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Abstract
Driven by the need to reduce greenhouse gas emissions while meeting the growing de-
mand for mobility, the transport sector is shifting towards more sustainable and less pol-
luting energy sources. Although vehicle electrification is advancing, it will take decades
for electric vehicles to completely replace all current vehicles powered by internal com-
bustion engines. In the meantime, it may be possible to reduce the emissions originating
from transport by replacing fossil Diesel fuel with renewable alternatives suitable for
use in compression ignition combustion engines. Fuels that can be used in existing en-
gines without modification of hardware or calibration settings are called drop-in fuels.
The scientific contribution of this dissertation is an experimental evaluation of potential
drop-in fuel blends for the use in a compression ignition engine.
The main component of each studied blend was either a long-chain alcohol or
poly(oxymethylene) dimethyl ether (OME3−5) blended with hydrotreated vegetable oil
and rapeseed methyl ester as well as fossil Diesel fuel in some cases.
The performance and emissions of the different fuel blends were investigated experi-
mentally in heavy duty and light duty single cylinder research engines. Some of the
long-chain alcohol blends were also investigated in a heavy duty multicylinder engine
as well as in optical spray experiments using a high-pressure/high-temperature constant
volume chamber.
Overall, the obtained results indicate that blends consisting mainly of long-chain alco-
hols or OME3−5 could replace fossil Diesel fuel in compression ignition engines. Owing
to the lower heating value of the fuel blends, the fuel consumption increases slightly. But
there is the possibility of improved engine efficiency. Importantly, both long-chain al-
cohol and OME3−5 blends have the potential to greatly reduce soot emissions. It was
concluded from optical spray studies that not only the oxygen content of the fuel but also
the increased heat of evaporation influenced the combustion and thus the soot reduction
potential.
However, light duty engine tests using these blends yielded strongly increased NOx
emissions, and the high particle number emissions observed in the heavy duty engine
tests could be problematic given the limits on particulate emissions imposed by the most
recent emissions standards.

Keywords: Renewable fuels, Compression Ignition Engine, long-chain alcohol blends,

OME3−5 blends, Particle emissions, NOx emissions.





Populärvetenskaplig
sammanfattning
Experimentell utvärdering av förnybara bränsleblandningar för
kompressionständningsmotorer

Världens befolkning ökar och därmed behovet av mobilitets- och transportlösningar. Ut-
släpp från vägtransporter (personbilar och lastbilar) bidrar till nästan en femtedel av de
globala utsläppen av växthusgaser och bidrar till luftföroreningar i tätorter. Åtgärder för
att minska utsläppen för att uppnå klimatmålen är bland annat förbättrad transportin-
frastruktur, innovativa fordonstekniker samt användning av bränslen med låga utsläpp.
Målet är en övergång till mobilitets- och transportlösningar utan utsläpp.

Trots att andelen hybrid- och helelektriska fordon ökar, kommer fordon med enbart för-
bränningsmotorer att dominera på vägarna under det kommande decenniet. I Europa har
var fjärde personbil som säljs idag en dieselmotor samtidigt som nästan uteslutande alla
tunga transporter också drivs av en dieselmotor. Fossil diesel utgör idag det vanligaste
bränslet för dieselmotorer på både tunga och lätta fordon. Ett sätt att minska användan-
det av fossil diesel är att utveckla förnybara drop-in bränslen, vilket innebär att ingen
ändring av motorhårdvaran är nödvändig. Forskning krävs dock för att identifiera effek-
ten av dessa nya bränslen med avseende på motorns prestanda och utsläpp.

Denna avhandling utvärderar flera bränslekandidater för deras potential att användas i
dieselmotorer i person- och lastbilar. Målet är att minska utsläppen jämfört med fos-
sil diesel men med bibehållen prestanda. Bränsleblandningar som undersöktes i detta
arbete bestod huvudsakligen av alkoholer eller ester tillsammans med kommersiellt till-
gänglig förnybar vätebehandlad vegetabilisk olja. Blandningarna togs fram för att efter-
likna egenskaperna hos fossilt dieselbränsle i syfte att underlätta möjligheten till drop-in.
Experiment med singelcylindriga forskningsmotorer visade att bränsle som innehåller
alkoholer eller ester kraftigt minskade utsläppen av sot samtidigt som motorns prestanda
bibehölls. Nackdelar för användning i lätta fordon var de ökade utsläppen av kvävediox-
ider och för tunga, ökningen av små partiklar. Slutsatsen är att de testade bränslena har
potential att ersätta fossil diesel.
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Introductory chapters





1. Introduction

1.1. Motivation

The ongoing transition from a fossil-based economy to a sustainable economy is being
driven by the growing concern about and awareness of the anthropogenic greenhouse
effect and the accompanying global warming. The transport sector accounted for 24 %
of the world’s total greenhouse gas (GHG) emissions in 2017, and three quarters of these
emissions originated from road traffic [1].

Emissions from road traffic have strong negative effects on air quality, especially in
urban areas, and cause several health and environmental problems. Engine exhaust
contains several pollutants, including nitrogen oxides (NOx), carbon monoxide (CO),
unburned hydrocarbons (UHC), and volatile organic compounds that contribute to air
pollution and thus adverse climatic effects. The release of NOx, sulfur oxides, and am-
monia into the atmosphere causes acidification of soils and waters. Most modern Diesel
fuels therefore have a very low sulfur content or are sulfur-free. Particulate matter emis-
sions from internal combustion engines also have negative effects on human health; in
particular, they are linked to many respiratory problems [2].

Future scenarios for the European Union predict that existing measures will be insuffi-
cient to reduce GHG emissions (Figure 1.1) [3]. Therefore, at the end of 2020, the Eu-
ropean Union decided to implement additional measures as part of the ‘European green
deal’, with the goal of achieving carbon neutrality by 2050. Measures called for within
this strategy include increasing the energy efficiency of transport systems, promoting
low-emission transport using alternative and renewable fuels (biofuels, hydrogen, and
renewable synthetic fuels), and transport electrification using low and zero emission ve-
hicles.
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1. Introduction

Figure 1.1.: Changes in GHG emissions from 1990 for road transport in the European
Union (EU-27) (adapted from [3])

In 2020, the market shares of newly registered cars by fuel type in the EU were 28 %
for Diesel, 47.5 % for petrol, 11.9 % for hybrids, 10.5 % for electric, and 2.1 % for
alternative fuels. Most vehicles in the latter category are fueled with ethanol (E85), liq-
uid petroleum gas, or natural gas [4]. In recent years, the market share of new Diesel
and petrol vehicles has fallen slowly while that of vehicles with alternative powertrains
has risen. Expected vehicle lifetimes vary widely and depend on the manufacturer and
model. However the average lifespan of passenger cars in 2020 was around 17 and 18
years in Sweden and Germany, respectively, with an increasing trend [5, 6]. Therefore,
existing petrol and Diesel-powered vehicles will not be removed from the roads for some
time, making it necessary to introduce less polluting (non-fossil) fuels for these vehicles
if climate goals are to be achieved.

To control the risks presented by exhaust emissions and reduce the danger they present to
public health, many jurisdictions have introduced laws requiring vehicle manufacturers
to reduce the emissions of their products. Table 1.1 shows the latest emission standards
for light and heavy duty vehicles in Europe.

One way to help achieve compliance with these new emissions standards is to introduce
fuels that are produced from sustainable resources and can be used in standard commer-
cial engines without modifying the engines’ hardware or calibration settings.

2



1.1. Motivation

Table 1.1.: Emission limitations for light and heavy duty engine in Europe [7]

Light duty Heavy duty
Emission Standard Euro VI Euro VI (steady

state testing)

Driving cycle WLTC WHSC

Year 2014 2013

CO 0.5 1.5
HC g/kWh 0.13
HC + NOx 0.17
NOx 0.08 0.4
PM 0.005 0.01

PN 1/kWh 6 · 1011 8 · 1011

NH3 ppm 0.01

Biodiesel and hydrotreated vegetable oil (HVO) are commercially available renewable
alternative fuels for compression ignition engines. Biodiesel consists mainly of fatty
acid esters produced by transesterifying vegetable oils. Neat biodiesel (B100) is used
in some countries, but it requires engine modification. Alternatively, it can be blended
with conventional Diesel fuels; in many European countries, fossil Diesel is routinely
blended with up to 7 % of rapeseed methyl ester (RME), a biodiesel derived from rape-
seed oil. Interest in HVO has risen over time because it promises significant reductions
in emissions (e.g. [8, 9, 10]). HVO is produced by hydrotreating vegetable oils and
animal fats. A life cycle assessment combining electrification (hybrid, plug-in hybrid
and battery electric vehicle) and HVO revealed that the combination of a hybrid elec-
tric vehicle fueled with HVO promised a GHG reduction of 74 %, which exceeds the
GHG reduction potential of a battery electric vehicle (when considering 2020 European
electricity mix) [11].

Interest in the use of oxygenated alternative fuels such as alcohols and fatty acid esters
is also increasing. Replacing fossil fuels with oxygen-containing alternatives could po-
tentially reduce CO2, CO, and soot emissions while maintaining engine performance
[12, 13, 14, 15]. However, the use of renewable fuels also affects engine power and
exhaust emissions, and can change the nature of the particulate matter in the exhaust.
Further research on these fuels is therefore needed to find ways of reducing emissions
without harming vehicle performance.

3



1. Introduction

1.2. Objective

This work aimed to identify alternative fuels that could be used in compression ignition
engines in the near future. Specifically, the objective was to identify fuels that can be
produced renewably and used as drop-in replacements for fossil Diesel, meaning that
they can be used in existing compression ignition (CI) engines without requiring any
changes in the engines’ hardware or calibration settings. Drop-in fuels must also be
compatible with the materials used in existing engines, achieve cold starts without issue,
and be compatible with established fuel distribution infrastructure.

The fuel components were chosen based on their potential to reduce well-to-wheel
greenhouse gas emissions. A critical assessment from a life cycle and system perspec-
tive exceeds the scope of this work, but was performed within the framework of the
project ’Future alternative transportation fuels’.

To satisfy the requirements for drop-in fuels, blends were designed such that each of
their components would compensate for one or more of the drawbacks of another com-
ponent while preserving their advantages in terms of emissions reduction and engine
performance. These blends were composed of vegetable oils (HVO, RME) blended
with either long-chain alcohols or poly(oxymethylene) dimethyl ether (OME3−5). The
results presented herein enhance our understanding of the design of renewable alterna-
tive fuels and reveal potential challenges resulting from the use of such fuels in standard
CI engines.

Long-chain alcohols are typically defined as alcohols with alkyl chains containing at
least six carbon atoms. They are considered promising candidate drop-in fuels because
of their high calorific value compared to short-chain alcohols such as ethanol (which
has a carbon chain length of 2); the calorific value of alcohols increases with the carbon
chain length. The carbon chain length is denoted Cn where n is the number of carbon
atoms in the chain. This work focused on fuel blends featuring the C8 alcohols n-octanol
(Oc) and its isomer 2-ethylhexanol (2-EH), and the C10 alcohols n-decanol and its iso-
mer 2-propylheptanol (PH). Experiments were performed using blends of these alcohols
with HVO, fossil Diesel, and RME.
Further experiments were performed using blends of OME3−5 with HVO, RME, and
various alcohols added to improve miscibility. Due to its favorable chemical compo-

4



1.2. Objective

sition and structure, OME3−5 has the potential to significantly reduce soot emissions
without substantially increasing NOxemissions.

The impact of the blend composition on engine performance and emissions was studied
experimentally using a Volvo D13 single cylinder heavy duty research engine, which
was operated using the D13 production engine’s standard settings. Additionally, light
duty engine tests, using a Ricardo hydra engine with a standard Volvo NED4-cylinder
head were carried out. Deeper insights into the combustion behavior of selected fuel
blends were obtained by performing optical experiments in a constant volume high-
pressure/high-temperature chamber. A selected renewable fuel candidate was also tested
in a heavy duty multi-cylinder engine with a state of the art aftertreatment system. Both
the engine and spray experiments were designed to help answer the research questions
listed below:

• Do blends containing long-chain alcohols or OME3−5 have the potential to be used
as drop-in fuels in CI engines?

• How does the use of renewable fuel blends influence engine efficiency and fuel con-
sumption?

• How large is the emissions reduction potential (for gaseous and particle emissions)?

• What are the challenges of using renewable fuel blends in CI engines?

5





2. Background
This chapter begins by briefly describing the properties, production, and usage of se-
lected fuel candidates and blend components, i.e. rapeseed methyl ester and the refer-
ence fuels fossil Diesel and hydrotreated vegetable oil. In addition, the characteristics of
the C8 alcohols n-octanol and its isomer 2-ethylhexanol, the C10 alcohols n-decanol and
its isomer 2-propylheptanol, and poly(oxymethylene) dimethyl ether are presented. Be-
cause the studied fuels were designed for use in CI engines, the formation of emissions
in such engines is explained using a conceptual model of Diesel flame development. In
addition, the formation of particulates during combustion is described in detail. Finally,
the current state of the art in research on alternative fuels and their blends is summarized.

2.1. Fuel properties

Properties of the individual components of the studied fuel blends are presented in Table
2.1, along with the properties required for compliance with the EN 590 standard and
the properties of fossil Diesel. The EN 590 standard defines the physical properties a
fuel must possess to be sold in the EU and other European countries. All of the fuel
components considered in this work have flash temperatures above 55◦C. As such, they
comply with the EN 590 regulations and are classified as class 3 fuels. In addition,
they are all immiscible with water and have low susceptibility to microbial growth, en-
abling their long-term storage and integration into the existing fuel supply infrastructure.

