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Abstract 

Low carbon fuels (LCFs) are evaluated as a suitable replacement for current fossil 

heavy fuels for a compression ignition internal combustion engine (CI ICE) in terms 

of engine performance, pollutant emissions and environmental impact. The fuels are 

evaluated according to their feasibility to substitute current market fuels with the 

LCF alternatives. Through drop-in studies and fuel-specific optimized calibration, 

the low emission characteristics of the LCFs to achieve fewer polluting emissions 

without sacrificing the engine efficiency are exploited. The calibration is achieved 

by the realization of a design of experiments (DOE) from which models are obtained 

for each fuel, to be later optimized for low NOx-soot emissions. Finally, the impact 

of both the drop-in and optimized calibration are compared in a life cycle analysis 

(LCA) that considers the CO2 footprint, as well as other impact categories such as 

terrestrial acidification, particulate matter formation, water consumption and ozone 

formation.  

Overall, it was found that the tested LCFs can be suitable replacements for CI ICEs 

in both the drop-in and optimized calibrations (albeit with some hardware 

considerations), where engine performance similar to current diesel baselines can be 

reached with important reductions in pollutants like NOx and soot. And additionally, 

it was verified that the renewability proportion of the fuel is highly beneficial to the 

reduction of the environmental impact of the fuel, where completely renewable fuels 

(like the tested LCD100) could have CO2 footprints by kilometer similar to those of 

electric vehicles in Europe, assuming that raw materials and energy for the fuel 

production come from renewable sources.  



 

 

Resumen 

Los combustibles bajos en carbono (LCF) se evalúan como un sustituto adecuado de 

los combustibles pesados fósiles actuales para un motor de combustión interna de 

encendido por compresión (CI ICE) en términos de rendimiento del motor, 

emisiones contaminantes e impacto ambiental. Los combustibles se evalúan de 

acuerdo con su factibilidad para sustituir los combustibles actuales del mercado con 

las alternativas LCF. A través de estudios directos y calibración optimizada 

específica del combustible, se aprovechan las características de bajas emisiones de 

los LCF para lograr menos emisiones contaminantes sin sacrificar la eficiencia del 

motor. La calibración se logra mediante la realización de un diseño de experimentos 

(DOE) a partir del cual se obtienen modelos para cada combustible, para 

posteriormente optimizar para bajas emisiones de NOx-hollín. Por último, se 

compara el impacto tanto de la calibración drop-in como de la calibración optimizada 

en un análisis de ciclo de vida (LCA) que tiene en cuenta la huella de CO2, así como 

otras categorías de impacto como la acidificación terrestre, la formación de 

partículas, el consumo de agua y la formación de ozono.  

En general, se encontró que los LCF probados pueden ser reemplazos 

adecuados para los CI ICE tanto en las calibraciones directas como en las 

optimizadas (aunque con algunas consideraciones de hardware), donde se puede 

alcanzar un rendimiento del motor similar a las líneas de base diésel actuales con 

importantes reducciones de contaminantes como NOx y hollín. Y adicionalmente, se 

comprobó que la proporción de renovabilidad del combustible es altamente 

beneficiosa para la reducción del impacto ambiental del combustible, donde los 

combustibles completamente renovables (como el LCD100 probado) podrían tener 

huellas de CO2 por kilómetro similares a las de los vehículos eléctricos en Europa, 

asumiendo que las materias primas y la energía para la producción de combustible 

provienen de fuentes renovables.  



 

 

Resum 

Els combustibles baixos en carboni (LCF) s'avaluen com un reemplaçament adequat 

dels combustibles pesats fòssils actuals per a un motor de combustió interna d'encesa 

per compressió (CI ICE) en termes de rendiment del motor, emissions contaminants 

i impacte ambiental. Els combustibles s'avaluen segons la seva viabilitat per 

substituir els combustibles actuals del mercat per les alternatives LCF. Mitjançant 

estudis d'abandonament i calibratge optimitzat específic del combustible, s'exploten 

les característiques de baixes emissions dels LCF per aconseguir emissions menys 

contaminants sense sacrificar l'eficiència del motor. El calibratge s'aconsegueix 

mitjançant la realització d'un disseny d'experiments (DOE) a partir del qual s'obtenen 

models per a cada combustible, per posteriorment optimitzar per a baixes emissions 

de NOx-sutge. Finalment, es compara l'impacte tant de la caiguda com del calibratge 

optimitzat en una anàlisi de cicle de vida (LCA) que considera la petjada de CO2, 

així com altres categories d'impacte com l'acidificació terrestre, la formació de 

partícules en suspensió, el consum d'aigua i la formació d'ozó.  

En general, es va trobar que els LCF provats poden ser reemplaçaments 

adequats per als CI ICE tant en les calibracions d'entrada com optimitzades (encara 

que amb algunes consideracions de maquinari), on es pot assolir un rendiment del 

motor similar a les línies de base dièsel actuals amb reduccions importants de 

contaminants com el NOx i el sutge. I addicionalment, es va comprovar que la 

proporció de renovable del combustible és altament beneficiosa per a la reducció de 

l'impacte ambiental del combustible, on els combustibles completament renovables 

(com el provat LCD100) podrien tenir petjades de CO2 per quilòmetre similars a les 

dels vehicles elèctrics a Europa, assumint que les matèries primeres i l'energia per a 

la producció de combustible provenen de fonts renovables. 
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1 The imperative for transitioning to sustainable 

transportation: low carbon fuels as a solution for reducing 

transport sector emissions 

In a rapidly evolving world, marked by technological innovations and shifting 

paradigms, one of the most pressing challenges humanity faces is mitigating the 

catastrophic effects of climate change [1]. At the forefront of this lies the urgent need 

to reduce carbon emissions. The consequences of inaction are dire [2]. Rising global 

temperatures, extreme weather events, sea-level rise, and disruptions to ecosystems 

are just some of the myriad challenges we face due to unabated carbon emissions [3, 

4, 5]. 

Over the past two decades, the transport and energy sectors have consistently stood 

out as major contributors to greenhouse gas (GHG) emissions, as illustrated in Figure 

1. This trend holds true not only in Europe but on a global scale [6]. And, within the 

transport sector, automobiles accounted for a 45.1% of the sector's emissions in 2018 

[7]. 

 

Figure 1. GHG emissions by sector for Europe and the World (data up to 2019 from [6]) 
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Internal combustion engine vehicles (ICEVs), powered predominantly by fossil 

fuels, have played a pivotal role in shaping the modern world. However, this 

convenience has come at a steep cost - a steady increase in GHG emissions, primarily 

carbon dioxide (CO2), which is one of the principal drivers of global warming and 

climate change [2]. As the transportation sector continues to be a major contributor 

to CO2 emissions, the imperative to transition towards cleaner, more sustainable 

alternatives becomes increasingly evident. 

The pursuit of environmentally friendly and sustainable transportation has taken on 

heightened urgency. With the global community deeply committed to mitigating 

climate change and curbing GHG emissions, the automotive industry finds itself at 

the forefront of a transformative shift. In response to this environmental challenge, 

the concept of Low Carbon Fuels (LCFs) has emerged as a strategic tool to directly 

address the high GHG emissions associated with the transport sector. 

LCFs have the potential to alleviate the adverse environmental consequences 

associated with conventional fossil fuel combustion. They achieve this by 

significantly reducing the CO2 footprint during their production, and in some cases, 

even achieving net-zero or carbon-negative production [8]. Embracing LCFs could 

offer a pathway to curbing GHG emissions, enhancing air quality, and decreasing 

our reliance on fossil resources. Moreover, the adoption of these fuels allows for the 

re-utilization of existing engine technologies, mitigating the need to produce more 

vehicles using further resources. 

By providing an insightful exploration of LCFs and signaling compatibilities and 

incompatibilities with other GHG reducing alternatives this thesis seeks to present 

the reader with a comprehensive view of the LCFs as an energy vector for ICEVs 

and the transportation sector. 

2 Alternatives for addressing carbon emissions in the 

transportation sector 

In the quest to combat carbon emissions within the transportation sector, several 

alternative strategies stand out as promising avenues. LCFs, like biofuels and 

synthetic fuels, offer a means to reduce emissions without requiring an immediate 

overhaul of existing ICEVs. Electric vehicles (EVs), when powered by electricity 

from renewable sources, present a zero-emission solution that is gaining momentum, 

although challenges related to battery production and infrastructure remain [9]. 

Hybrid vehicles present a balance between both the powertrains of EVs and ICEVs, 

having some of the benefits and drawbacks of both [10, 11, 12]. 
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EVs represent a promising pathway to significantly reduce carbon emissions in the 

transportation sector. Unlike ICEVs, EVs produce zero tailpipe emissions and can 

be charged using electricity generated from renewable sources, effectively 

decoupling their operation from fossil fuels. As battery technology continues to 

improve, the range and affordability of EVs are becoming increasingly competitive 

with conventional vehicles [13, 14, 15, 16]. Moreover, governments and industries 

worldwide are investing heavily in EV infrastructure and incentives to accelerate 

their adoption [17]. However, challenges remain, including addressing the 

environmental impact of battery production and disposal [18, 19], as well as the need 

for a robust and extensive charging infrastructure to support widespread EV use [20]. 

Additionally, in regions where electricity generation relies heavily on fossil fuels, 

the overall GHG reduction potential of EVs may be limited. Therefore, the transition 

to electric vehicles should be accompanied by a shift towards cleaner and renewable 

sources of electricity to maximize their environmental advantages. 

There is an ongoing debate between personal use passenger vehicles (independently 

of whether they are EVs, hybrid or ICEVs) and public transportation as emission-

reduction strategies [21]. Personal vehicles offer individuals flexibility, 

convenience, and a sense of autonomy in travel choices. Advocates argue that 

promoting more fuel-efficient and electrified personal vehicles can lead to emissions 

reductions while preserving individual mobility. On the other hand, proponents of 

“only” public transportation emphasize its potential to reduce traffic congestion and 

emissions by encouraging shared mobility and decreasing the overall number of 

vehicles on the road. They argue that investments in public transportation 

infrastructure, coupled with policies that promote its use, can lead to significant 

emissions reductions and other social benefits. 

The debate hinges on factors such as urban planning, population density, and the 

availability of public transportation options. It is important to recognize that a one-

size-fits-all approach may not be suitable, and regional elements must be considered 

when determining the most effective strategy to reduce carbon emissions in the 

transportation sector. Regardless, even public transport alternatives, like buses, 

benefit from the development of personal transport and alternative forms of 

propelling powertrains as the technological advancement can be transversally used 

in mass transit options [22]. In this sense, changing user behavior can help encourage 

the use of public transportation or less impacting alternatives and selecting vehicles, 

energy sources, fuels and driving patterns that reduce emissions. 

LCFs encompass a range of options designed to reduce the carbon footprint of 

ICEVs. These fuels typically emit less (or none) GHG during their production 
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compared to conventional gasoline or diesel. Examples include biofuels like ethanol 

and biodiesel, as well as synthetic fuels produced through renewable energy sources 

such as hydrogen and synthetic natural gas. The adoption of LCFs is appealing 

because it allows existing ICEVs to operate with reduced emissions, and hybrid 

vehicles also receive the benefits of lower carbon emissions fuels. 

 

Figure 2. Different alternatives to solving the GHG dilemma in the transport sector. 

LCFs offer a promising solution to capitalize on localized production in rich 

renewable energy sources and otherwise infertile regions [23]. These fuels, often 

derived from biomass or captured CO2, can be efficiently manufactured in areas 

where renewable energy generation is abundant, such as wind and solar farms. By 

coupling the intermittent nature of renewable energy with fuel production, excess 

electricity can be harnessed during periods of peak generation and stored in the form 

of LCFs, acting as valuable energy storage means. Furthermore, situating these 

production facilities in regions devoid of competing food industries ensures that land 

and resources are dedicated solely to fuel production, preventing potential conflicts 

between food and energy production.  

The environmental impacts of ICEVs, EVs and hybrids vary widely depending on 

the energy source selected to move the vehicle, and the materials required for their 

manufacturing. It is generally accepted that the environmental impact of EVs is 

lower than ICEVs fueled with fossil fuels. Nonetheless, when comparing EVs (with 

varying energy sources) and ICEVs fueled with LCFs, the environmental impact of 
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both types of vehicles becomes closer [24, 25, 26, 27]. This will be extensively 

discussed in Chapter 6 of this thesis, where a life cycle assessment of different types 

of passenger vehicles will be done with LCFs of different renewable proportions. 

Addressing carbon emissions in the transportation sector requires a multifaceted 

approach that considers various alternatives, including LCFs and electric vehicles. 

Because of the wide impact of the transportation sector in day-to-day human 

activities, there is a need for a nuanced approach that takes into account individual 

preferences, urban planning, and local infrastructure to develop effective strategies 

for reducing carbon emissions in this critical sector. This work will primarily focus 

on LCFs and their use in light-duty vehicles and delve into the critical advantages 

and drawbacks essential for considering their widespread adoption, providing 

insights to inform their integration into the transportation sector. 

3 Challenges and concerns related to tailpipe emissions from 

internal combustion engine vehicles using low carbon fuels 

While LCFs offer promising pathways for reducing the carbon footprint of 

transportation, the challenge of tailpipe emissions remains a critical concern. Internal 

combustion engines (ICEs), even when powered by LCFs, can still emit harmful 

pollutants such as nitrogen oxides (NOx) and soot, which have adverse effects on air 

quality and public health. 

 

Figure 3. Main challenges on the emissions of ICEVs. 

LCF production on its own does not completely resolve the emissions challenge 

associated with ICEVs. While LCFs may lower the carbon intensity of the fuel 

during the production phase, emissions from the tailpipe of the vehicle during the 

usage phase remain prevalent. Therefore, the adoption of LCFs alone – without 

strategies to also mitigate tailpipe emissions – is not sufficient to achieve the desired 

reduction in GHG emissions and other harmful pollutants from the transportation 
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sector. The complexity of addressing tailpipe emissions necessitates ongoing 

research and development efforts.  

Vehicle researchers are dedicated to devising innovative strategies to reduce tailpipe 

emissions effectively. This includes optimizing combustion processes, 

implementing advanced exhaust aftertreatment technologies, and developing cleaner 

engine designs. It is crucial to ensure that the environmental benefits gained from 

using LCFs are not negated by increased tailpipe emissions of pollutants or GHGs 

like nitrous oxide (N2O) due to altered combustion characteristics. Additionally, 

while LCFs can be used in conventional ICE vehicles, they can also be integrated 

into hybrid powertrains, taking advantage of electric machines to optimize the 

operation of both the ICE and the vehicle’s battery and motor operate. 

The aim of this thesis is to experimentally investigate the potential of various LCFs 

when used in conventional light-duty internal combustion engines. This research 

intends to comprehensively assess the impact of LCF blends on engine combustion, 

performance, and pollutant emissions, and assess the calibration parameters that best 

suit the LCFs while also considering their life cycle environmental impact in 

comparison to conventional fuels. Similarly, the hardware limitations and tradeoffs 

of some LCFs when used in current engine technologies. Finally, this study seeks to 

contribute valuable insights into the potential benefits and challenges associated with 

the adoption of LCFs in light-duty vehicles, with implications for sustainable 

transportation. 

4 Document content and structure 

This thesis emphasizes the technical and environmental considerations of the ICEV 

paradigm shift. In the next chapters the relationship between LCFs and ICEs will be 

explored through a literature review, experimental techniques, and statistical 

modelling, finalizing in a lifecycle assessment to evaluate the possible impact of the 

adoption of the selected LCFs into current passenger vehicle technology.  

This thesis is structured in 7 chapters, which are outlined as follows: 

• Chapter 2: This chapter conducts a comprehensive evaluation of low carbon 

fuels for internal combustion vehicles, considering their state of the art, 

applications, benefits, and disadvantages. The chapter explores various fuel 

options, such as biofuels and synthetic fuels, highlighting their 

environmental benefits over fossil fuels, their effect on engine performance 

and emissions as well as the engine hardware challenges that might be 

present with their use. The benefits of low carbon fuels, including reduced 
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greenhouse gas emissions, air pollution mitigation, are discussed, while 

acknowledging some of the challenges related to feedstock availability, 

production costs, and infrastructure.  

• Chapter 3: This chapter describes the techniques, equipment, and procedures 

used in the experimental work, modeling, and optimization of the LCFs 

operation in a light-duty internal combustion engine. The chapter will 

inform the reader of how the research was conducted and how the results 

were obtained. 

• Chapter 4: In this chapter, the drop-in potential of the selected low-carbon 

fuels will be identified. The fuels are evaluated in terms of whether it is 

possible or not to achieve drop-in operation, and the characteristics of the 

combustion, emissions and the engine settings that result from this type of 

operation.   

• Chapter 5: In this chapter the focus is the modelling and optimization of a 

light-duty ICE using low carbon fuels. The calibration settings of the engine 

are adapted to best fit the properties of the fuels and reduce NOx emissions. 

In addition, the effects of the LCFs on engine performance and emissions 

are analyzed. Through this work, insights into the potential benefits and 

challenges associated with the use of LCFs in ICEs and strategies for 

optimizing their performance are provided. 

• Chapter 6: This chapter presents a life cycle assessment (LCA) of LCFs used 

in a light-duty ICEVs with a focus on GHG emissions and their potential 

reduction with the use of non-fossil fuels. The study consideres the entire 

life cycle of the fuels, including their production, transportation, and 

combustion emissions.  

• Chapter 7: This chapter provides a summary of the study's findings, 

highlighting its key contributions and the most important conclusions 

drawn from the research. Additionally, it suggests areas for improvement 

and proposes future research directions related to this topic. 
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Figure 4. Graphical representation of the argument line followed in the investigation. 
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1 Introduction 

Low carbon fuels (LCFs) offer the potential to significantly reduce carbon footprints 

compared to conventional fossil fuels, making them an appealing option for 

mitigating emissions without the need for immediate changes to existing internal 

combustion engine vehicles (ICEVs) or distribution infrastructure. Fundamentally, 

an LCF is a type of fuel that generates fewer greenhouse gas (GHG) emissions, 

particularly carbon dioxide (CO2), when produced compared to conventional fossil 

fuels like gasoline or diesel (even neutral or negative carbon emissions [1, 2]). These 

fuels are often produced from renewable resources or incorporate advanced 

technologies to reduce their carbon footprint, making them a more environmentally 

friendly option for powering vehicles, industries, or other energy needs.  

In recent decades, internal combustion engines (ICEs) have remained the dominant 

force in land transportation [3]. Significant progress has been made in enhancing 

their efficiency, reducing emissions, and implementing advanced combustion 

techniques. These advancements have led to a sharp decline in criteria emissions, 

largely due to regulations like the Euro 6 normative in Europe [4, 5], which have 

rendered engines cleaner and more efficient [6, 7]. Key developments in this area 

encompass improved fuel injection systems, enhanced aftertreatment systems, 

advanced combustion strategies, and downsizing methods, among others. However, 

these strategies primarily focus on improving vehicle hardware and do not directly 

tackle a crucial issue of our time: the energy source. 

While electric vehicles (EVs) are a viable alternative with zero engine-out emissions, 

projections suggest that ICEs will still constitute over 70% of vehicles on the road 

by 2040 [8, 9]. Hybrid electric vehicles, while offering some improvement in fuel 

consumption, introduce additional complexity to the vehicle [10]. Therefore, 

mitigating CO2 emissions and reducing exhaust pollutants from ICEs could have a 

substantial impact, potentially affecting nearly 25% of total GHG emissions in 

Europe [11]. 

Addressing carbon emissions in the transportation sector requires a multifaceted 

approach that considers LCFs, strategies for reducing tailpipe emissions of ICEVs, 

EVs, and urban planning strategies that can solve the challenge of transporting 

people and goods from one place to another with the least negative environmental 

and social impact. Continuing research on LCFs ensures that their GHG mitigation 

can surpass the conceptual paradigm and be applicable in the transition towards 

renewable energy and away from fossil resources. In addition, researching the 

application of LCFs beyond just GHG effects can potentially limit other harmful 

pollutants which can lead to improved air quality and public health. Similarly, LCFs 
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can address sectors that are difficult to electrify due to their energy density and 

operational requirements like aviation, heavy industry, and long-haul freight 

transport. 

This chapter will explore LCFs, how they burn in the engine, their pollutants, and 

their environmental impact. By doing so, the emissions reduction potential of LCFs 

will be highlighted while simultaneously identifying the critical areas where further 

improvements and research are warranted.  

2 Types of low carbon fuels for compression ignition engines 

In the realm of energy resources, the classification of fuels helps to understand the 

diversity and utility of these energy sources. Figure 1 provides a structured overview 

of fuel classifications along four distinct dimensions: state of matter, feedstock 

origin, composition, and final use. By categorizing fuels based on their physical 

state—gaseous, liquid, or solid—their differing properties and storage requirements 

are acknowledged. Distinguishing fuels by their feedstock origin—whether fossil, 

renewable, or synthetic—underscores the environmental implications of their 

utilization. The consideration of composition reveals the elemental makeup of fuels, 

elucidating distinctions between hydrocarbon-based and non-hydrocarbon fuels. 

Lastly, categorizing fuels by their intended use, such as transportation, industrial, 

residential, or power generation, underscores the practical applications that guide 

fuel selection.  

Due to the importance of the origin of the raw material and the production pathway 

for the definition of a fuel as an LCF, as well as the interest in addressing emissions 

from the road transportation sector, the focus of this section is the classification of 

the fuels according to their feedstock. This in turn introduces the importance of the 

life cycle assessment (LCA) as a method for evaluating the environmental impacts 

of a fuel throughout its entire life cycle. Still, the discussion on different fuels 

regarding their compositions and the explanations on how these properties affect the 

combustion of ICEs will be detailed. 

LCFs encompass a range of options. These fuels can be categorized into various 

types, each with their unique production methods and sources. Biofuels are produced 

from plant materials and vegetable oils. Meanwhile, synthetic fuels, like power-to-

liquid (PTL) and power-to-gas (PTG), offer flexibility and potential for emissions 

reduction by converting electricity into synthetic hydrocarbons or hydrogen. There 

can also be an overlap between synthetic and biofuels as feedstocks of biological 

origin go through chemical and industrial processes to be synthetized into new fuel 
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products. Nonetheless, in this chapter a binary classification is adopted for 

simplicity. 

 

Figure 1. Classification of fuels by different criteria 

2.1 Biofuels: from the first generation to the state-of-the-art 

Biofuel is a type of renewable energy vector derived from organic materials, 

primarily plants and microorganisms. Biofuels are generally classified by their 

generation, for which four are usually listed. First-generation biofuels were derived 

from sugars, starches and oils [12]. These first-generation fuels were criticized for 

having low yields, competing with food crops and causing environmental harm [13].  

Second-generation biofuels utilized specific plants (dedicated feedstocks) to directly 

extract oil from their roots, reducing the fuel-food competition. In this generation, 

higher fuel yields were also achieved [14]. The biofuels can be produced through 

biochemical or thermochemical routes [15]. In the biochemical route, enzymes and 

microorganisms convert cellulose and hemicellulose to sugars, which are then 

fermented to produce biofuels. In the thermochemical route, pyrolysis or gasification 

technologies convert biomass into a synthesis gas that can be further converted into 
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various biofuels. Besides the advancement of this generation, significant technical 

challenges persisted for 2nd-generation biofuel production. 

Third-generation biofuels are primarily derived from microalgae cultivated in 

various water sources, such as shallow lagoons, raceway ponds, or closed ponds 

year-round (unless limited by the sun). Microalgae have a high lipid content, which 

can be converted into biofuels [16, 17]. Unlike the first two generations, they do not 

rely on food or dedicated crops. These fuels provided a high yield potential and 

suitability for growth in various environments. In this generation, one of the 

difficulties was scaling up algae cultivation and lipid extraction [13]. 

Fourth-generation biofuels involve the metabolic engineering of microorganisms, 

such as bacteria or cyanobacteria, to produce biofuels directly from CO2 or other 

feedstocks [18]. These biofuels are produced by modifying the metabolic pathways 

of microorganisms to enhance biofuel production. Metabolic engineering allows for 

the efficient production of biofuels with minimal environmental impact, requiring 

fewer resources like water and land [12]. 

In addition to the advances in the production of fuels, new regulation has been 

proposed to guarantee that the fuels do not further harm the environment nor the 

food supplies. To comply with EU biofuel sustainability criteria, new facilities must 

adopt voluntary verification schemes to ensure that biofuel production doesn't harm 

biodiversity or soil organic carbon while maintaining substantial GHG reductions 

compared to fossil fuels [19]. For this purpose, several verification schemes, such as 

ISCC (International Sustainability and Carbon Certification) and RSB (Roundtable 

of Sustainable Biofuels) can help monitor feedstock traceability, mass balances, and 

GHG emissions [20]. 

The following subsections will delve into the specific characteristics and properties 

of three distinct fuels that form a crucial part of the composition examined LCFs in 

this thesis. These fuels, namely Hydrotreated Vegetable Oil (HVO), Fatty Acid 

Methyl Ester (FAME), and Rapeseed Methyl Ester (RME), have garnered significant 

attention in recent years due to their renewable attributes. 

2.1.1 Fatty Acid Methyl Ester and Rapeseed Methyl Ester  

FAME and RME are both biodiesel fuels that have gained significant attention in 

recent years as environmentally friendly alternatives to traditional fossil fuels. 

FAME is derived from renewable resources such as vegetable oils, animal fats, or 

recycled cooking oils and extraction from algae. The production process involves a 

transesterification reaction (exchange of one ester group in a molecule with another 



20 

 

alcohol or ester group), where triglycerides present in these feedstocks are converted 

into fatty acid methyl esters using methanol or ethanol. RME, on the other hand, is 

a specific type of oxygenated biodiesel primarily derived from rapeseed oil, hence 

the name "Rapeseed Methyl Ester." Rapeseed oil is a popular feedstock for biodiesel 

production due to its favorable fatty acid composition, making it a suitable source 

for the transesterification process. RME is known for its good cold flow properties 

and can be used in colder climates without significant performance concerns. 

Vyas et al. [21] discuss literature on transesterification reactions using 

homogeneous, heterogeneous, and enzyme catalysts, along with techniques like 

ultrasound, microwave, and supercritical alcohol, as well as algae-based biodiesel. 

The work goes on to discuss various transesterification methods, including 

homogeneous alkali-catalyzed, homogeneous acid-catalyzed, and heterogeneous 

acid and base-catalyzed transesterification. It highlights the advantages and 

limitations of these processes, emphasizing the importance of feedstock purity and 

free fatty acid (FFA) content, which should be below 0.5% by weight to prevent 

saponification [22].  

Enzymatic transesterification using lipase was examined by [23], emphasizing its 

advantages in terms of product separation, wastewater treatment, glycerol recovery 

and no side reactions. The challenges of enzyme cost and water content are 

discussed. Supercritical and subcritical alcohol transesterification methods are 

presented, highlighting their rapid reaction rates and single-phase reactions. The 

work of [21] also explores the use of microwave irradiation for transesterification, 

noting its efficiency in reducing reaction times and energy consumption. 

The production of FAME (and thus also RME) through transesterification is a crucial 

process for biodiesel production. To make this process more efficient and 

environmentally friendly, researchers are exploring various catalysts. Nisar et al. 

[24] indicated in 2021 that currently, both homogeneous and heterogeneous catalysts 

are used in the transesterification process. Homogeneous catalysts, which are soluble 

in the reaction media, have been widely employed, particularly alkaline ones, due to 

their high reaction rates. However, they are less effective when dealing with 

feedstocks containing high levels of FFA, as they can lead to saponification. On the 

other hand, heterogeneous catalysts, such as heteropoly acids (HPAs), 

polyoxometalate compounds, carbonaceous materials, and vanadium phosphate, are 

gaining attention for their ability to handle high-FFA feedstocks and for their 

environmental benefits. Enzymatic catalysts, like lipases, are also explored, offering 

advantages such as renewable residues and thermostability.  
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A 2020 report by Prussi et al. [25] analyzes various pathways for biodiesel 

production in Europe. Biodiesel in Europe is primarily made from rapeseed as RME, 

with some usage of sunflower, soybeans, palm oil, tallow, and waste cooking oils as 

feedstocks. Methanol is commonly used for transesterification in FAME production 

(Figure 2) but ethanol can also replace methanol in some cases.  

In a publication that discusses the production and use of alternative fuels in the 

context of decarbonizing road transportation in the EU and the United States from 

the perspective of the GREET and JEC v5 studies, Cai et al. [26] examine various 

fuel categories, as well as electricity. The analysis centers on key feedstock types 

and conversion technologies relevant to commercialization. Among the fuels, the 

authors discuss the production of FAME from sources like soybean oil, canola oil, 

used cooking oil, and animal fats. In the United States, soybean serves as a primary 

source for FAME production. Different allocation methods for co-products during 

the FAME production process result in variations in emissions estimates between 

the two methods discussed. Canola oil and inedible tallow are also examined as 

FAME feedstocks. The paper highlights the differences in emissions estimates for 

various fuels and feedstocks, such as soybean FAME and canola FAME. Regardless 

of the feedstock and the perspective used for the analysis, FAME was estimated to 

have carbon neutrality in terms of biogenic carbon and biodiesel is shown to have a 

carbon offset potential in its well-to-tank (WTT).  

 

Figure 2. FAME production pathways (adapted from [25]) 
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A comparison between biofuels and conventional fuel made by Tucki et al. [27] 

found that FAME fuel had higher direct emissions of CO2 compared to conventional 

diesel but had a more favorable overall emission balance when considering the entire 

life cycle. The study used various assessment methods to evaluate the impact of fuels 

on human health, ecosystems, climate change, and resources, finding that different 

fuels had varying impacts, with FAME fuel having a beneficial effect on climate 

change due to carbon dioxide absorption during plant growth. 

2.1.1.1 Use of FAME and RME in ICEs 

Using optical engine diagnostics in engine, Cheng et al. [28] assessed the combustion 

of RME (a representative of FAME) finding that RME exhibited the shortest ignition 

delay time (IDT) with fast luminous intensity increase during ignition and premixed 

combustion. Additionally, HVO and RME showed faster flame expansion during 

combustion, leading to shorter combustion durations. 

The use of FAME as a substitute for fossil diesel can have varying benefits in terms 

of fuel consumption. Substitutions of up to 35% of RME in diesel resulted in a 

maximum reduction of 6% in fuel consumption, while with a 10% replacement with 

RME resulted in a best case scenario of 9% reduction as reported in the work of 

Labeckas and Slavinskas [29]; nonetheless, when the authors tested neat RME an 

increase of nearly 9% in fuel consumption was observed. In their work, at lower 

speeds, blends of 5% to 35% RME had similar brake specific fuel consumption 

(BSFC) to diesel due to their higher oxygen content, which promoted more complete 

combustion. However, at higher speeds, only 5% and 10% RME maintained lower 

BSFC, indicating reduced oxygen's impact. The authors speculated that the blend's 

structure, physical properties, injection timing, and combustion processes played a 

role, especially at high speeds.  

Tsolakis et al. [30], Novakovic et al. [31], Kroyan et al. [32] and Al Ezzi et al. [33] 

also tested RME in CI engines of different sizes. Their results show a consisted 

increase in fuel consumption of up to 17-20% compared to diesel when using neat 

RME, while blends of 10 and 20% RME show increases in fuel consumption close 

to 6%. The difference in the fuel consumption is agreed by the authors to be related 

to lower lower heating value (LHV) of the RME fuel in comparison to diesel. 

Although most studies reported an increase in fuel consumption when using the 

biofuel, the authors observed that under high engine load conditions, the difference 

in BSFC between RME and diesel was lower compared to low engine load 

conditions, where incomplete fuel combustion inside the cylinder contributed to 

increased BSFC. 
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The NOx-soot tradeoff of FAME across different studies can be seen in Figure 3. In 

many of the reviewed studies the use of FAME at different proportions can reduce 

soot emissions when compared to diesel. In [30, 33] the authors argue that the higher 

oxygen content in the biodiesel, such as RME, contributes to improved fuel oxidation 

even in locally rich fuel combustion zones, leading to reduced smoke emissions, 

effect which is notable at the center line of the fuel jet, where increased oxygen 

concentration and reduced fuel residence time enhance soot reduction as soot 

precursor species tend to react with molecular oxygen or oxygen-containing radicals 

(e.g., OH, O) and produce CO rather than aromatics and soot. Additionally, the 

reduction of the aromatics content in the fuel is cited as a cause for the soot emissions 

reduction. 

The NOx compared to diesel has a wider range of possible outcomes, where NOx 

emissions can either be increased or decreased using FAME. According to [33], 

RME combustion leads to higher NOx emissions compared to diesel at low engine 

load, while the opposite is true at high engine load. The faster combustion and higher 

heat release of RME contribute to increased NOx formation.  

In [29] the authors distinguish between nitrogen monoxide (NO) and nitrogen 

dioxide (NO2), and their results show that NO emissions increase gradually with 

load, with FAME biofuel blends showing mixed results compared to Diesel fuel, 

depending on the oxygen content. Notably, the 5% blend consistently exhibited 

lower NO emissions. Furthermore, the study highlights that biofuels tend to exhibit 

lower NO2 emissions, possibly due to their oxygenated nature, which encourages 

NO2 conversion back to NO. Neat RME, without aromatic compounds, shows lower 

NOx emissions compared to other blends, although its NOx emissions remain 

slightly higher than Diesel fuel, primarily due to the effect of fuel oxygen. 

For the CO and HC emissions (Figure 4), the FAME fuel results remain relatively 

close to diesel values. Tongroon et al. [34] observed CO emissions experienced a 

reduction when a FAME blend was utilized, and a similar decrease was observed in 

total hydrocarbon emissions (THC). This phenomenon is primarily attributed to the 

influence of the air/fuel ratio. When the air/fuel ratio shifts from stoichiometric to 

lean mixtures, combustion tends to produce lower CO because the fuel is oxidized 

in the presence of sufficient oxygen. The FAME blend, characterized by a high 

oxygen content, results in a leaner mixture compared to diesel fuel, leading to lower 

CO emissions. Furthermore, the high oxygen content promotes more complete 

combustion, ultimately resulting in reduced levels of THC. 
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Figure 3. NOx-soot tradeoff compared to diesel across different studies with FAME (data 

from [33, 32, 29, 31, 34, 30]) 

A similar comparison of emissions was done in a review by Unglert et al. [35] 

reaching similar conclusions to this work, NOx rises an average of 13% because the 

use of biodiesel has led to higher combustion temperatures for the different works 

the authors reviewed. Meanwhile, on average, HC emissions show a reduction of 

36%, while carbon monoxide emissions exhibit a 25% decrease, and there is a 31% 

decline in particulate mass emissions. 

FAME and by extension RME can also have effects on the engine beyond just 

emissions. The formation of particulate matter (PM) can have a large impact on 

engine durability. Diagnostics reported by Cieślikowski [36] reveal issues such as 

injector dysfunction contributing to PM formation, emphasizing the importance of 

timely service interventions. Fuel properties like high viscosity, low volatility, and 

the presence of biocomponents in FAME are identified as factors facilitating PM 

formation, leading to engine failure states. The analysis extends to various engine 

components, including turbochargers and exhaust gas recirculation (EGR) valves. 

Furthermore, the paper discusses the formation of internal diesel injector deposits 

(IDID), emphasizing the role of FAME additives in their formation and the need for 

preventive maintenance through diagnostics.  
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Figure 4. HC-CO tradeoff compared to diesel across different studies with FAME (data 

from [31, 34, 30]) 

One specific challenge posed by FAME, according to Unglert et al. [35], lies in the 

accumulation of fuel in the oil without evaporation, resulting in a continuous dilution 

of the engine lubricant. Three primary factors contribute to this problem. First, ester 

oils, like FAME, exhibit significant creep capabilities compared to hydrocarbons of 

equivalent viscosity, leading to increased unburned FAME entering the engine oil. 

Second, modern diesel engines equipped with diesel particulate filters (DPF) often 

employ post-injection systems to regenerate the filter by increasing the exhaust 

temperate, which introduces additional fuel into the engine oil due to higher partially 

burned fuel at the exhaust. Lastly, the higher boiling temperature of FAME 

compared to diesel fuel causes a substantial portion of FAME to remain in the 

lubricant, resulting in permanent dilution. At elevated engine oil temperatures, 

biodiesel remains in the oil while fossil diesel evaporates. This oil dilution can reach 

up to 20% FAME by the end of conventional oil change intervals, posing a risk of 

viscosity reduction and wear. Additionally, the dilution of engine oil additives, such 

as ZDDP, by biodiesel can hinder their effectiveness. These issues are less 

pronounced with vegetable oil fuel due to differences in viscosity. 

2.1.2 Hydrotreated vegetable oil 

HVO, also known as renewable diesel, is a non-oxygenated fuel produced through 

the hydrogenation process of vegetable oils or animal fats via a catalytic process 

[37]. The fuel is considered a third-generation fuel, whose quality is independent of 

the feedstock [38]. It shares several similarities with traditional diesel, like a high 
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cetane number due to its high paraffin content. Additionally, HVO boasts better cold-

weather performance, better stability during storage, slower aging and reduced 

emissions of NOx and deposit formation. The slower aging and lower deposit 

formation help improve the compatibility with ICE components, especially the 

injection system.  HVO also meets European diesel standards (EN 590) except for 

density, but up to 30% can be blended into diesel without issue [39]. Additionally, 

HVO’s production is not affected by the FFA percentage allowing in part to sustain 

higher yields [40]. 

In a 2011 study, Arvidsson et al. [41] presented an LCAof HVO biofuel covering the 

entire life cycle, including vegetable oil production from sources like rape, oil palm, 

or Jatropha, oil transport, HVO production, and HVO combustion in heavy-duty 

trucks. The study found that HVO produced from palm oil, when combined with 

biogas production from palm oil mill effluent, has the lowest environmental impact 

among the feedstocks studied. More importantly, they found that HVO has a 

significantly lower global warming potential (GWP) compared to conventional 

diesel for all feedstocks (rape oil, oil palm and Jatropha), with GWP similar to results 

for rape methyl ester reported in literature [42]. In their study they also found soil 

emissions, primarily nitrous oxide (N2O), are the largest contributors to most 

environmental impact categories for HVO, regardless of the feedstock. 

The emissions from two Euro 6b diesel passenger cars using different blends of 

HVO, fossil diesel, and commercial diesel B7 under various temperature conditions 

was done by [38]. Tests were conducted in a laboratory and on-road in Italy. The 

HVO blends included Neat HVO (100% HVO), 30% HVO, and 7% HVO. Overall, 

the use of different HVO blends and diesel did not significantly affect vehicle 

emissions. However, HVO-100 resulted in about 4% lower CO2 emissions compared 

to other fuels. On-road tests showed similar NOx emissions for all HVO blends, 

suggesting that SCR systems may perform differently in laboratory and real driving 

conditions. HVO-100 also had significantly lower CO2 emissions compared to other 

HVO blends both on-road and in the laboratory. 

In the JEC Well-to-Tank report [25], HVO is considered either alone or mixed with 

petroleum products. The report highlights different production pathways, indicating 

that its production results in high-quality diesel fuel but requires additional energy 

for the hydrotreating process (see Figure 5). Comparing HVO pathways with FAME 

pathways shows that overall energy consumption is similar for both HVO and FAME 

production methods. 
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Figure 5. HVO production pathways (adapted from [25]) 

The choice of feedstock used in HVO production is a key factor in determining its 

sustainability. European HVO production plants currently source feedstocks from 

various parts of the world, including palm oil and PFAD from Southeast Asia, but 

also from wastes, residues, used cooking oil, and vegetable oils. HVO produced from 

residual feedstocks significantly reduces GHG emissions, meeting EU sustainability 

criteria [20]. 

Rodríguez-Fernández et al. [43] investigated the property changes of the addition of 

biofuels to diesel from 0% biofuel content to 100% biofuel content. For the HVO 

fuel they found that the density of HVO blends is lower than that of diesel, while a 

blend of FAMEs and FAGEs increases the density. HVO has a higher LHV in mass 

units compared to diesel, but in volume units, it's lower due to the paraffinic nature 

of the fuel. Cold flow properties, such as cloud point (CP) and cold filter plugging 

point (CFPP), are important for preventing startability issues in cold weather and 

HVO is improved over diesel. Water content in fuel is a crucial property to control 

and to prevent corrosion, microbial growth, and decreased fuel lubricity. European 

Standards EN 590 and EN 15940 limit water content to under 200 mg/kg. HVO has 

low water content, meeting the respective quality standards. 
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2.1.2.1 Use of HVO in ICEs 

The production of HVO, as discussed, has a considerably lower environmental 

impact than diesel in most categories. And even though HVO is considered almost 

an equivalent to diesel, in the fact that it can be substituted without modifications to 

the engine, its differences modify the combustion process of compression ignition 

(CI) engines and thus it changes the efficiency, performance, and emissions of the 

engine. The combustion behavior of HVO differs significantly from other fuels, 

primarily due to its unique composition. HVO contains long straight carbon-chain 

compounds, which set it apart from conventional fuels like diesel. This distinctive 

composition allows HVO to initiate combustion much earlier in the engine's 

combustion cycle [44]. The long and straight carbon chains in HVO are more readily 

reactive, making it easier for them to ignite and contribute to the combustion process.  

In terms of fuel consumption, the higher than diesel’s LHV of HVO generally 

improve the fuel consumption of the engine when compared to diesel. On average 

across different engine operating conditions, Bortel et al. [45] obtained a reduction 

of around 3% in fuel consumption when using a 30% blend of HVO with diesel, and 

a reduction of nearly 5% when using 100% HVO. Similarly, Preuß et al. [46] found 

an average reduction of 2.8% in a heavy duty engine using HVO, while in a light-

duty engine they found a reduction of 2.5%. Meanwhile, in the work of Mancarella 

and Marello [47] the reduction was on average 3.3% at 1250 rpm @ 2 bar, and 2.2% 

at 2000 rpm @ 9 bar of brake mean effective pressure (BMEP). 

Figure 6 shows the NOx-soot tradeoff of HVO relative to diesel across different 

studies with HVO. In the studies the NOx and soot emissions of HVO relative to 

diesel can be seen to achieve reductions of up to 20% in NOx [47] and more than 

75% in soot [48], with a significant portion of the tested operating conditions below 

their respective diesel reference. However, the figure also shows scenarios where 

although NOx emissions are lower than diesel the soot emission are up to 62% higher 

(with a difference of 0.026 g/kWh [47]), or when soot emissions are lower than 

diesel, NOx emissions are up to 32.9% higher (0.4 g/kWh [46]). The study of Bortel 

et al. [45] also tests a 30% HVO – 70% diesel blend, which indicates a good 

reduction of NOx with respect to diesel when adding a proportion of the biofuel, 

while at the same time reducing the FSN with exceptions. 
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Figure 6. NOx-soot tradeoff compared to diesel across different studies with HVO (data 

from [37, 45, 47, 46, 48]) 

In Figure 7 we can see the experimental results from the previously discussed studies 

[45, 47], where it can be seen that HVO is able to both reduce the CO and HC 

emissions with respect to diesel. One explanation provided is that because HVO has 

a lower distillation range the fuel evaporation and mixing with air is improved, while 

its higher cetane number (CN) ensures heightened reactivity during combustion at 

lower temperatures and lighter loads. 

