts, with high selectivities
to products [134].

Figure 2.12: The ketalization of glycerol with acetone.

2.4.3 Glycerol Ethers

Ethers of glycerol have been investigated for several decades. In 1934, Evans and
Edlund described a method for producing tertiary ethers of aliphatic polyhydric
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alcohols—such as glycerol—with tertiary­base olefins [135] and in 1941, Doelling
found that certain glycerol mono­ and di­ethers could be used as antiseptics [136].
Indeed, glycerol etherification has been extensively investigated to produce a wide
variety of products, from food flavoring agents to solvents, surfactants, and fuel
additives.

For motor fuel applications, glycerol is typically etherified through the reaction with
alkylation agents, such as alcohols or olefins (alkenes), in the presence of a strongly
acidic catalyst. Several processes for the etherification of glycerol with ethanol, tert­
butanol, n­butanol, and higher alcohols have been proposed as well as its alkylation
with alkenes such as isobutylene.

The most commonly investigated glycerol ether, GTBE, is introduced in the fol­
lowing paragraphs, followed by a discussion about the other types of glycerol ethers.

Glycerol tert­Butyl Ethers (GTBE)

A well­known glycerol etherification reaction is its tert­butylation, which replaces
one or more hydroxyl groups in the original glycerol molecule with one or more
tert­butyl groups, yielding the so­called glycerol tert­butyl ethers (GTBE) [137,
138]. The tert­butylation of glycerol has been extensively investigated and industrial
productions methods have been proposed [139]. This reaction is usually carried out
when the alkylation agent is either isobutylene or tert­butanol (tert­butyl alcohol,
TBA). It is possible to achieve a combination of 100% glycerol conversion and very
high selectivity (> 92%) towards di­ and tri­ethers (the GTBE components with
best potential as fuel additives, see below) [140]. However, the process can be costly,
isobutylene needs to be pressurized to be in liquid phase and it has low solubility
in glycerol [141]. The use of TBA does not pose such problems and it also inhibits
secondary reactions like isobutene oligomerization [142], but it creates water as a
by­product, which can hamper the reaction by inhibiting catalyst activity [143].

GTBE is not a single compound, but rather a mixture of five component ethers,
which are formed depending on the extent of etherification underwent by the glyc­
erol molecule (i.e. depending on how many hydroxyl groups were replaced with the
tert­butyl group). These five components are represented by three types of ethers:
a monoether (mono­GTBE, representing two isomers), a diether (di­GTBE, two
isomers), and a triether (tri­GTBE), all of which are shown in Figure 2.13. Due to
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the poor miscibility of mono­GTBE in hydrocarbons, the tert­butylation reaction
should be designed for high selectivities towards the di­ and tri­ components. The
latter exhibits the best hydrocarbon solubility, but its synthesis is more expensive
since it consumes more alkylating agent.

Figure 2.13: The etherification of glycerol with isobutylene.

Other Types of Glycerol Ethers

In their 2009 patent, Kousemaker and Thiele [144] described a method for pro­
ducing ethers of glycerol acetals or ketals, intended to be used as fuel additives for
diesel fuels, gasoline, and biodiesel. As an example, the patent describes the reac­
tion of glycerol with acetone, producing solketal, followed by the etherification of
solketal with isobutylene, producing the compound called solketal tert­butyl ether
(STBE). It can also be obtained in the other direction, through the ketalization of
mono­GTBE with acetone, as described by Samoilov et al. [145]. The rationale for
the additional etherification (or ketalization) step is to remove the hydroxyl group
still present in the solketal molecule, replacing it with an alkoxy group, thus en­
hancing the compound’s hydrophobicity and oxidation stability, and increasing its
heating value [145]. Therefore, STBE has the potential for becoming a promising
fuel additive. A discussion on other types of glycerol ethers—obtained by react­
ing glycerol with ethanol, propanol, butanol, and even pentanol, hexanol, octanol,
and decanol—can be found in the 2023 review article by the author and colleagues
[109].
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2.4.4 Glycerol Acetates

Another way of producing glycerol­derived fuel additives is to react it with car­
boxylic acids to form esters. For fuel additive applications, a typical conversion
pathway is the acid­catalyzed esterification of glycerol with acetic acid or acetic an­
hydride to yield glycerol acetates (also called acetins); this reaction is illustrated
in Figure 2.14. Depending on the extent of the reaction, three components are
formed: monoacetin, diacetin, and triacetin [also known as monoacetylglycerol
(MAG), diacetylglycerol (DAG), and triacetylglycerol (TAG), respectively]. Among
these, triacetin (TAG) is particularly suited as a fuel additive—usually as a biodiesel
cold flow improver or gasoline octane booster—due to its better solubility in hy­
drocarbons, which is caused by the elimination of all three of glycerol’s hydroxyl
groups. A 2016 patent by Puche [146], extensively describes a process for producing
triacetin and alkyl esters of fatty acids.

Figure 2.14: The acetylation of glycerol with acetic acid.

2.5 The C₁–C₄ Alcohols and Their Use in Motor Fuel Applica­
tions

In comparison with conventional gasolines, the C₁–C₄ alcohols (that is, methanol,
ethanol, and the isomers of propanol and butanol) possess properties that make
them particularly suitable to be used as spark–ignition engine fuels, such as higher
heat of vaporization and superior knock resistance [147]. The enhanced cooling ef­
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fect caused by their high heat of vaporizations can increase an engine’s volumetric
efficiency, while an improved knock resistance enables the use of higher compres­
sion ratios, leading to higher engine efficiency.

In addition, the possibility of obtaining the C₁–C₄ alcohols from renewable feed­
stocks and using them as drop­in gasoline oxygenates is another attractive feature,
making it possible to use them in the transportation sector as promising alternatives
to fossil fuels.

This study includes the most common isomers of propanol and butanol, namely
isopropanol, n­butanol and isobutanol. A summary of relevant properties for the
alcohols included in this work is shown in Table 2.4.

A brief introduction to each of the alcohols used in this work follows, addressing
their production routes and use as fuels for IC engines.

2.5.1 Ethanol

Ethanol (ethyl alcohol or grain alcohol or simply ”alcohol”), being the main compo­
nent of alcoholic beverages, is the most widespread alcohol compound. Moreover,
ethanol is the most common biofuel [117, 9, 46]. It is typically obtained through the
fermentation of sugar­ or starch­containing materials, such as sugarcane or corn,
though it is also produced through synthetic routes from fossil feedstocks. As a
transportation fuel, it has first been put into large­scale use in Brazil in the 1970s,
where both neat hydrous ethanol and ethanol blends with gasoline are marketed
[106, 107]. It is also a well­established gasoline blend component in the United
States, as well as in other countries [103].

In its pure form, ethanol is a colorless liquid, miscible in all proportions with wa­
ter and also with ether, acetone, benzene, and some other organic solvents. The
azeotropic mixture contains 95.6 wt.% ethanol and 4.4 wt.% water, meaning that
the highest concentration of ethanol that can be obtained by distillation is 95.6
wt.% [148].

Figure 2.15 shows ethanol’s skeletal structure.
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Figure 2.15: Ethanol’s skeletal structure.

Even though ethanol is commonly associated with alcoholic beverages and engine
fuels, it has several other applications in the chemical industry, as Figure 2.16 shows.

Figure 2.16: An example of chemicals obtained from ethanol [148].

Ethanol Production

Synthetic ethanol is most commonly produced by the direct catalytic hydration of
ethylene, according to the reaction:

C2H4 +H2O → C2H5OH

This reaction is usually carried out over phosphoric acid catalysts, with the molar
ratios of ethylene to water in the range 1:0.3–1:0.8, at 250–300°C and 5–8 MPa
[148].
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Ethanol is widely produced through fermentation of sugars, using yeasts such as
Saccharomyces cerevisiae, S. uvarum (formerly S. carlsbergensis), and Candida utilis.
Its production by yeast is characterized by high selectivities, low formation of by­
products, high ethanol yields and fermentation rates, good tolerance regarding
ethanol and substrate concentrations, and lower pH values [148]. Yeasts are ca­
pable of metabolizing various carbon compounds using different pathways, under
aerobic and anaerobic conditions.

Under anaerobic conditions, the yeast produces ethanol, from hexoses, according
to the Gay­Lussac reaction:

C6H12O6 → 2C2H5OH+ 2CO2

Theoretically, for each gram of glucose, 0.51 g of ethanol can be produced; the
actual ethanol yield being around 90–95% of that value.

The work by Rogers et al. [149], showed that the bacterium Zymomonas mobilis
has a number of favorable characteristics for efficient production of ethanol from
glucose. However, it is incapable to ferment pentose sugars, such as xylose and ara­
binose, into pure ethanol. (In fact, up to now, no natural yeast or bacterial strains
are capable to ferment pentoses into ethanol as efficiently as these organisms can fer­
ment hexoses like glucose or fructose.) To circumvent this, various approaches have
been made to genetically engineer microorganisms such as Z. mobilis to broaden
its range of utilizable substrates.

Cellulosic Ethanol Second­generation bioethanol, on the other hand, is achieved
through the fermentation of non­food, lignocellulosic biomass, including forest
and agricultural residues or municipal solid waste [150, 151].

Ethanol Use in Internal Combustion Engines

Ethanol has been regarded as a fuel for internal combustion engines since the early
years of their development. References [152] and [153] are interesting examples.
Besides, being the foremost example of a biofuel, it comes as no surprise that the
literature on ethanol fuel is vast; a good recent review on the topic can be found in
the 2022 article by Mendiburu et al. [154].
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2.5.2 Methanol

Methanol, also called methyl alcohol or wood alcohol, is the simplest alcohol. At
ambient conditions, it is a colorless, volatile liquid with a faint alcoholic odor. It is
completely miscible with water, other alcohols, various organic solvents, and to a
limited extent with oils and fats.

Figure 2.17 shows methanol’s very simple skeletal formula.

Figure 2.17: Methanol’s skeletal structure.

It is one of the most important raw materials in the chemical industry. Nowadays,
approximately 70% of the worldwide methanol production is used for chemical
synthesis, to produce a wide variety of chemicals such as formaldehyde, methyl
tertbutyl ether (MTBE), acetic acid, dimethyl ether (DME), propylene, among
others. However, its use for energy and fuel applications, either directly or in form
of methanol­derived products, is gaining more importance [155].

Methanol Production

Methanol was originally produced by the destructive distillation of wood—hence
the name—and it was not until 1923 that an industrial process using syngas as
feedstock, became available [156]. As such, methanol can be made from virtually
any carbon source, fossil or renewable, via gasification to syngas and the subsequent
catalytic synthesis.

Therefore, the first step for the industrial methanol synthesis is the production of
syngas.

Due to cost and availability, natural gas has long been the major source for syngas
production, the most widely used technology used to produce it being the steam
reforming of methane, according to the reaction:

CH4 +H2O → CO+ 3H2 (2.3)

67



A partial oxidation reaction may be used in combination, in a process called au­
tothermal reforming:

CH4 +
1
2
O2 → CO+ 2H2 (2.4)

Coal is another fossil raw material used for syngas production. Its gasification can be
done at different pressures (0.5–8 MPa) and temperatures (400–1500°C). It com­
bines partial oxidation (2.5) and steam treatment (2.6) [16]:

C +
1
2
O2 → CO (2.5)

C + H2O → CO+H2 (2.6)

Because coal has a low H/C ratio, coal­based syngas is deficient in hydrogen, which
drastically reduces the selectivity to methanol during its subsequent synthesis [155].
Therefore, to adjust its composition (a CO/H2 ratio close to 1:2 is ideal [16]), the
syngas must be subjected to a shift conversion with water, according to the water­
gas shift reaction:

CO+H2O ⇆ CO2 +H2 (2.7)

Alternatively, syngas can also be obtained from biomass gasification [157, 158].

Once the CO/H2 ratio has been adjusted, the syngas is ready for conversion into
methanol, according to reaction (2.8), which is typically done at 5–10 MPa, 200–
300°C, using copper/zinc oxide catalysts:

CO+ 2H2 → CH3OH (2.8)

CO2­to­Methanol

The syngas­based production of methanol generates large amounts of carbon diox­
ide. Due to an increasing awareness of the necessity to reduce CO2 emissions for
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environmental reasons, the chemical recycling of CO2 by catalytic hydrogenation
to methanol is a topic that has attracted significant attention.

The most direct route to methanol from CO2 is represented by the so­called cat­
alytic regenerative conversion of carbon dioxide with hydrogen, according to the
reaction [16]:

CO2 + 3H2 → CH3OH+H2O (2.9)

Optimized catalysts, combinations of copper and zinc oxides, have been developed
to increase the efficiency of the process and its selectivity to methanol.

The carbon dioxide necessary for the reaction can be captured from natural and in­
dustrial sources, as well as from human activity or even from the air. Hydrogen for
the chemical recycling of CO2 to methanol can be produced either by using con­
ventional, fossil­based methods (i.e. using natural gas) or, preferably, by splitting
water using renewable (or nuclear) electricity, in which case the methanol becomes
an example of an e­fuel. When water­electrolysis­derived hydrogen is produced us­
ing renewable electricity, the produced methanol can—at least theoretically—have
a zero carbon footprint.

There are a few commercialCO2­to­methanol plants in operation, most notably the
Iceland­based company Carbon Recycling International [159]. The main challenge
of this technology is the economically feasible production of both green hydrogen
from various energy sources and clean CO2 from waste gas streams [155].

Methanol Use in Internal Combustion Engines

The literature on methanol fuel is extensive; however, comprehensive reviews on its
production and use as a fuel for IC engines can be found in the works of Landälv
[160] and Verhelst et al [161].

2.5.3 Propanols

Propanols are clear, colorless liquids with an odor resembling that of ethanol. They
comprise two isomers, 1­propanol and 2­propanol (also called isopropyl alcohol),
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of which the latter is industrially the more important [162]. Both isomers are
completely miscible with water and readily soluble in a variety of common or­
ganic solvents, such as ethers, esters, acids, ketones, and other alcohols. They are
mainly used as solvents and chemical intermediates for the production of esters,
amines, and other organic derivatives. The propanols are also effective antiseptics
and disinfectants [163]. Isopropanol, the simplest secondary alcohol, is produced
by the hydration of propylene or the hydrogenation of acetone, whereas 1­propanol
is manufactured by the hydrogenation of propanal [162].

Figure 2.18 shows the skeletal formula of both propanol isomers.

Figure 2.18: The skeletal structures of both isomers of propanol.

The remainder of this section deals with isopropanol only.

Isopropanol Production

There are two main industrial processes for the production of 2­propanol, the in­
direct and direct hydration of propylene. Smaller amounts are produced by the
hydrogenation of acetone [162]. In the indirect method, propylene first reacts with
sulfuric acid, forming sulfate esters, which are subsequently hydrolyzed to yield
isopropanol.

In the direct hydration process, propylene reacts with water according to the reac­
tion:

C3H6 +H2O → C3H7OH (2.10)

Obtaining isopropanol from renewable sources does not seem to have achieved
a level of maturity sufficient for large­scale commercialization [164, 165], com­
pared to other C₁–C₄ alcohols. However, there are studies in the literature re­

70



porting its successful production via fermentation using bacteria such as Escherichia
coli,Clostridium beijerinckii Corynebacterium glutamicum—see references [166, 167,
168, 169, 170]. In addition, an interesting recent study by Liew et al. [171] describes
the production of isopropanol (and acetone) through the fermentation of low­cost
waste gas feedstocks (such as industrial emissions) using the engineered bacterium
Clostridium autoethanogenum. The authors claim that the process has a carbon­
negative footprint, since it fixes CO2 instead of producing it.

Isopropanol Use in Internal Combustion Engines

The state of the technology to produce isopropanol from biomass has prevented it
from receiving much attention as a potential engine fuel and is likely the primary
technical barrier to its use as a gasoline oxygenate. Nevertheless, a few recent engine
studies on the use of gasoline­isopropanol blends can be found in the literature; for
instance, the articles by Gong et al. [172], Sivasubramanian et al. [173] and Kumar
et al. [174].

There seem to be even fewer studies dedicated to neat isopropanol fuel, with notable
exceptions being the recent works by Gainey et al. [147, 175, 176], who investigated
neat C₁–C₄ alcohols, mostly focusing on low­temperature combustion (LTC) ap­
plications.

2.5.4 Butanols

The butanols are aliphatic saturatedC4 alcohols (C4H9OH), comprising four struc­
tural isomers: two primary (n­butanol and isobutanol), one secondary (sec­butanol),
and one tertiary (tert­butanol) [177]. At ambient conditions, they are colorless liq­
uids (except for tert­butanol, whose melting point is 25.6°C) having a characteristic
odor. All four isomers are completely miscible with common organic solvents, but
only tert­butanol is completely miscible with water.

Figure 2.19 shows the skeletal structures of the four butanol isomers.
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Figure 2.19: The skeletal structures of the four isomers of butanol.

n­Butanol (1­butanol) and isobutanol (2­methyl­1­propanol) are the butanol iso­
mers most commonly considered for fuel applications [178]. Both are mainly used
as industrial solvents and are typically obtained from fossil sources, though they
can also be obtained from renewable feedstocks (see below) [177].

The remainder of this section deals with n­butanol and isobutanol only.

n­Butanol and Isobutanol Production

n­Butanol occurs in nature in compound form and so does isobutanol (2­methyl­1­
propanol), which occurs in natural products as well as in fusel oils, from which it can
be separated [177]. Even though both isomers can be obtained from fermentation
(see below), the renewable production routes could not compete with decreasing
oil prices, so they became obsolete and nowadays n­butanol and isobutanol—along
with the other two isomers—are mainly produced from fossil sources.

Both n­butanol and isobutanol are mainly produced by the hydroformylation of
propylene, with the subsequent hydrogenation of the aldehydes formed (a process
known as oxo synthesis) [177].

In the oxo reaction (see Figure 2.20), carbon monoxide and hydrogen are added
to a carbon–carbon double bond in the liquid phase in the presence of catalysts,
forming aldehydes that are subsequently hydrogenated. In the case of propylene
these consist of 1­butanal and 2­ethylpropanal.
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Figure 2.20: The Oxo synthesis.

n­Butanol and isobutanol can also be produced in large scale by the carbonylation
of propene, a method known as the Reppe process (Figure 2.21) [177]. In this process,
alkenes, carbon monoxide, and water are reacted under pressure in the presence of
a catalyst.

Figure 2.21: The Reppe process.

The first large­scale production of n­butanol, in the early 20th century, was based
on the discovery of the bacterium Clostridium acetobutylicum, which has the ability
to ferment carbohydrates, yielding acetone, n­butanol, and ethanol, at ratios of
approximately 3:6:1, respectively (this is the well­known ABE—acetone­butanol­
ethanol—fermentation method [179]). In addition to C. acetobutylicum, other n­
butanol­producing bacteria of the Clostridia type were eventually developed, such
as C. beijerinckii, C. saccharoperbutylacetonicum, and C. saccharobutylicum [180].

Regarding isobutanol, it can be synthesized by a number of microorganisms, such
as Escherichia coli and Saccharomyces cerevisiae, utilizing various biomass feedstocks
[181]. It is worth mentioning that, because most microorganisms do not produce
isobutanol on their own, they need to be genetically manipulated to enhance the
expression of the key enzymes, to inhibit byproduct formation, and to strengthen
their resistance against the cytotoxicity of the alcohol. E. coli and S. cerevisiae are
also able to synthesize isobutanol from lignocellulosic material, along with bacte­
ria, such as Clostridium cellulolyticum and Clostridium thermocellum, for instance
[181]. However, when cellulose is used as a substrate, usually much lower product
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concentrations are achieved in comparison with isobutanol obtained from sugar or
starch, due to the challenges associated with the breaking down of cellulose into
simple sugars [182].

An overview of biomass­produced isobutanol can be found in a recent article by
Dedov et al. [183].

n­Butanol and Isobutanol Use in Internal Combustion Engines

Isobutanol, in particular, has been considered as a feasible alternative to ethanol
as a gasoline oxygenate, primarily due to its good octane­boosting capacity and its
higher heating value. In addition, it exhibits lower water affinity, lower corrosive­
ness, and lower impact on the fuel’s vapor pressure (see discussion in the following
paragraph). Moreover, recent advances in biotechnology have increased the effi­
ciency of isobutanol production through biochemical routes, using microorgan­
isms such as Escherichia coli and Saccharomyces cerevisiae, among others, which can
make it more economically feasible. A review of isobutanol as a fuel for IC engines
has been recently published by the author and colleagues [178].

Commercial Production of Isobutanol The commercial production of bioisobutanol
has been carried out by a number of companies, most notably Butamax Advanced
Biofuels (a joint venture between BP and DuPont) [184] and Gevo [185], the latter
of which has developed a technology for not only retrofitting existing ethanol plants
to produce isobutanol [186], but also to produce it from lignocellulosic biomass
[187]. A 2012 article published byTheNew York Times [48] highlighted the work of
both companies and their technologies. The article also discussed the advantages of
isobutanol over ethanol, as a gasoline oxygenate, such as its higher energy content,
lower affinity for water, as well as its ability to overcome the aforementioned ”blend
wall” commonly associated with ethanol. Moreover, that article stated the fact that
isobutanol does not distort the volatility characteristics of gasoline, allowing for a
cheaper gasoline to be used when making the final blend.