Fossil Diesel is used as reference fuel. The Diesel used in this study has a maximum
sulfur content of 10 mg/kg and a maximum aromatic content of 8 % by mass. Sulfur can
influence the performance of catalysts and indirectly contributes to soot agglomeration
and aromatic compounds are known soot precursors [25]. Therefore, low levels of both
are beneficial for reducing soot emissions.

7



2. Background

Table 2.1.: Fuel properties [16, 17, 18, 19, 20, 21, 22, 23, 24]

EN590 Diesel HVO RME
Long-chain alcohols Ether

n-Octanol 2-ethyl-
hexanol

n-Decanol 2-propyl-
heptanol

OME3−5

Density kg/m3 820-845 830 779.9 883 830 832 829 832 1066.5

CN 51 52 75/87.81 52.9 37.5 23.2 48.2 33.3 54.5

Flash point ◦C >55 74 <61 140 80 75 82 100 63

Lower heating
value

MJ/kg 42.9 44.1 38 38.4 38.4 38.9 38.9 19.1

Oxygen con-
tent

% - - 10 12.3 12.3 10.3 10.3 43.1

Boiling point ◦C 180-370 180-320 280-350 195 184 221.5 218 117-241

Kinetic viscos-
ity, 40◦C

mm2/s 2-4.5 3.04 2.6 4.5 5.6 5.2 8.47 6.5 1.18

Latent heat of
evaporation

kJ/kg 250 545 389 310

Vapor pres-
sure (25◦C)

kPa <1.2 0.09 0.42 0.02 0.03 0.001 0.002

Molar weight g/mol 166.3 187.9 322.5 130.2 130.2 158.3 158.3 160.2

AFRstoich. - 14.45 14.89 12.56 13.18 13.18 13.44 13.44 5.83

H/C - 1.83 2.15 1.81 2.25 2.25 2.20 2.20 2.34

O/C - - - 0.095 0.125 0.125 0.1 0.1 0.83
1 HVO with higher CN used in heavy duty tests with long-chain alcohol blends.

Hydrotreated vegetable oil (HVO) is an aliphatic paraffinic hydrocarbon with properties
similar to Diesel fuel. It can be produced from various feedstocks without greatly affect-
ing the final product quality. The feedstock for the HVO consumed in Sweden (2019)
consists mainly of oil from animal fat (45 %), palm fatty acid distillate (33 %), and palm
oil (7 %) [26].

Use of HVO has increased markedly in recent years, and the global production volume
in 2025 is forecast to be twice that in 2019 [27]. Possible feedstocks are oils and fats
from waste, vegetable oils from crops such as rapeseed, sunflower or palm oil, as well as
jatropha and algae [26, 28]. Feedstocks may vary between regions and suppliers but do
not significantly affect the fuel’s properties [9]. Depending on the feedstock used, the
well-to-wheel GWP of HVO is at least 50% lower compared to fossil Diesel. Emissions
originated from soil during the agricultural cultivation have a substantial part to the GWP
of HVO. However, the energy demand was increased for HVO production [28, 29]. A
life cycle assessment performed by Andersson and Börjesson [11] demonstrated, that
GHG emissions can be reduced by 74 % when fueling a hybrid electric vehicle with
HVO (considering 2020 European electricity mix). This exceeds the reduction potential
of a battery electric vehicle. Moreover, in a predicted scenario for 2050, a hybrid electric

8



2.1. Fuel properties

vehicle fueled with HVO still performed better than the battery electric vehicle in regard
to GHG emission reduction.

HVO production involves an initial pretreatment process that removes impurities from
the feedstock. The unsaturated fatty acid chains are then converted to less reactive
oxygen-free saturated paraffinic alkanes via a two-stage hydrotreatment and isomeriza-
tion process. Depending on the feedstock, the carbon chain length of HVO ranges from
C15 - C18 [22]. HVO has the benefit of a high heating value and a cetane number (CN)
above 70, is sulfur-free, and has a low aromatic content (< 1 % by mass). Its density is
slightly lower than that of standard European Diesel fuel, and outside the range permit-
ted by the EN 590 standard. However, its high heating value compensates for its low
density. Its boiling point is lower than that of Diesel, and its boiling curve is less steep.
Consequently, it can be used at temperatures as low as – 40◦C [22].

Rapeseed methyl ether (RME) contains saturated and unsaturated fatty acids. It is pro-
duced by extracting rapeseed oil, refining it, and then transesterifying it with methanol.
Its properties are similar to those of Diesel, although its density is slightly higher. It has
already been integrated into the existing transportation fuel infrastructure and is blended
with fossil Diesel (at levels of up to 7 % by mass in some EU countries) to reduce well-
to-wheel CO2 , CO, HC, and particulate emissions. Its effects on NOx emissions depend
on the engine design and manufacturer [23, 30, 31].

n-Octanol is used as synthetic intermediate in the production of surfactants, perfumes,
and flavors. It can be prepared from fossil resources via the reaction of butadiene with
water [32]. However, it has also been produced renewably on a lab scale via biosyn-
thesis using the bacterium Escherichia coli [33, 34]. In addition, Julis and Leitner [35]
demonstrated the production of n-octanol by the conversion of biomass-derived furfural
and acetone.

2-Ethylhexanol (EH) can be produced in several ways including biomass fermentation
with ethanol, biomass gasification (with syngas as an intermediate product), or acetone-
butanol-ethanol fermentation of biomass. Poulikidou et al. [29] performed a life cycle
analysis and investigated the global warming potential (GWP) of EH production via
different pathways. This analysis, which was based on the ISO 14044 international

9



2. Background

standard and the method specified in the European Renewable Energy Directive (RED),
concluded that the GWP of 2-EH is comparable to that of HVO, and that production via
syngas delivers the lowest overall GHG emissions.

n-Decanol is used as plasticizer, lubricant, and surfactant, and can be biosynthesized
using E. coli like n-octanol. 2-Propylheptanol is used as a plasticizer in the production
of polyvinyl chloride and other materials, and also as a surfactant or synthetic lubricant.
Its production processes are similar to those of 2-ethylhexanol.

The C8- and C10-alcohols have Diesel-like densities and boiling points at the lower end
of the accepted range for Diesel. They all have lower CN values than Diesel, and be-
cause of their branched structures, EH and PH have lower CN values than their linear
isomers. However, all long-chain alcohols have higher CNs than the short chain alco-
hols methanol and ethanol. Moreover, their lower heating values (LHV) are higher than
those of the commercially used fuel ethanol (26.8 MJ/kg) [36]. The energy output per
kilogram of fuel increases with the carbon chain length, but the molar percentage of
oxygen decreases with increasing chain length. All of these alcohols have higher latent
heats of evaporation (a measure of the amount of energy needed to induce the fuel to go
from the liquid to the gaseous state) than Diesel fuel. They also have higher kinematic
viscosities, which can cause problems during fuel injection and spray formation.

Poly(oxymethylene)dimethyl ether (OMEn) has the general chemical structure
CH2-O-(CH2-O)n-CH3, where n is the number of oxymethylene units. In the literature,
OMEn is also referred to as PolyDME, POMDME or PODEn. It was recently iden-
tified as a potentially attractive alternative to fossil Diesel fuel for use in CI engines
because it has the potential to deliver lower soot emissions with similar or only slightly
increased NOx emissions, allowing the soot-NOx trade off to be avoided. OMEn can be
produced from the platform chemical methanol via several pathways. One pathway in-
volves converting methanol into formaldehyde by dehydrogenation and then converting
the formaldehyde into the intermediates trioxide and methylal, which are then converted
into OMEn. Another possibility is the direct conversion of formaldehyde into OMEn
without the formation of intermediates. Its production is described in detail elsewhere
[37, 38]. The production costs of OMEn depend strongly on the price (and production
pathway) of methanol, but can be competitive with those of fossil Diesel fuel [37, 39].

10



2.2. Compression ignition engine

Currently OMEn is mainly produced in China and refined (stripped from formaldehyde)
in Europe [40]. OMEn itself is produced as a mixture with components of different
chain length. Research suggests the use of OME with n= 3-5 is preferred over OME
with n=1, because the use of OME1 requires changes in engine hardware (see Section
2.3.3). However, the percentual share of each chain-length in the blend varies with
the production batch. The composition of the different units strongly influences the
miscibility (with for example HVO or fossil Diesel fuel).

2.2. Compression ignition engine

Compression ignition engines are highly efficient because they can use high compression
ratios. Unfortunately, despite ongoing development efforts, the formation of soot and
NOx emissions remains problematic even in high performance CI engines. This section
presents a conceptual model of the combustion process in a CI engine and discusses
the formation of gaseous and particulate emissions as well as strategies for reducing the
levels of these unwanted pollutants.

2.2.1. Conceptual model of a reacting Diesel jet

To help understand Diesel combustion, a conceptual model of a burning Diesel fuel
jet under quasi-steady state conditions was developed by Dec [41] based on data from
optical experiments. The model describes a free jet that does not impinge on other
jets or the combustion chamber wall. The experimental conditions were chosen to be
within the typical range of engine operation conditions. Figure 2.1 shows how the model
describes the structure of the fuel jet and flame formed as the injected fuel leaves the
nozzle. As hot air is entrained into the liquid fuel jet, the fuel is vaporized, forming a
rich fuel-air mixture close to the liquid spray tip. In this region, where the equivalence
ratio is three to five and temperatures are above 1600 K, soot formation is initiated by
polycyclic aromatic hydrocarbons (PAH), which are known to be key soot precursors.
Final oxidation of soot occurs in the diffusion flame on the periphery of the jet.

Using Dec’s model as basis together with data obtained using various optical assessment
methods, his co-workers including Siebers and Pickett developed additional models for
predicting the jet ignition (which gives information about the ignition quality), liquid
penetration length and angle, and lift-off length in a constant volume chamber. The liq-
uid penetration length is the maximum length of the liquid fuel jet. It depends mainly on
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2. Background

Figure 2.1.: Conceptual model of Diesel combustion [41]

the injector design and ambient gas conditions but is also affected by the fuel’s properties
[42, 43, 44]. The lift-off length is the distance between the nozzle and the first appear-
ance of combustion downstream of the liquid jet. It is an important quantity because
air and fuel premix in the lift-off region, and initial soot formation depends strongly on
the composition of the air-fuel mixture. Lift-off length increases with decreasing am-
bient density and temperature or increasing injection velocity. The injection velocity
can be increased by increasing the injector pressure or (to a lesser extent) the nozzle
orifice diameter. A higher lift-off length results in a reduced equivalence ratio, a more
homogeneous mixture, and lower soot formation [45]. When the equivalence ratio is
< 2 at lift-off, soot-free combustion can be achieved [42]. The degree of premixing is
also influenced by the fuel’s CN: high CN fuels ignite faster, leading to shorter lift-off
lengths and fuel-rich combustion [45]. Further details on soot formation can be found in
Section 2.2.2.

Nitrogen oxide (NO) forms in the lean regions of the diffusion flame by the oxidation of
atmospheric nitrogen. At high temperatures, NO can react with HO2 to form nitrogen
dioxide (NO2). The term NOx refers to the summed NO and NO2 emissions, although
NO levels are generally much higher. Higher flame temperatures during combustion
lead directly to higher NOx emissions[46]. NOx emissions can be reduced by exhaust
gas recirculation (EGR), in which some of the exhaust gas is fed into the intake man-
ifold. This increases the heat capacity of the gas entering the cylinder, which reduces
the combustion temperature and thus NOx emissions. However, lower temperatures also
reduce soot oxidation, resulting in a trade-off known as the Diesel dilemma [47, 48].
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2.2. Compression ignition engine

Models of soot formation in the fuel-rich region have also been developed by authors
such as Kosaka et al. [49]. According to their model, particles coagulate and thus in-
crease in size while moving downstream. Head vortices move the growing soot particles
from the spray tip to the spray periphery, where the soot is oxidized. Unlike Dec’s
model, this model allows the liquid penetration length to exceed the lift-off length.

2.2.2. Particle emissions

Soot is produced by the incomplete combustion of hydrocarbon fuels. The total soot
mass is determined by the competing processes of soot formation and soot oxidation.
Simplistically, soot particle formation can be understood in terms of the five-step pro-
cess as shown in Figure 2.2. In this process, the homogeneous nucleation of particles is
followed by their coagulation into nuclei that then coagulate and grow into primary par-
ticle clusters through particle surface reactions. The primary particles then agglomerate.
The rate of formation of soot precursors in the first step is low compared to the rates of
nucleation and surface growth, so overall soot emissions depend strongly on the initial
formation of soot precursors. The rate of soot precursor formation correlates with the
number of carbon-carbon bonds in the fuel molecules, which can be related to the fuel’s
C/H ratio: as the C/H ratio increases, the fuel’s sooting tendency decreases [25, 50].