 

Figure 7. HC-CO tradeoff compared to diesel across different studies with HVO (data from 

[45, 47]) 
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The review by Unglert et al. [35] agrees with this review as HVO leads to a 

noticeable reduction in emissions of HC, CO, and PM compared to diesel fuel, and 

this decrease is directly proportional to the HVO content in the fuel. In contrast, NOx 

exhibits a non-uniform pattern.  

2.2 Synthetic fuels: recycling existing carbon 

Synthetic fuels, also known as synfuels, are liquid or gaseous fuels that are produced 

through chemical processes using feedstocks such as CO2, water, and renewable 

energy sources like electricity or solar power. These fuels are designed to mimic the 

properties and energy content of conventional fossil fuels like gasoline, diesel, or 

natural gas. Common examples of synthetic fuels include hydrogen, synthetic 

gasoline, synthetic diesel, and synthetic natural gas. The production of synthetic 

fuels typically involves the conversion of renewable resources into energy carriers 

using various technologies, such as electrolysis for hydrogen production or Fischer-

Tropsch synthesis for liquid hydrocarbons. Synthetic fuels are considered an 

important part of efforts to decarbonize the transportation and energy sectors, as they 

can be produced using renewable energy sources and can potentially reduce GHG 

emissions when used in place of traditional fossil fuels. They also have the advantage 

of compatibility with existing infrastructure and vehicles, making them a transitional 

solution toward a more sustainable energy future. 

Carbon capture and storage (CCS) and carbon capture and utilization (CCU) are 

critical components in the quest to reduce emissions from synthetic fuel production. 

CCS involves capturing carbon dioxide emissions and storing them safely, while 

CCU as the name indicates refers to the use of the carbon. Various CCS and CCU 

technologies, including post-combustion capture and oxy-fuel combustion, 

contribute to emissions reduction. CCU processes involve using the captured CO2 as 

a feedstock in combination with hydrogen to produce synthetic hydrocarbon fuels 

like synthetic gasoline or synthetic natural gas. This method not only reduces 

greenhouse gas emissions by preventing CO2 release but also contributes to the 

production of cleaner, carbon-neutral, or even carbon-negative fuels [2]. 

Prussi et al. [25] comment for CCS processes that the energy required for CO2 

capture is often intertwined with the overall plant operations. In the production of 

transportation fuel through the gasification of coal and biomass followed by Fischer-

Tropsch (FT) synthesis, CO2 separation is necessary due to the need for low CO2 

content in the FT reactors (see Figure 8). The primary difference between plants with 

and without CCS lies in the energy-intensive process of compressing CO2 for 

transport and injection into CO2 repositories. The difference in coal input with and 

without CCS is minimal, likely due to differences in the overall process layout. 
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However, plants with CCS exhibit increased electricity requirements for CO2 

compression. In addition, processes involving FT synthesis for hydrogen and 

electricity production increase natural gas and coal requirements with CCS. 

 

Figure 8. Synthetic diesel production pathways (adapted from [25]) 

Diesel-like synthetic fuels possess characteristics that make them an attractive 

alternative to conventional diesel fuels. Factors such as cetane number and energy 

density are vital considerations. Additionally, these fuels can be produced from a 

variety of feedstocks, including biomass-to-liquid (BTL) processes convert organic 

materials such as agricultural waste, forestry residues, and algae into synthetic 

diesel; and gas-to-liquid (GTL) processes convert natural gas into synthetic diesel. 

2.2.1 Fischer-Tropsch Diesel 

Early experiments with coal liquefaction and the FT process laid the groundwork for 

their application. FT synthesis is a chemical process used to produce synthetic liquid 

hydrocarbon fuels, such as diesel and gasoline, from carbon-containing feedstocks 

like coal, natural gas, or biomass. This process was originally developed in 1952 by 

chemists Franz Fischer and Hans Tropsch [49] and has since been refined and 

commercialized for various applications, including fuel production.  

The FT synthesis process involves several key steps [49]. In the first step, the carbon-

containing feedstock is gasified to produce a mixture of CO and hydrogen; this can 

be achieved through processes like steam gasification of coal or partial oxidation of 

natural gas. The raw syngas produced in the gasification step contains impurities and 
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must be cleaned to remove contaminants like sulphur and particulates, as these can 

interfere with the FT synthesis catalysts. The cleaned syngas is then fed into a reactor 

where it comes into contact with a catalyst, typically consisting of metal 

nanoparticles, often cobalt or iron. The catalyst facilitates a series of chemical 

reactions that convert the syngas into long-chain hydrocarbons [50]. These 

hydrocarbons can range from methane to high-molecular-weight waxes. The 

resulting hydrocarbon mixture may need further processing to obtain the desired 

range of liquid hydrocarbon fuels [51]. This can involve hydrocracking to break 

down heavy waxes into lighter fractions, followed by distillation to separate and 

isolate the specific fuels like diesel or gasoline. The final synthetic fuels may 

undergo refining processes to meet the required specifications for use in engines and 

vehicles. This can include removing impurities, adjusting the cetane number for 

diesel, or ensuring the correct octane rating for gasoline.  

Regarding its lifecycle, the FT process does not rely on pre-existing hydrocarbons, 

however it has temperature and pressure requirements, and can release GHG in the 

process [52]. The GHG emissions from the fuel production process can be reduced 

if, for example, hydrogen production for the fuel is done in a more efficient manner. 

One of the environmentally friendly pathways for FT fuel production could be the 

biomass-to-fuel pathway. Utilizing unfermentable biomass from bioethanol 

industries, one study [53] explores the feasibility of integrating FT synthesis using 

syngas derived from gasified dry distillers' grain. Environmental considerations are 

addressed, with the integration of the process being deemed environmentally benign. 

Individual impact categories highlight the role of catalyst components and suggest 

the need for alternative formulations to reduce environmental impact and human 

toxicity potential. 

FT fuels can also take advantage of direct air capture (DAC). DAC is a technology 

designed to remove CO2 from the atmosphere, either chemically or physically. A 

study by Liu et al. [54] conducts an LCA of the GHG emissions associated with 

DAC paired with FT synthesis to produce synthetic transportation fuel, specifically 

diesel. The study finds that the carbon intensity is highly sensitive to the emissions 

factor of the electricity used in the process, with a factor of less than 139 grams of 

CO2 equivalent per kilowatt-hour required for the system to provide a climate benefit 

over conventional diesel fuel. When low-carbon electricity sources are used, this 

pathway can deliver transport fuels with a lower CI than conventional diesel and 

various biofuels.  

FT diesel is composed of n-alkanes molecules [55] and has similar characteristics to 

conventional diesel, facilitating its direct use in ICES while it has low sulphur 
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content and aromatic content [56], preventing noxious pollutants. FT fuels maintains 

a high CN and a high LHV [57]. For taking good advantage of the production of 

synthetic fuels like FT diesel, it is important to locate fuel synthesis facilities in 

regions with very low grid emissions or co-locating them with new renewable 

electricity infrastructure to prevent high carbon intensities. 

2.2.1.1 Use of FT-diesel in ICEs 

Numerous researchers have extensively investigated the combustion and 

performance characteristics of FT diesel fuels in diesel engines. Yuan et al. [58] 

emphasized that FT diesel's high CN led to a decrease in ignition delay and premixed 

combustion phase time compared to conventional diesel. Cai et al. [57] observed 

lower heat release rates (HRR) and pressure rise rates (PRR) with FT and diesel 

blends due to the differences in properties of the synthetic fuel compared to the fossil 

fuel. Additionally, some studies [59, 60] reported benefits like shorter premixed 

combustion periods, reduced peak combustion pressure, increased thermal 

efficiency, and decreased PM and NOx emissions when using FT diesel or its blends. 

The studies on the effect of the properties of FT diesel on injection rate carried by 

Pastor et al. [61] evidenced that a shorter energizing time (ET), and thus a smaller 

injected mass was required for FT diesel compared to conventional diesel. 

Yuan et al. [58] found that at high loads both GTL and conventional diesel exhibited 

typical diesel combustion patterns, with diffusive combustion following rapid 

premixed combustion as intake oxygen decreased. At medium load, diffusive 

combustion shortened further with decreasing oxygen, displaying characteristics of 

premixed combustion for both fuels. Throughout load conditions, GTL had a smaller 

peak heat release but a longer diffusion combustion due to its shorter ignition delay 

and less efficient premixing. At medium load and 12% intake oxygen, diesel had 

almost no premixing, while GTL initiated ignition during injection. At high load, 

both fuels had extended combustion durations and delayed CA50 as oxygen 

decreased, attributed to increased premixing period. GTL had lower cooling losses 

at 21% and 14% intake oxygen concentrations at high load, resulting in improved 

indicated thermal efficiency. At medium load, GTL exhibited reduced cooling loss 

at 21% intake oxygen, leading to improved thermal efficiency. However, at 14% and 

12% intake oxygen concentrations, differences in cooling loss and thermal efficiency 

between the two fuels were not significant, possibly due to their distillation 

characteristics under fully premixed combustion conditions. 

Testing GTL diesel derived from the FT synthesis, Bassiony et al. [62] observed that 

neat GTL and blended at 50%v/v with diesel slightly reduced the engine's maximum 

power compared to diesel fuel across most engine speeds (3.2% for the neat synthetic 
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fuel and 1.2% for the 50% blend). Both GTL and the 50% blend fuels exhibit lower 

BSFC and higher thermal efficiency compared to diesel due to their higher cetane 

numbers, resulting in shorter ignition delays, reduced heat losses, and improved 

combustion efficiency. Additionally, using GTL and the 50% blend fuels results in 

a decrease in both maximum in-cylinder pressure and the maximum rate of pressure 

rise. Ye et al. [63] found an average 6% reduction in fuel consumption, similar to 

Cai et al. [64] and Zhang et al. [60]. 

Figure 9 shows the NOx-soot trade-off of FT diesel compared to conventional diesel 

across different studies [62, 57, 63, 58, 60]. In the figure, besides some exceptions, 

the FT diesel improves both the NOx and the soot emissions. The reduction of soot 

is generally explained by the better ignitability of the fuel and more homogeneous 

fuel-air mixture. In blends of FT and conventional diesel [57] the reduction of soot 

emissions is attributed to the dilution effect of FT diesel, which reduces the number 

of aromatic hydrocarbons that are known to impact soot aggregation. Additionally, 

the presence of n-alkanes and iso-alkanes in FT diesel reduces soot precursors, 

meanwhile better break-up and atomization properties also contribute to decreased 

soot aggregation. 

NOx emissions, on the other hand, are reported to be correlated with the effects 

observed in the combustion of the fuel. The FT starts its ignition earlier than diesel, 

there is a smaller fraction of fuel burned during the premixed phase , which as a 

consequence the in-cylinder temperature is reduced, reducing with that the NOx 

emissions. 

The benefits of FT diesel on emissions reduction extend to the CO and HC emissions. 

With reports of 7-78% reduction in HC and 2-68% reduction in CO [63, 60]. Zhong 

et al. [65] state HC emissions arise from regions of the combustion process where 

the fuel-air mixture is overly dilute, preventing proper flame propagation, causing 

incomplete combustion, and forming quench zones from fuel spray impingement; 

the low density and volatility of FT diesel fuel facilitate good mixing with air in the 

cylinder, reducing the impact of changes in the actual air-fuel ratio. 

A correlation between the HC and PM is explored by Yehliu et al. [66]. FT fuel has 

a higher particle concentration (number of particles per volume) in all engine modes 

compared to biodiesel and diesel, however FT diesel does not have higher soot 

emissions than diesel by mass. The authors explain this apparent contradiction by 

the CN which affects combustion and produces more – but smaller – carbon-

containing particles during the combustion process which during the PM 

measurements by mass has a lower quantity for FT, while they are increased for 

diesel. Since the measurement includes adsorbed unburned or partially burned HC, 
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the mass is higher for diesel. In terms of CO emissions both the work of [66] and 

[67], as well as other studies, report lower CO emissions which are in part related to 

the smaller ignition delay providing ample time for the CO to be fully oxidized.  

 

Figure 9. NOx-soot tradeoff compared to diesel across different studies with FT-Diesel (data 

from [62, 57, 63, 58, 60]) 

2.2.2 OMEx 

Oxymethylene dimethyl ethers (OMEx) – also known as polyoxymethylene ethers 

(PODEs) –are a type of synthetic diesel alternative fuels. The general structure of 

the fuels is CH3-O-(CH2-O)n-CH3, where the n is the polymerization degree. The 

fuels have a large oxygenation by weight with values above 40% for n values equal 

or larger than 1 [68], while they have CNs that are comparable to diesel and biodiesel 

[69], thus being favourable for the autoignition of the fuel. The fuel lacks C-C bonds, 

which in addition to their large oxygen proportion propitiates low soot emissions 

[70], by inhibiting the formation of polycyclic aromatic hydrocarbons (PAHs). 

Regardless of the OMEx, the polymerization degree does not seem to have a large 

effect in the reduction of soot emissions [71]. The offset of having high oxygen 

proportions in the fuels is, however, a low gravimetric energy density of nearly half 

that of diesel or gasoline. 

OMEx are a promising alternative to fossil-based, with the potential to reduce global 

warming impacts by up to 20% [72]. Deutz et al. [73] found that OME1 has the 

potential to serve as an almost carbon-neutral blending component for diesel fuel. 

Replacing 24% m/m of diesel with OME1 could reduce the global warming impact 

by 22%, and the emissions of NOx and soot by 43% and 75%, respectively. These 
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significant environmental benefits are achieved by integrating renewable energy in 

the production of OME1, specifically by using wind power to produce hydrogen 

through water electrolysis. Similarly, a well-to-wheel (WTW) LCA of OME3–5 

produced via the PTL [74] showed that in scenarios with a high share of renewable 

electricity, WTW GHG emissions for OME3–5 fuel is advantageous compared to 

fossil diesel. For the best case, WTW GHG emissions can be reduced by 86%, 

corresponding to 29 gCO2eq/km of OME3–5-fuel compared to 209 gCO2eq/km of 

diesel fuel.  

The use of OMEx, nonetheless can have an adverse effect on other impact categories 

under human health and ecosystems quality and have a higher cumulative energy 

demand (CED) during its lifecycle than diesel. In [73] it is reported that the CED for 

OME1 is nearly double that of diesel, which if the energy source is not renewable 

can have negative environmental impacts upstream of the fuel production. While 

[74] presents that for other environmental impact categories, acidification, 

eutrophication, respiratory effects, photochemical ozone creation and resource 

depletion significantly exceed the fossil fuel reference. A high share of these impacts 

can be assigned to electricity production, either through direct electricity 

consumption in the PtL system or during upstream production of hardware 

components. 

2.2.2.1 Use of OMEx in ICEs 

Due to the large oxygen proportion in the OMEx molecule, this fuel is considered a 

great alternative to address soot emissions in ICEs. Nonetheless, as the oxygen 

proportion increases the LHV of the fuel is reduced. Because of this low LHV (nearly 

45% lower than diesel) gravimetric fuel consumption reported with OMEx fuels are 

extremely high. In a study by [75] it was observed that using proportions of 15% and 

25% of OMEx the effect on BSFC is an increase of 1-3.2% at low and medium loads, 

while at high loads the percentage of substitution of OMEx favours a decrease up to 

5.5% in BSFC when using proportions of EGR above 10%.  

The authors [75] justify these effects by explaining that at low loads as EGR 

increases, diesel has the advantage due to longer ignition delays which lead to a 

higher proportion of premixed combustion, maintaining high combustion 

efficiencies due to sufficient fresh air supply. The smaller ignition delay of OMEx 

is corroborated by Pastor et al. [61], it was observed through natural luminosity 

analysis that OMEx injection exhibits an earlier combustion than a similar energy 

diesel injection done at an earlier time. Additionally, according to [75], the larger 

mass needed of OMEx to reach the same injected energy, combined with larger fuel 

density, results in greater spray momentum which can lead to increased fuel 
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penetration, causing more air-fuel mixture to diffuse and burn closer to the cylinder 

liner than with diesel, resulting in increased heat transfer loss. However, at high 

loads, the difference in efficiency between diesel and the OMEx blends becomes 

smaller due to higher combustion efficiency and a faster combustion rate in the late 

combustion phase. This suggests that the advantage of OMEx high oxygen content 

and volatility is better utilized in improving combustion efficiency, especially at high 

load conditions with significant EGR. 

Regardless of the slight benefits observed at high loads with blends of lower 

proportion of diesel and OMEx due to the improve in the combustion ascribable to 

the oxygen present in the molecules, when using neat OMEx as a fuel for ICEs there 

is a penalty in fuel consumption due to its low LHV. On a study on stoichiometric 

OMEx combustion in a single cylinder engine, García et al. [76] reported an increase 

of 14% to 39% in equivalent fuel consumption (fuel consumption normalized by 

multypliing LHVOMEx/LHVdiesel, see Chapter 3 for further information on the metric) 

when comparing the stoichiometric combustion of OMEx with the baseline 

calibrated lean diesel combustion. In fact, when assuming a direct comparison of the 

fuel consumption OMEx has an increase of up to 207% with respect to diesel. Results 

are improved as the air-to-fuel ratio (AFR) becomes leaner; however, this only leads 

to the expected relation of fuel consumption of around 2 times that of diesel. 

 

Figure 10. NOx-soot tradeoff compared to diesel across different studies with OMEx (data 

from [76, 75, 77, 78]) 

The real advantage of OMEx as a fuel for ICEs is its mentioned capacity to reduce 

soot emissions to virtually undetectable values, which also allow to adopt NOx 
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reduction strategies without increasing soot levels. This is observed in Figure 10 

which recalls the comparisons with conventional diesel of the NOx-soot trade-off 

for different OMEx proportions. 

Garcia et al. [76] show the biggest reductions in both NOx and soot due to the 

stoichiometric combustion of neat OMEx. The NOx reduction of nearly 100% 

percent is explained by the reductions of the maximum peak temperature during the 

combustion, thus limiting the formation of thermal NOx. Additionally, the 

combustion in the study is achieved with large EGR quantities that slow the 

reactivity of the mixture while at the same time act as a heat sink. In turn, the soot 

emissions are the result of the molecular composition of the OMEx, which offer the 

advantages previously stated in the section, although the authors caution that due to 

the nature of the equipment used soot emissions with oxygenated fuels might be 

underreported.  

At 15% and 25% OMEx blends [75] and 20% OMEx blends [77] some operating 

conditions have higher NOx emissions than diesel. However, for the most part the 

emissions from these studies remain below the diesel threshold from 5% to almost 

40%. The reductions in NOx emissions are again fundamentally explained by the 

reduced HRR and premixed combustion. 

In the work of Zacherl et al. [78] OMEx exhibits lower volatile organic compounds 

(VOC) and CO emissions compared to diesel, mainly due to its oxygen content and 

improved mixture formation. Regarding the combustion proper, both VOC and CO 

emissions increase with late center of combustion (combustion phasing) because 

combustion occurring late in the expansion phase leads to lower combustion 

temperatures, inhibiting the complete oxidation of intermediates and resulting in 

increased incomplete combustion products. Lower turbulence in the combustion 

chamber and impaired jet decay due to low backpressure and low temperatures also 

contribute to this effect.  
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Figure 11. HC-CO tradeoff compared to diesel across different studies with OMEx (data 

from [76, 75, 77, 78]) 

Other works have a less clear outcome of CO and HC emissions of OMEx with 

respect to diesel. OMEx blends up to 80% and neat OMEx can have higher CO and 

HC emissions than diesel. Liu et al. [75] found that at lower loads the CO emissions 

are similar to diesel as diesel has sufficient oxygen to be fully oxidized into CO2, but 

at higher loads OMEX can present an advantage. Omari et al. [77] saw that at the 

same NOx level, increasing the OMEx proportion with respect to diesel can reduce 

both CO and HC emissions at higher loads, while at lower loads the inclusion of 

additional percentages of OMEx increases the CO emissions. Authors argue that 

when the engine is running at very low loads, the fuel's low CN becomes more 

important, causing more premixed combustion to occur, which in turn leads to higher 

levels of CO emissions. 

The most drastic increase of both CO and HC is found in the work of Garcia et al. 

[76] who reported a maximum increase of HC emissions of 68 times the emissions 

of diesel and 602 times for CO emissions. It is worth re-stating that during this work 

the combustion was stoichiometric with high levels of EGR and thus the fuel did not 

have sufficient oxygen to complete the combustion (even with the 47.1%m/m of 

oxygen in the fuel molecule). Additionally, the combustion temperature reduced the 

reactivity of these species. However, once the authors tested leaner mixtures, with 

abundant oxygen, they were able to achieve engine out emissions without 

aftertreatment that were below the requirements of Euro VI for the type-class 

vehicle. 
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The mechanism for the OME3 pyrolysis and soot inception was investigated by Xing 

et al. [79] via the analysis of the conversion of three main species: CH2O, CH3O·, 

and ·CH3. Soot formation is reduced with the OME3 as the CH2O molecule is 

converted into CO by continuous dehydrogenation revealing that carbon atoms 

converted to CO did not contribute to soot precursor formation. Additionally, 

oxidizing groups, mainly ·OH, were primarily generated from CH3O· radicals, 

which reacted with small gaseous soot precursors to form stable oxides, thus 

inhibiting soot formation. 

Besides its benefits in GHG emissions reductions from its production and their 

capability to reduce both NOx and soot emissions from the engine combustion, the 

compatibility of the OMEx fuels with conventional components of the vehicles must 

be addressed. The CN of the OMEx molecule increases as the molecule is longer; 

however, if the OMEx molecule is too long (n > 5) the pumping performance of the 

fuel can be negatively affected as the viscosity of the fuel increases with molecule 

size [80]. Similarly, the larger OMEx molecule can lead to larger diameter of the 

droplets during atomization, which causes poorer mixtures and could detriment the 

combustion efficiency and the emissions. 

A study by Kass et al. [81] investigated the compatibility of PODEs with a variety 

of elastomers using a combination of exposure studies and Hansen solubility 

analysis. The results showed that overall, PODEs have poor compatibility with 

elastomers, with the exception of fluorosilicone. At the 33% blend level, all 

elastomers except fluorosilicone exhibited volume swell greater than 30%. The 

general trend across the elastomers was either a consistent increase in volume swell 

with PODE concentration, or a maximum in volume swell at an intermediate blend 

fraction.  

For OMEx to be used pure or at high blend rates with diesel without issues some 

modifications can be required for conventional compression ignition engines. The 

injection system has been reported to need modification at high ratios of OMEx with 

n < 2 (higher than 30%) due to the high vapor pressure and low boiling point of the 

fuel which can cause issues like vapor lock or cold-start problems [82, 73]. 

Increasing the value of n (3 ≤ n ≤ 5), OMEx has lower vapor pressure and higher 

boiling point [83]; thus, reducing the magnitude of these issues. Pastor et al. [61] 

reported that OMEx injector behaviour also changes when compared to diesel, taking 

more time for the injector to close once the ET has finished, likely due to its higher 

density and lower viscosity. 
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3 Low carbon fuel blends: achieving specific fuel 

characteristics 

When used in ICEs in their pure form, LCFs can offer significant environmental 

benefits due to their lower carbon intensity and possible cleaner combustion. 

However, blending LCFs, either with conventional fuels like diesel or with other 

LCFs, can enhance their advantages or mitigate certain drawbacks. For instance, 

blending oxygenated fuels like OMEx, which often have a lower LHV, with diesel 

can increase the oxygen percentage in the diesel fuel, resulting in more complete 

combustion and reduced emissions while the low LHV of OMEx is somewhat 

compensated by the higher energy density of diesel. Blends with alcohol, such as 

ethanol or methanol, can further reduce carbon emissions and improve octane ratings 

for spark ignition (SI) engines, enhancing engine efficiency. Additionally, 

incorporating cetane improvers can enhance ignition quality in CI engines, while 

additives can combat corrosion issues, ensuring the longevity of engine components. 

These blending strategies highlight the versatility and potential of LCFs to address 

various challenges. 

Fuel blends represent a compelling strategy for addressing the demands of CI 

engines. Exploration of various fuel blend combinations has led in some cases to 

optimize engine performance while minimizing environmental impacts. This 

approach offers a potential means of reducing emissions but also enables the 

attainment of desirable fuel properties crucial for engine operation and efficiency. 

In this section, the benefits of LCF blends in the context of CI engines are explored 

through a comprehensive review of the current literature, including how the mixing 

of fuels contributes to the realization of key fuel properties that are essential for 

engine combustion and overall performance.  

3.1 Multi-fuel blends 

A multifuel blend refers to a mixture of various fuels that can be used simultaneously 

to power the engine. These blends typically consist of diesel fuel and one or more 

alternative fuels, such as biodiesel or alcohol. The purpose of creating multifuel 

blends is to enhance engine performance, reduce emissions, and improve overall fuel 

efficiency while offering flexibility in fuel choices.  

The idea behind blending fuels is improving the quality of the final product 

according to desirable properties. As such some of the more useful characteristics of 

a fuel are partially transferred to the final blend when combined with other fuels with 

different characteristics; the resulting fuel blend would have properties with values 
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averaging different components of the blend. For example, in the work of Preuß et 

al. [46] they tested so called OME blends (OME blend 1, OME blend 2 and OME 

blend 3), which are composed by varying proportions of pure OME3-5, HVO, RME 

and 2-Ethylhexanol. Observing the properties of the pure fuels in Table 1 shows the 

high oxygen proportion of the OMEx fuel and of the RME, as well as the high LHV 

of the HVO fuel and its high CN. Then observing the final properties of the OME 

blend 1, OME blend 2 and OME blend 3 in Table 2 it can be seen that the OME 

blend 1, which has the highest proportion of HVO in turn has the highest LHV. 

Meanwhile the OME blend 3, which has the highest proportion of OMEx ends up 

having the highest oxygen proportion of the final fuel. 

The fuels presented in Table 2, are the result of the combinations of the properties 

of the pure fuels shown in Table 1. In the fossil diesel-biodiesel-alcohol blends in 

the work of Yesilyurt et al. [84], similar to OMEx, the alcohols provide oxygenation 

to the fuel. The vastly different compositions of the fuels in this study were mixed 

by splash-blending method and the authors report that no separation was observed 

during the application tests. Nonetheless, it has been reported [85] that phase 

separation can occur in high-concentration ethanol-diesel blends due to the high 

water content of ethanol.  

Methanol and ethanol are biofuels that can reduce particulate emissions and GHGs. 

Methanol is high-octane but toxic, with varying emissions trends. Ethanol, derived 

from biomass, is widely used and has lower production costs (21 to 46 USD per GJ) 

and lower GHG emissions (4 to 32 kg CO2eq per GJ) compared to methanol [85]. 

Ethanol can be blended with diesel without engine modifications, and it is commonly 

used in gasoline engines due to its high octane number and high combustion speed, 

which can improve thermal efficiency and reduce emissions. In turn, ethanol has a 

low CN, which can be problematic for diesel engines; however, cetane improvers 

can be added to the blend to overcome this issue. 

Like alcohols, the properties of biodiesel are also transferred to the final fuel when 

blended. According to the study by Millo et al. [86], RME B30 exhibits higher 

viscosity and altered spray characteristics compared to diesel, while HVO B30 

closely matches diesel properties. The study also discusses the energy content 

differences and the potential for engine performance recovery with biofuel blends. 

In a previous review on the use of LCFs in blends, Singh et al. [87] mention that 

vegetable oils have high viscosity and LHVs compared to diesel fuels due to their 

molecular structure; however, the presence of oxygen in vegetable oils lowers their 

heating value. The authors also state that biodiesel from various sources, such as 

jatropha oil, linseed oil, neem oil, and fish oil, shows different effects on engine 
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performance and emissions for which researchers have explored the optimal 

blending ratios for improved performance and emissions. Meanwhile, higher 

alcohols like n-butanol offer advantages in terms of heating value and miscibility 

with diesel, making them viable as fuel additives. 

The use of LCFs blends can also help keep the cost of the final fuel down. Due to 

relying on recently developed technologies, like DAC, the cost of synthetic LCFs 

can be higher than their fossil fuel counterparts; for example, OMEx and FT fuels 

produced with CCS can cost 26.5₤/GJ and 23.4 ₤/GJ [88], values which are high 

compared to fossil diesel. Because of that, blends that contain less expensive LCFs 

or even fractions of the still cheaper fossil fuels can partially provide the 

environmental benefits of the LCF (proportional to the fraction of renewable energy) 

while getting the fuel blend to a more attractive price point. 

Although there is a general appraisal for using fuel blends, there are still some limits 

for the proportions of the fuels that can be used. For example, regarding OMEx 

blends one caveat, according to Preuß et al. [46], is that the fuel is difficult to be 

blended at room temperature with HVO. Seraç et al. [89] speak about a blend 

proportion limit imposed not by miscibility of the liquids but regulation, in this case 

for the limit of biodiesel that a fuel can contain. Similarly, the use of alcohols and 

even OMEx can be limited by the reduction they can cause on the lubricity of the 

fuel, the viscosity, or even the vapor pressure changes which can cause trouble in the 

fuel injection system (as was commented on section 2.2.2.1). 

3.1.1.1 Engine performance on low carbon fuel blends 

The combined properties of LCF blends can have diverse effects on the engine 

performance and emissions. In previous sections binary blends of neat LCFs and 

conventional diesel have been discussed highlighting both the benefits and the 

challenges for these fuels. This section will focus on the engine responses of fuel 

blends with more than two components as well as binary blends of two LCFs. 

Preuß et al. [46] analyzed the performance and emissions of three oxygenated fuels 

blends (OME blends from Table 2) in comparison to diesel and HVO fuels using 

heavy-duty and light-duty CI engines. The OME blends had variable oxygen content, 

and adjustments were made to injection duration to maintain consistent engine load. 

In heavy-duty engines, the indicated specific fuel consumption (ISFC) increased 

significantly with higher OME content in the blends compared to diesel, ranging 

from 6.4% to 20.5%. Light-duty engines also saw ISFC increases of 2.3% to 24.8% 

for OME blends. Efficiency trends were consistent for both engines, with OME 

Blends 2 and 3 outperforming diesel and HVO, while OME Blend 1 showed similar 
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efficiency. Faster combustion led to lower exhaust gas temperatures, reduced soot 

emissions, and slightly increased NOx emissions for the OME blends. The study also 

observed an increase in nucleation mode particles with higher OME content. The 

results also suggest that OME3-5 blends, along with HVO, RME, and octanol, can 

be used as drop-in fuels for CI engines without hardware modifications, but further 

research on material compatibility is needed. 

The work of Millo et al. [86] evaluates the effects of using blended renewable diesel 

fuels (RME B30 and HVO B30) in a Euro 5 small displacement passenger car diesel 

engine. The study investigates various aspects, starting with the hydraulic behavior 

of the common rail injection system and the analysis of fuel spray characteristics for 

RME B30 and HVO B30 compared to standard diesel fuel finding that when tested 

at different rail pressure levels (400 bar, 800 bar, and 1200 bar), RME B30 

consistently had a lower mean injected volume compared to diesel fuel while HVO 

B30 had injected volumes more similar to diesel. The study also found that RME 

B30 resulted in a somewhat retarded injection process and a lower peak needle lift, 

leading to a lower injected volume compared to diesel. Conversely, HVO B30 had 

an injection process start similar to diesel and achieved higher instantaneous flow 

rates, resulting in larger injected volumes. The impact of these biofuel blends on 

BSFC and exhaust emissions is assessed under seven different part load operating 

conditions resembling the New European Driving Cycle and full load. In terms of 

emissions, both biofuel blends show potential reductions in smoke and particulate 

matter emissions, with RME B30 offering additional benefits due to increased 

oxygen availability.  

Yesilyurt et al. [84] tested quaternary blends consisting of diesel, safflower oil 

biodiesel, neat safflower oil, and various alcohols. The authors conducted 

experiments at five engine loads while maintaining a fixed engine speed of 3000 

rpm, examining parameters such as BSFC, brake specific energy consumption 

(BSEC), brake thermal efficiency (BTE), exhaust gas temperature (EGT), and 

various emissions, including CO, CO2, HC, NOx, and smoke opacity, as well as in-

cylinder pressure, HRR, and ignition delay period. The study found that the inclusion 

of LCFs such as vegetable oil, biodiesel, and alcohols led to increased BSFC values; 

B20O1E10 had the highest BSFC. Pentanol addition resulted in lower BSFC 

compared to other alcohol types, attributed to its higher heating value. Conventional 

diesel fuel had higher BTE values than the B20 blend due to its higher LHV, while 

ethanol-blended fuels had lower BTE values due to their lower LHV. B20O10Pt10 

had the best BTE values of LCF blends due to its higher heating value and complete 

combustion process. Alcohol reduced EGT due to their cooling effect and higher 

oxygen content, which improved combustion rates. Oxygenated components in 



Chapter 2 – A Comprehensive Review of Low Carbon Fuels for Diesel Engines 

45 

 

biodiesel and alcohols reduce CO emissions, with pentanol showing the most 

significant reduction; biodiesel and alcohol additives reduce HC emissions. Ethanol 

and pentanol exhibit greater effectiveness in decreasing HC emissions compared to 

other alcohols. 

Similarly, Sathish et al. [90] tested blends of diesel, biofuel and ethanol, which are 

described in Table 2. D80B20 (80% diesel + 20% biofuel of Azadirachta indica oil) 

exhibited the highest BTE, followed by D60B20E20 (60% diesel + 20% biofuel of 

Azadirachta indica oil + 20% ethanol) and B80E20 (80% diesel + 20% ethanol). 

Smoke intensity increased with load, with D80E20 having the lowest at full load, 

followed by B80E20, pure diesel and biodiesel having the highest smoke intensity. 

HC emissions increased with load, with diesel having the highest and the biodiesel 

the lowest at full load. NOx emissions increased with load for all blends, with neat 

biodiesel having the highest. The study also analyzed peak pressure, which was 

lower for diesel and higher for the other blends, with B80E20 having the highest 

peak pressure. These variations were attributed to properties like CN, volatility, and 

viscosity of the fuels, as well as ethanol content. 

Researchers Gómez et al. [91] studied the impact of different fuels mixed with 

gasoline and how these blends affect soot production in Diesel engines. The 

researchers use a parameter called the Oxygen Extended Sooting Index (OESI) to 

measure the tendency of these fuels to produce smoke. The results show that when 

gasoline is added to Diesel, the soot production decreases. This is because gasoline 

reduces the aromatic content and unsaturation in the fuel, making it less likely to 

produce soot. On the other hand, when LCFs like biodiesel, GTL and Farnesane fuels 

are mixed with gasoline, the tendency to produce soot increases due to its higher 

aromatic content and unsaturation. The study also suggests that even a small amount 

of Farnesane or GTL in a blend with Diesel and Gasoline can reduce soot production 

in certain engine types. 

The research presented in this section underscores the intricate interplay of different 

fuel blends and their diverse impacts on engine performance and emissions. From 

binary blends of LCFs with conventional diesel to complex quaternary mixtures, the 

studies highlight the potential advantages and challenges associated with these 

alternative fuel formulations. 
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Table 1. Chemical and physical properties of different pure fuels 

Fuel 
%C 

(m/m) 

%H 

(m/m) 

%O 

(m/m) 

Density 

(kg/m3) 

Kin. 

Visc. 

(mm2/s) 

CN (-) 
LHV 

(MJ/kg) 
Ref 

Diesel 
86.20- 

87.05 

12.95-

13.80 
0 

818-

866 
2.55-4.19 49-55 

42.45-

44.8 

[46, 57, 62, 75, 84, 

92, 93, 90, 94] 

RME   10.8 880 4.4 52 38 [46] 

HVO    779.9 2.6 75 44.1 [46] 

OME3-5   43.1 1066.5 1.18 54 19.1 [46] 

OMEx 47.4 10.5 42.1 859 0.36 24 23.4 [77] 

OME2   45.2 960  63  [75] 

OME3   47 1020  78  [75] 

OME4   48.1 1070  90  [75] 

OME5   48.9 1100  100  [75] 

OME6   49.5 1130  104  [75] 

FT-Diesel    760  70 47.3 [62] 

Safflower oil 

biodiesel 
76.88 11.65 11.46 883.3 4.986 55.7 39.25 [84] 

Safflower oil 76.9 11.63 11.47 923 36.03  39.03 [84] 

B100 (100% neem 

oil biofuel) 
   870 4.62 51 41 [84] 

WPO (waste 

plastic oil) 
   824 3.76 60.0* 40.58 [92] 

POME (palm oil 

methyl ester) 
   874 6.46 48.7* 36.79 [92] 

COME (castor oil 

methyl ester) 
   909 18.61 39.4* 37.95 [92] 

1-pentanol    815 2.89 20 34.65 [93] 

2-Ethylhexanol   12.3 832 5.2 23.2 38.4 [46] 

Ethanol 52.17 13.04 34.78 
780.15-

790 

1.072-

1.31 
8-10 

27.53-

26.9 
[84, 90] 

Isopropanol 60 13.33 26.67 782.3 1.796 12 31.02 [84] 

Isopentanol 68.18 13.64 18.18 813.2 2.984 20 37.03 [84] 

n-butanol 64.87 13.51 21.62 807.6 2.288 17 35.08 [84] 
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3.2 Additives 

Recent studies have examined the use of additives that promote cleaner combustion 

and reduce the formation of NOx and soot. These additives, when combined with 

LCFs or traditional fuels, can improve combustion, wear of the engine components, 

and mitigate the release of harmful pollutants into the atmosphere. By optimizing 

fuel formulations with such additives, researchers aim to achieve a balance between 

performance and emissions reduction. 

For ethanol-diesel blends, non-ionic surfactants such as SPAN (hydrophobic) and 

TWEEN (hydrophilic) are commonly used to stabilize these blends and prevent 

phase separation. These surfactants when used for blending fuels, allow reducing 

corrosion and act as emulsifiers to improve the water tolerance of the blend [95]. 

Verger et al. [85] conducted diesel-ethanol miscibility tests at different proportions 

finding that in a 70%-30% diesel-ethanol blend phase separation occurred after two 

weeks, but the addition of a 3% blend of Span 80 and Span 85 surfactants helped 

stabilize the blend. In a 60%-40% diesel-ethanol blend phase separation occurred 

after 48 hours due to the higher ethanol content, yet stabilization was achieved by 

adding a 3% blend of Span 80 and Span 85 surfactants. In the 50%-50% blend 

separation occurred within 2 hours due to the 50% ethanol composition and 

stabilization was achieved with a 5% blend of Span 80 and Span 85 surfactants. 

Finally, the 40%-60% diesel-ethanol blend resulted in an oil-in-water emulsion with 

phase separation occurring after 24 hours with stabilization achieved by adding 4% 

of Span 85 surfactant. t's worth noting that blends with higher ethanol content tend 

to be more challenging to stabilize, and the choice of surfactants and their 

concentrations plays a crucial role in achieving stability. 

Unglert et al. [35] discuss the significance of the chemical-physical behavior of 

modern fuels in addition to factors like sustainability, emission reduction potential, 

and production costs. It highlights the diverse range of biofuels available, 

showcasing differences in polarity, low-temperature performance, miscibility, 

stability, lubricity, and other properties. These variations, from highly polarized 

OME to non-polar paraffinic HVO in the middle distillate range, necessitate the 

maintenance of fuel properties required by standards like the "Worldwide Fuel 

Charter" to ensure drop-in compatibility across a wide range of applications. The 

authors highlight R33 (one of the fuels explored in this thesis) as an example of 

blending unpolarizable substances like HVO and polar biodiesel in mineral oil-based 

diesel fuel with additives to create a stable fuel that combines their positive 

properties. 



Chapter 2 – A Comprehensive Review of Low Carbon Fuels for Diesel Engines 

49 

 

The use of nanoparticles (NPs) in biodiesel production and their effects on the 

performance, combustion, and emission characteristics of diesel engines has been 

reviewed by Bidir et al. [96]. While pure biodiesel can be used in diesel engines, it 

has some drawbacks like lower energy density, a lower CN, and reduced LHV 

compared to conventional diesel fuel. Therefore, using biodiesel blends with 

biofuels could improve the biodiesel. The review mentions the use of various NPs 

like metals, metallic oxides, and metallic combinations as additives in biofuel 

production. These NPs can enhance fuel properties and performance. Magnetic NPs 

are also mentioned for large-scale biodiesel production due to their ease of 

separation and reuse. Nanotechnology is explored for enzyme immobilization, 

which can improve catalyst stability and reusability, ultimately reducing biofuel 

production costs. Additionally, the authors discuss the potential applications of 

nanotechnology in various areas of biofuel production, such as fermentation, 

pyrolysis, biochar, and gasification, to improve efficiency and reduce environmental 

impact. The use of NPs in diesel engines is also explored. Adding NPs to diesel-

biodiesel fuel blends can enhance thermo-physical properties, leading to improved 

engine performance and reduced emissions. However, the specific effects depend on 

the type and concentration of NPs used.  

In the context of performance Bidir et al. [96] reiterate that the addition of 

oxygenated fuels to diesel fuel has been found to increase the oxygen content of the 

blend while reducing its density and viscosity. However, higher ethanol percentages 

in diesel-biodiesel-ethanol blends can lead to a reduction in BTE and an increase in 

BSFC. To enhance BTE, various metallic and metallic oxide NPs such as Al2O3, 

CuO, TiO2, GO, and graphene have been added to diesel or diesel blends with 

biodiesel and ethanol in direct injection CI (DICI) diesel engines. These NPs have 

been shown to increase BTE by up to 25%, primarily due to their catalytic effect and 

improved combustion compared to blends without NPs. Concerning combustion, the 

addition of NPs has led to a shortened ignition delay. The addition of ethanol in 

diesel-biodiesel blends and various NPs, including Al2O3, CeO2, TiO2, GO, and 

graphene, has been found to enhance the HRR and in-cylinder pressure, contributing 

to improved combustion efficiency. In terms of emissions, the use of biofuel blends 

with NPs has generally led to reduced emissions of HC, CO, and smoke. Notably, 

the addition of specific NPs, such as CNTs and TiO2, has led to a substantial decrease 

in NOx emissions, showing potential for emission control.  

Preuß et al. [46] 200 ppm added Trigonox B, a lubricity agent, for blends with OMEx 

and 2-ethylhexanol. Methanol (and other short-chain alcohols) lubricity is extremely 

low, and the fuel can cause corrosion on metal components. Researchers that have 

used methanol as a fuel (like in previous work by the author [97],  Shamun et al. [98] 
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and Aziz et al. [99]) use additive like Infineum R566 and VpCI®-706 to try to 

improve the lubricity and prevent the corrosion. As methanol is severely lacking in 

these two aspects the quantity of both additives should be used in relatively high 

quantities from 200 to 300 ppm (parts per million) by mass. Nonetheless, the 

additives can be introduced to methanol without altering emission levels or 

combustion characteristics within the cylinder, mitigating some of the corrosion 

issues.  

In the review by Singh et al. [87] oxygenated additives like clove oil, eugenol, 

eugenyl acetate, and di-n-pentyl ether (DNPE) have been studied for their effects on 

combustion and emissions. The results revealed that when incorporating a 0.2% bio-

additive into the fuel, it was possible to lower BSFC and decrease engine exhaust 

emissions. Additionally, the esterification process enhanced oxygen enrichment in 

eugenol, which contributed to achieving optimal fuel combustion. 

Fuel properties, including viscosity, surface tension, and evaporation, along with 

structural properties, significantly influence spray formation in various fuel blends. 