74



2.5.5 Practical Aspects of Alcohols as ICE Fuels

In spite of their attractive properties, the use of alcohols in blends with gasoline
involves some practical aspects that must be taken into consideration. Alcohols
tend to be corrosive, especially the ones with shorter molecules [188], which can
damage fuel system components. The corrosiveness of methanol is particularly
well­documented [189]. An alcohol’s water affinity can restrict its transportation
in pipelines, due to the risk of corrosion and also due to the possibility of water­
induced phase separation of gasoline–alcohol blends [190]. Finally, alcohols may
distort the vapor pressure behavior and the distillation properties of their blends
with gasoline, which can have a negative impact on the evaporative emissions, en­
gine cold start, and drivability [191, 192, 193].

2.6 Fuels and Fuel Additives Investigated in This Work

All fuels and fuel additives used in this work, along with some of their key prop­
erties, are listed in Table 2.4. For the alcohols, additional properties are listed in
Table 6.1.
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Table 2.4: All fuel and additives used in this dissertation.

C
om

po
un

d
C

he
m

ic
al

Fo
r­

m
ul

a
M

W
a

Sp
ec

ifi
c
G

ra
vi

ty
V
is
co

si
ty

[m
m

2 /
s]

LH
V
b
[M

J/
kg

]
R
O

N
c

O
xy

ge
n

[w
t.%

]

D
ie

se
l

C
n
H

1.
8n

17
0

81
0

—
43

.2
—

0
B7

D
ie

se
l

—
—

—
—

—
—

—
M

on
o­

G
T

BE
d

C
7H

16
O

3
14

8
1.0

00
18

7
28

.0
—

32
.4

D
i­G

T
BE

C
11
H

24
O

3
20

4
0.

89
0

13
.9

32
.6

—
23

.5
Tr

i­G
T

BE
C

15
H

32
O

3
26

0
0.

86
0

7.
55

37
.9

—
18

.5
M

on
o­

sh
ift

ed
G

T
BE

e
—

15
8

0.
97

5
—

29
.8

—
—

D
i­s

hi
fte

d
G

T
BE

f
—

18
5

0.
92

5
—

31
.6

—
—

So
lk

et
al

C
6H

12
O

3
13

2
1.0

65
10

.3
23

.0
—

36
.4

Tr
ia

ce
tin

C
9H

14
O

6
21

8
1.1

59
19

.8
18

.0
—

44
.0

M
et

ha
no

l
C
H

4O
32

0.
79

2
—

20
.0

10
9

50
.0

Et
ha

no
l

C
2H

6O
46

0.
78

5
—

26
.9

10
9

34
.8

Is
op

ro
pa

no
l

C
3H

8O
60

0.
78

5
—

30
.4

11
7

26
.7

n­
Bu

ta
no

l
C

4H
10
O

74
0.

81
0

—
33

.1
98

21
.6

Is
ob

ut
an

ol
C

4H
10
O

74
0.

80
3

—
33

.0
10

5
21

.6
T

PR
Fg

—
10

3
0.

74
2

—
43

.1
91

0

aM
ol

ec
ul

ar
w

ei
gh

t
bL

ow
er

he
at

in
g

va
lu

e
cR

es
ea

rc
h

oc
ta

ne
nu

m
be

r
dm

on
o­

G
T

BE
e”

M
on

o­
sh

ift
ed

”
G

T
BE

f”
D

i­s
hi

fte
d”

G
T

BE
gT

ol
ue

ne
pr

im
ar

y
re

fe
re

nc
e

fu
el

76



2.7 Summary

This Chapter initially discussed some engine­related phenomena, such as soot emis­
sions in diesel engine and knock in SI engines, that can be strongly affected by the
use of alternative fuels. More specifically, since biofuels typically have oxygen in
their chemical composition, the role it plays on soot formation and knock occur­
rence was presented. The presence of fuel­bound oxygen is usually associated with
a reduction in the formation of soot in diesel engines and the suppression on the
onset of knock in SI engines. However, it is known that chemical structure can also
play a role in the soot and knock processes in engines. In addition, the well­known
CFR engine was introduced. Subsequently, the topic of glycerol valorization was
presented, along with a discussion of how the glycerol derivatives investigated in
this work could be used. Likewise, the C₁–C₄ alcohols were introduced and their
potential for fuel applications was discussed. Having introduced the ”boundary
conditions” surrounding the present work in Chapter 1, then the background in­
formation on the topics relevant to this study in this chapter, it is now time to delve
into the experimental part of the dissertation, the core of the study, and the subject
matter of Chapters 3 through 6.
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Chapter 3

Light­Duty Diesel­Engine Tests

3.1 Introduction

After a presentation of the pressing issues regarding environmental concerns, and
the role of internal combustion engines and biofuels as a motivation for carrying
out this work (Chapter 1), along with a review of the pertinent background re­
lated to it (Chapter 2), the present chapter introduces the experimental core of this
dissertation. The engine experiments described herein represent the preliminary
assessment of the BioRen’s project target compounds, namely GTBE and isobu­
tanol, as diesel fuel oxygenates. These tests were performed on a light­duty (i.e.
passenger car) 4­cylinder Volvo engine installed in a test cell at Lund University.
This experimental campaign was aimed at evaluating the potential of GTBE and
isobutanol, when used as fuel additives, to reduce the exhaust emissions from the
engine without compromising its performance. Blends of conventional fossil diesel
fuel with either GTBE or isobutanol were prepared and tested, while fossil diesel
was used as a baseline. Since the emission­reducing benefits of oxygenated fuels are
a function of their oxygen content, the diesel­GTBE and diesel­isobutanol blends
were prepared based on a fixed fuel oxygen content, so that a more meaningful
comparison could be made. The exhaust emissions investigated included soot and
NOx, that are critical for diesel engines, plus unburned hydrocarbons and carbon
monoxide. Being fundamental engine performance measures, the brake power was
also measured, along with the brake specific fuel consumption.
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In the wake of Volkswagen’s ”Dieselgate” scandal [4] and also due to the broader
climate­related issues, the popularity of diesel­powered passenger cars has waned in
recent years (as an example, Volvo Cars has recently discontinued the production
of diesel vehicles [194]. Understandably, the rationale for doing experiments on
light­duty diesel engines in the first place can be called into question. However,
light­duty diesel powertrains will continue to be an important part of the so­called
”legacy fleet” and diesel­powered cars will continue to be sold in many parts of the
world in the foreseeable future. Therefore, the topic of diesel fuel additives—and
the experiments described in this chapter—are still relevant nowadays, even in the
case of light­duty applications.

In the remainder of this chapter, as in subsequent ones, the engine characteristics
are introduced, along with the specifications of the measuring instruments and a
description of the fuels tested, followed by the test procedures. Then, the main
results are presented and discussed, before an overall summary of the key findings
concludes the chapter.

3.2 Materials and Methods

3.2.1 Engine

The light­duty diesel engine tests were performed on a 4­cylinder, Volvo D4204T
diesel engine (Figure 3.1). It is a typical example of a modern passenger car diesel,
which has been used in the company’s compact and mid­sized models such as the
Volvo V40, V60, and V70. In its stock configuration, the engine was fitted with
a turbocharger, which was subsequently removed for installation in the test cell,
where intake air was supplied by an external compressor (as per usual practice).
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Figure 3.1: The Volvo D4204T engine in the test cell at Lund University.

Some basic specifications of the Volvo D4204T are shown in Table 3.1. As it is
usually the case for a production engine, it is offered in several variants exhibit­
ing different performance characteristics, depending on the vehicle in which it is
installed, as the ranges for rated torque and power in the table show.

Table 3.1: Basic specifications of the production Volvo D4204T engine.

Volvo D4204T Engine
No. of cylinders 4
Compression ratio 15.8:1
Bore 82 mm
Stroke 93.2 mm
Displacement 1.969 L
Rated torque 280–480 N∙m
Rated power 88–174 kW

3.2.2 Instrumentation

To provide mechanical load to the engine at the desired speeds, the engine was
coupled to an ABB M2BA 355SMB 3­phase electric motor. Its rated power and
speed were 335 kW and 2200 rpm, respectively. It was controlled by a stock ABB
controller with an accuracy of 1 rpm. To measure brake torque, the Volvo D4204T
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engine was fitted with an HBM T40B torque transducer mounted on the shaft from
the ABB motor and the crankshaft position was determined by a Leine & Linde
RSI503 incremental encoder. The in­cylinder pressure traces were obtained with a
AVL GH14P piezoelectric pressure transducer, flush­mounted in the cylinder head.
The in­cylinder pressure was pegged to the pressure in the intake manifold when
the piston is in the bottom dead center position. Moreover, the absolute crank
position was calibrated based on the peak motoring in­cylinder pressure having an
offset of 0.4 crank angle degree before top dead center. This “thermodynamic loss
angle”, as it is sometimes called, is due to heat and blowby losses, which prevent
the peak pressure from occurring at TDC [195, 196]. For the determination of
the fuel consumption, the supply fuel tank was placed on a Sartorius MSE12201S
scale and the fuel mass flow rate was obtained through the calculation of the rate
of change of the fuel mass, which was done by the linear fitting of the fuel mass
data measured by the scale. The intake air mass flow rate was measured with a
Bronkhorst F106CI mass flow meter. The gaseous emissions (HC,NOx, CO,CO2,
and O2) were sampled and measured by an AVL AMA i60 emission bench whereas
the soot emissions were sampled and measured with an AVL Micro Soot sensor
(MSS). The engine was controlled and several test variables were recorded by a
LabVIEW­based program.

Figure 3.2: Schematic of the Volvo D4204T engine in the test cell.

82



A schematic of the test cell setup is shown in Figure 3.2 and the technical specifi­
cations of key instruments are shown in Table 3.2 [197].

Table 3.2: Specifications of key measuring instruments used in the tests.

Variable Sensor Model Measurement Range Accuracy

Crankshaft position Leine & Linde RSI503 0–6000 rpm 0.02 CA
In­cylinder pressure AVL GH14P 0–250 bar ­
Fuel injection pressure OEM sensor 0–2750 bar ­
Brake torque HBM T40B 0–10000 Nm 0.05 % FS
Temperature Pentronic 8105000 0–1100 degC 2.5 degC
Pressure Keller 23SY 0–5 bar 0.7% FS
Intake air flow rate Bronkhorst F106CI 0–900 kg/h 0.1% FS
Fuel flow rate Sartorius MSE12201S 0–12200 g 0.1 g
Exhaust oxygen ETAS ES635 + LSU4.9 0–25% ­
CO/CO2

AVL AMA i60

0–1/16%

1% FS
NOx 0–25%
HC 0–10000 ppm
O2 0–25%
Soot AVL Micro Soot Sensor 0–50 mg/m3 5 mg/m3

3.2.3 Fuels Tested

As explained in Chapter 2, the GTBE compounds are comprised of three different
components (mono­, di­, and tri­GTBE), depending on the extent to which glyc­
erol has reacted with the etherification compound (isobutylene or tert­butanol),
for a total of five isomers. In reality, however, the etherification reaction results in
the simultaneous formation of all components, and the separation of any of them
incurs additional costs. Therefore, for practical applications, GTBE is produced as
a mixture of all three components, and the relative amounts of each are determined
by the reaction conditions (such as temperature, pressure, reactant amounts, cata­
lyst used, etc.) [138]. In other words, an ”out­of­reactor” GTBE mixture (that is,
without any component separation) is what would be typically used as an additive
for motor fuel applications.

To prepare the fuel blend used in this chapter (see below), an out­of­reactor GTBE¹
was used, having the composition and properties shown in Table 3.3:

¹The GTBE samples used in this work was supplied by Procede N.V. (Enschede, Netherlands), a BioRen
project partner.
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Table 3.3: Composition and properties of the ”out-of-reactor” GTBE mix.

”Out­of­Reactor” GTBE

mono­GTBE
[wt.%]

di­GTBE
[wt.%]

tri­GTBE
[wt.%]

Molecular
Weight

Density
[kg/dm3]

LHVa
[MJ/kg]

18 64 18 197 0.911 32.6

aLower heating value

For the light­duty engine experiments described in this chapter, the following fuels
were used during the light­duty diesel test campaign. Some of their properties are
listed in Table 3.4.

• Fossil diesel (reference fuel)

• A blend of 5.0 vol.% of the out­of­reactor GTBE with fossil diesel

• A blend of 6.5 vol.% isobutanol with fossil diesel

• A blend of 10.0 vol.% of the out­of­reactor GTBE with fossil diesel²

Table 3.4: Key properties of the fuels used in the tests.

Fuel/blend Molecular Weight Density [kg/dm3] LHVa [MJ/kg]

Fossil dieselb 170 0.810 43.2
5 vol.% GTBE 171 0.815 43.2
6.5 vol.% i­BuOH 157 0.810 42.5
10 vol.% GTBE 173 0.820 42.0

aLower heating value
bObtained from [77].

3.2.4 Test Matrix

The engine experiments were conducted at a constant speed of 2000 rpm, which is
representative of regular driving, and at three torque levels: 70 N∙m (referred to as
”low load”), 140 N∙m (”mid load”), and 280 N∙m (”high load”). Table 3.5 shows

²This blend was used only at the 2000 rpm, 140 N∙m operating condition.
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the engine speed and load conditions used throughout the light­duty engine tests.
No EGR was used throughout the tests.

Table 3.5: Experimental test matrix.

Point Speed [rpm] Brake Torque [N∙m] Brake Power [kW] Rail Pressure [bar]

A1

2000

70 14.7
600

A2 800
B1

140 29.3
800

B2 1000
C1

280 58.6
1200

C2 1400

3.2.5 Test Procedure

At each speed/load condition, the following engine variables were varied:

• Start of (main) injection (SOI): 4 timings were tested, at 2 degree­intervals

• Rail pressure (RP): 2 different pressures were tested at each operating point

The variation of these two variables gives a valuable overview of the engine’s behav­
ior, which can be useful when testing different fuels. Overall, when the repetitions
were taken into consideration, the results obtained in the tests comprised a total of
128 measurements.

Note on pilot injections

It should be noted that, as it is typical for modern production diesel engines, small
pilot fuel injections are used. Especially in the case of high­speed light­duty diesel
engines such as the Volvo D4204T, pilot injections have a significant influence
on the engine’s noise, vibration, and harshness (NVH) characteristics and vehicle
drivability in general. For the experiments described in this chapter, the use of
a pilot injection was necessary, since the Volvo engine would not run smoothly
without one. Consequently, pilot injections with a constant separation of 8 crank
angle degrees before the main injection were always used. Table 3.6 shows the
percentage of the total fuel represented by the pilot injections, for each fuel and
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operational point. It can be seen that the contributions from the pilot injections
tend to increase with decreasing load, since more fuel needs to be injected early to
avoid the unstable combustion that may happen at such lower loads.

Table 3.6: Percentage of fuel energy from pilot injections.

Point Diesel 5 vol.% GTBE 6.5 vol.% i­
BuOH

10 vol.% i­BuOH

A1 27% 27% 27% —
A2 28% 30% 30% —
B1 25% 26% 26% 25%
B2 26% 27% 27% 27%
C1 21% 21% 21% —
C2 24% 24% 24% —

3.3 Results and Discussion

The tests results presented and discussed below include the brake power, main ex­
haust emissions and the brake specific fuel consumption. For the sake of concise­
ness, most of the presented results are from the mid­load engine operating con­
dition (2000 rpm, 140 N∙m), since this is the operating point at which the 10%­
GTBE blend was tested.

3.3.1 Brake Power

Some variants of the Volvo D4204T engine offer 280 N∙m as maximum brake
torque. Therefore, for the experiments, the ”100% load” condition was chosen
as corresponding to a brake torque of 280 N∙m. At the speed of 2000 rpm, this
torque level translates into a brake power of 58.6 kW (79.7 PS). Figure 3.3 shows
the attainment of this power output at both rail pressure settings.
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Figure 3.3: The maximum brake torque achieved during the experiments.

At this ”full load” condition, the relative air/fuel ratio (λ) was aimed at 1.4. The
lambda values achieved at this operating point are shown in Figure 3.4.

Figure 3.4: The measured relative air/fuel rations (lambdas) at full load.

3.3.2 Soot Emissions

Visible exhaust smoke is historically the pollutant most commonly associated with
diesel engines, with soot being the major constituent of it. Therefore, it is not sur­
prising that much effort has been spent on mitigating soot emissions, which can
be accomplished by means of improvements in engine design, exhaust aftertreat­
ment devices, or through fuel modification, which is the case in this work. The soot
emissions corresponding to the low­ and mid­load conditions—at both of their rail
pressure settings—are shown in Figures 3.5 and 3.6.

87



Figure 3.5: Soot emissions, 70 N·m.

Figure 3.6: Soot emissions, 140 N·m.

At both of these engine operating conditions, the soot­inhibiting effect of the oxy­
genated compounds is evident. At the low­load condition, 70 N∙m, a clear differ­
ence can be seen between the soot emissions from the fuel containing no oxygen—
fossil diesel—and from the GTBE and isobutanol blends, although there was no
obvious distinction between the performances of these two fuels. (It is also worth
mentioning that, as expected, the soot emissions produced with the 800­bar rail
pressure were lower than the soot concentrations obtained with the rail pressure of
600 bar.) In the 140 N∙m case, however, the results show a clear correspondence
between fuel oxygen content and soot emissions: the higher soot emissions were
produced by fossil diesel, whereas the 10% GTBE blend, being the fuel with the
highest levels of oxygen, gave the lowest concentrations. Intermediate values are
exhibited by the 6.2% isobutanol and the 5% GTBE blends, with both blends
containing the same amount of fuel oxygen. The lower emissions produced by the
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GTBE blend may suggest a possibly lower tendency for soot formation in the case
of GTBE, compared to isobutanol.

Figure 3.7: Soot emissions, 280 N·m.

However, at the full load condition (see Figure 3.7), the soot­reduction ability of the
oxygenates was less evident. The results from the 1400­bar rail­pressure case seem
very unclear, since the presence of fuel oxygen did not seem to produce any benefit
at all, even though the soot concentrations in this case were far from negligible.

3.3.3 Hydrocarbon Emissions

The emissions of unburned hydrocarbons seemed to be the highest in the case of
the isobutanol blend, Figure 3.8. This result does not seem at first to be related
to the amount of fuel­bound oxygen, since the blend containing 10% GTBE gave
results very similar to the results obtained with fossil diesel, a fuel without any
oxygen. Regardless, the HC levels are very low, which is usually the case with diesel
engines.
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Figure 3.8: Hydrocarbon emissions, 140 N·m.

3.3.4 Carbon Monoxide Emissions

The trend corresponding to the emissions of carbon monoxide is not very clear, as
seen in Figure 3.9. The oxygenated blends gave results showing CO emissions that
were both lower and higher than the baseline diesel fuel. In any case, engine­out
CO emissions from diesel engines are typically low (compared to SI engines) and
are therefore not a matter of concern.

Figure 3.9: Carbon monoxide emissions, 140 N·m.

3.3.5 Nitrogen Oxide Emissions

The emissions of NOx (the combination of the NO and NO2 emissions), are very
significant in the case of diesel engines. However, in the present case, an anomaly
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was detected in the results: as Figure 3.10 shows, theNOx concentrations related to
the earliest SOI settings were virtually unchanged, when compared to the previous
SOI values. This effect is more evident in the case of the rail pressure of 800 bar,
where the NOx emissions of the 5% GTBE blend were lower at the SOI of ­10 deg
BTC, compared to the previous SOI, 8 deg BTC. Interestingly, this anomalous
behavior was exhibited by all fuel blends, at all operating conditions.

Figure 3.10: Nitrogen oxide emissions, 140 N·m.

3.3.6 The Soot­NOx Trade­Off

The combined behavior of the soot and NOx emissions is very important in the
case of diesel engines, running on conventional fuels, due to the fact that mitigating
one typically causes an increase of the other, the so­called soot­NOx trade­off. The
presence of fuel­bound oxygen—through the addition of oxygenated compounds
to the base diesel fuel—is known to minimize or even eliminate this phenomenon
[61].

Figures 3.11, 3.12, and 3.13 show the soot­NOx behavior at all three speed­load test­
ing conditions. The arrows indicate the direction of advancing injection timings.
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Figure 3.11: The soot-NOx trade-off, 70 N·m.

At both 70 N∙m and 140 N∙m conditions, the presence of fuel oxygen caused the
soot concentrations to drop, at the NOx levels shown, represented by the mark­
ers below the diesel fuel’s black square markers. The previously mentioned NOx

anomaly is displayed in both plots, where the markers corresponding to the last
SOIs are essentially below the markers corresponding to the SOI immediately be­
fore, indicating a NOx level that has not changed.

Figure 3.12: The soot-NOx trade-off, 140 N·m.

In the case of the highest load (Figure 3.13), the influence of the oxygenates was
less clear, since most of the markers are clustered together, especially in the 1400­
bar case (in agreement with the soot levels seen in Figure 3.7 above). Moreover,
the NOx anomaly can still be seen in the plots, especially also in the 1400­bar rail
pressure condition, in the clusters located in the lower right corner of the plot.

92



Figure 3.13: The soot-NOx trade-off, 280 N·m.

3.3.7 Fuel Consumption

The brake specific fuel consumption results are shown for the full load and also for
the mid­load (2000 rpm, 140 N∙m) conditions. In the 140 N∙m case, Figure 3.14,
the results were rather consistent, since the blend that supposedly has the lowest
heating value (the one containing 10% GTBE) corresponded to the highest fuel
consumption, whereas fossil diesel exhibited the lowest consumption, due to its
higher heating value.