Figure 2.2.: Pathway of soot formation [25]

In the early 90s, Frenklach and Wang [51] proposed the HACA (H-abstraction-C2H2-
addition) mechanism of soot formation. As the name suggests, the first step of this
mechanism is the abstraction of a hydrogen atom from a reactive hydrocarbon. This is
followed by the attachment of a gaseous acetylene molecule (C2H2) to the free vacancy.
More recent research by Johansson et al. [52] suggests a clustering of hydrocarbons by
radical-chain reactions with acetylene or vinyl groups. Both mechanisms thus involve
the formation of covalent bonds between radicals and unsaturated hydrocarbons.
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Soot oxidation occurs at temperatures above 1300 K throughout the combustion process
[50], causing the soot to be converted into CO, CO2, and H2O. Oxidation is mostly
driven by hydroxyl radicals (OH) and oxygen under lean conditions. Under stoichio-
metric and fuel-rich conditions, soot oxidation is mainly driven by OH.

The use of advanced fuels changes the nature of the particles that are formed. Addition-
ally, the introduction of improved measurement systems has drawn greater attention to
small particles whose size allows them to infiltrate the human body more readily than
larger ones and also makes them more difficult to capture in aftertreatment systems. Soot
emissions have been shown to contribute significantly to air pollution, causing human
health problems and affecting global climate change [53, 54]. Procedures for capturing
particles are based on the Particle Measurement Programme (PMP), which established
standard methods for measuring and analyzing particle size distributions. The lower
limit on particle size for particle number counting was set at 23 nm, mainly because of
the limitations of the measurement technology available when the PMP was drawn up
[55]. However, subsequent technological advancements have enabled the reliable detec-
tion and counting of smaller particles, so the cut-off size will probably be reduced to
10 nm in the future [53].

In the literature, particles are categorized according to their diameter: coarse mode
particles have diameters above 500 nm, accumulation mode particles have diameters
of 20-500 nm, and nucleation mode particles have diameters of 3-30 nm. Accumula-
tion mode particles consist mainly of agglomerated and absorbed carbonaceous material
while nucleation mode particles consist of volatile organic and sulfur compounds. Nu-
cleation mode particles account for only 10 % of the total particle mass but over 90 %
of the total particle number. Accumulation and coarse mode particles thus account for
most of the emitted particulate mass. Figure 2.3 shows a typical exhaust particle size
distribution [56]. In addition to the fuel’s stoichiometry, the engine’s operating param-
eters strongly affect the PSD. Particle mass emissions can be reduced by using higher
injection pressures or earlier injection. As noted above, higher injection pressures lead
to greater lift-off lengths and increased air entrainment, resulting in improved fuel-air
mixing and the formation of leaner mixtures. Leaner conditions upstream also reduce
emissions of unburned hydrocarbons, and the resulting higher peak temperatures pro-
mote soot oxidation [13, 57].

Zhang and Kook [58] identified a relationship between the injection timing and parti-
cle number emissions: retarding the injection of Diesel fuel in an optical engine from
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2.2. Compression ignition engine

Figure 2.3.: Typical exhaust particle size distribution (adapted from [56])

-12 to -2 CAD ATDC caused an 80 % reduction in the particle number determined by
analysis of TEM images. However, the change in injection timing had no apparent ef-
fect on primary particle sizes. Additionally, advancing the start of injection or raising
the injection pressure reduces the diameters of primary soot particles and thus decreases
soot formation, while the use of EGR leads to larger primary soot particles due to the
lower in-cylinder temperature [59, 60].

The formation of nucleation mode particles is also influenced by dilution and the temper-
ature in the tailpipe: fast cooling and a low initial concentration of precursors (and thus
soot) favor the formation of nucleation mode particles, whereas a high initial concentra-
tion of agglomerated particles favors the adsorption of particles onto existing ones [61].

The processes of emission formation, including soot formation and oxidation, depend
strongly on several factors and their interactions. These factors include physical parame-
ters (temperature and pressure), the chemical composition of the fuel (e.g. its stoichiom-
etry, structure, number of carbon-carbon bonds, H/C ratio, O/C ratio, and sulfur content),
the properties of the fuel (e.g. its CN, density, volatility, heat of vaporization, heating
value, boiling point), the engine’s configuration (e.g. the combustion chamber geometry
and the choice of injector system), and the engine’s operating settings (load, EGR rate,
injection pressure, injection duration, injection timing, and number of injections).
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2. Background

2.3. Renewable fuels in CI engines

Several strategies for reducing emissions from CI engines have been investigated, in-
cluding optimization of fuel injection strategies (e.g. [60, 62, 63]), improving com-
bustion system design to increase efficiency, and using alternative fuels. This chapter
focuses on the effects of renewable fuels on combustion, with particular emphasis on
results obtained using HVO, long-chain alcohol fuels and their blends, and OME fuels
and their blends.

2.3.1. Hydrotreated vegetable oil

Interest in HVO has increased in recent years because of its Diesel-like properties which
allow it to be blended with Diesel and used in most existing CI engines. Aatola et al.
[64] and Hartikka et al. [9] found that both neat HVO and a blend of 30 % HVO in
Diesel yielded lower emissions of CO, HC, NOx and soot than neat Diesel when burned
in a heavy duty DI engine with default injection timing settings. If the operating con-
ditions were adjusted to maintain constant NOx emissions, the HVO-containing fuels
yielded even lower emissions and a lower specific fuel consumption. In addition, HVO-
containing blends do not clog engines’ aftertreatment systems, and their spray charac-
teristics (penetration length, droplet size, and spray cone angle) closely resemble those
of fossil Diesel. Lapuerta et al. [8] tested blends of HVO and ultra-low sulfur Diesel
with HVO contents ranging from 10-75%, and found that the main factor limiting the
usable percentage of HVO was its low lubricity. It was therefore recommended that the
HVO content of HVO-Diesel blends should be capped at 50%. However, several car
manufacturers permit the use of neat HVO with added lubrication in their engines.

2.3.2. Long-chain alcohols and their blends

The production of (bio)ethanol is increasing [26], and many researchers have investi-
gated its use as a fuel or a component of blended fuels with fossil Diesel or gasoline
(e.g. [14, 65, 66]). As mentioned previously, the key disadvantages of short chain al-
cohols such as ethanol are their low heating values and cetane numbers. Longer chain
alcohols avoid these deficiencies because the heating value and cetane number increase
with the carbon chain length. Blends of fossil Diesel and longer chain alcohols such as
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butanol or pentanol have also been studied, revealing that they offer performance com-
parable to conventional Diesel with the benefit of reduced emissions due to their alcohol
content [67, 68, 69]. However, this study focuses on alcohols with carbon chain lengths
of eight and ten. The combustion of n-octanol and its isomers has been studied exten-
sively, but that of n-decanol and its isomers has received less attention. Alcohols with
carbon chain lengths above ten are not attractive fuels because of their high viscosity
and the challenges of producing them on large scales.

Heuser et al. [70] tested neat n-octanol as a fuel in a single cylinder research engine,
revealing that it produced similar NOx emissions to Diesel with higher HC and CO
emissions but significantly lower particulate emissions. Moreover, the engine’s indicated
efficiency was similar to that achieved with Diesel. These results were confirmed by 1D
simulations and optical experiments using n-octanol in a high pressure chamber [71].
Further studies by Heuser et al. [72] compared neat n-octanol and its isomer, di-n-butyl
ether (DNBE), to Diesel in a single cylinder research engine under five load conditions.
The CN of n-octanol is lower than that of Diesel fuel whereas that of DNBE is higher.
Consequently, their ignition delays (IDs) and combustion behaviors differed, leading
to differences in the cylinder pressure and the rate of heat release. The EGR rate was
adjusted in each case to keep NOx emissions within the Euro VI limitations. The oxygen
content of the fuels was 12.3 % by mass. Under these conditions, n-octanol yielded
the lowest soot emissions but also the lowest indicated engine efficiency. Conversely,
DNBE reduced soot emissions strongly without significantly reducing engine efficiency.
PN emissions were measured with an Exhaust Emissions Particulate Sizer Spectrometer
equipped with a thermal conditioner to remove volatiles. Both n-octanol and DNBE
reduced PN emissions (relative to fossil Diesel fuel) for particles with diameters above
30 nm but increased those for particles below 30 nm.

Zhang et al. [73] evaluated the performance of a blend containing 30 % 2-ethylhexanol
by volume in Diesel. Compared to conventional Diesel, this blend reduced particulate
and CO emissions but slightly increased HC emissions at higher loads and had minor
effects on NOx emissions [69]. Later studies by the same group compared the perfor-
mance of blends containing 30 % of either n-octanol or its isomer 2-EH by volume in
Diesel and HVO in a single cylinder light duty CI engine. While all of these fuels de-
livered similar engine efficiencies, the PM and PN emissions achieved with the blends
were lower than those for Diesel, but their NOx emissions were slightly higher. Cold
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start tests using a blend containing 30 % 2-EH, 40 % HVO, and 30 % Diesel by volume
(giving an oxygen content of 3.8 % by mass) in a multicylinder engine showed that the
blend remained ignitable at temperatures as low as –30 ◦C.

Wang et al. [74] studied blends containing 20 % and 40 % n-octanol in Diesel. The
oxygen contents of these blends by mass were 2.5 % and 5 %, respectively. They were
tested in a four-cylinder CI engine with a single injection, using injection pressures of
60-160 MPa under medium load conditions (1500 rpm and 0.8 MPa bmep, with a fixed
start of injection). Compared to neat Diesel, the blends had a higher break specific fuel
consumption (bsfc) and lower peak pressures but similar ignition delays and MFB50
values (representing the crank angle at which 50 % of the fuel is burned). Raising the
injection pressure reduced CO and soot emissions, and the magnitude of this reduc-
tion was greater for the blends than for neat Diesel. NOx emissions increased with the
injection pressure, but soot PN emissions fell as the injection pressure increased until
it reached 100 MPa. Above this threshold, further increases in the injection pressure
caused no significant changes in PN emissions or the PSD.

Another study by the same group compared a Diesel/n-pentanol blend (D80P20) to a
blend containing 64 % Diesel, 16 % n- pentanol, and 20 % DNBE by volume under the
same medium load conditions. The EGR was varied from 0 % to 25 % in an attempt
to find a combination of fuel and operating conditions that was optimal with respect
to efficiency and emissions of soot and NOx. The ignition delay, combustion duration,
and bsfc all increased with the EGR rate. Efficiency was lowest for the Diesel-pentanol
blend, and soot emissions decreased as the proportion of alcohol in the blend increased.
Raising the EGR rate increased HC, CO, and soot emissions. The PSD revealed that
large numbers of nucleation mode particles were emitted at EGR rates below 15 %, and
that the blend with the highest alcohol content (and thus the highest oxygen content)
produced the greatest number of particles in this size range [48]. In a similar study,
Pan et al. [75] varied the EGR rate (0 % - 30 %) in a four-cylinder CI engine fueled
with blends containing 20 % n-octanol and 40 % n-octanol in Diesel. In general, the
ignition delay and combustion duration became shorter as the EGR rate was reduced
because of the higher in-cylinder temperatures. At EGR rates below 15 %, the blends
had higher thermal efficiencies than Diesel, but in other cases the efficiency was lower.
CO emissions were generally lower for the blends and were similar for all EGR rates
below < 20 %. Above this threshold, CO emissions increased strongly with the EGR
rate for all fuels. NOx emissions increased as the EGR rate decreased for all fuels. PN
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emissions decreased strongly as the EGR rate decreased and the share of octanol in the
blend increased. However, no strong shift to smaller particles was observed in this case.
Nucleation mode particles were detected at all EGR rates below 20 %, but agglomeration
mode PN emissions were consistently greater than nucleation mode PN emissions.

Simulations of n-octanol combustion have been performed to clarify its combustion be-
havior. Kerschgens et al. [76] used CFD based on the finite volume method to compare
the combustion characteristics of n-octanol and its isomer DNBE, and validated their
model against the results of experiments performed in an optical spray vessel under
Diesel engine-like conditions. Differences in combustion performance and emissions
were attributed to the ether group of DNBE, which gives it a higher CN than n-octanol,
resulting in a shorter ignition delay. Bharti and Banerjee [77] performed reactive molec-
ular dynamic simulations (ReaxFF MD) of n-octanol combustion at different equivalent
ratios and temperatures, and found that major intermediates during n-octanol oxidation
include formaldehyde and ethylene. The main drivers of the oxidation process were hy-
drogen absorption by molecular oxygen and the fraction of carbon-carbon double bonds
in the fuel.

Optical studies in a high pressure/ high temperature (HP/HT) vessel were reported by
Palmer et al. [78], who used Mie scattering and Schlieren imaging to study the liquid
and vapor phases, respectively, of sprays formed from blends of n-octanol and DNBE
under five different operating conditions. Increasing the content of n-octanol in the
fuel spray led to reduced spray break up and slower evaporation, resulting in a longer
liquid penetration length. The liquid penetration length depended linearly on the boiling
temperature of the fuel. Zhang et al. studied the behavior of n-octanol and 2-EH sprays
in a HP/HT chamber under non-combusting and combusting conditions. The alcohols
had similar vapor phase properties to Diesel fuel, but their liquid phase characteristics
depended strongly on their boiling point. Additionally, the CN was found to strongly
affect the lift-off length. Longer lift-off lengths were associated with better fuel-air
mixing and thus lower soot emissions. However, other factors including the fuel’s latent
heat of vaporization and volatility also affected the soot reduction potential of the blends
[79].

