
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Towards sustainable heavy-duty transportation

Combustion and emissions using renewable fuels in a compression ignition engine
Novakovic, Maja

2023

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Novakovic, M. (2023). Towards sustainable heavy-duty transportation: Combustion and emissions using
renewable fuels in a compression ignition engine. [Doctoral Thesis (compilation), Combustion Engines]. Energy
Sciences, Lund University.

Total number of authors:
1

Creative Commons License:
Other

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

Download date: 20. Jun. 2024

https://portal.research.lu.se/en/publications/90338023-d6e0-4f45-a7d2-9cbf0157f7cc


Towards sustainable  
heavy-duty transportation
Combustion and emissions using renewable fuels  
in a compression ignition engine
MAJA NOVAKOVIć 

DEPARTMENT OF ENERGY SCIENCES | FACULTY OF ENGINEERING | LUND UNIVERSITY





Towards sustainable heavy-duty transportation 





Towards sustainable heavy-duty 
transportation 

Combustion and emissions using renewable fuels  
in a compression ignition engine 

Maja Novaković 

DOCTORAL DISSERTATION 

Doctoral dissertation for the degree of Doctor of Philosophy (PhD) at the Faculty 
of Engineering at Lund University to be publicly defended on 17th of February 

2023 at 10.15 in KC:A Hall, Department of Chemistry, Naturvetarvägen 18, Lund 

Thesis advisors 
Professor Sebastian Verhelst and Professor Antonio Garcia 

Faculty opponent 
Dr Simona Silvia Merola 



Organization 
LUND UNIVERSITY 
Department of Energy Sciences 

Document name 
Doctoral Dissertation 

Box 188 
SE-221 00 Lund 

Date of issue 
2023-02-17 

Author 
Maja Novaković 

Sponsoring organization 
KCFP Engine Research Center 

Towards sustainable heavy-duty transportation: Combustion and emissions using renewable fuels in a 
compression ignition engine 

Abstract  
    Transportation should become sustainable and available to everyone. Currently, transportation accounts for 
approx. one sixth of greenhouse gas (GHG) emissions globally, and heavy-duty trucks are responsible for almost 
30% of that. When fossil diesel fuel is burned in a compression ignition engine, known as a diesel engine, it 
releases large amounts of CO2, a GHG, into the air. GHGs confine heat in our atmosphere, causing global 
warming. Furthermore, the emissions are polluting air locally, having negative impact on human health and nature, 
but also some are adding to the global warming effects. Renewable diesel-like fuels, RME (rapeseed oil methyl 
ester) and HVO (hydrotreated vegetable oil), and light renewable or less carbon-intense alcohols, methanol and 
ethanol, as well as blended fuel E85 (ethanol and gasoline), can be used to reduce net CO2 emissions, particulate 
matter (PM) and gaseous pollutants from the engine. They are available on the market and can be fed to diesel 
engines without major hardware modifications or by using the available technology. The aim of this PhD thesis 
was to investigate the effect of replacing fossil diesel fuel with renewable fuels, on the performance and local 
exhaust emissions of a heavy-duty diesel engine. 
    In experimental studies, particle size distributions in the exhaust were compared to those of fossil diesel. The 
origin of PM from these less-sooting fuels was studied. The compositions of organic aerosol (OA) and secondary 
organic aerosol (SOA) from HVO, RME and fossil diesel were analyzed, and the effect of a diesel oxidation 
catalyst (DOC) was evaluated. Formation of SOA in the atmosphere was simulated by aging emissions in an 
oxidation flow reactor. The nanostructure of the soot when operating on RME, diesel, methanol or ethanol was 
studied. Finally, the viability of using E85 fuel in a production truck engine was tested. 
    Ethanol and methanol proved to be nearly non-sooting fuels, with the nanoparticles in the exhaust originating 
primarily from the lubrication oil. The engine performed well with E85 fuel, with almost all raw emissions below the 
current legislated levels for one operation setting. 
    PM emissions were significantly lower when fossil diesel was replaced with HVO or RME. The chemical 
composition of OA was likely dominated by lubrication oil for all three diesel-like fuels. RME reduced both the OA 
emissions and changed the composition with evidence for minor fuel contributions in the mass spectra. The 
unregulated nanoparticles of size between 5 nm and 23 nm, which are also thought to originate from the 
lubrication oil, were emitted in high numbers as nucleation mode. RME and diesel branched soot agglomerates 
were composed of several tens to hundreds of primary particles, and diesel soot also contained fly ashes from 
burned engine lubrication oil. SOA formation was substantially lower for RME compared to fossil diesel and HVO. 
The DOC strongly reduced primary organic emissions in both the gas (hydrocarbons) and particle phase (OA), 
and only marginally affected OA composition. The DOC was also effective in reducing SOA formation upon 
atmospheric aging. 
    In order to defossilize transportation, all available technology and research efforts need to get united. When it 
comes to the heavy-duty sector, the most straightforward solution would be to replace fossil diesel fuel with a 
diesel-like fuel of non-fossil origin, beginning with the existing vehicle fleets. The use of HVO, RME and light 
alcohols would have a positive impact on an overall PM reduction. 
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Abstract 
Transportation should become sustainable and available to everyone. Currently, 
transportation accounts for approx. one sixth of greenhouse gas (GHG) emissions 
globally, and heavy-duty trucks are responsible for almost 30% of that. When fossil 
diesel fuel is burned in a compression ignition engine, known as a diesel engine, it 
releases large amounts of CO2, a GHG, into the air. GHGs confine heat in our 
atmosphere, causing global warming. Furthermore, the emissions are polluting air 
locally, having negative impact on human health and nature, but also some are 
adding to the global warming effects. Renewable diesel-like fuels, RME (rapeseed 
oil methyl ester) and HVO (hydrotreated vegetable oil), and light renewable or less 
carbon-intense alcohols, methanol and ethanol, as well as blended fuel E85 (ethanol 
and gasoline), can be used to reduce net CO2 emissions, particulate matter (PM) and 
gaseous pollutants from the engine. They are available on the market and can be fed 
to diesel engines without major hardware modifications or by using the available 
technology. The aim of this PhD thesis was to investigate the effect of replacing 
fossil diesel fuel with renewable fuels, on the performance and local exhaust 
emissions of a heavy-duty diesel engine. 

In experimental studies, particle size distributions in the exhaust were compared to 
those of fossil diesel. The origin of PM from these less-sooting fuels was studied. 
The compositions of organic aerosol (OA) and secondary organic aerosol (SOA) 
from HVO, RME and fossil diesel were analyzed, and the effect of a diesel oxidation 
catalyst (DOC) was evaluated. Formation of SOA in the atmosphere was simulated 
by aging emissions in an oxidation flow reactor. The nanostructure of the soot when 
operating on RME, diesel, methanol or ethanol was studied. Finally, the viability of 
using E85 fuel in a production truck engine was tested. 

Ethanol and methanol proved to be nearly non-sooting fuels, with the nanoparticles 
in the exhaust originating primarily from the lubrication oil. The engine performed 
well with E85 fuel, with almost all raw emissions below the current legislated levels 
for one operation setting. 

PM emissions were significantly lower when fossil diesel was replaced with HVO 
or RME. The chemical composition of OA was likely dominated by lubrication oil 
for all three diesel-like fuels. RME reduced both the OA emissions and changed the 
composition with evidence for minor fuel contributions in the mass spectra. The 
unregulated nanoparticles of size between 5 nm and 23 nm, which are also thought 
to originate from the lubrication oil, were emitted in high numbers as nucleation 
mode. RME and diesel branched soot agglomerates were composed of several tens 
to hundreds of primary particles, and diesel soot also contained fly ashes from 
burned engine lubrication oil. SOA formation was substantially lower for RME 
compared to fossil diesel and HVO. The DOC strongly reduced primary organic 
emissions in both the gas (hydrocarbons) and particle phase (OA), and only 
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marginally affected OA composition. The DOC was also effective in reducing SOA 
formation upon atmospheric aging. 

In order to defossilize transportation, all available technology and research efforts 
need to get united. When it comes to the heavy-duty sector, the most straightforward 
solution would be to replace fossil diesel fuel with a diesel-like fuel of non-fossil 
origin, beginning with the existing vehicle fleets. The use of HVO, RME and light 
alcohols would have a positive impact on an overall PM reduction. 
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Popular scientific summary in Swedish 
Populärvetenskaplig sammanfattning 

Människor behöver ta sig från en punkt till en annan varje dag och varor måste nå 
sina destinationer. Transporter och leveranser som idag är dieseldrivna måste vara 
tillgängliga för alla och genomföras på ett för sig alla hållbart sätt. Vårt samhälle 
skulle klara oss väldigt kort tid om alla dieselmotorer helt plötsligt slutar fungera. 
Utmaningen samhället står inför är att minska antalet döds- och sjukdomsfall till 
följd av skadliga föroreningar i luften och minska transportsektorns klimatpåverkan. 
Idag står den globala transportsektorn för ca en sjättedel av utsläppen av 
växthusgaser. Tunga lastbilar står för cirka 5 procent av de globala 
växthusgasutsläppen.  

En del av lösningen till detta problem skulle kunna vara förnybara bränslen som 
tillverkas genom hållbara biologiska eller kemiska processer från restprodukter 
inom avfalls- och matindustrin eller jord- och skogsbruk. 

Den konventionella motorn med kompressionständning, även känd som en 
dieselmotor, dominerar lastbilsmarknaden på grund av dess låga bränsleförbrukning 
och höga vridmoment. Dieselmotorn har genomgått en teknisk revolution de senaste 
20 åren och använder en högutvecklad teknik som också har en lovande framtid. 

Nackdelen är att under förbränningen av fossil diesel i en dieselmotor släpps det ut 
stora mängder av växthusgasen koldioxid (CO2) i luften. Växthusgaser gör att 
värmen behålls i atmosfären i stället för att stråla ut i rymden, vilket i sin tur orsakar 
global uppvärmning. Konsekvenserna för jorden och naturen kan vara enorma. Vi 
kan se en risk för snabbt smältande glaciärer, vattenbrist, fler bränder, 
naturkatastrofer och kustsamhällen som suddas ut p.g.a. stigande havsnivåer. 
Förutom koldioxid innehåller avgaserna andra föroreningar i gasfas, som 
kolmonoxid, kväveoxider, och organiska gaser, men även väldigt små 
dieselpartiklar som består av sot och organiska ämne. Avgasutsläppen förorenar 
luften lokalt, vilket har en stor negativ hälsopåverkan. Hos människor orsakar 
långvarig utsättning för dieselångor cancer, luftvägssjukdomar, hjärt- och 
kärlsjukdomar, men ökar även risken för olika kroniska sjukdomar, för tidig födsel, 
låg födelsevikt och antalet missfall. 

Förnybara dieselliknande bränslen, RME (rapsmetylester) och HVO (vätebehandlad 
vegetabilisk olja), och förnybara eller mindre kolintensiva lätta alkoholer som 
metanol och etanol, samt förblandat bränsle E85 (etanol med lite bensin) kan 
användas för att minska nettoutsläppen av CO2, liksom partiklar och gasformiga 
föroreningar från motorns avgaser. Dessa bränslen finns tillgängliga på 
tankstationer och kan användas i dieselmotorer med stöd av tillgängliga tekniska 
lösningar och utan några större hårdvaruändringar. Nya förbränningskoncept kan 
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också bidra till förbättring samt efterbehandlingssystem som tar bort hälsoskadliga 
ämnen i avgasröret. 

Det övergripande syftet med denna doktorsavhandling var att undersöka effekten av 
att ersätta fossil dieselbränsle med förnybara dieselliknande bränslen och 
alkoholbränslen på en lastbilsmotors prestanda och avgaser. Arbetet omfattade både 
en litteraturstudie och fullskaliga experiment i en motorprovcell. Vi har jämfört 
mängd, storleksfördelningar, sammansättning och ursprung av partiklar i avgaserna 
från RME och HVO samt etanol och metanol med fossil diesel. Vi har också 
utvärderat effekten av dieseloxidationskatalysator (DOC) på organiska ämnen i 
partikelfas. Avslutningsvis har vi testat användbarhet av E85 bränsle i en 
produktionsvariant av en lastbilsdieselmotor och modellerat påverkan av parametrar 
som styr E85-förbränningsprocesser. Alla experiment utfördes vid en låg och 
mellan-till-låg motordriftsbelastning i en lastbilsmotor anpassad för användning i 
ett laboratorium. Dessa lägre laster motsvarar körförhållanden hos lastbilar som 
utför distribution, budtransporter och avfallshämtning i stadsmiljöer där vi 
egentligen vill minska utsläpp av skadliga föroreningar i luften. 

Vi kan från våra och andra forskares studier dra slutsatser att mängden sotpartiklar 
minskas kraftigt genom att ersätta fossil diesel med etanol eller metanol. En 
avsevärd minskning syns även för HVO och RME. Vi kan bekräfta att de minsta 
partiklarna, nanopartiklarna, i avgaser inte kommer från bränsle utan från 
motorsmörjolja. 

Motorn presterade bra med E85-bränsle och i ett driftläge understeg de flesta utsläpp 
de nuvarande lagstadgade nivåerna utan någon efterbehandling av avgaser. 
Bränslebytet minskade också utsläppen av kolväten och kolmonoxid från RME och 
HVO, vilket i sin tur minskade den sekundära aerosolbildningen och skulle därmed 
potentiellt sänka den totala atmosfäriska partikelmassan. Efterbehandlingssystemet 
bestående av DOC var mycket effektivt för att ta bort den organiska aerosolen i 
laboratoriestudierna för alla dieselliknande bränslen. Med förbättrad förståelse av 
utsläpp kan vi anpassa efterbehandlingssystem så att de släpper ut färre partiklar, 
och att de partiklar som eventuellt släpps ut är sådana som inte har dålig 
hälsopåverkan. 