Ul Haq et al.'s review [100] emphasizes alcohols as potential fuel additives, focusing 

on their fluid properties like viscosity and density, which impact spray quality, as 

well as their effects on ignition delay and soot emissions. For instance, ethanol can 

enhance spray quality but may lead to longer penetration lengths under certain 

conditions. Ether-based additives have shown potential in improving fuel spray 

quality and combustion efficiency in diesel engines, offering benefits such as 

increased cetane number, improved atomization, and reduced emissions, depending 

on the specific ether used and the blending ratio with diesel. Aliphatic compounds, 

often used as corrosion inhibitors and fuel additives, can increase ignition delay and 

reduce ignition quality, with common examples like n-heptane, n-octane, and iso-

octane. A toluene and n-heptane mixture serves as a proposed surrogate for diesel 

blends, and aromatic compounds like toluene and dimethyl furan (DMF), despite 

their challenging preparation process, have potential as biofuel additives for diesel. 

Karthickeyan et al. [101] conducted a comprehensive investigation into the engine 

characteristics of a single-cylinder Direct Injection (DI) diesel engine fueled with 

Lemon Oil (LO) biofuel, which was derived from lemon peels through steam 

distillation. The physio-chemical properties of LO were analyzed and compared with 

diesel based on ASTM biodiesel standards. To improve LO's properties, a cetane 

enhancer called Pyrogallol (PY) was added. Improved performance and combustion 

characteristics were observed with LO and PY blend, resulting in reduced CO, HC, 

and smoke emissions. 
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While promising advancements have been achieved through the incorporation of 

additives, challenges persist. Additionally, the integration of nanoparticles and 

oxygenated additives shows immense potential in improving combustion efficiency 

and reducing emissions, although the precise effects depend on various factors.  

4 Optimizing the vehicle for low carbon fuels 

Adapting a vehicle for use with low carbon fuels represents a crucial step in reducing 

our carbon footprint and mitigating the impacts of climate change. This 

transformation involves not only modifying the engine design but also optimizing 

the entire vehicle system. The engine must be tailored to efficiently combust LCFs, 

which may require adjustments to the fuel injection system, ignition timing, and 

compression ratios to ensure proper combustion and performance. Additionally, the 

aftertreatment system (ATS), which is responsible for reducing harmful emissions, 

must be recalibrated to effectively treat the exhaust gases generated from these 

alternative fuels. By aligning the vehicle, engine, and aftertreatment system with 

LCFs, we can significantly reduce greenhouse gas emissions, enhance fuel 

efficiency, and contribute to a more sustainable and environmentally responsible 

transportation sector. 

4.1 Aftertreatment systems with low carbon fuels 

The manufacturers' current approach to address emissions in engines involves 

enhancing thermal efficiency to reduce fuel consumption while keeping emissions 

within regulatory limits through an ATS. Typically, a conventional diesel engine 

ATS includes a diesel oxidation catalyst (DOC) for CO and HC emissions reduction, 

a selective catalytic reducer (SCR) for NOx emissions, and a DPF for soot emissions 

treatment. However, stricter emission regulations have led some manufacturers to 

adopt dual-SCR or even three-SCR configurations [102], increasing the complexity 

and cost of ATS, particularly due to the consumption of urea for NOx reduction.  

The use of oxygenated fuels like OMEx in engines reduces exhaust temperatures 

[76], complicating the DOC's operation, which requires higher temperatures for 

efficient conversion. This temperature reduction may also lead to elevated CO and 

HC emissions. However, OMEx shows promise in NOx reduction due to reduced 

peak temperatures and extensive EGR use. At full load, where NOx emissions rise, 

it might be possible to eliminate SCR from ATS since emissions exceed limits only 

in rarely used conditions. Regarding UHC and CO emissions, high EGR rates and 

low in-cylinder temperatures result in significantly increased UHC levels but may 

still be manageable with a properly designed ATS. However, CO emissions are 
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problematic and cannot be effectively reduced with conventional ATS systems, 

making this concept less viable due to a 30% fuel consumption penalty.  

Vallinayagam et al. [103] observed that a 50% blend of pine oil with a SCR and 

catalytic converter (CC) exhibited a 7.5% higher BTE compared to diesel fuel, while 

also reducing smoke, CO, HC, and NOx by 70.1%, 67.5%, 58.6%, and 15.2%, 

respectively, at full load conditions. Gren et al. [104] studied primary and secondary 

aerosol (from atmospheric processing) HVO and RME emissions from a heavy-duty 

diesel engine with and without exhaust ATS. The results indicate that replacing 

petroleum diesel with HVO and RME reduces primary PM emissions and secondary 

aerosol production. The DOC effectively reduces primary nucleation mode 

emissions and mitigates secondary particle production. Notably, the DOC combined 

with a DPF removes over 99% of particle number and equivalent black carbon 

emissions. Furthermore, the study delves into the role of lubricating oil in aerosol 

emissions and the effectiveness of the DOC in removing lubricant-derived particles, 

suggesting that while the DOC contributes to reducing secondary aerosol emissions, 

its effect is overshadowed by the altered HC emissions due to different fuel types. 

The results emphasize the potential of renewable diesel fuels, like HVO and RME, 

to reduce both primary and secondary PM emissions; however, it is also noted that 

findings may not account for all real-world operating conditions and atmospheric 

factors that can affect secondary aerosol formation.  

Wu et al. [105] investigated the combustion and emission performance of GTL fuel 

in an IVECO EURO5 DI diesel engine equipped with a DOC and DPF. Results 

showed that increasing the GTL fuel fraction led to a significant reduction in particle 

emissions at both engine-out and DPF-out, in nucleation and accumulation modes 

due to its chemical composition that promotes more complete combustion. The DPF 

achieved over 99% filtration; however, at higher engine power settings, diesel fuel 

generated more accumulation mode particles that exceeded the DPF's filtration 

capacity.  

Zhang et al. [106] examined the effectiveness of a DOC and a catalyzed diesel 

particulate filter (CDPF) ATS in reducing emissions from biodiesel blends. The 

introduction of the DOC + CDPF ATS significantly improved emission reductions. 

This system effectively reduced CO and THC emissions, with greater reductions 

observed at higher speeds and with higher biodiesel blending ratios. Furthermore, 

the ATS achieved reductions exceeding 99% for both PN and PM emissions, 

irrespective of fuel type or driving conditions. Karthickeyan et al. [101] also 

extended their investigation by applying a SCR and a CC as ATS to reduce NOx 

emissions. With post-treatment, LO and PY blends showed lower NOx emissions 
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than diesel and LO, making them advantageous in terms of performance, 

combustion, and emission characteristics.  

Lean-NOx Trap (LNT) systems function as a storage-reduction catalyst with a two-

step process involving the storage and subsequent reduction of NOx. These systems 

have been optimized for conventional diesel fuels, but the introduction of new 

biofuels could significantly affect their performance in terms of exhaust gas 

temperature, flow rate, and composition. Hernández et al. [107] provide preliminary 

findings on the interaction between advanced biofuels and LNT in a Euro 6 diesel 

vehicle under the Worldwide harmonized Light vehicles Test Cycle (WLTC). The 

choice of biofuel has a substantial impact on NOx emissions, with different biofuels 

exhibiting varying effects on LNT efficiency. For instance, MoBio® (20% v/v 

oBio®1 + 80% v/v diesel fuel) leads to higher engine-out NOx levels, possibly due 

to its oxygen content, resulting in higher combustion temperatures. On the other 

hand, HVO, with its high CN reduces premixed combustion phases, resulting in 

lower NOx emissions. However, the study also highlights that the trends in LNT 

efficiency do not align with those in engine-out emissions, suggesting that MoBio® 

negatively affects LNT performance, potentially due to catalyst saturation and 

hydrocarbon buildup.  

Diesel outperforms Pistacia khinjuk methyl ester (PKME) blends in terms of engine 

performance (due to its higher LHV and lower density); however, PKME blends 

exhibit lower exhaust emissions across all loads in a study by Karthickeyan et al. 

[108]. To mitigate emissions without compromising performance, a post-

combustion capture system (PCS) is installed, which includes a SCR and CC. This 

system helps reduce emissions of CO, HC, and NOx. With PCS, the 20% biodiesel 

blend showed lower BSCO, BSHC, BSNO and smoke emissions than diesel. 

While advanced ATS have been a standard approach, the adoption of oxygenated 

fuels, renewable diesel fuels like HVO and RME, and innovative fuel blends have 

shown great promise in reducing engine-out emissions. These alternative approaches 

not only offer significant reductions in CO, HC, NOx, and particulate matter but also 

challenge the need for over dimensioned and costly ATS configurations. As we 

continue to navigate the path toward more sustainable transportation, it becomes 

evident that a holistic approach, considering both fuel and aftertreatment 

innovations, holds the key to achieving cleaner and more cost-effective engine 

solutions for the future. 

 
1 oBio® is a biofuel combining FAME and glycerol formal esters (FAGE) 
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4.2 Re-designing the engine for low carbon fuels 

Although using LCF as drop-in substitutes for fossil fuels has great advantages in 

terms of reducing the manufacturing of new parts (and in turn reducing GHG 

emissions and other impact factors associated to the fabrication of new products), 

the potential benefits of designing engine component for the improvement of the fuel 

efficiency and emissions of LCFS are important to be studied.  

A study by Novella et al. [109] used a combination of particle swarm optimization-

novelty search (PSO-NS) algorithm and CFD modeling to optimize the combustion 

system of an engine using OMEx as a fuel with the goal to improve efficiency and 

reduce NOx emissions. The optimization process resulted in a 2.2% increase in 

engine efficiency and a 35.7% reduction in NOx emissions. A parametric study was 

then performed to evaluate how each parameter affects efficiency and NOx 

emissions. The results showed that the number of holes, spray angle, and IVC 

pressure have little impact on efficiency, while the injection pressure and EGR rate 

have a significant impact. The EGR rate has the greatest impact on NOx emissions. 

A few works [110, 111] study the impact of a novel wave-shaped piston bowl design 

on combustion characteristics and emissions in a heavy-duty Diesel engine. Various 

LCF blends, including n-butanol, n-octanol, 2-ethylhexanol, HVO, and RME, were 

tested alongside conventional diesel fuel. The different blends were formulated to 

match the cetane numbers of fossil diesel. The experiments were conducted on a 

single-cylinder Diesel engine equipped with different piston bowl designs (a 

standard ω-bowl and the 6-wave shape). The results indicated that the LCF blends 

generally produced lower soot emissions, but slightly higher NOx emissions 

compared to diesel. In addition, the wave-shaped piston had a positive effect on 

thermal efficiency and soot emissions, particularly for conventional diesel fuel. 

However, its benefits were less pronounced with oxygenated blends. The study also 

highlighted the influence of piston bowl geometry on combustion behavior and 

emissions, emphasizing the potential for optimizing engine performance based on 

the choice of piston design, fuel composition, and operating conditions. 

Karthickeyan et al. [101] thermally coated the engine's combustion chamber 

components with Partially Stabilized Zirconia (PSZ), transforming it into a low heat 

rejection engine. In the PSZ-coated engine, the research demonstrated the potential 

of LCFs, such as LO and PY blends, in improving engine efficiency and reducing 

emissions when combined with advanced engine modifications and ATS. 

For OMEx fuels several works have stated incompatibility with elastomers. Kass et 

al. [81] conclusion suggests that adjustments should be made to the rubber 
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components within the engine to withstand OME3-5 blends, or alternatively, a lower 

proportion of OME3-5 should be incorporated into the blend. Additionally, in work 

by Pastor et al. [112] with OMEx as a fuel a change of fuel pump was made, 

replacing a regular fuel pump by diaphragm pump that uses polymerizing 

tetrafluoroethylene, which is more appropriate for low-lubricant hydrocarbons. This 

last effort indicates that for OMEx to be effectively used in vehicles redesigning the 

fuel injection system might be a worth endeavor. 

The methanol autoignition observations point out that both large and small CI 

engines must be adjusted due to methanol's low reactivity and high latent heat of 

vaporization. Previous research has tackled these challenges through various 

methods, such as employing glow plugs [113], using intake heaters, raising the 

compression ratio (CR) to values as high as 27:1 [98], and exploring concepts like 

spark-assisted ignition [114]. These approaches aim to enhance the available energy 

for autoignition, with a primary focus on increasing temperature, which is considered 

essential for effective methanol combustion in engine applications. Similarly, 

Svenson et al. [115] discovered that increasing the CR can improve combustion 

stability without the need for intake heating. 

Re-designing ICEVs to accommodate LCFs presents a multifaceted challenge with 

promising rewards. Optimizing engine components specifically for LCFs can yield 

significant improvements in fuel efficiency and emissions reduction. Nevertheless, 

it is also important to address with these re-disigns issues like elastomer 

compatibility and fuel injection system redesign, as highlighted by prior research, to 

ensure the effective implementation of certain LCFs. 

5 Challenges and barriers for low carbon fuels 

Transitioning from fossil fuels to non-fossil or LCFs is often viewed as a key strategy 

in combating climate change and reducing the environmental impact of 

transportation and energy production. However, despite the many claimed benefits 

of these alternative fuels, there are several challenges and arguments against their 

widespread adoption. 

One of the primary challenges is the cost associated with the production and 

distribution of non-fossil fuels. Technologies for producing fuels like hydrogen, 

biofuels, and synthetic fuels can be expensive to develop and deploy, particularly 

when compared to the existing infrastructure for extracting and refining fossil fuels 

[116]. This initial cost hurdle can deter investment and slow down the transition 

process. Additionally, the energy input required to produce some non-fossil fuels, 
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such as hydrogen, can be substantial, potentially limiting the overall carbon intensity 

reduction if the energy source is not renewable. 

Another significant challenge is the infrastructure needed for non-fossil fuels. 

Transitioning from gasoline and diesel to alternative gaseous fuels (like hydrogen) 

could require significant changes in fueling stations, transportation networks, and 

vehicle technologies. This infrastructure investment can be a barrier to adoption, as 

it necessitates substantial upfront costs and planning. Furthermore, the availability 

and accessibility of non-fossil fuel infrastructure may vary significantly depending 

on geographic location, potentially leading to disparities in access and adoption 

rates. Liquid LCFs do not necessarily face these issues. 

Arguments against non-fossil fuels also revolve around issues like energy density 

and scalability. Some critics argue that alternative fuels like hydrogen or biofuels 

have lower energy densities than conventional fossil fuels, which can result in 

reduced driving ranges for vehicles or less efficient energy storage solutions. 

Additionally, scaling up the production of non-fossil fuels to meet global energy 

demands may require vast amounts of land, water, and other resources, potentially 

causing unintended environmental consequences such as deforestation or water 

scarcity. This will be discussed more in detail in Chapter 6. 

Greenwashing is another significant concern when it comes to the adoption of LCFs. 

Greenwashing refers to the deceptive practice of marketing products or services as 

environmentally friendly or sustainable when they are, in reality, doing little to 

address environmental issues. In the context of alternative fuels, greenwashing can 

take several forms. Companies may exaggerate, make false claims about the 

environmental benefits of their non-fossil fuels or not provide enough information 

about the sourcing, production, and life cycle emissions of their LCFs, misleading 

consumers and policymakers into thinking that they are making a more significant 

contribution to reducing carbon emissions than they actually are. Additionally, some 

companies may engage in token efforts to promote non-fossil fuels, such as 

producing a small quantity of biofuels while continuing to rely heavily on fossil 

fuels. To combat greenwashing in the transportation industry is important for 

researchers to continue investigating the benefits and challenges of these new types 

of fuel to evaluate their complete potential to address the GHG dilemma. This aims 

to ensure that claims about environmental benefits are accurate.  
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6 Motivation of the study 

The conclusions drawn from the literature review highlight the pressing need to 

address carbon emissions within the transportation sector and the complexity of the 

solutions available. As the transportation sector continues to be a significant 

contributor to GHG emissions, it is imperative to explore and implement strategies 

that can effectively reduce its environmental impact. 

One of the key motivations for this thesis is the evaluation of promising avenues for 

reducing carbon emissions in transportation, such as LCFs blends, including biofuels 

and synthetic fuels. These options offer varying degrees of environmental benefits 

and challenges, making it essential to analyze and compare their impacts 

comprehensively. The thesis seeks to delve into the details of LCFs properties, and 

their potential to reduce emissions in ICEVs. Additionally, this thesis aims to 

provide insights and data to inform the transition towards cleaner means of 

transportation debate by analyzing the environmental impact of different vehicle 

types using LCFs, considering factors like energy sources and manufacturing 

materials. The literature review indicates that there remains a particular research 

domain that necessitates further exploration to expand the application of this concept 

to real-world scenarios:  

• While LCFs can reduce carbon emissions from ICEVs, the challenge of 

tailpipe emissions remains significant. The emissions of harmful pollutants 

from internal combustion engines, even when using LCFs, highlight the 

need for ongoing research and development efforts to mitigate these 

emissions effectively. This thesis contributes to this ongoing effort by 

investigating the effects of LCFs on performance and emissions in a light-

duty ICE. 

 

• The drop-in potential of different LCF emphasizes the critical role of 

assessing the feasibility of LCFs as direct replacements for conventional 

diesel fuels in ICEs. Understanding how these fuels perform in real-world 

engine settings is essential for their widespread adoption and for achieving 

emissions reductions in the transportation sector. 

 

• The relationship between fuel properties, engine settings, and emissions 

provides valuable insights. For instance, fuels with lower LHV may require 

higher fuel mass demands to achieve the same engine load, but the reduction 

in energy density doesn't necessarily translate to an equivalent increase in 

fuel consumption due to increased combustion efficiency, this non-linear 
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effect underscores the complexity of optimizing engine performance with 

LCFs. The influence of factors such as oxygen content, turbocharger 

operation, and specific combustion characteristics on air mass, exhaust 

energy, and overall engine behavior necessitates further exploration.  

 

• The importance of achieving similar or lower regulated emissions and fuel 

efficiency compared to diesel for any LCF to be considered a fossil fuel 

replacement candidate is a critical motivation. The analysis of BSFC and 

energy equivalent BSFC for different LCF blends seeks to explore the 

potential of these fuels to meet or exceed diesel performance in terms of fuel 

consumption and efficiency. Additionally, the variation in NOx and soot 

emissions among LCFs highlights the need for careful consideration of 

emissions control strategies when adopting LCFs. This underscores the 

importance of a comprehensive approach to emissions control and the need 

to tailor solutions to specific LCFs. 

 

• The effects of LCFs on the durability of engine components highlights a 

crucial challenge that must be addressed for the successful integration of 

LCFs into existing vehicle fleets. The need for rigorous durability and wear 

testing, as well as potential improvements in fuel additives or hardware 

design, underscores the complexity of transitioning to alternative fuels. 

 

• An in-depth analysis of the environmental impacts of LCFs across different 

vehicle segments and compared them to a diesel reference aims to assess not 

only the reduction in the carbon footprint of fuel usage and production but 

also other often overlooked environmental impacts that can have significant 

consequences for both human health and the environment. This study 

provides valuable insights into the environmental impacts of different fuels 

and emphasizes the need to consider a broader range of impact categories 

beyond just GWP when evaluating the sustainability of alternative fuels. 

7 Objectives of the study 

Considering the comprehensive literature review and the identified research gaps, 

the main objective of this study is to evaluate the potential of various fuels within 

the LCFs category when applied to a conventional light-duty engine in terms of 

combustion, performance, reduction of pollutant emissions, and the impact of their 

life cycle compared to conventional fuels in different passenger vehicle segments. 

The specific objectives defined to achieve the general objective are as follows: 



Chapter 2 – A Comprehensive Review of Low Carbon Fuels for Diesel Engines 

59 

 

• Analyze the impact of various LCF blends on the performance and 

emissions of light-duty internal combustion engines while identifying the 

key factors influencing their effects on engine behavior. 

• Assess the potential of LCFs as drop-in replacements for conventional diesel 

fuels in internal combustion engines and compare them in terms of regulated 

emissions and fuel efficiency. 

• Analyze the relationships between variations in fuel properties, engine 

settings, and emissions, and analyze the complexities associated with 

optimizing engine performance using LCFs. 

• Evaluate the most efficient emissions control strategies for LCF usage, 

particularly in varying NOx and soot emissions among different LCFs and 

assess the impact of these strategies on fuel consumption while comparing 

them to traditional diesel fuels. 

• Examine the challenges related to the durability of common-rail injectors 

and fuel pumps when incorporating LCFs into existing vehicle fleets and 

propose potential enhancements in testing methods and hardware design to 

mitigate these challenges. 

• Realize an LCA to evaluate the environmental impacts of LCFs across 

diverse vehicle segments and make comparisons with diesel fuel, 

considering not only their carbon footprint but also other frequently 

neglected environmental impact categories.  
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1 Introduction 

This chapter delves into the comprehensive methodology used for the research of 

low carbon fuels (LCFs) in a direct injection (DI) compression ignition (CI) engine. 

The experimental facilities, the characteristics of the multicylinder engine, the fuel 

injection and air management systems, the Exhaust Gas Recirculation (EGR) 

system, and the control system are described in detail, laying the foundation for the 

study. The engine utilized in the experiments is the B16DTH, a commercial 

multicylinder engine, making it an ideal platform for assessing the performance of 

LCFs. 

Accurate measurements of engine performance are crucial to the study, and 

therefore, the chapter elaborates on the measuring equipment, their working 

principle, and the methods employed to capture reliable data during our tests, 

emphasizing their importance in evaluating the engine's behaviour under various 

operating conditions. 

The chapter introduces the seven distinct LCFs tested, highlighting their 

characteristic properties, and drawing upon previous research for correlations 

between fuel characteristics and performance. These insights provide valuable 

context for our investigation and aid in understanding the potential impact of 

different LCFs on engine performance and emissions. 

To carry out the research, various theoretical tools are employed, among which the 

combustion diagnostics tool CALMEC plays a pivotal role. Alongside, relevant 

combustion indicators and parameters essential for the subsequent chapters are 

presented, which improve the understanding of the engine’s behaviour under LCF 

operation. 

Both experimental and numerical methodologies are thoroughly discussed, with an 

emphasis on engine stationary operation. Possible sources of error are addressed to 

maintain the rigor of the study. The test matrix used to evaluate the LCFs is outlined, 

and the chapter distinguishes between two types of calibrations: drop-in and 

optimized. These calibrations will be the focus of the results in the forthcoming 

chapters. For optimized calibration, the concept of the design of experiments (DOE) 

is introduced, along with the explanation for adopting two-level factorial designs, 

providing a robust framework for optimization. 

The chapter concludes by delving into the modelling of engine performance using 

linear models and linear optimization based on those models. This modelling 

approach enables to predict optimum conditions and validate them through 
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subsequent tests. By combining experimental data with numerical modelling, the 

aim is to gain deeper insights into the potential of LCFs for achieving more 

sustainable and efficient combustion in DI CI engines. 

2 Experimental facilities 

This section describes the experimental setup used to investigate the effect of LCFs 

on performance and emissions in a light-duty ICE. This includes a description of the 

engine, the fuel injection system, and the emissions measurement equipment; 

including a description of the data acquisition system used to measure engine 

performance and emissions, as well as the software used for data analysis. The 

experimental procedure is also described in detail, including the conditions under 

which the experiments were conducted. 

2.1 Multicylinder engine description 

The experimental section of the study will be carried on a B16DTH diesel engine, 

which is compliant with EURO 6 normative in its commercial version and it is 

equipped in a series of vehicles like the OPEL Astra J, Vauxhall Zafira Tourer 1.6 

and other medium sized passenger cars. Details on the engine and its subassemblies 

are described in this section.  

2.1.1 Engine description 

The engine is a 1.6L 4-cylinder in-line diesel (B16DTH) engine provided with a 

high-pressure EGR system. Because the research focuses on assessing whether the 

LCFs could be used with minimal modifications into existing systems, almost no 

changes were made in the engine (scheme depicted in Figure 2). The engine can 

deliver up to 100 kWh at 4000 rpm with diesel as the use fuel. Table 1 shows the 

most relevant information for the engine. 

Table 1. Engine characteristics 

Engine type  4-stoke, 4-valves, direct injection 

Number of cylinders (-) 4 

Cylinder diameter (mm) 79.7 

Stroke (mm) 80.1 

Total displaced volume (cm3) 1598 

Connecting rod length (mm) 140 

Compression ratio (-) 15.5 

Rated power (kw) 100 @ 4000 rpm 

Rated torque (Nm) 320 @ 2000 rpm 
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The B16DTH is mainly made from aluminum, with an aluminum engine block, die-

cast aluminum bedplate, an aluminum cylinder head and pistons; nonetheless 

connecting rods are made of forged steel. The piston bowl profile is shallow re-

entrant type to facilitate combustion (Figure 1) and the pistons are cooled by under-

skirt oil spraying. Each of the 4 cylinders has 4 valves which are actioned by a chain 

driven dual overhead camshaft.  

 

Figure 1. Piston bowl profile 

2.1.2 Fuel injection system 

The injection system relies on direct injection, as is typical for compression ignition 

diesel engines. During tests with the LCFs the fuel injection system (FIS) was 

maintained with stock specifications, with the fuel injected into the combustion 

chamber by high-pressure solenoid injectors, which are connected to a common rail 

with pressure regulator feed by a fuel lubricated high-pressure pump. Table 2 

provides the main characteristics for the FIS.  

Table 2. Injection system characteristics 

Type of injector Solenoid 

Number of holes (-) 7 

Hole diameter (µm) 141 

Flow number (cc/30s) 340 

Maximum injection pressure (bar) 2000 
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2.1.3 Air management and exhaust gas recirculation systems 

One of the main reasons why current engines have reached high efficiencies is the 

air management system. The studied engine air management system is composed of 

a turbocharger with a variable geometry turbine (VGT) and a fixed geometry 

compressor. The VGT allows efficient operation through a wide range of mass flows 

according to its vane position. The ability to vary the flows in this way provides a 

degree of freedom which will be later taken advantage of during the calibration of 

the operation with LCFs, by allowing to correctly match mass flow variations and 

EGR concentrations.  As for the calibration, it is important to characterize the EGR 

system as it has become a fundamental sub-system to provide an adequate tradeoff 

between NOx-soot and performance in ICEs. For this work the original high-

pressure EGR route was maintained, where a portion of the exhaust gases is rerouted 

(and regulated with a valve) to a heat exchanger for reduction of the temperature to 

later be mixed with the fresh intake air coming from the compressor. These systems 

can be observed in Figure 2, represented by the blue, orange and red solid lines. 

2.1.4 Engine control system 

The engine control unit (ECU) was provided with a baseline diesel B7 calibration, 

developed by General Motors (GM) and PUNCH Torino (formerly GM Powertrain 

Torino). As will be later described in detail, this baseline calibration is used for drop-

in tests to represent the scenario of the current automotive fleet. The ECU was open 

so with an INCA V5.2 virtual environment (dedicated tool for ECU tests, diagnostics 

and calibration of 128 electronically controlled systems in the vehicle [1]) the 

baseline calibration could be modified and optimized for the use of the engine with 

LCFs. 

During this work 8 main parameters, for air management and injection control, were 

adjusted during the calibration optimization tasks. For the injection settings the 

injection pressure (IP), the start of injection (SOI), the volume (Vx) and dwell times 

(Dx) of the two pilot injections and the total mass injected (MI) were varied. The air 

mass quantity per cylinder cycle (Air) and boosting pressure (Boost) where 

controlled from the air management system; these last two variables in tandem 

regulate the amount of EGR that goes into the cylinder, where their reduction 

(particularly the Air) increases the amount of EGR by virtue of being linked to higher 

EGR valve aperture maps. 
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2.2 Test cell characteristics 

The test cell configuration used in this study is represented in Figure 2. The test cell 

was equipped with a dynamometer, a gas analyzer, a smoke meter, a gravimetric fuel 

balance, pressure and temperature sensors, as well as controls and acquisition 

systems; these systems provided measurement of the main boundary conditions for 

the analysis and control of the engine during tests. 

 

Figure 2. Test cell schematic 

Table 3 provides a summary for the main instrumentation used during this study, 

while the next subsections will describe the working range, measurement principles 

and uncertainties associated with the sensors, in addition to the signal processing 

devices used. 
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Table 3. Test cell instrumentation summary 

Variable  Device Manufacturer/ 

model 

Accuracy 

Engine speed Encoder AVL / 364C ± 0.2 CAD 

Instantaneous 

pressure 

Piezoelectric 

transducer 

AVL GH14p ±1% @ max. 

pressure 

Intake/Exhaust 

pressure 

Piezoresistive 

transducers 

Kistler / 4045A ± 25 mbar 

Temperature Thermocouple TC direct / type K ± 2.5 ºC 

NOx, CO, HC, O2 

and CO2 

Gas analyzer Horiba MEXA 7100 

D-EGR 

4% 

 FSN Smoke meter AVL 415SE ±0.025 FSN 

Fuel mass flow Fuel balance AVL 733S ±0.12% 

Air mass flow Air flow meter ABB/Sensyflow 

FMT700-P 

±0.1% 

Blow-by flow Blow by flow meter AVL 422 ±0.1% 

Torque Dynamometer Dynas3 LI 250 0-250 kW 

  

2.2.1 Engine speed and torque regulation and measurement 

For engine speed and torque regulation and measurement, the test rig was provided 

with a Horiba’s Dynas3 LI 250 dynamometer [2]. This dynamometer guaranteed 

steady stationary conditions of engine speed and torque, preventing variations over 

time that could cause differences in the mass flow and other engines subsystems in 

a cycle-to-cycle basis. The dynamometer can support engines with power outputs up 

to 250 kW and torques up to 480Nm and 4980 rpm, which is more than enough to 

handle twice the maximum rated engine power and torque. Additionally, the 

dynamometer allows loading and motoring the engine which allows to assist during 

engine start and to characterize non-combustion operation. 

The dynamometer allows to measure the reactive force of the device, by converting 

the mechanical energy generated by the engine into electrical energy. The Dynas3 

LI in this study was calibrated at the start of the experimental campaign and checked 
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with calibrated weights periodically. For speed measurements, an additional optical 

AVL 364C encoder was installed on the crankshaft of the engine. 

2.2.2 Average signal measurement 

For steady-state measurements (as the ones carried out in this study) time-averaged 

measurements are useful to monitor and control boundary conditions, mainly as the 

signal dynamics are low.  

The average pressure was measured with piezoresistive Kistler 4045A transducers, 

which have a measurement range of 0 to 10 bar and an accuracy of 25 mbar [3]. 

Conversely, temperature was acquired by means of both thermocouple thermos-

resistive sensors. Thermocouples of type k were used with measurement range from 

0 to 1100°C and precision of 2.5°C, while thermo-resistive Pt100 sensors have been 

used to measure the oil and water temperatures with a measuring range from -200 to 

+850°C, with a precision of 0.3°C. 

2.2.3 Instantaneous signal measurement 

The piezoelectric AVL GH14p sensor was used for the measurement of 

instantaneous pressure. This task is considered one of the most critical ones for 

combustion analysis and must provide signals with low thermal shock and support 

high pressure values. The sensor’s measuring range covers from 0 to 250 bar, which 

is higher than the maximum pressure for the testing as the limit for pressure is 180 

bar. Additionally, the thermal sensitivity change values are low as well as the cyclic 

temperature drift and thermal shock error [4]. The sensor is a direct mount sensor in 

combination with a glow-plug adaptor, therefore no drilling needs to be done to the 

cylinder head for its installation, only the replacement of one of the existing glow-

plugs. A Kistler 5015A charge amplifier was used to pre-condition the signal before 

its acquisition. Instantaneous pressure transducers were also installed at the intake 

and exhaust of the engine, however the thermal and pressure requisites for this 

sensing devices is not as high as for the in-cylinder sensor, thus Kistler 4045A10 

piezoresistive sensors were used.  

2.2.4 Mass flow measurement 

The air mass, fuel and blow-by values are important parameters that determine the 

combustion, and their measurement is dependent on the phase they are present in. 

The air mass flow was directly measured with an ABB’s Sensyflow FMT700-P, this 

measurement instrument is independent of the operating temperature and pressure 

making it accurate at various operating conditions with a maximum range of 5000 

kg/h [5]. Blow-by was measured with an AVL 422, which measures the leaking gas 
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volume from the engine between the piston and piston rings by the principle of and 

orifice measuring pipe and evaluation electronics [6].  

The fuel mass flow was measured by a AVL 733S fuel balance which 

gravimetrically determines the fuel consumption of the engine by using a weighing 

vessel (that fills for each measurement) linked by a bending beam to a capacitive 

displacement sensor [7]. The range of the measurement is 0 to 150 kg/h and the 

measurement uncertainty is 0.12%. The measurement of the fuel consumption is also 

independent of the density of the fuel as only the mass is taken into consideration, 

which is positive considering that several fuels with different properties are 

measured in this study.  

2.2.5 Emissions measurement 

The Horiba Mexa 7100 D-EGR was the device used for the measurement of NOx, 

CO, HC, O2 and CO2, in addition to quantifying the EGR proportion. The species 

are quantified by a specific measurement principle each, which is summarized in 

Table 4, in addition to the range and measurement uncertainty. 

Table 4. Horiba MEXA 7100 D-EGR components, measurement principles range, and 

associated uncertainty. 

Component  Model  Principle  Range  Uncertainty  

CO  AIA-31  NDIR  0-12 vol%  4%  

CO2  AlA-32  NDIR  0-20 vol%  4%  

HC  FIA-01  FID  0-10000 ppmC  4%  

O2  MPA-01  MPD  0-25 vol%  4%  

NOx  CLA-01  HCLD  0-10000 ppm  4%  

 

Table 4 shows that four measurement principles are used to determine different 

engine-out species. The Non-Dispersive InfraRed detector (NDIR), the magneto-

pneumatic detector (MPD), Heated chemiluminescence detector (HCLD) and the 

flame ionization detection (FID) principles, which will be briefly described in this 

section. 

The NDIR principle separates broadband light into suitable wavelengths that can be 

absorbed by the gas of interest (CO and CO2) to identify it. This signal is compared 
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to a reference signal in a neutral environment and the respective intensity reduction 

is proportional to the concentration values [8]. In the FID principle, a hydrogen flame 

(mix with synthetic air and helium) is used to ionize organic compounds containing 

carbon or unburned hydrocarbons (HC). The generation of ions is proportional to the 

concentration of organic species in the sample gas stream, which are detected by two 

electrodes used to provide a potential difference [9]. The detector in MPD uses a 

magnetic proportional flow rate system to measure O2 because it has strong 

paramagnetic properties which modify a dumbbell position whose movement is 

opposed by a feedback system for which the opposing force is measured and 

translated into the oxygen concentration [10]. Finally, the NOx is measured using 

the HCLD principle which comprises the conversion of NOx to NO by a catalyst 

and they reacted with ozone to an excited state to produce an excited state of NO2; 

then, the excited-state NO2 emits light as it returns to its ground state which is 

proportional to the concentration of NOx in the sample [11]. 

The measured species are accounted for on either a wet or dry basis, depending on 

whether the exhaust gas water was removed from the sample before the analysis. For 

example, in the NDIR to measure CO and CO2 the sample is dried to reduce the 

water before the measure. The European Commission in the regulation 2016/427 

[12] indicates that for regulatory purposes emissions can be measured dry or wet, 

but if they are dried the drying device shall have minimal effect on the composition 

of the gas. Additionally, the regulation states that if emissions are measured dry, the 

concentrations shall be converted to a wet basis using Equation 1 and Equation 2. 

𝑐𝑤𝑒𝑡 = 𝑘𝑤 ∙ 𝑐𝑑𝑟𝑦 Equation 1 

𝑘𝑤 = (
1

1 + 𝛼 × 0.005 × (𝑐𝐶𝑂2
+ 𝑐𝐶𝑂) −

1.608 × 𝐻𝑎

1000 + 1.608 × 𝐻𝑎

) × 1.008 Equation 2 

 

In the equations, 𝑐𝑤𝑒𝑡 is the wet concentration of a pollutant (in ppm or percentage), 

𝑐𝑑𝑟𝑦 is the dry concentration of the pollutant and 𝑘𝑤 is the dry-wet correction factor, 

which depends on the molar hydrogen ratio 𝛼, the dry CO and CO2 concentrations 

(𝑐𝐶𝑂2
 and 𝑐𝐶𝑂 in %), and the intake air humidity 𝐻𝑎 in grams of water per kilogram of 

dry air. 

After addressing raw emissions accordingly [12], instantaneous mass emissions are 

calculated following Equation 3 
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𝑚̇𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 = (𝑥𝑖 ∙
𝑀𝑊𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝑀𝑊𝑒𝑥ℎ
) ∙ 𝑚̇𝑒𝑥ℎ Equation 3 

 

where 𝑚̇𝑒𝑥ℎ is the measured exhaust gas flow in g/s,  𝑥𝑖 is the fraction of each 

component (in ppm or percentage), 𝑀𝑊𝑖 is the molecular weight of the emission and 

𝑀𝑊𝑒𝑥ℎ is the molecular weight of the exhaust gas. Due to the differences in 

measuring principles and emission types, the specific case of each pollutant might 

be corrected by specific factors. Emissions can also be converted to brake or 

indicated power specific units by dividing the emission mass flow by the power (P) 

delivered by each operating condition. Then, the specific emissions (SX) are 

calculated following Equation 4 

𝑆𝑋 =
 𝑚̇𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛

𝑃
 Equation 4 

 

As shown in Figure 2, the Horiba Mexa 7100 D-EGR is connected to the exhaust by 

a probe located downstream of the turbo, where the sample is conducted to the 

measuring device by a warmed-up line that keeps the sample at 192°C to avoid 

hydrocarbon condensation. In addition to this, the intake is connected as well to the 

device by a probe after the EGR is integrated to measure the CO2 concentration at 

the intake. Then, with the CO2 concentrations at both the intake and the exhaust, the 

EGR proportion can be calculated by Equation 5. 

𝐸𝐺𝑅 [%] =  
𝐶𝑂2𝑖𝑛𝑡𝑎𝑘𝑒−𝑑𝑟𝑦

− 𝐶𝑂2𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝐶𝑂2𝑒𝑥ℎ𝑎𝑢𝑠𝑡−𝑑𝑟𝑦
− 𝐶𝑂2𝑎𝑚𝑏𝑖𝑒𝑛𝑡

× 100 Equation 5 

 

2.2.6 Soot measurement 

To provide a comparable quantity for the engine smoke measurement the AVL 

415SE [13] was used. The device calculates soot by passing a fixed volume sample 

of the exhaust gases through a white paper filter (with a calibrated index of light 

reflection); in this process, the paper is blackened which later allows a reflectometer 

to correlate the degree of change of the light reflection with a value denoted Filter 

Smoke Number (FSN). The FSN ranges between 0 (completely white filter) and 10 

(completely black paper), with a resolution of 0.001 FSN and a minimum detectable 

limit of 0.002 FSN. 

The FSN can be converted into mass per volume of exhaust gas (mg/m3) applying 

the correlation proposed by Christian et al. [14] shown in Equation 6 
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𝑠𝑜𝑜𝑡 [𝑚𝑔/𝑚3] =  
1

0.405
∙ 4.95 ∙ 𝐹𝑆𝑁 ∙ 𝑒(0.38∙𝐹𝑆𝑁) Equation 6 

 

Afterwards, the mass concentration of soot per mass of exhaust gas (mg/kg) can be 

calculated assuming constant density for the exhaust gas of 1.165 kg/m3, which later 

serves as the basis to calculate the indicated soot as previously described.  

Although the opacimeter measurement is commonly used, the particulate matter 

present in the exhaust can be underestimated with this device. The opacimeter 

measures smoke opacity from which mass concentration was calculated. The 

underestimation can be derived from the fact that its optical system is not accurate 

to quantify some species such as condensable organics. Currently, other 

measurement devices such as the Engine Exhaust Particle Sizer (EEPS) are preferred 

for their capacity to measure particle number and their size. Nonetheless, for the 

purpose of this study the FSN will serve as a sufficient initial comparison plane for 

the different fuels. 

2.2.7 Data acquisition systems 

Due to the large amount of data and parameters to be registered and their different 

origins, the test rig has three data acquisition systems with different sample 

frequencies and targets. The dynamometer was controlled by an in-house 

LABVIEW controller called SAMARUC, where the target was to maintain the 

engine speed, independently of the disturbances caused by the user; after which the 

engine load is modified by the amount of injected fuel. The SAMARUC controller, 

in addition to the dynamometer control, recorded temperature and pressure values 

from the sensors, and other important parameters during evaluations such as the 

integration of the flow measurements, gas analyzer and smoke meter readings at a 

sampling frequency of 10 Hz. During measurements the system registers all 

variables for 40 seconds and averages each one. 

The instantaneous pressure and speed signals were interpolated to 0.2 CAD and 

recorded for 100 cycles with AVL’s Indicom software to be later processed to 

evaluate the combustion with heat release analysis. This process requires a high 

sampling frequency which the software adapts to the specific engine speed recording 

always 720 CAD marks and calculating the time between marks. 

  



88 

 

3 Fuel properties and characteristics 

During this work diesel-like LCF blends were tested to evaluate their performance 

and emissions. In this context, LCF will refer to fuels whose synthesis represents a 

lower CO2 emission than diesel. Besides the potential environmental benefit of the 

fuels, the blend physical and chemical properties can also modify the combustion of 

the engine or be more prone to increase or decrease certain emissions. The LCFs 

blends are composed by the fuels described in Chapter 2 and their proportion will 

confer to a certain degree some of the properties of the single components. This 

section describes the composition, and the most relevant physical and chemical 

properties of the LCF blends used in the experiments.  

 

Figure 3. Low Carbon Fuel (LCF) blends volumetric composition 

The LCF blends naming convention used in this work indicates the volumetric 

proportion of renewable fuel in the blend by the number at the end; thus, fuels with 

100%, 66% and 33% renewable content by volume are tested and compared to 

diesel. Figure 3 shows the components of each of the blends and the reference diesel. 

The blends can be grouped by composition origin of the renewable proportion. Then, 

the LCD100, LCD66, LCD33, MaxOME66 and MaxOME33 all have the same main 

components (diesel, Fischer-Tropsch (FT) diesel and OMEx) with synthetic 

renewable proportion; while RE100 is a binary composition of FT diesel and RME 

and R33 a ternary blend of diesel, FAME and HVO fuel which are bio-originated. 

0% 20% 40% 60% 80% 100%

B7 Diesel

RE100

R33

MaxOME33

MaxOME66

LCD33

LCD66

LCD100

Fossil Diesel FT Diesel OMEx
FAME RME HVO
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Table 5 shows the main LCF blends’ properties at standard conditions. The physical 

properties of the fuel have a significant impact on the injection characteristics and 

spray droplets aggregation of the fuel [15], while the chemical properties strongly 

affect the combustion characteristics. 

Since OMEx has a low lower heating value (LHV), which is on average 19.2 MJ/kg; 

the fuel blends with a higher OMEx proportion will have a drop in their LHV. The 

fuel with the highest OMEx proportion in turn has a LHV that is 10.7% lower than 

diesel. Contrarily, the fuels which contain RME, FAME and HVO (with LHV of 

37.2 MJ/kg for FAME and RME and 44 MJ/kg for HVO) have similar to diesel’s 

LHV. Similarly, FT diesel has a LHV of 44 MJ/kg which allows to reach similar 

levels of the reference diesel. The low LHV of the OMEx containing blends is a 

direct consequence of the composition of the OMEx molecule, which could have 

almost half of its composition as oxygen [16]. This type of relation between one 

property of the blend and another is explored in Figure 4 (bivariate correlations 

between the properties shown in Table 5 for the LCF blends), and is closely linked 

to the fuel composition helping to explain some of the phenomena discussed in this 

work. 