Engine performance and emissions when using blends of n-decanol have been studied
by only a few research groups. Janssen et al. [80] investigated the potential of n-decanol
in a single cylinder research engine with EGR and found that it yielded 90 % lower
particulate emissions than Diesel. 3D-CFD simulations supported this conclusion, indi-
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cating that the higher heat of evaporation of n-decanol led to lower local temperatures
in the reaction zone and thus lower soot formation. Moreover, soot was oxidized ear-
lier in the combustion process when using the alcohol. Hottenbach et al. [81] studied
n-decanol at four part-load points in a single cylinder research engine, and investigated
spray characteristics in a HP/HT chamber. Compared to Diesel, n-decanol gave a higher
ID, increasing the time available for air-fuel mixing and thus reducing soot emissions.
The engine tests and optical tests complemented each other, and it was concluded that a
shorter CN leads to a longer ID, and that this together with a high oxygen content favors
low soot emissions.

In summary, replacing neat fossil Diesel with long-chain alcohols or blends of long-
chain alcohols with either fossil Diesel or HVO can help reduce unwanted soot emissions
from CI engines while minimizing increases in NOx emissions. The reduction in soot
emissions can be partly attributed to the blended fuel’s higher oxygen content [14, 66,
73, 80, 82, 83]. However, a shift towards smaller particles was also observed under some
operation conditions [74, 84, 85, 86, 87, 88]. The magnitudes of the reductions in soot
emissions and the changes in the PSD depend strongly on operation conditions.

2.3.3. Poly (oxymethylene) dimethyl ether and their blends

Several studies have concluded that the combustion of OME1 (also known as methylal
or dimethoxymethane (DMM)) in CI engines is soot-free. However, OME1 cannot be
used as a drop-in fuel: modifications in engine hardware are required due to its high
volatility, low flash point, and low lubricity [89, 90, 91, 92]. Blends containing OME
with n>1 (specifically, mixtures of OMEn with n=3-5), are more likely to be compatible
with existing engine technology. Therefore, research efforts have focused mainly on
OME3−5 and higher molecular weight OME species.

Münz et al. [93] tested pure OME3−5 under real driving conditions (urban, rural and
motorway) in an SUV-class vehicle equipped with a Diesel particulate filter [88]. Using
a portable emission measurement system, the gaseous and particulate emissions gener-
ated using OME3−5 were compared to those for fossil Diesel fuel. The main injection
duration and timing was changed to compensate for the reduced lower heating value
(LHV) of OME3−5. Particle number (PN) emissions were significantly lower than for
Diesel and below the current legally mandated limit; even under urban driving condi-
tions, OME3−5 reduced particulate emissions by around 60 % [88].
To investigate variations in combustion and emissions for different OME chain lengths,
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Omari et al. [94] tested blends of 35 % OME1 to OME5 in Diesel. In general, changing
the OME chain length had little effect on the results obtained; the indicated thermal effi-
ciency when using OME was generally higher than for neat Diesel fuel, while HC, CO,
and soot emissions were lower. It was concluded that the OME chain length should be
chosen based on the ease of producing and using the different OME species since their
combustion properties were so similar. Iannuzzi et al. [89] tested blends containing 5 %
or 10 % by mass of OME2−6 in fossil Diesel in a single cylinder heavy-duty engine with
a single injection strategy. Two load cases were examined while varying the EGR rate
and SOI timing. Blends containing 10 % OME2−6 reduced soot emissions by up to 34 %
but did not significantly affect NOx emissions and thermal efficiencies. However, brake-
specific fuel consumption was increased due to the low LHV of the blends. Dworschak
et al. [95] investigated the performance, emissions, and PN of OME2−6 combustion in a
heavy-duty CI engine under four load conditions without EGR. Compared to the refer-
ence fuel HVO, the indicated efficiency was higher and the combustion duration shorter
for OME2−6. The reduction of PN was load-dependent: the soot reduction potential was
higher for lower load cases.
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3. Experimental equipment and
methods

3.1. Fuel blending strategy

To facilitate their use as drop-in fuels, the fuel blends were designed to mimic the prop-
erties of fossil Diesel, particularly its CN. The alcohols have relatively low CN, which
is compensated for by the relatively high CN of HVO (see Table 2.1). Additional con-
straints for the design of the long-chain alcohol blends were that one blend should con-
tain 20 % fossil Diesel, one should contain 10 % Diesel, and one should contain 7 %
RME instead of Diesel. Finally, the content of HVO was not allowed to exceed 50 % by
volume. The CN of n-decanol is comparable to that of fossil Diesel, so this fuel was not
blended. The compositions of the designed blends are shown in Table 3.1 along with
their oxygen content, density, LHV, and CN. The CN was determined by comparing the
ignition performance (i.e. the ignition delay under given operating conditions with a
predefined compression ratio) of the blend to that of a reference fuel, in accordance with
EN ISO 5165 [96]. The test is designed for paraffinic Diesel fuels but can also be used
for vegetable oils (e.g. HVO and fatty acid methyl ester fuels). However, there is no
standard procedure for determining the CN of oxygenated fuels, so there is a relatively
high degree of uncertainty in the blends’ CN values . To ensure smooth injection, the
alcohol-based fuels were supplemented with a lubricating additive at a concentration of
200 ppm per share of alcohol in the blend. The blends were named based on the ab-
breviations of their constituents (see Table 3.1) and their volumetric percentages in the
blend. Another set of fuel blends containing OME3−5, HVO, RME and 2-EH was also
designed. At concentrations above 30 % by volume, OME3−5 did not mix with HVO
at room temperature. Therefore, RME and the long-chain alcohol 2-EH were added,
and the content of OME3−5 was kept below 30 %. The miscibility of OMEn depends
strongly on the number of polyoxymethylene units in the polymer chain and the tem-
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Table 3.1.: Composition and properties of designed long-chain alcohol blends

Fuel Diesel HVO RME Ox Density LHV CN
vol.% vol.% vol.% vol.% m% kg/m3 MJ/kg -

References
Diesel 100 - - - 830 43.16 52

HVO1 - 100 - - 779.9 44.1 81

HVO - 100 - - 779.9 44.1 75

n-Octanol
Oc47H33D20 47 20 33 - 5.9 813.5 41.12 52

Oc55H35D10 55 10 35 - 6.9 812.5 40.77 51,2

Oc58H35R7 58 - 35 7 6.7 816.2 40.28 49

2-Ethylhexanol
EH36H44D20 36 20 44 - 4.6 808.7 41.74 51.9

EH45H45D10 45 10 45 - 5.7 808.4 41.34 52.3

EH43H50R72 43 - 50 7 6.2 809.5 41.12 51.1

EH37H56R7 37 - 56 7 5.4 806.4 41.46 52.1

2-Propylheptanol
PH46H34D20 46 20 34 - 4.8 813.9 41.41 52,4

PH55H35D10 55 10 35 - 5.7 813.6 41.05 50.9

PH58H35R7 58 - 35 7 6.7 817.3 40.57 49.3

n-Decanol
Dec100 100 - - - 10.1 829 38.9 48.2
1 HVO used only in HD single cylinder tests
2 Blend contains HVO with higher CN (see Table 2.1)

perature. The OME3−5 mixture used to prepare these blends contained 0.3 % OME2,
46.8 % OME3, 29.2 % OME4, 16.6 % OME5 and 5.6 % OME6 [24]. Basic compatibil-
ity experiments showed this mixture caused swelling of rubber parts and sealings: the
mass of rubber seals increased by 55 % after being immersed in OME3−5 for 8 days.
The mass of a pump membrane increased by 10 % under the same conditions. These
observations are consistent with previous reports [91, 93, 97]. For example, Kass et al.
[97] investigated the compatibility of OME-Diesel blends with elastomers and observed
volume increases of up to 33 % in rubber components. They therefore concluded that
either the rubber components of existing engines would have to be adapted to resist
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OME3−5 blends or the content of OME3−5 in the blend would have to be relatively low.
The addition of 7 % RME by volume is common in commercial Diesel fuels, and the
share of EH in each blend was fixed at 10 % by volume. The blends and their densities,
LHVs, oxygen contents, and cetane numbers are listed in Table 3.2. Lubrication oil was
added all OME3−5 and long-chain alcohol blends at a concentration of 200 ppm per
share of OME3−5 and 2-EH in the blend.

Table 3.2.: Properties of blends containing OME3−5

OME3−5 HVO 2-EH RME Ox Density LHV CN
vol.% vol.% vol.% vol.% m% kg/m3 MJ/kg -

OME7H76 7 76 10 7 6.4 812.4 40.75 68.0

OME18H76 18 65 10 7 12.8 843.9 37.40 66.6

OME27H76 27 56 10 7 17.8 869.7 34.84 65.1

The densities of the blends were calculated linearly from the volume share of each com-
ponent. The lower heating value for each blend was calculated from the heating values
of each blend component and their mass fractions:

LHVBlend =
1

ρBlend
·
n∑
k

ρkVkLHVk (1)

Where n is the number of blend components k with density ρk, volume share Vk and
lower heating value LHVk.

3.2. Heavy duty single cylinder engine

Experiments were performed on a heavy duty compression ignition single cylinder re-
search engine with a compression ratio of 17:1 and a cylinder head from a Volvo D13
engine. Table 3.3 shows the detailed engine specification.

Four load points adapted from the European Stationary Cycle (ESC) were used: A25,
B50, B75 and C75. Here, B50 was deployed as a reference point, which was run at
the beginning and end of each test cycle to evaluate the change in engine performance
over time. Table 3.4 lists the engine parameters adapted from the factory settings. To
investigate the influence of the fuel on combustion characteristics and emissions, all
engine parameters were kept constant for all fuel blends as well as the Diesel reference.
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Table 3.3.: Heavy duty CI engine specifications

Engine AVL 501 single cylinder

Cylinder head type Volvo D13

Displaced volume 2.13 dm3

Bore 131 mm

Stroke 158 mm

Connecting rod length 267.5 mm

Compression ratio 17:1

Number of Valves 4

Fuel injection System Common rail

Number of nozzles holes 5

However, with a lower heating value of the blends, the torque and imep was lower for
the blends.

The fuel consumption was measured with as AVL 733S fuel balance. With a common
rail F2 injector from Delphi, the fuel was injected in the combustion chamber. A pres-
sure sensor (Kistler 7061B) and piezo amplifier (Kistler 3066A01) were used to measure
cylinder pressure data, which were sampled with Osiris data acquisition software at a

Table 3.4.: Engine operating conditions

Operating conditions Unit A25 B50 B75 C75
Speed r/min 1200 1500 1500 1800

Torque 1 Nm 85 160 239 209

Imep1 MPa 0.61 1.10 1.59 1.41

Inj. time BTDC 4.52 7.8 9.4 4.5

Inj. duration1 µ 668 1060 1466 1346
CAD 4.8 9.5 13.2 14.5

Inj. pressure bar 1800 1800 1800 1800

EGR % 16.5 12.9 12.5 17.5

Boost pressure mbar 1260 1936 2457 2726

Fuel flow kg/h 2.39 5.14 7.37 8.17
1 applies for operation with Diesel fuel
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3.3. Heavy duty multi cylinder engine

resolution of 0.1 CAD. The engine was equipped with an AVL554 oil cooling unit and
AVL553 water cooling unit.

Exhaust gas emissions were measured using an AVL AMA i60 exhaust measurement
system with the iGEM AMA software package. Nitrogen oxides were measured with
a chemiluminescence system. This system works because nitrogen oxide formed dur-
ing combustion reacts with ozone to form oxygen and an electronically excited nitrogen
dioxide molecule, which emits a photon when it transitions to its ground state. The
exhaust measurement system measures the intensity of the resulting light using a photo-
diode detector. A flame ionization detector (FID) was used to determine the concentra-
tion of unburned hydrocarbons in the exhaust by burning the hydrocarbons of exhaust
samples in a hydrogen flame; this produces ions that are detected with a metal collector
charged with a high DC voltage. The concentration of HC in the sample is directly pro-
portional to the resulting current. Carbon monoxide and carbon dioxide were measured
with infrared detectors; the concentration of each carbon oxide in an exhaust sample is
proportional to the sample’s infrared absorption at a specific wavelength. Each module
of the exhaust gas analyser can achieve a full-scale reproducibility of 0.5 %. The ex-
haust gas recirculation (EGR) was regulated with a valve in the exhaust pipe and was
calculated with the following equation.:

EGR,% =
CO2(intake) − CO2(atm)

CO2(exhaust ) − CO2(atm)
· 100 (2)

3.3. Heavy duty multi cylinder engine

Engine experiments in a 6-cylinder D13 engine were performed using fuel blend
EH37H56R7 (short EHR7), which contains the long-chain alcohol 2-ethylhexanol,
HVO, and RME (see Table 3.1). For comparative purposes, these experiments were
also performed using the commercially available fuel B7 (93 % Diesel with at most 7 %
fatty acid methyl ester by volume). This blend was chosen because its performance in
the single cylinder heavy duty engine tests was similar to that of Diesel in all respects
except that it yielded greatly reduced soot emissions. A key aim in this study was to
evaluate its potential in a commercial engine.
The Volvo D13 engine is state of the art and complies with European Euro VI legislation.
It has a maximum torque of 2600 Nm, a compression ratio of 18:1 and is equipped with
a complete exhaust gas aftertreatment system including a selective catalytic reduction
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3. Experimental equipment and methods

(SCR) unit with a urea dosing system (UDS). Other engine specifications were the same
as for the single cylinder engine (specification see Table 3.3).
The fuel B7 has a CN of 52, a density of 837 kg/m3, a heating value of 42.6 MJ/kg and
an oxygen content of 0.7 % by mass. Its heating value is thus 2.34 % higher than that of
EHR7.
The multi-cylinder engine experiments used the ESC (see Figure 3.1), which has one
load point representing idling at 550 rpm and 12 load points representing low, medium,
and high load operation at three engine speeds
(1200 rpm, 1500 rpm, and 1800 rpm).