Figure 3.14: Brake specific fuel consumption, 140 N·m.

However, in the full­load case, Figure 3.15, the situation is unclear since there are
no obvious differences among the fuels. Also, the large error bars seen in the plots,
which indicate a large variability in the measurements, suggest that the fuel con­
sumption data were not reliable in this particular condition.
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Figure 3.15: Brake specific fuel consumption, 280 N·m.

3.4 Summary

This chapter is the first of the ”experimental” chapters in this monograph. It
describes engine experiments designed to investigate the influence of GTBE and
isobutanol, as fuel blend components, on the performance and emissions of a light­
duty multi­cylinder diesel engine. Those experiments served as an initial screening
for the subsequent, heavy­duty tests described in the next chapter. More specifi­
cally, the diesel­GTBE and the diesel­isobutanol fuel blends were prepared in such
a way as to exhibit the same fuel oxygen level, that is, the amount of oxygen of the
5 vol.% GTBE blend. The first results described in this chapter show that both
oxygenated blends were able to produce the same maximum torque levels as in a
production Volvo engine of the same type. In other words, the blends could de­
liver the same brake power as a corresponding stock Volvo engine installed on a
vehicle. These results are not exactly surprising, since the intention of such low­
concentration blend is to be able to be used in unmodified engines (or at least as
minimally modified as possible) as ”drop­in” fuels. Regarding the exhaust emis­
sions, both the GTBE and the isobutanol blends performed well in the case of the
soot emissions, an important finding since soot (i.e. exhaust smoke) is the pol­
lutant against which diesel oxygenates are primarily expected to be effective. The
soot­reducing abilities of both GTBE and isobutanol were particularly evident in
the low­load (70 N∙m) and mid­load (140 N∙m) cases. However, in the ”full­load”
operating condition (280 N∙m), the soot­reducing effect was less clear. This might
have been due to the fact that the higher cycle temperatures at higher loads had
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a stronger influence on soot oxidation, thus masking the soot­decreasing effects of
the oxygenates. In the case of the hydrocarbon and carbon monoxide emissions, the
performance of both blends was not as apparent as in the soot case. The hydrocar­
bon levels produced by the fossil diesel fuel seemed to be the lowest, and so did the
levels from the 10% GTBE blend. According to the results of the carbon monox­
ide emissions, the situation was less clear in the sense that the oxygenated blends
produced CO emissions at levels that could be either lower or higher than the fos­
sil diesel emission results. In any case, regarding both the HC and CO emissions,
their levels were always low (as expected from a diesel engine) and should not be a
matter of concern. On the other hand, the NOx emissions are very important in
the case of diesels and, additionally, they can be difficult to control. Unfortunately,
the NOx emissions presented in this chapter exhibited an anomalous behavior in
which the NOx levels obtained at the most advanced SOI could remain essentially
unchanged—or be even lower—than the levels produced by the immediately pre­
ceding, and later, SOI setting. What is interesting is that such behavior was seen
at all engine operating conditions and with all tested fuels. Without taking this
anomaly into consideration, the soot­NOx trade­off results, in general, showed that
the oxygenated blends were able to lower the soot emissions while keeping theNOx

levels constant, a pattern that was not visible in the full load condition (in which the
soot­reducing benefits of the oxygenated blends were less evident). Finally, the fuel
consumption data showed that the oxygenated blends increased the brake specific
fuel consumption, a fact that is not surprising, since the presence of fuel­bound
oxygen lowers the heating value of the base fuel, leading to worse fuel economy.
This fuel consumption trend, however, was not evident in the full load case which,
given the relatively large measurement variability (as evidenced by the large error
bars), could indicate issues in the fuel flow measurement affecting the reliability of
the fuel consumption data. All in all, the oxygenated blends seemed to perform
well, particularly regarding the soot emissions without causing any negative impact
on engine performance, therefore laying the groundwork for the heavy­duty diesel
tests of the next chapter.
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Chapter 4

Heavy­Duty Diesel­Engine Tests

4.1 Introduction

As previously discussed, the addition of oxygenated compounds to diesel fuel can
reduce the exhaust particulate matter (PM) emissions from diesel engines due to,
among other factors, the suppression of soot formation [66, 58]. As an exam­
ple, oxygen­containing compounds that are derived from glycerol can effectively
be used as diesel fuel additives, such as the glycerol tert­butyl ethers (GTBE) and
also solketal and triacetin. The previous chapter demonstrated the use of such
derivatives—and also isobutanol—as diesel oxygenates through engine tests car­
ried out on a light­duty diesel engine. The results showed that those additives were
effective in decreasing exhaust soot emissions and other pollutants. However, even
though diesel is still widely used in light­duty applications (e.g. passenger cars),
it has always mostly been used as a fuel for commercial vehicles, such as trucks,
that are powered by medium­ and heavy­duty engines. So, from a practical per­
spective, heavy­duty diesel engine applications are still relevant, while—as stated
in the previous chapter—the popularity of light­duty diesels declined in the years
after Volkswagen’s “Dieselgate” scandal in 2015 [4]. Therefore, the present chapter
complements the previous one by investigating the use of oxygenated compounds
as blend components, this time on a heavy­duty engine.

The engine during the heavy­duty test campaign was a modified 13­liter Scania
truck engine, originally having six cylinders, but converted to single­cylinder op­

97



eration. Regarding the fuels tested, in this chapter, the blends of the oxygenated
compounds with fossil diesel fuel were prepared in two different ways: by mix­
ing them based on a fixed fuel oxygen content (in which case their concentrations
varied) and by mixing them at a constant ratio (in which case the blends’ oxygen
content varied). Thus, the experiments described in this chapter were divided into
two parts, one for each of those conditions. However, the experimental setup, the
test conditions and the test procedure were exactly the same in both cases.

4.2 Materials and Methods

This section describes the engine, the main test cell instrumentation, as well as the
fuels tested and the test matrix and procedure.

4.2.1 Engine

The engine used in the tests was a Scania DC13 engine (Figure 4.1), originally hav­
ing six cylinders, but converted to single­cylinder operation. This engine, in its
stock configuration, is a typical example of an on­highway, long­haul, heavy­duty
diesel engine. Its basic specifications are shown in Table 4.1 and a schematic of the
test cell layout is shown in Figure 4.2.

Table 4.1: Basic specifications of the single-cylinder Scania DC13 engine.

Scania DC13
No. of cylinders 1
Compression ratio 20:1
Bore 130 mm
Stroke 160 mm
Displacement 2.124 L
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Figure 4.1: The Scania DC13 engine in the test cell at Lund University.

Figure 4.2: Simplified schematic of the engine installation in the test cell.

4.2.2 Instrumentation

The engine was coupled to an ABB M2BA 280SMB 3­phase electric motor, rated
at 90 kW, acting as a dynamometer and the crankshaft position was determined by
a Leine & Linde Model 520026011 incremental encoder. The in­cylinder pressure
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traces were obtained with a Kistler Type 7061B piezoelectric pressure transducer,
flush­mounted in the cylinder head. The pressure traces were amplified by a Kistler
Type 5011 charge amplifier. The in­cylinder pressure was pegged to the pressure in
the intake manifold when the piston is in the bottom dead center position. More­
over, the absolute crank position was calibrated based on the peak motoring in­
cylinder pressure having an offset of 0.4 crank angle degree before top dead center,
as in the previous chapter. For the determination of the fuel consumption, the sup­
ply fuel tank was placed on a Radwag APP 10.R2 scale and the fuel mass flow rate
was obtained through the calculation of the rate of change of the fuel mass, which
was done by the linear fitting of the fuel mass data measured by the scale. The
intake air mass flow rate was measured with a Bronkhorst F106CI mass flow meter.
The gaseous emissions (HC, NOx, CO, CO2, and O2) were sampled and measured
by an AVL AMA i60 emission bench whereas the soot emissions were sampled and
measured with an AVL Micro Soot sensor (MSS). The engine was controlled and
test measurements were logged by a LabVIEW­based program.

The technical specifications of key instruments are shown in Table 4.2.

Table 4.2: Specifications of key measuring instruments used in the tests.

Variable Sensor Model Measurement Range Accuracy

Crankshaft position Leine & Linde Model
520026011

­ 0.2 CA

In­cylinder pressure Kistler Type 7061B
transducer & Type 5011
amplifier

0–250 bar ­

Fuel flow rate Radwag APP 10.R2 0–10 kg 0.01 g
CO/CO2

AVL AMA i60

0–1/16%

1% FS
NOx 0–25%
HC 0–10000 ppm
O2 0–25%
Soot AVL Micro Soot Sensor 0–50 mg/m3 5 mg/m3

4.2.3 Heat Release Calculation

The rate of heat release was evaluated, based on the in­cylinder pressure trace, at
each engine firing cycle and the results were obtained from the average value of
300 firing cycles. The heat release calculations were done according to the single­
zone method outlined by Gatowski et al. [198] according to Equation (4.1) below,
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assuming the crevice flows to be negligible. In this equation, Q is the gross heat
release, θ is the crank­angle degree, γ is the ratio of specific heats, p is cylinder
pressure, V is cylinder volume, and QHT is the heat transfer to the cylinder walls.
In addition, the working fluid’s temperature and composition were assumed to be
uniform. Heat transfer was calculated from Woschni ‘s well­known correlation
[199].

dQ
dθ

=
γ

γ − 1
p
dV
dθ

+
1

γ − 1
V
dp
dθ

+
dQHT

dθ
(4.1)

4.2.4 Test Matrix

The engine experiments were conducted at the engine operation conditions de­
scribed in Table 4.3, whose designation is explained as follows: The “A” points rep­
resent a low­speed idle running condition, the “B” points are typical of a medium­
speed high load condition, and the “C” points represent a higher­speed, mid­load
condition. Each of these speed­load conditions was run at a higher (“1”) and lower
(“2”) fuel rail pressure.

No EGR was used throughout the engine tests.

Table 4.3: Experimental test matrix.

Point Speed [rpm] Load (IMEPa, gross)
[bar]

Rail Pressure [bar]

A1
600 5

800
A2 600
B1

1200 20
1400

B2 1200
C1

1500 10
1200

C2 1000

aIndicated mean effective pressure

4.2.5 Test Procedure

The evaluation of the fuel blends was carried out by running the engine at the three
speed and load conditions, and at the rail pressures described above, for a total
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of six operating conditions. At each of those points the start of injection (SOI)
timing was varied by two­degree increments, for a total of four SOI timings, and
two consecutive one­minute measurements were taken at each point.

Therefore, one full experimental test matrix, as described by Table 3, comprised
48 one­minute measurements, representing three speed­load conditions run at two
different rail pressures, with four SOI angles at each of those conditions, taking
two consecutive one­minute measurements at each SOI setting. Except for the tri­
GTBE blend (for which the matrix was run only once, due to the limited amount
of additive available), the blends were tested by running the full matrix at least
twice, meaning that at least a total of 96 measurements were carried out for each
fuel blend. In other words, each test variable was logged for a total minimum of
four minutes (two times two consecutive one­minute measurements).

Upon changing the fuel blends, the fuel lines were flushed thoroughly with the
new blends, after which the engine ran for at least 15 minutes at medium load.
Besides, before taking a measurement, the engine was left to stabilize until the
exhaust temperature was roughly constant, which could take about two minutes at
high load and up to 15 minutes at light load.

During the experiments, the intake air temperature was kept at 30°C and both the
oil and coolant temperatures were kept at roughly 90°C.

4.3 Fuel Blends with Fixed Oxygen Content

In this section, the evaluation of the diesel­GTBE and the diesel­isobutanol blends
was done by preparing the mixtures in such a way that they all had the same oxygen
content as the diesel­5% GTBE blend. This is in accordance with the procedure
employed in Chapter 3. However, unlike the previous chapter, in the present one
the base diesel (with which the additives were mixed) was not neat fossil diesel, but
rather B7 diesel (see paragraph below). Fossil diesel was used as a non­oxygenated
reference fuel.

4.3.1 Fuels Tested

Throughout the tests, the fuels used as reference were:
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• Fossil diesel

• B7 diesel

B7 diesel is a mixture of fossil diesel with 7 vol.% biodiesel (fatty acid methyl esters,
FAME). This fuel is particularly relevant, as the diesel fuel sold at fuel stations in
the E.U. contains a certain amount of biodiesel blended into it. (The European
norm EN590 [200] allows up to 7 vol.% biodiesel to be blended into fossil diesel
for transportation, hence the name B7). Another reason was the fact that, serving
as a co­solvent, biodiesel was supposed to improve the miscibility of the ”mono­
shifted” GTBE (see below), in fossil diesel. Because of that, all of the fuel blends
in this study were prepared using B7 as the base fuel.

To ensure that the B7 diesel used in the tests actually contained 7 vol.% biodiesel,
the exact amounts of it were carefully measured and mixed with fossil diesel before
the experiments.

In addition to fossil diesel and B7 diesel, the following oxygenated fuel blends were
tested (all of which were made by mixing the additives with the previously prepared
B7 diesel):

• 4.5 vol.% of a 75%/25% mixture of mono­ and di­GTBE (representing a
”mono­shifted” GTBE mixture¹)

• 5.0 vol.% di­GTBE (reference blend, see below)

• 6.4 vol.% tri­GTBE

• 6.2 vol.% isobutanol

The oxygen content of the 5 vol.% di­GTBE blend was estimated as being approx­
imately 2 wt.% oxygen, assuming that biodiesel contains 11 wt.% oxygen, a typical
value [202, 203].

Key properties of the fuels/blends used are listed in Table 4.4.

¹Due to the fact that the reaction conditions were tweaked in order to shift the final composition towards
mono­GTBE, as described in a patent by Versteeg and Wermink [201]. In other words, it is a mono­GTBE­rich
mixture
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Table 4.4: Key properties of the fuels/blends used in the tests (fixed oxygen content).

Fuel/Blend Molecular Weight Density [kg/dm3] LHVa [MJ/kg]

Fossil dieselb 170 0.810 43.2
B7 dieselc 176 0.815 42.7
4.5 vol.% M­S GTBEd 157 0.810 42.5
5.0 vol.% di­GTBE 177 0.819 42.1
6.4 vol.% tri­GTBE 180 0.818 42.4
6.2 vol.% i­BuOH 162 0.814 42.1

aLower heating value
bObtained from [77].
cBiodiesel properties obtained from [203].
d”Mono­shifted GTBE”, i.e. a mix of 75 vol.% mono­ and 25 vol.% di­GTBE.

4.3.2 Results and Discussion

The tests results shown below include fuel consumption and the exhaust emis­
sions of soot, hydrocarbons (HC), carbon monoxide (CO), and oxides of nitro­
gen (NOx). In order to save space, the focus is on the results corresponding to the
lower rail pressures at each speed­load condition (see Table 4.3.. However, in the
discussion related to the soot­NOx trade­off, the results obtained with both lower
and higher rail pressures are shown.

As the plots show, for all engine conditions tested, the results exhibited a clear and
consistent trend, which is a good indicator of the quality of the data. The overall
results can be summarized as follows:

Soot

Exhaust smoke is historically the pollutant most commonly associated with diesel
engines, with soot being the major constituent of it. Therefore, it is not surpris­
ing that much effort has been spent on mitigating soot emissions, which can be
accomplished by means of improvements in engine design, exhaust aftertreatment
devices, or by fuel modification, which is the case in this work.
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Figure 4.3: Soot emissions.

As expected, the results consistently show that fossil diesel, a fuel that contains no
oxygen, produced the highest soot concentrations in all cases, as Figure 4.3 clearly
shows. Moreover, and in accordance with its oxygen content, B7 diesel seemed to
produce lower soot emissions than neat fossil diesel. The other oxygenated blends,
which have a higher fuel oxygen level than B7, resulted in even lower soot levels.
Even though the results exhibit some variability (as illustrated by the error bars),
the 3.6% 75/25 mono­di­GTBE blend did seem to give the lowest soot emissions
overall.

Hydrocarbons

Unlike the majority of spark­ignition engines, the fuel­air mixture in diesel engines
is non­homogeneous and it is also overall lean (i.e. it contains excess air), therefore
the hydrocarbon emissions are typically low for diesel engines, and this has been
the case for all of the test results, see Figure 4.4. Moreover, as can be seen in all
plots, fossil diesel produced the lowest hydrocarbon emissions, when compared to
the oxygenated blends. The discrepancy was more evident at the low­speed, low­
load condition (1000 rpm, 5 bar IMEP). A possible explanation is that, at the
lower cycle temperatures characteristic of such light­load conditions, the presence
of the oxygenated compounds worsened the combustion efficiency of the blends,
resulting in higher unburned HC emissions. On the other hand, at the inherently
high cycle temperatures of the high­load conditions, that decrease in combustion
efficiency was much less noticeable, since the higher temperatures promoted fuel
oxidation to some extent, regardless of the presence of the oxygenates.
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Figure 4.4: Hydrocarbon emissions.

Carbon Monoxide

As stated above, diesel engines always operate lean of stoichiometric and therefore
the CO emissions are typically very low for diesel engines. In the test results, as
seen in Figure 4.5, the CO levels increase with increasing load (and therefore, de­
creasing air/fuel ratio), since the behavior of CO formation is directly linked to the
relative air/fuel ratio (λ). In most cases all fuels resulted in approximately the same
CO levels. The increase in CO emissions with increasing engine speed might be
attributed to the shorter combustion times at higher speeds, meaning that a larger
fraction of CO will not be fully oxidized to CO2.

Figure 4.5: Carbon monoxide emissions.
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Nitrogen Oxides

If the fuel does not contain any nitrogen—which is usually the case—the formation
and emission of oxides of nitrogen (mostly nitric oxide, NO) is basically a func­
tion of the peak temperatures occurring during the combustion process. Because
all of the oxygenated fuel blends contained additives in low amounts of oxygenates
(biodiesel and GTBE), it is not expected that such compounds would cause a sig­
nificant cooling of the combustion temperatures. Therefore, according to Figure
4.6, the NOx emissions were very consistent for all fuel blends tested.

Figure 4.6: NOx emissions.

The Soot­NOx Trade­Off

As already mentioned in the previous chapter, the emissions of soot and oxides of
nitrogen, when analyzed together, are very important in the case of diesel engines
because mitigating one typically causes an increase of the other (the well­known
soot­NOx trade­off exhibited by diesel engines when running on conventional fu­
els).

The three plots in Figure 4.7 show the emissions ofNOx and soot for each fuel blend
at each speed­load condition. At each plot, the results were obtained by varying the
SOI angle at two­crank­angle­degree intervals, for a total of four measurements.
For the sake of comparison, the three plots are shown with the same y­axis (soot)
and x­axis (NOx) scales. The arrows indicate the direction of advancing injection
timings.
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Figure 4.7: The soot-NOx trade-off—lower rail pressures.

The plots show some interesting features. The soot­NOx trade­off was clearly exhib­
ited by fossil diesel in the 1200 rpm, 20 bar IMEP, 1200 bar RP case (the middle
plot), since advancing the start of injection caused a significant decrease in soot
emissions while at the same time increasing the NOx emissions appreciably. On
the other hand, the oxygenated fuel blends (appearing as the four “clusters” at the
bottom of the plot), exhibited a rather different behavior. In this case, the soot
emissions, as the SOI angles were changed, were essentially unchanged while the
NOx concentrations varied appreciably, producing “flat” soot­NOx curves. More­
over, the GTBE blends, along with the isobutanol blend, despite containing more
fuel­bound oxygen (approximately 2 wt.%), produced essentially the same reduc­
tion in soot emissions as the B7 diesel (which contains around 0.8 wt.% oxygen).
Even though the soot levels are low relative to the range shown in the y­axis, a
similar situation can be observed in the 1000 rpm, 5 bar, 600 bar RP case, where
the oxygenated blends seemed to produce soot concentrations that were both lower
and relatively constant as the NOx values changed. In the 1500 bar, 10 bar IMEP,
1000 bar RP case, however, the overall results were less clear, since the soot emis­
sions seemed to increase and then decrease with advancing SOI angles (a behavior
which was more evident with fossil diesel). Other than that, the oxygenated blends
resulted in lower soot emissions, this time with the blends containing more oxygen
producing the lowest soot levels, compared to B7 diesel.
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Figure 4.8: The soot-NOx trade-off—higher rail pressures.

In the case of the higher rail pressures (800, 1400, and 1200 bar, Figure 4.8), besides
the obvious lower soot and higher NOx ranges displayed by the plots, the situation
is slightly different, compared to the lower rail pressure case. First, at the high­
load condition (1200 rpm, 20 bar IMEP), the oxygenated blends did decrease the
soot emissions, since they are located below the black square markers representing
fossil diesel. However, they also seemed to increase the NOx emissions. This could
be a result of the higher rail pressure—1400 bar—being more dominant, that is,
increasing theNOx emissions to a higher extent than decreasing the soot levels. On
the other hand, this behavior was different for the low­load condition (1000 rpm,
5 bar IMEP). Here it is more evident that the oxygenated blends were able to lower
the soot emissions without a NOx penalty, as the clusters seem to be immediately
below the black diesel markers. For the mid­load case (1500 rpm, 10 bar IMEP),
the situation was less clear, as in the low rail pressure case described above, since the
soot concentrations seemed to increase and then decrease with earlier SOI angles,
a behavior that was more prominent in the case of fossil diesel.