The representation in Figure 4 allows to evaluate the level of linear correlation or 

independence among the fuel properties. The Pearson correlation coefficient r, as 

calculated in  Equation 7, is shown for each pair of properties. In the equation, 𝑥𝑖 

and 𝑦𝑖 are the values of the x and y variables, while 𝑦̅ and 𝑥̅ are the mean values of 

x and y. A close to 1 coefficient indicates a stronger positive correlation between 

properties. Conversely, when it is closest to -1, a strong negative correlation is 

present. When the coefficient nears 0, no correlation is present, and the properties 

are said to be independent. The figure also shows p-values, which measure the 

probability of the obtained results occurring if the null hypothesis is true (in this 

case, the probability that there is no relationship between the fuel properties). 

Conventionally, the lower the p-value, the higher the statistical significance of the 

results; however, this should be interpreted with caution. 

𝑟 =  
∑(𝑥𝑖 − 𝑥̅)( 𝑦𝑖 − 𝑦̅)

√∑(𝑥𝑖 − 𝑥̅)2 ∑(𝑦𝑖 − 𝑦̅)2
 Equation 7 
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Table 5. Main fuel properties at standard conditions. 

Fuel Ref. 

Diesel 

LCD 

100 

LCD66 LCD33 Max 

OME66 

Max 

OME33 

R33 RE 

100 

CN [-] 53.3 87 70 61.8 69.6 61 59 83.5 

ρ@15ºC [g/ml] 0.834 0.821 0.825 0.827 0.841 0.845 0.821 0.799 

Cloud Point [ºC] -7 8 -6 -11 3 -10 -10 2 

CFPP [ºC] -20 -1 -9 -17 -1 -17 -24 -1 

Flash Point [ºC] 61 66.5 61.5 60.5 61.5 55.5 67 >100 

Lubricity, Wear 

scar D@60ºC 

[µm] 

161 343 284 248 234 198 167 146 

Sulfur [mg/ kg] 5.4 2.1 3.3 4.6 3.4 4.6 4.5 2.2 

ν@40ºC [cSt] 2.861 2.075 2.23 2.461 2.074 2.218 2.906 2.898 

Water content 

[%m/m] 

0.008 0.015 0.013 0.011 0.014 0.013 0.012 0.009 

HHV [MJ/ kg] 45.67 41.6 42.88 44.4 41.06 42.36 45.98 45.76 

LHV [MJ/ kg] 42.81 38.67 39.96 41.48 38.24 39.55 43.04 42.73 

C [% m/m] 85.78 76.05 79.48 82.89 76.49 79.58 85.4 83.64 

H [% m/m] 13.45 13.81 13.78 13.74 13.3 13.23 13.84 14.2 

O [% m/m] 0.77 10.14 6.75 3.36 10.21 7.18 0.76 2.16 

FAME [%v/v] 7.1 <0.1 <0.1 <0.1 <0.1 <0.1 7 20 

Total aromatics 

[%v/v] 

20.1 0.2 8.1 14.5 8.2 14.5 13.6 0.2 

AFRsto [-] 14.36 12.97 13.50 14.02 12.84 13.30 14.45 14.31 
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In Figure 4, it can be observed that the LHV and the oxygen content are nearly 

perfectly correlated, which is similar to previous results for diesel fuel obtained with 

cetane improvers and oxygenates by Ullman et al. [17]. The representation also 

highlights the effect of properties where the variation within the population is small 

like the hydrogen mass content in the fuel which is related to the flash point of the 

fuel and the density. The work presented in [18] proposed a calculation method for 

the higher heating value (HHV) based on the viscosity of the fuel. This method 

yielded errors below 1% and showed a strong correlation between viscosity and the 

HHV, which resembles the correlation observed in this work.  

Knowing which fuel properties are strongly correlated between them will also allow 

in future sections to provide analysis of the different engine responses with emphasis 

in fewer properties, as the presence of one effect can be derived from the correlations 

that exist with the selected properties like LHV, CN, density, viscosity and total 

aromatics (which can be considered sufficiently independent). 

Figure 5 shows how are the fuel properties distributed in the tested LCF blends. In 

the diagram provided, each chart displays the chosen variable values using a 

consistent scale. This visual depiction facilitates the observation of a nearly 

exclusive correlation between aromatics and the proportion of fossil diesel within 

the fuel. Moreover, the utilization of fuel types such as HVO, OMEx, and FT diesels 

serves a dual purpose by acting as cetane improvers. Notably, the data also validates 

that an increase in the proportion of OMEx results in a reduction in the fuel's LHV. 
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Figure 5. Balance of fuel properties for the studied LCF blends 
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4 Theoretical tools 

The collected data needs to be post-processed to extract insightful observations from 

the experiments. This section describes the theoretical tools used for this purpose 

and the main equations that govern the observed phenomena. 

4.1 Combustion diagnosis model  

To study the combustion process in CI engines it is essential to have a 

thermodynamic model of diagnosis that allows to obtain from the instantaneous in-

cylinder pressure parameters such as the total heat released (HRL) from the engine 

and its derivative the heat release rate (HRR). For this purpose, 0-dimensional and 

1-dimentional models are often used. The basis for these models is the first law of 

thermodynamics, which is applied to the volume within the combustion chamber in 

the interval between the inlet valve closing (IVC) and the exhaust valve opening 

(EVO), hence the closed cycle of the engine. 

During this study, CALMEC [19, 20, 21] was used as the combustion diagnosis. 

CALMEC is a tool developed within CMT-Motores Termicos (currently CMT-

Clean Mobility and Thermofluids) which allows the calculations of the heat release 

by using the in-cylinder pressure, the average mass of air and fuel, and other 

boundary conditions like the intake and exhaust pressure and temperature. The 

energy balance follows the first principle of thermodynamics for open systems with 

the fuel energy as the input to the system and inefficiencies, blow-by, heat transfer 

and work are considered as outputs. This is presented in Equation 8. 

Δ𝐻𝑅𝐿 =  𝑚𝑐𝑦𝑙 ∙ Δ𝑢𝑐𝑦𝑙 + Δ𝑄𝑤 + 𝑝 ∙ ΔV − (ℎ𝑓,𝑖𝑛𝑗 − 𝑢𝑓,𝑔)

∙ Δ𝑚𝑓,𝑒𝑣𝑎𝑝 + 𝑅𝑐𝑦𝑙 ∙ 𝑇𝑐𝑦𝑙 ∙ Δ𝑚𝑏𝑏 
Equation 8 

 

In Equation 8, the Δ𝐻𝑅𝐿 is the released thermal energy of the fuel assuming that its 

calorific value is constant throughout the combustion process; 𝑚𝑐𝑦𝑙 ∙ Δ𝑢𝑐𝑦𝑙 is the 

sum of the variation of the internal energy of the trapped mass in the control volume 

as a function of the average temperature in the control volume per each time step; 

Δ𝑄𝑤 is the heat transfer between the trapped gas and the piston, cylinder walls, 

cylinder head and valve surfaces; 𝑝 ∙ ΔV is the total work of the gas on the piston; 

(ℎ𝑓,𝑖𝑛𝑗 − 𝑢𝑓,𝑔) ∙ Δ𝑚𝑓,𝑒𝑣𝑎𝑝 is the energy balance for the injection process; and 𝑅𝑐𝑦𝑙 ∙

𝑇𝑐𝑦𝑙 ∙ Δ𝑚𝑏𝑏 is the energy loss due to the blow-by flow. 

Each of the terms in Equation 8 have specific characteristics and sub-models. For 

instance, the variation of the internal energy is calculated using specific correlations 
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for each species as presented by Lapuerta et al. [20]. The heat transfer term uses the 

Woschni model [22] with modifications based on the work of Payri et al. [23] for 

the coefficient of the instantaneous film coefficient between the gas and the cylinder 

walls and a nodal model for the wall temperature calculations [24]. Similarly, for the 

calculation of the instantaneous cylinder volume a mechanical deformation model is 

used which considers the gas pressure force as well as the inertial forces of the 

masses during the reciprocating piston movement. 

It is important to consider that the models used in CALMEC use some assumptions 

for the calculation like uniform pressure in the combustion chamber, stoichiometric 

evolution of the gas mix (air, gaseous fuel and combustion products) and ideal gas 

behavior of the trapped mass. The use of these hypotheses are generally accepted 

and justified, nonetheless a detailed description can be found in the work of [21]. 

From the heat release analysis several combustion metrics to characterize the 

combustion, such as the ignition delay, CA10, CA50 and CA90 (respectively the 

crank angle degrees at which 10, 50 and 90% of the mass fraction is burned). 

Typically, the ignition delay is defined from 0-2% of the mass fraction burned 

(MFB), while the combustion duration tends to be estimated as the difference 

between CA90 and CA10 (CA90-CA10). To obtain these values the MFB is 

calculated by the normalization of the heat release profile by the total energy 

provided to the system. 

4.1.1 Mean effective pressure 

To evaluate the indicated engine characteristics (performance parameters calculated 

based on measurements and analysis of pressure variations inside the cylinder during 

the combustion process) 100 consecutive pressure cycles were used. For each of the 

cycles, the indicated mean effective pressure was calculated according to Equation 

9, where 𝑉𝑠𝑤𝑒𝑒𝑝 is the displaced volume by the piston during the stroke. 

𝐼𝑀𝐸𝑃 =  
∫ 𝑝𝑑𝑉

360

−360

𝑉𝑠𝑤𝑒𝑒𝑝
 Equation 9 

 

The indicated mean effective pressure (IMEP), or more specifically the variability 

of the IMEP, allows to evaluate the engine cycle-cycle variability. For this the 

coefficient of variance of the IMEP is used (𝐶𝑂𝑉𝐼𝑀𝐸𝑃) as calculated in Equation 10, 

where n is the number of total cycles considered, 𝐼𝑀𝐸𝑃𝑖 is the IMEP at a given cycle, 

𝜎𝐼𝑀𝐸𝑃𝑖
 is the standard deviation of the IMEP and 𝐼𝑀𝐸𝑃̅̅ ̅̅ ̅̅ ̅̅  is the mean IMEP of the 
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number of cycles. Generally, the combustion is considered stable when the value of 

𝐶𝑂𝑉𝐼𝑀𝐸𝑃 is below 5 %.  

𝐶𝑂𝑉𝐼𝑀𝐸𝑃 =  
𝜎𝐼𝑀𝐸𝑃𝑖

𝐼𝑀𝐸𝑃̅̅ ̅̅ ̅̅ ̅̅
=

√1
𝑛

∑ (𝐼𝑀𝐸𝑃𝑖 − 𝐼𝑀𝐸𝑃̅̅ ̅̅ ̅̅ ̅̅ )2𝑛
𝑖=1

𝐼𝑀𝐸𝑃̅̅ ̅̅ ̅̅ ̅̅
 

Equation 10 

 

The AVL’s Indicom used during this study allows to evaluate this metric in quasi-

real time, thus providing a verification of the combustion stability for the different 

tested LCF at different stages during the calibration. 

4.1.2 Combustion efficiency 

The brake thermal efficiency (BTE) of an engine is a measure of how effectively it 

converts the energy content of fuel into useful mechanical work. It is defined as the 

ratio of the useful work output to the energy input from the fuel. Mathematically, the 

BTE is calculated using Equation 11, where 𝑃𝑏𝑟𝑎𝑘𝑒 is the brake specific power and 

𝑄𝑓𝑢𝑒𝑙 is the total energy from the injected fuel. The indicated thermal efficiency 

(ITE) is calculated in a similar manner, but instead 𝑃𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑒𝑑 is used. 

𝐵𝑇𝐸 =  
𝑃𝑏𝑟𝑎𝑘𝑒

𝑄𝑓𝑢𝑒𝑙
 Equation 11 

An engine experiences a significant loss of energy due to incomplete combustion of 

fuel, exhaust gases, heat transfer and mechanical losses [25, 26, 27]. This 

inefficiency arises from various factors, such as fuel entrapment within cylinder gaps 

or partial oxidation of hydrocarbon molecules. To assess this energy loss accurately, 

exhaust emissions measurements provide valuable information. By employing an 

energy balance approach, it becomes possible to calculate the combustion efficiency. 

Equation 12 offers a means to determine combustion losses (𝜂𝑐𝑜𝑚𝑏) by dividing the 

energy from unburned species present in the exhaust from the total fuel energy 

entering the cylinder. 

𝜂𝑐𝑜𝑚𝑏 =
(𝑚̇𝑎𝑖𝑟 + 𝑚̇𝑓𝑢𝑒𝑙)(𝐿𝐻𝑉𝐶𝑂𝑋𝐶𝑂 + 𝐿𝐻𝑉𝐻𝐶𝑋𝐻𝐶)

𝑄𝑓𝑢𝑒𝑙
 

 

Equation 12 

 

The mass fractions of the exhaust species with non-zero heating values are 

represented by 𝑋. For the purpose of calculations, the most prevalent species 

considered are HC and CO (carbon monoxide). The heating values for each species 
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were obtained from literature sources: CO has a heating value of 10.1 MJ/kg and HC 

has a heating value of 42.5 MJ/kg [27]. 

Engine exhaust losses (𝜂𝑒𝑥ℎ) refer to the energy or power that is lost in the form of 

waste heat during the combustion process and subsequent expulsion of exhaust gases 

from the engine. Equation 13 shows how this magnitude is calculated in this work, 

and ℎ𝑒𝑥ℎ @ 𝑇 is the enthalpy of the exhaust gases at the specified temperature. 

𝜂𝑒𝑥ℎ =
(𝑚̇𝑎𝑖𝑟 + 𝑚̇𝑓𝑢𝑒𝑙)(ℎ𝑒𝑥ℎ @ 𝑇 𝑒𝑥ℎ𝑎𝑢𝑠𝑡 − ℎ𝑒𝑥ℎ @ 𝑇 𝑎𝑚𝑏)

𝑄𝑓𝑢𝑒𝑙
 

 

Equation 13 

The mechanical losses (𝜂𝑚𝑒𝑐ℎ) are estimated as the difference between the ITE and 

the BTF. While the heat transfer losses (𝜂𝑐𝑜𝑜𝑙) are defined by Equation 14 

𝜂𝑐𝑜𝑜𝑙 = 1 − 𝐵𝑇𝐸 − 𝜂𝑒𝑥ℎ − 𝜂𝑐𝑜𝑚𝑏 − 𝜂𝑚𝑒𝑐ℎ  
 

Equation 14 

4.2 Equivalent fuel consumption 

One key factor regarding fuels with different LHVs is the evaluation of their 

efficiency. In that regard the brake specific fuel consumption (BSFC) which is a 

gravimetric measure of the fuel consumed is affected significantly by this difference. 

For the evaluation of the fuel efficiency then an equivalent BSFC (BSFCeq) is 

included for the comparison of the fuels as calculated in Equation 15. The BSFCeq 

normalizes the BSFC in reference to the LHV of the diesel fuel. 

𝐵𝑆𝐹𝐶𝑒𝑞 =  
𝐿𝐻𝑉𝐿𝐶𝐹 ∙ 𝑚̇𝐿𝐶𝐹

𝐿𝐻𝑉𝑑𝑖𝑒𝑠𝑒𝑙 ∙ 𝑃
 Equation 15 

5 Testing methodologies 

This section describes the methods used to obtain the experimental results during the 

engine tests and the methods used to collect and analyze the data.  

5.1 Stationary operation 

The experiments in this study were conducted under stationary conditions. Engine 

stationary conditions refer to the state of an engine when it is operating at a stable 

and constant speed, without any significant changes in rotational speed or load. For 

engine performance evaluation and LCF blends comparison, stationary conditions 

allow the elimination of fluctuations for accurate, consistent and repeatable 

measurements of engine performance parameters such as power output, torque, fuel 
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consumption, and emissions. In addition, for calibration and optimization the 

stationary conditions allow for fine-tuning of the ignition timing, assessment of the 

combustion stability for a set of settings and optimize for efficiency and emissions. 

To achieve stationary conditions in an engine some steps need to be taken before 

each test. Firstly, it must be ensured that the engine reaches its operating temperature 

(85±2°C during this study) this is done during a warm-up period where the engine 

runs with diesel. This ensures that all components within the engine such as the oil, 

coolant and metal parts are adequately heated and expanded to their normal operating 

conditions. 

Once the engine is warm, for tests with the LCF blends, the diesel fuel is 

progressively replaced by switching the fuel source with a three-way valve. The FIS 

volume needs to be purged of diesel before testing, the criteria employed to verify 

this task and prevent diesel-LCF blends fixing the calibration settings for a constant 

setting demand (fixing the fuel mass, injection pressure, SOI, air and boost 

requirements) and then observing the variation in fuel measurement values, exhaust 

emissions and exhaust temperature. Once these are stabilized for at least 10 minutes 

the engine was running with only the LCF. 

The next step for stationary testing includes the test’s target speed and load 

stabilization which during this work will follow to different strategies: a drop-in 

strategy and a calibration-optimization strategy. Nonetheless, for both calibration 

cases the COVIMEP, exhaust temperature, fuel consumption and emissions are 

stabilized before measurement.  

 It is important to note that achieving truly stationary conditions in an engine is 

challenging due to factors such as mechanical vibrations, system dynamics, and 

external disturbances. However, by carefully following the steps outlined above and 

employing proper control and measurement techniques variations have been 

minimized to the standards and relatively stable and repeatable engine stationary 

conditions have been achieved. For this reason, in addition to the steps for achieving 

stationary operation, additional considerations are taken before tests to avoid 

possible sources of error. As such, measurement equipment calibration is check 

before each test, and to guarantee that the engine is working properly a reference 

tests is always measured under the same conditions and parameters at the beginning 

and the end of testing [28]. 
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5.2 Calibration types and test matrix 

As mentioned, two types of calibrations are followed during this work. Drop-in tests 

consist of testing the fuel with the OEM’s provided diesel B7 Euro 6 calibration 

while calibration-optimization tests involve modifying selected engine parameters 

to observe their effect over the combustion, performance and emissions of the 

engine. For both types of calibration all LCFs are evaluated under five different 

operating conditions which are selected due to their representativeness of the engine 

operation, based on the work Durrett and Potter [29]. These conditions include a 

low-speed low-load condition, two mid-load conditions, and two representative 

conditions for the peak power and peak torque. The engine speed and brake mean 

effective pressure (BMEP) targets are 1250 rpm @ 2 bar, 1500 rpm @ 14 bar, 2000 

rpm @ 8 bar, 2000 rpm @max, and 3750 rpm @ max. 

5.2.1 Drop-in calibration 

To achieve the drop-in operation using the specified LCFs fuels, the dynamometer 

is used to set the engine speed and a pedal signal is transmitted to the ECU with the 

diesel B7 Euro 6 calibration until the desired load is attained. The pedal signal 

corresponds to a fuel requirement table that determines the amount of fuel to be 

injected, with higher pedal positions requiring greater amounts of fuel. This is 

particularly prevalent when assessing fuels with different LHVs, where the fuels 

with a lower LHV will require higher pedal demands than fuels with higher LHV as 

will be described in detail in chapter 4. A summary of the strategy can be seen in 

Figure 6. 
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Figure 6. Schematic description of the drop-in calibration methodology 

5.2.2 Calibration optimization 

To achieve an optimized calibration in the engine, eight main parameters are 

modified, namely the SOI, injection pressure (Prail), volume (V1 and V2) and dwell 

time (D1 and D2) of the pilot injections, in-cylinder air mass quantity (AirM), and 

boosting pressure (PBoost). To determine which combination of these settings 

provides the best engine responses while fulfilling the targets specified in Table 6, a 

DOE methodology was applied. Then, models for each operating condition and fuel 

were created which were later used for selecting the optimum value using an 

algorithm of satisfaction restriction. The minimum targets -NOx, soot, maximum 

cylinder pressure (Pmax) and pressure rise rate (PRR)- guarantee that the working 

space for the calibration of the engine satisfy the minimum constraints for the 

hardware safety and emissions reduction with the baseline OEM ATS. In addition to 

these constraints, the fuel mass was varied minimally to remain within the load limits 

on each operating condition during screening tests and maintained constant during 

the DOE to not include the effect of the fuel mass demand in the analysis (hence the 

load at this stage could be outside the acceptable range). After the validation with 

the model, the mass could be adjusted to improve the fuel efficiency in each engine 

setting and LCF as the final step of the calibration. 
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Table 6. Minimum targets for the LCF calibration optimization 

Operating 

condition 

NOx 

(g/kWh) 

Soot 

(FSN) 

Pmax 

(bar) 

PRR 

(bar/CAD) 

Load 

(bar) 

COVIMEP 

(%) 

1250 rpm 

@ 2 bar 

0.2-1 2 <180 <8 1-3 5 

1500 rpm 

@ 14 bar 

3 3 <180 <8 13-15 5 

2000 rpm 

@ 8 bar 

0.7-2 2 <180 <8 7-9 5 

2000 rpm 

@ 22 bar 

4.5 3 <180 <8 20-24 5 

3750 rpm 

@ max. 

load 

5 3 <180 <8 max±2 5 

  

6 Statistical modelling approach 

A statistical modelling approach refers to a framework, wherein mathematical and 

probabilistic techniques are employed to represent, analyze, and make inferences 

about complex phenomena or relationships observed in data. This approach involves 

the formulation of mathematical models that capture the underlying structure or 

patterns in the data, with the aim of estimating and testing hypotheses, making 

predictions, and understanding the uncertainty inherent in the data-generating 

process. Statistical modelling encompasses a wide range of methodologies, 

including regression analysis, Bayesian modelling, and machine learning techniques, 

and it plays a crucial role in scientific research, data analysis, and decision-making 

across various domains by providing a structured and quantitative means to gain 

insights and draw conclusions from empirical observations. 

6.1 Design of Experiments (DOE) 

DOE is a systematic approach used in research to plan and conduct experimental 

work. In a DOE, experiments are designed before their execution to gather data more 

efficiently for its later analysis. Essentially, it provides a structure framework for 

understanding the relationship between the input parameters or factors (which in this 

work are the modified calibration settings) and the output response, while 

considering the interaction effects among factors. This allows researchers to identify 
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critical factors, determine optimal settings, and understand the underlying 

relationships and interactions. 

In the context of ICEs, DOEs have been applied to optimize engine performance, 

fuel efficiency and emissions control [30, 31, 32]. DOEs have been used to 

investigate factors such as air-to-fuel ratio (AFR), SOI, CR, and other parameters to 

assess their impacts on the engine’s responses. Ramalingan et al. [33], for example, 

used a Box-Behnken design and response surface methodology (RSM) to evaluate 

the effect of injection parameters and EGR over CI engine using lemongrass oil as a 

fuel and optimize the emissions, efficiency and fuel consumption. A Box-Behnken 

design is a quadratic design with treatment combinations at the midpoint of the edges 

of the input parameters and the center (Figure 7), which allows to select a subset of 

experiments and allows to account for the interaction between factors. 

 

Figure 7. Three-dimensional Box-Behnken design representation 

In the context of this work, it was important to generate a DOE methodology that 

allowed the evaluation of the selected 8 calibration parameters, considering the 

interactions between them and allowed to model a surface response in a simple 

manner given that for each of the LCF and operating condition a DOE had to be 

applied, meaning that 35 different LCF-operating condition combinations are to be 

evaluated with their own experiments. For this purpose, the following sections will 

detail the DOE and the specific considerations for the selection of a specific design. 

When designing experiments using DOE, several principles should be considered to 

ensure the quality of the results. Replication and blocking during this study were 

addressed by taking three measurements from each experiment, in addition to 

randomly selecting some experiments from each group to be repeated another day. 

This in turn allows to verify the reproducibility and account for other potential 

sources of variability (like air humidity and ambient temperature). 
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6.1.1 Screening 

For all the LCFs and operating conditions the drop-in calibration served as a baseline 

point from which to assess whether the engine can run or not with the fuel. But after 

this stage, to know the effect of the variation of the selected calibration parameters 

for a given operating condition and fuel screening tests were performed. These tests 

help to identify the most important factors. In addition, for this study, the screening 

tests were used to reduce the parameters to evaluate from eight to six while 

determining the maximum and minimum value limits for the SOI, Prail, V1, V2, D1, 

D2, AirM and PBoost that fulfill the constraints given in Table 6. The reduction to 

six calibration parameters at this stage will allow for execution of 2-k factorial 

designs (as will be explained in the next section) and the realization of a constrained 

optimization. 

The screening tests in this work follow the form of Figure 8 for all 8 calibration 

parameters, where the grey circle represents the baseline point (drop-in calibration) 

and the red dots the maximum and minimum limits of a given parameter maintaining 

all other parameters equal to the baseline. The method is what is often called a 

classical “One at a Time” method were only one variable is evaluated. This approach 

does not allow to consider interactions between factors, but without any interactions 

provides the maximum values for the next stage of the DOE. 

 

Figure 8. Three-dimensional and two-dimensional screening design representation 

It is worth highlighting that the baseline point is not always in the center between 

the limits of a calibration parameter. And that to determine such calibration 

parameter limits, each individual parameter was varied (one step- at a time) and 

recorded until any which one of the constraints of Table 6 were surpassed with an 

additional step in the variation direction. Figure 9 shows a representation of this 

definition, where the grey dot (baseline calibration) is the step 0, while the parameter 

is increased (or decreased) until the constraint is surpassed with one additional step 

and the range is not symmetrical for the increase and decrease. Then the red dots 

(the last step before the constraint is surpassed) become the new parameter maximum 

3-D representation 2-D representation
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and minimum limits, ensuring safe operation of the engine, and reducing the 

potential of exceeding emissions. Another advantage of this screening, especially for 

the subsequent model creation, is ensuring that each of the parameters evaluated has 

a monotonous behavior (either increasing or decreasing) within the explored limits. 

 

Figure 9. One-dimensional representation of the “one at a time” screening methodology for 

a single calibration parameter. The grey dot is the starting point 

Not all operating conditions have a second pilot injection, and thus V2 and D2 are 

not evaluated in that condition (operating points 1500 rpm @ 14 bar, 2000 rpm @ 

22 bar and 3750 rpm @ max. load) ending with only 6 calibration parameters. But, 

in the case where a second pilot injection exists the reduction of two variables was 

achieved by characterizing the effect sizes (BSNOx, FSN and BSFC) and discarding 

the two variables which had the lowest combined effect size.  

 

Figure 10. Representation of the effect sizing evaluation for the reduction of parameters 

from 8 to 6 for responses BSNOx, soot and BSFC with the combined normalized response 

(CNR) 

1-D representation
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The effect size was determined with the standardized response (SR), which is 

calculated as shown in Equation 16 and Equation 17. Here 𝑆𝐸𝑖 is the standard error 

of the response for the parameter 𝑖, 𝜎𝑖 the standard deviation and 𝑛 the size of the 

sample, while 𝑦1 is the response evaluated when the parameter value is 𝑥1. 

𝑆𝐸𝑖 =
𝜎𝑖

√𝑛
 

 

Equation 16 

𝑆𝑅𝑖 =

𝑦2 − 𝑦1
𝑥2 − 𝑥1

𝑆𝐸𝑖
 Equation 17 

 

Then each of the responses for each parameter 𝑖 is normalized (NR) according to 

Equation 18, and then the combined normalized response (CNR) is calculated 

following Equation 19 

𝑁𝑅𝑖 =
|𝑆𝑅𝑖 − min (|𝑆𝑅|)|

max (|𝑆𝑅|) − min (|𝑆𝑅|)
 

 

Equation 18 

𝐶𝑁𝑅𝑖 = ∑ 𝑁𝑅𝑖𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒
𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒

 Equation 19 

 

Figure 10 shows a visual representation of the effect sizing methodology for the 

number of parameters reduction. In the figure, an example case can be seen where 

the size of the effects for each parameter is present for BSNOx, BSFC and soot. The 

effects are ordered by the size of the absolute value, and the color (blue or grey) 

indicate respectively whether the parameter and the response have a positive or 

negative correlation. In this example case, “parameter 2” for example is consistently 

among the lowest value effect sizes; then, when the CNR is computed “parameter 2” 

is the lowest. In this example, during the next stages of the DOE “parameter 2” and 

“parameter 5” would not be evaluated as during the screening their effect size is not 

as large as for other parameters. The fact that these two parameters have the smallest 

effect size does not mean that they do not influence the combustion, only that they 

are not as dominant for the selected targets. Chapter 5 will show some of these results 

for the different LCFs. 
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6.1.2 Factorial tests 

Factorial designs allow for simultaneous investigation of multiple factors and 

interactions (interdependency of effects). In factorial designs, if the effect of one 

factor changes depending on the value of another factor this will be captured. 

Factorial designs can include a variable number of levels, in this work the limits 

found during the screening tests described in Section 6.1.1 are the maximum and 

minimum levels (+1 and -1). Figure 11 shows a visual representation of this type of 

design in 2 and 3 dimensions. 

 

Figure 11. Three-dimensional and two-dimensional 2-k factorial design representation 

Two types of factorial DOEs were used in this work: a 2-k factorial design with a 

central point [34] and a modified Plackett-Burman design [35]. One of the key 

reasons for selecting these designs is their simplicity and efficiency. The "2-k" 

notation signifies that the design involves k factors, each with two levels (typically 

low and high), making it easier to execute the experiments. The inclusion of a central 

point, which represents the mid-level values of the factors, allows for the estimation 

of main effects and interactions. In a complete factorial design with a central point, 

the number of experiments is calculated by the expression 𝑛 = 𝑘𝑦 + 1. In a 2-k 

factorial this expression is evaluated with 𝑘=2. For this work 6 parameters are varied, 

then 𝑦 = 6. Finally, the number of runs or tests results in 65 when 6 factors are 

considered. The exponential nature of the design makes it so the addition of an 

additional parameter increases significantly the number of tests, because of this the 

decision of reducing the number of factors from 8 to 6 is justified as evaluating 8 

factors with a full 2-k factorial design would result in 257 tests per engine operating 

condition, per LCF.  

Although 65 operating conditions is an adequate number of tests to realize 

experimentally, some operating conditions, particularly at full load would cause 

considerable thermal and mechanical stress in the engine when sustained for 

prolonged periods of time. For these conditions (1500 rpm @ 14 bar, 2000 rpm @ 

22 bar and 3750 rpm @ max. load), the “modified” Plackett-Burman design was 

3-D representation 2-D representation
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used was used with a shorter test matrix of 32 runs to be able to derive models to be 

used for the calibration of the engine in a similar way as the lower load conditions. 

Plackett-Burman designs are efficient screening designs that allow to explore a large 

number of factors with a relatively small number of experimental runs. In this design 

factor combinations are systematically selected based on balanced fractional 

factorial designs, being able to identify main effects with a high degree of 

orthogonality (guarantees that the effect of one factor or interaction can be estimated 

separately from the effect of any other factor or interaction in the model). The 

inclusion of additional central points in this design enhances its robustness to 

potential sources of variability and allows for the estimation of curvature in the 

response surface, which is particularly valuable when the relationship between 

factors and the response is nonlinear or when there might be unanticipated 

interactions among factors. The central points also provide a measure of 

experimental error.  

6.1.3 Combined data 

The data from the screening tests and the factorial DOEs was combined into a single 

dataset for the modelling tasks. The structure of this new dataset is represented in 

Figure 12 for 2 and 3 dimensions, although the experiments were carried out for 6 

dimensions or input variables.  

 

Figure 12. Three-dimensional and two-dimensional representation of the combined 

screening and 2-k factorial design 

The data combination has both advantages and disadvantages for modelling, 

particularly considering the use of linear models in the next sections. The resulting 

dataset from the combination of DOEs has a larger size, providing more data points 

for analysis, while maintaining the systematic variation provided by the factorial 

DOE. By combining the two types of experiments, a more comprehensive view of 

the system behavior is obtained, capturing both main effects and interactions. 

However, it is important to mention that the two datasets may have different setups 

and error structures, leading to heterogeneity that can complicate modelling. 

3-D representation 2-D representation
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Similarly, a combined dataset with multiple factors and interactions may lead to 

complex models that are difficult to interpret. 

6.2 Modelling 

When factors evaluated during the DOE are quantitative (as in this work), a 

regression model representation can be used following Equation 20. In the equation, 

𝑏0 is the mean of the analyzed responses, 𝑏𝑖 and 𝑏𝑖𝑗 the effect of the variables 𝑋𝑖 and 

the interaction between 𝑋𝑖𝑋𝑗, respectively.  

𝑌 = 𝑏0 + ∑ 𝑏𝑖𝑋𝑖 + ∑ 𝑏𝑖𝑗𝑋𝑖𝑋𝑗 

 
Equation 20 

Models for each of the responses of interests were obtained (NOx, soot, fuel 

consumption, CA50, CA10, CA90 and torque) with 6 input parameters as mentioned 

in previous sections. The model for the torque and the CAX combustion parameters 

were used as checks for ensuring the operating condition is maintained within 5% 

threshold and that combustion is within desirable standards.  

The quality of the models is evaluated through the fitted vs experimental values plot 

and the residuals plot, as observed in the example shown in Figure 13. The 

acceptance criteria for the model include an R-square value above 80%, an F-statistic 

that rejects the null hypothesis, and p-values below 0.05 for the included model 

factors, while simultaneously minimizing the number of factors (also known as the 

principle of parsimony). 

The collected data is used to train a linear model, where the engine behaviours are 

represented as a linear combination of the calibration parameters. The fitted vs 

experimental values plot is a graphical representation of the model's predictive 

accuracy. It compares the model-predicted engine behaviours with the actual 

experimental observations. A high-quality model is expected to show a close 

alignment between the fitted values and the experimental data points, indicating that 

the model is accurately capturing the underlying relationships between the 

calibration parameters and engine responses. The residuals plot displays the 

differences between the predicted values and the actual experimental values. 

Residuals are essentially the errors made by the model during prediction. A good 

model will exhibit random scatter around the zero line, suggesting that the model's 

errors are unbiased and normally distributed. Systematic patterns or trends in the 

residuals plot indicate the presence of unaccounted factors or nonlinear relationships 

that may negatively impact the model's accuracy. 
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Figure 13. Example of fitted vs. experimental values (left) and residuals vs. experimental 

values (right) for the linear model of one of the responses of interest for a fixed operating 

condition with calibration settings captured in the combined dataset from the DOE and 

screening tests 

Among the mentioned acceptance criteria for the models, the coefficient of 

determination (R-square) measures the proportion of variance in the dependent 

variable (engine behaviours) that can be explained by the independent variables 

(calibration parameters). An R-square value above 80% indicates that the model can 

explain a substantial portion of the variability in the engine responses, making it an 

acceptable model. The F-statistic is used to test the overall significance of the model. 

When the F-statistic yields a p-value below a predetermined significance level 

(typically 0.05), the null hypothesis, which suggests that all model coefficients are 

zero (i.e., the model has no predictive power), is rejected. A significant F-statistic 

demonstrates that the model is reliable and contributes valuable information. The p-

values of individual model factors (calibration parameters) indicate their statistical 

significance. A p-value below 0.05 suggests that the inclusion of the corresponding 

calibration parameter in the model is warranted, as it significantly contributes to 

explaining the engine behaviours. 

The models were constructed using stepwise regression [36, 37], which is an iterative 

process in which independent are selected (step-by-step) following the best fit with 

the acceptance criteria, until the best model is found. The method provides an 

automated way to select variables for inclusion in the model. It starts with no 

predictors in the model and iteratively adds or removes variables based on the 

specified criteria. With a high-dimensional parameter space (e.g., six calibration 

parameters), manually evaluating all possible combinations can be time-consuming 

and computationally expensive. Stepwise regression can efficiently explore different 

combinations and select the most relevant predictors. Additionally, the method can 
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also consider interaction terms between predictors, which in ICEs is important in 

capturing complex relationships among the calibration parameters. However, due to 

the limits of the method to find the “best” model, the models were manually revised 

to ensure good fulfilment of the criteria and evaluate if improvements could be made. 

6.3 Optimization 

After the models were obtained, they were used to find optimal calibrations for 

different responses. Namely, the “optimal condition” which is obtained by 

simultaneously minimizing the NOx, soot and fuel consumption; the “minimum 

NOx”, the “minimum soot” and “minimum fuel consumption”. For this purpose, 

linear optimization (or linear programming – LP [38, 39]) was used to achieve the 

best outcome. LP is a mathematical technique used to find the optimal solution to a 

problem while adhering to a set of linear constraints, in this sense for this study the 

goal is to minimize the objective function. 

Mathematically, it can be expressed as:  

𝑍 = 𝑐1𝑥1 + 𝑐2𝑥2 + ⋯ + 𝑐𝑛𝑥𝑛 
 

Equation 21 

𝑎11𝑥1 + 𝑎12𝑥2 + ⋯ + 𝑎1𝑛𝑥𝑛 ≤ 𝑏1 

𝑎21𝑥1 + 𝑎22𝑥2 + ⋯ + 𝑎2𝑛𝑥𝑛 ≤ 𝑏2 
… 

𝑎𝑚1𝑥1 + 𝑎𝑚2𝑥2 + ⋯ + 𝑎𝑚𝑛𝑥𝑛 ≤ 𝑏𝑚 
 

Equation 22 

𝑥1, 𝑥2, … , 𝑥𝑛 ≥ 0 
 

Equation 23 

Where 𝑍 is the objective function to be minimized; 𝑐1, 𝑐2, … , 𝑐𝑛 are the coefficients 

of the input variables 𝑥1, 𝑥2, … , 𝑥𝑛 to be selected; 𝑎11, 𝑎12 , … , 𝑎1𝑛, … , 𝑎𝑚𝑛 are the 

coefficients of the decision variables in the constraints 𝑏1 to 𝑏𝑚. 

Regression models are convenient for optimization because they allow to model and 

understand the relationships between the decision variables and the objective 

functions or responses. Having previously modelled outputs allows to predict the 

values of the responses for different sets of decision variables, enabling us to assess 

the impact of various scenarios on the optimization objectives. 

The visual representation in Figure 14 is a scatter plot where each point represents a 

different combination of modelled results for fuel consumption, soot emissions (x-

axis), and NOx emissions (y-axis). The color scale is used to indicate the fuel 

consumption, with different colors representing different levels of fuel consumption. 

In this plot, the bottom left axis represents a curve that does not reach the origin (0,0) 
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because it is physically impossible for the engine and calibration parameters to reach 

zero soot and NOx emissions simultaneously. This curve represents the feasible 

region, within which the engine can operate, points outside the colored are infeasible 

and outside the constraints given for NOx and soot emissions. 

 

Figure 14. Soot, BSNOx and BSFC map from the linear regression models where the 

optimization function is applied based on given constraints to obtain the "optimum value", 

the lowest BSNOx, the lowest soot and the lowest BSFC within a fixed operating condition 

The observed trend in the plot shows that as soot emissions increase along the x-

axis, there is a clear reduction in NOx emissions along the y-axis. This suggests an 

inverse relationship between soot and NOx emissions, meaning that reducing soot 

emissions may lead to higher NOx emissions and vice versa. Additionally, the plot 

shows that fuel consumption tends to increase as we move towards the origin (0,0), 

representing the trade-off between reducing both soot and NOx emissions. The point 

labelled “optimum” near the origin correspond to a “optimal condition” where soot, 

NOx and fuel consumption are minimized. Similarly, the points for best NOx, best 

soot, and best fuel consumption can be observed. 

This type of methodology was applied for all operating conditions across all tested 

LCFs, to later be able to compare the optimized calibrations for the LFCs between 

each other and compared to the drop-in calibration. 

6.4 Validation 

The developed models are validated using new experimental data from the predicted 

optimized operating conditions, these values were not used during training and allow 

to assess the models’ predictive capabilities. During this step it was checked whether 
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the models were overfitted, which occurs when a model performs well on the training 

data but poorly on new, unseen data. 

Validation tests for BSFC, BSNOx, and soot were conducted to evaluate the 

accuracy of the predictive models. The objective is to ensure that the models provide 

a good approximation of the experimental data and that the prediction errors are 

within acceptable ranges. For all engine operating conditions, the fitted validation 

values are plotted against the experimental values (Figure 15). 

For the BSFC the fitted vs. experimental plot shows a close alignment of data points, 

indicating that the model provides an excellent approximation of BSFC for various 

engine conditions. The error analysis reveals that for the majority of cases, the error 

in predicting BSFC is within the experimental error. Specifically, most of the cases 

show prediction errors below 5%. Even in the cases where there is a significant offset 

between the predicted and experimental values, the error remains below 15%. This 

suggests that the model is still reasonably accurate in capturing BSFC variations. 

Similar to the BSFC validation, the fitted values (predicted BSNOx) are plotted 

against the experimental values of BSNOx for all engine operating conditions. The 

fitted vs. experimental plot demonstrates a strong agreement between the model's 

predictions and the experimental data for BSNOx emissions across various engine 

conditions. The analysis reveals that, in most cases, the prediction error for BSNOx 

is within the experimental error, with the majority of cases showing errors below 

5%. 
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Figure 15. Fitted vs. experimental values for BSFC (top), BSNOx (middle) and BSSoot 

(bottom) in the validation dataset outside of the calibration data for the models 
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For soot, due to its low value and the large dispersion between measured data, the 

fitted vs. experimental plot shows a spread-out pattern. Despite the challenges posed 

by the low emission values and the variability in measurements, the fitted values 

from the model still manage to capture the general magnitude of the soot emission 

levels. Because of the previously mentioned reasons, the prediction error for soot 

might be higher (~8%) compared to BSFC and BSNOx, given the difficulty in 

precisely estimating low soot emissions. However, the fact that the model can still 

provide a reasonable estimation of soot despite its inherent uncertainties showcases 

its capability to capture the overall trend of soot emissions in different engine 

operating conditions. 

7 Summary and conclusions 

This chapter described the experimental setup used to investigate the effect of LCFs 

on performance and emissions in a light-duty ICE. The experimental setup includes 

details about the engine, fuel injection system, emissions measurement equipment, 

and data acquisition system. The engine used is a 1.6L 4-cylinder in-line diesel 

engine with a high-pressure EGR system. The fuel injection system relies on DI, and 

the air management system consists of a turbocharger with a VGT. The chapter 

explains the engine control system, test cell characteristics, and various sensors used 

to measure engine parameters. It also covers the measurement principles and 

instruments used for emissions analysis. 

A description of the composition of the LCF blends used in the study and their 

physical and chemical properties is provided. The LCF blends are categorized based 

on their renewable fuel content, with different volumetric proportions of renewable 

components (e.g., Fischer-Tropsch diesel, RME, FAME, HVO, OMEx). The 

properties discussed include cetane number, density, cloud point, cold filter plugging 

point, flash point, lubricity, sulfur content, viscosity, water content, LHV, carbon 

content, hydrogen content, oxygen content, FAME content, and total aromatics 

content. The relationships between different fuel properties are analyzed using 

bivariate correlations. The section also introduces the concept of BSFCeq to 

compare the efficiency of fuels with different LHVs. 

The chapter discusses the theoretical tools and equations used for post-processing 

and extracting insights from the experimental data collected during the engine tests.  

The experimental and numerical methodologies for achieving stationary engine 

conditions and conducting tests with LCF blends are explained. Specific steps are 

taken to ensure the engine is at operating temperature, and the LCF blends are 

properly introduced and stabilized for testing. Additionally, measures are taken to 
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minimize sources of error and achieve relatively stable and repeatable engine 

conditions. Calibration of measurement equipment and reference tests are also 

performed to ensure data accuracy. 