Figure 3.1.: European stationary cycle [7].

3.4. Light duty CI engine

Steady-state testing was carried out on a single cylinder light-duty Ricardo Hydra en-
gine equipped with a Volvo NED4 cylinder head and a common rail injection system.
Table 3.5 shows the engine specifications.
A Denso injector produced up to four pulse injections per cycle. Between the electrical
signal of the injector and the actual injection of the fuel, injection rate measurements re-
vealed a time delay of 0.24 ms, which corresponded to a delay of 1.8 CAD at 1280 rpm
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3.5. Particle measurement equipment

Table 3.5.: Heavy duty CI engine specifications

Engine Ricardo Hydra

Cylinder head type Volvo NED4

Displaced volume 0.49 dm3

Bore 82 mm

Stroke 93 mm

Compression ratio 15.8 : 1

Number of Valves 4

Fuel injection System Common rail

[98]. This was accounted for in the analysis of the results.

Fuel mass flow was measured with an AVL 730 fuel balance. The in-cylinder pressure
was measured using an AVL GUI2S-10 pressure transducer, amplified with a Kistler
5011 piezo charge amplifier and detected with an AVL IndiCom system. A resolution
of 0.2 CAD was applied. NOx emissions were measured with a Rosemount CLD 951A
with an accuracy of <5 % of the full scale. A Rosemount Binos 1001/1004 Instrument
measured the concentration of CO2, intake and CO2, exhaust with an accuracy of < 2 %
of the full scale. EGR value was calculated based on the quotient of the carbon dioxide
emission at the intake and exhaust (see equation 2).

Three load points were used, where load condition 1 was deployed as a reference point,
which was run at the beginning and end of each test cycle to evaluate the change in
engine performance over time. Table 3.6 lists the engine parameters adapted from the
factory settings. To investigate the influence of the fuel on combustion characteristics
and emissions, all engine parameters were kept constant for all fuel blends as well as
the Diesel reference. A multi injection strategy (double-pre/main/post) was applied in
these tests. The duration of all these four injections was increased for the blends to
compensate for the lower heating value.

3.5. Particle measurement equipment

The particle mass per cubic meter of exhaust gas was measured with an AVL Micro Soot
Sensor. This device uses photoacoustics to detect particle mass flow; the basic setup of
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3. Experimental equipment and methods

Table 3.6.: Engine operating conditions

Operating conditions Unit 1 2 3
Speed r/min 1280 1810 2000

Imep MPa 0.88 0.74 1.12

Inj. pressure MPa 79.3 66.9 91.1

EGR % 19.1 27.3 22.5

Fuel flow1 kg/h 0.91 1.02 1.71
1 applies for operation with Diesel fuel

the measuring unit is shown in Figure 3.2a. In this system, particles are exposed to mo-
dulated light. Upon heating, the particles expand, generating a sound wave that can be
detected using microphones. The signal increases in proportion to the concentration of
particles in the exhaust sample. The instrument’s measuring range is 0.001-50 mg/m3.
To prevent condensation, the exhaust gas must be diluted with the integrated condition-
ing unit [99].
The particle size distribution in the exhaust was measured with a Cambustion DMS500
unit capable of detecting particles between 5 nm and 2.5 µm in diameter. In this in-
strument, the gas sample is passed through a corona charger that gives each incoming
particle a positive charge proportional to its surface area. The charged particles then en-
ter a classifier column (Figure 3.2b) where they are separated according to their charge
and aerodynamic drag. An amplifier converts the resulting currents into data on particle
numbers and sizes. The dilution factor was kept constant during the measurements be-
cause particle size measurements depend strongly on dilution [100]. Samples for both
the Micro Soot Sensor and the DMS500 were taken at the exhaust tailpipe.

To remove volatile particles from the exhaust, a Dekati Thermodenuder (TC) was in-
stalled. Figure 3.3 shows its design and key components. In the thermodenuder, volatile
organic compounds (VOC) are vaporized by heating the exhaust gas sample to 300 ◦C

(573 K), after which the sample is cooled and passed over activated charcoal. This
causes most hydrocarbon vapours to be adsorbed while particles pass unimpeded due to
their different diffusion speeds. A flow rate of 10-20 L/min can be used [101]. However,
pump limitations restricted the thermodenuder flow to 10 L/min.

A switch allows the measurement of particle numbers with and without volatile particle
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3.5. Particle measurement equipment

(a) (b)

Figure 3.2.: (a) Design of a MicroSoot resonant cell. Image adapted from [99] , (b) Op-
erating principles of the DMS500 particle size measurement system [100].

Figure 3.3.: Key components and flows in a thermodenuder [101].

removal. The capture efficiency of the thermodenuder over 38 size-bins was calculated
as shown in equation 3 based on measurements obtained with and without the thermo-
denuder active.

Capture efficiency =
PSDraw − PSDTD

PSDraw
(3)

The capture efficiency was calculated when the difference in the particle counts obtained
with and without the thermodenuder exceeded the combined standard deviation of the
measurements. The measurement uncertainty was calculated as:

ε = tN−1.95%

√
A2 · var(B) +B2 · var(A) + var(A) · var(B) (4)

Here, A = PSDraw − PSDTD and B = PSD−1
raw [102].
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3.5.1. Combustion analysis

Indicated thermal efficiency
The indicated thermal efficiency ηt is the ratio of the work produced to the work and the
work supplied to the system:

ηt =
imep · Vd

ṁFuel · LHV
(5)

Here, imep is the indicated mean effective pressure, Vd is the displacement volume of
the engine, ṁfuel is the mass flow of fuel and LHV is the fuel’s lower heating value. The
imep is calculated as the sum of the compression and expansion stroke work divided by
the displacement volume and is thus a linear function of the cylinder pressure [46].

Indicated specific fuel consumption
The specific fuel consumption is the quotient of the fuel mass flow ṁfuel and the ob-
tained indicated power Pi.

isfc =
ṁFuel

Pi
(6)

Here, Pi = imep·Vd·N
nR

and depends on the engine speed, N and the number of crank
revolutions (nR =2). Brake specific power Pb can be calculated in a similar way to the
brake mean effective pressure (bmep).

Indicated specific emissions
Concentrations of engine out emissions (CO2, CO, HC, NO2, NO, O2) were measured
as volume percentages or in parts per million (ppm). Indicated specific emissions (isX)
were calculated using equation 7, where X represents the emitted gas under considera-
tion.

isX =
ux · Cx · ṁExhaust

Pi
(7)

The ratio of the density of the gas and the exhaust is ux, the measured concentration is
Cx and ṁExhaust is the exhaust mass flow, which is the sum of the inlet air and fuel
mass flows. For measurements using the light duty engine, a humidity correction factor
was applied. Brake specific efficiency, fuel consumption and emissions can be calcu-
lated similarly, by dividing by the brake specific power Pb instead of Pi.
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3.5. Particle measurement equipment

Coefficient of variation
The magnitude of cycle-to-cycle variation can be assessed using the coefficient of vari-
ation (COV) in imep, which can be computed using equation 8 [46]:

COVimep =
σimep

imep · 100
(8)

The COV increases as the combustion becomes less stable. A COV below 3 % is re-
quired to ensure acceptably stable combustion.

Heat release analysis
The heat release analyses were based on the first law of thermodynamics [46]. As shown
in equation 9, the chemical energy (dQch) released by combustion was calculated as the
sum of the change in the system’s internal energy (dUs), the piston work (dW), the heat
transfer (dQht), and the mass flow across the system boundaries per crank angle (dθ).
The system is regarded as stationary and a mass flow was neglected.

dQ

dθ
=
dU

dθ
+
dW

dθ
(9)

Assuming ideal gas conditions in the combustion chamber, the internal energy and the
work transfer can be calculated as follows:

dU

dθ
= mcvdT (10)

dW

dθ
= pdV (11)

Here, m is the mass entering the system, cv is the heat capacity at a specific volume, and
p is the pressure. By combining equations 9–11 with the ideal gas law pV=mRT, where
R is the ideal gas constant, T can be eliminated. Blow-by was neglected and the time
frame for analysis was the period between inlet valve closure (θ0) and exhaust valve
opening (θend).

The Woschni correlation was used to estimate the convective heat transfer between the
gases and the cylinder wall.

dQht
dθ

= Ahc (T − Tw) (12)

Here, hc = 3.26 · B−0.2p0.8w0.8T−0.55 and depends on the bore (B), pressure (p), av-
erage cylinder gas velocity (w), and the temperature (T) [103].
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By applying the ideal gas equation, the heat release per crank angle degree (dθ) was
calculated as follows:

dQch
dθ

=
(cv
R

)
· V · dp

dθ
+
(
1 +

cv
R

)
· p · dV

dθ
+Ahc (T − Tw) (13)

The mass fraction burned (MFB10, MFB50 and MFB90) awere calculated from the
corresponding cumulative heat release, obtained by integrating equation 14 over the
appropriate range of dθ.

Qch =

∫ θend

θ0

dQch
dθ

dθ (14)

In addition, the relative contributions of premixed and diffusion-controlled combustion
were estimated from the heat release (dQch) profile and its derivative (d2Qch); the start
of diffusion-controlled combustion was taken to coincide with a change in the slope of
the heat release profile. For further details, see Paper III.

Air-fuel ratio
Lambda and the mass flow of air were determined from the exhaust gas composition.
Therefore, the stoichiometric air-fuel ratio was derived from the equation for the stoi-
chiometric (complete) combustion of an oxygenated fuel:

CxHyOz + a · (O2 + 3.76 ·N2)→ x · CO2 +
y

2
H2 ·O + a · 3.76 N2 (15)

Based on this equation, a can be expressed as a = x + y
4 −

z
2 and the stoichiometric

air-fuel ratio can be expressed as

AFRstoichiometric =
a · (M (O2) + 3.76 ·M (N2))

M (CxHyOz)
(16)

The air mass flow is defined as: ṁair = AFR · ṁfuel and lambda was calculated as
follows:

λ =
AFR

AFRstoichiometric
(17)

The air-fuel ratio (AFR) can be determined using either the Brettschneider equation
(equation 18) [104] or the modified Spindt equation (equation 19 - 21) [105]. In the
former approach, equation 17 is rearranged to obtain the AFR as the product of lambda
(computed using the Brettschneider equation) and the stoichiometric AFR.

λ =

[CO2]+[CO
2 ]+[O2]+[NO

2 ]+
((

H/C
4 · 3.5

3.5+
[CO]
[CO2]

)
−O/C

2

)
·([CO2]+[CO])

(1+H/C
4 −O/C

2 )·([CO2]+[CO]+(n·[HC]))

(18)
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3.6. High-pressure/high-temperature chamber

Here, [X] is the gas concentration in volume percent, H/C the ratio of hydrogen to
carbon in the fuel and O/C is the ratio of oxygen to carbon in the fuel, and n is the
number of carbon atoms in the hydrocarbon molecule being measured. Alternatively,
the AFR can be calculated using the Spindt equation with a modification to account for
fuel oxygenation:

AFRSpindt = Fb ·

[
11.492 · Fc ·

(
1 + R

2 +Q

1 +R

)
+

(
120 · Fh
3.5 +R

)]
−4.313 ·Fo (19)

The variables in this equation are the following ratios:

Fb =
PCO + PCO2

PCO + PCO2
+ PCH

, R =
PCO
PCO2

, Q =
PO2

PCO2

(20)

and

Fc =
12.01x

12.01x+2.02y+32.0z , Fh = 2.016y
12.01x+2.02y+32.0z , Fo =

32.0z
12.01x+2.02y+32.0z

(21)

3.6. High-pressure/high-temperature chamber

Experiments were performed in an optically accessible high-pressure/high-temperature
chamber with a constant volume of 2 L. A 4-stage compressor continuously delivered
compressed air at pressures of up to 10 MPa. Electric heaters were used to heat the air
(to up to 900 K) before it entered the chamber. The inlet air flow velocity was∼0.1 m/s.
Fuel was injected at the bottom of the chamber using a Scania XPI injector with an ax-
ially symmetric single-orifice nozzle, 190 µm in diameter. The fuel was supplied via a
common rail system connected to a Scania XPI high pressure pump. A more detailed
description of the chamber and cameras is presented in earlier publications [106, 107].
Combusting and non-combusting cases were studied at injection pressures of 180 MPa
and 120 MPa, respectively, with a gas density of 26 kg/m3. For non-combusting condi-
tions, the temperature in the spray chamber was set to 623 K (350◦C) and the ambient
pressure to 4.59 MPa. For combusting conditions, the temperature was set to 823 K
(550◦C) and pressure to 6.04 MPa. These settings approximate those generated in a
heavy duty CI engine operating under low load. At least 30 injection events were stud-
ied for each set of experimental conditions, and the subsequent data analysis was based
on results averaged over these events. Table 3.7 summarizes the experimental conditions
used in this campaign.
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Table 3.7.: Experimental conditions used in the high-pressure/high-temperature cham-
ber

Non-combusting Combusting
Injection pressure MPa 120, 180

Ambient temperature ◦C (K) 350 (623) 550 (823)

Ambient pressure MPa 4.59 6.04

Ambient density Kg/m3 26

Injection pulse duration ms 1.7 3

Frequency of injections Hz 0.1

Number of injections - 30

3.6.1. Optical setup

Various spray characteristics were measured using several optical methods. The liquid
and vapor phase penetration of non-combusting sprays was determined by shadowgraph
imaging. As shown in Figure 3.4, a diffuse screen was placed in front of halogen lamps
to provide diffuse background illumination. A phantom V1212 high speed video CMOS
camera then captured the liquid and vapor penetration images.