For illustration purposes, the plot in Figure 4.9 shows the soot­NOx results for all
fuels, at all engine operating conditions tested, comprising a total of 144 measure­
ments. The results from the “sootiest” condition (fossil diesel, 1500 rpm, 10 bar
IMEP, 1000 bar rail pressure) are clearly seen at the top, whereas the oxygenated
blends are clustered towards the bottom.
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Figure 4.9: All soot-NOx measurements.

Fuel Consumption

Fuel consumption is—unsurprisingly—essentially a function of the fuel’s heating
value. Because all blends tested contained the oxygenated additives mixed at low
concentrations, the measured fuel consumption figures were not much different
compared to the fossil diesel baseline. In addition to that, experimental issues in
the fuel consumption equipment caused the final results to be rather unclear (es­
pecially in the 1000 rpm, 5 bar, 600 bar RP case). However, the difference in fuel
consumption between the fuels tested is expected to be minimal, due to the differ­
ences in heating value not being very significant². Therefore, fossil diesel should
result in the lowest fuel consumptions, a fact shown in some of the plots in Figure
4.10.

²As an example, assuming diesel fuel to have a heating value of 43 MJ/kg, the addition of 7 vol.% of
isobutanol (which has an LHV of 33 MJ/kg) would cause the blend to have an LHV of approximately 42.9
MJ/kg.
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Figure 4.10: Indicated specific fuel consumption.

In­Cylinder Pressure and Rate of Heat Release

In the combustion analysis that follows, in addition to fossil diesel, only the 6.2 vol.
% blend of isobutanol—the fuel containing the largest amount of oxygenate—was
included. In this particular case, the plots correspond to the high­load (1200 rpm,
20 bar IMEP), high rail pressure (1400 bar) and earliest SOI (7 deg BTC) operating
condition, the one that produced the highest peak value (slightly over 200 bar) and
the highest rate of increase of in­cylinder pressure. It can be clearly seen from
the plots in Figure 4.11 that the addition of the oxygenate compounds to the B7
base fuel did not result in any marked effect on the cylinder pressure traces and the
corresponding heat release calculations. In other words, the effect of the oxygenated
blends on the pattern and phasing of the combustion process was negligible. This
is not surprising, since previous studies have reported similar results when GTBE
was added in 10 vol.% concentration [204, 205] and even at a concentration of 20
vol.% [206, 207].
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Figure 4.11: In-cylinder pressure and computed rate of heat release.

4.4 Fuel Blends with Fixed Additive Amount

In this section, the oxygenated fuel blends made for the engine experiments con­
tained a fixed amount of the oxygenated compounds, in contrast with the previous
section, where the blends had a fixed amount of fuel­bound oxygen.

4.4.1 Fuels Tested

For the engine tests described in this chapter, as before, two fuels were used as
reference: neat fossil diesel and B7 diesel. As in the case of blends with fixed oxygen
content, described in the previous section, the B7 diesel was the base fuel with
which the oxygenated compounds were mixed.

In order to broaden the scope of this work, besides the GTBE compounds already
mentioned, two additional glycerol derivatives were included in the present sec­
tion: solketal, and triacetin. As discussed in Chapter 2, these compounds are the
products of the reaction of glycerol with acetone and acetic acid, respectively, and
also have the potential to be used as fuel additives.

Some relevant properties of the oxygenated additives are listed in Table 2.4, in
Chapter 2.
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The Oxygenated Blends

The oxygenated fuel blends investigated in this section were prepared by mixing
the compounds listed below with B7 diesel at a fixed concentration of 4.0 vol.%.
One reason for such low concentration relies on the estimated assumption that the
amounts of biodiesel­derived glycerol available on the markets—based on the max­
imum 7 vol.% prescribed by the EN 590 standard [200]—would not be enough for
the production of higher­concentration fuel blends in large scale. Indeed, since the
amount of by­product glycerol is around 10 wt.% of the biodiesel output, the B7
mandate means that the actual concentrations of GTBE—or some other glycerol­
based additive—mixed with the diesel fuel would be rather small. On the bright
side, low­concentration blends are more likely to comply with the existing fuel
standards and thus be used as drop­in fuels, that is, they should meet current fuel
specifications and be able to be used in existing engines and infrastructure without
modifications. The 4 vol.% additive amount was chosen in the hope of detecting
noticeable effects.

Accordingly, the following 4 vol.% fuel blends with B7 diesel were prepared and
investigated in this section:

• A 75%/25% mixture of mono­ and di­GTBE (the ”mono­shifted” GTBE—
see above)

• di­GTBE

• tri­GTBE

• Solketal

• Triacetin (glycerol triacetate)

• Isobutanol

As discussed in Chapter 2, among the GTBE components, mono­GTBE is the
cheapest one to produce, but in pure form it has poor solubility in diesel fuel. How­
ever, the addition of di­GTBE can improve its miscibility. Therefore, the GTBE
mixture comprised of 75% mono­ and 25% di­GTBE (i.e. the ”mono­shifted”
GTBE mix) represents a compromise between cost and solubility in diesel fuel,
and for that reason it was included among the fuel blends investigated.
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The GTBE samples used in the tests were provided by the BioRen project partner
Procede B.V. (Enschede, Netherlands) and both solketal and triacetin were pur­
chased from Sigma­Aldrich.

Key properties of the fuels/blends used are listed in Table 4.5.

Table 4.5: Key properties of the fuels/blends used in the tests (all additives blended with B7 at 4.0 vol.%).

Fuel/Blend Molecular Weight Density [kg/dm3] LHVa [MJ/kg]

Fossil dieselb 170 0.810 43.2
B7 dieselc 176 0.815 42.7
”Mono­shifted” GTBE 175 0.821 42.1
di­GTBE 177 0.818 42.3
tri­GTBE 178 0.817 42.5
Solketal 173 0.825 41.7
Triacetin 178 0.829 41.3
Isobutanol 167 0.815 42.3

aLower heating value
bObtained from [77].
cBiodiesel properties obtained from [203].

The results obtained with the oxygenated blends are presented and discussed in the
following section.

4.4.2 Results and Discussion

For the sake of brevity, only the results for the ”B2” condition (1200 rpm, 20 bar
imep, 1200 bar RP) are discussed. Furthermore, due to the number of blends tested,
in order to avoid clutter, the results are shown in two separate plots, both showing
the results from fossil diesel and B7 diesel (as reference fuels).

All LabVIEW­based engine control program logged engine variables such as tem­
peratures, flow rates, gaseous emissions and fuel consumption at a rate of 2 Hz. In
addition, data from the micro soot sensor (MSS) was logged at 0.67 Hz. Finally,
as previously stated, crank­angle based quantities were logged with a resolution of
0.2 crank angle degree.

Therefore, at 1200 rpm (i.e. 10 engine cycles per second) each one­minute indi­
vidual measurement is a sample of 600 engine cycles, and the various test variables
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were logged at the frequencies described above. As previously explained, except
for the tri­GTBE blend, each result shown in the plots represents the average from
at least four one­minute individual measurements combined. As in the previous
cases, the error bars in the plots represent the variability in the results, calculated
using the standard deviation of the logged measurements.

Soot Emissions

As commented before, it is well known that fuel­bound oxygen helps decrease ex­
haust soot emissions [61, 50, 208]. Therefore, the addition of the glycerol­derived
oxygenates to the base diesel fuel was expected to lower the emissions of soot to
some extent, when compared to the case of neat fossil diesel, since it does not con­
tain any oxygen. In agreement with that, the plots in Figure 4.12 show that, in
general, fossil diesel produced the highest exhaust soot concentrations, when com­
pared to the oxygenated blends. However, even though the fuel blends containing
oxygenates produced less soot than neat fossil diesel, the ability of the individual
blends in lowering soot formation was not straightforward. The GTBE blends,
despite containing more fuel­bound oxygen (approximately 2 wt.%), resulted in
roughly the same decrease in soot emissions as the B7 diesel (which contains around
0.8 wt.% oxygen). This result should not be entirely unexpected, since a given fuel
oxygen content can have different amounts of percent soot reduction [50], so there
is not a fixed correlation between these two variables. In other words, more fuel
oxygen does not necessarily result in less PM emissions. In their 2007 work, Tree
and Svensson [50] discuss the results of a number of studies about the influence
of oxygenated soot structure on soot reduction. While there are studies indicating
that soot reduction is primarily a function of fuel oxygen content [61], in their ar­
ticle, Tree and Svensson also mention several studies concluding that fuel structure
does play a role in reducing soot formation. In other words, fuels containing the
same amount of oxygen—but with different structure—may produce significantly
distinct levels of soot. Other studies indicating that an oxygenate’s chemical struc­
ture has an influence on the overall PM reductions include the works of Delfort et
al. [209] and Frusteri et al. [210]. In any case, the engine­out soot emissions for
all tested fuels were very low, as is the case with a modern diesel engine equipped
with a high­pressure common­rail fuel injection system.
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Figure 4.12: Soot emissions.

Hydrocarbons and Carbon Monoxide Emissions

Unlike spark­ignition engines, the fuel­air mixture in diesel engines is as a whole
both non­homogeneous and lean. Therefore, the hydrocarbon emissions are typ­
ically low for diesel engines, and this has been the case for all of the test results.
Moreover, as it can be seen in the plots in Figure 4.13, the oxygenated fuel blends
produced the lowest hydrocarbon emissions, compared to fossil diesel. These results
were likely due to a slightly improved combustion efficiency.

Figure 4.13: Hydrocarbon emissions.
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Figure 4.14: Carbon monoxide emissions.

Diesel engines always operate globally lean of stoichiometric and therefore the emis­
sions of carbon monoxide are typically very low and as such they are usually not a
matter of concern. In any case, based on the test results, shown in Figure 4.14, the
CO emissions seemed to be slightly lower with the oxygenated blends.

The emissions of hydrocarbons and carbon monoxide can be thought of as a mea­
sure of combustion efficiency and, accordingly, a decrease in the cetane number of
a fuel may result in higher concentrations of HC and CO in the exhaust [211]. In
the present case, however, the low concentration of oxygenates in the fuel blends
was most likely not enough to affect combustion completeness, which could have
increased the emissions of hydrocarbons and carbon monoxide.

Nitrogen Oxide Emissions

In general, oxygenated fuels tend to result in higher NOx emissions [212, 213, 214,
215]. This may be due to the increase in peak temperatures resulting from a more
complete combustion process in locally rich zones, caused by the presence of oxy­
gen in the fuel [206]. In addition, the extra oxygen available may either contribute
to increase the formation of NOx [207] or to decrease it, by lowering flame tem­
peratures. In the present case, once more, the low concentration of oxygenates in
the fuel blends was not enough to affect the NOx emissions to a significant de­
gree, as the plots in Figure 4.15 show that the NOx variations are roughly in the
range defined by the error bars (plus and minus one standard deviation of the mean
value).
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Figure 4.15: NOx emissions.

The Soot­NOx Trade­Off

As shown in Figure 4.16, fossil diesel clearly exhibits the soot­NOx trade­off: ad­
vancing the start of injection (as illustrated by the measured points towards the right
of the plots) causes a significant decrease in soot emissions while theNOx emissions
increase appreciably. The oxygenated blends, represented by the four “clusters” at
the bottom of the plots, exhibited a different behavior, in which the NOx emis­
sions can be decreased without a significant penalty in soot formation—that is, the
soot­NOx curves are more or less “flat”. In other words, the oxygenated blends ex­
hibit the highest soot reduction at the same NOx levels, a behavior that is typical of
oxygen­containing fuels [206]. Also, for a given NOx value, the oxygenated blends
always produced lower soot levels, compared to fossil diesel. The arrows indicate
the direction of advancing injection timings.

Figure 4.16: The soot-NOx trade-off.
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Indicated Specific Fuel Consumption

Fuel consumption is essentially due to the fuel’s heating value, and variations in
engine efficiency: the higher the heating value or the engine efficiency, the lower
the fuel consumption for a given engine condition, and vice versa. Due to the small
additive concentrations, the heating values of the fuel blends were not significantly
different from the heating value of fossil diesel (see Table 4.5). Consequently, the
fuel consumption figures with the oxygenated blends were not expected to be sig­
nificantly higher than the fossil diesel fuel consumption (due to the decrease in
heating value caused by the presence of oxygen in the fuel). In addition, it was not
expected that the addition of small amounts of the oxygenated compounds would
affect the engine’s thermal efficiency. Finally, experimental uncertainty caused the
final fuel consumption results to be fairly unclear and that might have exaggerated
the differences among the tested fuel blends. It is also assumed that the uncer­
tainty in fuel consumption was further amplified by the persistent presence of air
bubbles in the engine’s fueling system. Those were likely the result of the frequent
fuel changes during the experiments with the corresponding flushing of the old
fuel blends with the new ones. Regardless of all that, it can be noticed that fossil
diesel, having a slightly higher heating value than the oxygenated blends, had the
lowest fuel consumption in comparison to those blends, as the plots in Figure 4.17
illustrate.

Figure 4.17: Indicated specific fuel consumption.
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In­Cylinder Pressure and Rate of Heat Release

In the combustion analysis that follows, in addition to fossil diesel and B7 diesel,
only the 4 vol. % blends of mono­, di­, and tri­GTBE, plus solketal and triacetin
were included. As in the first part of this chapter, the chosen engine operating
condition was 1200 rpm, 20 bar IMEP, 1400 bar RP, and an SOI of 7 deg BTC.
Interestingly, as Figure 4.18 shows, the oxygenated blends exhibited lower peak
release rates, when compared to fossil diesel. The reason this behavior is unclear,
since the addition of those compounds, whose cetane numbers are believed to be
low, should promote higher peak heat release rates. In a best case scenario their
addition would not result in any significant impact, due to their low concentrations.

Figure 4.18: In-cylinder pressure and computed rate of heat release.

4.5 Summary

According to the results obtained from the heavy­duty diesel engine experiments,
the emissions data, in general, were quite consistent. They also showed that the
addition of the oxygenates in low concentrations—either at fixed oxygen or at a
fixed additive content—did not cause any significant negative effects on engine
performance and emissions.

Regarding the emissions, as expected, fossil diesel produced the highest levels of
soot, since it has no fuel­bound oxygen. The oxygenated compounds, in general,
seemed to improve the engine­out emissions of soot, hydrocarbons, and carbon
monoxide, without compromising the NOx emissions significantly. As seen in
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the first part of this chapter, the GTBE blends, regardless of their higher oxygen
content, did not always seem to perform better than B7 diesel, regarding soot emis­
sions, suggesting that their different chemical structures, in addition to their oxygen
contents, had an influence on the soot emissions.

The fuel consumption results, on the other hand, were unfortunately not very clear.
This may be due to the minimal differences in heating value among the fuels tested,
and also to instabilities in the fuel measuring equipment used throughout the ex­
perimental campaign. In any case, the volumetric fuel consumption with the oxy­
genated fuels was found to increase slightly, due to their lower heating value.

The overall findings suggest that the oxygenated diesel fuel blends containing the
glycerol derivatives and the isobutanol described in this study, in low concentra­
tions, have the potential to be used as drop­in fuels, that is, without requiring any
engine modifications or changes to the already existing fuel infrastructure. How­
ever, one should interpret these findings with caution, since any commercial fuel
blend must conform to the applicable fuel standards, which means that all the reg­
ulated physicochemical fuel properties (such as density, lubricity, volatility, etc.)
must be within specified ranges. Therefore, a comprehensive fuel certification pro­
cess would need to be carried out before the blends are commercialized.
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Chapter 5

Spark­Ignition Engine Tests I:
Surrogate­Oxygenate Blends

5.1 Introduction

As described in the previous two chapters, the glycerol derivatives, plus isobutanol,
in general performed well as blend components for diesel fuel, being able to im­
prove the soot­NOx trade­off due to the presence of fuel­bound oxygen. Those
results were observed in both the light­duty (Chapter 3) and heavy­duty (Chapter
4) diesel engine tests. This chapter now introduces and describes the spark­ignition
(SI) engine tests, more specifically the evaluation of the different oxygenated com­
pounds as gasoline blend components, whereas Chapter 6 deals with neat alcohol
fuels. Moreover, in contrast with the preceding chapters, the present one expands
the research scope even further, by including four new compounds to be inves­
tigated, namely methanol, ethanol, isopropanol, and n­butanol. In this chapter,
these alcohols are evaluated in addition to isobutanol and the glycerol derivatives
already introduced. For the SI tests, a modified Waukesha CFR engine was used
throughout. A special focus of this—as well as the next—chapter is the charac­
terization of the knock propensities of the different compounds studied. Being
the standard device for the octane rating of SI fuels, the CFR engine proved to be a
valuable and reliable tool for such purpose. This chapter then concludes with a gen­
eral assessment and recommendations regarding the performance of the different
compounds as gasoline oxygenates.
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As discussed in Chapter 2, engine knock has a negative influence on the efficiency
of spark­ignition engines, since it limits the maximum compression ratios that can
be achieved. In addition, the possibility of knock occurrence may also restrict the
ignition timings corresponding to MBT (maximum brake torque) operating con­
ditions, especially at higher loads. These limitations on both the compression ratio
and the spark timings preclude the attainment of higher overall engine efficiencies.
Therefore, this negative impact of knock must be minimized as much as possible.
Even if the likelihood of knock occurrence cannot be completely eliminated, it can
be significantly decreased.

One way this can be achieved is by adding specific chemical compounds to the
fuel, aiming at increasing its knock resistance. For instance, adding a suitable oxy­
genate to the base gasoline can improve its octane rating, which results in the at­
tainment of higher compression ratios, boosting engine efficiency. Furthermore,
if the oxygenate in question is produced from renewable sources, it has the poten­
tial to decrease net CO2 emissions, thus contributing to the decarbonization of the
transportation sector.

Ethanol is of particular relevance among gasoline oxygenates due to the fact that it
can easily be biologically produced from a wide range of sugary or starchy feedstocks
by a variety of techniques [108].

Even though ethanol is by far the most widely used gasoline oxygenate, other alco­
hols and also other types of chemical compounds have the potential to be used as
gasoline additives. Therefore, this chapter describes engine experiments that were
conducted to evaluate the potential of the glycerol­derived compounds and the al­
cohols introduced in Chapter 2, whereas Chapter 6 addresses the use of the C₁–C₄
alcohols as neat fuels for SI engines.

5.2 Methods and Materials

5.2.1 The CFR Engine

The Waukesha CFR engine, already introduced in Chapter 2, was the engine used
for the SI experiments described in this work. Its technical specifications are shown
in Table 2.1, and therefore will not be reproduced here. A picture of the CFR engine
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used in this study is shown in Figure 5.1, and a schematic representing the overall
experimental setup is shown in Figure 5.2.

Figure 5.1: The CFR engine in the test cell at Lund University.

Figure 5.2: Schematic of the CFR engine setup. (T: temperature; P: pressure; PFI: port fuel injection).
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5.2.2 Additional Instrumentation

For the tests described in this chapter, some of the engine’s original systems re­
mained unmodified, including the intake air refrigeration unit, which provides fil­
tered and dehumidified combustion air, and also the cylinder jacket cooling system.

The main modification made on the engine was the removal of the original four­
bowl carburetor assembly and the installation of four electronically controlled Bosch
0280150712 fuel injectors installed in the engine’s intake runner. Additionally, the
original power absorption electric motor was substituted with a Lönne 14BG 206­
2AA60­Z motor, which was used to start the engine, absorb the power output of
the engine and maintain constant engine speed. The modifications also included
a Leister LE 3000 intake air heater mounted on the intake manifold. To measure
fuel consumption, a Sartorius CPA62025 scale was used. The in­cylinder pressure
trace was measured with a water­cooled Kistler Type 7061B piezoelectric pressure
transducer mounted in the cylinder head and connected to a Kistler Type 5011
change amplifier. This transducer was installed in the same hole normally used
by the D­1 Detonation Pickup, the pressure sensor used by the CFR engine in its
original configuration. Crankshaft position was measured by a Leine & Linde RSI
503 22990963­06 shaft encoder, with a resolution of 1800 pulses per crankshaft
revolution. The relative air–fuel ratio (lambda) was measured by a Bosch UEGO
(universal exhaust–gas oxygen) sensor mounted on the exhaust pipe and coupled
to an ETAS LA4 Lambda Meter. The control of the engine, as well as the logging
of the experimental data were done by a custom­built LabVIEW 2011 program.

The in­cylinder pressure was pegged to the pressure in the intake manifold when the
piston was in the bottom dead­center position (BC) of the intake stroke. Moreover,
the absolute crank position was calibrated based on the peak motoring in­cylinder
pressure having an offset of 0.4 crank angle degree before top dead center, according
to the recommendations by Tunestål [195].

The measurement specifications of key measuring instruments are listed in Table
5.1.
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Table 5.1: Measurement range and resolution of select measuring instruments.

Variable Device Range Resolution

In­cylinder pressure Kistler 7061B 0­250 bar 1.25 bar
Intake pressure

Keller PAA­33X
0­5 bar 250 Pa

Exhaust pressure 0­10 bar 500 Pa
Crank angle, engine
speed

Leine & Linde RSI 503 0­6000 rpm 0.2 CAD a

Fuel consumption Sartorius CPA6202S 0­6200 g 0.01 g
Gaseous emissions AVL SESAM i60FT 0­max 10000 ppm ≤ 2% of the measured

value

aCAD: crank angle degree.