A detailed explanation of the calibration methodology and optimization process used 

in the study is provided. The methodology involves two types of calibrations: drop-

in tests and calibration-optimization tests. The drop-in tests involve testing the fuel 

with the OEM's provided diesel B7 Euro 6 calibration, while the calibration-

optimization tests involve modifying selected engine parameters to observe their 

effects on combustion, performance, and emissions. 

The experiments are conducted under five different operating conditions 

representing various engine speeds and BMEP targets. These operating conditions 

are selected to be representative of the engine's typical operation. The responses of 

interest include NOx, soot, fuel consumption, and combustion parameters such as 

CA50. 

The DOE methodology is applied to plan and conduct the experiments efficiently. A 

combination of a 2-k factorial design with a central point and a modified Plackett-

Burman design is used to explore multiple factors and interactions while minimizing 

the number of experimental runs. The obtained data is then used to create regression 

models for each response of interest. These models represent the relationships 

between the calibration parameters and engine responses. Stepwise regression and 

modelling criteria are used to select the most relevant predictors and build the best-

fit models. The optimization process involves using the regression models to find 

optimal calibrations for different responses. Linear programming is used for 

optimization, considering constraints such as minimum targets for NOx, soot, and 

maximum cylinder pressure. The models are validated using new experimental data 

from the predicted optimized operating conditions, and the accuracy of the models 

is assessed through fitted vs. experimental plots and error analysis. 
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1 Introduction 

Drop-in fuels are defined as alternative fuels that are interchangeable with 

conventional fossil counterparts without needing to modify elements of the engine 

hardware for its proper operation or even needing to update the calibration maps of 

the circulating fleets of vehicles. In Europe, since the years 2009 and 2011 

commercially available diesel and gasoline have been introduced to the European 

Union with a proportion of up to 7% of FAME for the diesel fuel and up to 5% of 

ethanol for gasoline [1, 2]. For passenger and commercial vehicles, it was possible 

to use these new blended fuels commercially due to their properties being extremely 

similar to the previous fossil alternatives. Once these new blends became the 

standard, the vehicles fuel injection systems, additive composition and combustion 

parameters were gradually modified to reach optimum performance with the newer 

blends [3]; in contrast, there were reports in some vehicle models of issues like 

deposits in common-rail injectors, not necessarily attributable to aging, due to the 

small differences in the newer fuel blends [4, 5, 6, 7]. 

Fuels with high renewable proportions and other characteristic properties that can 

help mitigate emissions associated to combustion engines such as NOx and soot, as 

well as CO2 emissions, are attractive to be evaluated as drop-in alternatives 

considering that massive adoption could be eased by removing barriers to entry like 

the need for vehicle modifications or fuel distribution systems [8, 9]. In addition, 

current engine control systems are better adapted to deal with the small differences 

between new renewable fuel blends and the current standard fuel [10, 11], 

guaranteeing a more reliable operation after the substitution. Nevertheless, using an 

existing calibration for a conventional fuel with a drop-in alternative fuel might lead 

to a scenario where the differentiating properties of the fuel, that can lead to the best 

performance increases and emissions reductions, are being misspent by not using a 

dedicated calibration (as will be seen in later chapters). 

When contemplating an ideal drop-in low carbon fuel there are numerous 

considerations to be made. For a compression ignition engine it is desired that the 

fuel has a high LHV and CN, like diesel would, while at the same time maintaining 

a viscosity and density that allows the fuel injection system’s pump, common-rail, 

and injectors to operate within their optimal design range. Biofuels have been the 

most prevalent alternative in this scenario as they fulfill the same quality standards 

as the fossil fuels they are replacing [12], as do some synthetic diesel fuels [13]. 

Other fuels, like highly oxygenated or alcohol fuels, although they can reach similar 

LHV, CN, density, and viscosity for the operation with the engine, maintaining 

similar or even improved performance and emissions [14]. However, the use of these 
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fuels can originate issues of reduced durability of the hardware components that need 

to be addressed, especially the fuel injection systems, due to increased corrosion and 

oxidation as has been previously reported [15]. 

Besides being relatively simple to implement as an energy carrier solution, few 

studies have really emphasized drop-in assessments of fuels for their application in 

internal combustion engines. In this chapter, this gap is bridged experimentally, 

evaluating seven low-carbon fuel blends under stationary conditions as drop-in 

alternatives. This chapter will focus solely on the engine effects of using the fuel, 

while future chapters will address other scenarios such as the lifecycle impacts of 

such fuels, and a brief discussion into the broad effects of adopting the use of low-

carbon fuels. 

2 Combustion, performance and emissions  

Considering the advantages of using and selecting adequate drop-in fuels for the 

direct substitution of the current fossil ones in the engine, and the direct benefit in 

the simplicity of wide adoption of drop-in fuels both in terms of refueling station 

and consumer requirements. The drop-in potential of the chosen low-carbon fuel 

blends will be determined. First, the ability of the fuels to achieve drop-in operation 

will be assessed experimentally, as well as the characteristics of the combustion, 

emissions, and engine settings. For all the fuels the same calibration map used for 

conventional diesel will be tested using high reactivity fuels in a commercially 

available CI engine.  

2.1 Engine settings: reaching drop-in operation 

As described in Chapter 3, the drop-in tests are carried out for all the LCF and 

compared to a baseline diesel reference, which corresponds to the normal operation 

of the engine. The test matrix for the steady state operation of the engine is described 

also in Chapter 3 and is representative of the operation under the WLTP cycle. The 

operating conditions range from low-load low-speed conditions, mid-load, and two 

additional operating points that are proxy to the rated torque and rated power 

conditions. To reach the drop-in operation with the given fuels, the engine speed is 

set in the dynamometers and a pedal signal is sent to the ECU until the required load 

is achieved. The pedal signal is associated to a lookup fuel requirement table in mass, 

for which a higher pedal position demands a higher fuel to be injected. Because the 

LCF blends have different properties, and in particular differ in their LHV, fuels 

with lower LHV require a higher pedal signal than fuels with higher LHV (Figure 1) 

to reach the same engine load. In particular, the fuels with the lowest LHV 

(MaxOME66 and LCD100) – which have a reduction of nearly 10% in energy 
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density with respect to diesel – show an average increase in pedal position of 3%, 

reaching up to 7% for MaxOME66 at the highest load operating condition.  From 

this, although the LHV has a significant influence in the pedal demand needed from 

the drop-in tests, the reduction in energy density does not directly translate to an 

equivalent increase in pedal, which will be explained by other fuel properties and 

their effect in the combustion characteristics that can compensate some of the 

lacking energy density with higher combustion efficiencies, for example. 

 

Figure 1. Pedal requirement for the different LCF blends at the tested operating conditions. 
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Keen observers might have noticed that the 3750 rpm @ max. load operating 

condition shows the same pedal for all the fuels, and might have wondered whether 

the rated power of the engine remains the same for all fuels. The answer to that 

question is no, the rated power varies similarly to the pedal variation with the fuel 

energy density. At the 3750 rpm @ max. load operating condition, the objective is 

to increase the maximum load to the maximum possible value that a given fuel 

allows with 100% pedal. In Figure 2, the effect of the fuel over the maximum pedal 

torque is observed. It can be seen how fuels with lower LHV, like LCD100 reach 

loads nearly 5% below the load achieved with diesel, while on the contrary RE100 

can, with the same pedal, reach 4% higher loads. Surprisingly, while the MaxOME 

(33 & 66) fuels have some of the lower LHV, it is possible to reach almost the same 

rated power as with diesel. This is assumed to be related to the high OMEx 

proportion of the fuels which provides high oxygenation which favors better 

equivalence ratios for the combustion of the fuel. In the case of the RE100 fuel, 

although it has a similar LHV to diesel it is observed how the fuel yields a higher 

load for the same pedal signal, which could be also linked to the oxygen proportion 

of the fuel, which is 2.81 times higher than diesel. 

 

Figure 2. Achieved load for the different LCF blends at 3750 rpm and 100% pedal. 

The baseline calibration map for diesel varies depending mainly on the set point for 

the pedal position and the engine speed, which in turn translates to a fuel mass 

demand map from which the other calibration settings – such as the injection 

pressure, quantity and timing for the injections, intake air mass, boost pressure and 

EGR proportion – have associated lookup tables. It is then logical that the cases with 

similar or the same pedal position will have similar calibration settings, as can be 

observed in Figure 3 and Figure 4; while as the pedal increases settings like the 

injection pressure will increase while the start of injection of the main injection (SOI 

M) will be advanced or delayed, as will the proportion and timing of the pilot 

injections. Because they have the largest differences in pedal position (because of 

their considerably lower LHV), the MaxOME66 and LCD100  fuels have the largest 

differences in their calibration.  
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Figure 3. Injection settings for the different LCF blends under the drop-in calibration: (a) 

rail pressure; (b) start of injection of the main injection (SOI M); (c) volume of the first 

pilot injection (Vol. P1) and (d) dwell time between the first pilot injection and the main 

injection (Dwell P1).1 

 
1 In Figure 3 and Figure 4, calibration parameters that do not vary between fuels like the volume of the second pilot 

injection and its dwell time are not shown.  
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Although the changes in the calibrations settings under drop-in operation are mainly 

associated to the changes in fuel mass demand and their associated lookup values 

from the calibration maps, small corrections occur related to the fuel specific 

characteristics. For example, the charge renovation settings can be sensitive to the 

fuel even when the pedal position remains the same. The air mass and the EGR 

variation are then linked to the fuel because the turbocharger operation depends on 

the exhaust energy, which is dependent on the specific combustion characteristics of 

each fuel. Then,  the admitted fresh air quantity is regulated to an extend by the 

turbocharger and later the desired set point is refined with the EGR valve, by opening 

or closing it to allow more or less fesh air. In this regard, it can be seen how the fuels 

with the highest oxygen concentrations allow around 2-4% more exhaust gas to 

recirculate even with higher pedal positions for which the calibration tables are 

designed to limit the amount of EGR to lower values. 
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Figure 4. Charge renovation settings for the different LCF blends under the drop-in 

calibration: (a) air mass flow; (b) intake pressure and (c) EGR. 
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2.2 Combustion under drop-in calibration settings 

In the previous section it was observed how changing the fuel changes the engine 

settings necessary to maintain the same load and speed as with diesel. Similarly, at 

the rated power condition it was seen how for the same engine settings the fuel drove 

the achievable load with a strong correlation with the LHV, but also with other 

properties like the oxygen content that allows higher loads with lower LHV, as it is 

thought to improve the local equivalence ratio.  

Evaluating the combustion pressure indication provides useful information. The 

peak engine pressure, as seen in Figure 5, can be an important factor determining the 

performance and efficiency of an engine, as it is directly related to the amount of 

power produced and the amount of fuel consumed. When studying LCFs checking 

for the peak pressure will also provide insight into the thermal load and stress the 

engine will be subjected to. In the figure it is observed how the fuels with the highest 

oxygen content (LCD100 and MaxOME66) have higher peak pressures than diesel, 

which is especially prominent at the 3750 rpm-max. load condition. This higher 

oxygenation in the molecular structure means that, locally, the fuel will require less 

air to complete the combustion, resulting in a more efficient combustion process. 

For the purpose of addressing the feasibility of the adoption of LCFs as drop-in 

candidates, it should be mentioned that none of the fuels surpass the manufacturers 

recommended limit of 180 bar. 
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Figure 5. Peak pressure of Ref. Diesel compared with (a) LCD100, LCD66 and LCD33; (b) 

MaxOME66 and MaxOME33 and (c) RE100 and R33. 

Combustion in internal combustion engines highly depends on the fuel-air mixture, 

the ignition delay, temperature, engine speed and load. Different fuels have different 

fuel-air interactions and ignition conditions depending on the chemical and physical 

properties of the fuel, which in turn modify the rate at which heat is released during 

the combustion. Figure 6 shows the heat release rate (HRR) at the 3750 rpm-

maximum load condition. Because this operating point has similar calibration 

settings, it shows the LCFs effect on the combustion without the inclusion of large 

confounding effects. For all cases the pilot injection starts at 49.95 degrees before 

TDC (deg bTDC) and represents nearly 5% of the total injected energy. The low 
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temperature heat release (LTHR) is seen to occur earlier for the fuels with the highest 

CN of each group: the LCD100 (87 CN), MaxOME66 (69.6 CN) and RE100 (83.5 

CN) which agrees with the extensively reported correlation between the CN and 

shorter ignition delays [16]. The main injection occurs at 20.8 deg aTDC after which 

a second LTHR occurs followed by the rapid increased of the high temperature heat 

release (HTHR). The peak of the HTHR shows a compensation for the LCD66, 

RE100 and MaxOME33 fuels, which had lower second LTHR but then have higher 

peaks than the rest of the fuels, likely product of a delayed start of combustion of the 

main injection (as can be also observed in Figure 8), which at higher temperatures 

and pressure conditions, once the combustion starts it is more intense. 

  

Figure 6. Comparison of the Heat release rate (HRR) of Ref. Diesel with (a) LCD100, 

LCD66 and LCD33; (b) MaxOME66 and MaxOME33 and (c) RE100 and R33 @ 3750 

rpm and full load. 

During the burnout stage, in which the remaining combustion products are burned, 

the fuels with a proportion of OMEx show a faster decrease, while the RE100 and 

R33 fuels show higher similarity to diesel. This faster burnout stage can be related 

to the higher oxygen proportion of the fuels, which overall increases the combustion 

temperature from TDC to around 60 deg aTDC (as is seen in Figure 7) and provides 

more oxygen for a complete combustion. 

 

Figure 7. Comparison of the calculated in-cylinder temperature of Ref. Diesel with (a) 

LCD100, LCD66 and LCD33; (b) MaxOME66 and MaxOME33 and (c) RE100 and R33 

@ 3750 rpm and full load. 
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To observe the combustion timing effects of the tested LCFs across all the operating 

conditions, Figure 8 shows the CA10, CA50 and CA90. These values provide a 

relative reference to the start of combustion (SOC), the combustion phase, and the 

end of combustion (EOC). At low and medium load the MaxOME66 is the clear 

outlier, having the most retarded SOC yet the earliest CA50, indicating that at these 

loads the LTHR is minimal and that the majority of the heat is released very fast 

during the premixed HTHR. For the 2000 rpm @ 22 bar condition it can be seen that 

the SOC and CA50 is close for all fuels, but that as the oxygen proportion increases 

so does the combustion duration decrease. Counterintuitively, at low loads the R33 

fuel has one of the earliest CA10, even though it has one of the lowest CN (which 

would normally delay the combustion). This can be explained by the variations 

originated by the pedal position and the higher LHV of this fuel, where the pilot 

injection is injected considerably earlier than for the other fuels and thus when the 

ignition delay is observed, the fuel complies with the expected longer ignition delay. 

 

Figure 8. Combustion timing for the different LCF blends under the drop-in calibration. 

Each rectangle indicates the duration from CA10 to CA90, and the vertical line and point 

the CA50. 
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2.3 Performance and emissions of drop-in fuel operation 

A drop-in fuel candidate to replace diesel must, besides being able to be burned in 

the engine, perform in such a way that regulated emissions can at least be as low as 

with the current diesel homologated vehicles and the fuel efficiency sufficiently high 

as to not represent a significant decrease in the vehicle milage.  

2.3.1 Fuel energy utilization 

The brake-specific fuel consumption (BSFC) and the equivalent brake-specific fuel 

consumption (BSFCeq) are shown in Figure 9 (a) and (b) respectively. The first 

represents the mass of fuel used to produce one kilowatt of power for one hour, while 

the second measure considers the LHV of the fuel and how would the fuel 

consumption would be if the fuel had the same LHV as diesel. Regarding the BSFC, 

the expected trends can be observed across all operating conditions: the fuels with 

the highest LHV have the lowest fuel consumption. When observing the BSFCeq it 

can be seen how fuels with low LHV have lower values than diesel. This effect is 

especially evident with the oxygenate fuels, and can be due to the fact the 

oxygenation of the fuel molecule improves the overall combustion efficiency. In the 

other direction, the fuels with higher LHV than diesel, still perform better than diesel 

when accounting the BSFCeq, also indicating a better efficiency. 

 

Figure 9. (a) Brake-specific fuel consumption (BSFC) and (b) equivalent BSFC (BSFCeq) 

for the different LCF blends under the drop-in calibration. 
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To explain some of the differences in fuel consumption and engine efficiency,  

Figure 10 shows the energy distribution of diesel under the tested operating 

conditions (which has a similar general pattern to the tested LCFs), while Figure 11 

shows more detail in the differences between fuels in terms of gross brake efficiency 

(GBE), combustion inefficiency and exhaust energy losses. In Figure 10, the GBE 

varies from 27% to 37%, while the rest of the energy is lost to different sinks like 

mechanical and pumping losses, heat transfer to the block, the exhaust or combustion 

inefficiencies (defined as the products of incomplete combustion). Because all fuels 

are tested within the same engine it can be assumed that mechanical and heat transfer 

losses will remain similar (with small variations due to the fuels in the work of 

components like the fuel pump and the turbocharger). 

 

 

Figure 10. Energy distribution for Ref. Diesel under the drop-in calibration at the tested 

operating conditions 

The GBE, combustion inefficiency and exhaust losses will vary significantly 

depending on the calibration settings and the LCF used, and they can represent up to 

80% of the total fuel energy. In Figure 11 (a) the GBE is evaluated for all fuels, 

agreeing with the trends observed in the BSFCeq. The fuels with percentages of 

OMEx have 1-2.5% higher efficiencies than diesel, while the addition of FAME (as 

with the RE100) seems to equally improve the efficiency of the engine. Combustion 

inefficiency remains below 1% of the total fuel energy for the tested LCFs, and 

although some of the LCFs have higher values compared to diesel these losses are 

not of concerning magnitude and are within expectations. The exhaust energy losses, 
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on the other hand, show the biggest differences between fuels because exhaust gases 

contain a significant amount of energy, which is partially captured by the 

turbocharger, while some is required for the aftertreatment system (ATS), but a large 

portion remains unused. The exhaust energy depends as much on the combustion 

phasing, injection settings and subsequently on the fuel, and is one of the areas where 

a dedicated LCF calibration could aid achieve higher output power by unit of fuel 

energy injected. 

 

Figure 11. (a) Gross brake efficiency (GBE); (b) combustion inefficiency; and (c) exhaust 

energy loss for the different LCF blends under the drop-in calibration. 
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2.3.2 Criteria for the evaluation of pollutants 

The final prerequisite for a diesel drop-in alternative is that pollutant emissions can 

be controlled, at minimum, equally as good as they are with the currently used diesel 

fuel. During this chapter the focus are the NOx, soot, HC and CO emissions which 

are all regulated in Europe under the Euro 6 normative (and soon under Euro 7). 

NOx emissions depend greatly on the combustion temperature, the air-to-fuel ratio 

and ignition timing, which as has been observed so far vary depending on the fuel 

used. In addition, the amount of EGR has been prove to be instrumental in reducing 

NOx emissions by diluting the air-fuel mixture with the exhaust gases and thus 

reducing the peak combustion temperature; nonetheless, due to the nature of the 

drop-in tests, the calibration of this parameter is also changed by the differences in 

the fuel properties. Considering this, Figure 12 shows the brake-specific NOx 

(BSNOx) emissions for the LCFs. The higher pedal position of MaxOME66, which 

demanded a lower EGR in the calibration is directly correlated to a higher NOx 

emission at the three lower loads. Besides this extreme case, at the max. load and the 

2000 rpm @ 22 bar operating condition the RE100 fuel also has nearly 1 g/kWh 

more than diesel, while showing moderate emissions at lower loads. The LCD fuels 

(100, 66, and 33) at high loads increase the NOx emissions as the OMEx proportion 

is decreased, while at low loads the effect is inversed. In this group of fuels, this 

effect could be explained by the variation of the OMEx proportion on each blend, 

which at low loads contributes to higher combustion temperatures by increasing the 

oxygen concentration, while at high loads the more complete combustion can reduce 

the formation of partially oxidized fuel compounds that can contribute to NOx 

emissions, as well as reduce the combustion temperature. A similar conclusion can 

be drawn for the MaxOME33 emissions. The fuels with bio-originated lipid blends 

do not show such consistent trends, with R33 generally promoting combustion at 

higher temperatures that result in higher NOx, while at low loads RE100 shows the 

opposed effect. 
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Figure 12. Brake-specific NOx emissions (BSNOx) for the different LCF blends under the 

drop-in calibration. 

Soot emissions contribute to the formation of smog and air pollution, which can have 

negative impacts on the environment and human health. Regulating soot emissions 

from engines can help to minimize these negative impacts. Diesel particulate filters 

(DPFs), can capture and remove soot particles from the exhaust gases, reducing the 

amount of soot emissions released into the atmosphere, however the efficiency of 

this process will vary depending on the amount and size of the particles released and 

an excessive amount of soot can be prone to obstruct the filter, thus controlling the 

engine-out soot is a relevant criteria for a drop-in alternative. Contrarily to what is 

expected, under the drop-in calibration most of the OMEx containing fuels have 

higher soot emissions than diesel at the 2000 rpm @ 22 bar operating condition 

(Figure 13), which can in part be explained by the higher mass of fuel that has to be 
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injected to reach such load with the lower LHV fuel blends, creating rich local 

regions that increase the soot emissions. Under the rest of the operating conditions, 

however the OMEx containing fuels do present an improvement with respect to 

diesel or a similar value. Of the fuels tested, the R33 shows the worst case scenario 

in terms of drop-in soot emissions, which could be in part due to the calibration not 

being ideal for this fuel as the pedal position is lower, decreasing the amount of fresh 

air and reducing the injection pressure, which could increase the locally rich areas 

occurrence generating higher soot emissions. In any case, is worth noting that all 

LCFs have lower than 0.2 g/kWh. 

 

Figure 13. Brake-specific soot emissions (BSSoot) for the different LCF blends under the 

drop-in calibration. 
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Figure 14 shows the brake-specific HC and CO emissions. HC remain within diesel’s 

levels (although the mass could increase up to 5% if the unburned hydrocarbon was 

considered as pure fuel instead of methane as described in previous chapters). On 

the other hand CO can be increased by up to 2.5 g/kWh at the 2000 rpm @ 22 bar 

and the 1500 rpm @ 14 bar operating conditions when testing fuels like the R33 and 

the LCDs. Is this high CO values that correlate directly to the higher observed 

combustion inefficiencies previously described. Although in some case, the tested 

LCFs can have higher CO and HC values, the level for these pollutants remains 

within reasonable diesel levels and thus with the already existent diesel ATS (like 

catalytic converters) could be significantly reduced before the tailpipe.  

 

Figure 14. (a) Brake-specific HC emissions (BSHC) and (b) Brake-specific CO emissions 

(BSHC) for the different LCF blends under the drop-in calibration. 

3 Unmeasured effects of the use of drop-in fuels 

In this chapter the appropriateness of using LCFs as drop-in candidates for internal 

combustion is addressed, highlighting that the ideal drop-in fuel would not require 

to make significant changes to the vehicle, the fuel distribution system or end user 

considerations like additional safety measures when manipulating (for example in 

the case of refueling).  

In the previous sections it has been demonstrated how all tested fuels are able to be 

used within a similar operation range to diesel’s, with some even being more 

efficient in terms of fuel consumption or engine-out emission control. The criteria 
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used for this assessment considered exclusively what could be called ‘combustion 

effects’, disregarding the differences in wear and durability that the fuels might cause 

on different systems. Nonetheless, some negative effects were still observed during 

the tests of some of the selected LCFs, particularly in the fuel injection system. 

 

Figure 15. Injector usage summary including the operation time and the fuels used before 

breakage. 

The following observations are anecdotal and rigorous dedicated durability and wear 

testing methodology should be implemented in the future. Nonetheless, it is 

interesting to comment that during testing it was found that oxygenated fuels had a 

higher tendency to reduce the durability of the common-rail, injectors and fuel 

pumps. Figure 15 shows the recorded injector operation time (which is similar to the 

distribution of use of the high-pressure pumps) with the tested LCFs. Because of the 

high injection pressure and presumably due to the differences in the fuel properties, 

the injectors were observed to be one of the most sensitive components to damage 

during testing with LCFs. A breakage pattern emerged specifically after around 

40hrs of non-continuous operation with oxygenated fuels, which included problems 

like the injector not opening or closing as designed leading to missing injections or 

injection of unprecise fuel quantities. For comparison under normal operation with 

diesel a durability of over 150000 kilometers could be expected for an injector [17], 

many orders of magnitude more than what was observed during the study. The high-

pressure fuel pump was another delicate component having to also use three sets in 

a total of 526 hrs (which would equate to only 52600 kilometers at a constant speed 

of 100 km/h). In addition, one of the common-rails and injectors was sent to the 

manufacturer for analysis after operation and breakage with MaxOME66 where 

corrosion was observed in functional components for both parts reassuring the 
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concern for the durability of components when using highly oxygenated fuels 

without improving the additivities formula or changing the hardware design. 

The hardware durability observations in relation to the oxygenated fuels are directly 

linked to the lubricity wear scar diameter (WSD), which is also linked to the water 

content and the viscosity of the fuel. This was observed in the bivariate correlation 

between fuel properties shown in Chapter 3 and is summarized here in Figure 16. 

The WSD is a measure used to evaluate the lubricating properties of fuels, providing 

an indication of the fuel's ability to reduce friction and prevent wear between metal 

surfaces in engines and other mechanical systems. When fuel is used as a lubricant, 

such as in the fuel injection system (FIS) in this study, it forms a thin film between 

moving metal surfaces to minimize direct metal-to-metal contact. The WSD test 

measures the size of the wear scar produced on a flat metal specimen after it has 

been subjected to controlled sliding against another metal surface while being 

lubricated with the fuel being tested. In this context, the observations in Figure 16 

empirically relate well to the usage time before injector breakage, with the 

oxygenated fuels, particularly the LCD100 showing the largest WSD. 

 

Figure 16. Relation between the wear scar diameter, the oxygen content, the water content 

and the viscosity of the fuels 

What the previous empirical observations seem to indicate is that, although these 

LCF show excellent potential to be substitutes of fossil diesel in terms of 

combustion, some considerations still need to be made for the hardware it is going 

to be used in or the formulation of the fuels, to include additives that can mitigate 

some of the corrosion and oxidation associated issues that were observed. However, 

some fuels, like the RE100 and R33 are more ready to be directly applicable to 

existing vehicle floats. 
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4 Summary and conclusions 

The drop-in potential of different low-carbon fuel blends was determined by 

assessing their ability to achieve drop-in operation and their characteristics of 

combustion, emissions, and engine settings. The test matrix for steady-state 

operation of the engine was representative of the operation under the WLTP cycle. 

The results showed that the fuels with the lowest LHV required a higher pedal signal 

to reach the same engine load, but the reduction in energy density did not directly 

translate to an equivalent increase in pedal. The rated power varied similarly to the 

pedal variation with the fuel energy density. The MaxOME fuels, despite having 

lower LHV, could reach almost the same rated power as diesel due to their high 

oxygen proportion. 

The changes in the calibration settings under drop-in operation are mainly associated 

with changes in fuel mass demand, but small corrections occur due to fuel-specific 

characteristics. The air mass and EGR variation are linked to the fuel, as the 

turbocharger operation depends on the exhaust energy, which is dependent on the 

specific combustion characteristics of each fuel. The admitted fresh air quantity is 

regulated by the turbocharger and later refined with the EGR valve, which allows 

more or less fresh air.  

In order for a drop-in fuel candidate to replace diesel, it must have similar or lower 

regulated emissions and fuel efficiency to diesel. The BSFC and BSFCeq were 

measured for different LCF blends under the drop-in calibration. The fuels with the 

highest LHV had the lowest fuel consumption and the fuels with low LHV had lower 

values than diesel when considering BSFCeq. The addition of FAME (as with the 

RE100) equally improved the fuel consumption and efficiency of the engine. 

Combustion inefficiency remained below 1% of the total fuel energy for the tested 

LCFs. The exhaust energy losses depend on combustion phasing, injection settings, 

and subsequently on the fuel, and is one of the areas where a dedicated LCF 

calibration could aid achieve higher output power by unit of fuel energy injected. 

The LCFs tested in this study showed varying levels of NOx emissions, with 

MaxOME66 having the highest emissions due to its lower EGR calibration. Soot 

emissions can be controlled through the use of diesel particulate filters, but engine-

out soot levels are also important to consider. OMEx containing fuels had higher 

soot emissions than diesel at high load conditions, but showed improvement at other 

operating conditions. HC levels remained within diesel levels, while CO emissions 

were increased in some LCFs, particularly R33 and LCDs. However, all LCFs tested 
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had CO and HC levels within reasonable diesel levels and could be reduced further 

with existing diesel ATS. 

The chapter demonstrates that all tested LCFs are able to operate within a similar 

range to diesel under drop-in operation, with some being more efficient in terms of 

fuel consumption and engine-out emission control. However, negative effects were 

observed during testing, particularly in the fuel injection system. Oxygenated fuels 

were found to reduce the durability of common-rail injectors and fuel pumps. The 

study highlights the need for rigorous durability and wear testing and suggests that 

improvements in fuel additives or hardware design may be necessary to mitigate the 

corrosion and oxidation issues observed. Nonetheless, some LCFs, such as RE100, 

are more suitable for direct application to existing vehicle fleets. 
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1 Introduction 

The use of low carbon fuels (LCFs) in internal combustion engines (ICE) has 

become an important research topic due to their potential to reduce greenhouse gas 

emissions and improve fuel efficiency. However, the use of LCFs presents some 

challenges, as their properties can differ significantly from those of conventional 

fuels. The modelling and optimization of a light-duty ICE using LCFs should be 

focal to extract the best performance from LCFs. The approach of the study involves 

adapting the calibration settings of the engine to better suit the properties of the LCFs 

and decrease NOx emissions. Furthermore, the impact of the LCFs on the engine's 

performance and emissions is evaluated with different calibrations to provide a 

thorough exploration of the coupling of the fuels and the engine. The aim of this 

study is to gain a deeper understanding of the advantages and obstacles associated 

with the utilization of LCFs in ICEs, and to establish effective techniques for 

enhancing their performance through calibration. 

In chapter 4, the LCFs were tested under the drop-in calibration, proving it was 

possible. The engine could be operated without having to modify the reference diesel 

B7 calibration maps because of the high cetane index of the fuels, which easily allow 

their autoignition. In terms of the calibration settings under the drop-in scenario, 

changes in the mass requirements compared to diesel were a product of the fuels 

having a lower energy density by mass. Given the previously existing calibration of 

the ECU was done considering diesel B7, it is to be expected that a specific 

calibration from each of the LCF blends would allow to take more advantage of the 

distinctive properties of the fuels, particularly for the purpose of emissions 

reductions and maintaining diesel-like fuel consumption. This chapter centers on the 

different factors that have an effect over the responses of the engine with the different 

fuels, evaluating the possibilities from the broadest to the narrowest result of an 

optimized calibration for each of the LCFs. Each of the different analysis (see Figure 

1) provides insights on the nuances of reaching an optimized calibration considering 

the characteristics of the fuel, until finally the optimization methodology described 

in Chapter 3 is used to find the calibration settings that provide the best result in 

terms of fuel consumption, NOx and soot emission while not exceeding the 

mechanical and efficiency constraints.  

The first stage of the analysis allows to quantify the responses of the engine within 

the limits of the calibration settings, only limiting the available output by the 

mechanical constraints; these clusters are the available candidates for the optimized 

LCF operating condition. In the second stage, the scope of the operating conditions 

and settings are limited by the fixing of the CA50, equalizing the combustion 
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phasing and allowing to observe the responses assuming that the combustion is 

similar between the different LCFs. The third stage subsets the points by preserving 

the same calibration settings between fuels, showcasing the effect within the engine. 

By fixing conditions on stages two and three, the effects of the fuels can be better 

isolated, and this is the transversal knowledge generation that could be applied to 

other engines of the same type. Finally, on the fourth stage, the optimums for each 

LCF at each operating condition are found and compared to the drop-in calibration 

and to the diesel B7 operation. 

 

Figure 1. Schematic of the analysis approach of the chapter 

To evaluate the responses and optimize the calibration of the engine, adjustments are 

made to eight key parameters: start of injection (SOI), injection pressure (Prail), 

volumes (V1 and V2), and dwell times (D1 and D2) for pilot injections, in-cylinder 

air mass quantity (AirM), and boosting pressure (PBoost). A design of experiments 

(DOE) approach was employed to identify the most effective combination of these 

settings, ensuring they meet targets for NOx, soot, load and COVIMEP in terms of the 

desired outputs from the engine under stationary operation, as well as targets for 

maximum cylinder pressure (Pmax) and pressure rise rate (PRR) to ensure the safe 

operation of the engine and reduce the noise, vibration and harshness (NVH) of the 

engine.  
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2 Engine responses with DOE modelling 

Chapter 3 introduced the DOE methodology as a systematic approach to plan and 

conduct experimental research efficiently. DOE structures experiments before 

execution to gather data for later analysis, understanding the relationships among 

input factors (modified calibration settings) and output responses. When working 

with quantitative factors in a DOE, regression models are a valuable representation, 

where the performance of the engine is expressed as a linear combination of 

calibration parameters. In this study, models were developed for various responses 

of interest, including NOx, soot, HC, CO, fuel consumption, BTE, and combustion 

parameters (CA50, CA10, CA90, and torque). And the validation process involved 

comparing fitted values from the models to experimental values and evaluating the 

prediction errors. 

The developed models are used to represent the optimization space, which refers to 

the range or set of possible values within which the calibration is explored to later 

find the optimums. The value range of the calibration parameters is presented in 

Table 1. It is evident from the table that at different engine operating conditions each 

of the LCFs have a different minimum and maximum value that can fulfill the 

constraints presented in Chapter 3. For example, at the 1250 rpm @ 2 bar operating 

condition the majority of the LCFs have a large SOI range going to early injections 

near 7 to 10 CAD bTDC to late injections ranging from -6 to -3 CAD bTDC. The 

LCD100 has a narrower range of calibration for the SOI at that operating condition 

because the torque output with that fuel was highly sensitive to SOI variation being 

farther from the top dead center. Something similar occurs with all the calibration 

parameters, and larger calibration ranges indicate that the fuel is less sensitive to 

exceeding any of the constraints with that parameter. Regardless, as the fuels can be 

considered “diesel-like” fuels there is a clear overlap between the range of 

calibration parameters as the fuels have mostly high autoignition coefficients and 

relatively small difference in lower heating value (LHV) when compared with other 

low carbon fuels, like methanol with a CN of ~5 and LHV of 19.9 MJ/kg [1]. 
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Figure 2, Figure 3 and Figure 4 show the modelled space for the BSFC, BSNOx, 

soot and CA50 variables at the 2000 rpm @ 8 bar operating condition, which will 

serve to explain the general behavior of the different fuels, while Figure 5 shows 

the relation between the responses at the maximum power setting of the engine. 

The 3750 rpm @ max. load condition also allows us to observe how the available 

optimization space is reduced as the load increases. The modelled spaces are 

created by the combinatory of the calibration parameters at least with 7 levels after, 

taking a random sample of 900,000 different combinations. The limits of the 

calibration settings were found during the screening phase described in Chapter 3. 

The sampled combinations are then evaluated with each of the calibrated models 

for BSFC, BSNOx, soot and CA50. Then, once the modelled values are obtained, 

the modelled torque, PRR and peak pressure are confirmed to ensure the conditions 

reach the necessary power requirements and the safety limits can be fulfilled. 

The fuels were grouped by composition, thus LCD fuels (LCD100, LCD66 and 

LCD33) are within one group, MaxOME fuels (MaxOME66 and MaxOME33) are 

in another group and R33 and RE100 are grouped together due to their biofuel 

content. The figures show the pairwise relationship among four variables: BSFC, 

BSNOx, soot, and CA50. Each variable appears both on the X and Y axes of the 

scatter plots. The data points (different colors) are grouped according to the fuel type 

used. The distribution of each fuel for all variables is shown in the main diagonal. 

The figures also indicate the correlation between each pair of variables for the whole 

set of fuels (specified as “Corr:”) and each specific fuel (specified by the name of 

the fuel). In this sense, a strong correlation will be determined by a correlation 

coefficient between 0.7 and 1 (0.7 < r < 1), a moderate one by a correlation 

coefficient between 0.3 and 0.7 (0.3 < r < 0.7), a weak correlation by a correlation 

coefficient between 0 and 0.3 (0 < r < 0.3) and no correlation indicated by 0; 

depending on the whether the values are negative or positive the correlation will be 

negative or positive. The stars (*) shown in the figures represent statistical 

significance levels with more stars indicating a very low p-value. 

The calibration ranges described in Table 1, were controlled during the experiments. 

The EGR is not a directly controlled parameter, however it is a consequence of the 

variation of the air mass parameter and the boost pressure. The effects of the EGR 

on the emission control of ICEs, the fuel consumption and the combustion phasing 

are extensively discussed [2, 3, 4]. EGR lowers peak combustion temperatures and 

reduces the oxygen concentration of the intake air. Considering this, due to the 

differences in calibration settings, particularly the airmass and the boost pressure, it 

is expected that the EGR will vary as well, and it will play a significant role in the 

variation of the responses being studied. This observation was confirmed during the 
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experiments as the lower air mass requirements and lower boost pressures increased 

the EGR percentage, and with that greatly improved the NOx emissions. For the 

LCD fuels these observations have been previously stated in published work by the 

author [5]. It is also true that at lower loads the EGR quantities are proportionally 

higher, and thus the effect of the different fuels is in fact not as evident due to the 

EGR quantities define the combustion phasing. 

2.1 Low-to-medium-load engine performance 

 

Figure 2. Correlation matrix of the optimization space for the BSFC, BSNOx, Soot and 

CA50 for the LCD100, LCD66 and LCD33 fuels at the operating condition 2000 rpm @ 8 

bar. Significant values are represented as *p<0.05, **p < 0.01, ***p<0.001. 

The LCD group of fuels has a tri-component composition of OMEx, Fischer-

Tropsch (FT) diesel, and fossil diesel (in the case of the LCD66 and the LCD33). 

For the LCD group in Figure 2, the median fuel consumption of LCD100 makes a 

dramatic increase compared to the LCD66 and LCD33 although for the operating 

condition all three fuels can reach values as low as 225 g/kWh. The higher overall 
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BSFC for the LCD100 can be explained by the difference in its LHV. In terms of 

correlations with the BSFC, there is a moderate correlation with the BSNOx, soot 

and CA50 for the LCD100 and LCD33 fuels, while the LCD66 has a low correlation 

between the BSNOx and the BSFC. Additionally, the median BSNOx is nearly 4 

g/kWh higher than for the other two fuels. The low correlation and larger NOx for 

the LCD66 is evidenced by the more symmetrical distribution of the emissions 

which might have originated from a combination of the large range of calibration 

parameters seen in Table 1 allowable with this fuel.  

The relation between the BSNOx and soot emissions is decidedly strong for the 

LCD33 and LCD66, and the range for soot emissions does not surpass 4 FSN. The 

LCD100, on the other hand, has a higher maximum range of soot emissions, while 

the BSNOx emissions are mostly contained below 5 g/kWh. Although the LCD100 

has the highest possible soot emissions, the NOx-soot tradeoff of the fuel is the most 

favorable with more values in the lower range for both pollutants. In relation to the 

CA50, at this operating condition correlations are rather moderate. LCD100 and 

LCD33 show a minimum CA50 of 0° bTDC, while the earlier injection limit for the 

LCD66 in tandem with its higher CN allow the combustion to be phased earlier. This 

2-D model representations show in advance how after optimizing the resulting point 

will be below the 2 g/kWh mark for BSNOx and the under 1 FSN mark for soot, 

while at the same time maintaining a fuel consumption under 250 g/kWh.  

While in Figure 2 there was a strong overlap in the fuel consumption between the 

LCD fuels, no such overlap is observed for Figure 3 in the BSFC. In fact, when 

observing the BSFC-BSNOx trade-off it is seen that for a given value of BSNOx, 

the maximum BSFC for the MaxOME33 is the minimum BSFC for the MaxOME66. 

Following the logic where the LHV explains this difference is a good starting point 

as the MaxOME33 has a LHV of 39.55 MJ/kg while the MaxOME66 has a LHV of 

38.24 MJ/kg. Nonetheless, if this were the only reason for the difference in fuel 

consumption, the difference between the LCD fuels would be larger (difference 

between the maximum and minimum LHV of the LCD group is 2.81 MJ/kg, which 

is larger than the difference of 1.31 MJ/kg of the MaxOME fuels). Because of this, 

it makes sense to also look at the oxygen content and the CN to further explain the 

fuel consumption because of changes in the combustion. 
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Figure 3. Correlation matrix of the optimization space for the BSFC, BSNOx, Soot and 

CA50 for the MaxOME66 and MaxOME33 fuels at the operating condition 2000 rpm @ 8 

bar. Significant values are represented as *p<0.05, **p < 0.01, ***p<0.001. 

Soot emissions for the MaxOME fuels, due to its high proportion of OMEx and the 

imposed calibration limits, is low across all operating conditions. In the observed 

2000 rpm @ 8 bar, the emissions reach a maximum of 2 FSN and the higher 

proportion of oxygen in the MaxOME66 seen to have a positive effect in reducing 

the soot emissions. BSNOx emissions for the MaxOME33, nonetheless are lower, 

mainly in the cases where the combustion occurs earlier. The range of CA50 for the 

MaxOME66 is comparatively more reduced, going from 5 to 15 CAD aTDC, 

compared to the 0 to 20 CAD aTDC of the MaxOME33. 
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Figure 4. Correlation matrix of the optimization space for the BSFC, BSNOx, Soot and 

CA50 for the R33 and RE100 fuels at the operating condition 2000 rpm @ 8 bar. 

Significant values are represented as *p<0.05, **p < 0.01, ***p<0.001. 

Comparing the R33 and the RE100 in Figure 4, although the lower limit of the BSFC 

for the operating condition is the same for both fuels R33 has a higher BSFC and 

higher BSNOx emissions, while both fuels have a similar distribution of the CA50 

and soot emissions. These two fuels are the most dissimilar of the compared groups, 

with RE100 having a CN of 83.5 and the R33 of 59. Thus, if the CN is a typical 

indicator of the autoignition capability of a fuel, it could be expected that the RE100 

with a higher CN, would have an earlier combustion, yet this is not the case: the 

median CA50 of the R33 is between 5 and 10 CAD aTDC while for the RE100 the 

median is at a later timing. These two fuels also have a difference in the oxygen 

proportion, with the R33 being close to the fossil diesel reference at 0.76%m/m while 

the RE100 has a 2.16 %m/m. In this case, the difference in the oxygen level could 

compensate the apparent difference in the CN, with the larger oxygen content 
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promoting a less rapid combustion that can burn slowly, which in turn can explain 

the small benefits in soot and NOx, as the oxygen likely decreases the combustion 

temperature (reducing NOx) and allows a more favorable mixture in the cylinder 

even in the regions with high fuel concentrations as the fuel has its own oxygen 

content. 