Figure 3.4.: Schematic depiction of the of optical setup for liquid and vapor phase imag-
ing. The diffusor plate (DF) is an iced plate for liquid phase penetration
detection and a striped plate for vapor phase detection.

The diffusor plate was an iced plate when measuring liquid penetration, but was re-
placed with a striped plate when measuring vapor phase penetration. The method of
exploiting the recurring contrast between light and dark stripes to visualizes vapor pene-
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3.6. High-pressure/high-temperature chamber

tration is known as the background grid distortion method. Schardin [108] introduced
this method as ‘schlieren method no. 2’ and it was later adapted for vapor phase imaging
by Ochoterena [109]. The optical setup for capturing light extinction, flame luminosity
and OH*chemiluminescence is shown in Figure 3.5

Liquid penetration and soot concentrations under combusting conditions were deter-
mined by time-resolved two-dimensional light extinction imaging using a laser sheet to
enable direct quantitative measurements. The light source was a continuous Nd:YAG
laser with a wavelength of 532 nm and a power of 1.5 W. A Phantom V1212 high speed
video CMOS camera was used to capture the light extinction by monitoring the diffused
laser light passing through the flame. OH*chemiluminescence was recorded with a V7
high speed camera and flame luminescence with an M310 high speed camera. All cam-
eras were synchronized with a frame rate of 27,777 /s using a Stanford Research system
signal generator. Several lenses and filters were used to illuminate the area of interest
and thus enable recording. The setup is described in detail in Paper II and an earlier
publication [106].

Figure 3.5.: Schematic depiction of the optical set-up used under combusting conditions
[107]
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3.6.2. Image analysis

Liquid phase penetration length and cone angle
To measure the liquid penetration length, images were cropped and a threshold based on
the light intensity profile was identified to define the liquid phase boundary. Figure 3.6
shows a typical raw image while Figure 3.6 shows the same image normalized against
the background. The red line indicates the liquid phase boundary and the maximum
distance to the nozzle is the penetration length. The spray cone angle α was calculated
based on the method introduced by Naber and Siebers [110] with the following equation:

α

2
= tan−1·

AP,L2
(L2 )

2
(22)

Here, A(p,L/2) is the spray area of the upstream half of the spray and L is the liquid
spray penetration length. All reported penetration lengths and cone angles are averages
representing at least 30 injection events.

(a) (b)

Figure 3.6.: Image processing steps used to determine the liquid penetration length and
cone angle. The spray shown was generated using EHD20 at 1.5 ms ASOI
with an injection pressure of pinj= 120 MPa.

Vapor phase penetration length
The process used to determine vapor penetration is illustrated in Figure 3.7. The striped
background makes it easier to relate images at different stages of processing to one-
another. As in the liquid phase analyses, the background was subtracted in the first step.
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3.6. High-pressure/high-temperature chamber

A threshold was then defined to convert the greyscale image into a binary one. Finally,
the vapor penetration length was calculated from the difference between consecutive im-
ages.

Figure 3.7.: Image processing of measuring vapor phase penetration length. The spray
shown was generated using EHD20 at 1.5 ms ASOI with an injection pres-
sure of pinj= 120 MPa.

Laser extinction measurement

The evaluation of laser extinction images is described in detail in an earlier publica-
tion [106] and summarized in Paper II. Some important issues relating to the choice of
threshold when processing OH*chemiluminescence images and the calculation of the
ignition delay are discussed below:

Lift-off length

The lift-off length is commonly defined as distance between the nozzle tip and the mean
flame location, which was determined by analyzing OH*chemiluminescence images.
Figure 3.8a shows the intensity profile along the fuel jet center line. The threshold used
to delineate the boundary of the flame, as shown in Figure 3.8b, was set to a value cor-
responding to around 50% of the intensity at the ‘knee’ of the intensity profile. This
method is an adaptation of that proposed by Siebers and Higgins [42].
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(a) (b)

Figure 3.8.: Method to measure lift-off length from OH* chemiluminescence taking
Diesel spray at 550◦C, 4.6 MPa, pinj = 120 MPa, 3.6 ms ASOI as example.

Ignition delay
The ignition delay is the time between the start of fuel injection and the start of detectable
combustion. During this time, the initial fuel air mixture is formed. Physical processes
governing the length of the ignition delay include fuel-air mixing, spray breakup and
droplet formation, vaporization of the heated fuel and the formation of a combustible
vapor air mixture. OH*chemiluminescence imagining can be used to visualize the for-
mation of OH*radicals during high temperature reactions, which begin at the moment
of ignition (it should be noted that ignition may occur in several places simultaneously).
The ignition delay is thus equal to the length of time between the fuel entering the cham-
ber and the first appearance of OH*chemiluminescence. Longer ignition delays enable
the formation of more homogeneous fuel-air mixtures.

The first appearance of soot was detected by analysing flame luminosity images. There-
fore, the delay between the start of injection and the first appearance of soot could be
determined using an approach analogous to that applied for the ignition delay.
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4. Results
This chapter summarizes the experimental results obtained with the tested blends and
compares them to those achieved with fossil Diesel and HVO. Findings are presented
separately for blends based on long-chain alcohols and those based on OME3−5. The
potential of long-chain alcohols was evaluated in heavy duty single cylinder engine tests
(Paper I), in a multicylinder heavy duty engine, in light duty single cylinder engine
tests, and in spray experiments (Paper II). The effect of changing injection settings and
EGR in the single cylinder light duty engine were presented (Paper III). Moreover the
performance and emissions of blends containing OME3−5 were evaluated in a heavy
and light duty single cylinder engine (Paper IV). Further details are provided in the cited
and attached publications.

4.1. Evaluation of long-chain alcohols blends

4.1.1. Heavy duty single cylinder engine (Summary of Paper I)

Combustion characteristics
The performance and emissions of a heavy duty CI engine were investigated when using
various long-chain alcohol blends and conventional fossil Diesel fuel. The fuel mass
flow was kept constant, but because the lower heating values of the blends were lower
than that of Diesel (see Table 3.1), the imep when using the blends was slightly lower
than that for Diesel. Depending on the blend and load case, the reduction in imep was
between 3.5 % and 6 %. As a result, the blends yielded higher specific fuel consumption
than Diesel.
The engine’s performance was characterized in terms of its indicated thermal efficiency,
the COV in imep, and the rate of heat release. The COV was below 1.5 % for all fuels at
all loads, indicating that stable combustion was achieved in all cases. Additionally, all
fuels yielded similar thermal efficiencies at the A25, B75, and C75 load points. How-
ever, at the reference B50 load point, the blends’ thermal efficiencies exceeded that of
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Diesel. Figure 4.1 shows the MFB50 (i.e., the crank angle where 50 % of the fuel mass
is burned) and the combustion duration (MFB90 – MFB10) for all load cases. The
first black marker in each line represents Diesel fuel and the coloured markers are the
long-chain alcohol blends. MFB50 was slightly advanced for the blends, and their com-
bustion durations were shorter than those of Diesel. Increasing the content of alcohol in
the blend increased the rate of combustion, which helped to reduce heating losses and
engine out exhaust temperatures; the exhaust gas temperature when using the blends was
on average 24 K lower than when using Diesel.

Duration

MFB50

Figure 4.1.: Mass fraction burned 50 % (�) and combustion duration (•) in heavy duty
engine tests using fossil Diesel and the long-chain alcohol blends for the
A25, B50, B75, and C75 load points.

Emissions
HC emissions generated when using the blends were similar to those observed when
using Diesel, but the CO emissions when using the blends were significantly lower. Re-
ducing the content of fossil Diesel in the blends from 20 % to 10 % did not cause a
linear reduction in emissions. The differences between the emissions of the different
blends were within the standard deviation of the measurements. As expected, replacing
fossil Diesel with the blends slightly increased NOx emissions while greatly reducing
soot emissions. The reduction in soot emissions became more pronounced as the load
increased. The use of blends reduced the soot mass by up to 62 % at the high load point
(C75). These results agree with the findings of previous studies on long-chain alcohols,
which concluded that these fuels significantly reduce soot emissions relative to fossil
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Diesel because of their higher heats of evaporation and because their oxygen content
accelerates soot oxidation [25, 111]. Blends containing RME rather than fossil Diesel
yielded the lowest particle mass emissions because they contain no aromatic compounds,
which are key precursors for soot formation. On average, the use of RME in place of
Diesel reduced soot mass by 47 %. However, the blended fuels produced significantly
greater numbers of particles with diameters below 23 nm (which is today’s cut-off size
for particle number measurements). The particle size distribution for the blends was
dominated by nucleation mode particles, which could pose a challenge for aftertreat-
ment systems because their filtering efficiency decreases with particle size. The nature
and origin of these small particles is currently unknown. Other studies have suggested
that smaller particles may originate mainly from lubricating oil [112]. However, this
hypothesis cannot explain the increase in small particle emissions observed when using
fuel blends with higher oxygen contents in this work. As stated previously, agglom-
eration mode particles typically account for at least 90 % of the total mass of emitted
particulate matter [56]. Because of the agglomerative tendency of particles generated by
Diesel combustion, the total mass of emitted particles was higher for Diesel than for the
blends, but the opposite was true for particle number emissions.

4.1.2. Multicylinder heavy duty engine: Performance and
emissions

Due to confidentiality requirements, results concerning the performance and emissions
achieved using the renewable fuel blend EHR7 are mainly presented in relation to those
achieved with the fossil Diesel-based fuel B7. Figure 4.2 shows the indicated specific
fuel consumption and indicated efficiency for EHR7 relative to those for B7 at all load
points from the ESC (except the idle point). The indicated specific fuel consumption
for EHR7 was 3.05 % higher than for B7, reflecting the difference in their lower heat-
ing values. However, the average thermal efficiency achieved with the blend was 0.6 %
higher than for Diesel. The efficiency achieved with the blend in lower load cases (load
points 5-7) was lower than in the higher load cases.

Figure 4.3 shows the engine out and system out NOx emissions for EHR7 relative to
B7. Average engine out NOx emissions were 2.8 % higher for EHR7 than for B7. This
was expected based on earlier experiments with the single cylinder engine. However,
average system out NOx emissions for EHR7 were 62.5 % higher than for B7. A strong
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(a) (b)

Figure 4.2.: (a) Indicated specific fuel consumption and (b) indicated thermal efficiency
for blend EHR7 relative to B7

increase in system out NOx emissions was observed in the high load cases (8 and 10)
and the medium load cases (6 and 12).Owing to very low system-out NOx levels, the
relative differences are higher. But even with higher system out NOx emissions, the
blend EHR7 can meet emission regulations (below 0.4 g/kWh , see Table 1.1) [113].

Figure 4.4 shows the specific soot emissions for EHR7 relative to B7. The use of EHR7
reduced specific soot emissions by up to 72.4 %, and the soot reduction potential was
lower in lower load cases (5,7,9, and 11) than in higher load cases. The exhaust temper-

(a) (b)

Figure 4.3.: (a) Engine out and (b) system out NOx emissions for EHR7 relative to B7.
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Figure 4.4.: Specific soot emissions for EHR7 relative to B7.

atures for EHR7 were 2.6 % lower than for B7, corresponding to absolute temperature
differences of 3.5 to 10.1 K in the low and medium load cases. However, in the high
load cases (8 and 10) the reductions in exhaust temperature were 35 K and 37.5 K, which
may partly explain the high tailpipe NOx emissions observed with EHR7.

4.1.3. Light duty engine: Performance and emissions

The results obtained using the blends containing 10 % Diesel in the heavy duty tests
were very similar to those obtained using the corresponding 20 % Diesel blends. There-
fore, subsequent experiments were performed using only the 20 % Diesel blends and the
blends without fossil Diesel and 7 % RME instead.

Combustion characteristics
Additional engine experiments were performed with a light duty engine using a multiple
injection strategy. In this case, the engine’s performance was investigated using all the
long-chain alcohol blends as well as HVO and Diesel as reference fuels. Unlike in the
heavy duty engine experiments, the fuel mass flow was adjusted for each blend to com-
pensate for their low lower heating values. Consequently, the specific fuel consumption
for the blends was higher than for Diesel, as shown in Figure 4.5. The indicated thermal
efficiency was higher for the blends than for Diesel but often lower than for neat HVO.

Figure 4.5 also shows the combustion duration and MFB50 for each blend and the ref-
erence fuels. When using the blends, MFB50 occurred slightly earlier or at around the
same as for Diesel, but the combustion duration was shorter. This is consistent with the
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Figure 4.5.: Engine performance of long-chain alcohol blends compared to Diesel (black
marker) and HVO (grey marker)

expected increase in the rate of combustion as the alcohol content of the fuel increases.

The cylinder pressures and rate of heat release traces for each blend and load case are
presented in Figure 4.6. Both the cylinder pressure and the rate of heat release were
similar for all tested fuels. For the blends, the peak heat release occurred slightly later
in load case 2 (1810 rpm, 0.74 MPa imep) than in other load cases.