Det finns inte en enda lösning som kan minska koldioxidutsläpp från 
transportsektorn, men när det kommer till lastbilar så skulle den enklaste vägen vara 
att byta ut fossil diesel mot ett dieselliknande bränsle av icke-fossilt ursprung i den 
befintliga fordonsflottan. Resultaten i studierna visar tydliga miljö- och hälsovinster 
i att byta ut fossil diesel mot förnybara dieselliknande bränslen eller lätta alkoholer, 
även för en betydande del av dessa tunga fordon som fungerar utan system för 
borttagning av partiklar. Förnybara bränslen behövs inte bara för transport utan 
också som reservkraftverk. Kunskapen som presenteras i denna avhandling kan 
därför även tillämpas på hållbar elproduktion i avlägsna områden där det inte finns 
elnät. 
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1 Transportation and the Earth 

Transportation is the backbone of every society and their progress. Mainly due to 
use of fossil fuels, this comes at a high cost for the Earth, but also for human health 
because of harmful local emissions. This PhD thesis is a compilation of studies 
focusing on heavy-duty transportation and its prime mover, the compression-
ignition internal combustion engine. The possibility to replace fossil diesel fuel with 
a variety of renewable fuels is discussed throughout the thesis. Moreover, the 
experimental results on the local emissions of a truck engine operating on these 
alternative fuels are presented in Chapter 5. 

1.1 The importance of sustainable transportation 
Encyclopaedia Britannica provides a comprehensive definition of transportation 
declaring it a vital part of the modern society: 

Transportation, the movement of goods and persons from place to place and the 
various means by which such movement is accomplished. The growth of the ability–
and the need–to transport large quantities of goods or numbers of people over long 
distances at high speeds in comfort and safety has been an index of civilization and 
in particular of technological progress. [1] 

The 2030 Agenda for Sustainable Development, adopted by all United Nations 
Member States in 2015, provides a shared strategy for peace and prosperity for 
people and the planet, now and into the future [2]. It is based on the 17 Sustainable 
Development Goals (SDGs) consisting of 169 targets and 230 indicators which are 
an urgent call for action by all countries in a global partnership from now to 2030. 
They recognize that ending poverty and other deprivations must go hand-in-hand 
with actions that improve health and education, reduce inequality, and promote 
economic growth, all while tackling climate change and working to preserve the 
oceans and forests. 

Sustainable transportation is not needed solely for its own sake, but rather as an 
important enabler to achieve the results defined in a large number of SDGs. 
Paragraph 27 of this broad policy agenda states that strong economic foundations 
for all countries will be built by providing sustainable transport systems, along with 
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universal access to affordable, reliable, sustainable and modern energy services, a 
quality and resilient infrastructure, and other policies that increase productive 
capacities [2]. 

Figure 1. SDGs relevant for the sustainable transportation [2], icons from [3]. 

1.4. ...ensure that all men and women..have access to basic services         
1.5. ...reduce their exposure and vulnerability to climate-related extreme events

2.1. ...access to food all year round 
2.a. ...increase investment..in rural infrastructure

3.6. ...halve the number of global deaths and injuries from road traffic accidents            
3.9. ...reduce the number of deaths from..hazardous chemicals and air pollution

4.3. ...ensure equal access for all women and men to..education

6.1. ...achieve universal and equitable access to safe and affordable drinking 
water for all

7.3. ...improvement in energy efficiency

8.8. Protect labour rights and promote safe and secure working environment for 
all workers.

9.1. Develop quality, reliable, sustainable and resilient infrastructure, including 
regional and transborder infrastructure.

11.2. Provide access to safe, affordable, accessible and sustainable transport 
systems for all.

12.3. ...reduce food losses along production and supply chains 
12.c. ...fuel subsidies
12.4. ...achieve the environmentally sound management of chemicals

13.1. Strengthen resilience and adaptive capacity to climate-related hazards 
13.3./13.a. Climate Change Mitigation 

14.1. ...prevent and significantly reduce marine pollution of all kinds, in 
particular from land-based activities

17.5. Adopt and implement investment promotion regimes. 
17.11. Significantly increase the exports of developing countries.      
17.17. Encourage and promote public-private partnerships.
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The SDG targets directly or indirectly related to transportation are highlighted in 
Figure 1. They are guiding lights of this PhD thesis since they will be relevant even 
beyond year 2030. The starting point are the requirements that transportation of 
people and delivery of supplies should become sustainable and available to 
everyone. Despite transportation being important for the development and 
prosperity of people on this planet, if not controlled, its emissions can have 
detrimental effect on the climate and human health. Therefore, improved air quality 
and reduced negative health impact of emissions from transportation, as well as 
climate change mitigation are also crucial aspects to which the thesis contributes. 
When it comes to renewable fuels, apart from the transportation, they can also be 
used in power generation engines. Thus, this PhD thesis provides the knowledge 
that may also be beneficial for sustainable energy production in remote areas away 
from the electricity grid. 

1.2 Fuels as a problem for, and solution to, global 
warming 

1.2.1 Problem 
Greenhouse gases (GHGs) are a natural part of the atmosphere. Unfortunately, the 
portion of the long-lived GHGs emitted as a result of human activity is too high 
as it affects the energy balance of the Earth, causing warming of the atmosphere 
[4]. Anthropological GHGs consist of mainly carbon dioxide (CO2) at 55–60%, 
but also methane (CH4), and nitrous oxide (N2O). Black carbon (BC), a component 
of particulate matter (PM), also known as soot or a solid particle, is a short-lived 
climate pollutant, and the largest contributor to climate change together with 
GHGs [5]. 

In order to combat climate change, the majority of the countries (ca. 70%) in the 
world have committed to carbon neutrality latest by year 2050 [6]. The problem of 
global warming must be addressed globally and will need an assortment of technical 
and interdisciplinary solutions, as well as changed behaviors and policies that 
encourage producing less waste and using less resources. 

Transportation accounts for approximately one sixth of GHG emissions globally, 
including direct emissions from burning fossil fuels to power transport activities, 
but excluding emissions from the manufacturing of motor vehicles or other transport 
equipment. Indirect emissions from electricity used in electric vehicles are also 
included in this number [7]. The portion of global CO2 emissions from 
transportation which comes from internal combustion engine (ICE) powered road 
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vehicles was 74.5% in 2018 [8]. Heavy-duty (HD) trucks are responsible for almost 
30% of global transportation emissions [8]. 

Heavy-duty vehicles are usually powered by a direct injection compression ignition 
(DICI) diesel fueled ICE, and similar engines are found in buses, trains, ships, 
farming and construction equipment, military vehicles or used as stationary 
emergency power generators [9]. They are renowned for their high efficiency, 
durability and high torque output, and therefore are an important propulsion 
technology for HD transportation. They have the potential to keep an important 
place in the transition to sustainable HD transportation, as it will be shown in the 
following chapters of this thesis. According to the Swedish Traffic Analysis Office, 
the dominating fuel type for heavy-duty trucks in Sweden is diesel [10], and most 
likely, the same trend will continue until at least the year 2030 [11], see Figure 2. 
When fossil diesel is used in HD DICI, PM is formed from incomplete combustion, 
and a large amount of fossil CO2 is emitted. 

Figure 2. Distribution of heavy-duty truck fuels in Sweden in the years 2018 (left) and 2030 (right), data obtained from 
[10] and [11], respectively. 

1.2.2 Solution 
There is not a single solution that can defossilize transportation, but when it comes 
to the heavy-duty sector, the most straightforward way to go is to exchange fossil 
diesel fuel for a diesel-like fuel of non-fossil origin. 

These alternative fuels can include gaseous fuels, such as hydrogen, biomethane, 
and propane; liquid biofuels, such as alcohols (methanol, ethanol and butanol); 
diesel-like vegetable and waste-derived oils; or fossil fuels that are less CO2-
intensive than the fuels that they replace. They can be used in a dedicated engine 
that runs on a single fuel, or mixed with other fuels including fossil gasoline or 
diesel, such as in flexible fuel vehicles (FFVs). In order to avoid creating additional 
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sources of GHG emissions as unintended consequences of solving the primary 
problem of transportation decarbonization, we need to adopt a holistic view of the 
mobility sector to understand the complexity, interdependencies, and impacts of the 
whole system in order to make a real progress [12]. The use of life cycle assessment 
(LCA), including, inter alia, the analysis of the raw materials collection, 
manufacturing, transport and distribution, usage, re-usage, maintenance, recycling 
of materials and final disposal or destruction [13], is needed to provide knowledge 
about the true environmental impacts of transportation systems so that effective 
emission reduction measures can be defined [14]. Besides, regulations have never 
been so important as today. Policymakers must focus on endgame results, while the 
science-based approach should ensure proper strategic decisions. 

1.2.2.1 Electrification 
Electrification is commonly seen as a way to be pursued in the energy transition. 
However, battery size and weight are the most limiting factors in heavy-duty 
electrification, since they affect the payload significantly. Other challenges are high 
price and short driving range. Materials availability is a separate topic to be 
addressed due to unethical mining of rare battery minerals [15], which is hopefully 
going to end with the support of the initiatives for the socially responsible and 
environmentally sustainable battery industry [16]. As researchers and engineers 
work on solutions, battery electric vehicles (BEVs) prices are decreasing and battery 
range is getting longer. There are plans for electric road systems (ERSs) to be built 
in future [17], and by allowing for more frequent charging, the battery size (and, 
thus, its cost, weight, and volume) may get reduced, or its lifetime may be extended 
due to less aggressive cycling [18]. Such a scenario may, however, result in higher 
overall energy consumption if the drivers decide to alter their routes to use the ERS, 
thus avoiding stopping for charging [18]. 

1.2.2.2 Hydrogen in ICEs 
Hydrogen combustion engines and hydrogen fuel cells are receiving increased 
interest in the heavy-duty sector. The biggest advantage of hydrogen is CO2-free 
combustion. In addition to the exhaust gas components, water, water vapor, and 
NOx emissions are the major emissions that can be produced from hydrogen ICEs. 
Since hydrogen fuel is carbon-free, no soot emissions are expected. Depending on 
engine hardware design, a very low amount of lubrication oil particles may 
participate in combustion, e.g. from piston rings (see [19]), or unburnt oil may 
escape the cylinder [20], which can produce a very low amount of unburned 
hydrocarbon emissions and particulate matter. In order for hydrogen vehicles to 
become commercially feasible, challenging tasks in hydrogen production, 
distribution and storage have to be addressed [21]. Hydrogen fueled powertrains can 
be seen as an interim solution for many applications for as long as alternative 
(electrified) powertrains are not available or feasible [22]. 
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1.2.2.3 Renewable liquid fuels – biofuels 
In contrast to electricity and hydrogen energy resources, biofuels can be in liquid 
form, which is essential for the current vehicles that can take full advantage of this 
efficient way of storing and distributing energy [23]. 

Biofuels are classified into four generations according to the type of the feedstock 
used for their production [24], as shown in Figure 3. First-generation (1G) biofuels 
are made of edible biomass, which makes them a part of the food-feed-fuel 
competition. Apart from biomass and land, biofuels also compete with food and feed 
production for water, capital and labor [25]. Second-generation (2G) biofuels use 
non-edible biomass, but there are still limitations related to the cost-effectiveness 
involved in scaling the production to a commercial level. Third-generation (3G) 
biofuels use microorganisms, like algae, that can use a diverse array of carbon 
sources as feedstock. A downside is that algae, even when grown in waste water, 
require large amounts of water and fertilizer (nitrogen and phosphorus) to grow. As 
a consequence, the use of algae-based biofuel may not result in any GHG emission 
savings compared to fossil fuels [26]. It also means the cost of algae-based biofuel 
is much higher than fuel from other sources. The definition of the 3G biofuels is 
being extended to utilization of CO2 as feedstock [27][28][29]. Fourth-generation 
(4G) biofuels focus on modifying these microorganisms genetically to achieve a 
preferable hydrogen to carbon yield along with creating an artificial carbon sink to 
eliminate or minimize carbon emissions [30]. The fourth generation of biofuels is 
still in early development stages [31]. 

Figure 3. Generations of biofuels feedstock, reprinted from [24] with permission. 

The following sections about fatty acid methyl ester (FAME), rapeseed oil methyl 
ester (RME), and hydrotreated vegetable oil (HVO) fuels are based on work in 
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Paper 1 and Paper 3, whereas the sections about E85, ethanol and methanol are 
developed from work in Paper 2 and Paper 4. 

Fatty acid methyl ester fuels, usually called biodiesel, can be produced from primary 
vegetable oils such as soy, palm, coconut, or sunflower oil, etc., and therefore 
belong to 1G biofuels made from edible biomass. Rapeseed oil methyl ester is made 
by esterification of rapeseed oil by use of methanol. Most vehicles with DICI 
engines in Europe currently use low level blends of FAME in diesel, i.e. B5 or B7. 
Increasing of the added fractions of oxygen-containing FAME biodiesel fuels, or 
other diesel-like fuels produced from renewable biomass resources, into fossil diesel 
is currently encouraged in order to reduce GHG emissions [32], and reaches as high 
levels as over 50% in some diesel fuels available in Sweden [33]. The advantages 
of RME combustion are significantly reduced emissions of unburned hydrocarbon 
(HC), carbon monoxide (CO) and particulate matter [34]. However, pure RME still 
cannot directly replace fossil diesel because it can produce higher NOx if used as a 
drop-in fuel, i.e. without changing the original diesel engine settings. NOx can 
actually go down, too [35]. RME can have detrimental effects on fuel injection 
systems [36]. Also, RME has higher density and 13.6% lower energy density than 
fossil diesel, as well as poor cold flow properties [37] and oxidation stability, but it 
possesses good lubricity. Further, the quality of FAME is dependent on the 
properties of the feedstock used, thus limiting the choice of feedstock suitable for 
cold climate regions [38]. 

On the other hand, high levels of hydrotreated vegetable oil fuel can be blended with 
fossil diesel without affecting the engine performance. HVO can also be used neat 
and in that case, it is called renewable diesel. Fuel properties of HVO are close to 
fossil diesel fuel and therefore, their logistics, storage, and combustion properties 
are similar [38][39]. The HVO production process involves removal of oxygen from 
the triglycerides by the use of hydrogen. Additionally, the HVO properties are not 
as sensitive to different feedstocks of vegetable oil as in the case of biodiesel. Even 
though edible oils are the main feedstock for HVO production, non-edible oils, such 
as pongamia, can also be used, as well as used frying oil, fat residues from the meat 
and fish industry, and technical corn oil (a residue from ethanol production). That 
kind of HVO can be classified as a 2G biofuel. The lubricity of HVO is very low 
due to the absence of sulfur and oxygen compounds in the fuel [40] and it thus needs 
friction modifying additives. Due to lower density resulting from the aliphatic 
nature of the compounds [41], as opposed to fossil diesel containing aromatic 
hydrocarbons, HVO has ~4% lower volumetric heating value than fossil diesel. 
Because the energy content of HVO is slightly higher per mass, the effect of lower 
density is partly compensated [40]. Its cetane number, or tendency to autoignite, is 
very high. Despite the cetane number being regarded as a quality indicator of diesel 
fuels, the high difference between the cetane numbers of diesel and HVO could 
potentially require changes in the engine control to compensate for the fuel igniting 
earlier in the cycle [42]. Due to the higher paraffinic character of HVO, its cold flow 
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properties might also be worse than those of a winter diesel fuel, although this 
depends highly on the oil feedstock [43][44] and on the reaction conditions which 
may lead to a certain yield of triglycerides [44]. 