2.2 High-load engine performance 

As the load increases, the range of calibration settings that can maintain the safety 

constraints and the operation range of components like the turbocharger and the 

common-rail is reduced. Because of this, the calibration at maximum load operating 

conditions is defined in part for the mechanical limits of the engine. Figure 5, shows 

the pairwise relations between the selected responses for the 3750 rpm @ max. load 

operating condition. At this load the BSFC-BSNOx-Soot tradeoffs are considerably 

closer to a line described, with a strong negative correlation between each for all the 

studied LCFs. At this load the extensively reported NOx-soot tradeoff of diesel 

engines can be observed, with most of the fuels reaching a NOx emission of nearly 

5 g/kWh when the soot emissions reach a value of 1 FSN, being the fuel with the 

most favorable emission outcome at the load condition the LCD66 which can reach 

emissions as low as 2 g/kWh at the 1 FSN level. 

One possible explanation for this is the fact that at a higher LHV the fuel mass 

necessary to reach the operating condition is smaller; thus, a more favorable air-to-

fuel ratio (AFR) can be reached without the need to increase the air demand and put 

the turbocharger (which at this operating point is working at its limits) under more 

strenuous conditions. In the fuel properties table in Chapter 3, it can be seen how the 

fuels that have a higher oxygen proportion in their composition have lower 

stoichiometric AFR (AFRsto), which at lower loads improves the efficiency of the 

charge renewal system allowing to somewhat mitigate the increase of the fuel 

consumption product of a higher LHV as the turbine needs to produce less work 

because the air demand is lower. However, at full load the engine needs a large mass 

of fuel to reach the necessary torque, thus in this condition the equivalence ratio is 

richer for the OMEx containing fuels and the turbine experiences higher losses as 

the air mass demand needs to increase to optimize the AFR. 

Similar soot values can be reached with RE100 and R33, the fuels that contain 

OMEx (all the fuels in the LCD and MaxOME groups) have significantly reduced 

soot emissions (~3 FSN) compared to the ones that do not contain OMEx. Although 

there are differences between all the fuels in terms of consumption and emissions 

the CA50 values remain consisted for the operating condition, where maintaining 
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the value between 5 and 25 CAD aTDC avoids undesirable effects like an extreme 

PRR and peak pressures above 180 bar. 

 

Figure 5. Correlation matrix of the optimization space for the BSFC, BSNOx, Soot and 

CA50 at the operating condition 3750 rpm @ max. load. Significant values are represented 

as *p<0.05, **p < 0.01, ***p<0.001. 

Notably, the seven LCFs can reach BSFC values that are comparable to diesel, 

showing some of the advantages of using fuels that are close to diesel both in terms 

of the autoignition capabilities and that can achieve the EN 590 and ASTM D 975. 

While the variations, operational limits, and benefits in terms of emissions are linked 

to the characteristic properties of each fuel, having again highlighted the benefits in 

terms of emissions of using oxygenated fuels. Although the areas for the different 

responses generated by the models are useful to see the general performance of the 

fuel, they provide a too general comparison where the specific potential of the fuel 

is not easily observed at the lowest BSFC-BSNOx-soot condition. This topic will be 

addressed in the following sections by means of equalizing the CA50, as well as the 

setting for the different fuels. The fuels with higher LHV, like the RE100 and the 
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R33, have a smaller lower limit of BSFC, without necessarily increasing too much 

either the NOx or soot emissions compared with the other fuels.  

3 Fixed combustion phasing analysis 

Keeping the whole range of operation of the modelled LCFs provides too broad a 

comparison and does not allow us to directly explain all the differences in the 

combustion of the fuels because all the fuels have both different setting and 

combustion phasing. For this reason, in this section the CA50 at each operating 

condition is fixed. The idea behind this is ensuring the combustion of the fuels have 

a similar phasing, and thus the effects on the other responses (fuel consumption, 

NOx and soot) will not be affected by the size of this effect. Table 2 shows the 

selected CA50 for each operating condition, which has an admissible span of 2 CAD. 

Table 2. Selected CA50 range for each operating condition 

Operating condition CA50 range (deg aTDC) 

1250 rpm @ 2 bar 9-11 

2000 rpm @ 8 bar 9-11 

1500 rpm @ 14 bar 14-16 

2000 rpm @ 22 bar 14-16 

3750 rpm @ max. load 14-16 
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3.1 Fuel consumption impact 

To observe the effect of the fuels at constant CA50 conditions, boxplots are used as 

a visualization tool to explore the distribution of the BSFC, BSNOx and soot. Figure 

6 shows the distribution of the BSFC. In the plot, the box represents the interquartile 

range (IQR), which contains the middle 50% of the data. The bottom edge of the box 

is the Q1 (25th percentile), and the top edge is the Q3 (75th percentile). The whiskers 

extend from the box to the minimum and maximum values within a certain range. 

This range is typically calculated as 1.5 times the IQR. Any data points beyond the 

whiskers are considered outliers and are plotted individually as points. 

In Figure 6 as the OMEx content in the fuels increased, so did the BSFC. This 

relationship can be attributed to the fact that fuels with higher OMEx concentrations 

tend to exhibit lower LHVs due to oxygenation. Consequently, these oxygenated 

fuels necessitate a larger volume to produce the same power output, resulting in 

elevated BSFC values. However, intriguingly, we observed an exception at the 

lowest load operating condition with MaxOME33, where it deviated from the 

expected behavior compared to MaxOME66. This anomaly might be attributed to 

unique combustion properties of MaxOME33 under these specific conditions, 

potentially the larger aromatic content (a reduction of CN) of the MaxOME33 can 

play a role in the reduction of the fuel economy by increasing the combustion delay 

as has been reported to occur [6, 7]. 

A significant reduction in BSFC occurred when fuels had lower OMEx content, 

particularly in the RE100 and R33 fuels. This reduction is consistent with the 

overarching principle that fuels with lower OMEx content possess higher energy 

content, translating to reduced fuel consumption in the CI engine. These findings 

underscore the advantages of using fuels with properties more akin to traditional 

diesel fuels, supporting their potential as viable alternatives for CI engines. 
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Figure 6. BSFC at different loads under fixed CA50 values 
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3.2 NOx emissions impact 

The NOx emissions results with fixed CA50 are not as straightforward as the fuel 

consumption, and do not seem to provide a clear trend by fuel. For most operating 

conditions, the fuels that contain OMEx have a similar Q1 limit (with some 

exceptions in the LCD66 fuel), while RE100 and R33 can have either higher or lower 

values depending on the operating condition. Typically, delaying the CA50 to 

reduces the combustion temperature [8] especially when delaying the CA50 by 

means of increasing the EGR [9]; this can limit the thermal NOx pathway.  

In this study, to maintain the same CA50 for the different fuels the input conditions 

of the model are then changed to achieve this goal. In that sense, to equate the on 

average earlier CA50 of the LCD100 and the R33 to the later average values of the 

other fuels, most of the conditions to reach the target CA50 for the LCD100 and R33 

have a larger preference for lower intake air masses and lower injection pressures; 

however as the fuels are significantly different between them, the median NOx 

emissions for R33 is higher at lower loads while at higher loads, as the LCD100 

needs large intake air masses to reach an appropriate AFR the benefit in NOx 

emissions of having larger EGR quantities and colder combustions is not perceived. 
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Figure 7. BSNOx emissions at different loads under fixed CA50 values 
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3.3 Soot emissions impact 

Soot emissions at fixed CA50 values are compared in Figure 8. Apart from extreme 

cases, there is no discernible advantage in terms of soot emissions at fixed CA50 

when comparing oxygenated and less oxygenated fuels, especially when they 

contain several proportions of OMEx. The variations in soot emissions across 

different fuels exhibited a significant overlap, spanning a range of over 2 FSN for 

all fuels and operating conditions. This extensive overlap in soot emissions 

underscores the complexity of the combustion process and the multitude of factors 

at play. 

It has been reported how soot emissions increases as the CA50 is delayed [10]; the 

combustion tends to be more diffusive and there are regions in the cylinder with 

extremely high equivalence ratios. The delay in CA50 is indicative of a more 

diffusive combustion process, characterized by regions within the cylinder 

experiencing extremely high equivalence ratios. These fuel-rich regions are 

susceptible to incomplete combustion due to oxygen limitations. When the CA50 is 

held across all fuels, the different calibration parameters have a significant impact 

on the soot emissions. The wide range of calibration settings capable of achieving 

the same CA50 value contributes to the substantial variability in soot emissions 

observed for most fuels, ranging from as low as 0 FSN to as high as 7 FSN. Notably, 

the fuel with the highest oxygen content and the lowest carbon content, namely 

MaxOME66, consistently exhibited the lowest median soot emissions. This can be 

attributed to the fuel's ability to achieve a balanced combustion process, even under 

conditions of lower air mass, leading to more complete oxidation and reduced soot 

formation. 

Building upon the comparison between LCD100 and R33 fuels, which was 

originally highlighted for the NOx emissions section, elucidates the relationship 

between extreme differences in fuel properties and soot emissions. As anticipated, 

the R33 fuel exhibits greater soot emissions in contrast to the LCD100 fuel. This 

difference can be primarily attributed to the lower carbon content of the LCD100 

fuel, which necessitates less oxygen for the complete oxidation of its molecules 

during combustion, even in regions of the cylinder with higher concentrations of 

fuel. The inverse relationship between carbon content and soot emissions 

underscores the critical role of fuel composition in shaping the combustion process 

and its emissions characteristics, emphasizing the potential for tailored fuel 

formulations to mitigate soot formation in internal combustion engines. 
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Figure 8. Soot emissions at different loads under fixed CA50 values 
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4 Fixed calibration settings analysis 

Having validated linear models for all the operating conditions and all the tested 

LCFs allows us to compare the responses of the engine under different controlled 

scenarios. One of such scenarios is the iso-setting comparison, which allows to 

account for the effect of the engine calibration on the different responses of interest. 

This approach was proposed in the 2022 work by the author in SAE Powertrains, 

Fuels & Lubricants Conference & Exhibition [11]. 

Table 3. Iso-setting calibration setting levels. 

Setting 
1250 rpm 

@ 2 bar 

2000 rpm 

@ 8 bar 

1500 rpm 

@ 14 bar 

2000 rpm 

@ 22 bar 

3750 rpm @ 

max. load 

Rail 

Pressure 

[bar] 

-30; 0; +30 -60; 0; +60 
-200; 0; 

+100 

-350; 0; 

+350 

-500; 0; 

+500 

SOI [deg 

aTDC] 
-3.5; 0; +3.0 -2.5; 0; +2.5 -2; 0; +2 -2.5; 0; +2.5 -5; 0; +5 

Air [mg/cc] -25; 0; +25 -25; 0; +25 -20; 0; +20 -20; 0; +20 f(Boost) 

Boost [kPa] -2; 0; +2 -5; 0; +5 -5; 0; +5 -10; 0; +10 
-12.5; 0; 

+12.5 

Total cases 

[-] 
81/fuel 81/fuel 81/fuel 81/fuel 27/fuel 

 

An iso-setting approach aims to isolate the effects of the fuels themselves, 

disregarding variables like injection settings and intake air conditions that could 

introduce complications. Given that optimal calibrations for injection timing and 

AFR differ across fuels due to distinct physical and chemical properties (fuel 

properties in Chapter 3), three tiers of rail pressure, SOI, intake air mass, and boost 

pressure are used in this study. Consequently, all feasible combinations of these 
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parameters are explored, resulting in 81 cases for each fuel and operational 

circumstance except for the 3750 rpm @ max. load point, where 27 cases are 

established for each fuel due to the air mass quantity being contingent on the boost 

pressure. Table 3 reflects the distinct levels associated with each iso-setting 

combination, while Figure 9 represents a simplified schematic of the parameter 

combinatory process. 

Although the pilot injections were varied during the DOE process described in 

Chapter 3, to prevent an exponential surge in the number of case permutations, and 

considering their relatively lesser influence compared to the aforementioned factors, 

the pilot injection quantities and dwell times are held constant.  

 

Figure 9. Schematic of the combinatorics used during the iso-settings analysis 

4.1 Required fuel mass 

It was mentioned in Chapter 3 that during the DOE the fuel mass was kept constant 

to avoid incorporating the effect of the fuel demand into the experiments analysis.  

As one of the constraints shown in Chapter 3 is the load, the maximum level for each 

operating condition is given by the maximum setting value obtained with the lowest 

setting value LCF that would allow to remain within the load limits at constant fuel 

mass (determined experimentally). A similar condition was applied to determine the 

minimum level of each of the calibration settings. 
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Figure 10 shows the effect of the LHV, cetane number (CN), density, viscosity, total 

aromatics and O-C ratio in the fuel mass levels for each operating condition. It is 

well known at this point that the LHV is one of the determining factors in the quantity 

of fuel necessary to reach a specific load at a given speed. The trend for higher LHV 

resulting in lower fuel masses is easily observable in the figure, especially at the high 

engine loads. The LHV represents the amount of energy released when a unit mass 

of fuel is completely burned under constant pressure conditions, and the combustion 

products (such as water vapor) are allowed to condense to their liquid state, thus it 

is a measure of the energy density of the LCFs, which explains why the trend is more 

noticeable when the engine’s power output is higher.  

 

Figure 10. Effect of fuel blend properties over the normalized required fuel mass at different 

engine conditions 

In Figure 10, trends are also observed for the viscosity and the O-C relation, where 

the viscosity is effect on the fuel mass is extremely similar to the LHV’s. This can 

be explained by the O-C proportion, as fuels with higher O-C have higher oxygen 

proportions and thus lower carbon content. The viscosity of a fuel is primarily 

influenced by its chemical composition and molecular structure [12], a lower carbon 

content can change the size and shape of its molecules, thus with lower carbon 

content generally have smaller and simpler molecules which can move more freely 

past each other, leading to lower friction and thus lower viscosity. Similarly, a larger 

oxygen proportion content fuels generally have lower LHVs because the oxygen 

contributes to the overall mass of the fuel without adding as much energy.  
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At lower loads, the trends are not seen as constant because of the combustion 

stoichiometry, which again, can be linked to the O-C proportion of the fuels. In fuels 

with oxygenated compounds, the oxygen can participate in the combustion process 

and affect the overall stoichiometry (ratio of fuel to oxygen) required for complete 

combustion. This can influence the heat released during combustion allowing for 

fuels with lower LHV, but higher O-C to have lower fuel consumption in some cases 

(in combination with other properties like the CN and the aromatic content). 

4.2 Fuel consumption impact 

Figure 11 illustrates the impact of fuel blend properties on the BSFC across the five 

examined operating conditions. Absolute differences are used to express the results. 

Each of the grey lines represents a combination of iso-settings, while a bolder black 

line indicates the linear correlation. The corresponding correlation coefficients are 

also depicted within the figure. 

Upon initial inspection, regardless of the engine´s power target, a negative 

correlation between LHV and BSFC is evident. However, this correlation is notably 

weak (-0.21) at the 3750 rpm @ max. load condition. This reduction in correlation 

strength is believed to stem from the tradeoff between LHV and oxygen proportion 

in the fuel. At this specific operating condition, fuels with higher oxygen proportions 

benefit from improved combustion due to the capacity for better oxidation, 

particularly in A/F mixing scenarios. 
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Figure 11. Effect of fuel blend properties over the BSFC at different engine conditions for 

cases with equal settings. Significant values are represented as *p<0.05, **p < 0.01, 

***p<0.001. 
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For the CN, linear correlations with BSFC are notably feeble (below 0.2), and their 

direction varies depending on the operating condition. Analyzing the iso-setting 

lines, particularly at low and medium loads, it is apparent that fuel consumption rises 

when the CN falls within the range of 59 to 71, and it decreases beyond that 

threshold. However, testing a broader array of cetane numbers within those ranges 

is necessary to adequately validate this hypothesis. 

The pattern associated with the aromatic content effect is similar. The weak 

correlations here can be attributed to substantial variations, such as over 20 g/kWh 

for the same 0.2 %m/m aromatics content of LCD100 and RE100, as well as 14.5 

%m/m of MaxOME33 and LCD33. This would indicate that the fuel’s aromatic 

content will not play a hugely significant role in the BSFC of the engine. 

Contrastingly, the impact of density on BSFC exhibits a stronger correlation 

compared to the other considered factors. This correlation remains positive across 

all engine operating conditions, which might appear counterintuitive. Yet, 

considering that denser fuels (MaxOME33 and MaxOME66) possess lower LHV 

values, the direction of this relationship potentially finds explanation. An intriguing 

observation is how the correlation coefficient decreases as engine power increases. 

One conceivable hypothesis for this phenomenon is that at lower loads, characterized 

by lower injection pressures and less turbulent in-cylinder conditions, higher fuel 

density curtails fuel penetration into the cylinder [13] more than in the case of lower 

density fuels. 

Figure 12 shows the BSFC distributions for the LCF blends with iso-settings. In the 

presented charts, quartiles (defining the box boundaries), the median (depicted as a 

horizontal black line within the boxes), and the range encompassing maximum and 

minimum data values (represented by vertical whiskers) are included. The charts are 

organized in ascending order, so fuels positioned further to the left exhibit lower 

values. Notably, a horizontal dashed line marks the reference diesel value with the 

baseline B7 ECU calibration. 

In Figure 12, the expected trend emerges, fuels with higher LHV generally exhibit 

lower BSFC, aligning with the previously observed strong correlation between this 

property and fuel consumption. This trend is particularly evident in the case of R33 

and RE100, which consistently demonstrate lower fuel consumption values, 

sometimes even surpassing those of the diesel reference. This trend might be weakly 

linked to the presence of FAME, which tends to increase the CN [14] potentially 

increasing the combustion efficiency; and the lower density of these fuels which 

slightly reduces the fuel mass for the same volume. An exception occurs in the 3750 

rpm @ max. load operating condition for R33 diesel, where its fuel consumption is 
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higher than that of other samples. Considering the prior results (Figure 11), which 

indicated weak correlations between individual variables and engine load/speed, this 

anomaly is likely tied to a combination of factors. These factors include slightly 

lower CN, diminished oxygen content proportion, and marginally higher viscosity 

of the fuel. These aspects contribute to a delayed start of combustion, generating 

localized richer zones that slow down combustion, alongside an injection spray that 

lacks diffusion. These combined effects hinder the achievement of the same 

efficiency as seen with other fuels. 
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Figure 12. BSFC at different engine conditions with equal engine settings. 
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4.3 NOx emissions impact 

The impact of fuel properties on BSNOx emissions is illustrated in Figure 13. 

Notably, correlations between various fuel properties and BSNOx emissions are 

either weak or absent. This phenomenon can be partly attributed to the emission 

constraints outlined in Chapter 3, which restrict the achievable emission ranges. 

Although the iso-settings criterion is employed to mitigate this limitation and 

highlight inter-fuel effects, even under the same calibration, resulting NOx 

emissions appear to lack a clear dependence on any single fuel property. 

NOx emissions in ICEs are influenced by a combination of fuel properties rather 

than a single property due to the complex and interdependent nature of the 

combustion process. The combustion of fuel in an engine involves a series of 

chemical reactions that are affected by various factors, which in turn can be 

influenced by the properties of the fuel. For example, the stoichiometric A/F ratio 

will change depending on the fuels’ oxygen content, and in combination with the 

calibration this can lead to leaner mixtures which can reduce the combustion 

temperature, leading to lower NOx [15]. Contrarily, excessive oxygen availability 

can also lead to higher flame temperatures and increased NOx formation [16]. 

Further exploration into chemical kinetic modelling of the fuels could offer deeper 

insights into their individual effects on NOx emissions.  

The iso-setting lines effectively demonstrate how changes in calibration influence 

BSNOx variations. These calibration changes lead to a range of BSNOx variation 

for the same fuel and operating condition, extending from 0.25 g/kWh at low loads 

to more than 4 g/kWh in scenarios like the 1500 rpm @ 14 bar operating condition. 

Markedly, BSNOx emissions exhibit high sensitivity to changes in injection pressure 

– both increases and decreases – and demonstrate a reduction in NOx emissions as 

the SOI is delayed. The variation in injection pressure plays a pivotal role in 

influencing NOx emissions. When injection pressure is increased, there is a 

propensity for more efficient atomization and mixing of the fuel with air. This 

enhanced atomization promotes a more complete combustion process, which, under 

certain conditions, can lead to higher combustion temperatures. These elevated 

temperatures can subsequently result in increased production of NOx. Additionally, 

when the SOI is delayed – meaning that the fuel injection occurs closer to the top 

dead center (TDC) of the piston's compression stroke – there is more time for air-

fuel mixing to take place before ignition. This extended mixing duration results in a 

more homogeneous mixture in the combustion chamber. Consequently, when 

ignition occurs, the combustion process is distributed more uniformly, leading to 

lower peak temperatures and subsequently reduced NOx formation. 
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Figure 14 provides insight into the BSNOx distribution for the LCF blends. Due to 

the imposed testing limitations, the majority of LCF blends tend to exhibit lower 

BSNOx emissions compared to the reference diesel across most load conditions. 

However, an exception arises at the 1500 rpm @ 14 bar operating condition, where 

the median value diverges from this trend. Nevertheless, the 25th quartiles of most 

fuels remain below that of diesel for this emission metric, and all minimum values 

are lower than diesel. 

Despite the lack of significant correlations observed when scrutinizing individual 

fuel properties, a discernible classification emerges in Figure 14. Specifically, 

MaxOME33, LCD33, and RE100 (in that sequence) tend to occupy positions with 

the lowest NOx emissions for various operating conditions, excluding the 3750 rpm 

@ max. load scenario. Discrepancies in the primary fuel compositions of the three 

mentioned LCF blends, impede making assertions about direct causal relationships 

with NOx emissions. Instead, these observations prompt a deeper exploration of the 

chemical mechanisms governing combustion. 

Furthermore, the distribution of NOx emissions for the 3750 rpm @ max. load 

condition exhibits substantial similarity across fuels. Only the RE100 fuel displays 

significant deviations towards higher values. This could potentially be attributed to 

the combination of a relatively higher CN and a high LHV in RE100, which may 

lead to elevated diffusion combustion peaks. This pattern is not replicated in the case 

of LCD100. 
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Figure 13. Effect of fuel blend properties over the BSNOx at different engine conditions for 

cases with equal settings. Significant values are represented as *p<0.05, **p < 0.01, 

***p<0.001. 
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Figure 14. BSNOx at different engine conditions with equal engine settings. 
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4.4 Soot emissions impact 

 

Figure 15. Effect of fuel blend properties over the BSSoot at different engine conditions for 

cases with equal settings. Significant values are represented as *p<0.05, **p < 0.01, 

***p<0.001. 
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In contrast to the BSNOx emissions, the BSSoot emissions (as shown in Figure 15) 

do exhibit a discernible relationship with the studied fuel properties, particularly 

noticeable at low to medium engine loads. 

One noteworthy trend is the influence of the LHV of the fuel on BSSoot emissions. 

An increase in the LHV of the fuel is associated with elevated BSSoot emissions 

from the engine. However, it's important to recognize that the LHV is effectively 

reflecting the oxygen content in the fuel. Thus, the observed relationship might be 

more accurately interpreted as follows: as the oxygen content in the fuel increases 

(thus reducing the LHV), there is a reduction in soot emissions. This effect becomes 

particularly pronounced in fuels with higher concentrations of oxygenated 

compounds such as OMEx. 

An additional observation pertains to the impact of the fuel's physical properties, 

specifically density and viscosity. At low engine loads, viscosity shows a strong 

correlation with BSSoot emissions. During these operating conditions, fuels with 

lower viscosity could contribute to faster breakage of fuel droplets upon injection, 

facilitating improved mixing of fuel and air. Similarly, fuels with higher density 

could enhance spray penetration [17], thereby enhancing the mixture. These effects 

align with the notion that efficient mixing is crucial for reducing soot emissions. 

However, at higher engine loads, where thermodynamic conditions favor more 

homogeneous combustion, the effects observed at lower loads become dampened, 

with the dominant impact being on BSFC. 

Interestingly, the absence of a clear-cut effect of fuel aromatics on both NOx and 

soot emissions coincides with prior research findings [18]. This phenomenon 

suggests that the aromatic property can influence emissions by various mechanisms, 

leading to outcomes that can either increase or decrease soot and NOx emissions. 

For instance, although aromatics might enhance soot precursors, the ignition delay 

facilitated by these compounds aids in forming a more homogeneous mixture, which 

subsequently burns more completely at lower temperatures. 

The collective influence of various fuel properties on BSSoot emissions is 

represented in Figure 16. The patterns observed in Figure 15 can be seamlessly 

extrapolated to these results, with the impact of the proportion of oxygenated 

compounds in OMEx, characterized by the absence of C-C bonds, being evident.  
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A notable outlier in Figure 16 is RE100. Across most engine loads, RE100 exhibits 

low NOx emissions but relatively high levels of soot emissions. However, this trend 

changes at the highest power condition, where RE100 demonstrates lower soot 

emissions compared to the other fuels. In both the cases of RE100 and R33, it's 

plausible that these fuels, which possess higher LHVs, require lower fuel masses to 

attain the required power output. Consequently, the A/F ratio in these situations 

tends to leaner mixtures than other tested fuels, which can contribute to variations in 

emissions behaviour. The intricate interplay of fuel properties, particularly the 

proportion of OMEx, in shaping BSSoot emissions. This further emphasizes the 

multifaceted nature of emissions formation in combustion processes, where multiple 

factors interact to determine the resulting emissions profile. 
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Figure 16. BSSoot at different engine conditions with equal engine settings. 
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5 Experimental optimized responses analysis 

Due to their close to diesel autoignition potential, the tested LCFs can be evaluated 

under direct drop-in conditions (Chapter 4) and with optimized calibrations tailored 

to each specific fuel type. As mentioned during Chapter 3 and Chapter 4, the settings 

under drop-in conditions primarily depend on the LHV of the fuel and its influence 

on the lookup values of the open-loop control system. Conversely, other fuel 

characteristics, such as elevated oxygen content, can be leveraged during the 

optimization process to reduce NOx emissions without adverse effects on soot 

levels. 

In Figure 17, both the drop-in calibration (represented by bars) and the optimized 

calibration (represented by dots) yield comparable brake-specific fuel consumption 

levels to the conventional diesel reference for most LCFs, with a few exceptions like 

the low LHV fuels MaxOME66 and LCD100. Notably, the optimized calibration 

slightly elevates the BSFC at medium-to-high loads. The calibration proposed in 

Chapter 3 calibration targets significantly lowering NOx emissions, which favors 

combustion strategies that delay the SOI and reduce injection pressure, thereby 

decreasing in-cylinder combustion temperatures. However, these changes also affect 

combustion efficiency.  

At the 1250 rpm and 2 bar operating condition, where fuel consumption is typically 

higher and drop-in NOx emissions are lower, the optimization leads to fuel 

consumption reductions across all tested LCFs. This enhancement in low-load 

operation could offer substantial advantages in fuel economy, especially in urban 

driving scenarios characterized by low engine loads and speeds. The environmental 

effect of this will be seen in the life cycle analysis that will be discussed in Chapter 

6. 
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Figure 17. BSFC comparison for the optimized vs. drop-in calibration 

One of the primary objectives of the optimization was to achieve a significant 

reduction in NOx emissions while maintaining comparable or lower soot levels than 

the diesel baseline, ensuring the proper functioning of the stock diesel particulate 

filter (DPF). This NOx-soot tradeoff is depicted in Figure 18. Due to variations in 

calibration settings and fuel properties, NOx emissions under drop-in calibration are 

generally higher than those of diesel across various operating conditions and LCFs. 

Nevertheless, the calibration optimization can result in reductions of up to 3 g/kWh 

in most conditions. Like with the BSFC, the low-load, low-speed region sees 

significant improvements, but the 3750 rpm @ max. load condition also benefits 

greatly (a reduction of more than 2 g/kWh for all fuels). The calibration to reach 

such low NOx levels is given by a combination of the fuel properties, which allows 

to generally increase the EGR without increasing the soot emissions, as well as 

delaying the SOI and reducing the injection pressure (see Appendix). 

While NOx emissions can be reduced through dedicated calibration for all LCFs, it 

is in the tradeoff with soot emissions that fuels with high oxygen content (high 

OMEx proportion fuels) shine as the preferable option. As observed in Figure 18 for 

the OMEx-containing fuels, it was possible to simultaneously reduce NOx emissions 

and maintain soot levels consistently below diesel. However, for non-OMEx-

containing fuels (RE100 and R33), which possess longer-chain hydrocarbons, the 

optimization results in higher soot levels compared to drop-in calibration and, in 

most cases, higher than diesel. Notably, these elevated soot levels still fall within 

acceptable limits in the engine exhaust, staying below 1.5 FSN for the 1250 rpm at 
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2 bar condition and below 2.5 FSN for other conditions (the operational limit 

recommended by the manufacturer). 

 

Figure 18. BSNOx (top) and BSSoot (bottom) comparison for the optimized vs. drop-in 

calibration 

When examining unburned HC and CO emissions, it's worth noting that the lowest 

load conditions tend to exhibit the worst emissions due to low cylinder pressure and 

temperature The optimization methodology did not consider these emissions (CO 

and HC) beyond exceeding a certain threshold, which is the reason the optimized 

values exceed the drop-in ones. Additionally, at low load conditions, there's a 

likelihood of poorer mixing and quenching near the cylinder walls [19]. Regardless, 

for both calibration scenarios, the LCFs generally produce lower emissions than 

diesel under these low-load conditions, except for the optimized R33, where reduced 

injection pressure and SOI retarding contribute to worsened combustion (though 

BSFC may be reduced).  
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Figure 19. BSHC (top) and BSCO (bottom) comparison for the optimized vs. drop-in 

calibration 

At higher loads and speeds, HC emissions with LCFs improve, especially with the 

optimized calibration, although differences between calibrations are minimal. 

Interestingly, there doesn't appear to be a clear correlation between the calibration 

strategy used and specific fuel properties regarding CO emissions, as was seen when 

the calibration settings were fixed in Section 4. Nonetheless, CO emission values 

remain within the same range as those of a diesel engine, ensuring compatibility with 

exhaust temperatures and the potential for oxidation by an Aftertreatment System 

(ATS).  
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6 Summary and conclusions 

This chapter outlines a four-stage analysis of the use of LCFs under specific 

calibrations and combustion phasing, leading to their operation optimization. In the 

first stage, the analysis quantifies engine responses while operating within the 

calibration settings' limits, considering only mechanical constraints as limiting 

factors. This stage identifies clusters of data points representing the available 

candidates for optimized LCF operating conditions. The second stage narrows down 

the scope of operating conditions and settings by fixing the Combustion Phasing 

(CA50) to ensure uniform combustion timing across different LCFs. This step allows 

for a more controlled comparison of engine responses under similar combustion 

conditions. The third stage further refines the analysis by preserving the same 

calibration settings across different fuels, providing insights into how different fuels 

affect engine performance while holding other variables constant. This stage is 

crucial for isolating the specific effects of different LCFs within the engine. In the 

fourth and final stage, the analysis seeks to identify the optimal operating conditions 

for each LCF at different settings and compare them to drop-in calibration and diesel 

B7 operation. This stage provides valuable insights into the potential benefits and 

trade-offs of using LCFs compared to traditional diesel fuels. 

6.1 Low-to-medium load and high load performance 

This section discusses a detailed analysis of engine performance and emissions 

characteristics under various operating conditions and with different fuels. The 

analysis is based on the use of different fuels, categorized into LCD fuels (LCD100, 

LCD66, and LCD33), MaxOME fuels (MaxOME66 and MaxOME33), and R33 and 

RE100, each with its unique composition. The key findings and observations 

include: 

• Among LCD fuels, LCD100 exhibits higher fuel consumption due to its 

lower LHV, with moderate correlations between BSFC, BSNOx, soot, and 

CA50. LCD66 shows lower correlations between BSNOx and BSFC but has 

higher median BSNOx emissions. The NOx-soot tradeoff is favorable for 

LCD100, despite higher soot emissions. 

• For MaxOME fuels, MaxOME66 has lower BSFC than MaxOME33 due to 

differences in LHV, oxygen content, and CN. Soot emissions are low across 

all operating conditions for MaxOME fuels, with MaxOME66 showing a 

positive effect on reducing soot emissions. MaxOME33 has lower BSNOx 

emissions, mainly when combustion occurs earlier. 
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• Comparing R33 and RE100, R33 has higher BSFC and BSNOx emissions, 

despite similar CA50 and soot emissions distributions. The difference in CN 

and oxygen content suggests that oxygen levels compensate for the CN 

difference, resulting in favorable soot and NOx emissions for RE100. 

• As engine load increases, the calibration settings become narrower, and 

engines operate closer to their mechanical limits. This underscores the 

importance of carefully calibrating engines for high-load conditions to 

ensure safety and performance. 

• The study confirms the well-known NOx-soot tradeoff in diesel engines, 

where reducing one emission often results in an increase in the other. 

However, some LCFs, such as LCD66, exhibit more favorable emission 

outcomes at maximum load. 

• Fuels with higher LHVs require less mass to reach the operating condition, 

leading to improved AFR at lower loads. Oxygenated fuels, with higher 

oxygen content, also show benefits in terms of charge renewal efficiency at 

lower loads. 

• Despite differences in consumption and emissions, the book highlights that 

various LCFs can achieve BSFC values comparable to diesel, especially 

fuels with higher LHVs like RE100 and R33. 

6.2 Fixed combustion phasing 

The study focuses on maintaining a fixed CA50 at each operating condition to ensure 

similar combustion phasing among different LCFs. This approach allows for a more 

direct comparison of fuel effects on other parameters like fuel consumption, NOx, 

and soot emissions. 

• The relationship between the oxygen-to-mass ratio content in fuels and 

BSFC is confirmed. As OMEx content increases, BSFC tends to rise. This 

outcome is primarily due to fuels with higher OMEx concentrations having 

lower LHVs, which require a larger fuel volume to produce the same power 

output. However, there is an exception observed with MaxOME33 at the 

lowest load condition, possibly due to its unique combustion properties. 

• LCFs with lower OMEx content, such as RE100 and R33, show significantly 

reduced BSFC values, indicating their potential as more efficient 

alternatives for compression ignition engines. These fuels possess higher 

energy content compared to oxygenated fuels, leading to lower fuel 

consumption. 

• The relationship between fuel properties and NOx emissions is not as 

straightforward as BSFC. Fuels containing OMEx exhibit similar limits for 
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NOx emissions, with some exceptions in the LCD66 fuel. Adjusting input 

conditions to maintain the same CA50 for different fuels shows variations 

in NOx emissions, depending on load and fuel properties. 

• Soot emissions at fixed CA50 values show complex relationships across 

different LCFs. There is no distinct advantage in terms of soot emissions 

when comparing oxygenated and less oxygenated fuels, especially when 

only OMEx proportions vary. The wide range of calibration settings capable 

of achieving the same CA50 contributes to substantial variability in soot 

emissions for most fuels. MaxOME66, with the highest oxygen content and 

the lowest carbon content, consistently exhibits the lowest median soot 

emissions due to its ability to achieve balanced combustion. 

6.3 Fixed calibration settings 

The study employs an iso-setting approach to isolate the effects of different LCFs 

on various engine responses. This approach allows for a direct comparison of how 

fuel properties influence engine performance and emissions. 

• Fuel properties such as LHV, CN, density, viscosity, total aromatics, and O-

C ratio significantly impact the fuel mass levels required to reach specific 

loads and speeds. Higher LHV generally leads to lower fuel masses, 

especially at high engine loads, reflecting the energy density of LCFs. The 

viscosity and O-C ratio also influence fuel mass, with lower carbon content 

and higher oxygen proportions leading to lower fuel masses. 

• The impact of CN and aromatic content on BSFC is weak, with varied 

correlations depending on the operating condition. While there are trends 

suggesting BSFC rises with CN below 71. Aromatic content appears to have 

a limited role in affecting BSFC. 

• Density shows a stronger correlation with BSFC across all engine operating 

conditions compared to other factors. Denser fuels tend to exhibit higher 

BSFC, potentially due to reduced fuel penetration into the cylinder, 

particularly at lower loads. 

• NOx emissions display weak correlations with individual fuel properties. 

The complexity of NOx formation in internal combustion engines involves 

multiple interdependent factors, making it challenging to attribute emissions 

solely to one property. Combustion stoichiometry and oxygen content 

influence NOx emissions, with leaner mixtures and higher oxygen 

proportions potentially leading to reduced NOx. 

• Soot emissions show a more discernible relationship with fuel properties, 

particularly at low to medium engine loads. Higher LHV is associated with 
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elevated soot emissions, with the oxygen content playing a crucial role. 

Fuels with higher oxygenated compound concentrations tend to exhibit 

lower soot emissions, especially at low loads, where efficient mixing is 

crucial. 

6.4 Optimized calibration 

The study evaluates the performance of tested LCFs under direct drop-in conditions 

and with optimized calibrations tailored to each specific fuel type.  

• The optimization, which targets lower NOx emissions, may slightly elevate 

BSFC in certain conditions. The optimized calibration generally results in 

BSFC levels comparable to conventional diesel reference for most LCFs. 

However, some low LHV fuels like MaxOME66 and LCD100 exhibit 

higher BSFC with the optimized calibration, particularly at medium-to-high 

loads.  

• At low engine loads and speeds, where fuel consumption is typically higher, 

the optimization leads to fuel consumption reductions across all tested 

LCFs. This improvement in low-load operation can be advantageous for fuel 

economy, especially in urban driving scenarios with low engine loads and 

speeds. 

• The optimization successfully reduces NOx emissions, with reductions of 

up to 3 g/kWh across various conditions and fuels. The tradeoff between 

NOx and soot emissions varies, but fuels with high oxygen content (high 

OMEx proportion) can simultaneously reduce NOx emissions and maintain 

lower soot levels below diesel. 

• Under low-load conditions, HC and CO emissions may be higher due to low 

cylinder pressure and temperature. However, LCFs generally produce lower 

HC and CO emissions than diesel under low-load conditions, except for the 

optimized R33, where reduced injection pressure and SOI retarding 

contribute to worsened combustion. 

• At higher engine loads and speeds, HC emissions with LCFs tend to 

improve, especially with the optimized calibration. There doesn't appear to 

be a clear correlation between the calibration strategy and specific fuel 

properties regarding CO emissions. Nonetheless, CO emission values 

remain within the range of a diesel engine, ensuring compatibility with 

exhaust temperatures and potential oxidation by an ATS. 
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8 Appendix 

8.1 Optimization calibration settings 

 

Figure 20. Air management system setting for the drop-in and optimized calibration 
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Figure 21. Injection settings for the driop-in and optimized calibration 
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1 Introduction 

Previous chapters have reviewed the reduction of pollutant emissions from the 

engine associated with the properties of different fuel blends and the benefits of the 

production pathways of low carbon fuels (LCFs). However, the full environmental 

impacts of using LCFs in light-duty combustion engine vehicles has not yet been 

extensively addressed. Quantifying the magnitude of these impacts can be useful for 

policymakers and stakeholders in the transportation sector to make informed 

decisions about transitioning exclusively to the use of electric vehicles or otherwise 

adopting LCFs as an energy resource for road transport. For that reason, this chapter 

highlights the environmental impact of using internal combustion engine vehicles 

(ICEV) with LCFs and the importance of considering the entire life cycle of the fuels 

used, particularly compared to the current baseline for compression ignition 

vehicles. This is achieved by performing a life cycle analysis (LCA), considering 

different types of representative ICEVs for a usage period of 10 years.  

When discussing the environmental effect of ICEVs, and even electric vehicles 

(EVs), there is a tendency by industry experts and policy makers to focus almost 

exclusively on greenhouse gas (GHG) emissions coming from the vehicle tailpipe to 

compare their global warming potential (GWP). Although, it is necessary to assess 

the GWP due to the negative consequences of increasing the global average 

temperature above the 2°C critical threshold [1, 2, 3, 4], centering the attention 

exclusively on tailpipe emissions could hinder the observation of the whole 

landscape, and lose sight of impacts not directly attributed to the tailpipe emissions 

of vehicle use. In fact, LCAs for both EVs and ICEVs consistently show that 20-

40% of the GHG of the vehicle lifecycle come from the manufacturing of the vehicle, 

while 60-80% of the GHG is directly attributed to the usage and energy production 

of the vehicle, especially when the energy production is derived from fossil sources 

for either EVs or ICEVs [5, 6, 7, 8]. Furthermore, while EVs generally show lower 

GHG emissions and are attributed a higher contribution to reaching net zero 

emissions for the 2050 timeline [9], some current localized LCA studies where the 

energy mix consist of non-renewable sources can show higher GHG impacts for EVs 

than for ICEVs [10]. 

The transport  and energy sectors have been two of main GHG emitters for the past 

20 years both in Europe and globally [11, 12, 13], with cars contributing the most to 

the emissions (45.1% of the transport sector in 2018) [14]. LCFs directly target the 

reduction of the high GHG emissions from the transport sector by considering the 

whole lifecycle of the fuel, whose production is designed to potentially act as a CO2 

sink at some stages [15, 16]. The prospective carbon offsetting capabilities of LCF 
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production probe the evaluation of more than just the tailpipe emissions of the 

vehicle, but a more complete overview. An LCA can allow the assessment of 

different impacts to methodologically quantify possibly detrimental effects to not 

only the environment, but also to human health, society, and the economy. This 

broader evaluation of an LCA, in addition, offers a more balanced comparison 

between different types of vehicles like EVs and ICEVs. Therefore, by examining 

the full lifecycle of a vehicle, an LCA can identify areas where environmental 

improvements can be made regarding the selection of technologies for the future of 

transportation. 

As previously mentioned, depending on the energy mix for the EV, its lifecycle 

GWP will be smaller or larger. Similarly, if LCFs are produced with renewable 

energy sources and technologies like carbon capture and utilization (CCU) [17, 18, 

19], the case could occur that an ICEV running on LCFs could potentially have a 

lower GWP than an EV, especially if the EV is charged in an electric grid with large 

proportions of fossil sources (as was the case in Europe in 2021 [20]). In addition, 

the LCA provides the comparison stage for things like non-renewable material 

depletion, water and soil contamination, and societal and economic impacts. The 

evaluation of these additional impacts for vehicles allows to include in the 

perspective activities like raw materials mining; which have increased in scale in 

recent years, particularly for EVs battery production which cannot be measured in 

GWP [9, 21], but have real consequences like unethical mining practices [22].  

An LCA of an ICEV can evaluate the environmental impact of the fuel production, 

vehicle manufacturing, and end-of-life (EOL) disposal. Similarly, an LCA of an EV 

can assess the impact of the battery production, electricity generation, and vehicle 

manufacturing. Then, it is possible to compare both vehicles as substitute products 

that fulfill the same function of transportation, identify the most significant 

contributors to the environmental impact and prioritize efforts to reduce emissions 

to reach the climate goals. 

1.1 Life cycle analysis: fundamentals and conventions for 

evaluating the impact of road vehicles 

LCAs are a widely accepted methodology for evaluating the impact of products from 

the raw material extraction (frequently defined as cradle) to the end-of-life disposal 

(grave), or an intermediate stage between the two (often labelled as gate). Its 

methods and procedures are consolidated on the ISO 14040 [23] and 14044 [24]; 

where the first describes the principles and framework, and the second specifies 

requirements and provides guidelines and methodologies for the individual phases 
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of the LCA. Under the ISO standards there are four stages in an LCA: definition of 

the goal and scope; lifecycle inventory (LCI); lifecycle impact assessment (LCIA); 

and interpretation, reporting and review. Additionally, the limitations and 

restrictions of the method are considered, mainly related to reducing results to a 

single score or that applying weights should not be allowed for comparative 

assertions [25]. 