5.2.3 Heat Release Calculation

The rate of heat release was evaluated, based on the in­cylinder pressure trace, at
each engine firing cycle and the results were obtained from the average value of
1000 firing cycles. The heat release calculations were done according to the single­
zone method outlined by Gatowski et al. [198] according to Equation (5.1) below,
assuming the crevice flows to be negligible. In this equation, Q is the gross heat
release, θ is the crank­angle degree, γ is the ratio of specific heats, p is cylinder
pressure, V is cylinder volume, and QHT is the heat transfer to the cylinder walls.
In addition, the working fluid’s temperature and composition were assumed to be
uniform.

dQ
dθ

=
γ

γ − 1
p
dV
dθ

+
1

γ − 1
V
dp
dθ

+
dQHT

dθ
(5.1)

Heat transfer was calculated from Woschni ‘s well­known correlation [199] and the
heat release from motored cycles was subtracted from the fired heat release to re­
duce measurement and model errors [216]. The heat transfer model required the
determination of the in­cylinder gas temperature at the time of inlet valve clos­
ing. This was calculated from the measured intake temperature, which was then
corrected with a simple temperature model, taking into account the heating from
intake walls and from mixing with hot residuals. A detailed description of the heat
release calculations can be found in a previous study by Truedsson et al. [216],
carried out on exactly the same engine.
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5.2.4 Fuels Tested

The fuel matrix was comprised of a pure­hydrocarbon gasoline surrogate plus oxy­
genated fuel blends; that is, mixtures of that surrogate with each of the several
oxygenated compounds, as described below.

The gasoline surrogate, referred to as TPRF (toluene primary reference fuel) in
this chapter, is the non­oxygenated reference fuel in this chapter. This surrogate,
described in a 2014 study by Foong et al. [217], was a blend of 53 vol.% isooc­
tane, 17 vol.% n­heptane, and 30 vol.% toluene, resulting in a RON of around
91 and an H/C ratio of approximately 1.85. The H/C ratio is a very important
property, because it determines the equivalence ratio, has an impact on the fuel’s
emission characteristics and on parameters such as the burning characteristics, adi­
abatic flame temperature, and heat of combustion [218, 219], and an H/C value
of 1.85 represents a “customer average” regular­grade gasoline without added oxy­
genates [220]. Test reproducibility was the main reason for choosing a surrogate,
instead of using commercial gasoline.

Some select properties of the TPRF blend are shown in Table 5.2.

Table 5.2: Select properties of the TPRF blend used in this chapter.

Toluene Primary Reference Fuel (TPRF)

Isooctane
[vol.%]

n­
Heptane
[vol.%]

Toluene
[vol.%]

RONa H/C MWb
[g/mol]

Density
(20 °C)
[g/L]

LHVc
[MJ/kg]

53 17 30 91 1.85 103.1 742.1 43.1

aResearch octane number
bMolecular weight
cLower heating value

The oxygenated compounds that were blended with the surrogate consisted of a
number of glycerol derivatives and C₁–C₄ alcohols, with the exception of the less
common isomers of propanol and butanol, namely n­propanol, sec­butanol, and
tert­butanol.

The oxygenated reference fuels, to which the oxygenated blends were compared
were mixtures of TPRF with ethanol, at 10 and 20 vol.% blending ratios, referred to
in this study as EtOH10.0 and EtOH20.0, respectively. The rationale for choosing
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these particular blending amounts is that E10 and E20 (gasolines containing 10 and
20 vol.% ethanol, respectively) are relatively common in several countries. Those
blends contained 3.7 and 7.4 wt.% oxygen, respectively, and all other oxygenated
blends in this study were prepared by blending the various oxygenates with TPRF
in the amounts necessary to achieve those fuel oxygen levels (3.7 wt.% being the
maximum fuel oxygen allowed according to the European standard EN 228 ??).
However, three compounds could not be mixed at the 7.4% oxygen level: triacetin,
due to miscibility issues, and the two GTBE mixes, due to the excessive viscosity
of the blends they produced.

Properties of the oxygenated compounds can be found in Table 2.4, in Chapter 2,
whereas the fuel blends are listed in two separate tables according to their oxygen
content. Table 5.3 shows the oxygenated blends containing 3.7 wt.% oxygen and
the blends containing 7.4 wt.% oxygen are listed in Table 5.4.

In both tables, the name of each fuel blend indicates the amounts of oxygenate, in
vol.%, that was blended with TPRF to achieve the desired oxygen contents. (As
an example, ”Triacetin5.5” represents a mixture of 5.5 vol. % triacetin with the
gasoline surrogate.) It should be noted that the RON values of the neat glycerol
derivatives are not listed because their octane testing is not easily performed, due
to their low volatility and/or high viscosity.

Table 5.3: Key properties of the 3.7 wt.%-oxygen-blends (all additives mixed with the TPRF surrogate, see Table 5.2.)

Blend Name Additive Molecular Weight Density [kg/dm3] LHVa [MJ/kg]

EtOH10.0 Ethanol 91 0.746 41.4
MeOH7.0 Methanol 88 0.746 41.4
i­PrOH13.0 Isopropanol 94 0.748 41.4
n­BuOH16.0 n­Butanol 97 0.753 41.4
i­BuOH16.0 Isobutanol 97 0.752 41.4
75M25D9.5 M­S GTBEb 108 0.764 41.5
25M75D11.7 D­S GTBEc 110 0.763 41.4
Solketal7.3 Solketal 105 0.766 41.1
Triacetin5.5 Triacetin 108 0.765 41.0

aLower heating value
b”Mono­shifted” GTBE, a mix of 75 vol.% mono­GTBE and 25 vol.% di­GTBE
c”Di­shifted” GTBE, a mix of 25 vol.% mono­GTBE and 75 vol.% di­GTBE
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Table 5.4: Key properties of the 7.4 wt.%-oxygen-blends (all additives mixed with the TPRF surrogate, see Table 5.2.)

Blend Name Additive Molecular Weight Density [kg/dm3] LHVa [MJ/kg]

EtOH20.0 Ethanol 82 0.751 39.7
MeOH14.0 Methanol 76 0.749 39.7
i­PrOH26.0 Isopropanol 86 0.753 39.7
n­BuOH32.0 n­Butanol 91 0.764 39.7
i­BuOH32.0 Isobutanol 91 0.762 39.7
Solketal14.6 Solketal 108 0.789 39.1

aLower heating value

5.2.5 Test Procedure

The calibration of the compression ratio was done according to the procedure de­
scribed in the engine’s documentation [94].

The evaluation of the fuel blends described in this chapter was done at the con­
stant engine speed of 600 rpm and at an intake air temperature (IAT) of 52 °C,
as prescribed by the ASTM RON test protocol [97]. At those conditions, spark
timing sweeps comprising three timings were then done at the compression ratios
(rc) of 6:5 and 7:5. The three spark timings were chosen so that the intermedi­
ate ignition timing produced a 50% mass fraction burned angle (CA50) around
8° ATC. This value was based on the empirical rule described by Heywood [77],
which states that, with optimum spark timing, half of the charge is burned at about
8° after TC. Subsequently, based on that intermediate spark timing, one timing 6°
earlier and another one 6° later were also tested. Spark timing was changed manu­
ally by rotating the ignition timer’s shaft until the desired timing was displayed on
the engine’s digital timing and tachometer indicator, installed on the CFR engine’s
control panel.

The higher compression ratio (7.5:1) was determined based on the knock intensity
obtained by running the engine on the least knock­resistant fuel, i.e. the gasoline
surrogate, at the earliest timing. This ”worst­case scenario” was determined to en­
sure that the knock levels obtained when testing the other fuel blends would not be
extreme. Then, the lower compression ratio (6.5:1) was arbitrarily chosen as being
one unit below the higher one. This lower compression ratio was run to investigate
the behavior of the blends also at less demanding engine conditions.

130



Table 5.5 shows the selected compression ratios and spark timings.

Table 5.5: Compression ratios and spark timings used in the experiments.

Compression Ratio [­] Spark Timings [deg BTC]

6.5:1 23; 17; 11
7.5:1 16; 10; 4

5.2.6 Knock Measurement

Because engine knock is essentially an acoustic phenomenon, the resulting reso­
nant vibration modes of the combustion chamber are a function of both cylinder
geometry and gas properties [74, 221, 222]. Additionally, the in­cylinder pres­
sure signal has to be filtered to remove the undesirable frequencies, leaving only
the ones associated with those relevant vibration modes. Therefore, the in­cylinder
pressure signal was band­pass filtered using a Butterworth filter implemented in
the LabVIEW code. In this work, the frequencies of interest were the ones associ­
ated with the so­called first circumferential mode, whose resonant frequencies have
been described in the literature as being around 5.8–6.9 kHz for the CFR engine
[74, 221, 223, 224]. This mode is particularly important since it contains most of
the energy of the knocking vibrations [225]. Accordingly, the in­cylinder pressure
signal was filtered with a 10th­order Butterworth filter having cut­off frequencies of
4 and 8 kHz (i.e. centered at the critical frequency of 6 kHz). According to a 2019
study by Swarts et al. [224], filters with high orders give better transient response
and remove the bulk cylinder pressure.

The metric chosen to characterize knock intensity was the so­called absolute value
of the maximum amplitude of pressure oscillations (MAPO), which is defined at
the maximum amplitude of the filtered in­cylinder pressure signal [99, 76, 73, 226].
Figure 5.3 shows an example of a knocking cycle where the knocking oscillations
are evident, whereas Figure 5.4 illustrates how MAPO is defined. Moreover, the
MAPO was determined and logged for each engine cycle, in the crank angle range
from 10° BTC to 70° ATC to avoid interference from ignition noise and/or valve
closing events [224].
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Figure 5.3: In-cylinder pressure oscillations caused by engine knock.

Figure 5.4: A graphical description of MAPO, as indicated by the arrow.

At each operating condition, after stabilizing the engine for about ten minutes, in­
dicated data corresponding to a total of 1000 consecutive firing engine cycles were
logged for each experimental point in order to improve any subsequent statistical
analysis of knock intensity, as recommended by Brunt et al. [227]. During that
time, 70 low­speed, time­based measurements were also logged. In addition, mo­
toring cycles were sampled at both compression ratios, to be used in the heat release
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calculation.

5.3 Results and Discussion

This section presents the overall results obtained with the different fuel blends
throughout the test campaign. The combustion analysis, based on the heat re­
lease data, shows the impacts of fuel composition on the combustion process and
the corresponding performance characteristics of the engine. Then, the important
issue of how the fuel oxygenates affect engine knock is introduced and discussed.

5.3.1 Selection of Operational Parameters

This section presents and discusses the main experimental results. Due to the large
amount of data that were produced and due to space limitations, only a part of
all results, corresponding to just one spark timing and one compression ratio, is
considered in this chapter. The choice of these two engine parameters was based on
the combustion phasing and the corresponding engine efficiency obtained with the
gasoline surrogate (TPRF) baseline fuel. The chosen spark timing was determined
based on the peak thermal efficiencies, as the following plots show. They show
how the spark timings and the compression ratios affected engine performance,
as represented by the CA50 angle, the indicated thermal efficiency (ITE), and the
indicated mean effective pressure. For the indicated results, at each experimental
point, the error bars in the plots represent the variability in the measurements,
defined as the standard deviation of the measured values corresponding to 1000
engine cycles.

At this point, it is worth mentioning that the overall approach in this work is to
assess how a minimally­modified production engine might behave, performance­
wise, to the use of the different alcohols as fuels. In other words, to investigate how
an engine in a near­stock configuration would react to such alcohols being used
as drop­in fuels. Even though the use of neat alcohols in a production engine ob­
viously does require engine modifications (hence the ”minimally­modified”), this
”drop­in” approach is focused on the basics. A modern engine could be retrofitted
and be calibrated to obtain the maximum performance when using any of those al­
cohols. That would also be a valid comparison. However, any differences in engine
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performance could also be largely attributed to hardware changes and calibration
optimization, in which case the direct impact of the fuels could become masked
and harder to discern. The CFR engine, having such a simple design, is particu­
larly useful in that regard, since it makes it possible to compare different fuels with
minimal hardware influence.

Figure 5.5 illustrates the combined influence of the ”intermediate” spark timings
at the compression ratios used in this study. The plot on the left shows that those
timings gave CA50 angles of around 8° ATC. Moreover, as the plot in the middle
shows, these intermediate timings also resulted in improved thermal efficiencies.
(As expected, the compression ratio of 7.5 resulted in slightly higher thermal effi­
ciencies, compared to the compression ratio of 6.5.) Finally, the plot on the right
shows that the maximum loads (expressed as indicated mean effective pressure,
IMEP), achieved with the surrogate fuel at both compression ratios were slightly
above 8 bar.

Figure 5.5: CA50 angles, indicated thermal efficiencies and mean effective pressures obtained with the TPRF blend.

It is also worth discussing how the IMEP varied among all tested fuel blends, as
Figure 5.6 shows. (The black color was chosen to differentiate the TPRF blend,
since it does not contain any fuel­bound oxygen.) It can be seen that the blends
produced roughly the same output of 8 bar IMEP.
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Figure 5.6: Indicated mean effective pressures produced by all the tested blends.

Therefore, based on these data, the compression ratio of 7.5, together with the
spark timing of 10° BTC, were chosen to represent the experimental results for the
remainder of this chapter.

Furthermore, due to the large number of fuel blends tested (16 in total), the results
are divided into three parts, based on fuel oxygen content, keeping in mind that the
number in each compound’s name represents the vol.% amount of that compound
that was mixed with the gasoline surrogate.

1. 3.7 wt.% oxygen part I: Includes the reference blends TPRF and EtOH10.0,
plus the glycerol derivatives:

• TPRF

• EtOH10.0

• 25M75D11.7

• 75M25D9.5

• Solketal7.3

• Triacetin5.5

2. 3.7 wt.% oxygen part II: Includes the reference blends TPRF and EtOH10.0,
plus the other alcohols:
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• TPRF

• EtOH10.0

• MeOH7.0

• i­PrOH13.0

• n­BuOH16.0

• i­BuOH16.0

3. 7.4wt.%oxygen: Includes the alcohols plus solketal (the only glycerol deriva­
tive that could be blended at that oxygen level). The EtOH20.0 blend is the
only reference fuel in this part:

• EtOH20.0

• MeOH14.0

• i­PrOH26.0

• n­BuOH32.0

• i­BuOH32.0

• Solketal14.6

5.3.2 Knock Characterization

This subsection briefly describes some important features of engine knock and the
means to characterize its occurrence and intensity. Afterwards, the experimental
results related to knock are presented and analyzed using the methods introduced
in the next paragraphs. At this point, it is worth mentioning that the criterion used
to define knock occurrence can be rather arbitrary. In this work, a firing engine
cycle was considered to be knocking if its measured MAPO value exceeded 1.0 bar,
which is a commonly used threshold [226, 224]. However, any cycle will have
some MAPO value associated with it, ranging from background noise to heavy
knock. Moreover, the occurrence of one single cycle having a MAPO above the
chosen threshold does not necessarily mean that the engine is knocking—hence,
the usefulness of the statistical approach described below. That being said, it should
be kept in mind that the choice of the threshold value can have an influence on how
the results as a whole are interpreted, as illustrated in the following paragraph.
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The fact that the combustion process in spark­ignition engines exhibits relatively
large cycle­to­cycle variations has been known for a long time [228, 229], even at
constant speed and load conditions. The existence of knock only complicates the
situation even further. As a typical example, Figure 5.7 shows the knock intensity,
expressed as MAPO, for 1000 consecutive measured engine cycles under knocking
conditions. In this particular case, the engine was running on the TPRF surrogate,
at the compression ratio of 7.5 and a spark timing of 10° BTC, in which conditions
96.7% of the cycles were knocking (i.e their measured MAPO values were above
1.0 bar).

Figure 5.7: Cycle-to-cycle variations in knock intensity, TPRF, rc = 7.5, spark timing: 10° BTC.

The stochastic nature of such large cyclic variations benefits from statistical analysis
[230]. Indeed, the characterization of the magnitude of knock can be effectively de­
scribed as a statistical distribution of its intensity values measured over a sufficiently
large number of cycles and calculated at each individual firing cycle. Therefore, in
this study, the experimental knock data were processed and characterized using a
few basic statistical techniques, as described below.

Histograms are a useful tool to visualize and characterize random data, a good ex­
ample of which is the representation of engine knock intensity [99]. The histograms
shown in Figure 5.8 illustrate the general features of typical knock events; in this
particular case, caused by differences in fuel quality. Those histograms show the
distributions of the measured MAPO values for the ”neat” TPRF and the 10 vol.%
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and 20 vol.% ethanol blends, at the compression ratio of 7.5 and the spark timing
of 10° BTC. A few things can be inferred from those histograms. First, it is evident
that the presence of ethanol significantly inhibits the occurrence and the inten­
sity of knock, especially at the 7.4 wt.% fuel oxygen level (i.e., blend EtOH20.0).
Secondly, all three distributions are skewed to the right, towards higher MAPO val­
ues, suggesting the existence of knock events of comparatively higher magnitude,
although occurring much less frequently in the case of the oxygenated blends. Espe­
cially in the case of the TPRF distribution, there are some cycles with much higher
MAPO values than the mean. Thirdly, the spread of knock intensity decreases with
decreasing MAPO values.

Figure 5.8: Knock intensity (MAPO) distributions, rc = 7.5, spark timing: 10° BTC.

Those histograms can be further described by calculating some relevant statistics
pertaining to the MAPO distributions produced by each fuel blend, as shown in
Table 5.6. A fact not shown in the table is that, according to the results of a Shapiro–
Wilk test at the 5% significance level, all three datasets in Figure 5.8 were found
to be normally distributed, a fact that can be partly attributed to the central limit
theorem of statistics, which states that large enough samples converge to a standard
normal distribution.
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Table 5.6: Knock intensity statistics for the fuel blends described in Figure 5.8.

Fuel Blend Mean MAPO
[bar]

MAPO
Standard De­
viation [bar]

COVa MAPO
[%]

Skewness [­] Kurtosis [­]

TPRF 3.10 1.58 51.0 1.16 5.64
EtOH10.0 1.32 0.644 48.8 0.942 3.81
EtOH20.0 0.295 0.154 52.2 1.28 5.10

aCoefficient of variation

As the histograms in Figure 5.8 show, the increase in knock resistance, brought
about by the addition of ethanol to the fuel, causes significant decreases in the
mean MAPO values. Moreover, the spread of the distributions, represented by
their standard deviations, decreases with increasing ethanol content. Finally, the
statistical concepts of skewness and kurtosis can be useful in characterizing the shape
of the MAPO distributions [90]. Skewness is a measure of the asymmetry of the
shape of the distribution, while kurtosis is a measure of the ”peakedness” of the
distribution relative to the length and size of its tails [231, 232, 233]; in other
words, it can be interpreted as a measure of the prevalence and influence of outliers.
These two statistics can also be used to help assess departures from normality in
a distribution. (The skewness and the kurtosis of a normal distribution are by
definition 0 and 3, respectively.)

All three fuel blends exhibited positive skewness values, implying that their MAPO
distributions were skewed to the right, that is, towards higher knock intensities, as is
usually the case. Compared to the TPRF and the EtOH20.0 blends, the EtOH10.0
blend had a lower skewness associated with it, implying a more symmetric distri­
bution. Moreover, that blend, when compared to the other two cases, produced a
MAPO distribution with a lower kurtosis, closer to that of a normal distribution,
indicating a less peaked and less ”tail­heavy” shape, implying that outliers were not
as prevalent and influential as in the other two blends; in other words, a more
consistent pattern, a fact reflected in the COV (coefficient of variation) of MAPO
of the EtOH10.0 blend, the lowest among the three cases, which suggests a more
stable MAPO behavior.
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Cumulative Frequency Distributions

Besides ordinary histograms, empirical cumulative frequency distribution (CFD)
plots are a convenient way of characterizing knock intensity [90]. In such plots, the
x­axis represents an appropriate range of MAPO values, while the y­axis shows the
proportion (usually expressed in percentage) of the measured data points having
values less than or equal to a given MAPO. In practice, the more a curve is shifted
to the right­hand side, the higher the overall knock intensities. Thus, cumulative
frequency distribution plots provide a good way to distinguish between the knock
intensity levels caused by different fuels and different engine operating conditions,
as the results below show.

3.7. wt.%FuelOxygenBlends The plots that follow show the cumulative frequency
distributions of the MAPO for all fuel blends tested, at the compression ratio of
7.5 and a spark timing of 10° BTC. Each curve was calculated based on a minimum
of 1000 engine cycles.

Figure 5.9: MAPO cumulative frequency distributions for the fuel blends, 3.7% fuel oxygen. Part I (left), Part II (right).

Figure 5.9 shows the cumulative frequency distributions for the MAPO obtained
from the gasoline surrogate (TPRF) and the 10 vol.% ethanol–surrogate blend
(EtOH10.0) as baseline, plus the 3.7%­oxygen blends of TPRF with the glycerol
derivatives, i.e. Part I of the 3.7% oxygen blends.