Both HVO and FAME-type fuels can significantly reduce PM, HC, and CO 
emissions in diesel exhaust [45][46] and change the particle size distribution and 
soot nanostructure [34][47] in comparison to fossil diesel. Switching to these 
renewable and sustainable fuels has the proven potential to reduce GHG emissions 
[48] and improve the air quality with the existing fleets of vehicles, especially of
those without an exhaust aftertreatment system (EATS) [49]. A recent study shows
that the use of 100% renewable diesel can achieve lifecycle GHG reductions at a
level comparable to the use of BEVs, allowing for faster decarbonization of existing
fleets in the nearest future [50]. However, there is little to no knowledge about the
composition (physical and chemical properties) and origin (from fuel, lube oil, or
combustion) of organic aerosol emitted from combustion of HVO and RME.

Alcohol blends can also be used in different ways in ICEs, as summarized in [51]. 
During the DICI process, alcohols do not form intermediate soot precursors due to 
their simple molecular structure [52], so the PM emissions are reduced to ultralow 
levels compared to diesel fuel, without a need for EATSs. NOx emissions are also 
reduced, whereas HC emissions can either increase or decrease. The main alcohols 
that can be used to achieve this are methanol and ethanol. The benefits of using low-
sooting ethanol fuels in DICI engines were initially presented in [53]. A recent study 
[54] proposes that wet ethanol and methanol can be used interchangeably in an
engine designed to accept high-cooling potential alcohol fuels, meaning that it can
operate on wet ethanol, methanol, or their blends, depending on local availability,
making it unnecessary to choose one fuel over the other as a replacement fuel in
internal combustion engines.

E85 is another alcohol-based fuel, consisting of up to 85% anhydrous ethanol by 
volume mixed with gasoline without aromatics; the composition is approximately 
85% ethanol and 15% gasoline in the summer blend, and 75% ethanol and 25% 
gasoline in the winter blend. It is commonly used in spark ignition engines produced 
to operate on ethanol in FFVs or gasoline engines converted for ethanol operation. 
Several models of light vehicles running on E85 have been present on the European 
market. The infrastructure for production, delivery and sale of E85 is well developed 
in the USA, France, Sweden, and a few other European countries, making E85 fuel 
commercially available there. The nominally 15% by volume gasoline in the blend 
serves to denature the alcohol to prevent ingestion, to provide a more ignitable 
mixture (which is particularly important at low temperatures) and also to provide a 
more visible flame in case of a vehicle fire [23]. A report by the Swedish Energy 
Agency [55] which includes a well-to-wheel analysis of several liquid fuels and 
electricity, shows that GHG emissions per energy content during the fuel lifecycle 
are reduced by 36% when E85 is used instead of fossil diesel. The ethanol in E85 
sold in Sweden is 81% of fossil-free origin. A possibility to additionally reduce the 



31 

GHG emissions lies in replacing the gasoline with biogasoline, i.e. renewable 
gasoline that is a side product of renewable diesel production [56] or bio-based 
gasoline, made of residuals from the forest industry, hemicellulose and cellulose 
based sugars. E85 is a fuel which combines the properties of the two high RON 
fuels: ethanol [57] and gasoline [58], making it a good candidate for a DICI fuel 
burning in low temperature combustion (LTC) mode [59][60]. 

First-generation bioethanol is traditionally made through biological processes, such 
as fermentation of biomass, usually from sugarcane, sugar beets, grains or corn. 
New production processes for 2G ethanol have been developed, including pre-
treatment, enzymatic hydrolysis and fermentation. They reuse waste products from 
other industries, such as lignocellulose residues (pulp and paper). In integrated bio-
refineries, the total lignocellulosic biomass is valorized by producing valuable 
specialty chemicals alongside 2G ethanol. The energy platforms for burning 
lignocellulose residues in boilers for co-generation of heat and power (CHP) are 
already well-established and can be used in 2G ethanol production as well [61].  

As a fuel used in ICEs, methanol has chemical and physical fuel properties similar 
to ethanol. Methanol is conventionally made from fossil sources, usually either by 
steam reformation or from coal with a significant fossil CO2 impact [23]. The 
developments in biomass gasification have enabled the usage of a variety of biomass 
feedstocks to produce syngas, which in turn can be converted to biomethanol [31], 
making it either a 1G or 2G biofuel. Methanol can be made from anything 
carbonaceous, via chemical processes which synthesize the molecule from carbon, 
oxygen and hydrogen atoms [23], making it fall either into a group of 3G biofuels 
or electrofuels. Since chemical processes are generally significantly more rapid than 
biological ones, this has the potential to increase production rates [62][63]. As a 
consequence, methanol production is potentially more easily scalable and could also 
be coproduced in bioethanol plants in order to increase the overall energy yield from 
the used feedstock [64]. 

A drawback is that it is difficult to ignite these light alcohols in a DICI engine. Their 
low cetane numbers make them unsuitable for CI engines because of their poor auto-
ignition qualities, which is most pronounced for methanol. The problem comes from 
its high octane number, low lower heating value and high heat of vaporization, 
which results in high amount of heat being needed to ignite methanol [65]. 

New forms of fuel, recycled carbon fuels (RCFs) and renewable fuels of non-
biological origin (RFONBOs), are categories of alternative fuels incentivized by the 
European Union’s recast Renewable Energy Directive adopted in 2018 (RED II) 
[66]. Specifically, for RCFs, REDII analyzes the climate impact of bacterial 
fermentation of CO in industrial off-gases and liquid fuels from plastic waste, and 
for RFONBO, the potential for a synthetic fuel from renewable electricity pathway. 
There are, however, studies indicating that not all pathways for these two fuels will 
result in net climate benefits [67]. 
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1.2.2.4 Slowing down the climate change and further improving air quality 
The new revision of the EU Renewable Energy Directive (RED III) is expected to 
be adopted by the end of 2022 and it will emphasize the critical role of sustainable 
biodiesel to reach the EU climate objectives [68]. Moreover, it will require urgent 
and increased emission cuts for the transportation sector with a 16% GHG intensity 
reduction target, coupled with a 45% overall renewables target. Since electrification 
is not yet viable over the whole transportation sector, the use of renewable and low-
carbon fuels, including hydrogen, is promoted [69]. This is a highly needed plan 
which will require all renewable energy sources to contribute in order to reach these 
ambitious targets. 

Applied on modern vehicles, emission regulations have led to significantly reduced 
emissions from combustion engines. Currently, Euro 6 for light-duty (LD) vehicles, 
and Euro VI for HD are in force, and they control particle emissions by a PM mass 
and a solid particle number (SPN) limit. There are concerns that the SPN limit 
excludes certain relevant particulate species, and several semi-volatile particle 
emissions can be an order of magnitude higher than SPN emission levels [70]. 
Particles of size below 23 nm are currently not included in these emission 
regulations, but their monitoring is highly recommended [71] and will be included 
in the future legislations down to the size of 10 nm. 

Table 1. European (indicated specific) emissions standard Euro VI for heavy-duty diesel engines in stationary (WHSC) 
and transient (WHTC) test cycles, compared to proposed Euro 7 hot and cold emission limits for heavy-duty engines. 

Euro VI Euro 7 

WHSC WHTC cold emissions 
(WHTCcold) 

hot emissions 
(WHTChot) 

emissions budget for 
trips shorter than 3 
lenghts of WHTC 

CO [mg/kWh] 1500 4000 3500 200 2700

PM [mg/kWh] 10 10 12 8 10 

PN23 [#/kWh] 8x1011 6x1011 – – – 

PN10 [#/kWh] – – 5x1011 2x1011 3x1011 

NOx [mg/kWh] 400 460 350 90 150

NH3 [ppm] 10 10 – – – 

NH3 [mg/kWh] – – 65 65 70

HC [mg/kWh] 130 160 – – – 

CH4 [mg/kWh] – – 500 350 500

NMOG 
[mg/kWh] 

– – 200 50 75 

HCHO [mg/kWh] – – 30 30 –

N2O [mg/kWh] – – 160 100 140 
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Simultaneously, there have been intense discussions on the formulation of the new 
pollutant emission standard Euro 7. This emission standard expands the definition 
of pollutants, including for example formaldehyde (HCHO), to reflect the increased 
use of renewable fuels, and dividing total HC into more specific groups. 

The current emission limits given by the Euro VI emission standards for HD 
vehicles which were introduced in Europe in 2014 [72], are compared to the 
proposal of Euro 7 which will apply from July 2025 [73], in Table 1. For definitions 
of pollutants and measurement techniques see [74]. 

While effects of renewable fuels on GHG reduction start to become reasonably well 
understood, there is less data on the characteristics of pollutant emissions from 
combustion of renewable fuels, both primary and secondary PM, since they may 
differ from fossil diesel emissions [49][75][76]. Also, different combustion modes 
can further change the exhaust composition. Therefore, understanding both effects 
of the new fuels, as well as new combustion concepts, is crucial for designing the 
systems for emission reduction and for understanding the health effects of the 
emitted pollutants. 

The main motivation for improving the air quality is above all the devastating fact 
that every year 6,700 people die only in Sweden [77], and 238,000 across the Europe 
[78], just from breathing air containing fine particles. The association between fine 
particles and mortality, despite the air quality improvements in the recent years, 
continues to be the major health problem according the WHO Air Quality 
Guidelines [79]. 
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2 Direct injection compression 
ignition engines 

A brief overview of the combustion in direct injection compression ignition engines 
at the start of this chapter is followed by a review of the gaseous and particulate 
matter emissions from these engines, as well as primary and secondary organic 
aerosol in the atmosphere. Finally, a discussion on emission reduction techniques, 
including exhaust gas recirculation, low temperature combustion and exhaust 
aftertreatment systems, is presented. The knowledge gaps are highlighted 
throughout this chapter, and will be summarized in the next chapter in form of the 
thesis statement and aims. 

2.1 Conventional diesel combustion 
In a compression ignition internal combustion engine, also known as a diesel engine, 
the intake air is compressed to high pressure, or first mixed with residual combustion 
gases from the exhaust, if exhaust gas recirculation (EGR) is used, and then 
compressed. Diesel fuel is then directly injected into the combustion chamber at a 
high pressure and atomized to small droplets, vaporized and mixed with the hot 
charge. When the resulting in-cylinder charge temperature becomes high enough, 
the injected low ignition resistance fuel (diesel or a diesel-like fuel) gets ignited. 
According to a conceptual direct injection diesel spray model proposed in [80], the 
core of the spray contains rich mixture and the soot is formed there. Full oxidation 
of the fuel occurs in the diffusion flame at the periphery of the spray around 
stochiometric conditions. That is the location where the bulk of heat is released, soot 
is oxidized and thermal NOx is produced, see Figure 4. The combustion speed is 
controlled by the mixing of fuel and the cylinder charge and ends when all the fuel 
is consumed. This process is called conventional diesel combustion (CDC). The 
products of the combustion, also called diesel exhaust, are emitted from the engine, 
through a line of engine aftertreatment system components. These tailpipe emissions 
are then let out into the atmosphere. 
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Figure 4. Conceptual schematic of mixing controlled combustion, reprinted from [80] with permission. 

Injection timing, injection pressure and the composition, amount and ratio of fuel, 
air and EGR can control the start of combustion (SOC), speed of combustion, the 
torque and tailpipe emissions that the engine produces. 

2.2 Gaseous emissions 
The regulated gaseous pollutant emissions generated from fuel combustion in 
internal combustion engines include nitrogen oxides (NO and NO2, together called 
NOx), hydrocarbon (HC), also called volatile organic compounds (VOCs) or non-
methane hydrocarbon (NMHC), and carbon monoxide (CO) [81].  

When released into the atmosphere, unburnt HC reacts with NOx in the presence of 
sunlight, to form ozone (O3) which is a main component of photochemical smog. 
Heat from ultraviolet light provides the activation energy required to initiate the 
reaction. On the other hand, CO causes direct harmful health effects by reducing 
oxygen delivery to the body’s organs and tissues, and affecting cell operation. 
Exposure to even low levels of CO, which may occur in cities with dense traffic 
[82], is dangerous for those who suffer from heart disease, and can cause chest pain, 
or contribute to other cardiovascular effects with repeated exposures [83][84]. Even 
healthy people who breathe in medium levels of CO, present for example in air 
pockets like parking lots [82], can experience vision problems, reduced ability to 
work or learn, reduced manual abilities, and difficulties performing complex tasks. 
At high levels, CO is poisonous and can cause unconsciousness and eventually 
death. The levels of CO can be especially high in traffic tunnels due to their enclosed 
structure and during rush traffic in developing countries [85]. 
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The overview of the current (Euro VI) and future (Euro 7) European emission 
legislations for heavy-duty vehicles is given at the end of Chapter 1 of the thesis. 

2.3 Diesel particulate matter and aerosols 
Aerosol particles in the atmosphere have adverse effects on air quality. The smallest 
of them easily penetrate the human pulmonary system and have been linked to 
severe short- and long-term health impacts, such as asthma, cardiopulmonary 
diseases, and lung cancer [86]. Since some aerosols mainly scatter solar radiation 
back into space and thereby cool the climate, while others, like BC, contribute to 
warming, they present one of the largest uncertainties in climate modelling and 
prediction. They also affect the climate indirectly through their role as cloud 
condensation nuclei (CCN) and ice-nuclei [87]. 

In the automotive field, the term particulate matter is used for the primary particles 
from vehicle exhaust collected on a flow-through filter under specific conditions, 
and the term particle for aerosol particles measured while airborne (suspended 
matter). 

Although particle characterization techniques have significantly developed during 
recent years, enabling online measurements of even the smallest nanoparticles, the 
mass of these smallest particles is, however, almost negligible despite the large 
number concentrations [88]. In the Particle Measurement Program (PMP) protocol 
from EU, solid particles refer to those particles that survive heating to 300°C in the 
measurement set-up prior to particle counting. Current legislations mandate 
measurements of particle mass and solid particle number. They should, however, be 
revised to include total particle number count (TPNC) after the tailpipe, since both 
number and mass are important to understand various aspects of the climate and 
health effects of atmospheric aerosols [89][90]. Even though the technology to 
measure TPNC exists, it is yet to be strictly defined how it will be implemented in 
a regulatory framework [70]. 