1.1.1 Goal and scope definition 

The goal and scope definition stage of an LCA, as the name indicates, involves the 

statement of the purpose and scope of the LCA, including the system boundaries, 

functional unit (FU), and impact categories to be considered. The study should be 

clearly defined and reflect the intended application of the result, clearly identifying 

the simplifications, assumptions and limitations to provide transparency regarding 

the reliability of the results. This definition is important as the data used might be 

incomplete or uncertain, especially since industries (and commonly in the 

automotive industry) would rather avoid publishing information about their 

technical processes. Defining assumptions and limitations can also help to ensure 

that the results of the LCA study are appropriately interpreted and applied, and are 

not generalized beyond their reach. 

The system boundaries define the physical, procedural, temporal, and geographical 

limits of the product or process being studied. This can affect the results of the LCA 

by leading to an incomplete or inaccurate assessment of the different impact if, for 

example, certain stages of the life cycle or portions of the product system are 

excluded, and the exclusions are not accounted for during the analysis. The system 

boundaries clarify the list of activities related to the different stages of the selected 

product or process, and the exchanges between the process chain and the 

environment [26]. For passenger vehicles, the system boundaries usually include the 

vehicle lifecycle and the fuel life cycle (or battery life cycle in the EV case) [27, 28, 

29, 30]. Typically, the vehicle life cycle includes the manufacturing, operation, and 

maintenance stages for a cradle-to-gate analysis; and vehicle disposal can also be 

included for a cradle-to-grave analysis. On the other hand, the fuel life cycle analysis 

is constituted by a well-to-wheel (WTW) analysis where the energy pathway and its 

projection for different scenarios tends to be the focus [31, 32]. 

The FU is the unit of measurement for the product or process being studied, and it is 

used as a basis for comparison in the LCA study. The FU should be meaningful to 

the intended application of the study, and accurately reflect the environmental 

impacts of the product or process. In the case of road transport, the functional unit 

selected tends to be 1 km, considered as the average driven by a vehicle under the 
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conditions specified in the scope. This average 1 km can be associated with real 

driving conditions or a homologation cycle. For example, many European studies 

consider the Worldwide harmonized Light-duty vehicles Test Cycles (WLTC) to 

calculate the impacts corresponding to 1 km [33, 5, 34, 35, 5]; this has the advantage 

of being standardized and easy to reproduce for many vehicle models and types. 

Other studies, like [33, 36], also use real driving (simulated or measured) to quantify 

the 1 km FU. 

The impact categories are the environmental issues or areas of concern that are 

considered in the LCA study. Common impact categories include GWP, 

acidification potential (AP), eutrophication potential (EP), water consumption 

potential (WCP), ozone depletion potential (ODP), human toxicity potential (HTP), 

and particulate matter formation potential (PMFP) [37]. GWP is the most common 

evaluation for vehicle LCAs, considering the potential contribution of greenhouse 

gases, such as carbon dioxide, to climate change. The other impact categories like 

AP, EP, ODP, HTP, PMFP and WCP respectively consider: the potential for acid 

rain formation, which can damage ecosystems and infrastructure; the potential for 

excess nutrients, such as nitrogen and phosphorus, to cause harmful algal blooms 

and other ecosystem imbalances; the potential for certain chemicals, such as 

chlorofluorocarbons (CFCs), to deplete the protective ozone layer in the atmosphere; 

the potential for chemicals to cause adverse health effects in humans, such as cancer 

or developmental effects; the emissions of small particles, which can contribute to 

air pollution and respiratory problems; and the amount of water used throughout the 

vehicle life cycle, including in manufacturing and use. These categories are relevant 

to the passenger vehicles as they reflect the environmental concerns that can be 

associated with the vehicle manufacturing and energy emissions. 

Correctly defining the system boundaries, FU and impact categories allows for the 

correct setting of the input and output flows to the various products or services within 

a system. The allocation process involves assigning the environmental impacts of 

the system to each individual product to their reference unit (economic value, mass, 

duration, energy, etc.). Allocation can retroactively contribute to the definition of the 

system boundaries by determining which products or services are included in the 

study and defining the preferred reference unit for the system flows.  

1.1.2 Lifecycle inventory (LCI) 

In this stage, data is collected and compiled for all inputs and outputs of the product 

or process, including raw material extraction, manufacturing, use, and end-of-life 

disposal. The inventory provides the necessary data and information to quantify the 

environmental impacts associated with the product or service studied.  
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The LCA will be more detailed and accurate if all material and anergy flows for a 

process or product are considered, however, this is rarely a possible scenario. The 

data from an LCI is often sourced from various databases, which can be incomplete, 

outdated, or inaccurate. These inaccuracies can come from the geographical 

coverage, the technological information for the involved processes and the 

representativeness of the dataset for the modelled scenario [26]. Some software tools 

like ecoinvent [38, 39], SimaPro [40] and Sphera’s GaBi [41] are widely accepted 

and provide simplified models and databases for an extensive number of industrial 

process and materials, which are also geographically allocated, however due 

limitations in the data acquisition from industries the models often include 

approximations that can be sources of errors and generate important differences 

between two tools for the same process [42]. For the transportation industry the 

Greenhouse Gases, Regulated Emissions and Energy Use in Technologies (GREET) 

model developed by the Argonne National Laboratory [43] is often used and 

accepted in LCAs; this model contains emissions for vehicle component, battery and 

fluid manufacturing, as well as the summary of the resources and processes 

considered at the different stages [44]. Similarly, the GaBi tool is widely used, 

particularly for the fuel’s inventories [18]. 

The databases facilitate the accounting for the input and output flow balances, often 

contain data that is difficult to obtain through other means, such as energy 

consumption and emissions data for specific processes or technologies, and provide 

a level of standardization for comparing similar studies and products. Nonetheless, 

to guarantee the accuracy of the results, measuring and modelling the difference 

process and components in the flows can provide a more detailed understanding of 

the impacts of the specific system studied.  

1.1.3 Lifecycle impact assessment (LCIA) 

The LCIA stage involves assessing the potential environmental impacts of the data 

collected in the LCI in relation to the FU, across the impact categories selected in 

the scope definition [45]. The impact categories are evaluated to determine the 

magnitude and significance of the environmental impacts. Several methodologies 

exist for the LCIA, like the ReCiPe2016 [37], CML [46] and the Product 

Environmental Footprint (PEF) and Organisation Environmental Footprint (OEF) 

methods from the European Commission [47]. These methodologies contain 

different characterization factors (indication of the environmental impact per unit of 

stressor) for each impact category and the flows associated in a process, and ways 

of interpreting the results. 
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Characterization factors can be derived at the midpoint or endpoint. The distinction 

between the two lies in where the characterization factor is located along the impact 

pathway. Midpoint factors have a stronger relation to the environmental flows and a 

relatively low uncertainty (besides the previously described sources of error), while 

the endpoint characterization, although with higher uncertainty, provides better 

information on the environmental relevance of the flows [48, 49, 37]. 

The LCIA stage of an LCA is a critical step in quantifying and characterizing the 

potential environmental impacts of a product or process. It involves converting the 

LCI data into impact indicators and providing guidelines for interpreting the 

environmental impacts resulting from it.  

For transportation vehicles the focus tends to global warming or GWP regarding the 

midpoint indicators, mainly because the reach of the damage pathways into the 

endpoint indicators extends to both consequences for human health and ecosystem 

damage. However, given the resource intensive nature of energy production (both 

electricity and fuels) and of vehicle manufacturing the consideration into other 

midpoint impact categories like resource depletion, land and water use are worth 

considering. This material impact in tandem with the decarbonization in 

transportation was explored in the work of [9], finding a tradeoff between the 

increase in the demand of raw material like nickel, cobalt, and manganese with the 

potential CO2 reduction of EVs when observing the transition from ICEVs to EVs. 

Or the work of [27], which in addition to the GWP also studied the AP and 

cumulative non-renewable energy demand (CED) for vehicles with combustion 

(hydrogen, CNG and gasoline), hybrid and fuel-cell electric powertrains; concluding 

that for GWP and CED, all vehicles fueled only with hydrogen show the best 

performance, while an unfavorable performance was identified for the CNG car; and 

that the FC powertrain has the highest AP potential. 
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Figure 1. Overview of the impact categories that are covered in the ReCiPe2016 method 

and their relation to the areas of protection (figure adapted from [37]) 

1.1.4 Interpretation, reporting and review 

In the final stage, the results of the impact assessment are interpreted and analyzed 

to draw conclusions that can guide informed decisions relating to the environmental 

impacts assessed, preferably leading to the least environmental burden [26]. The 

environmental impacts identified in the previous stages (goal and scope, LCI, and 

LCIA) are assessed and evaluated in the context of the study's objectives.  

To carry out the interpretation of LCA results, a range of expert knowledge is 

needed. This includes knowledge of the product or process being studied, the 

relevant environmental impacts, and the social and economic context in which the 

product or process is used. Additionally, expertise in data analysis, statistics, and 
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risk assessment may also be required, as well as knowledge of environmental 

regulations and policies.  

For the transportation sector a wide range of experts from different backgrounds 

have made contributions in LCAs that have helped guide some of the decisions and 

regulations; transportation engineers, can provide insights into the technical aspects 

of the vehicle system being studied, such as the design and performance of the 

powertrain; energy experts provide knowledge about the energy sources used, such 

as the production and consumption of different types of fuels, and their associated 

environmental impacts; environmental scientists usually have a large understanding 

into the long-term effects of the environmental impacts observed and can determine 

specific thresholds that should not be surpassed to prevent negative environmental 

and health consequences; and policy makers take the LCA results in the context of 

regulatory and policy frameworks, which will later inform some of the objectives 

for future developments. 

1.2 Study contributions, novelty, and implications 

The current study will employ a comprehensive LCA approach to assess the 

environmental impacts of ICEVs using LCFs, which considers the entire life cycle 

of the fuels used and the manufacturing and maintenance of the vehicle. The study 

will reveal whether even with LCFs, ICEVs still have significant environmental 

impacts across several impact categories, including GWP, WCP, fossil depletion, 

and human health. The study highlights the importance of using LCFs to reduce the 

environmental impact of ICEVs, especially in terms of GWP, but also highlights the 

limitations of LCFs in reducing other environmental impacts. The findings could 

have important policy and industry implications in the current transition scenario for 

transportation, stressing the urgent need for more sustainable and low-carbon 

transportation systems. 

2 Materials and methods 

The LCA in this study involves the modelling of a complete vehicle and energy 

pathways for manufacturing, maintenance, and operation. This requires data 

collection, modelling, and analysis. Starting from the engine data measured and 

analyzed in chapters 3 and 4, the CO2 emissions associated to the use of the vehicles 

with the different LCFs are estimated, while the additional impacts of the different 

fuels and vehicles throughout their entire lifecycle, including production, 

transportation, and road use are modelled for characteristic vehicles carrying the 

engine evaluated in previous chapters. The analysis is not intended to compare a 
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specific vehicle; it is intended to be representative of the passenger vehicle class and 

the impacts of LCFs as energy carrier options for road transportation. 

2.1 Goal and scope of the LCA 

The goal of this LCA study is to evaluate the environmental impact of replacing 

fossil diesel with a LCFs; assuming the LCFs are produced in a way that their 

renewable portions act as CO2 sinks (see Table 6). Specifically, the study aims to 

identify the most significant factors contributing to the overall assessment results, 

including both the vehicle manufacturing stage and the maintenance and utilization 

stage of the car. The LCA analysis will provide a comprehensive understanding of 

the net environmental impact change resulting from the adoption of the tested LCFs. 

2.1.1 Vehicles definition 

Three segments of ICEVs from the passenger class will be studied: mini, hatchback 

and sedan. It is assumed that the ICEVs studied can be powered with the LCFs with 

the same maintenance regime as the car that carries the stock engine, without the 

occurrence of the previously described FIS issues that would increase the rate for 

part replacements. Additionally, it should be mentioned that only one vehicle per 

segment is studied and vehicle float behavior is not considered. The main 

characteristics of the vehicles can be seen in Table 1. 

Table 1. Vehicle and driving strategy characteristics 

  Segment 

Parameter Unit Mini Hatchback Sedan 

Front area m2 2.42 2.47 2.52 

Drag coefficient - 0.324 0.284 0.228 

Vehicle weight  kg 937 1164 1503 

Wheel radius m 0.29155 0.319 0.3225 

Differential ratio - 3.2 3.2 3.2 

Transmission type - Manual Manual Manual 

Gear shift-up rpm 2200 2200 2200 

Gear shift-down rpm 1200 1200 1200 
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2.1.2 Cradle-to-road methodology 

This study follows the ISO 14040 and 14044 standards for LCAs [23, 24], and 

considers the life cycle of the selected vehicles from the extraction of raw materials 

to the end of its useful life on the road. The methodology covers the extraction of 

raw materials, production, distribution, use, and maintenance phases, as well as the 

energy sources used during the vehicle's operation. The cradle-to-road (or cradle-to-

gate) approach considers the different components of the road vehicle, such as the 

body, powertrain, and chassis, as well as the fuel and energy sources used during the 

use phase.  

Each of the vehicles are evaluated for the equivalent of 120000 km, which is the 

estimated distance travelled by car in 10 years in Europe, considering the yearly 

travelled distance ranges from 8000 to 15000 km depending on the country [50]. The 

EOL was decided not to be included in this study because there is a lack of consistent 

data on the end-of-life phase across different countries and the challenges associated 

with assessing the environmental impacts of end-of-life treatment [27, 51, 52]. 

Moreover, a vehicle with a mileage of 120000 km could considered to be in good 

state and may continue to operate for many years to come by keeping a maintenance 

regime and replacing single components as they break.  

2.1.3 Functional unit, energy flow and system 

boundaries 

The functional unit in this study is defined as 1 km traveled by each vehicle. Because 

the EOL of the vehicle is not being evaluated, 1 km represents a fair comparison 

point between vehicles and fuels across the different phases in the life cycle of the 

vehicle. The vehicles will be compared in the scenario of being manufactured in 

Europe with the energy mix of 2023, and as previously mentioned used for a period 

of 10 years, covering 1200 km each year.  
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Figure 2. Vehicle system boundaries and elementary flows during the cradle-to-road 

process 

Because the study is aimed at evaluating the impact of using LCFs, the fuel and 

vehicle life cycles converge in the vehicle operation phase, when the vehicle tank is 

filled with fuel, and this is used to move the vehicle [29]. Figure 2 shows the general 

system boundaries and flows that will be used for the different vehicles and the 

output of the 1 km FU. The vehicle operation consists of tank-to-wheel analysis 

(TTW), that for this project will be represented by the WLTC to obtain the values of 

emissions and fuel consumption per km. Additionally, the vehicle maintenance takes 

the same considerations as the vehicle manufacturing for energy and localization and 

assumes the recommended manufacturing replacement regime for the main upkeep 

elements, like oil, cooling fluid and tyres. 
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Figure 3. Schematic for the LCF production assuming renewable sources of energy and raw 

components 

The energy production and distribution phase correspond to the so-called well-to-

tank (WTT) of the fuel. The simplified schematic of this stage is observed in Figure 

3, including the considerations for the raw material and energy procurement from 

renewable sources. It is highlighted by the figure how the LCFs studied in this work 

are ideated to be renewable (with the exception of the reference diesel). Previous 

chapters provide more detail into the different pathways and energy flows that allow 

to produce LCFs that reduce the carbon footprint compared to fossil fuels. 
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2.1.4 Impact categories 

Results for this study will be presented for five characterization factors: GWP, TAP 

(terrestrial acidification potential), PMFP, HOFP (human ozone formation potential) 

and WCP. The impact categories are chosen based on their significance in terms of 

environmental impacts and their relevance to the automotive industry. GWP is 

considered a critical impact category due to the contribution of vehicles to GHG 

emissions and climate change. TAP is explored due to the emissions of acidic 

pollutants (like NOx) during the life cycle of the vehicle, which can contribute to 

soil acidification. PMFP and HOFP were chosen due to the impact of vehicle 

emissions on human health. Finally, WCP is considered due to the significant water 

use associated with the production and use of cars and their fuels, which can have 

significant environmental impacts and negative consequences on human health (as 

seen in Figure 1). 

The Hierarchist (100 years) midpoint level ReCiPe2016 method is used for this study 

using OpenLCA v1.11.0 for the calculations [53]. Table 2 provides a concise 

description of various impact categories, including the typical emissions that 

contribute to each effect and the category indicators used to express the effects based 

on a reference substance. The equivalent potential for each of the flows can be seen 

in [37]. 

Table 2. Impact categories overview 

Characterization 

factor 

Abb. Description Accounted flows 

(ex.) 

Unit 

Global Warming 

Potential 

GWP how much a GHG 

contributes to global 

warming 

CO2, N2O, CH4, SF6, 

CHCL3, CF4, CFCs, 

HCFCs, CH3Br 

kg CO2-

eq 

Terrestrial 

Acidification 

Potential 

TAP potential of a 

substance to cause 

acidification in the 

environment 

NOx, SO2, NH3, 

HNO3, H2SO4, 

H3O4P 

g SO2-

eq 
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Fine Particulate 

Matter 

Formation 

Potential 

PMFP a substance's potential 

to contribute to the 

formation PM2.5 

NH3, NOx, SO2, 

PM2.5 

kg 

PM2.5-

eq 

Human Ozone 

Formation 

Potential 

HOFP potential of a 

substance to contribute 

to the formation of 

ozone in the lower 

atmosphere 

NOx, VOCs, C6H6, 

C₄H₁₀, C₄H₁₀O, C3H6, 

C5H8, C4H6, … 

Kg 

NOx-eq 

Water 

Consumption 

Potential 

WCP potential of a 

substance or process to 

consume freshwater 

resources 

Water (undetermined 

source) 

m3 

 

2.2 Life cycle inventory  

The inventory for the LCA is divided into the vehicle manufacturing, energy 

production and distribution, vehicle operation and vehicle maintenance stages. The 

vehicle manufacturing stage includes all processes involved in the production of the 

vehicle, such as the manufacturing of components and assembly. The energy 

production and distribution stage include the production of fuel, without accounting 

for transportation to refueling stations. The vehicle operation stage encompasses the 

use of the vehicle, including the combustion of fuel, as well as the associated 

emissions and energy consumption during use. Finally, the vehicle maintenance 

stage includes all activities required to maintain the vehicle such as replacement of 

parts and fluids. 

2.2.1 Vehicle manufacturing 

The summary of the inventory data for vehicle manufacturing are presented in Table 

3. The vehicle component weights were retrieved from technical datasheets released 

by manufacturers and vehicle media content where different parts are weighted [54, 

55, 56], to be later averaged by segment. The main data sources for the elementary 

flows of the vehicle manufacturing (by weights and composition materials) are based 
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on the GREET 2022 model [29] and ecoinvent 3.9 database [38].  The extended LCI 

for the vehicle manufacturing can be looked at in section 6.1 of the Appendix. 

It can be observed from Table 3 that the powertrain system is kept the same for all 

three vehicles. Because the powertrain system remains constant, when observing 

the LCIA GWP of the vehicle manufacturing in ratio of CO2-eq per component 

(Figure 4), it can be seen that as the vehicle segment increases in size (in order: 

Mini, Hatchback and Sedan) the CO2 proportion corresponding to the chassis and 

body of the vehicle increase as well. Generally, it is observed that the sub-

assemblies with larger masses have higher CO2 impacts; nonetheless the 

electronics subassembly (which includes the ECU and infotainment system) 

represents a large proportion of CO2 although not being as large in mass. For the 

case of the electronics, it is reported that due to the number of rare materials 

needed for their manufacturing the upstream CO2 results in larger proportions by 

weight of final product [57, 38]. 

 

Figure 4. GWP distribution for the vehicle manufacturing material stage (without assembly 

energy) 
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The vehicles’ GWP (including the assembly) are within the ranges observed in the 

literature for ICEVs (Table 4), with 3.81 kg CO2-eq, 3.76 kg CO2-eq, and 3.71 kg 

CO2-eq respectively for the Mini, Hatchback and Sedan. This is explained in part by 

the changes in the energy mix used for the process and materials and the location for 

the manufacture, as well as the lack of explicit data by vehicle manufacturers to be 

able to accurately replicate the correct inventory inputs and outputs in the LCI; with 

many in the vehicles in the literature modelled after the 2000 LCA of a Golf A4 [58]. 

Table 4. Vehicle manufacture GWP in kg CO2-eq/kg vehicle from selected literature 

ICEV Vehicle 
weight 
(kg) 

GWP (kg 
CO2-eq/kg 
vehicle) 

Location Year *as 
publication 
date 

Source 
 

Comment 

Diesel 1750 3.67 Europe 2022 [59] SUV 

CNG 1330 3.77 Europe 2021 [27]  

H2-ICE 1380 4.69 

Europe 2021 [27] H2 increases fuel 

system 

complexity and 

weight 

H2-Gaoline 1335 4.01 

Europe 2021 [27] H2 increases fuel 

system 

complexity and 

weight 

Petrol 1280 6.30 Spain 2021 [5]  

Diesel 1373 6.40 Spain 2021 [5]  

Diesel 1059 7.54  2020 [60]  

Petrol 1050 8.30  2020 [60]  

ICEV 1395 4.53 
Hong 

Kong 

2020 [61]  

ICEV  1395 4.62 Europe 2012 [62] diesel & gasoline 

 

2.2.2 Vehicle maintenance 

For the vehicle maintenance, the materials and energy resources considered as inputs 

and outputs follow the typical scheduled service of a passenger vehicle. The EOL is 

not considered for the elements replaced during maintenance operations, although 

for components like oil it is well known that a poor EOL management can cause 

considerable environmental harm [63]. The replacement is considered for a period 

of 10 years or 120000 km and the LCI for the different components is described in 

Table 5, fractional portions are assigned to the end of the defined life cycle. 
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Table 5. Summarized inventory data for the vehicle maintenance 

Component Distance for 

replacement (km) 

Total weight (kg) Replacements 

Brake fluid 40000 2.7 3 

Engine coolant 4500 192.2-216.3 26.7 

Engine oil 4500 131.9 26.7 

Lead acid battery 40000 24.8 2 

Transmission fluid 40000 15.9 3 

Tires 30000 129.6-158.2-179.0 4 

Windshield fluid 4500 73.7 26.7 

 

2.2.3 Energy production and distribution 

The energy production and distribution in this study is comprised of all the processes 

used to produce and transport the fuel, or WTT. The term is used to describe this 

portion of the fuel life cycle because it encompasses all the processes that occur 

before the fuel enters the vehicle's fuel tank. Table 6 shows the well-to-tank carbon 

intensity (WTT CI) for the different fuels assuming completely renewable energy 

sources and raw materials as provided by Aramco’s GaBi Model and references [18, 

64]. Although the assumption of completely renewable energy sources and raw 

materials for the calculation of the WTT CI for different fuels might not be entirely 

realistic in the current context, it still provides an overview of the target objective 

for the fuel technology, especially for the 2050 energy context. Water usage and 

other process emissions (other than CO2) that affect the selected impact categories 

for the fuel were retrieved from [29, 38, 18] based on the single components of the 

fuels (diesel, RME, FAME, HVO, FT-diesel and OMEx). 

Table 6. Well-to-tank carbon intensity for the different fuels assuming completely 

renewable energy sources and raw materials from Aramco’s Gabi Model and  [18, 64, 65] 

  Components  

Fuel Name Unit Diesel RME FAME 

HVO 

Waste 

Oil 

FT 

Diesel 
OMEx 

Fuel 

Total 

Ref. Diesel gCO2/MJ 
18.9x 
0.93 

-27.8 
x0.07 

- - - - 15.83 

LCD100 gCO2/MJ - - - - 
-68.2x 
0.85 

-79.0x 
0.15 

-69.22 

LCD66 gCO2/MJ 
18.9x 
0.34 

- - - 
-68.2x 
0.56 

-79.0x 
0.10 

-37.14 
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LCD33 gCO2/MJ 
18.9x 
0.67 

- - - 
-68.2x 
0.28 

-79.0x 
0.05 

-8.17 

MaxOME66 gCO2/MJ 
18.9x 
0.34 

- - - 
-68.2x 
0.48 

-79.0x 
0.18 

-36.65 

MaxOME33 gCO2/MJ 
18.9x 
0.67 

- - - 
-68.2x 
0.16 

-79.0x 
0.18 

-5.85 

R33 gCO2/MJ 
18.9x 
0.67 

- 
-67.9x 
0.07 

-59.7x 
0.26 

- - -6.70 

RE100 gCO2/MJ - 
-27.8 
x0.20 

- - 
-68.2x 
0.80 

- -60.34 

 

It is important to highlight, that if completely renewable energy sources and raw 

materials are not used for the fuel production, the fuel could have higher carbon 

intensities than the reference diesel, and thus the advantages over their life cycle will 

not be perceived. The potential repercusions of this assumption would deem void the 

purpose of LCFs, thus for further sections the analysis will be centered on the 

completely renewable case. 

For the inventary, the WTT of each of the fuels is obtained by multipliying the fuel 

consumption (in MJ of fuel) obtained during the vehicle operation phase by the 

carbon intensity of the fuel. 

2.2.4 Vehicle operation: WTT, TTW & WTW 

To explore the differences in the envrionmental impact of the LCFs, a preliminary 

evaluation of the LCIA will be done for the vehicle use phase. A stationary analysis 

will be done to compare the potential CO2 emissions by operating point and later a 

driving cycle assessment will be done for the final LCIA. 

Exhaust emissions for the LCA are modelled considering the engine-out results 

measured for the the drop-in and optimized calibrations showed in previous chapters. 

The TTW CO2 emissions are calculated assuming complete combustion, thus all HC 

and CO emissions are accounted for in the CO2 emissions. For the complete 

combustion calculations, equations 1  and 2 are used. 𝑘𝐶𝑂2
 is the coefficient for one 

unit mass of CO2 per one unit mass of fuel based on the m/m proportion of carbon 

𝑦𝐶𝑓𝑢𝑒𝑙
 in the fuel; 𝑀𝐶  and 𝑀𝑂2

 are, respectively, the molar massses of carbon and 

oxygen; and 𝑚𝐶𝑂2
 and 𝑚𝑓𝑢𝑒𝑙 are the CO2 and fuel mass.  

 

𝑘𝐶𝑂2
= 𝑦𝐶𝑓𝑢𝑒𝑙

∙ (
𝑀𝐶 + 𝑀𝑂2

𝑀𝐶
) 
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𝑚𝐶𝑂2
= 𝑘𝐶𝑂2

∙ 𝑚𝑓𝑢𝑒𝑙 
  

 

Partially, the high efficiency of diesel oxidation catalysts (DOC), which can achieve 

above 90% efficiency [66, 67], supports the hypothesis that complete oxidation of 

fuel after the engine is feasible. This consideration is also one of the more stringent 

CO2 scenarios, although speciation of the unburned HC could have increased impact 

factors in some of the evaluation categories. For example, in GWP methane (CH4) 

has an impact factor of 34 kg CO2-eq/kg and, for HTPc, formaldehyde has a 57.4 kg 

1,4-DCB-eq/kg impact factor; nonetheless ongoing work in the research group 

indicates that for the tested LCFs the proportion of the uHC for these species does 

not surpass values of 2-5% and 2-9%, respectively and depending on the operating 

condition. Table 7 displays the final TTW CI under the assumption of complete 

combustion. 

Table 7. Tank-to-wheel carbon intensity for the different fuels assuming complete 

combustion 

Fuel Name Tank-to-wheel carbon 

intensity (gCO2/gfuel) 

Ref. Diesel 3.15 

LCD100 2.79 

LCD66 2.91 

LCD33 3.04 

MaxOME66 2.80 

MaxOME33 2.92 

R33 3.13 

 

Sulfur oxide emissions are modelled assuming all sulfur in the fuel is converted to 

sulfur dioxide (SO2), and exhausted from the vehicle [68]. And nitrous oxides (N2O) 

are modelled according to ongoing Fourier-transform infrared spectroscopy (FTIR) 

measurements from the research group. Non-exhaust emissions (road wear, tyre 

wear and brake wear [38]) are not modelled in this study, concentrating instead in 

the engine emissions which better showcase the differences between the evaluated 

LCFs. Stationary impact of LCFs in an internal combustion engine 

It should be commented that to increase the allocation in the PMFP impact category 

for the TTW in the vehicle usage phase, all the soot emissions are modelled as 

PM2.5. The soot emissions were considered without an aftertreatment system, but 
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with the inclusion of one would be lower. Similarly, as NH3 emissions were not 

recorded during experiments, values for this pollutant were approximated from the 

diesel case shown in [69], which uses an Euro 6b vehicle with a 2L engine and 

complete aftertreatment system (three-way catalyst (TWC); diesel oxidation catalyst 

(DOC); diesel particle filter (DPF); selective catalytic reduction (SCR)).  

2.2.4.1 Driving cycle impact of LCFs in an internal 

combustion engine 
The vehicle described in Section 2.1.1 is modelled in GT-Power to evaluate different 

driving cycles and their effect in the total emissions and fuel consumption, and later 

in terms of the GHG impact and other impact categories of interest. As peviously 

said, the vehicle emissions will be reported in terms of engine-out instead of taking 

into account the effect of aftertreatment systems (ATS), characterizing the worst-

case scenario for emissions. This approach is justified as it provides a conservative 

estimate of the vehicle's environmental impact. 

The vehicles are evaluated under the WLTC, which is a laboratory tests included in 

the current European standard for characterization of fuel consumption, pollutant 

emissions and CO2 for light duty vehicles [70] which complements the Real Driving 

Emissions (RDE) test of Euro 6 and recent Euro 7 [71]. The cycle was selected 

because it covers different driving characteristics (as seen in the vehicle speed profile 

in Figure 5) that allows to observe a large range of the vehicle operating conditions.  

 

Figure 5. Speed profile for the class 3b WLTC 
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For the GT-Power simulations, engine maps for the fuel consumption and emissions 

must be introduced. During this work, engine maps1 were measured exclusevely with 

diesel due to the inavailbility of sufficient quntities of LCFs for such tests. As such, 

a novel methodology was formulated [72, 73] and employed to estimate a simplified 

engine map using data obtained from the five stationary operating conditions that 

were optimized and measured. Given the range of loads and speeds for the tested 

operating conditions, they can be considered representative of the engine operation. 

This methodology allows for the incorporation of LCFs into engine simulations and 

the consequent evaluation of their performance characteristics.  

The simplified engine map is obtained by first discretazing the diesel’s engine map 

into equally sized bins of speed and load. The dimension of the speed bin is 150 rpm 

and covers the range from 1000 rpm to 4000 rpm (similarly to the measured speeds 

of the diesel map), while the load is separated every 5 bar of BMEP. The 5 bar of 

BMEP bin is selected because it is a sufficiently large size to capture significant 

changes in the engine’s responses in terms of fuel consumption and emissions, while 

remaining narrow enough to differentiate between individual operating conditions. 

This also provides that not two operating conditions from the 5 point set fall inside 

the same load ribbon across the whole map.  

Using the measured operating conditions as centroids, multiple bins are consolidated 

to form larger bins to encompass all operating conditions. The minimum bin sizes at 

this stage are 2000 rpm and 10 bar of BMEP. Due to the distribution of the measured 

points predominantly below 2000 rpms, the upper speed bin size limits are defined 

by the nearest adjacent boundary (in this case at 3000 rpm). During this stage, 

overlapping may be exhibited between regions and is desired for the later stages of 

the methodology. 

To resolve the overlap between bins and to assign a unique area to each centroid, the 

regions that overlap are split into two at the diagonal of the overlapping area, 

resulting in the delimitation of five separate regions within the engine map. At this 

stage, although there are five regions that represent a significant proportion of the 

engine map, the map is not completely defined as there remains an unassigned 

region. To determine how will this area be represented in the simplified map, the 

closest defined areas are extended direction of the unassigned area until reaching the 

limits of the map. Then resulting area overlaps are resolved as previously explained. 

 
1 Engine maps in this work consist of 42 stationary operating conditions. Measurements are 

taken every 500 rpm (from 1000rpm to 4000rpm) at 10, 25, 50, 75 and 100% of the maximum 

engine load at any given speed. 
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Figure 6. Engine map discretization schematic 

 

This approach effectively allows for the assignment of unique areas to each of the 

centroids and facilitates a simplified understanding of the engine's operating 

characteristics with only a few measured and distributed operating conditions. Once 

the five engine areas are defined the fuel consumption and emissions of the larger 

engine map are associated with the value of the centroid to which they correspond, 

 

 

  

  

  

  

                

                  

 
 
 
 
  
 
 
  

 

 

  

  

  

  

                

                  

 
 
 
 
  
 
 
  

  

 

 

  

  

  

  

                

                  

 
 
 
 
  
 
 
  

 

 

 

  

  

  

  

                

                  
 
 
 
 
  
 
 
  

 

 

 

  

  

  

  

                

                  

 
 
 
 
  
 
 
  

 



222 

 

while the operating conditions that happen to fall in the interphase between areas is 

assigned the average of the adjacent centroids. The summary of the methodology 

described can be observed in Figure 6. 

Finally, a BSFC criteria is applied for the reference diesel to each of the operating 

points inside each region. The BSFC criterium is considered because fuel usage has 

one of the most significant CO2 impacts and exceeding the proposed limit would 

yield higher inaccuracies when estimating the driving cycle results. As can be seen 

in Figure 7, in most of the map the difference does not exceed 30% and a significant 

portion remains under 15% difference. The only regions where the BSFC exceeds 

30% difference are near the extremes of the maps at low loads. Something to 

consider is that the simplified map seems to generally estimate higher BSFC values, 

which later will result in higher total CO2 estimation, showing a probable worse case 

than what would happen with the complete map.  

 

Figure 7. BSFC difference between the complete and simplified engine maps for the 

reference diesel fuel 

To provide a reference for the brake-specific emissions included in the LCI the 

variation between the complete engine map and the simplified engine (Equation 3) 

map is shown in Figure 8. In the equation,  𝐵𝑆𝐸 is the brake-specific emission 

considered.  

𝐵𝑆𝐸𝑑𝑖𝑓𝑓. = 𝐵𝑆𝐸𝑠𝑖𝑚𝑝.  𝑚𝑎𝑝 − 𝐵𝑆𝐸𝑐𝑜𝑚𝑝.  𝑚𝑎𝑝 Equation 3 
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For the NOx emissions it is observed that from nearly 2 bar to around 12 bar of 

BMEP and under 3000rpm the simplified map underpredicts the observations of the 

complete map by an average of 1.5 g/kWh, while above 3000 rpm an overestimation 

of nearly 3g/kWh is ocurring. The NOx differences are significative as targeting 

NOx reduction is one of the key objectives of this thesis, additionally, NOx are one 

of the emissions that affect the PMFP and TAP characterization factors. Because of 

this, a corrective coefficient will be implemented after the driving cycles in the total 

cycle NOx emissions (Table 8) in order to provide representative results of the 

engine-out criteria during the LCA. A similar treatment, is done for the soot 

emissions. 

Other approaches, like cluster analysis [74] and kernel interpolation [75], were 

considered but given the high correlation between speed, load and the resulting 

emissions and the fuel consumption responses, as well as the limited sample of 

operating conditions for the LCFs, the described simplified spatial distribution 

approach was selected. The engine map simplification is then applied to the seven 

LCFs tested under both the drop-in calibration and the optimized calibration. This 

simplified engine map characterization, although easy to implement, serves to 

provide an estimate of the emissions potential considering different engine power 

demands that could be obtained during driving conditions, while simultaneously 

providing an evaluation standard to compare the effect LCFs considering different 

types of vehicles.  

 



224 

 

 

Figure 8. Difference in the BSNOx between the complete and simplified engine maps for 

the reference diesel fuel 

2.2.4.1.1 GT-Power vehicle modelling 

The simplified engine maps were used in a GT-Power model to estimate the driving 

cycle results for the vehicles in the mini, hatchback and sedan segment. GT-Power 

is a 1D engine simulation software that is widely used in the automotive industry to 

simulate engines and vehicles for performance and emissions analysis [76]. The 

a)

b)

BSNOxdiff. (g/kWh)

BSSootdiff. (g/kWh)
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schematic shown in Figure 9 illustrates the model characteristics and the different 

subassemblies to represent the different vehicle systems. Each of the subassemblies 

is customized according to the vehicle characteristics and gear changing strategies 

described in  Table 1, to simulate the behavior of the vehicles as a complete system.  

The complete engine map for the reference diesel and the simplified engine maps 

for the fuel consumption and emissions are inputted into the “Engine” object. This 

module preprocesses the introduced maps by performing a grid interpolation to 

create continuous data look-up tables in terms of the load, speed, fuel consumption 

and emissions that will be used to reach the power demands during the driving cycle. 

In turn, the “Vehicle” module contains the vehicle information in terms of weight, 

wheelbase, tires, drag and area, rolling resistance and system strategies. In addition, 

the module also includes the passenger and cargo information, which in this work is 

defined as a single driver of 75 kg of weight. 

 

Figure 9. GT-Power vehicle model schematic 

The “Driver” object simulates the control system for the accelerator pedal. 

Specifically, it is a PID controller that adjusts the position of the accelerator in 

response to the speed and load demands. This allows the engine to maintain the 

desired speed or power output during the cycle simulation for all the vehicles, fuels 
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and calibrations modelled. To adhere to the vehicle speed and load profiles of the 

driving cycle, the driver mode was configured for speed targeting. The simulation 

model then computes the BMEP and engine speed at each time step. 

 

Figure 10. Distribution of the engine operating conditions during the WLTP cycle for 

different vehicle segments: a) Mini segment, b) Hatchback segment, c) Sedan segment and 

d) comparison between segments  

Figure 10 shows the distribution of the engine operating conditions during the WLTP 

cycle for the selected vehicle segments. Because during the simulation the shifting 

strategy is maintained constant between vehicles, the engine speed is similar for the 

three cases, while the small differences observed in the load can be associated to the 

vehicle weight, drag coefficient and friction. The sedan, being the heaviest vehicle, 

has a higher engine load demand (easily observable near the 1800 rpm region). These 

engine operating condition patterns remain constant across fuels, as the load and 

speed required from the engine is independent of the fuel. 

Based on the analysis of the operating conditions in the WLTP cycle, it can be 

concluded that the simplified cycle will overestimate fuel consumption by 

approximately 10%, as the average difference in BSFC in the region of the map 

under 3000 rpm suggests. Additionally, the simplified cycle will likely 

underestimate NOx emissions. As previously noted, the higher fuel consumption 

predicted by the simplified map represents a worst-case scenario, meaning that the 

resulting CO2 LCA estimations will be more conservative than the probable real-
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world scenario. As such, no correcting coefficient will be applied to the fuel 

consumption results, nonetheless for the NOx and soot emissions if the total WLTC 

value is inferior for the simplified map, a corrective coefficient will be applied to all 

fuels. 

 

Figure 11. Cycle fuel consumption comparison between the complete and simplified engine 

map 

Figure 11 shows the cumulative fuel consumption during the WLTC for both the 

complete and simplified map with the diesel reference fuel. In the top of the figure, 

it can be seen how the simplified map (dashed lines) is constantly higher than the 

complete map; while the bottom of the figure shows the error which at the end of the 

cycle is nearly 5.5% for the three vehicles (calculated as the difference between the 

simplified map and the complete over the value of the complete map).This higher 

fuel consumption value for the simplified map fulfills the requirement from the LCA 

of selecting conservative estimations for fuel consumption and might compensate 

some of the known underestimation of these types of laboratory cycles and 

simulations with respect to real driving values [36]. 
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Figure 12. Cycle NOx (a) and soot (b) emissions comparison between the complete and 

simplified engine map 
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Figure 12 shows the cumulative NOx and soot emissions for the cycle. Where it can 

be seen that while the complete map has a total of nearly 10.5 g of NOx and 260 mg 

of soot at the end of the cycle, the simplified map underestimates the results by 

around 25% for the NOx emissions and 33% for the soot emissions. This cycle error 

is what is corrected for the LCI of the use phase regarding the emissions following 

Equation 4; where 𝑐𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 is the coeffient of correction which is applied 

depending on the vehicle as described in Table 8.  

𝐸𝑐𝑦𝑐𝑙𝑒 = 𝑐𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 ∙ 𝐸𝑠𝑖𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑑 𝑚𝑎𝑝 Equation 4 

It should be recalled that the emission correction is to ensure the occurrence of the 

worst case scenario during the LCA, especially as reported efficiencies for DPFs and 

SCR range from 70-95% [77, 78], which could make the real driving emissions be 

lower than the results from the complete map. 

Table 8. Emission correction coefficients for the WLTP cycle using simplified engine maps 

 Segment 

Emission Mini Hatchback Sedan 

NOx 1.26 1.26 1.24 

Soot 1.35 1.33 1.33 

 

3 Impact assessment of low carbon fuel use in light-duty 

vehicles 

The outcomes from the three modelled vehicles are evaluated for engine-out 

stationary conditions, driving cycle WTW and finally the cradle-to-road LCA. The 

LCIA methodology presented in the previous sections was used to calculate the 

environmental impact indicators, including GWP, TAP, PMFP and WCP. The 

results provide valuable insights into the environmental performance of each vehicle 

segment and highlight the key findings and implications for the use of LCFs in 

ICEVs. 

3.1 Stationary assessment 

For the stationary results, Figure 13 and Figure 14 show the TTW and WTW CO2 

emissions for the five operating conditions tested and optimized in previous 

chapters. The results are presented for both a drop-in and an optimized calibration. 

TTW differences are relatively small between fuels, this is because although the 

fuels that have the least proportion of carbon should have a smaller TTW CO2 



230 

 

footprint, in previous chapters it was observed that this property increased 

considerably the fuel consumption; thus, limiting the potential CO2 reduction at this 

stage. Nonetheless, all the tested LCFs show smaller TTW CO2 for the drop-in 

calibration and in the optimized for NOx reduction calibration only a small increased 

with respect to diesel is obtained for very few operating conditions and fuels. 

It is also observed on Figure 13, how the lowest load operating condition has the 

highest TTW CO2 emissions, which as seen in Figure 6 E is translated into the higher 

overall cycle emissions given the representativeness of the operating point in the 

simplified engine map. 

WTW CO2 emissions show the benefit of including larger proportions of renewable 

content in the fuel. The reduction of WTW CO2 is proportional to the WTT CI (Table 

6). The fuels with the larger renewable content (RE100 and LCD100) show the 

biggest reduction with respect to diesel, with LCD100 having values as low as 27.3 

g/kWh of CO2 for the drop-in calibration. Nonetheless, none of the fuels reach 

carbon neutrality. 

Stationary results for NOx and soot emissions are not included in this section due to 

them being presented and discussed in previous chapters. 
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Figure 13. TTW CO2 emissions for the stationary operating conditions 
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Figure 14. WTW CO2 emissions for the stationary operating conditions 

     

     

     

     

    

     

     

  

     

     

            

      

      

     

      

      

      

      

      

      

      

      

            

      

      

      

      

      

      

      

      

     

      

            

      

      

      

      

      

      

      

     

            

            

      

      

      

     

      

      

      

     

      

      

      

      

      

      

     

           

      

     

     

      

      

     

     

        

        

     

   

           
       
         

             
                    
                 
                 
                
                

               

      

      

       

      

      

      

      

       

      

      

           

             
                
                 
                 
                
                    



Chapter 6 – Life Cycle Analysis of Low Carbon Fuels for Light-Duty Combustion 

Engine Vehicles 

233 
 

3.2 Driving cycle assessment 

The WLTC results are presented in this section under the 1 km FU, except for the 

fuel consumption which is presented as L/100 km per industry standard.  