140



Figure 5.9 clearly shows that both the 75M25D9.5 and EtOH10.0 blends gave the
best results, that is, they caused the largest decrease in the MAPO levels compared
to the reference TPRF blend. Another feature is that their MAPO distributions
are nearly colinear. Indeed, a two­sample z­Test at the 5% significance level and a
Mann–Whitney U test were performed on those distributions, with both suggest­
ing that there was no statistical difference between them. The 25M75D11.7 and
the Triacetin5.5 blends gave intermediate results, with the former causing higher
knock inhibition. Finally, the plot demonstrates that the Solketal7.3 blend, when
compared to the TPRF, did not seem to cause a significant improvement, if any,
in knock resistance.

Among the 3.7% oxygen blends of TPRF with the alcohols, i.e. 3.7% oxygen,
Part II (Figure 5.9), the situation was similar. In this case, the n­butanol­surrogate
performed very poorly, showing even MAPO values slightly higher than the ones
produced by the TPRF blend, a suspicion confirmed by a two­sample z­Test at
the 5% significance level and a Mann–Whitney U test. In contrast, methanol
performed the best among the alcohol oxygenates while ethanol, isopropanol and
isobutanol also produced significant reductions in knock intensity. The results of
both tests suggested that the knock intensities produced by the ethanol and iso­
propanol blends were slightly different, whereas the isobutanol and isopropanol
blends did not produce statistically different results.

Table 5.7 contains the relevant statistics for the MAPO distributions of all tested
blends having 3.7 wt.% oxygen, displayed in ascending order of their mean MAPO
values. Those statistics show that the fuel producing the highest knock intensities,
the n­butanol blend, resulted in the narrowest, most symmetrical MAPO distri­
bution and the one with comparatively fewer outliers, as evidenced by the dis­
tribution’s COV of MAPO, skewness, and kurtosis. These numbers suggest that
most knock events were roughly evenly distributed over a relatively narrow inter­
val of high MAPO values centered around the mean, hence the COV of MAPO
exhibited by that distribution being the lowest among all blends. This behavior
also implies that the distribution tended towards symmetry, resulting in the lowest
skewness overall. Finally, it is suggested that a very large fraction of the firing cycles
was knocking (as confirmed by the bar plot in Figure 5.12) at high intensity, a con­
sistency that left less room for outliers, resulting in a kurtosis value close to 3. On
the other hand, the fuel that produced the distribution with lowest MAPO values,
the methanol blend, exhibited the highest COV of MAPO, skewness, and kurtosis.
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The existence of fewer knocking cycles (see bar plot in Figure 5.12) implies more
randomness, leading to knock events that are more widely distributed around the
mean, which helps explain the highest overall COV of MAPO. Also, due to the
overall low mean MAPO value, an occasional, more intense knock event would be
considered extreme, and it could disproportionately cause the distribution to skew
to the right, explaining the relatively high skewness. In addition, the occurrence of
such occasional outliers would result in a distribution with heavier tails, hence the
higher kurtosis.

Table 5.7: Knock intensity statistics for TPRF and the 3.7 wt.% fuel oxygen blends.

Fuel Blend Mean MAPO
[bar]

MAPO
Standard De­
viation [bar]

COVa MAPO
[%]

Skewness [­] Kurtosis [­]

MeOH7.0 1.10 0.607 55.2 1.55 7.17
75M25D9.5 1.30 0.660 50.8 1.11 4.34
EtOH10.0 1.32 0.644 48.8 0.942 3.81
i­PrOH13.0 1.40 0.673 48.2 0.996 4.17
i­BuOH16.0 1.46 0.730 50.2 0.994 4.08
25M75D11.3 1.60 0.785 48.9 0.984 4.28
Triacetin5.5 1.96 0.945 48.3 1.05 4.43
TPRF 3.10 1.58 50.9 1.16 5.64
Solketal7.3 3.15 1.42 45.1 0.836 4.28
n­BuOH16.0 3.25 1.43 44.0 0.644 3.06

aCoefficient of variation

7.4. wt.% Fuel Oxygen Blends In the case of the blends containing 7.4 wt.% fuel
oxygen, Figure 5.10, the reference fuel was the 20 vol.% ethanol­TPRF blend,
EtOH20.0. In this case, the n­BuOH32.0 blend produced the worst results, fol­
lowed by the Solketal14.6 blend. The results obtained with the other compounds
were clearly superior and, while their distributions are close to each other, a pat­
tern can be discerned, with the ethanol blend exhibiting the overall best knock­
inhibiting behavior.
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Figure 5.10: MAPO cumulative frequency distributions for the fuel blends (7.4% fuel oxygen).

Table 5.8 shows the relevant statistics for the MAPO distributions corresponding to
the fuel blends shown in Figure 5.10, i.e. the blends containing 7.4 wt.% oxygen.
As in Table 5.7, the blends are displayed in ascending order of mean MAPO values.
Compared to the previous case, similar patterns can be recognized here, but only
in the case of the fuel producing the highest knock levels, the n­butanol blend. As
shown in the table, its MAPO distribution exhibits the lowest values of the COV
of MAPO, skewness, and kurtosis, a result likely caused by the existence of higher
intensity knock events occurring narrowly about the mean, with relatively fewer
outliers. However, the picture is less clear in the case of the blends producing the
lowest MAPO levels as they did not seem to follow the same trends displayed in
the previous table. The ethanol blend resulted in the lowest mean MAPO, while it
was the isopropanol blend that exhibited the highest skewness and kurtosis. This
can be partly explained by the fact that, as previously stated, the results of a two­
sample Z­test showed that the MAPO characteristics of these two blends were not
significantly different at the 5% significance level. Moreover, in the case of such
low mean MAPO values, corresponding essentially to knock­free operation, the
distributions tend to be more random in nature.
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Table 5.8: Knock intensity statistics for the 7.4 wt.% fuel oxygen blends.

Fuel Blend Mean MAPO
[bar]

MAPO
Standard De­
viation [bar]

COVa MAPO
[%]

Skewness [­] Kurtosis [­]

EtOH20.0 0.295 0.154 52.2 1.28 5.10
i­PrOH26.0 0.354 0.186 52.6 1.41 5.75
i­BuOH32.0 0.414 0.228 55.2 1.37 5.25
MeOH14.0 0.481 0.258 53.5 1.28 4.92
Solketal14.6 1.65 0.857 51.9 1.18 4.90
n­BuOH32.0 2.57 1.17 45.4 0.779 3.60

aCoefficient of variation

Figure 5.11: Mean values of knock intensities (MAPO).

Being a stochastic phenomenon, engine knock is more properly characterized by
methods that take into account the variability and randomness of its occurrence.
Statistical plots such as histograms and cumulative frequency distributions are very
useful in describing knock. However, simple metrics such as mean MAPO values,
representing an aggregate contribution of many firing cycles, can provide a quick
and convenient quantitative measure of knock intensity. Bar plots displaying mean
MAPO values can, therefore, be effective in illustrating the overall knock­inhibiting
performance of different fuels, as is the case in Figure 5.11 which shows the mean
MAPO values for all blends tested. This plot confirms the fact that both the ethanol
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and the 75M25D blends exhibit essentially the same knock behavior, as previously
discussed.

Moreover, Figure 5.11 illustrates the poor performance of solketal and n­butanol in
enhancing the knock resistance of the base fuel (i.e. the TPRF), particularly at the
3.7 wt.% oxygen level. At that level, the blends achieved with those compounds
seemed to produce even slightly higher mean MAPO values, compared to the TPRF
fuel, though the variability in the data was significant, as displayed by the large
error bars. (It should be kept in mind that those error bars represent the standard
deviation of the measured values, not the uncertainties in those measurements.)

Figure 5.12: Fractions of knocking cycles to sampled firing cycles.

Besides the calculated mean MAPO values, another metric that demonstrates the
presence of knock is an increasing ratio of knocking cycles to the total number of
firing cycles measured. As stated above, in this work, a knocking cycle is defined
as one whose measured MAPO was above 1 bar. Figure 5.12 shows the fractions of
cycles where knock is occurring, for all blends tested, at a compression ratio of 7.5
and a spark timing of 10° BTC. This plot shows the exact same patterns displayed
in Figure 5.11, where both the EtOH10.0 and the 75M25D9.5 blends exhibited
essentially the same knock behavior while the Solketal7.3 and the n­BuOH16.0
performed very poorly. The low knock­inhibiting capacity of solketal and n­butanol
was also evident among the 7.4 wt.% fuel oxygen level, as their blends produced
the worst outcomes. On the other hand, the high­concentration blends containing
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ethanol and isopropanol gave excellent results, followed closely by the isobutanol
and methanol blends.

As shown in the previous paragraphs, there was a considerable variability in the
knock­inhibiting capacity of the oxygenates tested. The C₁–C₃ alcohols performed
particularly well, while, among the glycerol derivatives, both GTBE types gave the
best results. On the other hand, n­butanol and solketal did not seem to produce
any significant improvement in knock resistance.

5.3.3 Combustion Characteristics

In this subsection, the characteristics of the combustion process of the different fuel
blends that can influence knock onset and intensity are presented and discussed.

Combustion Phasing

The 50% fuel mass fraction burned angles (CA50) for the tested fuel blends are
shown in Figure 5.13 below. It can be noticed that the addition of any of the oxy­
genated compounds to the TPRF blend extended the 50% burn angles, suggest­
ing relatively slower combustion rates with the oxygenated blends. In particular,
the results from the butanols show that n­butanol burned faster than isobutanol,
in agreement with the literature [79]. However, the relatively slow combustion
of the methanol­containing blends may seem like an odd results, since methanol
exhibits—at least in neat form—a high burning velocity. (For comparison, the
reader is referred to the plot in Figure 6.12, in the next chapter, where methanol
did exhibit the shortest CA50 angle among all tested alcohols.)
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Figure 5.13: 50% burn angles for all blends.

Figure 5.14: 90%-10% burn angles for all blends.

Exhaust Gas Temperatures

Figure 5.15.
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Figure 5.15: Exhaust gas temperatures for all blends.

Heat Release Rates

The plots in figure 5.16 show the impact of the oxygenates on the heat release be­
havior of the fuel blends. Plots (a) and (b) show the glycerol derivatives and the
alcohols, respectively, representing the blends of ”low” (3.7 wt.%) oxygen content,
in addition to the ”neat” TPRF as reference fuel. Plot (c) displays the ”high” oxygen
(7.4 wt.%) blends. In this particular case, the blend containing 20 vol.% ethanol
(EtOH20.0) was used as reference. For ease of comparison, all plots have the same
scale on the y­axis.

Figure 5.16: Heat release rates (a) 3.7 wt.% fuel oxygen blends, Part I (b) 3.7 wt.% fuel oxygen blends, Part II (c) 7.4
wt.% fuel oxygen blends.
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As discussed in more detail further ahead, the engine was knocking to some ex­
tent in the case of all 3.7%­oxygen blends, though knock was more intense with
the TPRF (as expected, due to it being the ”weakest” fuel), Triacetin5.5, and Solke­
tal7.3 blends. At the 7.4% oxygen level, except for the Solketal14.6 and n­BuOH32.0
blends, engine operation was essentially knock­free.

At the 3.7% oxygen level the oxygenated blends both delayed the combustion pro­
cess and decreased the peak heat release rates. However, this effect was less pro­
nounced with the triacetin, solketal, and n­butanol blends, a fact reflected in their
inferior knock resistance. At the 7.4% oxygen level, compared to the other fuels,
the solketal and n­butanol blends exhibited a much shorter combustion develop­
ment, together with a higher and sharper heat release peak, which is consistent with
their worse knock performance.

This behavior is in line with the results from a 2018 article by Hoth et al. [234],
in which the authors found that the MAPO intensity correlated well with the peak
heat release rate and the rate of heat release after the onset of autoignition leading
to knock. They also observed that adding ethanol to the base fuel reduced both
MAPO and the heat release rate after knock onset. Similar conclusions were drawn
by Rockstroh et al. in their 2018 article [226], in which they found a correlation
between MAPO and the heat release rate after knock onset.

To summarize, the heat release patterns displayed in these plots are closely related
to the knock behavior of the fuel blends, as described in the previous section of this
chapter.

5.3.4 Exhaust Emissions

In this section, the exhaust emissions produced by the various fuel blends are dis­
cussed. In each of the figures that follow, the first two plots show the results from
the blends containing 3.7 wt.% fuel oxygen, whereas the third plot, on the right,
shows the results from the 7.4 wt.% oxygen blends.

It should be kept in mind that, in the first case, the gasoline surrogate (TPRF)
and the its blend with 10 vol.% ethanol (EtOH10.0) are the reference fuels and, as
such, appear on both plots in the 3.7 wt.% oxygen case. Among the 7.4 wt.% fuel
blends, the mixture of TPRF with 20 vol.% ethanol (EtOH20.0) is the reference
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fuel, as stated previously. All concentrations are shown in ppm, as a function of
spark timing.

As previously, plots (a) and (b) show the glycerol derivatives and the alcohols, re­
spectively, representing the blends of ”low” (3.7 wt.%) oxygen content, in addition
to the ”neat” TPRF as reference fuel. Plot (c) displays the ”high” oxygen (7.4 wt.%)
blends.

In general, according to the results seen in the plots, the emission trends—if any—
seem to be subtle and no obvious behaviors can be identified, even if the pollutant
concentrations were not negligible. In other words, it seems as if the presence of the
oxygenates at such concentrations did not cause any significant impact, compared
to the baseline fuel, TPRF.

Carbon Monoxide

As seen in Figure 5.17, the different blends produced a wide scatter of carbon
monoxide concentrations, ranging from about 2000 to 6000 ppm. Yet, the results
did not seem to exhibit any clear trends. The 2000 to 6000 ppm range appeared to
be roughly the same for both the 3.7 and 7.4 wt.% fuel blends. Moreover, the CO
emissions from the non­oxygenated fuel, the TPRF, did not show any distinguish­
able behavior, except that in plot (c) of the figure, the carbon monoxide emissions
from that fuel appear to be the lowest, but this result might simply be random.

Figure 5.17: Carbon monoxide emissions.
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Hydrocarbons

In the case of unburned hydrocarbons, as Figure 5.18 shows, the results at first
do not seem exhibit any clear trends. However, the ”neat” TPRF fuel seemed to
produce lower emissions, compared to the oxygenated blends. If that is indeed
the case, this might be due to the presence of the oxygenates interfering with—or,
rather, enhancing—flame quenching on the cylinder wall and crevices.

Figure 5.18: Hydrocarbon emissions.

Nitric Oxide

Even though it is more difficult to see it in the plots representing the 3.7 %­oxygen
blends, plot (c) seems to show that the oxygenated blends produced lower nitric
oxide levels, compared to TPRF, which could suggest that oxygenate addition re­
sulted in lower peak combustion temperatures.
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Figure 5.19: Nitric oxide emissions.

Formaldehyde

As the plots in 5.20 show, the formaldehyde emissions from the MeOH7.0 and
MeOH14.0 blends seem to be slightly higher than the rest—or it might just be a
random result—in accordance to the fact that formaldehyde is an common inter­
mediate product of methanol combustion. However, there is a chance the aldehyde
emissions in this work may not be accurate, as explained further ahead.

Figure 5.20: Formaldehyde emissions.
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Acetaldehyde

Acetaldehyde is the aldehyde that is typically associated with ethanol combustion.
As Figure 5.21 shows, it is hard to identify any trend in the plots. Moreover, a close
examination of plot (c) reveals that the emissions from the MeOH14.0 blend are
missing. In fact, those values were negative. The same phenomenon was even more
evident in the case of neat alcohols, described in the next chapter. As discussed in
more detail in Chapter 6, the explanation might be that the FTIR analyzer, due
to its factory settings, was not calibrated to measure exhaust containing methanol,
ethanol, or any of the alcohols included in this work [235]. Therefore, it is safe to
say that the aldehyde emissions presented in this work, unfortunately, may not be
accurate.

Figure 5.21: Acetaldehyde emissions.

5.4 Summary

This chapter investigated the suitability of a number of potentially renewable com­
pounds to be used as gasoline oxygenates, as alternatives to the usual blendstocks
ethanol and MTBE. Those compounds comprised glycerol derivatives and C₁–C₄
alcohols (including ethanol itself as the reference oxygenate). The main focus of
the experiments was on the knock propensity of the fuels. To this end, tests were
performed on a modified spark­ignition Waukesha CFR engine operating at a fixed
speed, at different compression ratios and spark timings. A gasoline surrogate con­
taining toluene was used as baseline fuel, along with a blend of that surrogate with
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10 vol% ethanol. In addition, blends of the surrogates were prepared so as to match
the oxygen content of the reference ethanol blends.

According to the results, there were distinguishable trends among the knock­inhibiting
characteristics of the different oxygenates. Among the glycerol derivatives, both
GTBE types, when considered together, performed the best, resulting in signifi­
cant reductions in knock intensity when added to the ”neat” TPRF blend. How­
ever, GTBE’s relatively high viscosity and low vapor pressure precluded it from
being blended with gasoline at higher concentrations. Solketal, while having better
miscibility with the TPRF, produced inferior knock­inhibiting capacity.

All alcohols also increased the knock resistance of the base fuel appreciably, with the
notable exception of n­butanol, likely due to its straight­chain molecular structure.
Both methanol and ethanol, despite performing well, exhibit well­known issues like
their corrosiveness, affinity for water, and negative impact on the fuel blend’s vapor
pressure, as discussed earlier. Therefore, if such non­combustion­related character­
istics are taken into consideration, one could say that isopropanol and isobutanol
were the best overall performing alcohols, regarding their knock­inhibiting prop­
erties.

In summary, the main conclusions from the experiments described in this chapter
can be listed as follows:

• Among the glycerol derivatives, both GTBE mixtures resulted in good knock
reduction, while the performance of solketal was inferior.

• Triacetin gave good results, but its miscibility with hydrocarbons may pose a
problem at higher concentrations and/or cold temperatures.

• Among the alcohols, all performed quite well, with the notable exception of
n­butanol, which gave very poor knock results, likely by virtue of its straight­
chain molecular structure.

• Methanol and ethanol, unsurprisingly, exhibited very good knock inhibition
performance, but their effect on the volatility of their blends with gasoline
can be an issue.

• Isopropanol was also very effective in decreasing knock and its ability to
distort the volatility characteristics of the base fuel is lower, compared to
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methanol and ethanol. However, the available technology to produce it fea­
sibly from renewable sources does not seem to be very developed yet.

• Isobutanol exhibited very good knock­inhibiting characteristics, while hav­
ing a higher energy density and lower water affinity, when compared to the
smaller alcohols, due to its molecular structure.

In general terms, glycerol derivatives can possess superior knock­inhibiting capac­
ities, but their miscibility with hydrocarbons may be an issue at higher concen­
trations and/or lower temperatures. In general, the C₁–C₄ alcohols also have the
potential to perform very well, but it must be kept in mind that the smallest ones
(methanol and ethanol) present issues such as corrosiveness, water miscibility, and
blend vapor pressure distortion. In this regard, isobutanol seems very promising
among the alcohols. Finally, isopropanol performed well enough to warrant fur­
ther work, since there are relatively very few studies dedicated to its use as a fuel for
internal combustion engines.
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Chapter 6

Spark­Ignition Engine Tests II: Neat
Alcohol Fuels

6.1 Introduction

Chapter 5 introduced the part of this work dealing with spark­ignition engines.
More specifically, it addressed the topic of gasoline oxygenates, that is, oxygen­
containing substances that are added to the base gasoline to promote more com­
plete combustion and—perhaps most importantly—enhance its knock resistance.
In addition, the fact that oxygenates are usually obtained from renewable sources
is another reason for their adoption. The chemical compounds investigated in the
preceding chapter, that is, the glycerol­derived compounds, plus the C₁–C₄ al­
cohols, were evaluated on a modified Waukesha CFR engine, focusing on their
knock­inhibiting characteristics. In a similar fashion, this chapter now evaluates
and discusses the performance of those C₁–C₄ alcohols when used as neat fuels, as
opposed to being used merely as gasoline fuel components. For that purpose, the
same CFR engine is used and the test procedures are similar to the ones already
presented. Moreover, the evaluation of the knock tendency when using different
fuels is once more the focus of the investigation. Finally, the present chapter of­
fers an assessment regarding the suitability of each of the alcohols, from a neat­fuel
perspective.

Using alcohols as fuels has been considered since the early years of the internal
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combustion engine era [152, 153]. Indeed, the ICE pioneer Sir Harry R. Ricardo
studied extensively the use of alcohols as engine fuels and advocated their use as such
[236]. Through his early work on pre­ignition, he showed that, with ethanol, due to
its decreased pre­ignition propensity, it was possible to achieve higher compression
ratios, compared to pure hydrocarbon fuels. Furthermore, Ricardo also found that
the higher latent heats of vaporization and lower flame temperatures of alcohols
could be exploited to increase power output and decrease thermal losses [79].

As previously discussed, for motor fuel applications, biologically­produced ethanol
is primarily used as a gasoline extender and, as such, it is nowadays widely used.
However, ethanol possesses qualities that make it highly suitable for utilization as
a neat fuel for spark–ignition engines, such as a high heat of vaporization and su­
perior resistance to engine knock [147]. Indeed, it has already been used as a trans­
portation fuel in large­scale, most notably in Brazil, where neat hydrous ethanol
has been available since the late 1970s. In contrast with its adoption as gasoline
blend component, the use of bioethanol in neat form has the potential to displace
even larger amounts of fossil fuels, offering an additional route to achieve further
reductions in net CO2 emissions. Besides ethanol, other lower alcohols, by virtue
of their properties, also have the potential to be used as neat spark­ignition fuels.