The three mains factors influencing PM toxicity are chemical composition (e.g. the 
organic fraction), surface area, and the place of deposition in the respiratory tract 
upon inhalation. The deposited fraction primarily depends on the size, but also shape 
and density of the aerosol particles [91]. According to the size of the largest 
aerodynamic diameter in the group, PM can be classified as coarse, fine, submicron 
and ultrafine, see Table 2. A simple example of comparison is that one coarse PM10 
particle has approximately the same mass as one million ultrafine PM0.1 particles, 
but their health impacts are completely different. PM10 are mostly deposited in the 
upper airways, where they stay until removed by clearance mechanisms [91]. PM2.5 
can also travel deep into the respiratory tract, reaching the lungs, and due to their 
large surface areas, they can carry toxic material [92]. PM0.1 are, however, deposited 
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in the alveolar region of lungs that have weak nanoparticle elimination mechanisms. 
Peaks in deposition at 20 nm and 1.5 µm are observed, since the alveolar region 
cannot eliminate these smallest particles with high surface area and number 
concentrations [93]. They may translocate beyond the lung and cause adverse effects 
on the central nervous system, extrapulmonary organs and cause dysfunction of 
blood vessels causing negative cardiac effects [94][95]. 

Table 2. Size classification of PM. 
*Ultrafine particles do not have a clear definition, their lower cut point is not defined [96], but can be assumed to be 2–
10 nm determined by the capability of the particle counter [97]. 

name symbol size (less than) 
[µm] [nm] 

coarse PM10 10 10000

fine PM2.5 2.5 2500 

submicron/fine PM1.0 1 1000

ultrafine* PM0.1 0.1 100 

nano PM0.05 0.05 50

The tailpipe exhaust of a vehicle consists of solid primary non-volatile particles 
(soot, black carbon), which represent a good adsorption surface for the hundreds of 
compounds produced after incomplete combustion in diesel engines, such as 
gaseous emissions at high exhaust temperatures, and trace metals. Aerosol 
precursors (e.g., sulfuric acid, hydrocarbons) [98][99] are in the gas phase at high 
temperatures as semi-volatiles [70]. A subgroup of potentially toxic, mutagenic and 
carcinogenic hydrocarbons found in the emissions, polycyclic aromatic 
hydrocarbons (PAHs) [100][101], can originate from the combustion, but also from 
unburned diesel fuel, lubricating oil and the pyrosynthesis of low molecular weight 
polyaromatics. PAHs with two or three aromatic rings are often detected in the vapor 
phase, whereas those with between four and seven fused rings are found mostly in 
the particle phase [102]. A comprehensive explanation of the soot formation 
processes and soot composition is reported in [103]. 

Typically, diesel PM consists of two main modes in the size distribution, 
accumulation and nucleation modes, see Figure 5. The modes mainly depend on the 
engine, fuel, combustion strategy, and aftertreatment devices [88][104][105]. Soot 
or accumulation mode particles are measured at the tailpipe with a mean diameter 
size >50 nm [106], or around 30–100 nm, as defined in [107][108], and they consist 
of many spherical primary particles of elemental carbon [109] with attached fuel 
and lubrication oil components [110], and particle-bound PAHs 
[111][112][113][114]. Additionally, PM can have one solid core or nano-mode with 
a mean size below 10–15 nm [115][116][117], or two nano-modes (one from 
lubricant and one from fuel) [118]. The nano-mode consists of amorphous 
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carbonaceous compounds, PAHs, or metallic ash from fuel or lubricant 
[119][120][121][122]. 

 

Figure 5. Typical engine exhaust size distribution, by both mass and number weighting, reprinted from [107] with 
permission. 

Nanoparticles are emitted even when there is no combustion in the engine, i.e. 
during braking (motoring the engine) [49][123][124], and engine and aftertreatment 
wear particles may also be emitted [125], as well as coarse mode particles 
originating from the crankcase ventilation, wear, or soot re-entrainment [107][126]. 

Undiluted vehicle exhaust emissions in the tailpipe contain also a variety of different 
components which are in gaseous phase because of the high exhaust gas 
temperatures. These aerosol precursors, mainly VOCs and sulfuric acid, get diluted 
and cool down [127][128][129], and can consequently nucleate to form new 
nucleation mode particles, or alternatively condense on other particles, i.e. non-
volatile core or accumulation mode [70]. Therefore, the fresh exhaust aerosol 
contains both the solid particles in the tailpipe (primary PM) and the particles newly 
formed within the seconds of mixing of the exhaust gas with ambient air [88][130]. 
The peak of the formed nucleation mode, in the absence of a solid core, lies at 
around 10 nm depending on the availability of the precursors [107][131][132][133]. 
Whether condensation or nucleation dominates depends on the availability of pre-
existing particle surface area (condensation sink) [134] along with the dilution and 
cooling rate [97]. 
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One of the identified research areas of importance for characterization of the health 
and environmental impacts of nanoparticles is understanding composition and 
sources of PM, their mechanisms of formation and transformation in the atmosphere 
[88]. 

A large fraction (∼50%) of the submicron aerosol particle mass in the troposphere 
is a complex mixture of hundreds of different organic compounds [135][136]. 
Organic aerosol (OA) can either be primary organic aerosol (POA) directly emitted 
by different sources, including anthropogenic (transportation and combustion 
activities) and biogenic, or secondary organic aerosol (SOA) formed through 
chemical reactions in the atmosphere. 

2.4 Secondary organic aerosol 
The atmospheric secondary organic aerosol plays an important role in the global 
particulate matter budget, and its chemical composition determines critical 
properties that impact radiative forcing and human health [137]. 

Recent studies have shown that secondary PM from combustion engines consists 
mainly of organic compounds and ammonium nitrate [138][139]. Ammonium 
nitrate is detected mostly downstream major cities in winter time, forming when 
traffic NOx escapes after an inefficient selective catalytic reduction (SCR), then 
reacts to nitric acid, and finally meets an ammonia plume. An example is traffic 
exhaust from Benelux that passes over the fertilized farms in Denmark, before 
arriving to Sweden. Finally, the secondary PM formation can be significantly larger 
than the primary PM emission [139][140]. The contribution from vehicles to SOA 
can be higher than the primary aerosol they emit [139]. 

SOA is produced via secondary formation in the atmosphere (atmospheric aging) 
when the oxidation products of gas-phase volatile organics or gaseous hydrocarbon 
precursors undergo the gas-particle transfer through nucleation, condensation or 
heterogeneous and multiphase chemical reactions [137][141], as shown in Figure 6. 
The emissions of secondary PM precursors depend on fuel properties, as well as 
engine type, load and aftertreatment systems [49][75][138][142]. Both fuel and oil 
are significant sources of hydrocarbons emitted from diesel engines 
[143][144][145][146] and the emissions of secondary PM precursors depend on fuel 
properties [49][75][138][142], however lubrication oil has been proposed to 
dominate POA emissions [147][148] and have stronger influence on the SOA 
formation than the fuel composition [138][139][142][149]. This process is 
complicated since each VOC can undergo a number of atmospheric degradation 
processes to produce a range of oxidized products, which may or may not contribute 
to SOA formation and growth [137]. There is also a difference between processes 
controlling particle number and processes controlling particle mass; condensation 
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of vapors (sulfuric and nitric acids, ammonia, and secondary organics) onto existing 
particles may dominate particle mass without necessarily influencing particle 
number [150]. 

 

Figure 6. Evolution of the organic aerosol in the atmosphere. SOA forms from gas phase organics. Reprinted from 
[151] with permission. 

A better understanding of semi-volatile compounds from vehicles is needed in order 
to estimate their contribution to secondary aerosol formation [70]. Also, in order to 
make more accurate climate models, a better understanding of the behavior of 
aerosols in the atmosphere is needed [152]. One way to obtain detailed information 
on the sources and components of organic aerosol is from statistical analyses of the 
mass spectral data [153][154], provided by mass spectrometry (MS), an analytical 
technique used to measure the mass-to-charge ratio of one or more molecular 
fragments present within a sample and determine their relative abundance. To 
interpret the results of these statistical methods, presented as a plot of intensity as a 
function of the mass-to-charge ratio, however, mass spectral signatures of various 
organic aerosol sources and components need to be known [153]. The source 
appointment of OA measured in the air can distinguish factors with specific 
temporal variation and mass spectral patterns [141]. 

In order to characterize the POA and SOA material, the oxidation state, i.e. O:C 
ratio, is defined as a parameter that is expected to be closely related to an organic 
molecule’s polarity and hydrophilicity. These are important parameters that 
influence aerosol properties, such as the phase behaviour [151][155], SOA 
formation during approximately a week-long atmospheric residence period, or how 
SOA continues to age, increasing O:C, by oxidation reactions [156][157]. The O:C 
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ratio has the practical advantage that it can be readily measured for atmospheric 
POA and SOA using online aerosol mass spectrometry [158]. 

2.5 Emission reduction techniques 

2.5.1 Active reduction 
Exhaust gas recirculation and low temperature combustion are active ways of 
reducing emissions, as they affect the combustion and change the resulting 
composition of the emissions. 

Because of high in-cylinder temperatures during combustion, diesel engines 
produce and emit high levels of NOx. Moreover, the composition of fossil diesel 
fuel is such that its combustion produces soot and high PM emissions. 

In order to reduce NOx emissions, an internal combustion method called EGR was 
introduced. The fraction of recirculated exhaust mixed with fresh intake air controls 
the concentration of the available oxygen, and also decreases the combustion flame 
temperatures. When EGR further increases, the engine operation reaches zones with 
higher instabilities, increased unburned HC, CO and soot emissions, and even power 
losses [159][160][161]. The effects of EGR on the engine performance and 
legislated emissions have been well studied, however less is known about its effect 
on the chemical and physical properties of particles, possibly causing changes in 
toxicity. Choosing the right amount of EGR for a specific operating condition is 
important. 

In CDC, the soot formation occurs in the fuel-rich zones, while the soot oxidation 
occurs at high-temperature near-stoichiometric reaction zones with entrainment of 
ambient air [80][162]. Contrastingly, formation of NOx emissions is inevitable in 
the high temperature zones where soot particles are burnt off, resulting in a trade-
off between soot and NOx emissions, so-called NOx-soot trade-off. EGR or 
retardation of fuel injection timing can be used to reduce NOx emissions, reducing 
the temperatures and residence times that are necessary to burn off soot particles, 
which usually causes an increase in soot emissions [163]. 

Furthermore, low temperature combustion has attracted the attention of the research 
community and engine manufacturers because it showed that it is possible to 
simultaneously avoid soot formation and NOx formation [164], and thus avoid the 
NOx-soot trade-off. The local air-fuel mixture needs to be sufficiently lean in order 
to prevent soot formation, however not too lean so not to go under the ignitability 
limit. The combustion temperature needs to be sufficiently low to avoid the NOx 
formation zone, but high enough to achieve sufficient oxidation rates and thus avoid 
high CO and HC emissions. Lean mixture can be achieved by increasing the heat 
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capacity of the mixture by EGR dilution, or water injection, or by boosting the intake 
pressure and diluting the mixture with the excess of air [165][166][167]. 

Combining high levels of EGR with fuel injection in the last quarter of the 
compression stroke results in partially premixed combustion (PPC), which can be 
classified as LTC [168]. The use of fuel with high octane number results in longer 
premixing times during which more air gets entrained into the fuel jet before it 
ignites, so the local rich zones get suppressed and the soot formation is reduced 
[169][170][171]. With reduced combustion temperature, emissions of immature 
soot or PAHs may increase. These changed particle properties can affect the effects 
on health or the aftertreatment efficiency significantly. More research is needed in 
this area. 

Light alcohols, methanol and ethanol, can be used as fuels in diesel engines. Since 
they are not producing high amounts of soot, the NOx-soot trade-off can be 
removed, and it is possible then to adjust the combustion mode, as well as the EGR 
levels for high efficiency and low NOx emissions. 

2.5.2 Passive reduction 
Once the pollutants are produced during the combustion and emitted as diesel 
exhaust, exhaust aftertreatment systems can be used to reduce multiple pollutants 
[172]. Understanding the properties of raw engine emissions contributes to the 
development and optimization of EATSs, such as diesel oxidation catalysts (DOCs), 
diesel particulate filters (DPFs) and selective catalytic reduction (SCR), which in 
their turn can alter the physical and chemical composition of PM [173][174]. The 
nanostructure of soot is especially important for the oxidation kinetics in the exhaust 
aftertreatment [175][176]. 

The introduction of DPFs has significantly reduced the concentration of primary 
particles in the exhaust gas of modern vehicles and working machines [177][178]. 
The main function of a DOC is to ensure the sufficient oxidation of the gas phase 
HC and CO, but also to remove the organic fraction of the exhaust PM while still in 
the gas phase [179][180]. It has been reported that the DOC can increase the SO2 to 
SO3 conversion and NH3 emissions [181][182]. Regarding the precursor gases, a 
DOC reduces hydrocarbons, and NOx reduction aftertreatment decreases NOx 
levels [183]. Consequently, the secondary aerosol formation is reduced, and this is 
valid both for diesel and HVO [142], as well as for RME [49]. However, as 
mentioned in the previous chapter, the knowledge about both the sources of the 
emitted organic aerosol composition (fuel, lube oil, or combustion generated), and 
effects of renewable fuels in combination with EATSs, is still scarce. 
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3 Thesis statement and aims 

Renewable fuels of different properties can potentially replace fossil diesel fuel in 
an existing HD DICI engine without compromising the engine performance or 
introducing a need for major hardware modifications which cannot be overcome by 
the existing technological solutions. The GHG emissions will be reduced by keeping 
the atmospheric carbon in a loop by growing new feedstock for biofuels, while the 
fossil carbon remains in the ground. 

An important area in which the knowledge is lacking is composition and origin, as 
well as mechanisms of formation and transformation in the atmosphere, of primary 
and secondary PM, including organic aerosol, emitted from combustion of HVO, 
RME and light alcohols, without or with an EATS. Additionally, new combustion 
concepts, such as low temperature combustion and using EGR, can affect the 
chemical and physical properties of particles, possibly causing changes in toxicity 
due to immature soot or PAHs. The nanostructure of soot is especially important for 
the oxidation kinetics in the exhaust aftertreatment. 