As described previously, the fuels with the lowest carbon content show increased 

fuel consumption due mainly to their lower energy density (Figure 15). This is 

notable for the MaxOME66 and the LCD100, which have respectively a near 10% 

and 7% increase with respect to the diesel reference. Regarding the type of vehicle, 

it also needs to be commented that size matters, with smallest vehicle showing a 

better fuel efficiency than the larger vehicles, as the hatchback and the sedan have 

similar fuel consumption values regardless of the difference in their vehicle weight. 

The similarity in the fuel consumption of the hatchback and the sedan might be 

explained by the relation of the drag coefficient to the weight of the vehicle, which 

is more favorable for the sedan.  

 

Figure 15. Vehicle operation fuel consumption in liters per 100 km. The dashed lines 

represent the reference diesel result 

Directly conditional on the fuel consumption, Figure 16 shows the WTT, TTW and 

WTW CO2 emissions for the cycle. These emissions, like the stationary results show 

higher improvement the higher the carbon negativity of the fuel production is. Again, 

with the LCD100 and the RE100 showing values that are close to 0 g/km, but not 

quite reaching the target. Regardless of not being net 0, in WTW CO2 emissions all 

fuels show a reduction, independently of the vehicle and calibration, of at least 40 

g/km of CO2 with respect to the diesel reference. 
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Figure 16. Vehicle operation CO2 emissions per km. The dashed lines represent the 

reference diesel result 

The NOx emissions in Figure 17 show the highest dependence to the calibration used 

during the cycle, with the optimized calibration decreasing the cycle NOx emissions 

for most of the LCFs by nearly half. The vehicle selection, in turn, has a slight impact 

on the cycle NOx emissions with the weight of the vehicle being directly 

proportional to the NOx result, the magnitude of the effect is considerably smaller 

with respect to the calibration effect. Later, when assessing the impact categories 

with NOx emissions contributions this too will be reflected. 

In terms of NOx, not all LCFs have benefits with respect to diesel. Particularly, 

during the drop-in calibration due to LHV being significantly lower than diesel’s, 

fuels like the LCD100 and the MaxOME66 have unbefitting engine settings (Chapter 

4) that are related to increases in NOx emissions.  
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Figure 17. Vehicle operation NOx emissions per km. The dashed lines represent the 

reference diesel result 

Finally, the soot emissions also show high dependency on the used calibration, with 

the optimized calibration outputting higher emissions. It is worth noting that even 

without the consideration of a DPF, soot values are relatively low. The LCD100 and 

MaxOME66 fuels reach admissible Euro 6 limits (5 mg/km) without the addition of 

an ATS for the drop-in calibration and MaxOME66 fulfilling this condition even for 

the optimized calibration. Only the R33 fuel emits higher soot masses than diesel for 

both calibrations, which as seen in previous chapters might be a combination of the 

higher LHV of the fuel with a low oxygen content. 
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Figure 18. Vehicle operation soot emissions per km. The dashed lines represent the 

reference diesel result 

3.3 Cradle-to-road impact assessment 

This section, following the interpretation stage of the ISO 14040 and ISO 14044, 

provides a detailed account of the outcomes obtained from the LCA, including the 

environmental impacts and potential trade-offs associated with the vehicle's life 

cycle. The focus of the section is to present a comprehensive picture of the 

environmental performance of the vehicle under the selected impact categories 

(GWP, TAP, PMFP, HOFP and WCP), and draw insights on the sustainability 

profile of the tested LCFs as fuel replacement for ICEVs. 

The yearly progression of the GWP impact category can be seen in Figure 19 for the 

three studied vehicle segments with the evaluated LCFs and diesel as the baseline 

reference. On the 0th km only the vehicle’s manufacturing has a CO2eq footprint, 

while as the years progress an almost perfectly linear increase can be seen for all the 

45 fuel-vehicle cases. Only minuscule non-linear increases can be observed between 

at 30000th km, 60000th km and the 90000th km, which correspond to the tire 

replacements, while the rest of the maintenance duties cause almost negligible GWP 

increases as their periodicity is higher and their impact lower. Then, the linear 

increase is mainly due to the impact of the vehicle use or the WTW, which was 

calculated assuming no changes in the fuel production technology and no efficiency 

losses or malfunction from the ICEV, therefore the WTW is maintained constant 

though the years. 
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In Figure 19 and Figure 20 the benefits of renewable fuels, and more so, of the carbon 

negativity of the fuel production process can be observed. The trends are 

independent of the vehicle, the LCD100 and RE100 fuels have the smallest GWP 

impact, with the LCD100 emitting almost 2 Ton CO2eq less in year 10 than the 

RE100. This difference is important because both fuels are completely renewable, 

but -8.88 gCO2/MJ WTT CI less of the LCD100 in the aggregated impact of 10 years 

is translating into a significantly smaller amount of CO2eq than the RE100. The 

partially renewable fuels, have smaller differences between the ones with the same 

proportion of renewable content; the fuels with 66% of renewable content 

(MaxOME66 and LCD66) having similar composition have almost identical GWP 

at the end of the 10 years, and the ones with 33% renewable content (MaxOME33, 

LCD33 and R33) only show a difference of less than 1% of the total CO2eq mass. 

Observing Figure 20, and the proportional effect of the different phases of the 

foreground system it is interesting to note that for the LCD100 and the RE100 more 

than half of the total GWP comes from the vehicle manufacturing and maintenance 

stages, and in fact for the LCD100 results (46-64 gCO2eq/km depending on the 

vehicle segment) are lower in CO2eq than those reported by Tesla in 2021 for their 

electric Model 3Y personal use vehicle in Europe (61.8  gCO2eq/km for the solar 

charged and 79.5  gCO2eq/km for the grid charged) [79]. Even the inclusion of N2O 

(which has an GWP impact factor of 298 kg CO2eq/kg) in the vehicle use LCI only 

increases the final WTW GWP by a maximum of 0.16 tons of CO2eq for the RE100 

and a median of 0.11 tons of CO2eq for the rest of the fuels, which is around 1-2% 

of the life cycle GWP.  
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Figure 19. Life cycle GWP for three vehicle segments manufactured in 2023 using LCFs 

for 10 years or 120000 km 
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All the diesel fueled vehicles surpass the 180 gCO2eq/km mark, while as the 

renewable proportion increases the ranges are 141-166 g gCO2eq/km for the 33% 

renewable content LCFs; and the 66% renewable content LCFs have 97-117 

gCO2eq/km GWP impacts. Besides the LCD100, the only other fuel that reaches 

comparable values to an electric vehicle is the RE100 with a range of 62-82 g/km 

for the lightest to heaviest segment. 

 

Figure 20. Summarized life cycle GWP for three vehicle segments manufactured in 2023 

using LCFs for 10 years or 120000 km 

For LCFs, considering more than just the reduction in CO2eq between one fuel and 

the other can be highly important. As it was mentioned, LCFs can take advantage of 

CCU technologies for their reductions in GWP. Nonetheless it has been found, for 

2012 technology, that the decrease in GWP derived from the use of CCU 

technologies can be linked with increases in other impact factors like AP, EP and 

HTP by as much of 150% from scenarios of not including CCU [80]. And that 

depending on the CCU technology used its GWP reduction will vary [81]. Then 

considering whether LCF produced using these technologies (like FT-diesel and 

                                                   

    

         

     

 
  
 
  
 

 
 
  
 
  
 
 

 
  
 
  
 

 
 
  
 
  
 
 

 
  
 
  
 

 
 
  
 
  
 
 

 
  
 
  
 

 
 
  
 
  
 
 

 
  
 
  
 

 
 
  
 
  
 
 

 
  
 
  
 

 
 
  
 
  
 
 

 
  
 
  
 

 
 
  
 
  
 
 

 
  
 
  
 

 
 
  
 
  
 
 

    

    

    

    

    

    

    

    

    

    

    

    

    

    

    

                                     

                                   



240 

 

OMEx) can increase some impact factors becomes an important question in this 

study. 

The TAP impact category affects the threshold for the deviation from the optimum 

acidity level of the soil for different plant species, which might cause changes in the 

species occurrence [82]. In other words, this could reduce crop yields, decrease soil 

fertility, and change the composition of plant and animal communities, which 

directly affect human life. Being the major acidifying species NOx, NH3 and SO2 

[37], the evaluation of this impact criteria for diesel ICEVs is worth exploring 

considering that NOx emissions are one of the major problematics of diesel vehicles 

and NH3 can be a product of a poorly managed aftertreatment system.  

Figure 21 shows the TAP for the vehicles and the LCFs. The TAP values are 

comparable in magnitude with literature results [30, 60]. There seems not to be a 

fuel renewability degree specific trend, but with the fuels that emit more engine-out 

NOx. The WTW represents the gross of the SO2-eq emissions, which mainly come 

from the vehicle’s TTW because for the WTT for the LCFs is mainly negative and 

for diesel is relatively small (0.03%). NOx, although having an impact factor of 0.36 

kg SO2eq/kg, are the main contributing flow at the TTW stage, which is why it is 

logical to see the strong favorable effect the optimized calibration has on the 

terrestrial acidification. The small sulfur content of modern fuels, makes the direct 

emissions of SO2 from the vehicle use phase, relatively small and non-concerning 

with a maximum of 0.4 mgSO2eq/km (or 0.1% of the SO2eq emissions), while NH3 

adds up to 0.04 gSO2eq/km. 
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Figure 21. Summarized life cycle TAP for three vehicle segments manufactured in 2023 

using LCFs for 10 years or 120000 km 

A high PMFP impact factor has negative consequences to human health and the 

environment such as respiratory and cardiovascular diseases, like asthma, bronchitis, 

and heart attacks. Fine particulate matter (PM2.5) can penetrate deep into the lungs 

and even enter the bloodstream, causing inflammation, oxidative stress, and damage 

to the respiratory and cardiovascular systems [83]. Similar to NOx emissions, PM is 

one of the main known tradeoffs of diesel engines and, coincidentally, for the 

modelling of PMFP NOx emissions are also considered as a value choice flow [37]. 

This is the reason that even though soot emissions increased for the optimized 

calibration (Figure 18), the results from this impact factor are still lower than for the 

drop-in calibration. This could suggest an interesting change of paradigm for diesel 

ICEVs, where giving priority during calibration to the reduction of NOx emissions 

could have a larger positive impact than simply finding a balance between the NOx-

soot tradeoff.  

As with the TAP impact factor, there is no evident benefit from the use of renewable 

fuels, but a great benefit from choosing lower NOx calibration. Here, nonetheless is 
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worth restating that the LCA TTW emissions are modelled without ATS, and its 

addition would reduce the results here presented, as results for all LCFs would be 

closer to the 29 mg PM2.5-eq/km reported by [5], and not only the calibrated case 

for the LCD100. 

 

Figure 22. Summarized life cycle PMPF for three vehicle segments manufactured in 2023 

using LCFs for 10 years or 120000 km 

Ozone is formed through the photochemical reactions of NOx and Non-Methane 

Volatile Organic Compounds (NMVOCs), and its formation can inflame airways 

and damage lungs, making it a health hazard for humans [83]. The impact of ozone 

on human health is measured by the HOFP impact category through NOx-eq. 

Because of this, as with the other highly NOx dependent impact categories, the TTW 

stage of WTW is the single most contributing stage and is highly linked to the used 

vehicle engine calibration. And, contrarily to the previous impact categories, the 

impact of the vehicle manufacture and maintenance could be considered negligible 

in comparison to the WTW.   
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Although the renewable content has little effect on the impact factor; low-sooting 

fuel properties should be commended as alternative fuels are explored. Fuels like the 

LCD100 and MaxOME66, because they produce negligible soot due to their high 

OMEx (high oxygen) content, allow to reach calibrations with really low levels of 

NOx without sacrificing much the soot emissions; an advantage that later during the 

LCA study proves to increase the potential for the reduction of negative impact 

factors that can damage the environment and human health. 

 

Figure 23. Summarized life cycle HOFP for three vehicle segments manufactured in 2023 

using LCFs for 10 years or 120000 km 

The final impact category to evaluate in this LCA study is the WCP, for which high 

values can reduce the availability of water resources for drinking, irrigation, and 

other essential uses, particularly in regions with water scarcity. High water 

consumption can also lead to reduced flow and quality of freshwater ecosystems, 

which can affect aquatic biodiversity and the ability of ecosystems to provide critical 

ecosystem services. In addition, competition over water resources can lead to 

conflicts between different users, including between farmers, industries, and urban 

areas. 
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For WCP, the origin of the LCF is of high importance. In Figure 24, synthetic LCFs 

with completely renewable, 66% and to some degree 33% renewable content show 

representative reductions with respect to the reference diesel. However, for the fuels 

with higher proportions of bio-diesel, particularly HVO waste oil show the 

importance of considering more than just the carbon footprint when regarding 

biofuels. Biofuel production can involve water-intensive activities such as irrigation, 

harvesting, and processing of biomass feedstocks. In contrast, the production of 

synthetic fuels typically involves less water-intensive processes, such as 

gasification, reforming, and Fischer-Tropsch synthesis. 

 

Figure 24. Summarized life cycle WCP for three vehicle segments manufactured in 2023 

using LCFs for 10 years or 120000 km 

The impact of the vehicle manufacturing should not be discarded for the WCP, as 

for all the LCFs with synthetic origin the manufacturing and vehicle maintenance 

stages represent nearly 50% of the total impact of the category. This can also be 

extended to EVs, which can have a mean WCP of 550 cm3/km depending on the 

origin of the electricity generation used [84]. The higher WCP of EVs have been 
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previously reported when compared with gasoline and diesel ICEVs of the same 

segment (nearly 4.4 times more) [85]. 

4 Summary and conclusions 

LCAs are an important tool for evaluating the environmental impacts of products 

and processes. However, the results of LCAs are sensitive to a range of factors, 

including the origin of the data used, the scenarios evaluated, and other difficult-to-

quantify uncertainties. Despite these challenges, the current study aimed to reduce 

these sources of error to the best of its capacity. One of the biggest challenges in 

conducting LCAs is the reluctance of industries to freely share data, which can lead 

to errors in the LCA results. In the case of the automotive industry, the main source 

of error is thought to be associated with the LCI of the vehicles and the fuel 

production. The error is considered reduced during the vehicle use phase as the 

vehicle use was modelled with in-house experiments presented in previous chapters. 

Besides the uncertainties, the diesel results agree with previous baselines found in 

the literature, particularly for the often-evaluated GWP, which indicates that the 

current LCA is in line with the current industry evaluations. 

The objective of this study was to evaluate the environmental impacts of seven LCFs 

under three different vehicle segments and compare them to a diesel reference not 

only to assess the positive impact of reducing the carbon footprint of the fuel usage 

and production, but to also assess often ignored impacts that can also have large 

consequences on human health and the environment. The main conclusions that can 

be extracted from this study are summarized in this section, however, independently 

of the impact category it can be generalized that the smaller the vehicle the smaller 

the environmental impact. 

4.1 Global Warming Potential – GWP 

This study has provided valuable insights into the GWP impacts of ICEVs over their 

lifespan, considering various fuel types of variable renewable content. The main 

conclusions for the GWP of ICEVs from this study are:  

• The yearly life cycle GWP impact of vehicles increases almost linearly with 

use, with only minor non-linear increases observed during tire replacements 

at 30,000th km, 60,000th km, and 90,000th km. 

• The use of renewable fuels, particularly those with carbon-negative 

production processes, can significantly reduce the GWP impact of vehicles 

over their lifespan. 
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• Partially renewable fuels with the same proportion of renewable content 

have similar GWP impacts.  

• Vehicle manufacturing and maintenance stages have a significant impact on 

the GWP, and diesel-fueled vehicles have a higher GWP impact than those 

fueled by renewable fuels.  

• Among the evaluated fuels, the LCD100 and RE100 fuels have the smallest 

GWP impact, with the RE100 fuel reaching comparable values to an electric 

vehicle.  

• The inclusion of N2O in the vehicle use LCI has a negligible impact on the 

GWP of the evaluated fuels. 

• For the LCD100 and RE100 fuels, more than half of the total GWP comes 

from the vehicle manufacturing and maintenance stages.  

• The GWP impact of the LCD100 fuel is lower in CO2eq than that reported 

by Tesla in 2021 for their electric Model 3Y personal use vehicle in Europe, 

indicating the potential for renewable liquid fuels to have a comparable 

environmental impact to electric vehicles. 

4.2 Terrestrial acidification – TAP; fine particle matter 

formation – PMFP & human health ozone formation – HOFP 

During this study it was emphasized tht it is important to consider more than just the 

reduction in CO2eq when evaluating the environmental impact of different fuels 

using LCAS because technologies that can result in GWP can also lead to increases 

in other impact factors. As such the TAP, PMFP and HOFP impact categories were 

evaluated, and the main conclusions are:  

• The TAP, PMFP and HOPF impact categories were found to be highly 

dependent on NOx emissions, which are a major problem with diesel ICEVs. 

• The choice of lower NOx calibration can have a significant positive impact 

on these impact categories. 

• The use of low-sooting fuel properties should be considered when exploring 

alternative fuels, as they can increase the potential for the reduction of 

negative impact factors linked with NOx emissions by providing an extra 

degree of freedom for the calibration by eliminating the concerns for soot 

formation. 

4.3 Water consumption – WCP 

The final impact category assessed was water consumption because it is regarded as 

one the main necessary resources for life, and whose misuse and contamination 
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would bring negative effects for the environment and human health. The main 

conclusions for the study are: 

• The production of biofuels, which have been considered a potential solution 

for reducing greenhouse gas emissions, can also contribute to high WCP if 

not produced sustainably. 

• It is essential to consider not only the carbon footprint but also the water 

footprint of biofuels, which involves water-intensive activities such as 

irrigation, harvesting, and processing of biomass feedstocks. 

• The impact of vehicle manufacturing and maintenance should not be 

disregarded as they can represent a significant portion of the total impact on 

the WCP. 
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6  Appendix 

6.1 Life cycle inventory for the vehicle manufacturing 

6.1.1 Glider 

Item Material 

Comp. 

Uni

t 

Value (unit/kg 

item) 

Mini Hatchbac

k 

Seda

n 

Sourc

e 

Vehicle 

Body 

(BIW, 

interior, 

exterior & 

glass) 

  kg 0.7263 338.2

0 

494.32 716.6

3 

[29] 

Steel 

(avg.) 

kg 0.0122 245.6

4 

359.03 520.5

0 

 [38] 

Wrought 

Aluminu

m 

kg 0.0047 4.13 6.04 8.76 [38] 

Copper 

wire 

kg 0.0460 1.58 2.31 3.34 [38] 

Glass kg 0.1672 15.57 22.76 32.99 [38] 

Plastic 

(avg.) 

kg 0.0075 56.55 82.65 119.8

3 

 [38] 
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Styrene-

butadiene 

Rubber 

kg 0.0002 2.54 3.72 5.39  [38] 

Zinc kg 0.0359 0.06 0.09 0.13  [38] 

Others kg 0.9951 12.13 17.72 25.69  [38] 

Chassis 

(unibody) 

  kg 0.7223 230.2

5 

284.64 386.8

0 

[29] 

Steel kg 0.0748 166.3

2 

205.60 279.4

0 

 [38] 

Cast Iron kg 0.0132 17.22 21.29 28.93  [38] 

Forged 

Iron 

kg 0.0274 3.04 3.76 5.11  [38] 

Wrought 

Aluminu

m 

kg 0.1395 6.31 7.80 10.60  [38] 

Styrene-

butadiene 

Rubber 

kg 0.0088 32.11 39.70 53.94  [38] 

Plastic 

(avg.) 

kg 0.0034 2.02 2.49 3.39  [38] 

Copper 

wire 

kg 0.0006 0.78 0.97 1.31  [38] 

Brass kg 0.0031 0.15 0.18 0.24 [38] 

Zinc kg 0.0020 0.72 0.89 1.21 [38] 

Magnetite kg 1.0000 0.46 0.57 0.77 [38] 

Electronic 

Component

s & Wires 

  kg 0.0187 8.18 8.18 8.18 [30] 

Light 

Emitting 

Diode 

(LED) 

kg 0.6075 0.15 0.15 0.15  [86] 

Cable 

connector

s and 

wires 

kg 0.3738 4.97 4.97 4.97 [38] 
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Electronic

s 

kg 1.0000 3.06 3.06 3.06 [38] 

Windshield 

Fluid 

  kg 0.5000 2.76 2.76 2.76 [29] 

Distilled 

water 

kg 0.5000 1.38 1.38 1.38 [29] 

Methanol kg 1.0000 1.38 1.38 1.38 [29] 

Tires 

  kg 0.6670 32.40 39.56 44.76 [29] 

Styrene-

butadiene 

Rubber 

kg 0.3330 21.61 26.39 29.85  [38] 

Steel 

(avg.) 

kg 1.0000 10.79 13.17 14.91  [38] 

Adhesives Plastic 

(avg.) 

kg 0.7263 6.14 8.14 9.14 [29] 

 

6.1.2 Drivetrain  

Item Material 

Comp. 

Unit Value (unit/kg item) Mini Hatchback Sedan Source 

Powertrain 

System (ICE) 

 kg 1.0000 140.06 140.06 140.06 [29] 

Steel (avg.) kg 0.5443 76.23 76.23 76.23 [38] 

Cast 

Aluminum 

kg 0.1938 27.14 27.14 27.14 [38] 

Wrought 

Aluminum 

kg 0.0077 1.07 1.07 1.07 [38] 

Cast Iron kg 0.0027 0.38 0.38 0.38 [38] 
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Forged Iron kg 0.0005 0.07 0.07 0.07 [38] 

Plastic (avg.) kg 0.1846 25.85 25.85 25.85 [38] 

Copper wire kg 0.0665 9.31 9.31 9.31 [38] 

Platinum-

PGM 

kg 0.0000 0.00 0.00 0.00 [38] 

Alternator 

 kg 1.1649 6.21 6.21 6.21 [27, 87] 

Steel (avg.) kg 0.6667 4.14 4.14 4.14 [38] 

Aluminum 

(avg) 

kg 0.1661 1.03 1.03 1.03 [38] 

Copper (avg) kg 0.1661 1.03 1.03 1.03 [38] 

Copper wire kg 0.1661 1.03 1.03 1.03 [38] 

Starter motor 

 kg  3.20 3.20 3.20 [27, 87] 

Steel (avg.) kg 0.6667 2.13 2.13 2.13 [38] 

Aluminum 

(avg) 

kg 0.1661 0.53 0.53 0.53 [38] 

Copper (avg) kg 0.1661 0.53 0.53 0.53 [38] 

Copper wire kg 0.1661 0.53 0.53 0.53 [38] 

Fuel System 

(injection, fitting 

& tank) 

 kg 1.0000 16.23 16.23 16.23 [30] 

Steel (avg.) kg 0.0960 1.56 1.56 1.56 [38] 

Aluminum 

(avg) 

kg 0.0960 1.56 1.56 1.56 [38] 
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Polyethylene 

sulfide 

kg 0.1919 3.12 3.12 3.12 [38] 

Polyethylene, 

HDPE 

kg 0.6161 10.00 10.00 10.00 [38] 

Exhaust System 

 kg 1.0000 27.52 27.52 27.52 [30] 

Steel (avg.) kg 0.2666 7.34 7.34 7.34 [38] 

Aluminum 

(avg) 

kg 0.2666 7.34 7.34 7.34 [38] 

Ceramic kg 0.2333 6.42 6.42 6.42 [38] 

Metal oxide kg 0.2000 5.50 5.50 5.50 [38] 

Synthetic 

Rubber 

kg 0.0333 0.92 0.92 0.92 [38] 

Precious metal 

(Pt) 

kg 0.0002 0.00 0.00 0.00 [38] 

Transmission 

System/Gearbox 

 kg 1.0000 70.00 77.33 84.66 [29] 

Steel (avg.) kg 0.3047 21.33 23.56 25.80 [38] 

Cast Iron kg 0.2306 16.14 17.83 19.52 [38] 

Forged Iron kg 0.0407 2.85 3.15 3.45 [38] 

Cast 

Aluminum 

kg 0.3229 22.60 24.97 27.33 [38] 

Plastic (avg.) kg 0.0506 3.54 3.91 4.28 [38] 

Styrene-

butadiene 

Rubber 

kg 0.0506 3.54 3.91 4.28 [38] 

Engine Control 

Unit 

ECU kg 1.0000 1.30 1.30 1.30 [27] 

Lead-Acid Battery 

 kg 1.0000 12.40 12.40 12.40 [27] 

Polypropylene kg 0.0610 0.76 0.76 0.76 [38] 

Polyphenylene 

sulfide 

kg 0.1180 1.46 1.46 1.46 [38] 

Lead (avg.) kg 0.7210 8.94 8.94 8.94 [38] 

Sulfuric Acid kg 0.0790 0.98 0.98 0.98 [38] 

Glass Fiber kg 0.0210 0.26 0.26 0.26 [38] 

ICE Cooling 

System 

 kg 1.0000 21.81 21.81 21.81 [27] 

Steel (avg.) kg 0.1498 3.27 3.27 3.27 [38] 

Aluminum 

(avg) 

kg 0.1000 2.18 2.18 2.18 [38] 
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Polyethylene, 

HDPE 

kg 0.0997 2.17 2.17 2.17 [38] 

Ethylene 

Glycol 

kg 0.3505 7.64 7.64 7.64 [38] 

Polyphenylene 

sulfide 

kg 0.2000 4.36 4.36 4.36 [38] 

Synthetic 

Rubber 

kg 0.1000 2.18 2.18 2.18 [38] 

Engine Oil Gasoline 

blend stock 

kg 1.0000 4.94 4.94 4.94 [29] 

Power Steering 

Fluid 

Gasoline 

blend stock 

kg 1.0000 2.00 2.00 2.00 [29] 

Brake Fluid Gasoline 

blend stock 

kg 1.0000 0.91 0.91 0.91 [29] 

Transmission 

Fluid 

Gasoline 

blend stock 

kg 1.0000 5.29 5.29 5.29 [29] 

Engine/Powertrain 

Coolant 

 kg 1.0000 7.20 7.20 8.20 [29] 

Distilled water kg 0.5000 3.60 3.60 4.10 [29] 

Ethylene 

Glycol 

kg 0.5000 3.60 3.60 4.10 [29] 
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1 Introduction 

Throughout this thesis, the role that low carbon fuels (LCFs) play in addressing the 

pressing challenges of climate change and air quality deterioration, particularly 

within the context of the transportation sector, has been explored. As the global 

community grapples with the imperative to reduce greenhouse gas (GHG) emissions 

and transition towards more sustainable energy sources, the adoption of LCFs 

emerges as a promising solution to mitigate the environmental impact of internal 

combustion engines. 

The investigation has encompassed the examination of various LCFs, their 

production pathways, combustion characteristics, and their environmental impacts 

through a life cycle analysis (LCA). The intricacies of engine performance, 

emissions reduction, and the overall feasibility of LCFs as a viable alternative to 

conventional fossil fuels in compression ignition (CI) engines has been explored.  

In this chapter, the implications of the work for the future of transportation are 

detailed, the limitations of the study are addressed and recommendations for further 

research and practical implementation of LCFs in light-duty CI engines are provided. 

2 Summary and conclusions 

Addressing carbon emissions in the transportation sector is a key step in mitigating 

the catastrophic effects of climate change. There is an urgent need to reduce carbon 

emissions, with a particular focus on the transport and energy sectors, which have 

consistently been major contributors to GHG emissions.  

In the literature review, LCFs are presented as a promising solution to reduce the 

carbon footprint of internal combustion engine vehicles (ICEVs) while leveraging 

production with renewable energy sources. These fuels have the potential to 

significantly decrease carbon emissions during their production, making them a 

valuable energy storage medium when coupled with renewable energy generation. 

However, addressing tailpipe emissions with LCFs remains a critical challenge that 

requires ongoing research and development efforts. 

Various aspects of using LCFs for decarbonizing the transportation industry are 

highlighted. Two biodiesel fuels, FAME and RME, made from different sources and 

produced through transesterification are discussed. While they may have higher 

tailpipe CO2 emissions than conventional diesel, their overall life cycle CO2 

emissions can be more favourable. Engine tests reveal varying effects on emissions 

and engine durability. HVO, another biofuel, offers advantages like better cold-
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weather performance and reduced emissions. FT diesel, synthesized from 

feedstocks, also reduces emissions. Oxymethylene dimethyl ethers (OMEx) show 

promise in reducing soot emissions but have drawbacks in fuel consumption and 

hardware compatibility. Blending LCFs can enhance combustion efficiency, 

improve hardware compatibility issues and reduce emissions. Adapting vehicles and 

optimizing engine components for LCFs is crucial to extract the maximum energy 

from the fuel. However, transitioning to non-fossil LCFs faces challenges related to 

production costs, energy input, infrastructure, and potential environmental impacts.  

This thesis aimed to evaluate ways to reduce emissions from CI engines, particularly 

through LCFs blends of HVO, FAME, OMEx and FT diesel. These LCF blends are 

classified based on their renewable fuel content, which involves varying volumetric 

proportions of the discussed renewable components. In turn, the blends have an 

amalgamation of the properties of the different LCFs in their composition based on 

the proportion of each one, also offering varying environmental benefits and 

challenges.  

The research examined the LCF properties and their potential to reduce emissions in 

ICEVs. Additionally, it analysed the environmental impact of different vehicle types 

using LCFs. Several key research domains are identified, including addressing 

tailpipe emissions, assessing LCF feasibility as diesel replacements, understanding 

the relationship between fuel properties and emissions, optimizing engine 

performance with LCFs, and considering emissions control strategies. Durability 

and environmental impact assessments were also crucial aspects of this study.  

The engine employed for this thesis was a 1.6-liter, 4-cylinder, in-line diesel engine 

equipped with a high-pressure Exhaust Gas Recirculation (EGR) system. The fuel 

injection system relies on Direct Injection (DI), and the air management system 

incorporates a turbocharger featuring Variable Geometry Turbocharging (VGT).  

Experimental and numerical methodologies were employed to achieve stable engine 

conditions and conduct tests with LCF blends. Specific measures were taken to 

ensure that the engine reaches the desired operating temperature, and that LCF 

blends are introduced and stabilized correctly for testing.  

The calibration methodology and optimization process employed encompasses two 

types of calibrations: drop-in tests and calibration-optimization tests. The former 

entails testing the fuel with the original equipment manufacturer's (OEM) provided 

diesel B7 Euro 6 calibration, while the latter involves modifying specific engine 

calibration parameters to observe their impacts on combustion, performance, and 

emissions. The experiments were conducted under five distinct operating conditions 

that represent various typical driving conditions, in addition to rated power and rated 
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torque measurements. The targets for the calibration include NOx emissions, soot 

emissions, fuel consumption, and combustion parameters like CA50. 

A Design of Experiments (DOE) methodology was used which allowed to explore 

multiple factors and their interactions while minimizing the number of experimental 

runs. The data obtained from these experiments was subsequently used to construct 

regression models for each parameter of interest. These models highlight the 

relationships between calibration parameters and engine responses. Lastly, the 

models are validated using new experimental data acquired under the predicted 

optimized operating conditions. 

2.1 Drop-in use of low carbon fuel blends in compression 

ignition engines 

In this study, the suitability of various LCF blends for drop-in operation (defined as 

the direct use of the fuel without modifying neither the calibration nor the engine 

components) was assessed by examining their combustion characteristics, 

emissions, and engine settings. The testing revealed that fuels with lower lower 

heating value (LHV) required a higher pedal signal to achieve the same engine load. 

However, the reduction in energy density didn't translate directly into increased 

pedal use. The rated power behaved similarly to the pedal variation based on fuel 

energy density. Notably, MaxOME fuels, despite their lower LHV, could nearly 

match diesel's rated power due to their high oxygen content. 

Engine control unit (ECU) calibration adjustments in drop-in operation mainly 

related to fuel mass demand, with minor corrections tied to fuel-specific attributes. 

Air mass and EGR changes were influenced by the fuel, given that turbocharger 

operation relies on exhaust energy, which varies with each fuel's combustion 

characteristics.  

For a drop-in fuel candidate to replace diesel, it should exhibit similar or lower 

regulated emissions and fuel efficiency. Brake specific fuel consumption (BSFC) 

and equivalent BSFC (BSFCeq) were measured for the different LCF blends. Fuels 

with higher LHV boasted lower BSFC, while those with lower LHV had higher 

values compared to diesel. Considering BSFCeq the lower LHV fuels did not have 

an extreme penalty. The addition of FAME, as in RE100, improved both fuel 

consumption and engine efficiency. Exhaust energy losses depended on factors like 

combustion timing and injection settings, suggesting a dedicated LCF calibration 

could boost output power per unit of injected fuel. 
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NOx emissions levels varied among the LCFs tested, with MaxOME66 showing the 

highest emissions, primarily due to its lower EGR calibration. Soot emissions could 

be managed with diesel particulate filters, but engine-out soot levels also mattered. 

Fuels containing OMEx exhibited higher soot emissions than diesel under high load 

conditions but showed improvement in other operational conditions. Unburned 

hydrocarbon (HC) levels remained within diesel levels, while carbon monoxide 

(CO) emissions increased in certain LCFs, notably R33 and LCD fuels. 

Nevertheless, all LCFs maintained CO and HC levels within reasonable diesel limits, 

which could be theoretically further reduced with existing diesel Aftertreatment 

Systems (ATS). 

The study reveals that all tested LCFs can operate within a range comparable to 

diesel under drop-in operation, with some being more efficient in terms of fuel 

consumption and engine-out emission control. However, negative effects on the fuel 

injection system were observed, particularly in the durability of common-rail 

injectors and fuel pumps. This underscores the need for rigorous durability and wear 

testing, suggesting potential improvements in fuel additives or hardware design to 

address observed corrosion and oxidation issues. Nevertheless, some LCFs, like 

RE100 and R33, appear more suitable for direct use in existing vehicle fleets. 

2.2 Optimization of low carbon fuel blends calibration in 

compression ignition engines 

A comprehensive four-stage analysis is presented aimed at optimizing the operation 

of LCF by carefully examining their performance under specific calibrations and 

combustion phasing. In the initial stage, the analysis focuses on quantifying engine 

responses within the constraints of calibration settings while considering mechanical 

limitations as the primary restricting factors. This phase identifies clusters of data 

points representing potential optimized LCF operating conditions. Moving to the 

second stage, the study narrows down the scope by fixing the combustion phasing 

(expressed by the CA50) to ensure consistent combustion timing across the different 

LCFs, facilitating a controlled comparison of engine responses under similar 

combustion conditions. The third stage further refines the analysis by maintaining 

the same calibration settings, shedding light on how various LCFs impact engine 

performance while holding other variables constant. This stage is pivotal for 

isolating the specific effects of different LCFs within the engine. The fourth and final 

stage aims to pinpoint the optimal operating conditions for each LCF across different 

settings and compare them to conventional diesel B7 operation, providing valuable 

insights into the potential advantages and trade-offs associated with using LCFs 

compared to traditional diesel fuels. 
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Key findings include LCD100's higher fuel consumption due to its lower LHV, with 

moderate correlations between BSFC, NOx, soot, and CA50, while LCD66 exhibits 

lower correlations between NOx and BSFC but has higher median NOx emissions. 

MaxOME66 demonstrates lower BSFC than MaxOME33, mainly due to differences 

in oxygen content, and CN. MaxOME fuels (the fuels with the higher OMEx 

proportion) yield low soot emissions across all conditions. Comparing R33 and 

RE100, R33 shows higher BSFC and NOx emissions, despite similar CA50 and soot 

emissions distributions, indicating that oxygen levels compensate for the CN 

difference, resulting in favourable soot and NOx emissions for RE100. Furthermore, 

the study emphasizes the importance of careful engine calibration for high-load 

conditions to ensure both safety and performance. It also confirms the well-known 

NOx-soot tradeoff in diesel engines but highlights that some LCFs, such as LCD66, 

exhibit more favourable emission outcomes at maximum load.  

Fuels with higher LHVs require less mass to reach operating conditions, leading to 

improved air-to-fuel ratio (AFR) at lower loads, and oxygenated fuels demonstrate 

benefits in terms of charge renewal efficiency at lower loads. Despite variations in 

consumption and emissions, various LCFs can achieve BSFC values comparable to 

diesel, particularly those with higher LHVs like RE100 and R33.  

The relationship between fuel properties and engine performance is examined, 

revealing that factors such as LHV, CN, density, viscosity, total aromatics, and O-C 

ratio significantly affect fuel mass levels required to reach specific loads and speeds. 

Density shows a correlation with BSFC, with denser fuels generally exhibiting 

higher BSFC, possibly due to reduced fuel penetration into the cylinder, especially 

at lower loads. NOx emissions display complex relationships with individual fuel 

properties, influenced by combustion stoichiometry and oxygen content. Soot 

emissions exhibit a clearer relationship with fuel properties, particularly at low to 

medium engine loads, with higher LHV associated with elevated soot emissions and 

oxygen content playing a crucial role in reducing soot emissions, especially at low 

loads. 

The study also compares LCFs under both direct drop-in conditions and optimized 

calibrations tailored to specific fuel types, revealing that optimization, which targets 

lower NOx emissions, may slightly elevate BSFC under certain conditions. 

Nonetheless, the optimized calibration generally results in BSFC levels comparable 

to conventional diesel for most LCFs. Low LHV fuels like MaxOME66 and LCD100 

may exhibit higher BSFC with optimized calibration at medium-to-high loads. At 

low engine loads and speeds, optimization leads to fuel consumption reductions 
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across all tested LCFs, which can be beneficial for fuel economy in low-load urban 

scenarios.  

The optimization effectively reduces NOx emissions, with reductions of up to 3 

g/kWh across various conditions and fuels. The trade-off between NOx and soot 

emissions varies, but fuels with high oxygen content can simultaneously reduce NOx 

emissions and maintain lower soot levels compared to diesel. Under low-load 

conditions, HC and CO emissions may be higher with the LCFs. At higher engine 

loads and speeds, HC emissions tend to improve, especially with the optimized 

calibration, while CO emissions exhibit no clear correlation with specific fuel 

properties. Nevertheless, CO emissions remain within the range of a diesel engine, 

ensuring compatibility with exhaust temperatures and potential oxidation by an 

ATS. 

2.3 Life Cycle Analysis of Low Carbon Fuels for Light-Duty 

Combustion Engine Vehicles 

LCAs are critical tools for assessing the environmental impacts of products and 

processes. However, their results can vary due to factors such as data sources, 

scenarios, and uncertainties. This study aimed to minimize these errors and focused 

on evaluating the seven tested LCFs across different vehicle segments, comparing 

them to diesel to gauge their impact on the environment and human health. The study 

found that smaller vehicles have lower environmental impacts, and the use of 

renewable fuels, particularly those with carbon-negative production processes, can 

substantially reduce Global Warming Potential (GWP). Vehicle manufacturing and 

maintenance stages significantly influence GWP. Renewable liquid fuels showed 

potential for environmental impact similar to electric vehicles. Beyond GWP, the 

study examined other impact categories (terrestrial acidification, human ozone 

formation and particulate matter formation), highlighting the importance of 

addressing NOx emissions to reduce the negative impacts of ICEVs. In addition, 

unsustainable biofuel production can contribute to high water consumption, making 

it necessary to consider water footprints alongside carbon footprints in 

environmental assessments of LCFs. 

3 Suggestions for future work 

In the course of the research detailed in this thesis, several studies were recognized 

as potential avenues for further exploration. These endeavours could not be 

undertaken within the scope of this thesis, primarily due to time constraints or the 

need for specialized equipment not at our disposal. As a result, these ideas are 
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presented here as recommendations for future work, aimed at advancing the concept 

and addressing limitations that could bolster its practical utility in real-world 

applications. 

3.1 Aftertreatment system evaluation and vehicle tests 

This study would assess the potential benefits and challenges associated with the use 

of LCF using existing ATS. To achieve this, the complete optimized engine map 

would be calibrated to reduce engine-out emissions following the criteria detailed in 

this thesis. With the new engine maps, the commercial ATS components used in the 

vehicle models for the tested engine would be installed in the test bench: selective 

catalytic reduction (SCR), diesel particulate filter (DPF), and diesel oxidation 

catalyst (DOC). Finally, both stationary and transient test would be performed 

analysing the effect of the different LCFs on the ATS, such as specific cycles for 

homologation and other cycles, warm-up conditions, and idle operation. By 

measuring HC species and secondary emissions before and after ATS installation, 

insights into the impact of LCF on exhaust emissions would be gained. In addition 

particle matter (PM) sizing distribution and mass can be measured (also before and 

after the aftertreatment system) to evaluate both the differences of the LCFs 

compared to diesel and how the ATS reduces this pollutant. 

This study is important due to the diverse compositions of LCF compared to diesel, 

which can cause the composition and temperatures of the exhaust gases to differ 

significantly from the operational designed targets of current ATS. The study would 

help advance understanding of LCF's viability in internal combustion engines for 

reducing the environmental impact of transportation and promoting sustainable 

energy sources. 

Once the test bench phase of the study is completed the selection of the most 

promising LCFs should be done. Then the calibration maps obtained should be 

loaded in a vehicle ECU, and using on-board emission measurement equipment the 

impact of the LCFs on real driving tailpipe emissions would be assessed and 

compared to conventional fossil diesel. 

3.2 Powertrain hybridization 

Despite the notable carbon dioxide (CO2) reduction benefits achieved by using LCFs 

throughout the whole lifecycle of the vehicle, current regulations focus mainly on 

reducing tank-to-wheel (TTW) CO2 emissions. It is suggested that hybridizing the 

powertrain offers an advantage in this regard due to the system's capability to recover 

energy during operation and the engine's ability to operate at its maximum efficiency 



Chapter 7 – Conclusions and suggestions for future work 

271 

 

range. These improvements can enhance the overall carbon footprint from TTW, and 

depending on the operating range potentially meet future emission targets. 

Various hybrid configurations, including series, parallel, and power split, should be 

evaluated to determine which offers the greatest advantages. Preliminary simulation 

work can be done based on the results from this thesis. For example, selecting a 

series hybrid powertrain where the engine uses LCFs and the operating conditions 

are limited to the tested stationary operating conditions.  

The work would assess the performance of the vehicle under the Worldwide 

Harmonized Light Vehicles Test Cycle (WLTC) with a GT-Power 0-D model. The 

goal being to compare the fuel consumption and engine-out NOx emissions of 

different LCFs against diesel as the reference fuel. A parametric study should be 

conducted for the hybrid vehicles, focusing on battery size, final drive ratio, and state 

of charge (SOC) differences; considering that larger battery sizes lead to higher fuel 

consumption due to the added weight. Additionally, the starting SOC greatly 

influences the vehicle's performance, with higher starting SOC values resulting in 

lower fuel consumption and lower engine-out NOx emissions, this should be 

accounted for by evaluating different starting SOC during the cycles.  

The study would suggest potential advantages of the hybrid configurations in 

different scenarios like urban and interurban driving patterns, as well as highway. 

Similarly different vehicle loads should be evaluated to both estimate the charge 

depletion of the battery and the energy necessary from the LCFs. Future research on 

the topic could focus experimental tests with the powertrain that produces the best 

theoretical results from the simulations. 
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