Accordingly, and similarly to Chapter 5, where, besides ethanol, additional chem­
ical compounds were tested as gasoline oxygenates, the present chapter proposes
additional alcohols—other than ethanol—to be used as neat fuels for SI engines.
Therefore, besides ethanol, the alcohols evaluated in this chapter are the ones al­
ready introduced: methanol, isopropanol, n­butanol and isobutanol. A summary
of some of their relevant properties is shown in Table 6.1, whereas a more detailed
description of each of these alcohols is presented in Chapter 2.

Therefore, this chapter presents a direct comparison, performed on the same mod­
ified CFR engine, of neat C₁–C₄ alcohols, with ethanol being the reference fuel.
The tests focused on the combustion characteristics and on the knock tendencies
exhibited by the different compounds. As in the previous chapter, the experimen­
tal test procedure was comprised of spark­timing sweeps carried out at two differ­
ent compression ratios, at stoichiometric conditions, nominally constant intake air
temperature¹ and constant engine speed.

¹See explanation in section ”Test Procedure”
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6.2 Materials and Methods

The experimental setup for the engine tests discussed in this chapter is identical to
the setup described in the previous chapter. That is, the engine used herein—the
Waukesha CFR engine—and all the measuring instruments are exactly the same.
Table 2.1 shows a list of key engine specification and subsection 2.3.2 gives a de­
scription of the CFR engine itself. A picture of it, along with a schematic repre­
senting the overall experimental setup are also shown in Chapter 5, in Figures 5.1
and 5.2, respectively. Moreover, the heat release calculation procedure is identical.
Finally, the overall description of engine knock and the procedure for its measure­
ment are the same and have already been discussed. Thus, the reader is referred to
Chapter 5 for a more detailed description of those topics. The test procedure used
for the experiments described in this chapter, however, is slightly different and is
explained further below.

6.2.1 Fuels Tested

The fuels studied in this chapter are the C₁–C₄ alcohols, used in neat form, as
opposed to being gasoline blendstocks. Ethanol, being the foremost example of an
alcohol fuel, was the reference compound. Regarding the propanol and butanol
isomers, n­propanol, plus sec­butanol and tert­butanol were not included in this
study.

A summary of relevant properties of the alcohols included in this study are listed
in Table 6.1.
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Table 6.1: Physicochemical properties of the tested alcohols [175]. (RON: research octane number; MON:motor octane
number).

Alcohol Molecular
Weight
[g/mol]

Specific
Gravity
at 20°C

Lower
heating
value
[MJ/kg]

Stoich.
Air/Fuel
Ratio

Heat of
Vapor­
ization
at 25°C
[kJ/kg]

Solubility
in Wa­
ter at
25°C
[wt.%]

RON MON

Methanol 32.04 0.792 19.95 6.46 1168 Miscible 109 89
Ethanol 46.06 0.794 26.95 9.00 920 Miscible 109 90
Isopropanol60.09 0.789 30.54 10.33 757 Miscible 117 99
n­
Butanol

74.11
0.810 33.21

11.17

708 7.7 98 85

Isobutanol 0.802 33.29 686 8.7 105 90

6.2.2 Test Procedure

For the present chapter, the test procedure was identical to the procedure in Chapter
5, except for differences in the chosen compression ratios, spark timings, and intake
air temperatures. As in the previous chapter, the calibration of the compression
ratio was done in accordance with the procedure described in the engine’s operating
manual [94].

In this chapter, the evaluation of the alcohol fuels was conducted under operating
conditions that are partly similar to the conditions used in the RON test, that is, at
a constant engine speed of 600 rpm [97]. It is also worth pointing out that, because
the CFR engine features throttle­less operation, the different alcohols were tested at
roughly stoichiometric “full load” conditions, at similar, but not constant levels of
the (gross) indicated mean effective pressure (IMEP) (see Figure 6.3 further below).
Furthermore, the intake air temperature (IAT) was set to 25°C, about room tem­
perature, a level intended to subdue the cooling effect caused by the relatively high
heat of vaporization (HOV) of the alcohols, which can be significant, especially
in the case of methanol and ethanol. Unfortunately, due to their lower HOVs,
it was not possible to achieve the 25°C target with n­butanol and isobutanol, and
their average intake air temperatures were about 31°C and 27°C, respectively. The
average IAT values during the tests are shown in Figure 6.1.
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Figure 6.1: Intake air temperatures throughout the tests (compression ratios and spark timings indicated).

Under these conditions, spark timing sweeps were done at the compression ratios
of 8:1 and 7:1.

The higher compression ratio (8:1) was selected based on the knock intensity ob­
served when operating the engine on the least knock­resistant fuel (n­butanol in
this chapter) at the earliest timing. This represented a worst­case scenario, to en­
sure that the knock intensity with all other fuels and all timings remained within
reasonable limits.

The lower compression ratio (7:1) was then arbitrarily chosen as being one unit
lower than the compression ratio of 8:1. The rationale for including a lower com­
pression ratio was to investigate the knocking behavior of the different alcohols also
at less demanding—or even knock­free—engine operating conditions.

Being the reference alcohol fuel, ethanol was used for the determination of the
spark timings used throughout the tests as follows: At each compression ratio, an
optimum spark timing, that resulted in a 50% mass burned fraction angle (CA50)
of about 8° after top­center crank position, was found. As mentioned in Chapter 5,
this value of the CA50 angle was chosen based on the empirical rule that relates the
maximum brake torque (MBT) timing to the mass burning profile, as mentioned
in the textbook by Heywood [77].

Subsequently, two additional spark timings were investigated, one set 6° earlier and
the other 6° later, relative to the optimum timing. It should be noted that, at
each compression ratio, the same spark timings were used for all alcohols. In this
case, all alcohols other than ethanol might have been tested at non­optimal engine
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conditions, which might also have affected their knocking behavior. However, since
the C₁–C₄ alcohols are not radically different from each other, it can be assumed
that the effect of such discrepancies might not have been significant.

As in Chapter 5, adjustments to spark timing were made manually by rotating the
ignition timer’s shaft until the desired timing was indicated on the engine’s digital
timing and tachometer display, installed on the instrument panel of the unit.

Table 6.2 shows the selected compression ratio and spark timings.

Table 6.2: Compression ratios and spark timings used in the experiments.

Compression Ratio [­] Spark Timings [deg BTC]

7.0:1 20; 14; 8
8.0:1 19; 13; 7

6.3 Results and Discussion

This section presents and discusses the main experimental findings. The knock ten­
dencies of the various alcohols are presented using some of the statistical concepts
presented in Chapter 5. Additionally, the combustion analysis using the heat release
data, shows the influence of the alcohols’ molecular structures on their combustion
processes and, consequently, knocking behavior.

6.3.1 Selection of Operational Parameters

As mentioned previously, the selection of compression ratios was determined based
on knock considerations, while the spark timings were selected based on combus­
tion phasing and the optimum values of the mean effective pressure and thermal
efficiencies. Those parameters were determined using ethanol, which is the refer­
ence fuel in this chapter.

The plots in Figure 6.2 depict the impact of spark timings and compression ratios
on the 50% mass burned fraction angle (CA50), indicated thermal efficiency (ITE),
and on the (gross) IMEP.
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Figure 6.2: CA50 angles, indicated thermal efficiencies and mean effective pressures obtained with ethanol.

The plot on the left shows that the intermediate spark timings, at the compression
ratios employed in this investigation, resulted in CA50 angles of approximately 8°
after top­center crank position (ATC), as intended. Moreover, as shown in the
middle plot, these intermediate timings led to improved thermal efficiencies. (As
expected, the 8:1 compression ratio yielded marginally higher thermal efficiencies,
when compared to the 7:1 compression ratio.) Finally, according to the plot on the
right, the maximum engine outputs, expressed as gross indicated mean effective
pressure (IMEP), achieved with the baseline ethanol fuel at both compression ratios,
exceeded 8.5 bar slightly.

(Again, it should be noted that the “error” bars in those plots, strictly speaking, do
not represent the actual measurement uncertainties, but the standard deviation of
the measured values calculated based on 1000 engine cycles. A discussion about
uncertainties is given in Appendix A. For now, using the method described in that
Appendix, it is sufficient to state that the uncertainty in the IMEP was about 0.05
bar, while the ITE had an uncertainty of roughly 0.3%, negligible compared to the
variability in the measurements, which, under these circumstances, dominate the
experimental uncertainties.)

The gross IMEP values for all the alcohols tested, at both compression ratios, are
shown in Figure 6.3.
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Figure 6.3: Average IMEP for all the tested alcohols. The maximum observed differences were about 1.0 bar for the
8:1 compression ratio and 0.8 bar for the 7:1 compression ratio.

These two plots show slight variations in engine load, which could be due to differ­
ences in fuel properties. The decrease in the heating values of the fuels associated
with their decreasing molecular sizes can be offset by the increasing stoichiometric
fuel/air ratios with the smaller alcohol molecules (such as methanol and ethanol).
In other words, for a given amount of air inducted by the engine (which is naturally
aspirated), larger amounts of the smaller alcohols can be stoichiometrically burned,
thus compensating for their lower energy content. However, a careful analysis of
the plots in Figure 8 reveals that methanol consistently produced the lowest gross
IMEP values at both compression ratios and at all spark timings. The reason for that
can be explained by determining the volumetric efficiencies, based on the intake air
mass flow rates, for each alcohol, as shown in Figure 6.4.
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Figure 6.4: Volumetric efficiencies for all alcohols (compression ratios indicated).

These plots show a clear pattern at both compression ratios and at all spark timings.
It is evident that the volumetric efficiencies decreased with decreasing molecular
sizes. One possible reason is the fact that the smallest alcohols displace more air in­
side the cylinder, due to their higher stoichiometric fuel/air ratios (therefore, lower
stoichiometric air/fuel ratios). This phenomenon was more pronounced in the case
of methanol, since it has the lowest stoichiometric air/fuel ratio (AFR) of all alco­
hols (about 6.5:1), which may explain the lower volumetric efficiencies obtained
with that fuel. Even though the high heat of vaporization of methanol could help
increase the volumetric efficiency, this cooling effect was essentially absent, since
the intake air temperatures were kept approximately constant throughout the tests
(see Figure 6.1 above). On the other hand, the butanols, being the largest alco­
hols in this study, produced the highest volumetric efficiencies, since their higher
stoichiometric AFRs may have caused them to displace less air inside the cylinder.
The calculated uncertainties in the volumetric efficiency figures, using the method
outlined in Appendix A, were in the order of 0.5%, essentially negligible.

In any case, the variation in the physicochemical properties of the different alcohols,
along with those conflicting experimental conditions were not sufficient to cause
significant differences in IMEP, as Figure 6.3 shows.
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6.3.2 Knock Characterization

This section outlines some key aspects of engine knock and methods for evaluat­
ing its occurrence and intensity—a topic already addressed in Chapter 5—before
presenting the knock­related experimental findings obtained with the neat alcohols
fuels. As it was pointed out in the previous chapter, there are different criteria used
for determining knock onset and, in this dissertation, an engine firing cycle was
considered to be knocking if its measured MAPO (maximum amplitude of pres­
sure oscillations) value exceeded 1.0 bar. However, it is worth mentioning again
that every cycle will produce some MAPO value, ranging from background noise
to severe knock and the occurrence of a single cycle with a MAPO value above the
specified threshold does not necessarily indicate that the engine is knocking—thus,
the statistical tools already introduced in Chapter 5 can be very useful.

Before proceeding, it is worth quickly examining the average MAPO values ob­
tained with the different alcohols, at both compression ratios and at all spark tim­
ings, as shown in Figure 6.5 below. It should be noted that the y­scales in both plots
are different. Each bar then represents the average MAPO calculated over 1000 fir­
ing engine cycles whereas, as in the previous case, the error bars show the variability
observed in each measurement, represented by the standard deviation calculated
from those 1000 cycles. As previously discussed, the MAPO uncertainties them­
selves were deemed to be related to the uncertainty in the cylinder pressures, which
were found to be 0.05 bar. Once more, the variability in the measurements was far
larger than the estimated uncertainties.

Figure 6.5: Mean values of knock intensities (MAPO) during the tests (compression ratios and spark timings indicated).
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From Figure 6.5, it is evident that n­butanol stands out as being the fuel produc­
ing by far the highest average MAPOs among all alcohols, a fact observed at both
compression ratios. The average knock intensities exhibited by the other alcohols
were much lower in comparison and roughly in the same range. Also, as expected,
the plots show that, the earlier the spark timing, the higher the MAPO intensity.
It is interesting to note that, even under the smooth engine operating conditions
obtained with the 7:0 compression ratio, it was still possible to detect some trends
among the alcohols, a fact that becomes more clear with the help of cumulative
frequency distributions, as discussed further below.

As already mentioned in Chapter 5, the variability in the MAPO measurements can
be quite large, an example of which is illustrated in Figure 6.6, when the engine was
running on n­butanol—the least knock­resistant fuel—at the compression ratio
(rc) of 8:0 and at a spark timing of 19° BTC, that is, a worst­case scenario for knock.
In this particular case, 97% of the cycles were knocking (i.e. their measured MAPO
values were above 1.0 bar).

Figure 6.6: Cycle-to-cycle variations in knock intensity.

As pointed out in the previous chapter, statistical tools are useful when analyzing
such large cyclic variations [230]. As a stochastic phenomenon, knock can be ef­
fectively characterized as a statistical distribution of the values of its intensity (e.g.
MAPO) measured over a sufficiently large number of cycles and calculated at each
individual firing cycle. Additionally, histograms are useful in visualizing and char­
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acterizing random quantities, such as knock intensity [99].

The histogram shown in Figure 6.7 illustrates the effect of spark timing on the
MAPO distributions obtained with n­butanol. It is evident that the variations in
spark timing not only affected the knock intensity itself, but it also had a strong
impact on the spread of the distributions, which increased as the mean MAPO
increased. This behavior helps explain the large cyclic variations (hence the large
error bars) observed at higher knock levels. It also helps explain why knock intensity
distributions are skewed to the right, towards lower MAPO values, as observed by
Chun and Heywood [99].

Figure 6.7: Knock intensity (MAPO) distributions, n-butanol, rc = 8.0.

Cumulative Frequency Distributions

As stated in Chapter 5, empirical cumulative frequency distribution charts are a
convenient way of describing knock intensity [90]. In an attempt to better il­
lustrate the overall knock behavior of the different alcohols, the selected MAPO
cumulative frequency distributions were calculated at the earliest and at the latest
spark timings at each compression ratio. This choice of opposite engine operating
conditions was meant to illustrate the MAPO behavior of the alcohols at both the
most and the least demanding conditions. As in the previous chapter, each cumula­
tive distribution was determined based on a minimum of 1000 firing engine cycles.
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It should be kept in mind that, since no knock occurred during the less demanding
tested engine conditions, the term “knock” may be misleading in those situations
and the term “MAPO” itself would be more accurate to describe the in­cylinder
pressure oscillations, regardless of the occurrence of knock.

Figure 6.8: MAPO cumulative frequency distributions for the tested alcohols, earliest spark timing.

Figure 6.9: MAPO cumulative frequency distributions for the tested alcohols, earliest spark timing.

Figures 6.8 and 6.9 show the MAPO cumulative frequency distributions obtained
with all tested alcohols at the earliest spark timings, namely 19° and 20° BTC, cor­
responding to the 8:1 and 7:1 compression ratios, respectively. These plots represent
the most demanding operating conditions—knock­wise—at both compression ra­
tios. The CFDs for n­butanol immediately stand out at both compression ratios
due to the significantly higher MAPO values produced by that fuel. Because of
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that, the n­butanol CFDs were removed in the plots on the right in each figure, to
better visualize the distributions of the other alcohols. In this case, it is interesting
to note that there seem to be well­defined patterns among them, in which they
display clearly distinct behaviors, even when the measured MAPO values were very
low, as in the case of the 7:1 compression ratio.

A Mann–Whitney U test was performed on those distributions and the results
indicated that there is a statistical difference between them, implying that their
behaviors were distinct.

Another interesting feature is that, in this particular case, the same patterns are
observed with both compression ratios, in which isopropanol produced the lowest
MAPO values, followed by ethanol, methanol, isobutanol—and n­butanol, as the
least knock­resistant alcohol. These results do not correlate well with the average
IMEP values obtained with the alcohols, suggesting that the differences in MAPO
can be attributed to differences in fuel properties, as opposed to fuel intake energy.

Figure 6.10: MAPO cumulative frequency distributions for the tested alcohols, latest spark timing.
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Figure 6.11: MAPO cumulative frequency distributions for the tested alcohols, latest spark timing.

Figures 6.10 and 6.11 show the MAPO CFDs obtained with the alcohol fuels at
the latest spark timings of 7° and 8° BTC, corresponding to the compression ra­
tios of 8:1 and 7:1, respectively. These plots represent the least demanding con­
ditions tested, at both compression ratios. Compared to the previous case, the
situation is very similar. Interestingly, n­butanol stood out again as the fuel pro­
ducing the highest MAPO levels, even in this case where their values are very low
overall, particularly at the 7:1 compression ratio. When n­butanol is excluded, as
in the plots on the right in each figure, a pattern can again be discerned, where
isopropanol seemed to produce the lowest MAPO levels, followed by isobutanol,
ethanol, methanol, and n­butanol. It is also interesting to note that roughly the
same trend was exhibited at both compression ratios, similarly to the previous case.

Once more, a Mann–Whitney U test was performed on the MAPO distributions,
the results of which suggesting that their statistical behaviors were distinct—except
for the 8° BTC case, in which the ethanol and isobutanol distributions were found
to be statistically similar.

Based on the results described above, the most obvious takeaway is that, when
compared to the other alcohols, n­butanol produced significantly higher MAPO
values, even during engine operation regarded as knock­free. However, the fact
that the intake air temperature was higher in the case of n­butanol (see Section
6.2.2 ”Test Procedure”), might have contributed to its poor knocking behavior. In
any case, this finding is unsurprising, since n­butanol has been shown to be the
most reactive butanol isomer [237, 238]. This stands in contrast with the results
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produced by isobutanol, highlighting the influence of a fuel’s molecular structure
on its knock behavior. Another interesting finding is the distinction among the
MAPO behaviors exhibited by the other alcohols, with isopropanol producing the
lowest MAPO levels overall. However, the distinctions are small, as the reactivities
of the C₁–C₄ alcohols—except for n­butanol—are similar [175, 176].

6.3.3 Combustion Characteristics

In this section, the characteristics of the combustion process of the different alcohols
that can influence knock onset and intensity are presented and discussed.

Combustion Phasing

The development of the combustion of the fuel­air mixture in the cylinder can be
described by its phasing, which is determined from the heat­release profiles and is
represented by the crank angle position corresponding to a certain percentage of
the mixture that has been consumed following ignition. It can be interpreted as a
measure of the speed of combustion of a particular fuel. The CA50 crank angle,
which corresponds to half of the fuel mass that has been consumed, together with
the angle representing most of the combustion duration, CA90­CA10 (representing
the bulk of the combustion, in this case considered as taking 80 crank angle degrees
(CAD)) are commonly used metrics for characterizing combustion phasing. The
CA50 angles for the five alcohols in this study are shown in Figure 6.12, for both
compression ratios and at all spark timings, whereas the corresponding CA90­CA10
angles are shown in Figure 6.13.
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Figure 6.12: 50%mass burned fraction angles for the tested alcohols (compression ratios and spark timings indicated).

Figure 6.13: 10-90% mass burned fraction angles for the tested alcohols (compression ratios and spark timings indi-
cated).

By inspecting the results, the values of the CA50 angles, in ascending order (that
is, from earliest to latest 50% mass fraction burned) can be summarized as follows:
MeOH < n­BuOH ≈ EtOH ≈ i­BuOH < i­PrOH.

Overall, the combustion phasing, as represented by both the CA50 and CA90­
CA10 quantities, can be ranked as follows: n­BuOH < MeOH ≈ EtOH ≈ i­BuOH
< i­PrOH, in ascending order (that is, from shortest to longest burn duration).

These results suggest that methanol and n­butanol were the fastest burning alcohols,
followed by ethanol, whereas isopropanol and isobutanol burned at the slowest
rates. These results mostly agree with studies discussed in the thorough review by
Sarathy et al. [79]. In that article, an inspection of the presented results reveals that
the laminar flame speeds of the alcohols investigated in this work, can be roughly
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ranked as follows: MeOH ≈ EtOH > n­BuOH > i­PrOH ≈ i­BuOH. However,
it should be kept in mind that laminar flame speed is an idealized combustion
property that is difficult to be measured exactly at engine conditions, therefore
there might exist discrepancies published by different studies.

Exhaust Gas Temperatures

The exhaust gas temperatures measured for the five alcohols in this study are shown
in Figure 6.14, at both compression ratios and at all spark timings. Again, in gen­
eral, the temperatures can be ranked, from lowest to highest, as follows: n­BuOH
≈ MeOH < EtOH < i­BuOH < i­PrOH. This is the same trend as in the combus­
tion phasing case discussed above, which is not surprising, since later­burning fuels
will tend to cause higher exhaust temperatures. Therefore, these results confirm the
combustion phasing values observed with the different alcohols.