The overall aim of this PhD thesis is to investigate the effect of replacing fossil 
diesel fuel with renewable diesel-like and alcohol fuels on the local exhaust 
emissions of an HD DICI engine and its performance in low to mid load range 
within studied operating conditions. 

The specific aims of the thesis are to: 

1. Compare the particle size distribution from an HD DICI engine exhaust of 
the diesel-like fuel RME (Paper 1), as well as from ethanol and methanol 
(Paper 2), to that of fossil diesel. 

2. Compare the nanostructure of soot from combustion of RME (Paper 1), and 
of methanol and ethanol (Paper 2), with that of fossil diesel. 

3. Investigate whether PM emitted from an HD DICI engine utilizing less-
sooting fuels (RME, HVO, methanol and ethanol) mostly originate from 
engine lubrication oil (Paper 1, Paper 2 and Paper 3). 

4. Investigate how the diesel-like fuels RME and HVO affect OA and SOA 
composition, and assess if the organic fractions come from lubrication oil 
(Paper 3). 
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5. See the effect which a DOC has on OA and SOA in the exhaust from
combustion of fossil diesel and HVO (Paper 3).

6. Determine the viability of the use of E85 fuel in an HD DICI engine, and
model and study the influence of three parameters controlling the
combustion processes on the engine behavior (Paper 4).
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4 Methodology 

The experiments described in this thesis were performed on a heavy-duty 
compression ignition engine with direct fuel injection, located in the Engine Lab at 
the Division for Combustion Engines at Lund University. Experiments presented in 
Paper 1 and Paper 2 were conducted on a single cylinder HD CI engine within the 
same measurement campaign in 2016. Results in Paper 3 were obtained on a 
different engine but of the same type and with practically identical test bench 
configuration in 2018. A year later, the experiments from Paper 4 were also done 
on the latter engine. 

In Paper 1, gaseous emissions and physical and chemical properties of particulate 
matter were studied as a function of the used fuel, biodiesel and fossil diesel, and 
intake air oxygen concentration by the means of changing EGR levels. 

In Paper 2, emitted particles from combustion of the light alcohols methanol and 
ethanol were analyzed and compared to the ones originating from fossil diesel fuel 
as a function of the engine load. 

In Paper 3, organic aerosol and secondary organic aerosol emissions were studied 
as a function of the diesel-like fuel used and the use of the emission aftertreatment. 

Paper 4 investigated the viability of E85 fuel in compression ignition engine and 
looked into the engine performance and emissions as a function of the fuel/air ratio, 
fuel injection pressure and combustion timing. 

4.1 Experimental arrangements 

4.1.1 Engine apparatus 
The experiments were performed in a Scania D13 heavy-duty six-cylinder diesel 
engine modified in such a way that only one cylinder was operating while the other 
five were motored without compression. Figure 7 shows the schematic diagram of 
the experimental engine and surrounding setup. The specifications of the 
experimental engine and used injectors are given in Table 3. 
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The engine was connected to an electric motor (dynamometer) rotating at a constant 
1200 rpm. It motored the engine during the start-up and switch-off phases, and kept 
the engine at a constant rotational speed when fired. A crank angle encoder was also 
connected to the engine in order to provide a relationship between the current 
position and the top dead center (TDC) in crank angle degrees (CAD). 

The fuel was injected through a solenoid injector connected to a common rail and a 
high-pressure injection (XPI) fuel pump. The fuel supply system on this engine was 
designed for a Scania ED95 ethanol engine suited for operation with low-lubricity 
corrosive fuels. Both types of injectors listed in Table 3 were suitable for alcohol 
injection. The existing equipment was used and therefore the engine piston was of 
the standard stepped bowl shape with geometrical compression ratio (rc) of 17.3:1. 

Figure 7. Schematic diagram of the experimental engine. The EGR loop was used in Paper 1 and Paper 3, whereas 
the EGR valve was sealed off in Paper 2 and Paper 4. Adapted from [184] with permission. 

Table 3. Single cylinder engine specifications. 
cylinders originally six, operated on one (cylinder 6) 
displacement volume [cm3] 2124 

stroke [mm] 160 

bore [mm] 130 

connecting rod length [mm] 255 

geometrical rc 17.3:1 

number of valves 4 

injector Papers 1, 2 and 3 Paper 4 

number or holes 10 12 

spray angle [°] 148 120 
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The engine was supercharged with an external compressor providing pressurized 
oil-free dry air with a 7.5 kW heater located between the fresh air supply and intake 
manifold. The heater was either switched off or tuned to achieve the desired intake 
air temperature. The engine test rig was equipped with an adjustable EGR system 
which consisted of an EGR valve and an exhaust backpressure valve. The cooled, 
high-pressure EGR was introduced to the intake plenum for blending with 
pressurized fresh air. The EGR loop was used in Paper 1 and Paper 3, whereas the 
EGR valve was sealed off in Paper 2 and Paper 4. 

The DOC used in Paper 3 was a metallic catalyst (Pt:Pd), operating at the engine 
exhaust temperature of 215 ± 6°C. This custom-made aftertreatment unit was 
dimensioned to fit the one-cylinder heavy-duty engine, so that the exhaust residence 
time could be considered representative of the real engine operation. 

4.1.2 Measurements, data collection and analysis 
Data collection started after the engine coolant and oil temperature reached 85°C 
during the warm-up test runs. The in-cylinder pressure data were collected from the 
engine by sampling signals every 0.2 CAD and averaged from 300 engine cycles 
for every operating point under steady state conditions. 

A water cooled Kistler piezoelectric pressure transducer measured the relative in-
cylinder pressure. The cylinder pressure at the inlet bottom dead center (BDC) was 
considered equal to the intake manifold pressure when the absolute in-cylinder 
pressure was calculated for the heat release calculations. Also, the TDC offset 
between the CAD measured by the encoder signal and the calculated in-cylinder 
volume was compensated for by setting the peak of the motored in-cylinder pressure 
at a fixed location, as explained in [185]. 

The value of lambda (λ) was measured and monitored in real time by an ETAS LA4 
meter. The fuel consumption was estimated from the slope of the fitted linear 
regression model of the fuel tank weight continuously measured by a Sartorius 
gravity scale. 

The data post-processing procedure was based on the calculations of the rate of heat 
release (RoHR), in-cylinder volume, pressure and temperature, indicated mean 
effective pressure (IMEP) and efficiencies (combustion and gross indicated) 
described in Chapters 2, 4 and 5 of [186] and in [162]. The mixing period (MP) was 
calculated as the crank angle degrees between the end of injection (EOI) and start 
of combustion defined as CA5. 
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4.1.3 Fuels and lubricants 
Fuels used in this work were Swedish fossil low-sulfur diesel MK1 (referred to as 
fossil diesel, or diesel), neat diesel-like renewable fuels, RME and HVO, neat light 
alcohols ethanol and methanol, as well as two mixed fuels B20 (20% by volume 
RME, 80% by volume MK1) and E85 (15% fossil gasoline, 85% ethanol). The 
properties of these fuels are given in Table 4. 

Table 4. Fuel specifications. 
diesel HVO RME methanol ethanol E85 

RON – – – 107–109 108–109 101–104 
MON – – – 92 89 –

CN ~53 >70 52 – – – 

H/C 2 2.143 1.896 4 3 2.703

O/C 0.02 0 0.103 1 0.5 0.382 

QLHV [MJ/kg] 43.15 44.1 37.3 19.9 26.7 29.62

(A/F)S 14.5 14.9 12.37 6.47 9 9.85 

In order to increase the lubricity of the alcohols used (methanol, ethanol and E85) 
and ensure flawless operation of the fuel delivery system, 200 ppm of Infineum 
R655 was added to the E85, and 300 ppm to methanol and ethanol. Its effect on the 
results was considered negligible [187]. This additive was not necessary when diesel 
fuels were used. 

The lubrication oil in the engine in Paper 1 and Paper 2 was Statoil PowerWay 
GE40, a lubricant with low ash content used mainly for engines operated on biogas. 
In Paper 3 and Paper 4, the lubricant used was synthetic low-ash motor oil (Shell 
Mysella S3 N40). After the experiments in Paper 1 and Paper 2 were completed, 
samples of fuels, unused engine oil and used engine oil were sent to an external 
laboratory for analysis. 

4.2 Emission measurements 

4.2.1 Gaseous exhaust 
In the first experimental rig, the engine-out gaseous emissions without an 
aftertreatment system were measured by a commercial AVL AMA i60 system, and 
in the second experimental rig by a Horiba emission system (MEXA-7500DEGR). 
Their principle of operation was same. The CO2 concentration was measured both 
in the intake manifold and in the exhaust to provide the data for the calculation of 
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the EGR level. The dry CO and CO2 were measured with an infrared detector (IRD), 
whereas the wet NO and NOx (NO+NO2) were measured using a 
chemiluminescence detector (CLD). The wet total hydrocarbons (THC) emissions 
were measured by a flame ionization detector (FID). The THC was summed as 
CaHbOc or CHb/aOc/a, and the CH4 concentration was measured within it. 

The flame ionization detectors in the emission analyses were not optimal for 
measurement of exhaust from oxygenated fuels, such as E85 in Paper 4, since they 
underestimated the THC concentration. The same was valid for methanol and 
ethanol in Paper 2, but these emissions were not presented in the paper. According 
to studies [188][189], the realistic THC values in E85 exhaust may be higher by 15–
18% than the ones measured by FID. However, the suggested correction factors 
were not included in the results presented in this thesis nor in publications. 

The EGR levels used in Paper 1 and Paper 3 were calculated as a ratio between 
measured concentrations of carbon dioxide in the intake and carbon dioxide in the 
exhaust, expressed as percentage, as shown in Equation (1). 𝐸𝐺𝑅 = ∙ 100% (1) 

The O2 concentration in the exhaust was measured by a paramagnetic detector 
(PMD), and the intake O2 concentration was calculated according to Equation (2). 𝑂 = 𝐸𝐺𝑅 ∙ 𝑂 − 𝑂 + 𝑂 , (2) 

where 𝑂  is the oxygen concentration measured in the exhaust, and 𝑂  
is the ambient oxygen concentration set to a constant value of 20.95%. 

Exhaust gas analysis was performed by using equations presented in Chapter 4 of 
[186]. In Paper 1 and Paper 3, λ yields: 𝜆 = ∙ ∙ ∙ ∙ 𝑐 ∙ 𝑥 + 𝑥 + 2𝑥 + 𝑥 +2𝑥 + 𝑥 − 𝑐 , (3) 

where values a, b and c come from the fuel formula CaHbOc, i.e. a = 1, b = H/C and 
c = O/C (see Table 4), and x represents a measured or calculated concentration of a 
gas species. Oxygen concentration measurements of the exhaust were not available 
in Paper 4, and values measured by the ETAS sensor were used instead. 

The values of the gaseous emissions and soot mass concentrations were presented 
as indicated specific (IS) values, i.e. the amount of a pollutant per useful work, in 
Paper 1 , Paper 2 and Paper 4, and these IS emissions will be in the thesis text called 
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by the name of their constituents. In Paper 3, emission factors were used instead. 
They represent the amount of pollutant per energy content of the consumed fuel, as 
defined in [49]. Relative standard deviations based on the time-series of HC 
measurements used for calculation of emission factors were 5–10% for all fuels. 

4.2.2 Particulate matter 
Black carbon and organic fractions of PM in engine exhaust were analyzed, as well 
as metals found in PM. 

4.2.2.1 Mass concentration and size distribution 
An AVL micro-soot sensor (MSS) was used in Paper 1, Paper 2 and Paper 4 to 
continuously measure the equivalent black carbon (eBC) mass concentration of soot 
in the engine-out exhaust stream. Measurements are based on the photo-acoustic 
principle, as explained in [190]. Inside of the measurement cell, an amplitude 
modulated 808 nm light beam is absorbed by airborne particles. This makes the 
carrier gas expand and contract due to periodic heating and cooling, and in that way 
produce periodic pressure waves. The pressure waves are a measure of the particle 
absorptive properties (at 808 nm), and are gathered by sensitive microphones and 
translated into a soot mass concentration (eBC) by assuming a conversion factor 
from absorption to mass concentration. The BC part of the PM absorbs, while OA 
is essentially transparent at this wavelength, and therefore not measured. The MSS 
is able to measure with a sensitivity of 1 μg/m3 in the range from 0.001 to 
1000 mg/m3. 

A differential mobility spectrometer (DMS) Cambustion DMS500 was used in 
Paper 1 and Paper 2 to determine the particle size distribution (5 nm – 1000 nm) 
[191]. Measurements were sampled with a frequency of 1 Hz. At the sampling 
probe, a cyclone was used to dilute the exhaust gas at a ratio of 5:1. After two sages 
of dilution, the particles are charged by a unipolar corona charger. The charge they 
receive is proportional to their surface area and their size, and particles are separated 
according to electrical mobility while passing a strong radial electrical field. Larger 
particles with lower electrical mobility travel further along the column. This 
principle is also known as electrical mobility classification. After the particles get 
deposited on one of the 22 electrometer detectors, the measured electrical current 
signals are finally transferred into a number particle size distribution using the built-
in diesel soot inversion matrix. 

The AVL MSS and DMS500 sampled gas directly from the exhaust pipe. 

4.2.2.2 TEM 
The soot carbon nanostructure was analyzed in Paper 1 and Paper 2. After passing 
through a dilution system which was mounted perpendicularly to the exhaust pipe, 
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aerosol samples were collected from the exhaust gas onto thin lacy carbon coated 
copper grids using an electrostatic precipitator (nanometer aerosol sampler, TSI 
Inc.). These transmission electron microscopy (TEM) grids were analyzed in 
transmission electron microscopes. The dilution setups and microscopes, as well as 
analysis procedures, are described in detail in the respective papers. 

4.2.2.3 Chemical composition 
In order to determine the chemical composition of the emitted particles, three 
different techniques were used. 