Emissions
Indicated specific NOx and soot emissions for the blends and reference fuels are shown
in Figure 4.7. The blends’ NOx emissions were higher than those for Diesel and HVO.
Notably, in the medium load cases 1 (0.88 MPa imep) and 3 (1.12 MPa imep), the blends’
NOx emissions were substantially higher than for Diesel and HVO; for the blend PHR7,
they were three times those for Diesel. However, the blends’ soot emissions were much
lower than those for Diesel. While all blends had comparatively low soot emissions,
those containing RME instead of Diesel emitted the least soot (Figure 4.7a). The reduc-
tion in soot emissions was thus accompanied by increased NOx emissions, in keeping
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Figure 4.6.: Rate of heat release and pressure traces for light duty engine tests

(a) (b)

Figure 4.7.: (a) Indicated specific NOx and (b) indicated specific soot emissions

with the typical trade-off observed for CI engines.

The particle size distributions for the blends and reference fuels are shown in Figure 4.8.
In all cases, the agglomeration mode predominated. For load cases 1 and 2, the distri-
butions for all fuels feature a shoulder in the diameter range between 20 nm and 60 nm.
Particle number emissions for the blends were lower than for Diesel when considering
particles with diameters above 60 nm. A similar result was observed for load case 3.
However, particle number emissions in this high load case were lower than in the lower
load cases. In all load cases, the peak of the PSD occurred at a lower geometric mean
diameter for the blends than for Diesel. The PSD differed from the one obtained from
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Figure 4.8.: Particle Size distribution for all three load cases.

the combustion in the heavy duty single cylinder engine. A bimodal PSD was obtained
with a single injection strategy in HD experiments. With a multi injection strategy, par-
ticle agglomeration was facilitated. Details on the influence of the injection stategy can
be found in Section 4.1.4.

Soot morphology
Soot samples were taken from fossil Diesel and the fuel blend EHR7 for operation con-
dition 1 (1280 rpm, 0.88 MPa imep, see Table 3.6). A transmission electron microscope
(TEM) and image software was used to analyze soot morphology characterized by pri-
mary particle diameter, fringe length, fringe separation and tortuosity [114].
Figure 4.9 shows TEM images from Diesel and EHR7 at different magnifications. Stacked
graphene layers, which form the soot particle, are called fringes. Fringe length, separa-
tion length and tortuosity were similar for both fuels at the selected operating condition.
The primary particle size was smaller, corresponding to increased soot oxidation and
thus lower particle mass emissions.
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Figure 4.9.: TEM images from fossil Diesel fuel and EHR7 blend

4.1.4. Light duty engine: Influence of EGR and injection
strategy on particle emissions (Summary of Paper III)

As shown in the heavy duty (single injection) and light duty (multiple injection) tests,
the injection strategy influenced the PSD. To better understand the changes in PSD,
the injection strategy and EGR were varied in a single cylinder light duty engine using
HVO, fossil Diesel, and a blend containing 37 % EH, 56 % HVO and 7 % RME by
volume. The effects of different injection strategies (main, main/post, double pre/main,
double pre/main/post injection) and EGR levels (0 % and 19 %) on the PSD and emis-
sions of NOx and soot were investigated while keeping the crank angle for MFB50, fuel
consumption, and imep constant. The results obtained are presented in Paper III and
summarized below.
The indicated thermal efficiencies were similar for all tested fuels and injection strate-
gies. Heat release analysis revealed a significant effect of the cetane number when using
main and main/pre injection strategies both with and without EGR. HVO has a higher
CN than Diesel and the blend, so the ignition delay was shorter for HVO. When using
a double pre-injection, the ignition delay (i.e., the period between the start of injection
and MFB10) shortened equally for all tested fuels, independently of the use of EGR.

With a double pre-injection and 19 % EGR, the mass fraction of the fuel burned in
premixed combustion mode was reduced, leading to a greater soot mass and a PSD
dominated by agglomeration mode particles (diameters > 23 nm). However, NOx emis-
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sions did not differ appreciably. The number of particles increased when using a double
pre-injection. Without EGR, soot emissions decreased while NOx emissions increased
due to the higher in-cylinder temperature. The particle size distribution was dominated
by small nucleation mode particles. In contrast to the 19 % EGR scenario, particle
number emissions fell when using a double pre-injection without EGR. Many publica-
tions suggest that a post injection can reduce engine out emissions by enhancing mixing
and/or raising the in-cylinder temperature due to additional heat release [62]. The ac-
tual reduction in emissions achieved using post-injection strategies seems to depend on
the duration of each injection and the dwell times between the injections, as well as the
engine operating conditions. In the studied light duty engine, the post injection slightly
reduced soot emissions in the 19 % EGR case but not in cases without EGR. The double
pre-injection was thus identified as the strategy with the greatest influence on combus-
tion and emissions, irrespective of the EGR rate.

With a double pre-injection with or without EGR, the soot mass reduction achieved
by using the blend instead of Diesel was greater than when not using the double pre-
injection. The highest soot mass reduction was achieved with 19 % EGR and a double
pre/main/post injection. However, the double pre-injection reduced the time available
for pre-mixing, so total soot mass emissions were higher than when using the main
or main/post injection strategies. With EGR and a double pre-injection, the PSD was
dominated by agglomeration mode particles for all fuels. Without EGR, the PSD was
dominated by nucleation mode particles and the particle mass was about ten times lower
than in the 19 % EGR case. In contrast, when EGR was used, particle number emissions
were lower for all fuels with a double-pre injection than with any alternative injection
strategy.

PSD measurements were performed with and without removing volatile organics using a
thermodenuder. Figure 4.10 shows typical measurements obtained with and without the
thermodenuder and the corresponding capture efficiency for the double pre/main/post
injection strategy with 19 % and 0 % EGR. The capture efficiency is the difference
in the number of particles detected before and after removing volatile organics with
the thermodenuder, divided by the number detected before removal (see equation 3).
The PSD was dominated by the agglomeration mode in the 19 % EGR case and by
the nucleation mode without EGR. When using EGR, average capture efficiency was
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lower for the EHR7 blend than for the other fuels, but the standard deviations indicated
that the difference was not significant. Without EGR, the blend had the highest capture
efficiency for most particle sizes and Diesel had the lowest.

Figure 4.10.: PSD and capture efficiency for the double pre/main/post injection strategy
with 19 % EGR (left) and 0 % EGR (right). In the upper images, con-
tinuous lines indicate results obtained without the thermodenuder while
dashed lines represent those obtained with the thermodenuder. Standard
deviations are not shown for the PSD after passage through the thermode-
nuder for clarity. However, the errors were approximately equal for both
measurements.
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4.1.5. High pressure/high temperature constant volume
chamber (Summary of Paper II)

Paper II focuses on the spray characteristics of fuel blends based on the long-chain al-
cohol 2-ethylhexanol, HVO, and fossil Diesel or RME, and compares them to sprays
of neat Diesel and HVO. Experiments were performed in an optically accessible high-
pressure/high temperature chamber under non-combusting (623 K, 4.59 MPa) and com-
busting conditions (823 K, 6.04 MPa). Injection pressures of 120 MPa and 180 MPa
were used at a stable ambient gas density of 26 kg/m3. Several optical imaging tech-
niques were used to obtain information about the spray characteristics. The liquid
and vapor penetration length were captured by means of shadow imaging under non-
combusting conditions. Under combusting conditions, time-resolved two-dimensional
light extinction imaging was performed. The use of monochromatic laser light made
it possible to acquire direct quantitative measurements even in strongly luminescent
flames. Flame luminosity and OH* chemiluminescence images were acquired simul-
taneously.

The liquid penetration lengths for the blends and HVO were found to be higher than that
for Diesel under non-combusting conditions, but all of the tested fuels had similar vapor
penetration lengths. The higher liquid penetration lengths of the blends may be due to
the higher latent heat of evaporation of 2-ethylhexanol, which means that more energy
is required to induce a transition from the liquid to the vapor phase.

The fuels’ ignition delay times were compared under combusting conditions. Despite
having similar CN values to Diesel, the alcohols had longer ignition delays. Moreover,
HVO and Diesel had similar ignition delays even though the CN of HVO is appreciably
higher than that of Diesel. CN measurements were done in a Cooperative Fuel Research
(CFR) engine under standard physical conditions (ISO 5165)[96]. The observed ignition
behaviour of the blends differed from that which would be expected given their calcu-
lated CN values, possibly because conditions in the spray chamber experiments differ
from those in the CFR engine. Another possible reason is that the method for measuring
the CN was designed for petroleum-derived fuels; while it can be applied to oxygenated
fuels, the relationship between the CN and performance in standard engines is not fully
understood in such cases. The operating conditions in the CFR engine are defined by
the volumetric fuel flow and start of ignition. Consequently, the fuel energy introduced
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varies and is usually lower with oxygenated fuels. As a result, the operating points vary,
which can introduce uncertainty into the measurements.

Image processing of flame luminosity data revealed the time after the start of injection at
which soot became visible. In accordance with the longer ignition delay of the alcohol
blends, soot formation with the blends began later than with HVO and Diesel. The
lift-off length (i.e. the distance between the nozzle and the location of autoignition)
was determined based on the detection of OH* radicals, and was similar for HVO and
Diesel. The similarity of the spray characteristics of Diesel and HVO is consistent with
previous literature reports. The blends’ lift-off lengths were longer than that of Diesel.
Longer lift-off lengths and ignition delays provide more time for air-fuel mixing before
ignition, resulting in more homogeneous combustion. The longer ignition delays and
lift-off lengths observed for the blends can be attributed to the alcohols’ higher latent
heat of evaporation. Due to the lack of soot precursors in the EHR7 blend and its shorter
residence time, soot formation was suppressed. Consequently, this fuel produced the
lowest soot volume fraction.

4.2. Evaluation of Poly (oxymethylene) dimethyl
ether blends (Summary of Paper IV)

The main findings concerning the potential of OME3−5 blends as renewable drop-in
fuels are presented in Paper IV and summarized below.

4.2.1. Heavy duty engine

Combustion characteristics
The performance and emissions of a heavy duty CI engine were investigated when keep-
ing imep constant. To compensate for the slightly lower heating value of the blends,
the injection duration was increased. The indicated thermal efficiency, indicated spe-
cific fuel consumption, combustion duration (MFB90-MFB10), and the mass fraction at
which 50 % of the fuel is burned (MFB50) for the heavy duty engine tests are plotted
in Figure 4.11. The first dark marker for each operating point shows the reference value
obtained using Diesel, and the second marker (in grey) shows the result obtained with
HVO. Results for blends are plotted in order of increasing oxygen content (6 %, 13 %,
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Figure 4.11.: Heavy duty engine: Indicated specific fuel consumption (isfc), indi-
cated thermal efficiency (ITE), combustion duration (MFB90-MFB10) and
MFB50.

and 18 % by mass). OME Blends 2 and 3 yielded higher efficiencies than Diesel for all
load cases, but the efficiency of OME Blend 1 was similar to that for HVO and Diesel in
the B50, B75, and C75 load cases. The average isfc for HVO was 2.8 % lower than that
for Diesel. Conversely, the lower LHV of the blends necessitated the use of longer in-
jection durations, causing isfc to increase by 6.4 % on average relative to Diesel. While
the crank angle at which 50 % of the fuel is burned was kept constant for all the fuels,
the combustion duration was shorter for the blends than for Diesel and HVO. The blends
also yielded lower exhaust losses than Diesel due to their faster combustion, which partly
explains their superior thermal efficiency.
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Figure 4.12.: Heavy duty engine: Indicated specific exhaust gas emissions in g/kWh.

Emissions
As shown in Figure 4.12, the NOx emissions achieved with the OME3−5 blends were
slightly higher than those for HVO and Diesel, and increased with fuel’s oxygen content.
However, the soot emissions achieved with the blends were much lower than those for
Diesel, meaning that their use alleviated the soot-NOx trade-off typical for CI combus-
tion. Soot mass emissions decreased as the oxygen content of the fuel increased. This
is consistent with previous reports concerning the effect of oxygen on soot emissions
[111, 115]. Figure 4.12 also shows that soot emissions were reduced by over 50 % by
adding 7 % of OME to the fuel blend (see Table 3.2, OME Blend 1) in all load cases.
As shown in Figure 8, the indicated specific HC emissions for HVO and the OME3−5

blends were similar and substantially lower than those for Diesel. Additionally, the in-
dicated specific CO emissions decreased as the fuel’s content of OME3−5 increased.

The PSDs of both Diesel and HVO were dominated by agglomeration mode particles
with diameters above 20 nm (depending on the operating point). For the blends, nu-
cleation mode particles dominated and the peak of the PSD was between 7 - 10 nm.
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The number of small particles increased with the fuel’s content of OME3−5 (and thus
with its oxygen content). Agglomeration of soot particles is less likely due to the lower
number of primary particles (caused by the absence of precurser molecules like PAH).
Further experiments are required to determine the composition of the particles emitted
in each case, but literature reports suggest that particles originating from lubrication oil
may contribute to the observed nucleation mode emissions [112].

4.2.2. Light duty engine

Combustion characteristics
Three blends containing OME3−5, HVO, RME, and EH were tested in a light duty
engine under three load conditions. Figure 4.13 summarizes the resulting engine perfor-
mance and combustion data.