Figure 6.14: Exhaust gas temperatures for the tested alcohols (compression ratios and spark timings indicated).

Heat Release Rates

The heat release plots corresponding to the CFDs described above, representing the
earliest and latest spark timings at both compression ratios, are shown in Figures
6.15 and 6.16. The main finding from the preceding knock analysis was the signifi­
cantly higher knock tendency of n­butanol, when compared to the other alcohols.
Unsurprisingly, the combustion behavior of that alcohol stands out as having a
more ”abrupt” heat release shape. This fact is clearly seen in the results obtained
at the earliest spark timings, especially at the higher compression ratio of 8:1, as
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Figure 6.15 illustrates. On the other hand, isopropanol produced the lowest overall
MAPOs, a result that is also seen in its heat release profiles. For ease of comparison,
all plots have the same y­axis scale.

Figure 6.15: Heat release rates at the earliest spark timings.

Figure 6.16: Heat release rates at the latest spark timings.

As depicted in the CFDs previously shown, the higher MAPO values exhibited by
n­butanol was evident even in the case of the latest spark timings, that is, at the
smoothest engine conditions tested. This fact is reflected in its heat release profiles,
as depicted in Figure 6.16. In contrast, the gradual heat release behavior exhibited
by isopropanol, at both compression ratios, once again explains the lowest knock
tendency of that fuel, compared to the other alcohols.
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6.3.4 Exhaust Emissions

In this section, the exhaust emissions produced by the different alcohols are pre­
sented and discussed. In each of the figures that follow, the results obtained at both
compression ratios are shown, for all alcohols, as a function of spark timing. All
concentrations are shown in ppm, as a function of spark timing.

Carbon Monoxide

The exhaust concentrations of carbon monoxide are shown in Figure 6.17. The CO
concentration ranges differ roughly by a factor of two. Upon inspection of both
plots, the following trend can be discerned: n­BuOH > EtOH > i­PrOH ≈ i­BuOH
> MeOH.

Figure 6.17: Carbon monoxide emissions (compression ratios indicated).

The average overall lambda values measured at the corresponding points are shown
in Figure 6.18. By comparing these plots with the ones above, it can be seen that the
CO emissions do not follow the same pattern exhibited by the lambda plots. For
instance, n­butanol produced the highest CO concentrations, whereas its lambda
values were technically the lowest. Therefore, the carbon monoxide emissions did
not seem to be linked to the slight lambda variations seen in Figure 6.18. It could
be speculated that the CO emissions were influenced by differences in the viscosity
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and/or volatility of the alcohols, resulting in localized, slightly richer regions where
fuel and air were poorly mixed.

Figure 6.18: Relative air/fuel ratios (λ) (compression ratios indicated).

Hydrocarbons

The exhaust concentrations of hydrocarbons are shown in Figure 6.19. Similar to
the CO emissions, the HC concentration ranges also differ roughly by a factor of
two. Inspecting both plots, it can be seen that they exhibit the following trend:
n­BuOH > i­BuOH > i­PrOH > MeOH > EtOH. At both compression ratios,
the alcohols with the largest molecules, isobutanol and n­butanol, produced the
highest concentrations of unburned hydrocarbons, whereas the HC emissions for
the smaller alcohols ethanol, methanol, and isopropanol were the lowest. These
results suggest that the volatility of the alcohols might have been responsible for
the differences in the hydrocarbon concentrations, since the largest alcohols exhibit
lower volatilities, a characteristic that can impair their combustion.
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Figure 6.19: Hydrocarbon emissions (compression ratios indicated).

Nitric Oxide

Figure 6.20 shows the emissions of nitric oxide for all alcohols, at both compression
ratios. The plots show a trend in the NO concentrations that can be roughly sum­
marized as follows: i­BuOH > n­BuOH > i­PrOH ≈ MeOH ≈ EtOH. This trend
is most likely related to the different peak combustion temperatures obtained with
the different alcohols.

Figure 6.20: Nitric oxide emissions (compression ratios indicated).

178



Formaldehyde

The emissions of formaldehyde, Figure 6.21, while being low for all alcohols, is the
highest in the case of methanol, since it is one of the main intermediate species
produced during its combustion [79].

Figure 6.21: Formaldehyde emissions (compression ratios indicated).

Acetaldehyde

The acetaldehyde emissions are shown in Figure 6.22. As it can be easily seen, the
acetaldehyde emissions from methanol and isopropanol were negative, which is ob­
viously not possible. An explanation for this may be the fact that the FTIR analyzer
was not able to interpret the spectra produced by the emissions from those two al­
cohols. Being an instrument to be primarily used by OEMs, the analyzer was most
likely calibrated to measure the exhaust emissions produced by the conventional
fuels gasoline and diesel—but not the emissions from fuels such as methanol and
isopropanol [235]. Because it just could not interpret those two fuels, it produced
an error in the form of negative values. Moreover, it is also probable that the ac­
etaldehyde emissions from ethanol and the butanols, while positive, might not be
correct.
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Figure 6.22: Acetaldehyde emissions (compression ratios indicated).

6.4 Summary

In this chapter, the goal was to investigate the characteristics of alcohols that can
make them suitable for being used as neat fuels for spark­ignition engines. The
compounds investigated were the C₁–C₄ alcohols methanol, ethanol, isopropanol,
n­butanol, and isobutanol. Due to the fact that avoiding knock is extremely im­
portant for SI engines, the engine experiments described in this chapter focused on
evaluating the knock propensities of the different neat alcohols. As in Chapter 5, in
this chapter engine testing was done on a modified spark­ignition Waukesha CFR
engine operating at a fixed speed, at different compression ratios and spark timings.
The results showed that the different alcohols exhibited distinguishable behaviors
regarding their resistance to autoignition. Even so, they performed roughly equally
well, except for n­butanol, whose knock tendency, as measured using the maximum
amplitude of pressure oscillations (MAPO), was significantly and consistently the
highest among the alcohols. This finding is in line with the results from the pre­
vious chapter, in which n­butanol, as a gasoline oxygenate, produced the worst
results, based on its MAPO behavior. On the other end, isopropanol seemed to
produce the lowest MAPOs overall, highlighting its potential as a neat SI fuel. This
is evidenced by its octane ratings (both RON and MON, see Table 6.1), the highest
of all alcohols tested. As stated above, propanol is the smallest alcohol existing as
different isomers, which means that isopropanol is the smallest alcohol molecule
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exhibiting a branched structure, characteristics that help explain its seemingly su­
perior knock resistance. However, as previously stated, even though it is possible to
synthesize isopropanol from renewable sources, the available techniques for doing
so still do not seem feasible for its large­scale production. Isobutanol is another in­
teresting alcohol emerging from the present study. Its branched structure translates
into good autoignition resistance while its larger molecule results in a higher heat­
ing value, when compared to the most common alcohol fuel, ethanol. Compared
to ethanol, isobutanol also gives additional benefits, such as lower corrosiveness and
lower water affinity.

Given the fact that the available techniques for obtaining isobutanol from biomass
have matured to the point of making its large­scale manufacture feasible, there
seems to be little doubt that it has the potential to become an alternative to ethanol,
either as a gasoline oxygenate, as discussed in the previous chapter or, as shown in
the present one, as a neat fuel.
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Chapter 7

Conclusions and Outlook

7.1 Overview

The research work described in this dissertation investigated the use of alternative
fuels for internal combustion engines (ICEs), having the possibility to be produced
from renewable sources. More specifically, this work studied the potential of cer­
tain types of glycerol­derived chemicals and C₁–C₄ alcohols to be used as fuels for
ICEs. The research activities described in this study originated from the BioRen
project, an E.U.­funded, Horizon 2020 project of which the author was a mem­
ber. The BioRen project had the main goal of producing fuels from the organic
fraction of municipal solid waste (MSW), essentially a cellulosic feedstock, via fer­
mentation routes. The target fuels included ethanol, isobutanol and, most notably,
glycerol tert­butyl ether (GTBE), a chemical compound with the potential to be
used as fuel component (i.e. additive) for both gasoline and diesel fuels. Part of
the purpose of GTBE production is that it can be obtained using the waste glyc­
erol that is the by­product of the biodiesel transesterification process. By doing
that, the BioRen project aimed at not only producing biofuels, but also at tackling
waste­management issues, in the framework of the circular economy. Finally, the
residues of the fermentation process were then turned into biocoal through a hy­
drothermal carbonization (HTC) process. The overall tasks of the project, which
were allocated to the different members as work packages, ranged from MSW sort­
ing and pretreatment, to isobutanol and GTBE production, to the evaluation of the
biofuels though engine testing, the package that was assigned to Lund University.
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The present work is based on such activities. However, to increase its relevance, the
scope of the engine tests was expanded to include other types of glycerol deriva­
tives in addition to GTBE, such as solketal and triacetin, with the potential to be
used as fuel components. Moreover, besides ethanol and isobutanol, methanol,
isopropanol, and n­butanol were included in the tests.

The tests described in this work promote the diversification of the available fuel
options for the transport sector. As discussed in the introductory chapter of this
monograph, fuel diversification is an important step towards a decarbonized trans­
port. To that end, the various chemical compounds discussed in this study were
evaluated as fuel components by preparing their blends with either a gasoline sur­
rogate (for the SI tests) or commercial diesel fuel (for the diesel tests), depending
on the fuel and the test type. The diesel tests were performed on both a light­duty
and a heavy­duty diesel engine, while the spark­ignition tests were carried out on a
CFR engine, an engine especially designed for fuel testing. Besides evaluating fuel
blends, this study also evaluated the performance of neat C₁–C₄ alcohols on the
CFR engine, since such compounds have properties that make them particularly
suited to SI engine operation. For all tests and all fuels, combustion characteristics
and exhaust emissions were the main focus, whereas for the SI engine tests, the
knock propensity of the alcohols (either in blends with the gasoline surrogate or in
neat form) was also relevant. Due to the fact that several compounds were tested,
at a number of operating conditions, and using three different engines, the results
were extensive, but the following paragraphs should provide a quick insight into
them.

7.2 Key Takeaways

The light­duty diesel engine tests of Chapter 3 served as an initial screening of
GTBE and isobutanol as additives for diesel fuel, as a prelude to the subsequent
heavy­duty engine tests. The GTBE was mixed with diesel at a concentration of 5
vol.% and the isobutanol blend, mixed at 6.5 vol.%, was prepared to match that
same oxygen content. In addition, a 10 vol.% GTBE blend was prepared, but
tested at only one operating condition. A four­cylinder Volvo passenger car engine
was used for the tests. As a preliminary set of experiments, the tests described in
Chapter 3 showed that the addition of GTBE or isobutanol did not compromise
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engine performance, at those relatively low blending concentrations. In addition,
the presence of fuel­bound oxygen meant that both compounds were able to reduce
soot emissions, an effect that was most pronounced at light loads. Regarding NOx

emissions, the oxygenated blends, in general, were able to lower the soot emissions
while keeping the NOx levels relatively constant, a pattern that was not visible at
full load (in which the soot­reducing benefits of the oxygenated blends were less
evident).

Chapter 4 discussed the heavy­duty diesel tests. Those tests were more extensive
and were divided into two parts, depending on the concentrations at which the
oxygenates were mixed with diesel fuel. In the first part, the blends were prepared
to match the oxygen content of a 5 vol.% di­GTBE blend. On the other hand, in
the second part, all oxygenated compounds were mixed at a fixed concentration of
4 vol.%. In addition to B7 diesel (i.e. diesel fuel containing 7 vol.% of biodiesel),
additional compounds were tested in Chapter 4: a 75%/25% mixture of mono­ and
di­GTBE, pure di­GTBE, pure tri­GTBE, solketal, and triacetin. The inclusion of
these extra compounds showed that they have potential to be mixed with diesel fuels
in low concentrations, thus contributing to displacing fossil fuel usage. Besides
not impairing engine performance, the overall results showed that, in general, the
oxygenated compounds seemed to reduce the emissions of soot, hydrocarbons, and
carbon monoxide, without increasing the NOx emissions appreciably (due to the
well­known soot­NOx trade­off).

The part of this work dealing with spark­ignition tests starts with Chapter 5. A
modified Waukesha CFR engine was used throughout the experiments. Moreover,
the main focus of the SI tests was to evaluate the knock tendency of the different
fuels, since knock can be a significant constraint on the performance of SI engines,
and also because the CFR engine was specifically designed for assessing the octane
rating (i.e. the knock resistance) of fuels. For these tests, a gasoline surrogate com­
prised of iso­octane, n­heptane, and toluene, having an octane rating (RON) of 91,
was used as baseline fuel. To that surrogate, the glycerol derivatives and alcohols
were blended, at two different concentration levels, matching the oxygen content of
a blend of 10 vol.% and 20 vol.% ethanol (commonly known as ”E10” and ”E20”,
respectively), for a total of 16 different fuels that were tested. The chosen knock
metric was the so­called maximum amplitude of pressure oscillations (MAPO) and
knock propensity was evaluated with the use of empirical cumulative frequency dis­
tributions, based on the MAPO results logged over 1000 engine cycles. The results
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showed that, among the glycerol derivatives, the GTBE types were the most effec­
tive in reducing the MAPO intensity, as shown by the cumulative distributions.
On the other hand, solketal gave the poorest performance. Among the alcohols, in
general, all of them performed well, with the notable exception of n­butanol, whose
MAPO values were consistently the highest, even at very mild, essentially knock­
free, engine operating conditions. On the other hand, isopropanol and isobutanol
performed particularly well.

Finally, Chapter 6 addressed the topic of using neat alcohols as SI fuels. In that
chapter, methanol, ethanol, isopropanol, n­butanol, and isobutanol were evalu­
ated according to their knock tendencies. The CFR engine was again used and
the test procedure was very similar to that of Chapter 5. The results, based on the
cumulative frequency distributions, showed that the alcohols exhibited distinguish­
able behaviors regarding their knock resistance. As in Chapter 5, n­butanol clearly
had the worst performance. The remaining alcohols performed well, particularly
isopropanol, since the MAPO levels it produced seemed to be the lowest among all
alcohols. This is unsurprising, as isopropanol has the highest octane rating among
the alcohols (see Table 6.1). Isobutanol also exhibited good knock resistance, which,
along with its higher heating value, lower water affinity and corrosiveness, and im­
proved biochemical routes to produced it from biomass, makes it a uniquely good
alternative to ethanol, as a gasoline oxygenate.

The findings presented in this work were the results of extensive engine testing,
carried out using several different fuels, on three different engines, and at many
different engine operating conditions. The overall results showed that the main
target fuels of the BioRen project, isobutanol and GTBE have the potential to be
used as fuel components. In the case of diesel fuel, the blending levels of either com­
pound should be restricted to lower concentrations, since the cetane ratings of both
are expected to be low, making the use of high­concentration blends unfeasible for
diesel applications. In any case, if isobutanol and GTBE were to be used as diesel
oxygenates, the mixing levels should be kept at low values, in order to conform to
existing fuel standards (such as the U.S. standard ASTM D975 [239] and the Euro­
pean norm EN 590 [200]). In that aspect, the glycerol compounds should be more
suitable for SI applications, so it is not surprising that many of the available studies
investigate their potential as octane boosters. The inferior knock­inhibiting perfor­
mance of n­butanol—either as an oxygenate or as a neat fuel—highlights the fact
that straight­chain compounds tend to have inferior knock resistance, when com­
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pared to their branched­molecule counterparts. This characteristic was evidenced
in the case of isopropanol, the smallest tertiary (and as such, branched) alcohol,
since its overall knock resistance was shown to be highest among the alcohols, both
when used as an oxygenate, mixed with the surrogate, or in neat form. Unfortu­
nately, even though there have been advances in the field, the routes for producing
isopropanol from renewable sources still seem to be problematic, which precludes
its use as an SI fuel and helps explain the limited number of engine studies found
in the literature devoted to it. On the other hand, the production of isobutanol
from biomass seems to have reached a level that is mature enough to allow it to
be manufactured at commercial scale. From the results, isobutanol exhibited good
knock resistance. In addition to that, when compared to ethanol—the biofuel par
excellence—it has advantages such as a higher heating value, much lower affinity
for water, lower corrosiveness and a lower impact on the distillation properties and
volatility of the base gasoline (which simplifies its blending with it). When con­
sidering all these advantages together, it becomes clear that, from a purely techni­
cal perspective, isobutanol is a superior gasoline oxygenate, compared to ethanol.
Those favorable characteristics, especially its lower corrosiveness, also mean that it
has a very good potential to be used as neat fuel. Lastly, the fact it has a lower oxy­
gen content, when compared to ethanol, means that a larger volume of isobutanol
can be blended with gasoline to achieve a fixed maximum blend oxygen content,
alleviating the ”blend wall” problem that exists in some markets (for instance, the
U.S.¹ and the E.U.²). When produced from renewable feedstocks, it also means
that larger volumes of fossil gasoline can be displaced, contributing even further to
the goal of decarbonizing transport.

7.3 Limitations of the Study

It needs to be taken into account that, being an academic study with a limited
availability of glycerol derivatives, the use of a larger multi­cylinder engine (such
as a production heavy­duty diesel) was not an option. That, in addition to single­
cylinder­engine experiments, could have provided additional valuable insights re­
garding the use of the oxygenates in a more realistic ”real­world” application. Fur­
thermore, it should be kept in mind that the results presented in this dissertation

¹According to the ASTM standard D4814 [240].
²According to the European standard EN 228 [241].
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are based on a limited number of experiments and, as such, care should be taken
when making generalizations of the study’s main findings. Lastly, being an aca­
demic study, the conclusions obtained from it were based on experiments done on
engines operating in controlled settings and not under more realistic conditions.

7.4 Suggestions for Future Work

The results presented in this work were based on engine tests carried out on three
different engines, at several different operating conditions. As mentioned above,
the possibility of using a multi­cylinder heavy­duty diesel engine could provide ad­
ditional information on the behavior of the different fuel blends under more severe
and realistic conditions. On the spark­ignition side, while the CFR engine is a very
valuable tool for engine testing—especially when investigating the knock resistance
of fuels—it is far different from modern spark­ignition engines. As mentioned in
Chapter 2, the CFR engine was originally designed in the 1920s with the goal of
measuring and characterizing knock. While conventional engines are designed to
avoid the occurrence of knock at any cost, the CFR engine was designed to induce
it, so it can be measured and characterized. This very fact in itself puts the CFR
engine at odds with any conventional spark­ignition engine. Therefore, a valuable
suggestion for future work would be to, in addition to using the CFR engine, evalu­
ate the performance of the glycerol derivatives and the C₁–C₄ alcohols on a modern
production SI engine, featuring characteristics such as downsizing and high boost­
ing levels, direct fuel injection, variable valve timing, among others. It would be
interesting to compare the knock behaviors of the different fuels obtained with the
CFR engine and with a modern production engine. That could provide valuable
additional insights into the knock performance of the different fuels.
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Appendix A

Uncertainty Assessment

Analyzing uncertainties is about predicting the uncertainty interval associated with
an experimental result, based on the scatter observed in the raw data that were used
to calculate such result [242]. Uncertainties in the measured data can be assessed
based on the accuracies of the measuring instruments. However, when physical
quantities cannot be measured directly, those uncertainties “propagate” through
the calculations, making it necessary to quantify this propagation process in order
to evaluate the uncertainty in the final answer. In that way, the overall uncertainties
associated to an experimental result can be estimated.

Thus, if N quantities x1, x2, …, xN are measured with uncertainties δx1, δx2, …,
δxN, and the measured quantity q is any function of the variables x1, x2, …, xN,
then the uncertainty in q is expressed as follows [243]:

δR =

√(
∂R
∂x1

δx1

)2

+

(
∂R
∂x2

δx2

)2

+ · · ·+
(

∂R
∂xN

δxN
)2

(A.1)

In this equation, each term represents the contribution made by the uncertainty in
one variable, δxi, to the overall uncertainty in the result, δR. Each term has the same
form: the partial derivative of R with respect to xi multiplied by the uncertainty
interval for that variable.

Equation (A.1) is the basic equation of uncertainty analysis [244] and, as such, it
can estimate the the uncertainty in a computed result with good accuracy for most
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functions of engineering importance [245].

In the present work, most of the plots have error bars showing the standard deviation
of the logged data. Therefore, those bars represent the variability of the measured
data around their mean value and not the “true” errors, or uncertainties, in the
narrow sense of the word.

However, as Taylor pointed out in his textbook [243], the standard deviation proves
to be a useful way of characterizing the reliability of measurements. For a normally­
distributed quantity that has been measured N times with separate measurements
x1, x2, . . . , xN, the mean x̄ represents the best estimate of the “true” value of the
quantity in question, whereas the standard deviation obtained from those x1, x2, . . . , xN
measurements is an estimate of the average uncertainty in the individual measure­
ments x1, x2, . . . , xN.

Moreover, as long as systemic measurement errors are negligible, the standard devi­
ation of the mean of those x1, x2, . . . , xN measurements, defined as

σ̄x =
σx

N
(A.2)

represents the uncertainty in the best estimate for x, that is, the uncertainty in x̄.

Therefore, the quantity x can be expressed as:

x = x̄± σ̄x

In summary, if the measurement of a quantity has been made (i.e. logged) enough
times, the scatter of the measured values, as represented by their standard deviation,
should still give an indication of the uncertainties involved (although the standard
deviation of the mean will produce a smaller, less conservative, value).
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