The first technique is aerosol mass spectrometry (AMS), an on-line technique that 
provides chemical characterization of the ensemble of sampled OA, without details 
on individual molecules or on particle-to-particle basis, but with the advantage of 
fast acquisition times, providing near real-time data. Additionally, it provides bulk 
properties of the complete organic fraction in the PM. For example, the elemental 
composition given as O:C and H:C ratios. The AMS and its quantification of OA 
are described in detail in [192] and the references therein. In brief, by means of an 
aerodynamic lens, AMS focuses aerosol particles directly from the dilution system 
into a narrow beam. The beam impacts a heated tungsten surface at 600°C, and the 
resulting vapors are ionized by means of electron impact, and then detected in a time 
of flight mass spectrometer. 

The second method, the soot-particle aerosol mass spectrometry (SP-AMS), uses 
AMS for measurements of quantitative aerosol mass loadings from coating 
materials (e.g., organics, sulfates, nitrates, etc.) and it additionally measures the 
mass of the refractory carbon (rBC) cores (i.e. BC mass). 

In paper 1, the total OA was analyzed using a SP-AMS [193]. The SP-AMS was 
run in single or dual vaporizer mode. The total OA signal intensity depends on the 
vaporization mode. In the single vaporizer mode, particles are flash vaporized, as in 
AMS. In the dual vaporizer mode, rBC containing particles are vaporized using an 
intracavity Nd:YAG laser (1064 nm). In order to derive OA mass concentrations, 
the dual vaporizer total OA signals were multiplied by a correction factor of 0.5 
which was obtained from the linear regression analysis of a large number of total 
OA single mode and dual vaporizer mode ratios (R2 = 0.93). 

In Paper 3, the software SQUIRREL 1.62 and PIKA 1.22 were used for data analysis 
and recommended practice was followed with one exception. The standard 
procedure is to take a HEPA filtered background air sample without particles, by 
which the gas phase contribution to m/z 44 signal (CO2

+) can be quantified. This 
was not done in our experiments, but instead the amount of CO2

+ that should be 
subtracted was estimated from a CO2(g) monitor, assuming that the gas phase signal 
scales linearly with the measured sampling line mixing ratio in the range of 0–
500 ppm. 
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Thirdly, in Paper 2, the TEM was equipped with a silicon drift detector (SDD) based 
energy dispersive x-ray analysis (EDX) system. EDX is an x-ray technique used to 
identify the elemental composition of materials. The data generated by EDX 
analysis consist of spectra showing peaks corresponding to the elements making up 
the true composition of the sample being analyzed. 

4.2.3 Aging of emissions 
In Paper 3, an oxidation flow reactor (OFR) was used to simulate secondary aerosol 
formation and changes in OA composition upon atmospheric aging [194]. The 
potential aerosol mass (PAM) reactor uses UV light to initiate oxidative gas phase 
chemistry and simulates the equivalent of several days in the atmosphere during a 
few minutes’ residence time in the OFR. The detailed procedures are reported in 
[49] and are only briefly repeated here. The PAM-reactor consists of a 13 liter steel
chamber containing two Hg lamps with peak intensities at 185 and 254 nm, however
only one of the lamps was used and operated at a reduced intensity for all
experiments. The flow rate through the PAM was controlled to 5–7 lpm, resulting
in an average residence time of 113–160 s in the chamber. The incoming water
vapor concentration was 0.37 ± 0.02 mol/m3. CO (40 ppm) was added to the flow
to allow calculation of the OH exposure in each experiment. The cumulative OH
exposure was calculated from the reaction rate constant of CO and OH, and the CO
concentrations. Due to variations in flow rate and OH suppression, the OH exposure
varied somewhat between experiments. The OH exposure (molecules cm-3 s)
corresponded to 4.8 ± 2.6 days if assuming an average OH concentration of 1.5 ×
106 molecules cm-3.

4.3 Planning experiments and engine operating 
conditions 

Before conducting experiments, initial pre-studies were performed in order to 
determine the limits of different engine control parameters. These experiments were 
designed to give a fundamental understanding of differences between the fuels, and 
their effect on the engine performance and emissions. In Paper 1 and Paper 4, the 
regulated emissions were compared to Euro VI emission limits, whereas the scope 
of Paper 2 and Paper 3 did not include comparison of engine emissions to the 
legislations. 

An overview of the operating conditions in the experiments is given in Table 5. 
Heavy-duty engines operating over low load duty cycles are typical for urban 
environments that require large quantities of goods deliveries and services for 
commercial and domestic use such as refuse pickup. For this particular engine, a 
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load of 6 bar gross indicated mean effective pressure (IMEPG) is considered low 
load, the IMEPG of 8 bar is mid-to-low load, and the IMEPG of 10 bar is mid load. 

In Paper 1, the intake oxygen concentration was scanned by changing the EGR level. 
It resulted in λ changing within a range from 2 for the highest intake oxygen 
concentration (O2in), to 1 for the lowest O2in. In Paper 2, two engine loads were 
tested, where λ was 3 for the lower load and 1.9 for the higher load. All experiments 
in Paper 3 were performed under unchanged operating conditions. In Paper 4, a 
design of experiment (DOE), Box-Behnken design (BBD) in particular, was applied 
in order to, with a limited number of measurement points, collect the data that can 
characterize a wide field of operation with E85. The control parameters, fuel 
injection pressure (Prail), air-fuel ratio expressed as λ, and combustion phasing 
measured after top dead center (ATDC) as the crank angle at which 50% of the 
charge has been consumed (CA50), were varied at three different levels. In order to 
study the effects of these engine control parameters on the engine behaviour, five 
multiple linear regression (LR) models of engine gross indicated efficiency (GIE), 
IS THC, CO, NOx and soot were built. 

Gross indicated efficiency is a measure of the total work provided by the combustion 
of the fuel when combustion loss, heat transfer loss and exhaust loss have been 
accounted for. Since the experimental engine is modified to operate on one of six 
cylinders, it is not possible to know the friction losses in order to calculate brake 
efficiency. Moreover, the pumping loop of the engine was not provided by the 
manufacturer, so net indicated efficiency could not be estimated. Therefore, the 
efficiency in this thesis (Paper 4) is presented as GIE. 

Table 5. Engine operating conditions in the experiments. 
 IMEPG 

[bar] 
Tin [°C] O2in [%] Prail [bar] CA50 [CAD 

ATDC] 
λ fuels 

Paper 1 6 100 ~8, 11.5, 13.5, 
15, 20.95 

1200 5 0.8 – 2 diesel, RME 

Paper 2 6, 10 30 (diesel), 
110 

20.95 1200 5 3, 1.9 diesel, methanol, 
ethanol 

Paper 3 6 26–28 18 1200 5 2 – 2.5 diesel, RME, HVO 

Paper 4 8 120 20.95 800, 1000, 
1200 

6, 8, 10 1.25, 
2.3, 3 

E85 
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5 Results and discussion 

This chapter discusses the results of the studies presented in the four papers on 
which this thesis is based. The results are divided into two main parts; the first part 
reports on the combustion of diesel-like fuels (based on Paper 1 and Paper 3), 
whereas the combustion of the light alcohols is addressed in the second part (based 
on Paper 2 and Paper 4). The focus of the first part lies on analysis of particulate 
matter, both soot and organic aerosol, with a reflection on the effect that renewable 
diesel-like fuels have on the emissions from a compression ignition engine under 
low load operation. The second part highlights the benefits of using non-sooting 
alcohols in a compression ignition engine, and examines the structure and 
composition of the emitted nanoparticles. The third part of the results is discussing 
structure of soot in the engine exhaust analyzed by means of TEM imaging (from 
Paper 1 and Paper 2). In the final part of the results, possible origins of particles are 
summarized from findings in Paper 1, Paper 2, and Paper 3. 

5.1 Diesel-like fuels 

5.1.1 Combustion 
In order to isolate the effect of replacing fossil diesel fuel with renewable diesel-like 
fuels on the emissions, the experiments were designed in such a way to achieve 
comparable low temperature combustion conditions for the three fuels with low 
EGR levels in the first experiments (Paper 3), by keeping the same ignition delay 
period (the CAD between the start of injection and start of ignition) and similar 
mixing period, and therefore removing the influence of different cetane number of 
the fuels. The same adjustments were made for the conventional diesel combustion 
with no EGR shown in Figure 9, as well as for the other engine settings in Paper 1. 
The rate of heat release and in-cylinder pressure traces within a relevant window of 
crank angles are shown in Figure 8 for diesel, HVO and RME, and in Figure 9 for 
diesel, B20 and RME. 
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Figure 8. RoHR, in-cylinder pressure, and injector current for diesel, HVO and RME. 

Figure 9. RoHR, in-cylinder pressure, and in-cylinder average temperature for diesel, RME and B20 at ~21% O2in. 

The combustion characteristics of renewable diesel-like fuels are close enough to 
fossil diesel that these fuels can be used almost interchangeably without any 
adjustments in the engine. The fuel analysis of RME showed 10.6% mass oxygen 
content compared to that of diesel at 0.2%. As the combustion duration is not 
significantly different between the fuels, the difference in soot is not down to 
differences in post-combustion soot oxidation. 
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5.1.2 Emissions 

5.1.2.1 Gaseous emissions 
In the experiments from Paper 1, the engine operation conditions were not 
optimized to suppress any specific emissions. Instead, the goal was to compare how 
utilizing different EGR levels affects regulated and unregulated emissions. This 
resulted in very high NOx emissions for the operation point without EGR, highest 
for RME, and followed by B20 and diesel (20% lower than RME). Both the 
additional oxygen available and the high degree of unsaturation of fatty acids in 
RME fuel may have contributed to high NOx levels, as discussed in literature 
[195][196]. At the base operating point without EGR, RME was burning at a higher 
combustion temperature than diesel, further promoting NOx formation (Figure 9). 
This may be due to a stronger effect of lower stoichiometric A/F ratio, and in turn 
lower local cylinder gas entrainment which increases local combustion 
temperatures, compared to the effect of lower fuel energy content resulting in a 
higher ratio of stoichiometric fuel mass and released fuel energy, which entails 
lower local combustion temperatures [197]. 

 

Figure 10. Indicated specific NOx emissions for different O2in concentration for diesel, RME and B20. 

 

Figure 11. Indicated specific (a) THC and (b) CO emissions for different O2in concentration for diesel, RME and B20. 
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The THC and CO emission levels were increasing rapidly with decreasing of the 
oxygen available for combustion below 13% and 15% for all three fuels, as shown 
in Figure 11. The values of these emissions were almost at the same low levels for 
higher O2in concentrations for all fuels, whereas RME had favourable emissions 
compared to diesel and B20 for lower intake oxygen, due to more abundant fuel-
borne oxygen. The horizontal green lines in Figure 10 and Figure 11 represent the 
Euro VI emission limits. 

5.1.2.2 Particulate matter 
The soot (eBC) mass concentrations for diesel, RME and B20 were strongly affected 
by EGR, and their values over the range of O2in levels are presented in Figure 12. 

Figure 12. Indicated specific soot (eBC) mass concentration for different O2in concentration for diesel, RME and B20. 

A certain improvement in the soot mass concentration is already seen for B20 
compared to diesel, but RME emits considerably lower levels of soot over the whole 
range of O2in concentration, as an earlier study also reports [198].With low or no 
EGR, FAME fuels decrease BC emissions by about a factor of 2 according to [34], 
which matches our RME results at intake O2in of ~21% and ~15%. The reduction 
factor increased to 3–4 at high EGR levels. This provides the possibility to use 
higher levels of EGR (lower O2in concentration in Figure 12) with RME if the 
combustion is to result in the same soot levels like those produced when combusting 
diesel. The NOx-soot trade-off was less pronounced and staying in the region of low 
NOx, as well as CO and THC emissions, was possible. 

To be precise, the intake oxygen level of ~15% that corresponds to EGR of ~37–
39%, is close to a typical EGR level used in a modern HD CI engine. NOx values 
at O2in of ~13.5% (~44% EGR) for all three fuels werere only 23% to 40% of the 
NOx values at ~15% O2. The indicated specific soot value of RME at O2in of ~13.5% 
was below 0.1 g/kWh. 
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Figure 13. Number weighted particle size distributions for different O2in concentration for diesel, RME and B20, top: 
diesel, middle: B20, and bottom: RME. 

Figure 13 presents the electrical mobility particle size distribution for the different 
O2in concentrations for the three fuels, note the different scale for the particle number 
concentration for RME. Without EGR, a nucleation mode dominated the emissions 
(20–30 nm), while for the remaining cases an accumulation mode at larger particle 
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sizes dominated the number emissions (Figure 13). The particle count median 
diameter (CMD) is a parameter that describes the modes and is equal to the diameter 
with highest concentration if the distribution is lognormal. Diesel had the highest 
CMD values within the whole O2in span (with an exception of the lowest O2in level), 
followed by B20 and RME, which agrees with the results available in literature, e.g. 
[199]. The values of accumulation CMD for the lower O2in values lay in the range 
from 125 to 160 nm, whereas at the O2in of ~21%, the mean diameter was lower as 
the accumulation and nucleation mode strongly overlapped. 

Since the nucleation mode was dominant only when operating without EGR, the 
indicated specific total TPNC (including total particle number count for both 
nucleation and accumulation modes) trends followed the soot mass concentration 
measurements, see Figure 12, in the whole O2in range apart from the starting point 
at ~21%. Note that the nucleation mode measured here includes particles of size 
5 nm and above, and may include some liquid nucleation mode PM, whereas Euro 
VI regulates only solid particles larger than 23 nm. 

The intake oxygen levels were comparable among the three fuels at four levels: 

• ~11.5%: total TPNC of RME was lower than half the value for diesel;

• ~13.5%: total TPNC of RME was significantly lower, in particular it was
only 6% of total TPNC of B20 and 5% of that of diesel;

• ~15%: the advantage of RME was not as pronounced as in the previous
point, since total TPNC of RME was similar to the one of B20, but more
than three times lower than that of diesel;

• ~21%: when EGR was not utilized RME and B20 had similar total TPNC,
while that of diesel was 50% higher.

There was a clear advantage of using RME with EGR rates as high as 44% in terms 
of indicated specific TPNC under the studied engine operating conditions. Even 
B20, a low biodiesel content blend, already gave visible results in soot mass 
reduction. 

5.1.2.3 Organic aerosol 
Based on the experiments in Paper 1, Figure 14 shows the ratio of total (particle 
phase) OA measured with SP-AMS, and eBC measured with MSS for different O2in 
concentrations for diesel, RME and B20. At O2in of ~21%, the organic mass fraction 
of the PM emissions was dominant, being three times higher than the eBC mass 
fraction for diesel and two times higher for B20 and RME. Since the combustion 
temperature of diesel at ~21% intake oxygen concentration was lower than that of 
RME, as shown in Figure 9, this difference between RME and diesel might be due 
to the incomplete combustion of lubrication oil that was consequently emitted in the 
exhaust. Paper 2, Paper 3 and other previous studies, see [138][139][142][149], 
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report that the mass spectra of diesel aerosol components are dominated by 
lubrication oil spectral structures. However, most of the lubrication oil PM comes 
from slip that escapes combustion at low loads [20][200]. 