The average isfc for HVO was 2.5 % lower than that for Diesel, and the low LHV of

Figure 4.13.: Light duty engine: Indicated specific fuel consumption (isfc), indi-
cated thermal efficiency (ITE), combustion duration (MFB90-MFB10) and
MFB50.
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the blends necessitated the use of longer injections. Consequently, the isfc values for
OME Blends 1-3 were 2.3 %, 16.7 %, and 24.8 % higher, respectively, than that for
Diesel. The blends yielded a higher indicated thermal efficiency than Diesel, which can
be attributed to the advancement of MFB50 and the reduced combustion duration. Ad-
ditionally, the blends reduced heat losses and lowered the exhaust gas temperature by
10 K on average relative to Diesel. The peak pressures were higher for the blends and
highest for OME Blend 3.

Emissions
The observed emissions trends resembled those seen in the heavy duty engine tests. For
OME Blend 1, the NOx emissions were similar to those of HVO in the lower load cases
(1 and 2) when the standard deviation was taken into account (see Figure 4.14a). For
OME Blends 2 and 3, average NOx emissions were around 33 % higher than for Diesel.
Soot emissions for OME Blend 1 were about half of those of Diesel in the medium load
case (load 1) and were comparable to those of HVO in higher load cases (see Figure
4.14b). Soot emissions for all fuels decreased with increasing load, in agreement with
previous findings [116]. The soot reduction potential decreased with increasing load.
When using OME Blend 3, soot emissions were 94 %, 95 %, and 74 % lower than for
Diesel in load cases 1-3, respectively,

The blends also reduced particle number emissions relative to Diesel. The PSDs from
the light duty engine lacked the bimodal distribution seen in the heavy duty case; there

(a) (b)

Figure 4.14.: (a) Indicated specific NOx and (b) indicated specific soot emissions.
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was no peak in the nucleation mode range, probably because a multi-injection strategy
was used (Paper III, [85]). Instead, particle number emissions decreased as the fuel’s
content of OME3−5 increased. The peak of the particle size distribution curve occurred
at a lower geometric mean diameter than for Diesel.
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This chapter summarizes the experimental results obtained using the different fuel blends
and answers the research questions concerning the drop-in potential of renewable fuel
blends based on long-chain alcohols and OME3−5 (see Chapter 1.2).

5.1. Summary of experimental work

This work was performed with the aim of identifying viable and sustainable drop-in fu-
els for compression ignition engines. Blends were used instead of neat components to
overcome the undesirable properties of the neat fuel components and obtain blends with
properties similar to Diesel, enabling their use as drop-in fuels for existing Diesel en-
gines. The content of fossil Diesel in such blends should be as low as possible; ideally,
it would be completely substituted by renewable alternatives.

In the first series of experiments, blends of long-chain alcohols, HVO, and RME or
Diesel were investigated in a heavy duty engine, a light duty engine, and a high pres-
sure/high temperature constant volume chamber. Compared to Diesel, the blends had
slightly higher specific fuel consumption values in both the light and heavy duty engine
experiments due to their smaller lower heating values. However, the thermal efficiencies
of the engines when using the blends were similar to or higher than those for Diesel,
depending on the load conditions. The long-chain alcohol blends also markedly reduced
the combustion duration and emissions of soot and CO relative to Diesel. The soot
emission reduction potential increased with the share of alcohol in the blend. However,
when a single fuel injection strategy was used together with exhaust gas recirculation
(both are standard in heavy duty engines), the use of the blends increased the number of
nucleation mode particles emitted. These small particles may be inefficiently removed
by current aftertreatment systems. Additionally, new emissions standards are being in-
troduced that will reduce the cut-off diameter for the counting of exhaust soot particles
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to 10 nm. Therefore, any increase in small particle emissions resulting from the use of
renewable fuels must be considered carefully. The nature and origin of these particles
is currently unknown, although it was shown that they consist partly of volatile organic
compounds that can be removed by a thermodenuder. It may be that they originate in
part from lubrication oil, as suggested in the literature. Or the number of primary parti-
cles is too low to engage in agglomeration.

Similar performance trends were observed in tests using the light duty engine. However,
the use of long-chain alcohol blends in this case strongly increased NOx emissions,
which may present a barrier to their use as drop-in fuels. The performance and emis-
sions data for the two engines revealed no appreciable differences between the studied
alcohol blends and showed that all of them could potentially serve as substitutes for fos-
sil Diesel.

The optical measurements confirmed the results of the engine tests and provided valu-
able information about the spray characteristics of the blends. In particular, they re-
vealed that both the oxygen content of the fuel and the latent heat of vaporization of its
components have significant effects on its spray characteristics and thus the emissions
it generates when burned. Additionally, it was found that the CN values determined for
the blends did not accurately predict their ignition quality. This was attributed to the dif-
ference between the physical conditions in the CFR engine and those of the experiments
used to determine the CN, and to uncertainties relating to the suitability of the method
of CN determination when applied to oxygenated fuels.

HP/HT chamber experiments could not be performed with neat n-decanol due to its
high viscosity. While engine experiments with n-decanol were possible, its potential as
a drop-in fuel was therefore judged to be lower than that of the other renewable fuel
candidates assessed in this work.

To evaluate the potential of blends containing OME3−5 as drop-in fuels, heavy and light
duty engine tests were performed. Advantages of OME3−5 include its high oxygen con-
tent and lack of carbon-carbon bonds, both of which should help reduce soot emissions.
Its most notable disadvantage is material incompatibility. To exploit these advantages
while mitigating material incompatibility, blends were created containing different pro-
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portions of OME3−5, a mixture of vegetable oils (HVO and RME), and the long-chain
alcohol 2-ethylhexanol (which was added to ensure miscibility). Three blends were de-
signed with oxygen contents of 6.4 %, 12.8 %, and 17.8 % by mass.
The trends observed with these blends in heavy and light duty engines were similar:
Diesel, HVO and OME Blend 1 all yielded similar efficiency values that were lower
than those for OME Blends 2 and 3. The blends’ fast combustion reduced heat losses in
the exhaust relative to those observed with Diesel, but their comparatively small lower
heating values caused isfc to increase. Soot emissions were reduced by over 50 % upon
adding 7 % of OME3−5 by volume to the fuel (depending on the load conditions), while
NOx emissions were only slightly increased. The increase in NOx emissions was less
pronounced than for the long-chain alcohol blends tested in the light duty engine, mak-
ing the soot-NOx trade-off more favourable for the OME3−5 blends. As the content of
OME3−5 increased, soot emissions fell strongly. In keeping with the results obtained
for the long-chain alcohol blends, burning OME3−5 blends in the heavy duty engine
generated high emissions of small particles; nucleation mode particle number emissions
increased with the fuel’s content of OME3−5. However, this behaviour was not observed
in the light duty engine tests.

In conclusion, blends with low shares of OME3−5 significantly reduced soot emissions
while maintaining engine performance. However, further research is needed to investi-
gate the compatibility of blends containing different levels of OME with common engine
materials in order to properly assess the potential of such blends as drop-in fuels.

5.2. Conclusions

This section answers the research questions concerning the drop-in potential of blends
containing long-chain alcohols and OME3−5 by assessing the studied blends’ effects on
engine efficiency, specific fuel consumption, and emissions. Additionally, outstanding
challenges relating to renewable fuel blends are discussed.

Potential of long-chain alcohol blends as drop-in fuels
Experimental investigations showed that blends containing long-chain alcohols, HVO,
and RME can be used as drop-in fuels in heavy duty and light duty CI engines without
harming engine performance: depending on the load conditions, the use of such blends
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maintained or increased engine efficiency relative to that achieved with Diesel. How-
ever, fuel consumption increased slightly. Differences in engine performance between
the blends were within one standard deviation. However, the emissions of gases and soot
depended on the fuel’s oxygen content. In general, blends with higher oxygen contents
and without aromatic constituents (i.e., without added Diesel) yielded greater reductions
in soot emissions.
Life cycle analysis indicated that replacing fossil Diesel for CI engines with blends based
on the C8 alcohol 2-ethylhexanol could strongly reduce well-to-wheel global warming
potential.

Challenges relating to the use of long-chain alcohol blends as drop-in fuels

There was no evidence of damage to the engine hardware due to the use of blends con-
taining long-chain alcohols, HVO, RME, and a lubricating additive. However, the long-
term effects of using such blends in existing engines (particularly on potentially vulner-
able components such as filters and rubber parts) are unknown.
The use of the C10-alcojhol n-decanol as a fuel may be complicated by its high viscosity.
Additionally, the viscosities of blends containing the isomer 2-propylheptanol were at
the upper limit of the range permitted by the EN 590 regulations. Therefore, C8 alcohols
appear better than longer-chain alcohols as drop-in fuel components.
Light duty engine tests revealed that all tested fuel blends strongly increased NOx emis-
sions; depending on the load conditions, NOx emissions were increased by factors of
two or more compared to Diesel. Increased NOx emissions were also observed in the
heavy duty engine tests, although the increase was less severe than in the light duty case.
Additionally, multicylinder engine tests revealed that the alcohol blends increased sys-
tem out NOx emissions. This suggests that existing SCR systems perform less well with
such blends than with B7 (for which they are calibrated).
Another notable issue was the high emissions of small particles when using a single
injection strategy. Single injection strategies are commonly used in heavy duty engines
and one was tested in the light duty engine (see Paper III). Particle size measurements in
the heavy duty engine experiments revealed increased emissions of small particles with
diameters below the current legal cut-off value of 23 nm.

Potential of poly(oxymethylene) dimethyl ether blends as drop-in fuels

For the duration of the experiments, blends containing OME3−5, HVO, RME and EH
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could be used as drop-in fuels in heavy and light duty CI engines. They maintained or
increased engine efficiency (relative to Diesel), depending on the load case. However,
due to their low lower heating values, they slightly increased specific fuel consumption.
These trends became stronger as the content of OME3−5 in the blend increased.
OME Blend 1, whose content of OME3−5 was 7 % by volume, yielded half the indicated
specific soot emissions of Diesel in heavy duty engine tests. OME Blend 3, which con-
tained 27 % OME3−5, reduced soot emissions by 97 % in the highest load case. These
dramatic soot reductions were attributed to the high oxygen content of OME3−5 and its
lack of carbon-carbon bonds and aromatic structures. The reductions in soot emissions
became more pronounced as the load increased.

Challenges relating to the use of poly(oxymethylene) dimethyl ether blends as drop-in
fuels
NOx emissions increased with the fuel’s content of OME3−5 and with the engine’s load.
The average increase in NOx emissions was 2.9 % for OME Blend 1 and 18.1 % for
OME Blend 3 in the heavy duty engine. More pronounced increases were observed in
the light duty tests, ranging from 29 % on average for OME Blend 1 to 50 % on average
for OME Blend 3.

Additionally, OMEn is known to adversely affect engine hardware. Basic material tests
were done to estimate the influence of the ether on rubber parts before using OMEn
in the engine, revealing that immersion in pure OMEn caused swelling of rubber and
plastic components. Therefore, the blends’ content of OMEn was kept below 27 % by
volume. Further research is needed to determine how much OMEn can be blended with
vegetable oils without harming engine hardware. Engine experiments have been per-
formed using neat OMEn (see for example [94]), but this required the replacement of
seals with resistant materials (e.g. Teflon). Neat OME3−5 promises soot-free combus-
tion, but our results obtained using blends containing OME3−5 (Paper IV) showed that
soot emissions can be very strongly reduced even when using blends containing only
27 % OME3−5 by volume. This is promising and suggests that it may be possible to
identify a blend that strikes a favourable balance between soot reduction and material
compatibility.

63



5. Summary and Conclusions

Another challenge of OMEn is the technological maturity of its production process.
Since the relative abundance of oxymethylene chains with different lengths varies from
batch to batch, miscibility problems can occur. Further experiments are needed to deter-
mine the usefulness of adding an emulsifier to OME blends. Alternatively, the content
of OME3−5 in the blends could be optimized to ensure miscibility with vegetable oils.

Concluding remarks
The term drop-in fuel means that no changes in engine hardware or software calibration
should be required. The engine hardware was not detectably harmed during any of the
experiments reported here. However, to ensure the safety of such blends, long-term ma-
terial tests are needed.
Engine performance was successfully maintained with blends based on long-chain al-
cohols and OME3−5. But replacing Diesel with such blends slightly increased specific
fuel consumption, strongly increased NOx emissions from the light duty engine, and
increased emissions of small particles from the heavy duty engine. These issues could
hinder the use of such blends as drop-in fuels. One solution can be lower shares of
alcohols in the blend.

64



6. Outlook and future work
The use of the renewable fuel blends changed the nature of the emitted soot particles.
Combustion with EGR while using a single injection strategy increased emissions of
smaller particles in both heavy duty and light duty engine tests; additionally, changes in
particle morphology and soot reactivity have been reported when using renewable fuels
[114, 117]. All these factors could reduce the performance of exhaust aftertreatment
systems. Future studies in this area should therefore evaluate the effect of small soot
particles on Diesel particulate filters. Additionally, because the cut-off size for counting
of particulate emissions is expected to be reduced to 10 nm in the upcoming Euro VII
standards [53], both engine out and tail pipe emissions should be measured in these
studies. Finally, the influence of elevated engine out NOx emissions on the ability of
selective catalytic reaction (SCR) systems to convert engine out NOx into nitrogen and
water must be investigated; new fuels may require re-tuning of SCR and UDS systems.
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