When values in Figure 12 and Figure 14 were compared, it could be seen that in 
general OA emissions are 2–3 times lower for RME than for diesel. Diesel, RME 
and B20 had very low OA to eBC ratio for higher EGR levels. For oxygen 
concentrations lower than ~13.5%, the ratio for RME was slightly higher than for 
B20 and diesel due to the lower soot emissions in that area. Finally, at the highest 
EGR level with 8.5% O2in concentration, the ratio for diesel again rose and reached 
the value of one. At this point, a low amount of eBC was emitted, so the ratio of one 
showed low OA emissions. It is also possible that the soot did not have time to 
mature to eBC, i.e. soot precursors such as PAHs and brown immature soot were 
emitted. Soot formation slowed down at very high EGR [32]. Additionally, the 
combustion efficiency was very bad there as the engine was below stoichiometric 
conditions (λ = 0.85) and emitted unburned fuel. The reason for studying this 
extreme condition was to see how the emissions would look like in an event of 
failure of an engine part or system that would cause high levels of exhaust gas 
recirculated to the engine intake. 

 

Figure 14. OA/eBC for for different O2in concentration for diesel, RME and B20. 

In Paper 3, the OA mass emissions were measured by AMS. Figure 15(a) shows 
that emission factors of HC (gas phase) and OA (PM fraction of organics) for HVO 
were slightly lower than those of diesel, around 20% and 30% respectively. At the 
same time, emission factors were around three times lower for RME compared to 
diesel, for both HC and OA, which is in line with the aforementioned results from 
Paper 1. 

Secondary organic aerosol from traffic can be a major contributor to long range 
transported PM2.5 in the atmosphere. In order to estimate atmospheric aging of the 
organic emissions over a period of several days, which may cause changes in the 
OA composition, the SOA formation was simulated in an oxidation flow reactor 
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[194]. It can be seen in Figure 15(b) that aged OA emission factors were highest for 
diesel, about 2 times lower for HVO and about 8 times lower for RME. Similar to 
fresh OA, RME formed considerably less aged OA than the other fuels. The OA 
enhancement was very high measured at engine out (EO), it gave almost 20 times 
higher aged OA mass compared to fresh emissions of diesel, and 6 times higher for 
RME, see Figure 15(b). The OA mass enhancement estimation is probably on the 
higher side, since the nucleation mode particles smaller than ~40 nm in fresh OA 
without DOC are invisible to AMS, whereas they get detected after aging when they 
grow considerably due to condensation [49]. 

Figure 15. The emission factors of (a) gaseous HC (left axis) and the fresh OA fraction in PM (right axis), and (b) the 
fresh OA fraction in PM (left axis) and aged OA (right axis), for diesel, HVO and RME measured engine-out. Note 
different scales on the left and right axes. 

Figure 16. The emission factors of gaseous HC (left axis), the fresh OA fraction in PM (right axis) and aged OA (right 
axis) for diesel measured engine-out and after DOC. Note different scales on the left and right axes. 

When the values of hydrocarbon precursors in Figure 15(a) are compared to aged 
OA values in Figure 15(b), it can be seen that for diesel ~9% of the gas phase HC 
was converted to particle phase OA in the atmosphere. These numbers were lower 
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for the two renewable fuels (near 5% for HVO and 3% for RME), which might be 
due to differences in the chemical composition of the gas phase HC. Namely diesel 
aromatic compounds and medium and long chain aliphatic compounds have a high 
SOA yield, while the SOA-yield of short chain aliphatics is much lower [201]. 

Figure 16 compares HC, fresh OA and aged OA for EO and after a DOC, only for 
diesel emissions. The DOC introduces a strong reduction in all three cases. The 
strongest reduction is achieved for aged OA by a factor of more than 10. When an 
engine operates at low load, exhaust temperatures tend to be lower, which can result 
in the DOC being less effective. In this experiment, however, the DOC was operated 
at around 215°C [49], which was not far from an appropriate temperature for high 
HC reduction. Further analysis of the effect of the DOC on fresh and aged emissions 
from HVO combustion will be presented at the end of Chapter 5.4. 

5.2 Light alcohols 

5.2.1 Engine performance 
In order to characterize the engine performance and emissions, without exposing the 
engine to the extreme settings of the control parameters, 13 engine operating points 
to be tested were chosen according to a Box-Behnken design of experiments. The 
most important engine control parameters, Prail, λ and CA50, were varied at three 
levels each, low, medium and high, shown in Table 6. With a limited number of 
measurement points, BBD helped to collect the data that could characterize a wide 
field of DICI operation with E85 fuel. A detailed description of the method is given 
in Paper 4. 

Table 6. Physical values of the BBD factors. 
Prail [bar] λ CA50 [CAD ATDC] 
800 1.25 6 
1000 2.3 8 
1200 3 10 

 

As a support in analyzing the experimental results, in order to mathematically 
describe the effects of the control parameters on the engine behaviour, as well as to 
determine interactions between them which otherwise might not be obvious, linear 
regressions models were made. The five built models represented GIE, and IS THC, 
CO, NOx and soot emissions. The models had a high quality fit to the measured 
data. 
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Figure 17. RoHR, in-cylinder pressure, and injector current for OP4 with E85; the zoom is on the mixing period. For 
the OP nomenclature, see Paper 4. 

An example of the RoHR, in-cylinder pressure and injector current within a relevant 
window of crank angles for the engine operating point (OP) number 4 (Prail = 800 bar, 
the low setting; λ = 3, the high setting, and CA50 = 8 CAD ATDC, the medium value) 
is shown in Figure 17. In order to indicate the start of injection (SOI) and EOI, the 
injector current was represented with a black line. The relevant window around TDC 
is zoomed in and shown on the right-hand side of the figure. The end of injection was 
clearly separated from the start of combustion resulting in a positive mixing period. 
This indicated that the combustion mode was LTC, PPC in particular, which was the 
case for all 13 studied operating points. The combustion durations were very short, 
which was one of the factors contributing to high efficiency. 

Figure 18. Gross indicated efficiency for the 13 OPs with E85. For the OP nomenclature, see Paper 4. 
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The majority of operating points lay in a GIE range right below 45%, see Figure 18. 
The group of OPs with λ at 1.25 with lowest GIE (OPs: 1, 5, 6 and 10) had the 
highest maximum average in-cylinder temperatures resulting in higher heat losses, 
but low THC emissions due to high temperatures, see Figure 19. Higher CO 
emissions (also in Figure 19) resulted in their combustion efficiency being slightly 
lower than of the other OPs. 

The next group of OPs with λ at 2.3 (OPs: 2, 3, 7, 11 and 12) had medium values of 
GIE. The maximal in-cylinder temperature of OP4 was similar to those of OP2 and 
OP3, and it was reached at similar CAD, but the average in-cylinder temperature 
dropped faster for OP4 due to its shorter burn duration than for OP2 and OP3. 

The group with highest GIE values contained operating points with λ at 3 (OPs: 4, 
8, 9 and 13), which showed a clear effect of leaner combustion (see the green arrow 
in Figure 18). The effect of increasing Prail (see red arrows in Figure 18) was positive 
for GIE at low and middle lambda setting, but when the mixture was already diluted 
to λ of 3, additionally increasing injection pressure possibly caused overleaning and 
reduced GIE. 

The OP4, with the highest achieved GIE of 50.23%, was a candidate for the most 
favourable operation condition within the range tested in Paper 4. The reason for 
the high GIE might be that λ at 3 was better for thermodynamic efficiency, and that 
CA50 at the middle setting (8 CAD ATDC) was nearest to the optimal setting. That, 
in combination with the low Prail of 800 bar, gave the operation conditions of this 
engine configuration that could be a starting point for a further investigation, due to 
a big step up in GIE compared to the other OPs. 

5.2.2 Emissions 
The trends of emissions were compared to the stationary Euro VI emission standards 
for HD vehicles, as well as to emission levels from literature and with diesel fuel 
results from Paper 1. In Figure 19 and Figure 20, the respective Euro VI limits are 
given in solid black line for CO, THC, NOx and soot, and in Figure 22, the green 
line represents the 23 nm particle measurement limit. 

5.2.2.1 CO and THC 
The results from LR models of THC and CO indicated that the level of these 
pollutants in the exhaust depended strongly on λ. A dependency between THC and 
CO which was close to linear, can be seen in Figure 19. The slope got less steep as 
λ increased, its effect marked with the green arrow, resulting in lower CO but higher 
THC emissions. Contrary to GIE, increasing Prail had a positive effect on the group 
of OPs with λ at 3, see the red arrow in Figure 19. This was the case also for λ = 2.3, 
whereas both CO and THC levels were increased for higher rail pressure at λ of 
1.25. 
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Figure 19. IS CO versus IS THC for the 13 OPs with E85. The OPs are marked with Prail, λ, CA50. 

Operating conditions similar to OP11 studied in Paper 1, showed 25% lower THC 
emissions with diesel fuel, see Figure 11(a), compared to E85 in this study. Since 
the injectors used here were not targeted for the combination of E85 fuel in the 
existing engine, a different injector design would be a possible degree of freedom 
for lowering THC emissions. In general, it was expected that THC emissions would 
be higher due to higher latent heat of vaporization of ethanol compared to diesel. 

Figure 19 shows that CO emissions were lower than the EURO VI standard, except 
for the OPs with low λ settings. More air available for the combustion provided the 
conditions for complete oxidation to CO2. One exception to this was OP3 (see 
Figure 19), where λ was at the medium level: the CO emission was slightly 
increased, possibly due to the retarded combustion, leaving less time for oxidation 
after combustion. 

5.2.2.2 NOx and soot 
The formation rate of NOx has exponential dependency on combustion temperature, 
as explained in [162]. In attempt to mimic this non-linearity, the linear regression 
model of NOx emissions included quadratic terms of Prail and CA50. 

Even soot formation and oxidation are non-linear processes. In this study, a LR 
model with control parameters: λ, showing the availability of oxygen and directly 
affecting the rate of soot oxidation, Prail, indicating the mixing rate, and CA50, a 
measure of the time available for oxidation before opening of the exhaust port, was 
able to represent non-linearity of soot emissions, similarly to a previously described 
model in [202]. 

The emission measurements presented in Figure 20(a) show that the high λ value, 
with more oxygen available for the combustion, resulted in higher NOx emissions. 
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OP4 was the only exception to this, since the NOx level there was comparable to 
the OPs with the low λ values. The peak cylinder temperatures with leaner mixtures 
were considerably lower than for the OPs with lower λ values, still their NOx 
emissions were high. This difference may be due to higher latent heat of 
vaporization of ethanol compared to diesel, and its cooling effect which decreased 
NOx formation when the mixture was richer. At the higher λ settings, soot emissions 
were low, since more air was available for the oxidation. In order to see this, a part 
of Figure 20(a) is zoomed in and shown in Figure 20(b). 

 

Figure 20. (a) IS NOx versus IS soot for the 13 OPs with E85; (b) plot zoom-in on low soot values. The OPs are 
marked with Prail, λ, CA50. 

A higher Prail increased the air entrainment and promoted fuel mixing rate by better 
fuel atomization and penetration, avoiding local rich zones, which resulted in lower 
soot levels. The combustion was, however, faster with shorter burn durations, and 
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higher peak in-cylinder temperatures, resulting in higher NOx emissions. The Prail 
increase effect is marked by a red arrow in Figure 20, both (a) and (b). 

Earlier combustion in combination with the Prail increase gave higher increase in 
NOx emissions than later combustion when Prail increased. Simultaneously, it 
allowed for longer time available for soot oxidation, reducing the soot levels. 

Due to the PPC-type combustion of E85, where most of the combustion takes place 
in the premixed mode, NOx emissions were significantly lower relative to CDC 
observed in Paper 1. Still, the NOx levels were higher than the Euro VI legislation, 
and a reduction would be possible with EGR [59]. Soot levels were, however, under 
the Euro VI regulated levels, except for one OP. 

Even a direct comparison of emissions from alcohols combustion to diesel 
emissions in Paper 2 confirmed that methanol and ethanol emit three to four times 
lower amounts of soot, see Figure 21. An earlier study [203] showed that the 
difference in exhaust soot mass concentration between diesel and the alcohols 
became more prominent when the engine was operated at conditions which would 
reduce soot oxidation, i.e. late cycle soot removal, for example high EGR levels, at 
an increased intake temperature and a low injection pressure. Soot mass 
concentrations never exceeded the Euro VI limit when running this engine using 
alcohols, while the values for gasoline PPC with EGR were 200 times higher [203]. 
The increase in soot emissions with increasing load for diesel was due to the reduced 
λ when running at higher loads. 

Figure 21. IS soot mass concentration for ethanol, methanol and diesel, for the two engine loads. 

Both in Paper 4 and Paper 2, the average soot values were calculated from all 300 
and 200 engine cycles, respectively. COVs of the measurements from MSS in 
operating points with lowest soot levels are over 20%, even though the sensitivity 
of MSS is such that it should be able to catch these low soot levels. Therefore, it can 
be argued that measured soot levels from alcohols combustion in these studies do 
not fall under measurement or experimental uncertainty, but that the actual soot 



71 

levels in certain OPs have high cycle-to-cycle variations. High COV values for 
cycle-resolved soot measurements are common, which is explained in detail in 
[204]. This difficulty to study soot mass concentrations for low-sooting fuels by the 
standard MSS techniques calls for new and more precise measurement sensors in 
future when the legislations get more stringent. 

Particle number concentrations as a function of size distribution for low load (a) and 
for mid load (b) are shown in Figure 22. Methanol emitted the highest number 
concentration, followed by ethanol and diesel. Since the size distribution is 
dominated by nucleation mode particles both at low and mid load, the total particle 
number was not correlated to the soot mass concentrations, for the reasons explained 
in the introduction of this thesis. 

 

Figure 22. Number weighted particle size distributions for ethanol, methanol and diesel, at (a) IMEPG = 6 bar, (b) 
IMEPG = 10 bar. 

At mid load, the nucleation mode CMD was reduced for all three fuels, compared 
to the low load. The reduction was highest for methanol at ~56%. This is visible in 
Figure 22, where the peak of the nucleation mode shifts to smaller particle sizes for 
higher load. 
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There was a slight increase in the accumulation mode region for diesel in relation to 
the alcohols at mid load compared to low load. Diesel emissions had larger 
agglomerates of soot in the accumulation mode, since the similar number count like 
for alcohols gave much higher mass concentrations. A decrease in the number 
concentration in the nucleation mode was observed when the nucleation mode 
particles rapidly coagulated with larger soot agglomerates at mid load. It could also 
be that when a larger soot surface area was available, the condensation of the 
lubrication oil and other OA happened to a larger extent on the soot. This means 
that less liquid nucleation mode particles may have formed as the required 
supersaturation for nucleation was not reached [49]. 

For the studied range of engine operation in Paper 4, Figure 20 shows that the NOx–
soot trade-off could be better handled in combustion with E85 fuel due to its very 
low soot values and lower NOx values compared to similar low load conditions with 
diesel-like fuels previously studied in Paper 1. Even though NOx emissions were 
not analyzed in the experiments in Paper 2, the emitted soot levels from methanol 
were so low that the NOx–soot trade-off was non-existent even there. This opens a 
new possibility of supressing NOx emissions without fear of increasing soot 
emissions as a side effect. 

Another interesting message from this chapter is that it may be possible to use a 
pump fuel E85 in legacy DICI engines with some modifications, and in that way 
reduce emissions and climate impact while continuing to use the engine throughout 
its lifetime. 

5.3 TEM imaging 
As presented in Paper 2, both soot agglomerates and spherical nanoparticles in the 
size range of 5 – 50 nm, consisting of one or more cores (see Figure 23), were seen 
in TEM images of particles from methanol and ethanol. Since a TEM image is a 
two-dimensional projection of a three-dimensional object, the cores of nanoparticles 
being brighter in images was an indication that they were either hollow, liquid, or 
consisting of elements lighter than the surrounding shells. 

In the soot agglomerates, which in the particle size distribution fell under the 
accumulation mode as shown in Figure 22, nanoparticles were incorporated in the 
carbon structure. Therefore, the particles larger than 50 nm emitted from alcohol 
combustion could either be with or without the aforementioned lighter cores. 
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Figure 23. (a) Spherical nanoparticles with lighter cores emitted from ethanol (scale 50 nm), and overview TEM 
images of soot nanostructure for (b) ethanol (scale 200 nm), and (c) diesel (scale 500 nm). 

Visibly different from the alcohol ones, particles collected on TEM grids originating 
from diesel combustion contained more soot agglomerates. This was confirmed in 
the next comparison between different diesel-like fuels presented in Paper 1 (see 
Figure 24). A few large clusters consisting of metallic nanoparticles were also 
observed in the diesel sample. This was not seen in methanol nor in ethanol. 

Figure 24 shows the overview TEM images of soot agglomerates originating from 
combustion of (a) RME, (b) B20, and (c) diesel, at O2in concentration of ~15%. 
When the two cases of different inlet oxygen concentrations (~15% and ~21%) were 
compared for each fuel, the overall appearance of their form, shape and density did 
not have any clear differences. The results were conclusive only for RME, indicating 
that at lower O2in soot had higher reactivity, but at the same time layers within soot 
were less accessible for oxidation. 

 

Figure 24. Overwiew TEM images (scale 50 nm) of soot nanostructure for the three fuels at similar O2in concentration 
levels: (a) RME at 14.9%, (b) B20 at 15.4%, and (c) diesel at 15.2%. 
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The difference between the different types of fuel was more pronounced. Diesel and 
RME samples showed branched agglomerates composed of several tens to hundreds 
of primary particles between 20 nm and 30 nm in diameter. The samples collected 
from B20 also contained agglomerates of similar shape and size, however their 
structure was close to amorphous. The studied primary particles, however, seemed 
to be “melted” together and individual particles were not possible to distinguish 
(necking). Necking of primary particles is an element of soot morphology which 
should be considered when, for example, estimating the radiative properties of soot 
aggregates [205]. 

In addition to the regular soot particles, diesel samples contained some fly ashes, 
which were not present in RME soot samples. Fly ashes are usually seen as perfectly 
round-shaped spheres, slightly bigger than the single soot particles, sometimes even 
up to a micron in size. They are thought to originate from the burned engine 
lubrication oil droplets, as explained in [206]. 

5.4 Origin of particulate matter 
Fuel and engine lubricant analyses were done in Paper 1 and Paper 2. Results from 
the analysis of the unused lubricant showed that minerals zinc (Zn), calcium (Ca), 
sulfur (S) and phosphorus (P) were the most abundant additives. The engine lubricant 
analysis in Paper 1 showed that iron (Fe) concentration of the used oil (6 weight ppm) 
was significantly higher than that of the new oil (1 weight ppm). If engine wear or 
corrosion particles would be seen on TEM grids, they would be separate particles not 
bound to any carbonaceous PM [206]. In this engine, the engine wear metals might 
have been collected by the lubricant instead of being emitted in the exhaust. The 
absence of Fe on TEM grids was confirmed by the EDX analysis in Paper 2. 

The literature also reports that there is significantly less PM originating from engine 
wear than PM originating from the engine lubrication oil [206]. Soot (accumulation 
mode) acts as an efficient sink on which the nucleation mode particles can coagulate. 
In the absence of a soot mode, the particles will grow by coagulation (between the 
smaller particles) and condensational growth and are therefore not scavenged [207]. 

In Paper 2, the content of Zn, P and Ca in methanol and diesel did not exceed 2 ppm, 
while the sulfur content was 0.011 weight % for methanol, and 0.010 weight % for 
diesel. The effect of sulfur in the lubricity additive mixed with alcohols (Infineum 
R655) was negligible when compared with the sulfur content of engine lubricant. 

It is therefore possible to rule out the possibility that the nanoparticles from alcohol 
combustion were primary (monomer) carbonaceous soot particles. The results in 
Figure 25 from the EDX analysis of a chosen single particle with a diameter of ~25 
nm, which was similar to other observed nanoparticles with a diameter below 50 
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nm, showed peaks for Zn, Ca, S and P, previously found in lubrication oil. 
Additionally, oxygen, carbon, copper and silicon peaks were present in the particle 
analysis, but they presented artefacts from the TEM grid and the detector. 

 
Figure 25. Results from the EDX analysis of a 25 nm nanoparticle from ethanol. 

The results from the EDX analysis of diesel particles were similar to those from 
methanol and ethanol, also consisting of Zn, Ca, S and P. This was confirmed even 
in a later study on a different engine using fossil diesel fuel [148]. Large 
carbonaceous agglomerates, which were less abundant on the TEM grids collecting 
alcohol combustion particles, were more present with diesel. As mentioned in the 
previous section, a few large clusters of metallic nanoparticles consisting of the 
minerals from the lubrication oil, were only seen in the diesel sample. 

The analysis of the particle phase organic aerosol in Paper 3, showed that there was 
a remarkable similarity between the mass spectral signatures of OA in PM from 
HVO and diesel fuels. The signature strongly resembled hydrocarbon-like organic 
aerosol mass spectra extracted from ambient datasets by e.g. traffic originated 
organic aerosol near roadside [208], probably due to a high abundance of lubrication 
oil dominating the mass spectra of the particles. 

Despite strong similarities in the OA mass spectra between diesel and RME, there 
was a clear marker of tenfold intensity increase for RME exhaust at m/z 74 
(C3H6O2

+), possibly coming from the ester group in the FAME molecules. When 
quantifying the elemental composition (Figure 26), the difference between RME 
compared to diesel and HVO primary organic aerosol was reflected in a slightly 
higher O:C and a lower H:C ratio. The results were consistent with fuel contributions 
for the RME case, as the fatty acid methyl esters in RME have mass oxygen content 
of ~10.6%, compared to 0.2% in fossil diesel and no oxygen in HVO. 
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Oxygenated RME and non-aromatic HVO behaved somewhat differently in OA 
source appointment. Fresh OA from HVO was very similar to that of fossil diesel, 
but its SOA (aged OA) had higher O:C value and lower H:C value. 

Finally, the DOC had a clear effect on chemical composition of OA in both fresh 
and aged exhaust from HVO combustion, see Figure 26. The DOC increased the 
average carbon oxidation state, by increasing O:C (for fresh: from 0.06 to 0.1; for 
aged, unchanged at 0.38) and decreasing H:C (fresh: 1.84 to 1.74, aged 1.47 to 1.44). 

 

Figure 26. Overview of organic aerosol oxygen-to-carbon and hydrogen-to-carbon ratios for fresh and aged exhaust 
of diesel, RME and HVO. 

Water uptake by an aerosol particle depends on the number of molecules and ions 
that it contributes to the aqueous phase. That is, it is favored by large size, low molar 
weight, high density, dissociation into ions and depends on the material being water-
soluble. For these reasons the inorganic salts, as for example ammonium nitrate, 
show high hygroscopicity. For organic aerosol material, observations in [209] show 
an almost linear relation between the O:C ratio and the hygroscopicity [210]. The 
O:C ratio will therefore affect the water uptake in the atmosphere, which is central 
in predicting the direct climate effect of aerosols. Similarly, it also affects the ability 
of particles to act as cloud condensation nuclei (indirect aerosol effect on climate) 
[211]. This means that OA from RME emissions, with the highest O:C values of 
both OA and SOA among the fuels tested in Paper 3, had tendency to absorb slightly 
more moisture form the atmosphere and behave differently than fossil diesel exhaust 
OA and SOA. In the atmosphere, the organic aerosol emitted from combustion of 
the different fuels will be mixed with a pre-existing aerosol and be subject to 
condensation of vapors which are in many cases water soluble. It is thus not 
straightforward to tell if the emissions will increase the number of CCN by 
increasing the particle number or if the effect is the opposite due to the total aerosol 
material being distributed over a higher number of particles that could be too small 
to act as cloud condensation nuclei at the actual meteorological conditions. 
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6 Conclusion 

6.1 Summary and conclusions 
In order to contribute to defossilization of the transportation sector, a comprehensive 
literature study was done and experiments were performed on a single-cylinder 
heavy-duty engine. The effect of replacing fossil diesel fuel with renewable diesel-
like and alcohol fuels on the engine performance and the pollutant emissions was 
investigated. 

The main result of the research presented in this PhD thesis is that the organic 
fractions of the primary organic aerosol from HVO, RME and diesel combustion 
have engine lubrication oil signatures, whereas a clear fuel contribution to the 
organic mass spectra appears only in the emissions from RME combustion. 
Furthermore, nanoparticles in the exhaust from the combustion of light alcohols as 
well as diesel are also shown to originate from the constituents of the lubrication 
oil. Finally, diesel soot contains fly ashes which are products of combustion of the 
lubrication oil. This gives a strong indication of the influence of lubrication oil on 
the emissions. 

RME reduces soot levels by a factor of two for low EGR levels, and by three to four 
for high EGR levels, when compared to fossil diesel. This opens a possibility to 
apply higher levels of EGR and stay in the region of low NOx, CO and THC 
emissions, while producing less soot than with diesel or B20. At all comparable 
EGR levels in the range from 0 to ~60%, RME has the lowest total particle number 
emissions, followed by B20 and diesel. 

According to different studies [20][148][200], the relative impact of burned and 
unburned lubricating oil on the exhaust composition depends strongly on engine 
load and speed conditions. The results presented in this thesis show that emission 
factors of HC (gas phase) and OA (PM fraction of organics) are around three times 
lower for RME compared to diesel. In addition, the nucleation mode mass is shown 
in [49] to be lower for RME than diesel and HVO. Furthermore, fly ashes thought 
to originate from the burned engine lubrication oil droplets present in diesel 
emissions are not found in RME PM. This opens a new question on the oil slip or 
the oil layer on the cylinder liner being differently affected depending on the fuel, 
and in particular behaving differently for RME compared to fossil diesel. The 
reasons behind this are yet to be studied. 
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Simulated atmospheric aging of emissions strongly increases the organic aerosol for 
HVO and diesel, but the formation of secondary aerosol is considerably lower for 
RME. Primary organic emissions are strongly reduced in both the gas phase as THC, 
and in the particle phase measured as OA, after passing through a diesel oxidation 
catalyst. The DOC is also effective in reducing SOA formation upon atmospheric 
aging. 

It is also demonstrated, by studying the influence of parameters controlling the E85 
combustion processes on engine performance and emissions, that it may be possible 
to use commercially available alcohol-based E85 fuel in legacy engines with some 
modifications. 

These results can be further developed as suggested in the next section. 

6.2 Outlook 
There is always a possibility for improvements to the experimental setup and 
methodology. Furthermore, there are numerous ideas about what can be studied in 
future to develop the aforementioned contributions into products or to expand the 
knowledge and use it for improving existing technology. 

The experiments on which this PhD thesis was based were conducted on a one-
cylinder engine. The results should be scalable to a multi-cylinder HD DICI engine. 
The findings are representing fundamental knowledge about the exhaust 
composition. They are, however, obtained at low and mid-to-low load engine 
operation and further experiments are needed to gain a broader knowledge about the 
trends over the full load range. 

It would be particularly interesting to conduct a more detailed and fundamental 
study of the effect that fuel properties of RME have on in-cylinder processes and 
consequently on the organic fraction of PM, since it would provide valuable 
knowledge for understanding the contribution of lubrication oil to the emissions. 

A practical improvement for the experimental setup when measuring unburned fuel 
in emissions from alcohol fuels would be to use a Fourier-transform infrared 
spectroscopy (FTIR) analyzer instead of a flame ionization detector (FID) which 
underestimates the emitted levels significantly in some cases. An FTIR can provide 
accurate measurements with alcohol fuels [212]. Even though these techniques are 
expensive and are less accessible compared to FID analyzers, the Engine Lab at 
Lund University will soon have them available for use. 

It cannot be emphasized too strongly how important it is to utilize the available 
renewable fuels in the existing diesel engines in original configuration (with the 
necessary modifications) and bring them to the transportation market. This will lead 
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to considerable GHG emission savings in the short to medium term, while the long-
term solutions are developed, and for the applications and areas where green 
electrification or other zero tailpipe emission options may not be technically feasible 
at scale. The earlier the savings can be made, the greater the overall savings that can 
be achieved to offset climate change. Decarbonization today dramatically reduces 
future challenges [213]. 
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